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Abstract

The use of enzymes in a wide scale for industrial applications or molecular
diagnosis is limited, due to high production and purification costs and often their low
stability. This can make access of these enzymes difficult to laboratories with scarce
economic resources. Loop-mediated isothermal amplification, or LAMP, is a nucleic acid
amplification method developed in the 2000’s as a less expensive and simple alternative
to PCR, which is widely used in molecular diagnostics. The main enzyme used in LAMP
is a DNA polymerase, Bst, from Bacillus stearothermophillus. For the detection of
pathogens in which RNA is the genetic material, a reverse transcriptase is added to the
LAMP reaction (RT-LAMP). LAMP does not require temperature cycling and therefore
can be easily implemented in low-resource settings. To make LAMP even more
accessible, it would be of interest to develop a platform enabling simple, robust, and
inexpensive production and purification of the reverse transcriptase and Bst. This could
be achieved by simply displaying the enzymes on the surface of organisms to obviate the
need for purification steps, increase their stability and allow their reuse. A well-studied
option is the surface of the Bacillus subtilis spore, which has been used in the past for the
display of enzymes or antigens in view of various biotechnology and biomedicine

applications

This study is focused on the display of the RT-LAMP enzymes, Bst and a variant
of the reverse transcriptase from feline immunodeficiency virus, MashUp-RT, at the
surface of Bacillus subtilis spores. Aiming at obtaining a high enzyme concentration and
increasing their exposure to the environment, the anchor proteins chosen for this study
were CotZ and CotY. Both are abundant components of the crust, the outermost layer of
the spore. We were able to display Bst and MashUp-RT at the spore surface, with a
minimal impact on the yield of spores, their composition and functional properties.
Importantly, we note that when CotZ was used as the anchor, several proteins of the outer
coat were absent from spores, suggesting that CotZ is important to maintain the integrity
of the outer coat. We also evaluated whether this system could be used to detect the
genetic material of pathogens. Only MashUp-RT showed enzymatic activity.

Interestingly, although the recombinant spores displaying Bst did not show DNA



polymerase activity, the residual reverse transcriptase activity of the commercial enzyme

was stabilized by wild type spores.

To our knowledge, this is the first report on the the use of spore display of enzymes

used in molecular diagnostic testing.

Keywords: Bacillus subtilis, Spores, Crust, Spore-Display, RT-LAMP



Resumo

O uso de enzimas em larga escala para aplicacBes industriais ou diagnostico
molecular € limitado devido ao alto custo de producéo e purificacdo e a baixa estabilidade
das mesmas. Estas dificuldades limitam a utilizacdo destas enzimas por laboratérios com
orcamentos limitados. O LAMP (Loop-mediated isothermal amplification) é um teste de
amplificacdo de &cidos nucleicos desenvolvido nos anos 2000 como alternativa mais
barata e simples ao PCR na detecéo de patogénios, o teste mais utilizado no diagnostico
molecular. A principal enzima utilizada no LAMP é a polimerase de DNA Bst do Bacillus
stearothermophillus. No caso da detecdo de patogénios que tém RNA como o seu material
genético, é necessario a adicdo de uma transcriptase reversa a reacdo de LAMP (RT-
LAMP). LAMP ndo necessita de ciclos de temperatura e por isso consegue ser
implementado em laboratdrios com poucos recursos. De modo a tornar esta técnica mais
acessivel, seria de interesse desenvolver uma plataforma simples e robusta para a
producdo e purificacdo da Bst e da transcriptase reversa. Esta ideia poderia ser posta em
pratica com a apresentacdo destas enzimas a superficie de um organismo de forma a
contornar purificacdes, aumentar a sua estabilidade e permitir a sua reutilizacdo. Uma das
opcdes mais bem estudada sdo os esporos de Bacillus subtilis, que foram usados com
sucesso no passado para a apresentacao de diversas proteinas a sua superficie com vista

a diversas aplicacdes em biotecnologia e biomedicina.

Este estudo foca-se na apresentacao das enzimas utilizadas em RT-LAMP, a Bst
e a MashUp-RT, na superficie dos esporos de Bacillus subtilis. De modo a obter uma
maior quantidade de enzima e aumentar a exposi¢éo destas, as proteinas escolhidas como
ancora foram CotZ e CotY. Ambas sdo componentes abundantes da crosta, a camada mais
exterior do esporo. Conseguimos apresentar ambas as enzimas a superficie do esporo,
com um impacto minimo no rendimento da producdo de esporos e na sua estrutura e
propriedades. E importante notar que, quando CotZ foi utilizada como &ncora, varias
proteinas do manto externo do esporo estavam ausentes, sugerindo que esta é importante
para manter a integridade do manto externo. Também foi avaliado se esta metodologia
poderia ser utilizada na detecdo de material genético de patogénios. Apenas a enzima

MashUp-RT apresentou atividade enzimatica. Curiosamente, embora 0S esporos



recombinantes apresentando Bst ndo mostrassem atividade de DNA polimerase, a
atividade residual de transcriptase reversa da Bst comercial foi estabilizada na presenga

de esporos selvagens.

Tanto quanto sabemos, este é o primeiro estudo sobre a apresentacdo de enzimas

utilizadas no diagndstico molecular a superficie do esporo.

Palavras-chave: Bacillus subtilis, Esporos, Crosta, Display-esporos, RT-LAMP
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Chapter 1 - Introduction

Chapter 1 - Introduction

1.1 Bacillus subtilis, a model organism

The history of microbiology and medicine has always been intertwined. The
discovery of the microbial origin of infectious diseases, the formulation of Koch’s
postulates and the development of a microbial vaccine by Pasteur, both based on studies
with Bacillus anthracis, are examples [1]. The genus Bacillus includes pathogens but it
is also known as including species that are important producer of biopesticides, proteases,
antibiotics, vitamins and other compounds with uses in biomedicine and biotechnology
[2].

Bacillus subtilis is a Gram-positive, aerobic endospore-forming organism.
Although this rod-shaped bacterium is normally viewed as soil dwelling, it can also be
found in the gastrointestinal tract of several animals, including humans [3]. It belongs to
the Firmicutes phylum, alongside with other endospore-formers like B. cereus, B.
anthracis and Clostridioides difficile. B. subtilis was first described by Ferdinand Cohn
in the 19" century [4]. In 1997, the genome sequence of B. subtilis strain 168 was
published, providing a greater insight to its genetic organization and stimulating even
further research in what was already an intensely studied organism [5]. The impressive
toolbox of techniques for its genetic manipulation have established B. subtilis as a model
organism for studies on all aspects of Biology, but in particular on studies of cellular
development, including biofilms and spore morphogenesis [5, 6].

The dormant endospore (hereinafter spore for simplicity) is highly resistant to a
wide range of chemical and physical stresses. The assembly and structure of the spore
surface has been intensely studied. The Food and Drug Administration (FDA) classifies
B. subtilis as a GRAS (generally recognized as safe) organism. These circumstances have
prompted many applications of B. subtilis spores in biotechnology and biomedicine. The
use of the spore surface, in particular, for the display of foreign proteins, is one such
application that we have exploited in this work. This family of applications bypasses the

need for the often time consuming and expensive steps of protein purification.
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1.2 Sporulation in B.subtilis

1.2.1 Overview of sporulation

Since sporulation is a prolonged and energy-consuming process, B. subtilis will
only embark in this developmental process leading to spore formation as a last-resort
survival adaptation [7]. When facing extreme nutrient deprivation, B. subtilis will switch
to the sporulation pathway by first replicating its chromosome; then, the rod-shaped cell
divides asymmetrically, creating two daughter cells, the larger mother cell and the smaller
forespore, each with one copy of the genome (Fig. 1A) [7]. The mother cell will help in
the morphogenesis of the spore, while the forespore will become the mature spore. In a
mechanism analogous to phagocytosis, the mother cell will engulf the forespore, isolating
this cell from the external medium. [7, 8]. Following engulfment completion, the
sporulating cell enters the final stages in the assembly of the spore protective layers, the
spore cortex peptidoglycan and the protein coat around the developing spore. The
assembly of these two layers is mainly a function of the mother cell [7, 8]. At the end of
the process, the mother cell lysis and the mature spore is released into the environment.

Even though spores are dormant, they are able to sense their surroundings and
once they perceive environmental conditions able to support growth and survival of the

organism, they will germinate into vegetative cells [9].

1.2.2 Sporulation regulatory network

During sporulation, gene expression is regulated by sporulation specific RNA
polymerase sigma factors: 6", 65, 6® and oX [10]. These sigma factors are activated in a
cell type-specific manner at different sporulation stages and in response to morphogenic
cues. After the formation of the asymmetrical septum and prior to engulfment completion,
o™ and oF regulate gene expression in the forespore and mother cell, respectively (Fig.
1A) [11]. At late stages, following engulfment completion, 6® and 6* replace 6™ and oF,
respectively (Fig 1A) [10]. The gene expression during sporulation is further controlled
by accessory transcription factors: SpollID, GerR, GerE, RstA and SpoVT [10, 12, 13].
oF turns on the expression of the genes encoding for GerR and SpollID. GerR is a
transcriptional repressor down-regulating many & dependent genes. SpollID acts as a
repressor but also as a transcription activator of some ot dependent genes, including the

ones involved in oX production and activation. o¥ turns on the expression of the gene
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coding for GerE. This transcriptional regulator acts both as a repressor and an activator
of the o~ dependent genes. This tight regulation of gene expression in the mother cell is

important for the correct assembly of the protective layers around the forespore [10].

C

Inner coat proteins

Outer coat proteins

\\Tf/ protens
\’\'\T /‘ / \CotE/—'—"

& a
‘{/jlfAv\z SpoVID / u\\‘%ﬁ CotY
" ( _SpolVA ‘/

—-ﬁ_)-—
SpoVM \ Spore outer

membrane

1 - targeting (SpolVA, SpoVM)
2 - encasement (SpoVID, SpoVM)

I Class I: SpoVID
Class II: SafA, CotE
M Ciass I11: Cotz

Figure 1. Bacillus subtilis sporulation cycle and early encasement classes. A) Mother cell
specific sigma factors that govern progress through sporulation. Sporulation starts with the
creation of an asymmetric septum (a). of is activated in the mother cell, regulating gene
expression prior the engulfment of the forespore (a-d). When engulfment ends, cX replaces o (e),
activating a late set of mother cell-specific genes. The assembly of the protective layers around
the spore is manly a mother cell function (f). B) Encasement classes are based on the localization
patterns of coat proteins. The early classes (I, 1l and IlI) localize early, before engulfment
completion, in the mother cell proximal (MCP) pole. After engulfment is completed these proteins
localize at the mother cell distal (MCD) pole. At the end the coat proteins form a complete shell
around the forespore. C) coat proteins regulatory network. SpolVA needs SpoVM and SpoVID
for its recruitment on the spore outer membrane. This morphogenetic protein recruits SafA, CotE
and CotZ, which are responsible for the inner layer, outer layer and crust assembly respectively.
The CotZ also requires the CotE for its recruitment. SpoVID is also responsible for the
encasement of these proteins. Adapted from [14] and [15].

In the forespore, rsfA expression is under o™ control and RsfA act as a repressor
of gene expression in this cell. ¢® activates the expression of the gene coding for SpoVT,

which act as an activator and a repressor of some genes that had been turned on by ¢© and
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c"[16]. The forespore line of gene expression includes mainly genes that contribute to the
resistance and germination properties of the spore [13].

SpoOA is the main regulator in the entry of sporulation and is activated by
phosphorylation before asymmetric division. Four sensing kinases (KinA, KinB, KinC
and KinD) act directly on SpoOA, or indirectly via a phosphorelay involving SpoOF and
Spo0B, and these proteins determine the cell concentration of SpoOA-P [13]. High levels
of SpoOA-P are necessary to activate the transcription of various key sporulation-specific
genes, specifically spollA, coding for 67, spollE, required for ¢™ activation and spollG,
coding for 6F [17]. In such manner, the genes coding for 6"~ and oF are transcribed before
the formation of the asymmetrical septum but 6" and & and are held inactive until cell
division. After this, o™ will become active in the forespore, triggering a signal transduction
pathway for the activation of ot in the mother-cell [17]. As mentioned before, both factors
will promote the synthesis of 6® and c* respectively, in their respective cells. However,
o® and o are kept inactive until completion of the engulfment process. Late gene
expression in the forespore requires 6t expression in the mother cell, while o is activated
by a signal generated in the forespore under the control of ® [18]. Therefore, the two
cells communicate with each other through signalling pathways, that function at key
morphological stages.

1.2.3 Endospore structure and properties

Spores are dormant and highly resistant cells with extreme longevity, allowing for
the dispersal of bacteria throughout different environments [19]. The resistance of spores
to physical-chemical and biological factors such as heat, ultra-violet (UV) radiation,
solvents, lytic enzymes, oxidizing agents and predators, are directly associated with their
multiple layers and their assembly [8].

Even though there is a large diversity of spore-formers, the basic spore
architecture is conserved across species [12]. The structure consists of a series of
concentrically arranged layers that have the role of protecting the bacterial genome
localized in the central core (Fig. 1A). [8]. The core is surrounded by a membrane,
followed by the germ cell wall, which will become the cell wall of the cell that outgrows
from germinated spores. Surrounding the germ cell wall is the cortex, a modified
peptidoglycan layer responsible for the dehydration, mineralization and dormancy of the
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spore, resulting in its thermo-resistance [12]. Surrounding the cortex is the spore coat,
consisting of three main sub-structures: the inner lamellar coat, the electrodense outer
coat and the crust (Fig. 2A). The coat is important for the resistance of the spore against
lytic enzymes such as host-produced lysozyme, solvents, UV radiation and predators [12].
The crust mediates adhesion to surfaces and confers hydrophobicity; it influences the
interaction between spores with the surrounding environment [20].

Although not present in the B. subtilis spore, in many pathogenic species there is
an outermost structure, the exosporium [12]. This layer is also composed of glycosylated
proteins, similarly to the B. subtilis crust, and is the first line of contact of the spore with
the host cells and the environment [21].

1.2.4 Coat assembly

Coat assembly is controlled by the mother cell-specific transcriptional cascade
and several post-translational processes, including the action of assembly guides known
as morphogenetic proteins. Coat proteins are initially targeted to the spore surface and
then encase the developing spore. Targeting depends mainly on the SpolVA and SpoVM
proteins, whereas encasement relies mainly on the SpoVID protein (Fig. 1C). SpoVM is
small, 26-residues long protein that recognizes positive curvature and localizes to the
forespore outer membrane [22, 23]. SpolVA is an ATPase that directly interacts with
SpoVM and polymerizes in an ATP-dependent manner to form cables along the forespore
surface. These cables form the basal layer upon which the coat is assembled.

Coat proteins can be distributed in six classes based on localization patterns and
Kinetics of encasement [24]. After production in the mother cell, most coat proteins
localize in two steps. First in the mother cell proximal (MCP) pole of the forespore, facing
the mother cell cytoplasm, followed by localization in the mother cell distal (MCD) pole.
At the end the coat proteins localize in a complete circle around the forespore (complete
spore encasement). Kinetics class I, 11 and 111 (Fig. 1B) include proteins that are produced
before engulfment under the control of 6&. Classes 1V, V, and V1 include proteins produce
after engulfment completion under the control of 6¥. Proteins from the first three classes
localize simultaneously to the forespore surface but complete encasement at different
times, coincident with the last three classes: class | and IV proteins complete spore
encasement just after engulfment completion; class Il and V proteins complete
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encasement during cortex synthesis; and class 111 and VI during the late stage of spore
cortex synthesis, when the spore becomes phase bright.

As mentioned above, the initial localization and encasement of the coat proteins
is controlled by three class | morphogenetic proteins: SpolVA, SpoVM, and SpoVID
(Fig- 1C) [24]. Class Il morphogenetic proteins SafA and CotE control the assembly of
the inner and the outer layer, respectively [24]. Three proteins from the class 11l (CotX,
CotY, and CotZ) are required for crust formation [24]. The coat interaction network
follows a hierarchy, represented in figure 1C: as mentioned above SpolVA is required for
the initial targeting of the coat proteins to the forespore surface; SpoVM and SpoVID are
required for encasement. Initial localization of the morphogenetic proteins SafA and CotE
is dependent on SpolVA and SpoVID and localization of CotX, CotY, and CotZ is
dependent on CotE. In addition, each morphogenetic protein that drives assembly of the
coat sub-layers is thought to interact with several structural coat proteins therefore
functioning as hubs [22, 24]. One aspect to take note is the continuous addition of proteins
belonging to internal layers after the morphogenic proteins of the same layer have already
finished their encasement. This is important for the later classes, since they include
proteins from all the layers of the coat, suggesting some sort of permeability that allows
the access of late expressed proteins [24].

1.2.4 Crust layer

The crust, the most external coat layer, contains at least six different proteins,
CotV, CotW, CotX, CotY, CotZ and CgeA, interacting and stabilizing each other in a
complex network [8]. The crust genes cotVWXYZ are clustered together, organized in
three transcriptional units (cotVWX, cotX and cotYZ) all under oF and o control (Fig. 2B)
[20, 25]. The cgeAB operon is localized on another chromosomal location and expressed

under o¥ and GerE control [26].
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Figure 2. Bacillus subtilis spore crust. A) Electron microscopy of a thin section of a B. subtilis
spore. The inner coat (yellow arrows), the outer coat (green arrows) and the crust (red arrow) are
indicated. The crust layer is easily recognized in the right panel that show a spore in which the
outer coat is absent (cotG mutant). Adapted from [27]. B) operon structure of the region of the B.
subtilis chromosome carrying the crust genes. The Pconwx promoter is under the control of 6< and
GerE, regulating the expression of the crust genes cotV, cotW and cotX. The latter is also under
the control of the Pcox and can thus be expressed independently. The cotY and cotZ genes are
regulated by the Pcovz promoter, which is under the control of o, at the beginning of the
sporulation, and of o and GerE in later stages of the process. In the bottom a schematic
representation of a fusion protein produced in this study, where the linker used is composed of a
sequence that forms a short, rigid a-helix (HL), followed by a sequence which assumes a flexible
conformation (FL).

CotV, CotX, CotY and CotZ possess glycosylation domains, which agrees with
the observations that the crust is a glycoprotein layer, based on its staining by ruthenium
red. CotY and CotZ, the most abundant components of the crust, are cysteine-rich proteins
with self-assembly ability through the cooperative formation of disulphide bonds [26, 27].
CotZ acts as an anchoring for the other crust proteins. CotW, CotX and CotV are minor
components of the crust and are co-dependent on each other for their localization [26, 27].
CgeA is implicated in the glycosylation of the crust proteins and depends on the other
crust proteins for its localization [20].

The crust, as the spore outermost layer, has great potential for the display of

foreign proteins.
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1.3 Protein Surface Display
1.3.1 Methods for displaying proteins

Proteins used in diagnostic with biotechnological and biomedicine application are
often targets for engineering with the aim of increase their stability, substrate affinity and
catalytic activity [29]. One way to achieve this goal is to display proteins of interest onto
biological surfaces, like phage, yeast, bacteria and mammalian cells and also bacterial
spores. All of these methods include a carrier protein, which anchors the protein of
interest, the passenger protein, to the surface of the cell or cellular structure [30]. To
minimize the interaction between this carrier and the protein to be displayed, a peptide
flexible linker is often included between the two.

In phage display, the gene encoding the protein of interest is inserted in frame with
a gene coding for a phage coat protein, which is then expressed as a fusion protein when
the phage infects a host cell [31]. After the assembly of the phage components, the protein
fusion is displayed at the surface of the bacteriophage. In comparation with the yeast and
mammalian cells, bacterial libraries hosting phages are usually cheap and easy to grow
[32]. In terms of disadvantages, folding errors and expression bias are a common
occurrence, making it difficult to express large proteins, not to mention the fact that there
is a great diversity of libraries with a low concentration of the displayed protein [33].

In display strategies with bacteria or yeasts cells, the carrier is a cell surface
protein possessing a signal sequence, allowing transport of the fusion protein to the cell
surface, where it will be immobilized and exposed to the outside [30]. However, this
strategy is far from perfect: posttranslational modifications may occur; there are mass
transfer limitations; enzymes may be inactivated during transport; proteins can be

incompletely exposed; and the substrate may become inaccessible to the enzyme [34].

1.3.2 Spore Display

As mentioned above, B. subtilis spores are an extremely stable and resistant. In
addition, the large number of possible carrier proteins available at different levels of the
structure and the knowledge that has been accumulated of the coat/crust assembly process,
make the spore surface a versatile platform for protein display. For the spore display of

proteins, two methodologies have been applied: a non-recombinant display system, in
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which proteins or other molecules are non-covalently adsorbed onto the spore surface
(spore absorption), and a recombinant system [35]. The spore absorption system does not
require the genetic manipulation into the spore coat assembly pathway since it is based
on direct adsorption of purified proteins on the spore surface [35]. In a study in which -
galactosidase was adsorbed to spores, this enzyme showed similar Kinetic proprieties but
enhanced resistance proprieties, such as thermo-resistance and resistance to low pH, when
compared to its free version [36]. This shows that the spore can act as a stabilizer for the
displayed enzyme, protecting it from harsh conditions. In another example, the heat labile
toxin (LTB) of E. coli was absorbed to the B. subtilis spores in its oligomeric form (a
pentamer), in contrast to what happens when displayed as a fusion with a coat protein
where only monomers could be displayed [37]. Nonetheless, one of the major downsides
of the system is the non-selective absorption to the spore [38], and the requirement for
enzyme purification before absorption. Variations of this technology include the use of
heat-inactivated spores or the production of the protein to be adsorbed during the
sporulation process, but not as a fusion to a coat protein [35]. These approaches, however,
require the use of recombinant cells.

In the recombinant system the display is achieved by fusing the gene coding for
the protein of interest to a gene that codes for a coat or crust protein. At the end of the
sporulation process the spores formed will have assembled the recombinant protein onto
the coat layers [39, 40]. The coat carrier protein should be abundant and its location must
allow for target protein contact with the external environment, if that is the goal. However,
if the goal is for the spores to be ingested, more internal locations, giving greater
protection during transit through the gastro-intestinal tract may be desirable [39]. Two
successfully used carrier proteins are CotY and CotZ, which, as mentioned above, are
abundant proteins located at the outermost layer; importantly, spore formed by cotYZ
mutants do not show sensitivity to lysozyme or heat which is an advantage in case the
fusion perturbs the function of the native proteins [26]. Compared with the previous
systems, this one has several advantages, such as high protein stability even after
prolonged storage, the ability to display large multimeric complexes, minimal disturbance
of the spore structure, the absence of codon bias and no requirement for the fusion protein
to be transported across a membrane, since it is produced alongside with the coat proteins

in the mother cell cytoplasm and assembled around the spore [41]. Moreover, depending
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on the endogenous carrier, the abundance of the displayed protein can be very high, even
if the efficiency of the process is somewhat compromised by the fusion [41, 42]. The
limitations of this methodology are mainly the possibility the inactive enzymes are
produced, the concentration of displayed protein around the spore and characteristics of
the carrier protein such as stability and distribution around the spore [30, 41].

One interesting way to merge both display systems was used in the study by Long
Chen in 2016, where a protein from the outer coat (CotG) was fused to dockerins, which
interact with immobilized cohesins fused to specific enzymes, creating a covalent
bond[43]. A limitation of this approach is the need for production and purification of
recombinant proteins and the possible interference of cohesin on the folding and function

of the enzyme.

1.4 Molecular Diagnosis of pathogenic diseases

There are a number of options available for the molecular detection of infectious
agents or diseases [44]. They are generally based on nucleic acid amplification (NAATS),
of which the polymerase chain reaction (PCR) stands out as the gold standard method for
detecting most pathogens [45]. Although very sensitive, PCR is not perfect, demanding
the use of specific and expensive equipment, trained personnel, multiple protocols and

long turnaround time for results [46].

1.4.1 LAMP and RT-LAMP

Loop-Mediated Isothermal Amplification (LAMP) developed by Notomi et al in
the 2000’s, has emerged as an equally sensitive alternative to PCR[47]. It is a fast and
low-cost method that doesn’t require special equipment and facilities, is highly sensitive,

and easily deployable due to its simplicity [46, 47].

The LAMP reaction runs at a fixed temperature, typically 65 °C, and takes only
30 min to complete [50]. In its simplest format, it does not require thermocyclers or
fluorimeters and a heat block or water bath is sufficient to carry out the reaction. LAMP
requires at least 2 inner (FIP and BIP) and 2 outer (F3 and B3) primers, which recognise
a specific region of the target gene (Fig. 3). Nonetheless, the most common practice for
improving and accelerating the amplifications is to use 3 pairs of primers; the FIP/ BIP,
F3/B3 and 2 more loop-specific primers (LF and LB) (Fig. 3)[48]. The amplification is

10
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catalyzed by a DNA polymerase from Bacillus stearothermophillus (Bst), leading to the
formation of a stem-loop DNA-structure, which is the template for the exponential
amplification [51]. Whenever the target genetic material is RNA, a reverse transcriptase
(RT) needs to be added the reaction, which is then called reverse-transcription loop-
mediated isothermal amplification (RT-LAMP).

There are multiple ways to analyse the LAMP reaction products. Among them are
agarose gel electrophoresis, UV-light illumination, real-time fluorescence or end-point
colorimetric readouts [52]. The colorimetric format of LAMP is based on the detection
of the reaction by-products, protons or pyrophosphate, released when deoxynucleotide
triphosphates are incorporated into newly synthetized DNA [53-55]. In the presence of a
complexometric or pH-sensitive indicator dye, a colour change occurs in positive cases.
The most widely used pH-sensitive dye is phenol red which is assembled with the other
components of the reaction; acidification of the reaction during DNA amplification
induces a colour shift from pink to yellow, indicating the presence of target RNA/DNA.
LAMP, in particular the colorimetric format, represents a major advantage since it
eliminates the need for sophisticated and expensive equipment required for amplification
and detection and can therefore be easily deployed at the point of care [56].

Recent studies have proven the effectiveness of LAMP in the diagnosis of
pathogenic diseases such as those caused by SARS-CoV-2 [54, 55], human T-cell
lymphotropic virus type 1 (HTLV-1) [58], Leishmania sp. [59] and Mycobacterium
leprae [60].

11



Chapter 1 - Introduction

5'mmE3C F2C WFIC ¥ (B1 = B2 wiEE— 3: wFICHlE2N FIP Primer
3 mmiEgln F2 W F1 3 51C =B2C WB3C mm 5 P —
'U'TQ& l w=BESN  F3 Primer
SZ-MiTEijﬂE (B1= B2 sl 3: ==JB8l B3 Primer
3 mmF3l= F2 = F1 (BIC=B2C=B3Cmm 5 I —
[LB1 LB Primer

— S .5

5'mm{E3CH F2C ®FIC) (B1= B2 «iEgie= 3’

3w FC mF20= A (BICHB2CKB3Cmm 5

3 5

Cycling Aminlification
353

Figure 3. Loop-Mediated Isothermal Amplification (LAMP) reaction. The inner primer FIP
contains the regions F2 (brown square) and F1C (dark-green square). FIP hybridizes with the F2C
(yellow square) region on the target DNA, starting the amplification. The outer primer F3 anneals
with the regions F3C (orange square) of the target DNA, resulting in the replacement and release
of the strand elongated from FIP, forming a loop structure at its 3’ end. Next, the inner primer
BIP, which contains regions B2 (light-grey square) and B1C (dark-blue square), will anneal with
the region B2C (dark-grey square). The outer primer B3 anneals with B3C (pink square) and
much like F3 and FIP, resulting in the displacement of the DNA strand and in a loop at the 5’ end.
A dumbbell DNA structure is formed that will be used as a template for the cycling amplification,
resulting in long DNA structures. The additional primers LF and LB may also be used to
accelerate the amplification process. Adapted from [47].
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1.5 Aim of this study

Rapid diagnosis of pathogenic infections is essential to enable timely therapies
and prevent the spread of diseases in the community. Molecular diagnosis techniques,
such as LAMP and RT-LAMP, can advance infectious diseases diagnosis with minimal
requirements of equipment. However, the enzymes used in these assays are very sensitive
to factors such as temperature and are high costly to produce and purify, leading to high
market prices. Several studies have shown that it is possible to successfully display
proteins and enzymes on the surface of B. subtilis spores [39, 59, 60], eliminating the
need for protein purification. The major goal of this thesis was to display the enzymes
used in LAMP and RT-LAMP on the surface of B. subtilis spores, to set up a “low-cost”
platform for LAMP-based molecular diagnosis.

The specific objectives of this study were to:

1. Create B. subtilis strains expressing fusion proteins Bst and MashUp-RT to crust
proteins CotY and CotZ;

2. Characterize the spores displaying the fusion proteins;

3. Test the spores displaying Bst in LAMP reactions;

4. Test the spores displaying MashUp-RT in RT-LAMP and RT-PCR reactions.

13
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Chapter 2 — Materials and Methods

2.1 Microbiological techniques

2.1.1 Bacterial strains and general growth conditions

The B. subtilis strains used in this work, are congenic derivatives of the WT strain
PY79 [62]. The Escherichia coli strain DH5a (Invitrogen) was used for molecular cloning
and BL21(DE3) (Novagen) was used for protein over-production. Strains were stored at
-80 °C in 15% glycerol. All bacterial strains are listed in Annex 6.1. Cells were routinely
grown in Luria Broth (LB); LB plates were prepared by adding agar to 1.5% (wt/vol).
Liquid LB or plates were supplemented with the appropriate antibiotics when needed. All
growth media and solutions used in this work are listed in Annexes 6.4 and 6.5,

respectively.

2.1.2 Spore production and purification of spores

For spore production, a pre-inoculum was made by growing cultures for 5 h at 37
°C with orbital shaking in LB medium supplemented with the appropriate antibiotic(s).
After this time, 1 mL of this culture was transferred to 100 mL of Difco Sporulation
Medium (DSM; DIFCO) supplemented with 1 mM Ca(NO0s)2, 0.01 mM MnClz and 1 pM
FeSOs, and the resulting culture was grown under the same conditions for 24 h [63].
Following this, the culture was centrifuged at 4 °C at 7519 xg for 10 min, and the sediment
was resuspended in 100 mL of cold (4 °C) ddH20. This suspension was then left at 4 °C
for at least 24 h. After this period, the suspension was again centrifuged in the same
conditions as before, and the sediment was resuspended in 1 mL of a 20% (v/v) solution
of metrizoic acid (Gastrografin, Bayer). This new suspension was layered on top of a 50%
(v/v) solution of Gastrografin and then centrifuged for 30 min at 4 °C, 7519 xg. The spores
at the bottom were resuspended in 1 mL of cold ddH,O and washed 5 times to remove all
of the remaining Gastrografin and stored at -20 °C. Spores were quantified by measuring

the optical density of the suspension at 580 nm (ODsgo).

2.1.3 Sporulation assays
For sporulation assays the strains were grown as described above (2.1.2). After 24
h, serial dilutions in B&W salts were made and 100 puL of the 107, 10" and 107 dilutions
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were spread onto LB plates to determine the number of colony forming units (CFU/mL).
To calculate the heat-resistant spore titer, the same of dilutions were incubated at 80 °C
for 20 min, and then 100 pL of each were spread onto LB plates. For lysozyme-resistant
tests, 250 uL of lysozyme (10 mg/ml) was added to 1 mL of DSM culture and incubated
at 37 °C for 20 min. After this, the culture was centrifuged at 2325 xg for 5 min and the
supernatant was discarded. The sediment was resuspended in 1 mL of B&W salts, serial
dilutions were prepared and 100 pL of the 10, 10° and 10 were plated onto LB agar.
The plates were incubated overnight at 37 °C. Counting of the CFUs was done manually

on the next day.

2.1.4 Auto-induction of protein over-production in E. coli

E. coli BL21(DE3) cells carrying the recombinant plasmids were grown in 100
mL of auto-induction medium supplemented with the required antibiotics with orbital
shaking at 37 °C for 18 h before being harvested by centrifugation and the sediment stored
at -20 °C [64].

2.1.5 BATH assays

To test the hydrophobicity of spores, the Bacterial Adherence to Hydrocarbons
Assay (BATH) was applied to purified spores [65]. The ODegoo 0f a spore suspension
diluted in 1:200 in ddH>O was measured to calculate the amount of spores to be used in
5 mL of PBS 1x to obtain an ODgoo~0.5. The ODsgoo 0f 1mL of this solution was measured,
indicating the time point Ao (before hexadecane treatment). Then, a 1 mL aliquot were
added into three glass test tubes, labelling them with their respective time points in
seconds (Aso, Aso, Ago). To each tube, 500 pL of Hexadecane (Sigma) was layered on top
of the spore solution, followed by vortexing for their respective time periods and settle
for 30 min. After this time, the ODeoo of the aqueous layer of each tube was measured and
the percentage of spores remaining in this layer was calculated with the formula:
(Ax/A0)*100.
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2.2 Biochemical Techniques
2.2.1 Spore Coat extraction

Spore coat proteins were extracted from purified spores by boiling the suspension
for 8 min in 2x SDS-PAGE loading buffer. To estimate the volume of purified spores to
be loaded per well to the 15% SDS-PAGE, the ODsgo of a spore suspension diluted in
1:200 in ddH.O was measured and the following formula applied: pL/well:
3600/(0ODsgo*200). The gels were stained with 0.1% (w/v) Coomassie blue or used for

immunoblot analysis (see below).

2.2.2 Whole cell extracts from sporulating cells

To prepare protein extracts from sporulating cells the strains were grown as
described above (2.1.2). At 4, 6 and 8 hours after the onset of sporulation, 10 ml samples
were collected by centrifugation at 7500 xg for 10 min at 4 °C. Cells resuspended in
French press buffer were lysed in a French pressure cell at 900 Ib/in2. Total protein
present in the extracts was quantified using the Bradford protein assay (Bio-Rad Protein

Assay). 20 g of protein was loaded in the SDS-PAGE gels.

2.2.3 SDS-PAGE and Immunoblot analysis

Proteins in the samples were resolved in SDS-PAGE gels (15% or 12.5%) at 40
mA per gel, using the Mini-Protean Cell system (Bio-Rad). The molecular size marker
used was the Precision Plus Protein™ All Blue Ladder (BioRad). The gels were stained
for 30 min in a Coomassie solution and after transferred to a destaining solution that was

changed from time to time until the gel was clear and the protein bands clearly visible.

For immunobloting, proteins in the gels were transferred to a 0.2 um nitrocellulose
membrane in cold transfer buffer for 90 min at a constant voltage of 100 V. Next, the
membranes were incubated in 45 mL of blocking solution for 1 h at room temperature
with agitation. After this, the blocking solution was removed and the membrane was
washed with 10 mL of PBS-T. An anti-HissTag antibody (Novagen) was added at a
1:1000 dilution in 10 mL of PBS-T with 0.5% milk (w/v) and the mixture was incubated
overnight at 4 °C with shaking. On the following day, the membrane was washed again
with 10 mL of PBS-T. A mouse peroxidase-conjugated secondary antibody (Sigma) was
added to 10 mL of PBS-T with 0.5% milk (w/v) at a dilution of 1:5000 and incubated for

17



Chapter 2 — Materials and Methods

30 min. After 3 further washes of 10 min each at room temperatures with agitation, the
membrane was developed with Super Signal™ Pico Plus Chemiluminescent Substrate
(Thermo Scientific) following the manufacturer’s instructions, and the signal recorded

using a iBright Imaging System (Invitrogen).

2.2.4 Protein Purification

The cell sediment resulting from the auto-induction procedure were resuspended
in ImL of buffer A and passed through a French Press at 900 Ib/in2. After centrifugation,
the supernatant was applied to a 1 ml column (MoBiTec) loaded with a Ni?* Sepharose™
High Performance matrix (Cytiva) that had been equilibrated with buffer A. The protein
was eluted in buffer B with a step gradient of imidazole (40 mM, 100mM, 300 mM and
500 mM) and collected in 1 mL fractions. The fractions containing the proteins were
identified by 12.5% SDS-PAGE. The column was regenerated by washing it with 10 mL
of buffer A, sealed and stored at 4 °C.

2.3 Molecular biology techniques

2.3.1 Plasmid constructions and transformation in E. coli

Amplification of the desired DNA fragment was obtained by Polymerase Chain
Reaction (PCR) using the Phusion DNA polymerase (Thermo Fisher Scientific). The
reaction conditions were established depending on the size of the product, the melting
temperature of the oligonucleotides and the manufacturer’s indications for the DNA
polymerase. The primers and plasmids used in this study are listed in the Annex 6.2 and
6.3, respectively. The purification of the PCR was done using the NZY Gelpure (Nzytech).
For cleavage of DNA digestions, the restriction and modification enzymes used were
from Thermo Fisher Scientific and New England BioLabs, following the companies’
respective guidelines. The inserts in all the constructed plasmids were verified by DNA

sequencing.

2.3.2 DNA electrophoresis
After adding Orange G loading buffer to the DNA samples, these were subjected
to electrophoresis in 1% (w/v) and 2% (w/v) agarose gels in TAE 1X buffer. Gels were

run at a constant voltage of 120 V, stained with ethidium bromide (0.001% (v/v)),
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visualised under UV radiation of low wavelength and an image was acquired. A 1 kb plus
DNA ladder (Invitrogen) was used as molecular weight marker.

2.3.3 Preparation of E. coli competent cells

For the development of chemically competent cells of E. coli, the CaCl, method
was used [66]. Briefly, E. coli was inoculated into LB and incubated at 37 °C until an
ODeoo of approximately 0.6 is reached. Cells were harvest by centrifugation at 7519 xg,
4 °C for 2 min and the sediment resuspended in cold solution of 0.1 M CaCl, and
incubated in ice for 1 h. After new centrifugation the cells were resuspended in 0.1 M
CaClz with 15% glycerol and distributed in aliquots of 150 pL. Competent cells were

stored at -80 °C until use.

To transform the competent E. coli cells, the cell suspension was incubated for 30
min on ice in the presence of either 1 uL of plasmid DNA or 10 pL of a ligation mixture.
A heat-shock of 90 sec at 42 °C was applied to the cells, followed by incubation of 2 min
in ice. Then, 1 mL of LB medium was added and the cell suspension incubated at 37 °C,
with orbital shaking for 1 h. After centrifugation, 900 uL of media was removed, and the
cell sediment was gently resuspended in the remaining volume. Finally, the suspension

was plated onto LB plates supplement with the required antibiotics.

2.3.4 Extraction of plasmid DNA from E. coli

Single colonies of E. coli DHSo were grown overnight in LB medium
supplemented with the necessary antibiotics. The culture was centrifuged at 16200 xg for
7 min, removing the supernatant and resuspending the sediment in a cell lysis solution
consisting of 350 uL STET buffer, 0.6 mg/mL Lysozyme and 0.25 mg/mL RNase A,
followed by incubation at 37 °C for 30 min. To denature the chromosomal DNA, the tubes
were boiled at 100 °C for 1 min. After another centrifugation, as above, the cell sediments
were removed and the DNA was precipitated by adding isopropanol of 70% (v/v)
followed by centrifugation of 30 min, at 4 °C and 16200 xg. Immediately after, the
supernatant was discarded, and the sediment was dried at 60 °C for 10 min to remove the
remaining isopropanol. Lastly, the dried sediments were resuspended in 20 uL. of ddH20
and stored at -20 °C.

In case of highly pure plasmid DNA, the NZYMiniprep (NZYtech) was used in
accordance with the instructions provided by the manufacturer.
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2.3.5 Competence development and transformation in B. subtilis

B. subtilis was inoculated into 5 mL of Growth Media 1 (GM1) and incubated at
37 °C with orbital shaking for 5 h. Next, 1 mL of GM1 culture was diluted in 4 mL of
Growth Media 2 (GM2) and incubated in the same conditions as before for 2 h. For the
transformation, 20 puL of plasmid DNA was added to 500 pL of competent cells, followed
by a period of incubation of 1 h in the same conditions. Lastly, 200 uL of the transforming
mixture was plated onto LB plates supplemented with the necessary antibiotics and the

plates incubated at 37 °C overnight.

To verify if the transformation was successful, two strategies were applied,
depending on whether the plasmid DNA was inserted by Campbell recombination or by
double crossing-over at the amyE locus [67]. On the first case, the B. subtilis colonies
were submitted to a colony PCR utilising DreamTaq DNA polymerase (ThermoFisher);
in this method, a small portion of one colony is mixed with 100 uL. 5% (w/v) Chelex
(Sigma-Aldrich) and incubated at 95 °C for 10 minutes. This resin allows the binding of
cellular polar components, while RNA and DNA remain in the supernatant. After a
centrifugation of 1 min at 2325 xg, 2 uL of the supernatant were used for PCR. The
positive colonies would be chosen if the PCR amplified a fragment with the expected size.
The second strategy is based on the non-essentiality of the amyE locus, coding for a
secreted a-amylase, where DNA insertions can be easily obtained by double a cross-over
event. Here, the B. subtilis colonies were submitted to a a-amylase test, where colonies
would be streaked on LB plates supplemented with 1% (w/v) starch. Following overnight
incubation at 37 °C, a solution containing 1% (w/v) I and 10% (w/v) KI was added to the
plates, to reveal positive colonies, i.e., those not showing a bright halo resulting from

starch degradation.

2.3.6 LAMP and RT-LAMP enzyme assays

For Loop-mediated Isothermal Amplification (LAMP) DNA of Candida albicans
was amplified using 5 primers, which anneal in seven conserved regions within the
sequence of internal transcribed spacer 2 (ITS2) [50]. LAMP reaction was performed in
a total volume of 20 uL containing 2 pl of template DNA (100 ng/uL 25 pg/uL), 1x mix
(1.6 uM Ca_FIP/BIP primers, 0.4 uM Ca_LB primer, 0.2 uM Ca_F3/B3 primers, 1.4 mM
each dNTP), 1x Isothermal Amplification Buffer (New England Biolabs - NEB), 6 mM
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MgSO4, 2 uM SYTO9 (ThermoFisher) and 8 U of Bst 2.0 DNA polymerase (New
England Biolabs-NEB) or spores displaying Bst were added to the reaction.

The spore suspensions were normalized to an ODsgonm Of 2 and diluted 1:2, 1:4,
1:8, 1:10 and 1:20 in reaction buffer. Spores were sedimented by centrifugation and

resuspended in the reaction volume.

In case of RT-LAMP, the SARS-CoV-2 N-gene was amplified within a volume
of 20 pL containing: 8 U Bst 2.0 (NEB), 2 uM SYTO (ThermoFisher), 1x master mix
(1.6 uM SARS_FIP/BIP primers, 0.4 uM SARS_LF/LB primers, 0.2 uM SARS_F3/B3
primers Gene N-A [68]). 7.5 U RTx (NEB) or spores displaying FELRT were added to
the reaction. The spores suspension were normalized to an ODsgonm 0f 2 and diluted 1:5,
1:10 and 1:20 in reaction buffer. Spores were sedimented by centrifugation and

resuspended in the reaction volume.

The reactions were performed at 65 °C for 30 min with or without a pre-incubation
at 42 °C or 55 °C for 5 min in a LightCycler480 or LightCycler 96 (Roche) thermocycler.

Fluorescence was acquired every minute for 30 min.

2.3.7 RT-PCR enzyme assays

SARS-CoV-2 N-gene was amplified by RT-PCR using the KAPA SYBR FAST
One-Step gRT-PCR Master Mix (Roche) and a LightCycler480 or LightCycler 96
(Roche) thermocycler, according to the manufacturer’s instructions The reaction
contained 1x KAPA SYBR Fast gPCR Master mix 2x and 200 nM of each primer N1-F
and N1-R [69]. For testing the MashUp-RT display at the spore surface, spore
suspensions were normalized to an ODsgonm Of 2 and diluted 1:5, 1:10 and 1:20 in reaction
buffer. Spores were sedimented by centrifugation and resuspended in the reaction volume.

2.4 Cell biology techniques

2.4.1 Fluorescence microscopy and image analysis
Spores, after measuring their ODsgo on a suspension diluted in 1:200 in ddH.O
and applying the formula: pL/well: 3600/(ODsgo*200), were fixed in 1 mL of HistoChoice

Tissue Fixative MB (Amresco) at room temperature for 15 min, followed by 30 min in
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ice. Then, the suspension was washed with 1 mL PBS-2% BSA three times and
resuspended in 1 mL of the same solution. After an incubation of 30 min, the samples
were centrifugated and the spores resuspended in 500 uL. PBS-2% BSA with an anti-
Hisg Tag antibody (Novagen) diluted 1:500 and incubated overnight at 4 °C. The following
day, the spores were washed again in the same manner as above, resuspended in 500 pL
PBS-2%BSA with Alexa Fluor 594 goat anti-mouse IgG diluted 1:250 (Molecular
Probes) and incubated for 1 h at room temperature with agitation. After three more washes
in PBS 1x, the spores were resuspended in 50 puL of PBS 1x, 3 pL were mounted onto
glass slides coated with 1.7% agarose. The spores were observed on a Leica DM6000B
microscope equipped with a phase contrast Uplan F1 100x objective. Images were
acquired with a CCD Andor Ixon camera (Andor Technologies) and analysed using the
Metamorph software suite (version 5.8; Universal Imaging). Figures were prepared using

Adobe Photoshop and ImageJ/Fiji.
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3.1 Display of Bst at the spore surface

LAMP uses the large fragment of Bst DNA polymerase, from Bacillus
stearothermophillus, for DNA amplification. The large fragment of this enzyme retains
the 5’to 3° polymerase activity and thermal stability as the full-length protein, while it
lacks the 5’to 3’ exonuclease activity [70]. Bst also has strand displacement activity,
which allows the polymerization reaction to occur at a constant temperature of 65 °C. The
display of this enzyme in a stable and secure platform would lower production and
purification costs. As mentioned in the introduction, B. subtilis spores have been used
with success as a display platform for enzymes [39, 70]. Even if the spore coat is
permeable to small molecules, we considered that for our application it would be better
to choose a protein from the crust, the outermost coat layer, as a carrier. Since CotZ and
CotY are the two most abundant components of the crust we choose them as carrier
proteins for Bst [72]. A hiss tag was placed at the Bst N- and C-terminal fusions, which
allows detection of the recombinant proteins using a commercial antibody with
established specificity and efficacy, without the need for anti-Bst antibodies. A linker was
also inserted in all protein fusions between the carrier protein and Bst. The linker used is
composed of the EAAAK sequence that forms a short, rigid a-helix followed by the

GGGS sequence, which assumes a flexible conformation [15, 73].

We used the SOE technique to construct a fusion of cotZ-linker to bst-hise.
Initially, the cotZ-linker and bst sequences were amplified separately, from chromosomal
DNA obtained from a wild-type B. subtilis strain (PY79) and from pBST (which carries
the bst gene; [57]), respectively. The following primer pairs were used (Annex 6.2): for
cotz, CotZ Fw_Hindlll and Bst SOE_ Lk Rev CotZ; and for  bst,
Bst_ SOE_Lk_Fw_CotZ_Bst and Bst_Hise_Rev_BamHI. The 396 bp cotZ-linker
fragment and the 1779 bp bst fragment were purified, mixed and amplified by slicing by
overlay extension (SOE) with primers CotZ_Fw_HindIll and Bst_6XHis_Rev_BamHlI
(see above). This produced a 2175 bp cotZ-linker-bst-hiss fragment, which was cloned
between the BamHI and HindlIl restriction sites of plasmid pMS38 [74], yielding pCNOL1.
This plasmid was used to transform strain PY79; a CmR® transformant that was the result
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of a single reciprocal crossover event (Campbell-type mechanism) was selected and
designated MSB250 (Annex 6.1).

To create the hise-bst-linker-cotY and cotY-linker-bst-hiss we used plasmids
plCSV-CotY-N and p1CSV-CotY-C [72], respectively, in which the fusion genes are
under the control of the Pcotzy promoter, the strongest promoter from the cotVWXYZ
operon (Fig. 2, [26]). These vectors also include the two halves of the non-essential amyE
gene from B. subtilis, enabling integration at this locus by a double crossing-over that
inactivates the gene and the identification of positive transformants by a simple starch
test (see Materials and Methods). For cotY-linker-bst- hiss, the bst gene was amplified
from pCNO1 using the primers LK_Fw_Agel and Bst_Rev_Spel. The resulting 1851 bp
fragment was inserted between the Agel and Spel sites of pICSV-CotY-C, resulting in
pCNO02. To obtain the his6-bst-linker-cotY fragment, the bst gene (1779 bp) and linker
(72 bp) were first amplified from pCNO1 using the primer pairs Bst_Fw_Xbal and
Lk _Rev_NgoMIV and Lk_SOE_Bst_Fw_Bst_CotY and NgoMIV_LKk_Reyv, respectively.
Both fragments were joined by SOE, resulting in an amplicon of 1851 bp, which was
inserted between the Xbal and NgoMIV sites of plasmid plCSV-CotY-N, vyielding
PCNO03. pCNO02 and pCNO3 were used to transform strain PY79; CmR and AmyE"
transformants were identified and designated MSB251 and MSB252, respectively
(Annex 6.1).

Mutants for the genes coding for the crust proteins produce heat and lysozyme
resistant spores, indicating that the use of the crust proteins as carriers should not affect
the functional proprieties of the spores [75]. To test whether the assembly of Bst onto the
spore crust would impact on the spore proprieties we start by testing heat and lysozyme
resistance of the spores produced in DSM by the strains expressing CotZ-Bst-Hise, Hise-
Bst-CotY or CotY-Bst-Hise fusions (Fig 4; see Materials and Methods). As shown in
figure 4A, spores from the strain carrying the CotZ-Bst-Hiss fusion has a behaviour
similar to the wild type strain (without fusion protein, WT). In contrast, strains carrying
the Hise-Bst-CotY and CotY-Bst-Hise produce spores resistant to lysozyme but more
sensitive to heat than the WT strain. Nevertheless, a titer of at least 108 spores/ml was
attained in all the strains, which enables the efficient production and purification of spores
for further testing. The crust proteins contribute to spore hydrophobicity, which in turn

reduce the aggregation of the spores [20]. We used BATH assays to compare the relative
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hydrophobicity of the recombinant spores with the WT (see Materials and Methods). As
represented in figure 4B, spores purified from the strain producing CotZ-Bst-Hiss showed
to be significantly more hydrophobic than the WT spores, while the spores purified from
the strain producing the CotY fusions were more hydrophilic. These results indicate that

the spore surface is altered in the recombinant strains.
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Figure 4. Bst fusion proteins modify the proprieties of spores. A) heat and lysozyme resistance
tests, with the spore titre obtained for all the Bst-expressing strains normalized to the wild-type
(WT). B) BATH assays conducted on all the Bst strains; measures were taken from the aqueous
layer after mixing of the suspensions for four consecutive pulses of 0, 30, 60 and 90 sec each. The
data represents the mean £ SD from 3 independent experiments. Asterisks indicate statistical
significance determined by one-way ANOVA tests (ns, no significant; **** p < 0.0001; *** p <
0.0001; ** p < 0.001; * p<0.01).

To test if the expression of the recombinant proteins had an impact on the protein
composition of the spore surface layers, the spore coat and crust proteins were extracted
from purified spores and resolved by SDS-PAGE. As shown in Fig. 5A, the spores of the
strain producing the fusion protein Hise-Bst-CotY have a pattern of extractable proteins
similar to the WT strain. We conclude that the fusion protein does not interfere in a major
way with the normal assembly of the other proteins that form the spore coat and crust. In
contrast, in the pattern of extractable proteins from spores carrying the CotZ-Bst-Hiss and
CotY-Bst-Hiss fusion two bands of approximately 35 and 66 kDa appeared absent (Fig.
5A, red dots). Furthermore, an extra band, between the 75 and 100 kDa markers, is

extracted from CotZ-Bst-Hiss spores, which may correspond to the fusion protein, which
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has an expected size of 85 kDa (Fig. 5A, purple arrow). Bands that may correspond to
Hise-Bst-CotY (87 kDa) and CotY-Bst-Hiss (87 kDa) were not detected in the SDS-
PAGE of the coat/crust extracts stained with Coomassie (Fig 5A).

CotY is a cysteine rich protein that forms very stable multimeric complexes that
are difficult to solubilize [25]. Thus, CotY is not easily identified in a normal SDS-PAGE
stained with Coomassie and is usually detected using antibodies against the protein [76].
Here, we used an anti-Hiss to test for the presence of the fusion protein by immunoblot.
As a negative control, we use the WT strain which does not carries a hiss-tag sequence.
We monitored the accumulation of the fusion protein during sporulation in DSM, from
hour 4 to 8 after the onset of sporulation, and its presence in coat/crust extracts obtained
from purified spores. The Hise antiserum detected the CotZ-Bst-Hiss (Fig. 5B; purple
arrow) and Hise-Bst-CotY (Fig. 5B; orange arrow) fusion proteins during sporulation,
mainly as a species of approximately 85 kDa; no species of this size was detected in the
WT strain. In contrast, the CotY-Bst-Hise fusion protein was not detected during
sporulation; also, only the CotZ fusion was detected in purified spores (Fig. 5B; purple
arrow).

Immunofluorescence microscopy using anti-Hise antibody and anti-mouse-Alexa
Fluor 594 was in agreement with the immunoblotting results (Fig. 5C). In CotZ-Bst-Hiss
spores fluorescence signal was detected in 89% of the spores, forming a complete ring of
fluorescence in 75% of the spores and a polar cap in 15% of the spores (Fig. 5C). This
localization pattern is similar to the ones observed before using a CotZ-GFP fusion [27].
These results also show that CotZ-Bst-Hise is produced and assembled at the surface of
the spore, in a location that is accessible to the antibody. In contrast, the fusions CotY -
Bst-Hiss and Hiss-Bst-CotY were only detected in a lower fraction of the spores (21%

and 3%, respectively) and always as a polar cap (Fig. 5C)
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Figure 5. Display of Bst fusions at the spore crust. (A) SDS-DTT coat/crust protein extracts
obtained from purified spores of the indicated strains. The extracted proteins were resolved on
15% polyacrylamide gels containing SDS (SDS-PAGE), and the gels stained with Coomassie
blue. (B) detection of the fusion proteins by immunoblot analysis of coat/crust extracts and whole
cell extracts of sporulating cells with an anti-Hiss antibody. Cell samples were collected from
cultures at the represented times (in hours) after the onset of sporulation (T0). The yellow arrows
show the position of purified Bst (67 kDa). The purple, pink and orange arrows show the position
of CotZ-Bst-Hisg, Hiss-Bst-CotY and CotZ-Bst, respectively. (C) Imunofluorescence microscopy
of the same strains using an anti-Hiss antibody and an anti-mouse secondary antibody coupled to
Alexa 594. The percentage of cells emitting fluorescence signal were scored and separated in two
classes according to the distribution of the fluorescens signal along the surface off the spore. Scale
bar; 1um

3.1.1 LAMP assays using recombinant spores

Since the best platform to display Bst was CotZ, we decided to start by testing
recombinant spores carrying CotZ-Bst-Hiss for Bst activity using LAMP (Fig. 6, see
Materials and Methods). LAMP reactions were performed with DNA from Candida
albicans, using primers Ca_F3, Ca_B3, Ca_FIP, Ca_BIP and Ca_LB based on the ITS2
gene sequence [50]. Analysis of the amplification and melting curves of the LAMP
reaction show amplification when the NEB Bst 2.0 was used (black curve, Fig 6A and C)
but no amplification was detected when CotZ-Bst-Hise spores, at different dilutions, were
added to the reaction (green, red, blue and pink curves, Fig 6A and C). We considered the
possibility that spores could absorb reaction components such as dNTPs, magnesium or

the SYBR green, resulting in no amplification or detection of the genetic material. To test
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it the spores would be inhibitory for the reaction, we added spores at different dilutions
to the reaction with the NEB Bst 2.0. We found that the recombinant spores delay the
reaction, but do not have an inhibitory effect that would explain the lack of activity

observed when only spores were added to the reaction (Fig 6A and C, dashed lines).
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Figure 6. Spores displaying Bst fusions did not show DNA amplification activity.
Amplification curves of the LAMP reaction using strains containing the fusions CotZ-Bst-Hisg
(A) and CotZ-Bst (B), tested at 4 different dilutions (1:1, 1:10, 1:100, 1:1000). Full lines represent
the spores with their respective fusion in a reaction, while the dashed lines represent spores with
their respective fusion mixed with the NEB Bst 2.0 enzyme. C and D show the respective melting
curves of the reactions shown in A and B, respectively.

The results above suggest that the enzyme displayed at the surface of the spore is
inactive. Inspection of the Bst structure (Annex 6.6) shows that the active site of the
enzyme which includes residue of Asp®¥ is close to the C-terminal of the enzyme [70].
Since in the CotZ-Bst-Hiss fusion, a Hiss was added to the C-terminal of Bst, we
hypothesized that this tag could interfere with the activity of the enzyme. For this reason,
we constructed a new CotZ-Bst fusion, without the Hise-tag. For that purpose, plasmid
pCNO1 was submitted to Quickchange PCR, using the primer pair Quickchange Fw and
Quickchange_Rev to remove the Hisgtag by adding a STOP codon just upstream the
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respective coding sequence, yielding pCNO6. This plasmid was transformed into strain
PY79, and a CmR transformant was selected and designated MSB255(Annex 6.1).

Heat and lysozyme resistance test of spores produced in DSM by this strain show
a similar behavior to the previous recombinant spores and hydrophobicity similar to the
strain carrying the fusion CotZ-Bst-Hise (Fig. 4A). Furthermore, the pattern of spore
coat/crust proteins extracted from purified spores is similar to its counterpart carrying the
Hisstag (Fig. 5A). Bands of 35 kDa and 66 kDa are missing from the pattern of extractable
proteins from spores carrying the CotZ-Bst-Hiss and the CotZ-Bst fusion. An extra
species is extracted from CotZ-Bst spores, between 75-100 kDa (Fig. 5A; pink arrow),
which may correspond to the fusion protein, which has an expected size of 84.2 kDa. Due
to the lack of a Bst antibody we were unable to detect this fusion in spores by immunoblot
or fluorescence microscopy. The presence of the 85 kDa species, however, and the fact
spore proprieties were similar to those of CotZ-Bst-Hisg bearing spores, suggests that this
fusion is present in mature spores.

LAMP reactions were repeated as mentioned before, but now with different
dilutions of spores produced by the strain carrying the CotZ-Bst fusion (Fig. 6B and D).
Unfortunately, once again amplification was only detected when the commercial enzyme
alone was used in the reaction (black curve, Fig 6B and D).

Spores carrying CotY-Bst-Hiss and Hiss-Bst-CotY were also tested for Bst

activity using LAMP, without success.

3.2 Display of MashUP-RT at the spore surface

Detection of RNA targets can be achieved by the addition of a reverse
transcriptase (RT) to the LAMP reaction, this RT-LAMP is performed as a one-step
isothermal amplification assay [68]. Taking into acount that RTs are usually more
expensive and unstable than the Bst polymerase, this enzyme is also a very good candidate
to display on the spore surface. In this study we used a modified version of the Feline
Leukaemia Virus Reverse Transcriptase (FeLV-RT), the MashUp-RT. FeLV-RT is more
accurate than the Moloney Murine Leukemia Virus Reverse Transcriptase (MMLV-RT),
which is available commercially. The modified version MashUp-RT encoded in a plasmid
kindly provided by Pipette Jockey [77], has its thermostability and accuracy increased by
the removal of its RNase-H activity.
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Like for Bst, we used CotZ and CotY as carrier to display the MashUp-RT to the
spore surface, a hiss tag was added at the mashUp-RT fusions and a linker was also
inserted between the locus for the carrier protein and the gene coding for RT. To create
the cotZ-mashUp-RT-hise fusion we used genomic DNA from B. subtilis to PCR-amplify
the cotZ gene (396 bp) using the primes CotZ_Fw_Hindlll and SOE_FeLVRT_Rev_Z
and the mashUp-RT-hise (2022 bp) was amplified from pMashUp (Annex 6.3) using
primers SOE_FeLVRT_Fw_Z and FeLVRT_Rev_Z. The two resulting DNA fragments
were fused by SOE using CotZ_Fw_Hindlll and FeELVRT _Rev_Z as the forward and
reverse primers, respectively. The amplified product of 2418 bp was digested with BamHI
and Hindlll and inserted between the same sites of pMS38 [74] yield pCNO5. This
plasmid was transformed into PY79, a CmR transformant that was the result of a single
reciprocal crossover event was identified and designated MSB254 (Annex 6.1). For hise-
mashUp-RT-cotY, first the mashUp-RT gene (2022 bp) was amplified from the plasmid
pMashUp, using the primer pair Xbal_FeLVRT_FW and SOE_LK_FeLVRT_Rev, while
the linker (72 bp) was amplified from pCNO1 using the primers SOE_FeLVRT_Lk Fw
and NgoMIV_Lk_Rev. Both fragments were joined by SOE, resulting in a 2094 bp
amplicon which was inserted between the Xbal and NgoMIV sites of the plasmid p1CSV-
CotY-N, resulting in pCNO04. pCNO04 was used to transform the strain PY7; CmR and
AmyE" transformant was identified and designated MSB253 (Annex 6.1).

Like in the Bst strains, the incorporation of the MashUp-RT in the crust could lead
to changes in the resistance properties of the spore. We started by testing heat and
lysozyme resistance (Fig. 7A). Expression of CotZ-MashUp-RT-Hiss and Hiss-MashUp-
RT-CotY fusion proteins did not change significantly the spores resistance to lysozyme.
However, heat resistance was decreased in the recombinant spores. Once again, a titer of
at least 102 spores/ml was attained in all the strains, which enables the efficient production
and purification of spores for further testing. BATH assays show that purified spores from
the strain producing CotZ-MashUp-RT-Hiss fusion behave like the WT strain, while the
purified spores from the strain producing Hiss-MashUp-RT-CotY fusions were more
hydrophilic (Fig. 7B).
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Figure 7. MashUp-RT fusion proteins modify the proprieties of spores. A) heat and lysozyme
resistance tests, with the spore titer obtained for all MashUp-RT strains normalized to the wild-
type (WT). B) BATH essays conducted on all the MashUp-RT strains. ODsgy measurements were
done of the aqueous layer after mixing of the suspension for four consecutive cycles of 0, 30, 60
and 90 sec. All data represent the means + SD from 3 independent experiments. Asterisks indicate
statistical significance determined by one-way ANOVA tests (ns, no significant; **** p < 0.0001;
*** < 0.0001; ** p<0.001; * p<0.01).

The pattern of coat/crust proteins extracted from the recombinant purified spores
producing Hiss-MashUp-RT-CotY are similar to the WT strain. Once again, in
recombinant spores in which the CotZ protein is the carrier, the species at 35 and 66 kDa
band are absent from the pattern of extractable proteins and an extra faint band, between
the 75 and 100 kDa markers, is extracted (Fig. 8A; green arrow), that may correspond to
the fusion protein (expected size of 93.1 kDa).

Immunoblot analysis with anti-Hise antibody showed that both fusion proteins
accumulate poorly during sporulation and are detected at low levels in mature spores (Fig.
8B, green arrow for CotZ-MashUp-RT-Hise and blue arrow for Hiss-MashUp-RT-CotY).
Immunofluorescence microscopy using anti-Hise antibody were in agreement with these
results. Less than 50 % of the spores showed fluorescence (49 % for CotZ-MashUp-RT-
Hiss and 9 % for Hise-MashUp-RT-CotY) and only a few of those showed a complete
ring of fluorescence (16 % for CotZ-MashUp-RT-Hiss and 1 % for Hise-MashUp-RT-
CotY; Fig. 8C).
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Figure 8. Display of MashUp-RT fusions at the spore crust. (A) SDS-DTT coat/crust protein
extracts obtained from purified spores of the indicated strains. The extracted proteins were
resolved on 15% polyacrylamide gels containing SDS, and the gels stained with Coomassie blue.
(B) detection of fusion proteins by immunoblot analysis of coat/crust extracts and whole cell
extracts of sporulating cells with an anti-Hisg antibody. Cell samples were collected from cultures
at the represented times (in hours) after the onset of sporulation (T0). The green and blue arrows
indicate the position of CotZ-MashUp-RT-Hiss and Hiss-MashUp-RT-CotY, respectively. (C)
Immunofluorescence microscopy of the same strains using an anti-Hiss antibody and an anti-
mouse secondary antibody coupled to Alexa 594. The percentage of cells emitting a fluorescence
signal were scored into two classes according to the surface coverage of the fluorescence signal.
Scale bar; 1pm.

3.2.1 RT-LAMP assays using recombinant spores

To test the activity of the displayed MashUp-RT, spores of both strains were tested
in RT-LAMP assays using RNA extracted from saliva of patients infected with SARS-
CoV-2, as template for cDNA synthesis (Fig. 9). The primers GeneN-A-SARS F3,
SARS B3, SARS _FIP, SARS BIP, SARS LF and SARS LB based on the Gene N
fragment sequence [68]. Figure 9A and 9B show the amplification curves for the RT-
LAMP reaction with recombinant spores carrying CotZ-MashUp-RT-Hiss and Hiss-
MashUp-RT-CotY, respectively. The RT-LAMP reactions were done at 65 °C. However,
spore displayed proteins can have different requirements for their activity and other
reverse transcriptases have their optimal activity ranging from 42 to 65 °C. For this reason,
we performed the RT-LAMP reaction with a two-step protocol, where the pre-incubation
was done at three different temperatures, 42 °C, 55 °C and 65 °C (Fig. 9). At all

temperatures we detect amplification when the commercial enzymes Bst 2.0 and RTx
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(NEB) or Bst 2.0 (NEB) alone were used (Fig. 9, black and red lines). The amplification
with Bst alone can be explained by a basal RT activity of the NEB Bst 2.0 [41, 77]. At 42
°C, this activity is enhanced in the presence of purified WT spores (Fig. 9, grey line
compared with red line). At 42 °C we were also able to detect amplification using the
recombinant spores CotZ-MashUp-RT-Hiss and Hise-MashUp-RT-CotY. In case of the
reaction, in which the dilution 1:10 of the Hiss-MashUp-RT-CotY spores was added, the
amplification occurs earlier than when WT spores were added (Fig. 9, blue lines
compared with grey lines). We hypothesized that the earlier amplification detected is due

to RT activity of the enzyme displayed at the spore surface.

A CotZ-MashUp-RT-His, B His,MashUp-RT-CotY
37420 _ 3420

— Bst NEE 2.0+RTx

— Bst NEB 2.0+WT
MNTC

— BstNEB 2.0
MashlUp-RTSe 1:1
WashUp-RT=r 1.5

— MashUp-RT3 1:10

— MashUp-RT=r 1:20

Fluorescence Intensity (Arbitrary units)
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Time {minutes) Time {minutes)

Figure 9. RT-LAMP assays using spores displaying CotZ-MashUp-RT-Hiss and Hiss-
MashUp-RT-CotY. Emitted fluorescence throughout 30 cycles in a RT-LAMP reaction using
strains containing the fusions CotZ-MashUp-RT-Hiss (A) and Hiss-MashUp-RT-CotY (B), tested
at four different dilutions (1:1, 1:5, 1:10, 1:20). All reactions were done at 65 °C, and in the
indicated reactions, preceded by a pre-incubation at 42 °C or 55 °C according to the range of
temperatures in which the MashUp-RT was active.
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As the basal Bst activity was interfering with conclusion that could be drawn in
terms of RT activity, we tested whether the Hiss-MashUp-RT-CotY spores, could replace
the RT in RT-PCR assays (Fig. 10A).

RNA extracted from saliva of COVID-19 patients was used as template for cONA
synthetizes using primers N1-F and N1-R (see Materials and Methods). Analysis of the
product of the reaction in agarose gel shows a band of 110 pb in the positive controls
(reaction with commercial KAPA SYBR FAST One-Step RT-PCR). We also detected a
faint band in the reaction in which a 1:10 dilution of recombinant spores carrying Hise-
MashUp-RT-CotY was used. Analysis of the melting curves of these reactions showed
CcDNA synthesis at the 1:10 dilution (Fig. 10B, blue line) and 1:1 dilution (Fig. 10B,
orange line) and show that the cDNA synthetized is specific, since it has the same melting

temperature then the positive controls.
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Figure 10. RT-PCR using spores displaying His6-MashUp-CotY. A) 2% agarose gel with the
product of the RT-PCR reactions. cDNA synthesis of 110 bp of the N-gene from SARS-CoV-2
was performed. All spores dilutions and controls were done in duplicates. The molecular weight
(MW) marker is indicated in base pairs (bp) on the left side. B) Melting curves of the RT-PCR
reaction using purified spores from strains producing His6-MashUp-RT-CotY. Four different
spore dilutions (1:1, 1:5, 1:10, 1:20) were tested. Two positive controls were done using viral
RNA (black lines) and synthetic RNA (red lines) with the commercial Tag RT. The negative
control for the RT (yellow lines) had no RNA in the reaction mix, and the negative control for the

RNA

(pink lines) had a non-template RNA.
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Chapter 4 — Discussion and Conclusion

One of the major challenges in nanotechnology is the discovery of platforms for
the display of useful biomolecules. These platforms have to be highly stable, easy to
produce, easy to manipulate and with a large useable surface area. Spores from Bacillus
subtilis meet all these criteria. Spores can withstand harsh environments such as
desiccation, heat, solvents, lytic enzymes, oxidizing agents, ultraviolet radiation, and
predators [12]. Spores are easy to produce and can be stored at room temperature for long
periods of time [79]. Moreover, B. subtilis is genetically manipulated with ease and is
also recognised as a safe organism, with GRAS status [80]. Because of all these
characteristics, spore surface display has already been successfully applied to fields such

as oral vaccines [81], biopesticides [82], bioremediation [83] and animal feed [39].

During the COVID-19 pandemic, high demand for SARS-CoV-2 testing and
disruption of global supply chains have left many countries facing diagnostic shortages.
A proposed solution for these problems was the local production of affordable diagnostic
tests [55, 67, 83]. In previous work, a RT-LAMP test for SARS-CoV-2 detection in RNA
samples extracted from the saliva of COVID-19 patients was established [57]. RT-
LAMP-based tests have gained popularity due to their advantages over those based on
RT-PCR [46, 84]. The enzymes used in the implementation of a SARS-CoV-2 diagnostic
LAMP-based test by Amaral and colleagues (Bst and MashUp-RT) were all in-house-
made, making the test independent of commercial reagents [57], however still dependent
of the production and multi-step purification methodologies which requires specific
equipment.

To our knowledge, spore display of enzymes for molecular diagnosis has never
been reported. The use of such a strategy, however, would facilitate production of the
enzymes, bypassing the purification steps, with the concomitant decrease in production
costs. In this work we used the crust proteins CotZ and CotY as carrier/anchoring proteins
to display the DNA polymerase Bst and the reverse transcriptase MashUp-RT at the spore
surface, for molecular diagnosis using RT-LAMP. The CotZ and CotY proteins have
already been used to successfully display active 3-galactosidase and laccase at the spore
surface [85, 86]
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Immunoblot and immunofluorescence experiments showed that CotZ-Bst-Hise
was displayed at the spore surface (Fig.5). In contrast, when CotY was used as the carrier
protein, the fusion protein was only detected in a low percentage of the spores (Fig. 5).
The cotY-based fusions were inserted at the amyE locus, keeping the native cotY gene in
the chromosome. The preferential assembly of the native CotY may explain the low
percentage of spores showing fluorescence signal, i.e., the fusion competing poorly with
the WT CotY for a limited number of assembly sites. It is also possible that the CotY
fusion shows a more internal localization, not accessible to the antibody, or the protein is
highly cross-linked, and is not efficiently extracted in our conditions. We do not favour
these hypotheses since we also did not detect the fusion proteins during sporulation, at a
time when the spore is not yet formed and the proteins are more extractable (Fig. 5B).
Presumably, then, the fusion proteins are unstable and accumulate to low levels in
sporulating cells.

CotZ-Bst spores were resistant to heat and lysozyme but more hydrophobic than
the WT spores, indicating that the spore surface was perturbed (Fig. 4). A high level of
hydrophobicity is not desirable since it interferes with the adherence to surfaces and
promote clumping of spores, decreasing the surface exposed to the environment and
potentially having a negative impact in the LAMP and RT-LAMP assays [20]. Assembly
of CotZ-Bst-Hises (and also CotZ-Bst) strongly reduced the representation of a 34 and a
66 kDa species extracted from WT spores by boiling in the presence of SDS-DTT
(Fig. 5A). These two proteins are likely to be CotG and CotB [74]. Previous studies have
shown that the absence of the crust, namely the absence of the proteins CotX, CotY and
CotZ, have an impact on the outer coat [27]. Therefore, the crust proteins have a role in
the localization of the outer coat proteins, including CotG and CotB. CotB is synthesized
as a 46 kDa protein and is converted into a 66 kDa form by phosphorylation. Both CotB
and CotG are phosphorylated by CotH and CotG is required for the efficient
phosphorylation of CotB [27, 73, 87]. Therefore, in the absence of CotH and CotG, the
CotB form of 66 kDa does not accumulate in the spore [74]. Western blot analysis using
CotH, CotB and CotG antibodies would enable to identify at which stage our fusion

protein (CotZ-Bst-Hise) impacts on the assembly of the spore outer coat.

Unfortunately, we were not able to detect any DNA amplification in the spores
displaying Bst. A quantitative analysis of the amount CotZ-Bst-Hise protein present at the
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spore surface showed that when spores were normalized to an ODsgonm Of 2, the amount
of Bst in the spore was similar to the amount of NEB Bst 2.0 enzyme used in the reaction
(approximately 4 ng/ul). In the future, it would be worth to test different reaction
conditions, such as different temperature and pH values. The reaction conditions used in
this work were optimized for the purified Bst, but its fusion to the carrier protein may
have changed the enzyme’s kinetic properties. Also, optimization of the coat protein used
for displayed or the protein linker sequences could be investigated in the future. Another
carrier protein that could be used is CotG, one of the most abundant coat proteins, shown
to localize together with CotW and CotZ in the outermost surface of the coat [89]. We
could also use a longer linker, for example four repeats of the EAAAK sequence which
forms a 20-A-long rigid a-helix; in the past, the use of such a linker ensured functionality
of a Tgl-CFP fusion [15].

A new method based on the SpyTag-SpyCatcher technology could also be adapted
to display Bst at the spore surface. This system is formed by two proteins: the larger
SpyCatcher that can bind specifically to the smaller, SpyTag, forming an intermolecular
spontaneous isopeptide bond between the two [90]. The Bst protein would be fused to the
SpyTag since it is the smaller unit and thus should interfere less with the folding and/or
activity of the enzyme, while the SpyCatcher would be fused to CotZ or CotY, allowing
the anchoring of the target protein once the bond is formed (Fig. 11). Cells of B. subtilis
would express the Bst-SpyTag at a late time during sporulation, after the production and
assembly of the carrier-SpyTag to minimize problems with the assembly of the fusion
protein. The Spy/Catcher system has been used for visualising membrane protein location,
vaccine efficiency and others; we think it may be a good alternative method for displaying
proteins at the spore surface [88, 89].
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Figure 11. Scheme of the spore surface display using SpyTag-SpyCatcher. A) After
asymmetric division, oF is activated in the mother cell and the transcriptional and translation
signals of cotZ allows expression of the CotZ-Spy-Catcher fusion protein in the mother cell. The
fusion protein is assembled around the forespore, forming a complete ring after engulfment,
concomitant with o activation. Bst-Spy-tag is expressed late during sporulation under the
regulation of a o& and GerE dependent promotor, such as cgeAB. Spontaneous isopeptide bond
formation occurs through reaction of Lys31 of SpyCatcher with Asp117 of SpyTag, wich will
anchor Bst to the spore surface. At the end of the sporulation process, the mother cell lyses and
the spore displaying Bst is release to the environment. B) Simplified scheme of the mother cell
cascade of gene expression. Examples of genes under the control of &, SpollID, oX and GerE are
given. Adapted from [15].

In the case of the MashUp-RT, two different strains were constructed.
Phenotypically, these strains behave in a similar way as their counterparts carrying Bst
(Fig. 7). However, in both MashUp-RT-producing strains only a small percentage of the
spores displayed the fusion protein at the surface (Fig. 8). In any case, a clear RT
enzymatic activity was demonstrated for spores carrying Hiss- MashUp-RT -CotY (Fig.
9 and 10). This activity, however, was only detected when a pre-incubation of 42 °C was
implemented, which is not the optimal temperature for RT-LAMP (65 °C). In agreement
with previous studies [91, 92], in our assays the commercial Bst showed RT activity [78].
Surprisingly, the presence of WT spores seems to enhance this activity (Fig. 9). These
results suggest that the spore is able to stabilize the reverse transcriptase activity of
different enzymes, even when WT spores are added to the free enzyme, i.e., not surface

displayed.
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In conclusion, we were able to display the enzymes Bst and MashUp-RT at the
spore surface. Unfortunately, only MashUp-RT showed activity. We used two different
anchoring proteins, with N- and C-terminal variants. As illustrated by our own results,
the display of proteins in spores is not a “one size fits all” methodology, the efficiency of
this technology will always depend on the individual combination of the proteins used.
In any case, this technology still represents a more economical way to produce, purify
and stabilize enzymes, and for that, we think it is worth to continue the optimization of
this strategy in order to obtain spores displaying active MashUp-RT and Bst enzymes to
be used in RT-LAMP. An ultimate goal would be to construct strain that produce a high
titer of spores and display both enzymes at the surface of the same spore, which could
minimize diffusion distances between substrates and enzymes increasing reaction rates
(Fig. 12).

Although the COVID-19 pandemic was the initial motivation for this work, in the
longer term this technology can be used for the molecular diagnostic of other pathogens,

which would certainly be an asset for public health in developed and developing countries.
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Figure 12. Spore display for RT-LAMP. Two crust proteins from Bacillus subtilis Spores, the
CotZ and CotY, would be used as anchor proteins for the RT-LAMP enzymes, the Bst and the
Mashup-RT, resulting on their display in the spores surface. When added to the reaction, the
Mashup-RT would convert the RNA molecules to cDNA, which would be amplified by the Bst,
resulting in the dumbbell structures.
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Annex 6.1- Bacterial strains used in this study

Strain Relevant Proprieties Origin
E. coli
F— ®80lacZAM15 A(lacZYAargF) U169 recAl
DH5a endAl hsdR17 (rK—, mK+) phoA supE44 }— thi-1 Invitrogen
gyrA96 relAl
F- ompT gal decm lon hsdSB (rB-mB-) A (DE3 [lacl
BL21 lac UV5-T7p07 ind1 sam? nin5]) [malB+]K-12 (AS) | [oVaden
MSES0 BL21 containing pET28+Bstl, Kan® [57]
B. subtilis
PY79 Prototrophic derivative of B. subtilis 168 [62]
MSB250 cotZQcotZ-Ik-bst-his, CmR This study
MSB251 amyE::Pcotyz- cotY-lk-bst-his, CmR «
MSB252 amyE::Pcotvz -his-bst-Ik-cotY, CmR «
MSB253 amyE::Pcotvz -his-FeLRT-Ik-cotY, CmR «
MSB254 cotzQcotZ-1k-FeLRT-his, CmR “
MSB255 cotZQcotZ-Ik-bst, CmR “

53



Chapter 6 — Annex

Annex 6.2- Oligonucleotides used in this study

Primer

Sequence (5’ to 3°)?

CotZ_Fw_Hindlll

Bst SOE Lk Fw_CotZand
CotY_Bst

Lk SOE_Bst Rev_CotZand
CotY_Bst

Bst 6XHis_Rev_BamHI

Quickchange Fw

Quickchange Rev

Bst Fw_Xbal

Lk SOE_Bst Fw_Bst Cot
Y

Bst SOE_Lk Rev Bst Cot
Y

LK _rev_NgoMIV
LK_Fw_Agel

Bst_Rev_Spel

Xbal_FeLRT_FW

SOE_FeLRT Lk Fw

SOE_LK_FeLRT_Rev
NgoMIV_Lk_Rev

SOE_FeLRT Fw_Z

SOE_FeLRT Rev Z

54

CCCAAGCTTTCGTTAGGCGACACAGTGCC

GCTGCAGCGAAGGCTGCAGCGGAGGGTGAAA
AACCGCTGG

CCAGCGGTTTTTCACCCTCCGCTGCAGCCTTCG
CTGCAGC

GCGGGATCCTTAGTGGTGGTGGTGGTGGTGCT
TCGCATCGTACCAGGTCG

CCTGGTACGATGCGAAGTAACACCACCACCAC
CAC

GTGGTGGTGGTGGTGTTACTTCGCATCGTACC
AGG

CGGICTAGAAGGAGGTCGCGGCATGCACCACC
ACCACCACCACGAGGGTGAAAAACCGCTGG

CCGACCTGGTACGATGCGAAGCTGGGCGGAG
GCGGATCAGG

CCTGATCCGCCTCCGCCCAGCTTCGCATCGTA
CCAGGTCGG

ACGGCCGGCCGCTGCAGCCTTCGCTGCAGCC
TCGACCGGTCTGGGCGGAGGCGGATCAG

CTGACTAGTATTAGTGGTGGTGGTGGTGGTGC
TTCGCATCGTACCAGGTC

CGGICTAGAAGGAGGTCGCGGCATGCACCACC
ACCACCACCACACCCTGCAGCTGGAAGAAG

CCAGTCTTCTCTGACCATCAACCTGGGCGGAG
GCGGATCAGG

CCTGATCCGCCTCCGCCCAGGTTGATGGTCAG
AGAAGACTGG

ACGGCCGGCCGCTGCAGCCTTCGCTGC

GCAGCGAAGGCTGCAGCGACCCTGCAGCTGG
AAGAAG

CTTCTTCCAGCTGCAGGGTCGCTGCAGCCTTC
GCTGC
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FeLRT _Rev Z

Ca F3
Ca B3

Ca_FIP

Ca_BIP

Ca LB
SARS_F3
SARS_B3

SARS_FIP

SARS _BIP

SARS_LF
SARS_LB
N1_F
N1_R

GCGGGATCCTTAGTGGTGGTGGTGGTGGTGGT
TGATGGTCAGAGAAGAC

TCTGGTATTCCGGAGGGC

AGTCCTACCTGATTTGAGGT

CTACCGTCTTTCAAGCAAACCCATGAGCGTCG
TTTCTCCCT
TTGACAATGGCTTAGGTCTAACCAAAAGATAA
CGTGGTGGACGTTAC

CTCAACACCAAACCCAGCGG
TGGCTACTACCGAAGAGCT

TGCAGCATTGTTAGCAGGAT

TCTGGCCCAGTTCCTAGGTAGTCCAGACGAAT
TCGTGGTGG
AGACGGCATCATATGGGTTGCACGGGTGCCAA
TGTGATCT

GGACTGAGATCTTTCATTTTACCGT
ACTGAGGGAGCCTTGAATACA
GACCCCAAAATCAGCGAAAT
TCTGGTTACTGCCAGTTGAATCTG

3 restriction sites are underlined; base substitutions are shown in bold.
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Annex 6.3- Plasmids used in this study

Plasmid Relevant Proprieties Origin
pPMS38 esistance casete, Amg ct | (74
p1CSV-CotY-N | amyE::PcotYZ-cotY-rfp cat, AmpR CmR [72]
plCSV-CotY-C | amyE::PcotYZ-rfp-cotY cat, AmpR CmR “

pBst pET28" carrying bst, AmpR [57]
ManUpRT | ey  madfd e Leskenis |
pCNO1 cotZ-1k-bst-his in pMS38 This study
pCNO02 Ik-bst-his in pACSV-CotY-C “
pCNO03 his-bst-Ik in pACSV-CotY-N “
pCNO04 his-FeLRT-lk in p1CSV-CotY-N “
pCNO5 cotZ-lk-FeLRT-his in pMS38 “
pCNO06 cotZ-lk-bst in pMS38 “
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Annex 6.4- Growth Media

Solution

Composition (for 1 L)

Auto-induction
medium
Luria Broth (LB)

Luria Agar (LA)
Difco Sporulation
Medium (DSM)

Growth Media 1
(GM1)

Growth Media 2
(GM2)

1 mL 1M MgSOs ; 20 mL 50x5052; 50 mL 20xNPS; 929
mL LB medium

10 g tryptone; 5 g yeast extract; 5 g NaCl

10 g tryptone; 5 g yeast extract; 5 g NaCl; 16 g agar

8 g nutrient broth; 1 g KCI, 0.25 g MgS04.7H.O or 0.12 g
MgSO4

960 mL B&W salts; 10 mL 100 mM MgSOas; 10 mL 50%
glucose; 10 mL 10% yeast extract; 10 mL B&W Aminoacids
5X

965 mL GM1; 5 mL 50 mM CacCly; 25 mL 1 M MgCl;
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Annex 6.5- Solutions and Buffers

Solution

Composition (100 mL)

Bott & Wilson salts
(B&W salts)

B&W amino acids 5X
Blocking solution
Buffer A

Buffer B

1x master mix

French Press Buffer

LAMP 2x Reaction
Buffer
Orange G

PBS 10X
PBS-Tween

Revolving gel

Staking gel

SDS-Page Loading
Buffer

STET Buffer

Coomassie solution

Destaining solution

TAE 1x

1.24 g KoHPO4; 0.76 g KH2POg4; 0.1 g tri-sodic citrate; 0.6 g
(NH4)2S04

250 mg Trp, Arg, Lys, Gly, Met, His, Val, Thr, Asp

5% (w/v) powder skin milk diluted in PBS-Tween

150 mM NaCl; 50 mM Tris—HCI pH 7.5

Bufer A with 0.5 M Imidazol

10 mM (NH4)2SO4; 50 mM KCI; 8 mM MgSOs; 0.1%
Tween 20; 1.4 mM each dNTP

10 mM Tris; pH 8; 10 mM MgCl,; 0.5 Mm EDTA; 0.2 M
NaCl; 10% glycerol; 0.1 mM DTT

40 mM Tris—HCI (pH 8.8); 20 mM KCI; 20 mM (NHa)2SOa;
16 mM MgSQg; 0.2% Tween 20

0.2% orange G; 0.37% EDTA,; 50% glycerol

137 mM NaCl; 2.7 mM KCI; 4.3 mM NaxHPOg4; 1.4 mM
KH2PO4

10 mL PBS 10X; 0.1 mL Tween 20

4.5% acrylamide (29:1); 0.375 M Tris.Cl; 0.1% SDS pH 8.8;
0.8% APS and 10% (v/v) TEMED

4.5% acrylamide (29:1); 0.125 M Tris.Cl; 0.1% SDS pH 6.8;
0.01% APS and 10% (v/v) TEMED

1x Upper Tris; 5%Glycerol; 2% (w/v) SDS; 0.5 mM DTT;
5% 2-mercaptoetano; 0.025% (w/v) bromophenol blue

8% sucrose; 0.5% TritonX-100; 50 mM EDTA,; 10 mM Tris-
HCIl pH 8

0.5 g/mL Coomassie Brilliant Blue R-250; 80% absolute
ethanol; 20% acetic acid

30% absolute ethanol; 10% acetic acid

40 mM Tris; 20 mM acetic acid; 1 mM EDTA
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Annex 6.6. The structure of Bst polymerase. The left panel shows the structural model
for the Bst polymerase. The active site of Bst is highlighted in the square and expanded
on the right. The active site of the Bst is formed by the amino acid residues Arg325,
Glu368, GIn507, His539 and Asp540. Asp540 is responsible for the formation of a
hydrogen bond with the nucleotides and interacts with the Mg?* ion. Although in a
flexible region of the protein, the Hiss tag (in yellow) appears to be close to the active site
of the enzyme, obstructing the entry of new nucleotides.
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