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Abstract

Whether you want to stop a leaking ship’s hull, or repair a fractured bone, you need a strong
adhesive. Our project aims at producing a new generation of glue. In contrast to most glues,
our glue is natural, biodegradable, efficient on wet surfaces and is composed of polysac-
charides naturally produced by ti@aulobacter crescentusacterium. Using BioBrickV
standard biological parts, we engineered a synthgticherichia colistrain which synthe-

sizes this adhesive material. To improve our expression system, we plan to use a new plas-
mid stabilization technique, the Stafysystem. This system stabilizes expression plasmid
without using antibiotics, which is of major concern in large-scale production of biological
materials.
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1 Introduction

Caulobacter crescentus a gram-negative bacterium studied for the properties of its cell cy-
cle [2]- [7].This bacterium is widely spread in aquatic environments and exists either as a motile
cell or as a sessile cell Figure 1(a). In the sessile st@gerescentusticks to surfaces by
synthesizing adhesive at the stalk, a polar organelle shown in Figure 1(b). At the tip of this
appendage, a complex holdfast structure is assembled.

200 nm
() (b)

Figure 1:(a): C. crescentusotile and sessile cells [13] (b2. crescentustalk [11]

This material is an elastic, gel-like adhesive substance composed of both protein and polysac-
charide. The N-acetylglucosamine polymer has been identified as the main polysaccharide
component [8]. This holdfast shows unprecedented adhesive properties: the adhesive can ad-
here with a strength up 68 N/mm?. In comparison, commercial superglue can withstand a
force of 18 — 30 N/mn? [9], [10], [11]. Since this adhesive adheres to wet surfaces, many
industrial applications are foreseen. The glue has already been isolated but the challenge is to
produce large amounts of glue without it sticking to the material where it is produced.

A model of holdfast biosynthesis, export and attachmeft iarescentulas already been char-
acterized, see Figure 2, [11].

The hfsk hfsF hfsG hfsH genes are organized in operon and their products are required for the
minimum repeat unit holdfast synthesis while the polymerization of the repeat unit of the hold-
fast substance needs the expression of hfsC and hfsl genes.

The products of th@ adjacent hfsD hfsA and hfsB genes are involved in the holdfast export.
The anchoring of the holdfast polysaccharide is carried out by the hfa gene products. [12]
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Figure 2:Model of holdfast biosynthesis, export, and anchoringircrescentusProtein names in parentheses

are thekE. colihomolog proteins. The inner membrane HfSE protein initiates glycosyltransferase by transferring
N-acetylglucosamine (NAG) from UDPNAG to a lipid carrier. HfsG, a second glycosyltransferase protein,
transfers NAG subunits to the growing polysaccharide chain. HfsH deacetylates one or more NAG residues. The
HfsF protein translocates the polysaccharide chain linked to the lipid carrier across the inner membrane. The
polymerases HfsC and Hfsl proteins link the NAG repeat units together. The holdfast polysaccharide is transferred
across the outer membrane by HfsA, HfsB and HfsD proteins. Hfa proteins mediate the polysaccharide attachment
to the cell. [11]

Our aim is to find a way of mass-producing the glue. For this purpose, we planned to transfer
the C. crescentusoldfast polysaccharide biosynthesis pathwak$cherichia coli

As Escherichia colipossesses similar genes (Appendix A) involved in the production and the
export of the holdfast ilC. crescentuswve only inserted the hfsG and hfsH genes ireaiColi
strain : GluColi was born.

The problem of stickiness to the material of the container used to produce the glue was not
investigated. In fact, we thought it was more relevant to synthesize the glue whenever and
wherever it is required, instead of focusing on the extraction of the adhesive. For this purpose,
we designed a theoretical circuit using chemotaxis and quorum sensing.

GluColi started producing an adhesive material and we begun to characterize the glue in the
"Physical and chemical properties of our glue” section. The mathematical modeling will also
be considered.



2 Biological model

2.1 Materials and methods

On the Figure 3 we show the plasmid we created in order to insert the hfsG and hfsH genes.

hfsG

Bonio () terminator

soniz () terminator

rep (pMB1)

Figure 3:pSBIAK 3 final plasmid

The following bricks come from the BioBricks partsregistryWe chose a lactose inductible
promoter so that we could easily control the expression of the genes of interest. This promoter
is the BBa R011 brick (located in the pSBA2 ampicillin resistant plasmid).

The RBS (ribosome binding site) and the RFP bricks are located on the same plasmid (BBa
K093005). RFP is a reporter gene. If the glue is not released (or we can not detect it), we will
know the genes are expressed.

We chose a commonly used terminator, namely BBailB (located on the pSBAK 3 kanamycin
resistant plasmid). The replication origin is a puaerived pMBl (copy number of 00 — 300

per cell) The final plasmid pSB\K 3 is ampicillin and kanamycin resistant. Seeing the impor-
tance of hfsG ans hfsH in our project, they were optimized and synthésizhdir sequences
have been optimized for two reasons:

e First they are compatible with all assembly standards

e Secondly the use of codon is not the sam€aulobacter crescentusnd inE. coli. This
could limit the rate of translation of our genes.

hitp://partsregistry.org
2http://mrgene.com



The hfsG and hsfH sequences show the restriction sites and the optimized codons (Appendix B).

Transformation:

To increase the amount of plasmidic material, we performed transformations witfEDE
competent cells from Delphi Genetfcsdts genotype is the following one:

mcrA  A(mrr—hsdRMSmcrBCmodification, restriction-) ®80lacZAM15 AlacX74 rec Al

araDI39A(ara— leu)7697 galu galK rpsL endAl nupG

For the full protocol see the StabyExpr8$7 Kit Manual, transformation using chemically
competent celfs

Ligations:

All the ligations were achieved in the Assembly standeitl We followed the assembly pro-

tocol recommended by New England BioL&bsThe first ligation concerns promoter, RBS

and RFP. We cut the promoter plasmid with the restriction enzymes EcoR1 and Spel. We cut
the RBS-RFP plasmid with EcoRand Xbd. This one was dephosphorylated to prevent it
from self-ligating without any inserts. Seeing that both plasmids are ampicillin resistant, we
cut the promoter plasmid with Afllll and Scal. This will prevent any promoter plasmid from
being transformed. At this stage we have promoter, RBS and RFP in the RBS ampicillin
resistant plasmid ( Figure 4).

We transformed DGE.colicompetent cells with this construction. The culture was left overnight
(37°C) on ampicillin resistant medium. We selected the appropriated colonies and put them
back at37°C in liquid medium.

We proceeded with the extraction of the plasmid using the GenElute Plasmid Miniprep Kit

In order to verify our construction, we cut upstream (E¢pBnd downstream (Pt of the
Promotes-RBS+RFP. Then we proceeded with the electrophoresis of the digested product. We
tested the construction by adding IPTG to a sample and this one was analyzed by fluorescent
microscopy.

The second ligation concerns hfsG, hfsH and the terminator. Seeing that both hfsG and hfsH
plasmids were ampicillin resistant and that we did not have appropriate enzymes to cut one of
them, we chose to ligate hfsH and the terminator (which have different antibiotic resistances).
The terminator plasmid is the destination plasmid and hfsH is the insert. The selection was
made with kanamycine (following the above-cited protocol). After that, hfsG was added to this

construction. At this stage, we have hfsG, hfsH and terminator in the terminator kanamycin

resistant plasmid which is our final destination plasmid, Figure 5. Finally we assembled the

first and the second construction to obtain the final plasmid, Figure 3.

3http://www.delphigenetics.com
“https://www.delphigenetics.com/manuals-48.html
Shttp://partsregistry.org/wiki/images/1/1a/StdAss.png
Shttp://www.neb.com/nebecomm/products/protocolProductE0546.asp
’Sigma-Aldrich ref (PNI350)
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Figure 4:RBS-RFP ampicillin resistant plasmid
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pSBIAK3

Figure 5:hfsG and hfsH ampicillin and kanamycin resistant plasmid

2.2 GluColi, engineering a biological circuit

For our first participation in the iIGEM competition, we aimed at producing a new biological
material. Finding a new way to produce a biological and biodegradable glue became our objec-
tive. Once we found a way to produce this, it was interesting to think about how we could have
this glue produced where it is needed.



We designed a biological circuit composed of three main parts:

1. Bacteria produciong glue are attracted to the target point to be repaired.
2. Glue production at the leaking point, the crack or the fracture.

3. Preventing GluColi proliferation.

l cl repressor

0062 ROOT1  BOO31 Jjoosz B0010 B0012
c2 repressor

R0052 B0031 €0053 B0010 B0012

J—I| lux|

K145150 B0034 0061 | B0010 BOO12
J—Il luxR

K145150 B0034 cooez| B0010 BOO12

— hfsG hfsH parE

K145150 B0034 K196002 K196003 | B0010 B0O12
Cellular division blocked
Glue synthesis :

A

\

Figure 6:Schema of the biological system

Escherichia colihas a natural system of chemotaxis ( Appendix C). Thanks to its flagella, it
can swim towards a local chemical gradient. In order to guide GluColi to its target, we thought
that the leaking should use aspartate as we know it is a good chemoattractantéir As it

is a natural system found . coliwe did not intend to add bricks for chemotaxis.

After that, a certain bacterial density is needed to produce enough glue. We engineered a glue
production system controlled by quorum sensing, (Appendix D). As long as there are not
enough bacteria at the target point, glue will not be produced. The quorum sensing mecha-
nism senses the population density and coordinates gene expression. Glue production will be
triggered only at high GluColi density.



The suggested circuit relies on a cascade of promoter repression/expression that will result in a
positive feedback. Phage and quorum sensing promoter are used.

IPTG (Isopropyl3-D-1-thiogalactopyranoside) would permit the transcription of the down-
stream genes comprising cl434 which codes for a repressor issued from bacteri¢iphage

When there is no leaking, thus no IPTG, the quorum sensing is OFF because of the promoter
placed in front of the genes involved in it. This promoter is a hybrid promoter proposed by
last years KULeuven team and works as follows : it is represse@ 322, (from phage22),

and activated by the complex LUxRHSL. If there is neith2P22 nor LUXR—HSL, then there

will be a low background expression of the downstream genes. The activation by- HSR
permits this device to be fully activated. The repressiondly22 is provided by the expression

c2 P22 which is under control of the ¢84 promoter. This promoter is constitutive. So, as long

as there will be no IPTG,XP22 will be produced and there will be no quorum sensing and

no glue. As soon as IPTG is present 31 is produced in order to repress cl434 promoter, ¢

P22 will not be expressed anymore and the quorum sensing can take place. Once LuxR and
HSL dimerize, they can also fully activate the productiorCalulobacter crescentissenzymes
needed for the glue synthesis. We also added a lux box in front of #l3¢ device to ensure

that @ P22 is well repressed when the glue needs to be produced.

Now that the glue is produced, as we are not sure it will kill our bacteria and with the inten-
tion of not letting the bacteria proliferate, we intended to introduce a toxin that would inhibit
cell growth without really killing the bacteria. We thought about parE which targEt =l
gyrase, [1]. By lack of time, we could not test our circuit. Here under, we describe how we
thought to implement it int&. coli.

We would use four different plasmids. The first plasmid would be thg4¢lc2 P22 generator
depending on the presence or absence of IPTG. The second one would be the LuxR generator,
following by the LuxI generator plasmid. The last one would be responsible for the glue syn-
thesis and the "death” of the bacteria.

The first plasmid includes a lac promoter, which is a strong promoter (BBalRRinduced by
IPTG and repressed by Lacl. The lac promoter controls the expression of the repré8sor cl
from the cl34 generator (BBa ®152) consisting of a RBS, the repressor itself and a terminator.
As said above we also added a Lux box promoter (BBa6R).

The second plasmid contains a very strong promoter controlled by ## @pressor (BBa
R0052). This promoter controls the expression of tl2eRe2 repressor gene included in th2 ¢
P22 generator (BBa @153 ). In that way, if there is IPTG, there will be n@ 22.

The third plasmid includes a hybrid promoter (BBa4%150) consisting of the lux box and
binding sites for 2 P22. Transcription from this promoter can be activated by a LuxfSL
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complex and repressed by €22. The downstream gene codes for the LuxR protein (BBa
10462) which can sens8OCsHSL (Appendix C). When there is IPTG, as there is BdP@2,

the LuxR protein is therefore synthesized at a low rate, the quorum sensing takes place and
enhances itself.

The fourth plasmid includes the same hybrid promoter (BBaH50) and the LuxI generator
(BBa K092400) that allows the synthesis 86)CsHSL. As well as the LuxR protein, this occurs
after activation by the presence of IPTG.

The glue device itself is also under control of the hybrid promoter (BB&K50) and allows

the expression of hfsG (a glycosyltransferase) and hfsH (a polysaccharide deacetylase) genes
and the toxin parE.

This circuit remains theoretical. The mathematical model is discussed in the section "Mathe-
matical modeling”.

Further, another aspect we should bear in mind is what would happen if the bacteria do not reach
the target. A solution involving the synthesis of a toxin "after a while” should be considered.

2.3 Circuit validation

In order to validate experimentally our biological circuit and to characterize some of its param-
eters, some tests should be carried out. We divided the circuit in different parts.

Circuit |

This circuif ( Figure 7) allows us to characterize and verify the performance of ti&aC
inhibitor. For this purpose the(@053 gene needs to be substituted by a GFP. Without IPTG no
fluorescence should be detected. Chemical kinetics illustrating the fluorescence rate should be
measured after adding IPTG to the substrate.

Circuit Il

Another experiment should also be carried out to test the influence of the C0053 inhibitor on
the K145150 promoter, Figure 8

The promoter upstream from the inhibitor is induced by arabinose.

8Experimental model:Construction : Bba® 1+BBa F0152 (http://partsregistry.org/wiki/index.php?title=Part:BBa
P0152); Part: BBa R0522 (http://partsregistry.org/wiki/index.php?title=Part:BBatR2) + Part: BBa B240)
(http://partsregistry.org/wiki/index.php?title=Part:BBa(RE0

SExperimental circuit: Construction: BBR0080 (http://partsregistry.org/Part:BBa)Bs0), BBa C0053, BBa
K145150 (http://partsregistry.org/Part:BBalk5150), Part: BBa B©240

8
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Figure 7:(a): Experimental model, (b): Theoretical model
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Figure 8:(a)Experimental circuit. Repression b3p22, (b)Theoretical quorum sensing circuit

Circuit Ill

The Quorum sensing should also be tested (cf. Figure 9): we use promoters whose regulation
can be controlled by Luxl and LuxR. The fluorescence rate would be measured according to
time and population density. Then, we can determine the time necessary for the bacteria to
reach a certain density allowing them to produce the LuxR-HSL complex.

ux| luxt
K145150 B0034 CO061 BO012 BOO1f K145150 B0034 C00G2 BO12 BOOY1 W eonio Booiz Joxr
'F"O'W 'F' 2 ' . K145150 BOOI4 COOBY 145150 80034 (0052 BO01D BO012
’ 4
L
HisG  HfsH GFP
K145150 B0O34 K196002K196003(716211 B0012 BOO11 K145150 8003 Eooap BOOTO BOO12
Peaaate f- - @& P

i)

(a) (b)

Figure 9:(a): Experimental quorum sensing circuit, (b): Theoretical quorum sensing circuit



3 Physical and chemical properties of our glue

In order to characterize the glue, a series of tests have been carried out such as:

3.1 Phenotypic description of the transformed bacteria

Figure 10:glass beads adherence to a Petri dish

Transformed bacterial colonies showed a filamentous aspect when put back in a liquid culture.
Because of the glue, the whole colony is taken as they stick together. We let the bacteria grow
at37°C overnight in a shaking incubator. A strand originating from the bottom of the tube was
observed.

The first tests were done to see if our glue actually stuck. A colony from a Petri dish was iso-
lated and spread on a sheet of paper. After that, the paper has been placed on a glass substrate
during a short period of timel (to 2 hours) under &N pressure. We noticed a slight adherence

and a bright spot where the bacteria had been spread on the sheet of paper.

A second phenotypic test has been carried out in a liquid culture with glass beads. The beads
have been dipped into the liquid culture and placed on a plastic medium. Afteurs of
incubation, we observed a perfect adherence to the plastic medium (even after a huge shock).
(Figure 10)

3.2 Fluorescence microscopy

Only a few bacteria showed expected fluorescence properties (due to the RFP sequence).

Furthermore, it seems that the glue is synthesized in a vacuole. Indeed vacuoles were visible in
transformed bacteria. (Figure 11)

This is a significant feature of our modified straintofcoli. We also observed a higher bacteria
aggregation a27°C in comparison t@7°C (Figure 12).

10



Figure 11:vacuole in transformed bacteria

(a) (b)

Figure 12:(a):incubation aB7°C, (b): incubation a27°C

3.3 Biofilm-forming abilities

A test on a96-well microtiter was carried out to highlight biofilm-forming abilities. Unfor-
tunately, this test was not conclusive; the bacteria did not stick to each dftarobacter
crescentudbacteria might stick to nearly all substrates but they also synthesize a matrix of ex-
tracellular polymeric substance to adhere to each other.

3.4 Wet strength

Water and "growth medium (LB)” inhibit the adhesive effect. Moreover, water separated glass
beads. This result was not what we expected given what is observ€d twescentudiving

in aquatic environments. It would be advisable to specify that glass beads stick together again
when water is removed.

First it is possible that the similar genes foundgmoli (hfsE, hfsF, hfsC, hsfl, hfsA, hfsB and
hfsD genes) do not work in an identical way tharCncrescentus

11



Secondly the two exogenes (named hfsG and hfsH) are overexpressed compared to the other
holdfast biosynthesis and export genes. Indeed, we used a high copy plasmid with a strong
promoter. A failure during sugar polymerization might explain the ineffectivineness in water
environment.

Thirdly, C. crescentusynthesizes its complex holdfast structure at the tip of a stalk. The an-
choring proteins might be required to "protect” the adhesive against the water.

Finally, apart from the polysaccharides, the composition of the adhesive remains unknown.
Other essential components might be implicated in the water and solvent strengths.

Complementary approaches are foreseen to differentiate these assumptions:

e The other genes (hfsk hsfF, hsfC hsfl, hsfD hsfA and hsfB) should also be transferred to
E. Coliwith the same transcription rate.

e As the anchoring genes may play a role in the glue composition, hfaA, hfaB and hfaD
genes should be insertedEnColi too.

e We need to have more information about the adhesive composition. A proteomic ap-
proach withC.crescentusnutants that do not produce the glue might be undertaken.

3.5 Tensile strength

Two different tests have been carried out in order to characterize the tensile strength of the glue.
It is important to note that the glue used in these experiments has not been purified. It consists
of bacteria lysate.

In the first test, liquid cultures of transformed bacteria are tested on different materials. To
enhance the adhesion of these materials, different attempts have been made to minimize the im-
pact of the "wet part” of the liquid culture. Indeed, previous experiments showed the adhesive
to be ineffective in water.

On one hand different materials stuck together have been placed in a box filled up with salt. On
the other hand, a sample 840 p| of liquid culture has been spread on LB solid medium (Petri
dish). The bacteria then grow on the surface while the LB solid medium absorbs the remaining
liquid. To collect the glue on a specific material, it has been rubbed against the Petri dish. In
fact, this is how we first showed our glue was functional.

Unfortunately none of these experiments were successful. Two hypotheses can be put forth.
Firstly the glue is still too liquid and because of that ineffective. Secondly there are proportion-
ately more bacteria than glue. So there is not enough glue to stick different materials together.

12



In the second test, different "GluColi” colonies have been taken from solid cultures and directly
put on the materials. This experiment showed better results than the previous one. Several ma-
terials such as plastic, wood, cork, paper and CD-ROM have been successfully stuck.

In order to measure the tensile strength, two plastic materials have been stuck together on a
surface ofl.5 cn?. The dynamometét showed a tensile strength @fl which is0, 06 N /mn?,

Figure 13. This result is far less than the one found in other laboratorieQwitfescentugup

to 68 N/mn?). One explanation, as previously stated, is that our glue is not purified.

Tensile strength

[
o

Force {(N)

O = N W R U N B W

0 0,5 1 15 2

Time (s)

Figure 13:Tensile strength measured with the dynamometer

4 Mathematical modeling

4.1 Introduction

Synthetic biology is a recent development in biology which aims at producing useful material
via biological agents. In this context, a biological system can be seen as a complex network
composed of different functional parts ( [14]). Mathematical tools allow one to make prediction
on the dynamical behaviour of a given bio-system. We aim at studying ft the system which has
been built in the second section of this report. We already know from our experiment that our
system is able to produce glue in the presence of IPTG inductor. We now address the following
guestion: what is the influence of the different parameters on the global dynamics (degrada-
tion rate, production rate, level of initial quantity for theR22 repressor,...) with and without
IPTG. In order to achieve this task, we will consider three different models: the first one shows
the basal property we are looking for: a system able to produce glue. The two next models can
be seen as two different steps of improvement. The purpose of these models is to improve the

OForce sensor, Pasport, PS$104

13



experimental control of the glue production. Parameters values result from the literature and
previous iIGEM team wiki’'s. We know these remain qualitative and that lab work should be
carried out to specify them more precisely.

We start from the global biological system established in the first section (cf. Fig.14(a)). In
order to be able to obtain the dynamical equations for the global behaviour of our system, we
have to make some assumptions and simplifications. Firstly, we completely neglect the detailed
composition of the biobricks. Each of them is considered as a simple block. The next step of
our mathematical design is the modeling of the interactions between all the different blocks.
The regulation network of our system is modelized using Hill functions for a repressor and an
activator. [14]

e Hill function for activator

p

__alg]
H,([z]) = o+ 1)
¢ Hill function for repressor
Hy([z]) = WP (2)

In these expressiong;] is the concentration of activated gengss called the Hill coefficient,
k is the activation coefficient andis the maximum expression level of the promotor.

For each block of the system, we can obtain a dynamical equation by considering its interactions
with the other blocks of the system. For each block we can build an equation of the following
form:

d|x|.

T R, ). Hy([2]) ~ 7 [, ©
Where, [z], is the concentration of the gengR(H,([z]), H,([z])) is the regulating function
which is a combination of Hill functions. The second term of the right side is the destruction
term, wherey; is the maximum destruction rate of the gene

We must bear in mind, however that the robustness of a given operational regime with respect to
external perturbations strongly depends on the value of the Hill coefficients. [16] In particular,
the robustness is expected to increase with the value of the hill coefficient. The cooperativity
behaviour is also a function of the Hill coefficient. For these reasons we will consider a situation
for whichp = 2.
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4.2 A first simplified model

In this first step, we present a simplified model of our system. We make the following as-
sumptions: we consider that the LuxiRISL complex is formed quickly at the beginning of

the dynamics. This assumption, allows us to modelize the quorum sensing system by consid-
ering the complex LUxRHSL only. The simplified schema is shown on Figure 14(b): the
effect of the Luxl and LuxR is represented by the autoregulation arrow on the box of the com-
plex LuxR+HSL. We also neglect the effect of the block parE in this first approach. For the

l cl repressor

0062 ROOTH  BOO31 J.coom 80010 BOO12 IPTG

c2 repressor ||
\ 4

RO052 B0031 €0053 B0010 B0012

-

lux!

K145150 B0034 C0081 B0010 B0O12

luxR | luxR + HSL
K145150 B0034 C0062 B0010 B0012 ‘E

== hfsG hfsH parE

-
i

K145150 B0034 K196002 K196003 | B0010 BOO12 Glue S!rlthESIS

N
Cellular division blocked /

4 TN
\

Gluo syrithess (@
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Figure 14:(a): Schema of the system from the biological point of view (b): same system but from the mathe-
matical modeling point of view

G

system shown in Figure 14(b) we can obtain the following equations (writing[théffer the
LuxR+HSL concentration:

e Equation for the:1 repressor block (designed by in the equation):

125
(L] + k3

— 7 [c1] 4)

In this equation, the paramet@thas the following explicit form:

1

O = T Lael] J O+ [TPTC]

(5)

In our case]Lacl] can be considered as a constant, then we Pawve 5([/PTG]). In
this first model we consider only the situation with IPTG inside the systeg:0.
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e Equation for the:2 repressor block (designed by in the equation):

dlc2] o
dt  [e1]* + k?

— Y2 [€2] (6)

e Equation for LUuxR-HSL block (designed by in the equation):

dlL] k3 (L)
dt k3 + k2 + (L)

— 7 [L] (7)

e Equation for the glue production (designeddin the equation, or by hfsGH in the text)

d[Gl]  ask3  [L)”
dt K3+ G k2 + (L)

— e [Gl] (8)

We choose a set of values for the different parameters:

=1, (i=1,23) m=v=7.=01 v =002 k, =054k =05k =05 (9)

4.2.1 Stationary state

The first step of our analysis is the study of the stationary point. In order to do that we consider
the following algebraic system:

(6+ L][LJ]rkZ =7 [el]
W =2 [c2]
ey = vl

( i;‘rf k2[L][ p=alCl

By solving this system of equations for the previous set of parameters we can find different sets
of stationary states. So we have (considering only the states with real values):

setone{[L], = 9.97337 [c1], =19.9749 [c2], = 0.00626178 [GI], = 99.7337}
settwoi{[L], =0 [c1], =10 [c2], =0.025 [GI], =0}
set three{[L ]s 0.0251248 [c1], = 10.0252 [¢2], = 0.0251248  [G], = 0.251248}

4.2.2 Linear stability analysis

To check the stability of the stationary states, we perform a linear stability analysis. To this end,
we assume that the configuration of the system is perturbed by:

—

0% = Ae®t (10)
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w Is the growth rate of the perturbation.

J [c]]

J 2]

J [GI]

d (L]

is the vector representing the perturbation of each concentration. Linearizing the equations, we
can rewrite them in the following form [17]:

07 =

B L) 7 (11)

e - (%) 02)

s

is the Jacobian matrix. Taking into account the form of the perturbation (26), we can write the
equation (11) as follows:

L7 = wi (13)
and the eigenvalues satisfy the characteristic equation:
det‘ﬁij — w&j] =0 (14)

Given the rootsy; of the above equation, we can easily deduce the steady state. From (26) it is
easy to see that a given state is unstable if any oftHeas a positive real part. In our case we
obtain the following expression for det;; — wd;;|:

1205 L], [e1], K3A3KS [c2],

(o) (1 +0) (2 ) {70+ Zas 1, bk
w — w w w —
Rl R 2D T T @ k03 + e
(15)
Equation (14) is a polynomial af" order and its first root is of the form:
W= —7a1 (16)

The others are the roots of a polynomial expression of the third order. We could obtain these
roots analytically but their expressions are too complicated to be useful. So, we solve numer-
ically the equation for the previous sets of parameters and we put into the equation (15) the
corresponding values for the different sets of stationary states. We have:

e setone= {w; 2 = —0.100036 £ 0.00027, w3 = —0.0994, wy = —0.01}
17



e settwo= {w; = —0.1,wy = —0.1,ws = —0.1,wy = —0.01}

e setthree= {w; 2 = —0.1014 £ 0.02407, w3 = —0.01, wy = 0.1023}

Two states are stable and the last one is unstable. The system can stay near its initial configura-
tion, which corresponds to the second set of values or it can also go to another state for which
we have glue production (first set). To learn more about the dynamics of this system, we need
to study its complete behaviour.

4.2.3 Global dynamics

In order to have an overview of the dynamics of the system we perform a numerical integration
of the dynamical equations with the set of previous values for the different parameters. When
we solve the system, we see that the system travels from its initial configuration to the nearest
stationary stable state which is the second set, corresponding to a state without glue production.
We have to stress that we do not find any different situation by varying the set of parameters.
We have always a stationary state with no glue production: the system chooses this final con-
figuration. In order to force the system to go to the other state, we add a little basal production
term (<) in the dynamical equation for the complex LuxRISL.:

d[L] _ ooki  [L]"
dt k3 + k2 +[L]

s — L]+ 5 (17)

In this case, as we can see on the Figure (15), the system reaches the first stationary state, for
which we have a glue production.

concentrations 1(?0”‘9
60
50 %0
40 Glue 0
30
0 i 40
10 fz/i/—‘—-rumirﬁ's‘[ """"" 20

%0 40 60 80 ol ™

100 200 300 400 500t ™
(@) (b)

Figure 15:(a): Dynamical evolution of the concentrations (b): Dynamical evolution of the glue concentration
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4.2.4 Discussion

In this first attempt to obtain a mathematical model of our biological system, we have been
able to build a model for which we can obtain stable stationary states with or without glue
production. The problem is the following one: the system shows a sensitiveness to the values of
the different parameters and the only way to obtain the glue is to introduce a basal production
term. The presence of this term is not unrealistic but it is clear that an improvement of this model
is needed in order to obtain a dynamical system for which the switch from a state without glue to
a state with glue is regulated by the valueipimeaning by the concentration of the inductor in

the system (which is the control parameter from the experimental point of view). This is not the
case with this simplified model because with# 0 we have a glue production independently

of the value off.

4.3 Detailed model for the Quorum Sensing system

The aim of this section is to present a more realistic system in order to solve the problem pointed
out in the last section. The main difference in this new model is the following one: as we can
see on the Figure 16(b), we consider a more complete description of the quorum sensing system
by taking into account the presence of the LuxR and Luxl blocks. We also consider the effect

of the parE block.

o v
1

| | =

— [ S <~ H—-

—

Glue synthesis Cell division

JuxR + HSL f\. blacked

= @

Figure 16:Mathematical model of the biological system including the detailed dynamics of the quorum sensing
system

For the system shown on Figure 16 we have the following equations (writing bérr the
LuxI concentration anl.r] for the LuxR concentration):

e Equation for the:1 repressor block, which is the same as in the previous model:

dlel] L] ol
7 _aﬁ[L]2+k%+5 71 [c] (18)
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e Equation for the:2 repressor block, which is the same as in the previous model:

dle2] o
@ pirm 2 (19

e Equations for the Luxl block and LuxR block: this is the mean improvement in this

model.
d[Li] oy [2]® o [L]? (L
i T pEe e Y el (20)
d[Lr] asfe2]®  ag[L]? — 1) =y, [L] (21)

=14+
dt (2] + kg<[L]2 + k2

e Equation for parE block, this is a new equation:

d[parE] 14 % (2> ag[L]?

dt = [02]2 i k‘% ( [L]2 I k?% - 1) — YVparE [pCLTE} (22)

e Equation for the HfsGH block{! in the equation), it is almost the same form as before,
but there is the effect of the parE block:

diGl] _ a[e2]®  as[L]® ar _
il s 22 +k§<[L]2+k% 1) parEP 112, 1 [G1] (23)

e Equation for LuxR-HSL block:

dlL] [l as[Li]®
it Ptk L+ R v [L] (24)

There is no explicit auto regulation in this model.

In the two next sections of this study we will consider the following set of values for the different
parameters which appear in our model:

.

M =Y =YL = Yor = Yo = 7 = 0.0001
VparE = 0.02
a=1 (1=1,..,7)
k1= 0.76
ke = 0.01
kri =k =ka =1
kr = 0.0001
\ kparE =1

Considering this set of values, we will study the dynamical behaviour of our system in absence
of IPTG and when the inductor is added. We will focus mainly on the influence of the initial
value of the{c2] concentration and on the quantity of IPTG which is added in the system. These
two concentrations are the main values which can be controlled from an experimental point of
view. In the last section of this part, we will discuss the behaviour of the system when some of
the intrinsic parameters are modified.
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4.3.1 Dynamics of the system without inductor

Steady state

In absence of an inductop (= 0), the system is expected to stay at rest and not to produce a
large amount of glue. We then consider the following initial conditions:

1]’ =0 [2]° = Zinitia [Li]" = [Lr]’ = [Gl]® = [L]° = [parE]” =0 (25)

Due to the complexity of the system we do not expect that it will stay at rest with these initial
values but that at least this state will be stable. Indeed, if we try to obtain the steady state by
considering the set of algebraic equations obtained by assuming that the time derivatives of all
concentrations are set to zero:

( L1?
aﬁﬁ + ﬁ =7 [Cl]

Fife = 212

2 2
L+ g (g — U = 1w (L)

[c2)"+K3 (L] +7
as2(c2]? ; aglL] _

L [c22}2+k§ ( [L]62+1c% — 1) =, [L7]

[1 + M( mlo )| —=5L5— = Y& [G]
[e2*+k3 * (LI +kT [par B k2, 1 !

as[Lr)?  az[Li®
[Lﬁ%k:ir [Li]32+k%i =7 |L]
a2[e2)? [ aslL)?

| 1 fereg (@i — Y = ors [parE]

It can be seen (for the set of values which has been chosen) that the system will reach a steady
state near the initial configurati®n( [c2] increases to a very high value and the other variables
go to almost zero).

Linear stability analysis

As previously explained, we assume that the configuration of the system is perturbed by

57 = Aet (26)

I
o

with

1t has to be noticed that the glue (hfsGHG@t in the model) continues to oscillate near zero then it is numeri-
cally impossible to obtain a true stationary state for Wf‘ﬁgﬂ is strictly zero.
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The eigenvalues satisfy the characteristic equation:

det|£ij — wéij| =0 (27)
In this case we obtain the expression:

(11 + wi) (2 + w2) (Vi + ws) (Ve + wa) (Yar + ws) (VL + we) (Ypare +wr) =0 (28)
This is a polynomial of" order and all its roots are of the form:
1
i

As we can see, the expression is much more simpler that the one we obtained in the first model.
From the linear analysis point of view, the system can reach any stationary state.

Results

hf sGH hisH
4
50
3 g™
-b
9 2210
20
! 107
c2 time
0.2 0.4 0.6 0.8 W 2 3 4 50 £
() (b)

Figure 17: (a): Bifurcation diagram in function of the initial value &f2] (b): Time evolution of the glue
concentration, for values ¢¢2] (¢t = 0) = 10, 20, 30, 40, 50, with 5 =0

On Figure 17(b) we show the time evolution[bff sG H]| for different initial values ofc2], we

see that a higher value ¢f2] tends toward a diminution of the maximum value[bf sGH |
concentration. As we can see its value is very low, there is just a small increase at the beginning.
During the same time th2| concentration reaches its steady state. Its concentration is very
high; this is mainly due to the fact that the other variablegasr [c1] (which can represg2])
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go to a insignificant value.

Existence of a critical value for[c2]

We have to stress that there is a minimum valugd®rwhich has to be found in the system at

the beginning. Indeed, as it can be seen on Figure 17(a), when the initial concerjt&tien

too small, the production of glue can start without inductor. The initial concentrgtiphas to

be sufficiently high so that the repressor can really represses the other blocks in the system.
The critical value for{c2] depends on the parameters of the components of the system so that
a;,v; andk;: [e2], = [e2], (a, 75, ki)

4.3.2 Dynamics of the system with inductor
Concentrations

hfsCH
3.916
3.914
3.912

beta(l PTG)
51 1 .

3 008 5 52253
3.906

3.904

(@) (b)

Figure 18:(a):Diagram in function of the amount of inductor for different initial valuesdaf, (b): Evolution
of the different concentrations f¢1] , [¢2], [hfsG H] and[L] inside the system with IPTG (model without toggle
switch), for initial value of{c2]: 10, 20, 30, 40, 50 (quantities have been rescaled)

When IPTG is added, the system leaves its initial configuration (25) and starts producing
glue. Eventually, the system settles down in a steady glue producing state. On Figure 18(b) we
show the dynamical evolution of the system in the presence of IPTG. As we can see the pro-
duction of the glue begins when the repreggd} reaches its final value. During the decrease
in [¢2], [c1] symmetrically increases. When the production of the glue begihstapidly in-
creases to reach its steady value. In this system only a few amount of IPTG is enough to start
the process (independently of the initial valug«), as we see on Figure 18(a). We also have
to notice that the concentration [df:] and[Lr| follows the same temporal evolution as ftie
complex,this is due to the symmetry of the system. The initial valye2btoncentration does
not have any influence on the final amount of produced glue , but the initial valug) dias an
influence on the rate of the global process: if we incrée®e the system will take more time
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to begin the glue production.

In this new model, we see that the glue production can be controled by adding IPTG. But, the
system is now too sensitive to the presence of the inductor. In the next section we show how
this problem can be solved.

4.4 Detailed Quorum Sensing system with integrated Toggle Switch

4.4.1 Sensibility to the initial condition

In the previous section, we have seen that the production process can start with only a few
concentration of IPTG inside the system. This characteristics can be a problem from a practical
point of view. If we look at the situation from a commercial or industrial point of view it is
obvious that it is mandatory to implement a control system in order to avoid a non desired
production of glue. In this section we present a theoretical improvement of the actual system
which can solve this problem.

4.4.2 Animprovement proposal

IPTG

:
H:

— [ R - [AEeHN—esEn
I Glue synthesis Cell division

f B, ke

| ) &

W

Figure 19:Model with integrated toggle switch

A natural way to improve our system is to use the well known toggle switch system in order
to reduce the sensitiveness of our system. The toggle switch system is described in [15].
The schema for this new model is shown on Figure 19. The only difference with the model in
the Figure 16 is the presence of a negative regulation of2hepressor on thel repressor.
The equation 18 is then modified as follows:

dlcl]
dt

125
(L] + k7

Qg

+ ﬁ] M -7 [Cl] (30)
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Let focus on the two first equations of the system. Assuming that we start from an initial state
in which [L] (t = 0) = 0, the two first equations reduce to (see the corresponding diagram on
Figure 20):

dlcl
{ % = ® [c2]2ﬁ+k§ = [el]

d[c2 fe%
= i — 1wl

IPTG

H

Figure 20:Configuration of the toggle switch for the initial condition

This is similar to the dynamical system described in [15]. The difference is that in the first
equation the initial value of appears. If we choose the parametersnda, so that the system

is initially in the bistability region, we can put the system in a state for whighdominates the

global dynamics. In that way, we are sure that the system will stay in its initial configuration.

We can see that in this case, we have a strong connection between the initial concentration of
[¢2] and the concentration of IPTG we have to add in order to switch to the production mode. It
means that the system will not start to produce glue if a too small amount of inductor is added
inside the system (by accident for example).

4.4.3 Dynamics of the system without inductor

When IPTG is lacking § = 0), we find the same behaviour as in the previous model ( figure
21), the results from the previous linear stability analysis remain valid. On the Figure 21(a) we
see that as previously we need to put a minimal valugdfto stay in the initial configuration
without inductor. However, it can be seen on the Figure 21(b) that we recover the same influence
of the initial value of thgc2] concentration on the amplitude of the initial perturbation.

4.4.4 Dynamics of the system with inductor

In this case we focus on the correlation which has been established between the minimal amount
of IPTG which is needed to start the glue production and the initial value dé2heoncentra-

tion. The bifurcation diagram is shown on Figure 22. If we compare with the analog diagram
of the previous model ( Figure 18(a)), we see that in this new model, there is an obvious cor-
relation between the initial value ¢f2] and the quantity of IPTG which has to be added in
order to produce the glue. We also notice that the needed IPTG values are higher. On Figure
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Figure 21:(a): Bifurcation diagram in function of the initial value @f] in the system with integrated toggle
switch (b): time evolution of the glue concentration in absence of IPTG ( integrated toggle switch model)
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Figure 22: Bifurcation diagram for different initial values ofc2](from left to right: [c2] =
10, 20, 40, , 50, 70, 100, 300, 500)

23 we observe the time evolution of the different concentrations when the glue production is
activated. About the glue production we have the same behaviour as for the model without
toggle switch. The main difference lies in the dynamics$«f: it increases rapidly to a very

high value. This is due to the very high initial concentratiori/d?T'G] which is added in this
case. Wheric2| varies we observe the same type of influence on the time evolution as for the
case without toggle switch. We have to notice that, like in the previous model, when the glue
production process starts, the final amount of glue which is produced is not influenced by the
value of IPTG concentration ¢¢2] concentration.
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Concentrations

Figure 23:Time evolution of the concentrations f6r= 600 for [¢2] = 10, 20, 30, 40, 50

4.5 Discussion and conclusion

In this part, we described our biological model from a dynamical point of view. Our aim was
to identify the function of the main biobricks components present in the model. We showed
that the system is able to switch from a stage of zero glue production to a stage where a steady
state of glue production is reached. In our last model, this transition is entirely regulated by the
quantity of IPTG inductor added in the system. Lacking such an inductor we observed that the
system reaches a steady state for which there is no glue. But we saw that if the initial concentra-
tion [¢2] is too low, the glue production can start without inductor. In the second configuration
of our model, the glue production can start for a very small quantity of IPTG. This can be a
problem from a practical point of view. Because of this high sensitiveness, the glue production
could start just by accident. In order to increase the robustness of our system in regard to the
IPTG concentration, it is useful to improve the current system by adding a toggle switch system
between the:1 repressor and the2 repressor biobricks. Indeed, with this last improvement,
there is a minimal quantity of IPTG which is needed to start the glue production, This minimal
quantity is strongly correlated to the concentrationddf initially found in the system. More-

over an increase in the initial quantity [e2] leads to a diminution of the disturbance amplitude

in the glue concentration if there is no IPTG. In the presence of inductor, the decrease in the
initial concentratiorjc2] leads to an increase in the growth rate of the glue production.

From a more theoretical point of view, we can also address the following question: for this
global system, which genes should we choose in order to obtain an optimal equilibrium be-
tween robustness and glue production? To answer that we studied the behaviour of our the-
oretical model with integrated toggle switch when the parameters values (such as activation
concentration, degradation rates which are intrinsic to the genes) are modified. Firstly, an in-
crease in théc2] degradation rateyg) leads to an increase in the glue production rate when
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IPTG is added. Secondly, when we lower the value ofitheandk;; constant, an increase
in the glue production rate is also observed (see Figure 24(b)). Thirdly, a decreasekin the

constant value leads to a crash of glue production even in presence of IPTG. As we said in the
previous section, the total amount of produced glue depends also on the intrinsic characteristics

of the biobricks: a decrease in thg,, » coefficient leads to a lower quantity of glue when the
stationary state is reached (see Figure 24(g)has also a similar influence.

i 10 15 K1

(@)

5 15 20

10
(b)

Figure 24:(a): evolution of the glue concentration for different values ofthe . coefficient: (redryperg =
0.01, purple:y,erg = 0.02, green:y,q, g = 0.007), with [[PT'G] = 2000 and[c2] (¢t = 0) = 50(b): evolution of

the glue concentration with different values for the., k;:blue: kr,. = kr; = 0.00001, red: kz, = kr; = 0.001,

purple:kr, = kr; = k2, With v,z = 0.02
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5 Perspectives

GluColi: a future alternative to toxic glues?

Glue has become a material of everyday life but we have to know that common glues contain
Volatile Organic Compounds (VOC). These substances are air pollutants and toxic. [19] [20]
[21] For example, cyanoacrylate commonly sold under trade names like super glue can cause
various toxic issues depending on their precise composition, [22].

According to Yves Brun, Indiana University biologist, concerni@gulobacter crescentiss

glue: "This natural, non-toxic glue [...], has the strongest adhesion force of any known natural
material. Unlike commercial super glues, which are often toxic, it sticks well under water, even
salt water, and, thus, has a wide range of potential applications ”, [13].

Indeed, succeeding in the production of our GluColi could offer a wide range of useful applica-
tions. That could cover fields ranging from medical purposes to ship repairing and automotive
or aeronautic industry.

Bone reconstructive surgery has lead to a large demand for bone graft, [26], [27]. Consequently,
synthetic bone graft substitutes have been developped with mixed success and surgical accep-
tance. Bone engineering has still lots of challenges to cope with. Surgical adhesives are part
of this field of research but toxic issues are sometimes reported. Looking for new adhesives is
today of great interest [28]. In that, GluColi may play an interesting role.

GluColi and a free-antibiotics alternative

There is no Ethic Comity at the Institute of Molecular Biology and Medecine. However the
governing body of the ULB supported us in the achievement of our project.

In this work, we intended to be as far as possible aware of some ethical issues, in particular
the use of antibiotics and the toxicity of the current adhesives. Antibiotics are used to select all
types of plasmidic vectors in bacteria which is a significant concern in industrial cultures pro-
ducing recombinant proteins or DNA. As plasmid-free cells grow faster than plasmid-carrying
cells, the yield and the production reproducibility of recombinant molecules are significantly
lowered in the absence of plasmid selection by the appropriate antibiotic.

To overcome the plasmid instability, many antibiotic resistance genes are used as selectable
markers in fermentation processes. Antibiotics are expensive and they pose safety problems:
they contaminate the production product. [23] [24] The Belgian company Delphi Genetics has
developed a strategy called Stdlysystem which relies on the use of poison-antidote genes.

The StabyTM system is based on the poison-antidote ccd module. Poison-antidote modules
are found in natural plasmid in which they serve to the plasmid maintenance. The CcdB pro-
tein (poison) is cytotoxic and poisons DNA-gyrase complexes. Expression of this gene in the
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absence of its cognate ccdA antidote leads the death of the bacteria. The product of the ccdA
gene (antidote) antagonizes this toxic activity by forming a poison-antidote protein complex.

If a plasmid carrying the ccd module is lost at cell division, the plasmid-free bacteria contain
poison and antidote proteins in their cytoplasm. Since the antidote is unstable and degraded by
a host protease, the poison will be free and able to poison DNA-gyrase complexes. This will
lead eventually to cell death.

In theStabyM system,the antidote gene (ccdA) is introduced in the plasmid DNA under the
control of a weak constitutive promoter: the mob gene promoter, which originates from a broad
host range plasmid (pBHR. On the other hand, the toxic gene (ccdB) is introduced in the

E. coli chromosome of the bacteria. Expression of the poison gene is under the control of a
promoter strongly repressed in the presence of the plasmid. Practicsll9p of the bacteria

will carry the vector. If they lose the vector, they will not obtain a growth advantage, but will
die. Upon induction, all the bacteria will start producing the recombinant protein. It will lead

to higher yields of the recombinant protein and less background caused by unwanted proteins.
Therefore, higher plasmid stability means higher protein of interest production.

Figure 25:Staby™; www.delphigenetics.com

We think it could be relevant to implement this antibiotic free expression strategy in our project.
This is the reason why we designgdricks containing the ccdA gene. In order to carry out
transformation, bacteria should be furnished with the ccdB gene in their genome. (i.e. by Delphi
Genetics)
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6 Conclusions

In this report, we describe a new way to produce a strong bioadhesive. We transferred part of
Caulobacter crescentus’s holdfast systerkscherichia coliwhich produced an adhesive and
was able to stick.

We conducted a few experiments in order to characterize the glue. The glue did not show all
the expected adhesive properties. However they could be improved by purifying the glue.

In addition, we designed a biological circuit that would allow us to integrate the glue synthesis
into a useful application. The circuit described in this report should activate the glue synthesis
only in specific spots where repairs are needed. This is achieved by attracting GluColi bacte-
ria to the break and inducing the glue synthesis once the adequate cell density is reached (i.e.
thanks to quorum sensing).

For the mathematical modeling part of our project we built a theoretical system which is able
to produce the glue. However, we found two main improvements to increase the robustness of
the system. Firstly, by considering the complete dynamics of the Quorum Sensing system, we
showed that it is possible to controle the glue production only with the quantity of inductor.
Secondly, we increased the robustness of our system by adding a toggle switch. This last im-
provement establishes a connection between the initial concentrationafrdggressor and the

IPTG value we put in the system to start the glue production process.

GluColi has been created, but still needs more research. In particular, further research should
focus on:

¢ the analysis of the composition of the glue,

¢ the understanding of the differences between the characteristics of our glue and the orig-
inal glue fromCaulobacter crescentus

Indeed, the glue should be resistant to water in order to repair ship’s hull without the use of
toxic chemicals.

Finally, to allow a precise characterization of the system, the modeling should be refined once
the theoretical circuit is implemented i coli.
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A Homolog genes

A.1 Homolog genes similarities

Comparison of sequence similarities between genes implied in holdfast biosyntlesidabac-
ter crescentu$37] and their homologs ikscherichia col{36] after sequence alignment [35].

Genes Number of matches Percentage of total lengthPercentage of common segment
hfsA—wzc 291 13.1 44.7
hfsB—wzc 623 27.9 43.2
hfsC—wzy 451 34.0 38.3
hfsD—wza 164 14.1 23.5
hfsE—wbaP 304 19.4 21.7
hfsF—wzx 461 30.9 38.0

A.2 Sequence alignment

Sequence alignment between homolog gendgSaunlobacter crescentuSB15 genome (Gen-
Bank id: 19172958) and Escherichia coliK30 (GenBank id:8469170). Stars indicate exact

matches between sequences.
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gi|19172958_2632181-2633623 TCGCTGGGCAGCCGCACGCTCGACGTGETCTTCATCTGGCTGGGCATGGCCGECCETCCTGCCTTGATC - mcacmc[ccecescescqaccesccc'r (CGCCGECCae sccescm GTGCTGCT
gi|B469170_14284-15543 mqm - cmcmcr mmclc-mclcrcesclcccccmmﬂ mcecmcmcnmqmccmc mmc'r-- c,ccc|<;c|

. o ax wox i ek FoR AR AR bt K R R RRRR %2 ¥ rrer ok rmrr et va
9i|19172958_2632181-2633623 TG0CCOCCOCCOTCOGCCTCOC0CTCOTCOCCOGECCCCTa0C00RCCTCATOOTCOGCeAcOCCATaCa crc]ce TG wccccecc]scemccmcmccm qccwlcmcmcmclcs
gi|8469170_1428¢-15543 cate TG G|Gcl mn B
: 970.......980....... ..1000. ... 1010......1020...... oso .1040. .....1050
P T T T Tt . f kb kw4 s ook ks

9i|19172958_2632181-2633623 CCTICACCCIGGCGCATCGGACCTCGCTGLT rcmqac--[m!scsccccmcccmec G‘l.‘GGCCC cmwccrclrccwcsccmcccrcelcmc o7 TCGCCIC Gmclec'rlcccccm-cm
gi|8469170_14284-15543 CCGTTATANCGGCAR-- eccgor: gmmwm}auﬂmm
woin n 1000 en s s L1170 1 .

5e1080%. 5 ¢ 11004 vow 10000 iv 501020045 1130 eovs s L1805 arwwa11T0% ' o' 1800w s 1200
% P R T R TR K Rk E kka f Kk HhoERk &k
qL 19172958 2632181-2633623 CCGTC----GCGGCCTGGGLGC TGCTGGC .;! CATGGC TGCGTCGCGL TGCTTGAACTGGTCCTG
gi|8469170_14284-15543 cmc'rTlTlacnmcmlmmlcn'rmw!rcmqwnwimi RATCATG ulIGTTcl'r'G]GGTG-c'rwm'rnmqwcncc'rcacmlcpl---

............ 1220......1230......12 50......1260......1270......1280......1290......1300......1310......1320......1330......

.. B ool i b ... ...

Figure 34: hfsFwzx, partl

41

150
127

299
273

446
422

595
556

741
699

889
841

1039
985

1186
1132

1332
1260



gi[19172958_2632181-2633623 ABGGCCAGCGTCOOCGCTGECGTCTACCGCOCCCTGETGCTGRGCCTCCATGTCGCOGETCTTCGCGOCAAGCTCTCCCTGRTCCTTCCTCORARGGCGCARGCCGEATGE 1443
9i|8469170_14284-15543 1260

Figure 35: hfsF-wzx, part2

42



B Sequence optimization and Standard compliance

prefix suffix

Figure 36:Modifications applied to the sequences in order to be compliant with BioBrick prefix and suffix. Blue and green elements are

added to the gene sequence, orange parts are removed

gi|19172958_2634549-2635322 TCG] |:c 60
hfsH_v2 G-l-j:—rcscse-ccccnc TTCGH Gcl'- mcr-r G 80

....................... 30..-c-.."@0.unncnnn- S, i = S

gi|19172958_2634549-2635322 T o) BG “GTTCHGCTT 140

hfsH_wv2 CTGCGT TCCGT CTGGAR TTTCTCCTT 160
........ 90.......100.......110..-.-..120-......-130-.-......140-......150.......160

gi|19172958_2634549-2635322 C < BCGGGCTCTG! cc! TTCG 220

hEs 2 < = cc zao
....... 170.......180.......190...2...200.---..-210.-2-.22.220...2-..230..-....240

gi|19172958_2634549-2635322 T GGTCC! G G 300

hfsH_v2 CTGCTGGTC GCECGT G T 320
....... 250.......260.......270.......280..-....290.......300...-...310..-....320

gi|19172958_2634549-2635322 ceoc TCC CTCGATTGTGGCCRGTCGHRGC! (=1 GCTGGC GTG cc 380

hfsH_v2 TRCET i crc;c.:rmm CT@RT TR c CCTGGC GTC: cG a00

a

gi|19172958_2634549-2635322 460
hEfsH_v2 ag80
gi|19172958_2634549-2635322 540
hEfsH_v2 560

PF
")
(-]
n
=]
Q
n
o
By
"
B
Q
"
un
=]
"
o
=}

gi|19172958_2634549-2635322 cocecacCaTCGaT reeca G-n.c::rcrs Gc-::msumc 620
hEfsH_v2 c.r_;.x:'rccsec.c-r-ce c;ce'r 6a0

B T I T Tk mmmww B T T T
9i|19172958_2634549-2635322 GGCCTGGC TCCTCT cC GTG-GCTGG ::GT!:C cliccpaBTc cGccc 700
hfsH_wv2 Gccmec-r recrcrirlc: ch.GG:: mGG-GnG ‘GCC 720
........................................................ 720
ek k R E * ww w ek A km KA KR KA EEARE A KK AR AR EAKRKE AR A AE
gi|19172958_2634549-2635322 TGETC cececceTeccee GTTC GGGCT CTHRE— ————— 774
hfsH_v2 TGATC CGTGCTCTGGCG TCH /G TTCTCGTCGTATCGGCCTGT; BETEC 800
_______ i NN MRSl e AN M i T e - M B W e B
gx|19172958 2634549-2635322 —————————————————— 774
hfsH_v2 TEGTEGCGGCCGCTGCHEG 818
....... 810. .. .-

Figure 37ZSequence comparison between wild-type hfsH f@@aulobacter crescenty87] and our optimized gene fdscherichia coli

This sequence includes addition of prefix and suffix as well as removal of restriction sites recommended by BioBrick assembliOstandart
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EkkkkE kA KKk kR kk kk KkhkhkE Kk KhkrEk Kk Kk kR Akk Akrkkh Ak E kA

gi|19172958_2633620-2634549 GCGCCCE! cTcccEETE GCCGCC CGCGGCGCAGCCE 60
hfsG_v2 GHATTCGCGGCCGETTC GCCCCTG CTGCGCCT GCTGCATGGGCGGCGGCACAGCCG 80
P (il T il 7 Pl ks diom Milenr™! , snc i 1

dk kmkwk Kk k ok ko kkk Ak dk kA ke ok kkkkx Kk Rk kAR kA kA kok AR kR kw kok

19172958_2633620-2634549 CGCCTGTCGGTGCT CCC TTCCGCH GRCCCH CGCCCTGC GCCCTGH 'GCCGCCGT 140

hfsG_v2 CG’ICTG'.‘[CCG‘IGCT CCC! '].“I‘CCGT G‘TﬂCGTCTGCICTGC GCG‘ﬂTG 'GCAGCGGT 160
............... 100.......1 S S e i PP K] « JRO—— 1 ]

Hh kR k A AAEAARKRAARERAS AR R AR A AR KA R Ak kh kkAkk hkkEkhk hk khk kA kk Rk ARkRA AEAER A

g;|.| 19172958_2633620-2634549 IGGTC T'GC GGCG CGCCCTGGCC CGCCCGAC! '.'I:‘C 220
hfsG_v2 GTCH GGCG I‘GCTC'I\GGCG mc@ccrc 220
o

frr e ceseesadBO..oa.d fr e e e s aeaaa e meae .......24

kA AEREAEAERRE RE AAx Rk RkREE kE kA EERRE Ak Ak dk kA kEAREA E kE kE Ek
gi|19172958_2633620-2634549 CCCCGGCCCGCTTCGCTGCGCCTGTEGEG CGCCCCGT CCGCARTCGCCTGGCCTCG GCGCGGT 300
hfsG_v2 CTCCRGCCCGCTTCGTACGTCTCRGCCE GTCGTGC TCG! csccmccc'cc TGCTCGTGGT 320

cresees250.000...260.......270.......280..2....290.......300.......310.......320

dhk kA Rk Ak kA Rk k Rk kk kW KAk kA kR kAR KhARkk Rk khkhd AAhkhhkhhk AkhAk khk ok hHk kA kK

gi|19172958_2633620-2634549 GGC TTCCTGTTCTT CRGC TGCTGCCC%ﬁCCC TTCCTG CGCTGGTCGGCGGTGG 380

hfsG_v2 GGC! TTCCTGTTCCT CTCT TGCTGCCT! {olale] TTTCTG! CGTTGGTCI‘GCTGTIGQC 400
“e+22..330.......340.......350.......360.......370.......380.......390.......400

Khk RR KKK EE Ak KRERF Kk ARKARARAARAAAARRAAAE ARERE AE Ak Ak kEk AAKAR KA AR R AR

gi|19172958_2633620-2634549 ceccscaccscrleucrrcascmcn cc-z c CCCCTCAGCGTCC crsccc :::GG 460

hfsG_v2 c CcGC TCRTTIRG grc;iccc:c cccccm uc-ch 480
* kkkEE FhAAEERREAE Rk Ak Ak kR Ak RERER kA EAEARE AEAAR RARkR AR KAk A AR EAAARE

gi|19172958_2633620-2634549 CCCT GCCCGCGCCCGRAGCGCET! GCeee GTCT! TGCTGGTT 540

hfsG_v2 - m gﬁﬁggaccmcmqgﬁccwcc mcccmcmr TGCTGGTT 560
10.......520. N v el .......550 560

ik hk kk Ak hkkkh kR khk khk kAh ke Ak KAk Rk AhREA AR AAK kA h AR khk Ak kR AkAR Rk ke
gi|19172958_2633620-2634549 CGACGCGACGICTTCGAGACCGTCGGCTTCGHCGRAGGGCTTTTCCGGCTGGGGCTGG m:- GTGGGCGATGCG 620
hfsG_v2 CGTCGT G-'J:I mmmcmrmmcﬂ@cmrcmcccewrmsmm@ macc]mns 640
57 64

Fk kR kK kk Kk AkkkRA Ak kA K Fhkhkkk Kkhkkk kkkkhk kk Ak kkkkkkrkrAAEA kE KRk kk FkkEk *

gi|19172958_2633620-2634549 CGTCGCRCGC! CCGATCCTG CTGGGCCTGCRCCCCGCCCCGETCRATGGCEG 700
hfsG_v2 TGTTGCGCE' cc -rcc-rc c-rct;sccm ccqgcaccls-r GGCAG 720
70

650.......6 aeeaanas -720

Ak kok kk KAk Kk Kk RkkA K Kk kK Kk K%k k* KAk *hk Rk kA kA kAo kAhk* Ak AhkkEk AhrEX ke
19172958_2633620-2634549 ccwﬁﬂ TCCGCCGC TTTCGCGCGCGTGGTGGC CGCH TCCCHGCT; 780
hfsG_w2 TCTGCC! CTTTGC*:GTGI‘TGTCGCG CGC GI'].‘G TCCGTCTT, 800
ceenee 3000 T40.......7 .......760.......T?O.......TBD.....;. 0.......800
dekdkokk kk ki hhkkhkokhkk hk kk kmkkkk Ak  hAk Ahkhhh kkkhd Ahhkrhhhkkhk kh hkkAhhkkr ok
gi|19172958_2633620-2634549 GTCGCH CTGCTSEGGCGGTTCCGC‘IS’: l-\.ﬂ.:.u.;u.;;g E GCTGGCC! GC
hfsG_v2 GTAGCG CTGCTH TGCCH CTCCGTTTGGCGTCCGCTGCT! C TCGG.C:[GGCC GC
fer e . F e - B s fee e cmeaaan e naae «eeasaa.880

Figure 38ZSequence comparison between wild-type hfsG ftemalobacter crescenty87] and our optimized gene fdscherichia coli

This sequence includes addition of prefix and suffix as well as removal of restriction sites recommended by BioBrick assembliOstandart
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C Bacterial Chemotaxis

In order to respond to changing environment, bacteria developed sensory systems. One way
to respond may be to move. And that is achieved by the action of small phosphorylated mol-
cules binding to the flagellar rotor. There are many different sensory pathways in eukaryotes as
well as in prokaryotes. Prokaryotes commonly use a histidaspartate phosphorelay (HAP)
system consisting of a histidine protein kinase (HPK) and a response regulator (RR). The en-
vironmental signals can be concentrations of nutrients or toxis, oxygen levels, pH, osmolarity,
light,...

The HAP systems works as follows: the HPK (e.gEscherichia coli CheA interacting with
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Figure 39:The domain organization of selected histidine-aspartate-phosphorelay systems. [30]

transmembrane receptors) is trarasitophosphorylated on a His residue. The phosphoryl group

is then transferred to an Asp residue situated on a RR that becomes therefore activated and able
to respond to the signal. In the chemosensory pathw&y obli, there are two RRs competing

for the phosphoryl group: CheY and CheB. The first one controls flagellar motor switching: by
binding to the flagellar motor, it causes the switch to clockwise rotation, the cell tumbles and
swims off in a new direction. The second one is a methylesterase that controls the adaptation of
the methyl-accepting chemotaxis proteins or chemoreceptors (MCPs). [30]

E. coli possesses at least four MCPs: Trg for ribose and galactose; Tar for aspartate; Tsr for
serine; Tap for peptides. A fifth one may be a redox detector. [31]

In the absence of gradients of chemoattractants, the cells walk randomly. They evaluate the
changes in concentrations by comparing the number of bound receptors over the wibt
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the number during the pa8s. When this number increases they are expected to rotate coun-
terclockwise and therefore be propelled forward. When they move away from the cells cluster,
they tumble in order to come back. The tumble rate and the clusters boundaries are thus deter-
minated by the sensory memory of cells. [32]

D Quorum Sensing
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Figure 40:Model of acyl-HSL quorum sensing in a single generalized bacterial cell. [30]

Quorum sensing was first identified Vfibrio harveyiand Vibrio fischerj two bioluminescent
marine bacteria, and was then identified as a highly conserved regulatory system among the
Proteobacteria.

Quorum sensing is a community behaviour that enables microorganisms to communicate, per-
ceive and monitor population density, and modulate gene expression by producing and respond-
ing to diffusible signal molecules. There are different signalling systems but the bestcharac-
terized mechanism is the one relying on the acylated homoserine lactonesH&tyl e.g.
30CHSL).

Acyl—HSLs are synthesized (at a low level) by aeiASL synthases like the Luxl protein.
These signal molecules are then removed from the cell by diffusion. When the population
increases, the signal concentration elevates and at a threshold level thei&&g come in in-
teraction with transcription factors like the LuxR proteins. That multimer is now able to activate
the quorum sensingregulated genes by binding the Lux box. These target genes can include
the LuxI coding region in order ton make a positive feedback loop. [33]

Reaching the critical level of guorum sensing molecules enables therefore a coordinated expres-
sion of specific genes, for example the luminescence genes in V. fischeri or the competence in S.
pneumoniae. This cellto—cell communication also plays a role in biofilm development. [34]
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We implemented the LuxtLuxR mechanism into our GluColi in order to monitor the glue pro-
duction. So the target genes are in our case hfsG and hfsH coding for the Caulobacter enzymes
needed to synthesize the glue.
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