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Summary

Every living organism, including viruses, has to undergo reproduction in order to
successfully establish a niche on this planet. One of the vital steps in the reproduction process
is replication of the genetic material and its subsequent segregation between the two daughter
cells. Errors in these processes may be fatal to the organism causing it to disappear from this
planet.

Eukaryotic cells have evolved an energy-consuming dedicated machinery to properly
segregate the replicated genetic material between the two daughter cells. Unlike eukaryotes,
prokaryotes adopt different mechanisms for chromosome segregation, which are in some cases
still poorly understood. Moreover, in prokaryotes, chromosome replication and segregation
happen simultaneously. While a dedicated chromosome segregation machinery has been
identified in Caulobacter crescentus, such machinery has not been identified in many other
prokaryotes. There is an ongoing debate in the prokaryotic field whether mere entropic forces
of repulsion between the duplicated chromosomes alone can achieve full and precise
chromosome segregation, or whether additional machineries are needed.

A previous study from our group has shown that Escherichia coli MinD binds to DNA
in a non-sequence-specific manner. Based on computational, in vitro and in vivo analyses, it
was hypothesized that such binding would be used by E. coli cells to properly segregate their
chromosomes. Residues on MinD that, either directly or indirectly, affect DNA binding have
been identified; however, the direct MinD-DNA binding interface is so far unknown.

E. coli MinD, together with MinC and MinE, constitutes the so-called Min system,
which has been extensively studied for its role in mid-cell determination. MinC actively
counteracts FtsZ polymerization. It would do this anywhere in the cell, if it were not for MinD
and MinE, which regulate MinC localization so that it is minimal at mid-cell, where the FtsZ
ring can be assembled. The way in which MinD and MinE keep MinC away from mid-cell is
very dynamic, and consists in pole-to-pole oscillations that never cease. These oscillations are
self-organized and occur also in the absence of MinC, as far as MinD, MinE and the membrane
are present. Since MinC forms a complex with MinD, it effectively gets carried along in the
oscillations, spending on average more time at the poles and being at low concentration at the
centre. Without MinC, the Min oscillations do not exert any activity towards FtsZ. Thus, the
three Min proteins ought to work together to achieve their goal of mid-cell determination. It is

plausible that a concerted action of all Min proteins is required also for proper chromosome
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segregation, since we discovered that MinC strongly enhances the DNA-binding activity of
MinD, while MinE terminates the binding by releasing MinC and the DNA off MinD (1).

In my thesis, | aimed to identify the residues of MinC that either directly or indirectly
aid MinD in DNA binding. To this end, potential MinC residues that could bind to the DNA
were first computationally predicted and then mutated to experimentally test the consequences
of such mutations on the DNA binding activity of MinC and MinD. Using electrophoretic
mobility shift assay (EMSA) experiments, | found that glycine at position 10 and lysine at
position 66 on MinC are involved in DNA binding since the MinC®1°° and MinC*®* mutants
showed strongly reduced binding. By performing circular dichroism experiments, | could
exclude that the impairment of MinC®°P-MinD in DNA binding is due to changes in the
secondary structure of the mutant protein, suggesting that the DNA is repelled by the negative
charge of the aspartic acid. Most importantly, | discovered that not only the length, but also the
amino acid sequence of the unstructured linker region of MinC, which connects the N- and the
C-terminal domains of the protein, play a vital role in the DNA-binding activity of MinCD.
Since MinC is also involved in inhibiting FtsZ polymerization, by performing cell viability
spot assays | found that the linker should consist of at least two amino acids in order to
efficiently inhibit FtsZ polymerization. EMSA assays with various synthetic constructs | made
to test the necessity of different elements (MinC N- and C-terminal domain, linker region,
MinD) for DNA binding revealed that the linker region of MinC is necessary for DNA binding.
Further experiments are needed to understand if MinC N- and C-terminal domains and MinD
are needed solely to place the linker in the proper orientation for it to bind to the DNA or if
they contribute directly to the binding with specific residues. Interestingly, microscopy
experiments performed using a synthetic construct made of the N-terminal MinC domain, the
linker, a bZIP dimerizing domain and mRuby showed that this construct co-localizes with the
E. coli nucleoid. Introduction of the G10D mutation on the synthetic construct did not alter its
in vivo association with the nucleoid, suggesting that G10 is not used to directly bind to the
DNA.

Beyond studying the DNA binding activity of MinC and MinD, during my Ph.D. |
analyzed the mechanism by which MiInE is impaired when eYFP is C-terminally fused to it.
By combining in vivo and in vitro assays, | show that eYFP makes the fusion protein prone to
aggregation, and reduces the accessibility of MinE MTS as well as of arginine at position 21,
needed to activate the ATPase activity of MinD.

Finally, as to study biological processes it is often necessary to co-transform two

plasmids in the cells of interest, | wanted to devise a method to reduce the requirement from
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two to one antibiotic to maintain two plasmids. To this aim, | employed split inteins to
reconstitute full-length, functional enzymes conferring resistance towards antibiotics, which
are expressed as two dysfunctional halves each on one plasmid. This method, which we called
SiMPI, allows maintaining two plasmids in bacteria and mammalian cells using a single
antibiotic chosen between kanamycin, chloramphenicol, ampicillin, hygromycin and

puromycin.
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Zusammenfassung

Jeder lebende Organismus, einschliellich Viren, muss sich vermehren, um erfolgreich
eine Nische auf diesem Planeten aufzubauen. Einer der entscheidenden Schritte im
Reproduktionsprozess ist die Replikation des genetischen Materials und dessen anschlieRende
Trennung zwischen den beiden Tochterzellen. Fehler in diesen Prozessen kdnnen flr den

Organismus todlich sein und dazu fuihren, dass er von diesem Planeten verschwindet.

Eukaryontische Zellen haben eine spezielle Maschinerie entwickelt, die Energie nutzt,
um das replizierte genetische Material zwischen den beiden Tochterzellen richtig zu trennen.
Im Gegensatz zu Eukaryoten wenden Prokaryoten unterschiedliche Mechanismen fur die
Chromosomensegregation an, die in einigen Féllen noch wenig verstanden werden. Daruber
hinaus finden bei Prokaryoten die Replikation und Segregation der Chromosomen gleichzeitig
statt. Wahrend bei Caulobacter crescentus eine spezielle Chromosomensegregations-
maschinerie identifiziert wurde, wurde diese Maschinerie bei vielen anderen Prokaryoten nicht
identifiziert. Auf dem Gebiet der Prokaryoten gibt es eine anhaltende Debatte dartiber, ob bloRe
entropische AbstoRungskrafte zwischen den duplizierten Chromosomen allein eine
vollstdndige und prazise Chromosomensegregation erreichen kénnen oder ob zusétzliche

Mechanismen erforderlich sind.

Eine friihere Studie aus unserer Gruppe hat gezeigt, dass Escherichia coli MinD nicht
sequenzspezifisch an DNA bindet. Basierend auf Computer-, In-vitro- und In-vivo-Analysen
wurde die Hypothese aufgestellt, dass eine solche Bindung von E. coli-Zellen verwendet wird,
um ihre Chromosomen richtig zu trennen. Aminosduren von MinD, die entweder direkt oder
indirekt die DNA-Bindung beeinflussen, wurden identifiziert; Die direkte MinD-DNA-
Bindungsschnittstelle ist jedoch bislang unbekannt. E. coli MinD bildet zusammen mit MinC
und MinE das sogenannte Min-System, das eingehend auf seine Rolle bei der Bestimmung der
Mitte der Zelle untersucht wurde. MinC wirkt der FtsZ-Polymerisation aktiv entgegen. Dies
wirde tberall in der Zelle geschehen, wenn es nicht MinD und MiInE gabe, die die MinC-
Lokalisierung so regulieren, dass sie in der Mitte der Zelle, in der der FtsZ-Ring
zusammengesetzt werden kann, minimal ist. Die Art und Weise, wie MinD und MinE MinC
von der Mitte der Zelle fernhalten, ist sehr dynamisch und besteht in einer kontinuierlichen
Oszillation von Pol zu Pol, die niemals aufhort. Diese Oszillationen sind selbstorganisiert und
treten auch in Abwesenheit von MinC auf, sofern MinD, MinE und die Membrane vorhanden

sind. Da MinC mit MinD einen Komplex bildet, wird es mitgezogen, verbringt dadurch
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durchschnittlich mehr Zeit an den Polen und kommt in der Mitte in geringer Konzentration vor.
Ohne MiInC uben die Min-Oszillationen keine Aktivitdt gegentiber FtsZ aus. Daher sollten die
drei Min-Proteine zusammenarbeiten, um ihr Ziel, die Bestimmung der Mitte der Zelle, zu

erreichen.

Es ist denkbar, dass eine konzertierte Wirkung aller Min-Proteine auch fir eine
ordnungsgemélRe Chromosomensegregation erforderlich ist, da wir festgestellt haben, dass
MinC die DNA-Bindungsaktivitat von MinD stark erhéht, wéhrend MinE die Bindung von
MinC und der DNA mit MinD beendet (1).

In meiner Doktorarbeit wollte ich die Aminosauren von MinC identifizieren, die MinD
entweder direkt oder indirekt bei der DNA-Bindung unterstitzen. Zu diesem Zweck wurden
potenzielle MinC-Aminosauren, die an die DNA binden koénnten, zuerst rechnerisch
vorhergesagt und dann mutiert, um die Konsequenzen solcher Mutationen auf die DNA-
Bindungsaktivitat von MinC und MinD experimentell zu testen. Unter Verwendung von
EMSA-Experimenten (Electrophoretic Mobility Shift Assay) fand ich heraus, dass Glycin an
Position 10 und Lysin an Position 66 auf MinC eine wichtige Rolle bei der DNA-Bindung
spielen, da die MinCG10D- und MinCK66A-Mutanten eine stark reduzierte Bindung zeigten.

Durch die Durchfiihrung von Zirkulardichroismus-Experimenten konnte ich ausschlie3en, dass
die Beeintrachtigung der DNA-Bindung von MinCG10D-MinD auf Anderungen der
Sekundarstruktur des mutierten Proteins zurlickzufiihren ist, was darauf hindeutet, dass die
DNA durch die negative Ladung der Asparaginséure abgestoRen wird. Vor allem entdeckte
ich, dass nicht nur die Lange, sondern auch die Aminosauresequenz der unstrukturierten
Linkerregion von MinC, die seine N- und C-terminalen Domanen verbindet, eine wichtige
Rolle bei der DNA-Bindungsaktivitat von MinCD spielt. Da MinC auch an der Hemmung der
FtsZ-Polymerisation beteiligt ist, fand ich durch Durchfihrung von Zellviabilitat -Assays
heraus, dass der Linker mindestens 2 Aminosduren aufweisen sollte, um die FtsZ-
Polymerisation effizient zu hemmen. EMSA-Assays mit verschiedenen synthetischen
Konstrukten, die von mir hergestellt wurden, um die Notwendigkeit verschiedener Elemente
(MinC-N und Cterminale Doméne, Linkerregion, MinD) fiir die DNA-Bindung zu testen,
zeigten, dass die MinC-Linkerregion fur die DNA-Bindung notwendig ist, sofern es sich um
ein Dimer handelt. Weitere Experimente sind erforderlich, um zu verstehen, ob MinC N- und
C-terminale Doménen und MinD nur benétigt werden, um den Linker in die richtige

Orientierung zu bringen, damit er an die DNA bindet, oder ob sie direkt zur Bindung mit
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spezifischen Resten beitragen. Interessanterweise zeigten Mikroskopieexperimente, die unter
Verwendung eines synthetischen Konstrukts aus der N-terminalen MinC-Domane, dem
Linker, einer bZIP-Dimerisierungsdoméane und mRuby durchgefiihrt wurden, dass dieses
Konstrukt zusammen mit dem E. coli-Nukleoid lokalisiert ist. Die Einfihrung der G10D-
Mutation in das synthetische Konstrukt veranderte seine In-vivo-Assoziation mit dem Nukleoid
nicht, was darauf hindeutet, dass G10 nicht zur direkten Bindung an die DNA verwendet wird.
Neben der Untersuchung der DNA-Bindungsaktivitdt von MinC und MinD analysierte ich
wéhrend meiner Doktorarbeit den Mechanismus, durch den eYFP C-terminal an MinE
fusioniert wird und dessen Funktion beeintrachtigt. Durch die Kombination von In-vivo-Tests
und In-vitro-Tests zeige ich, dass eYFP das Fusionsprotein zur Aggregation neigen lasst und
die Zugénglichkeit von MinE MTS sowie von Arginin an Position 21 verringert, die zur
Aktivierung der ATPase-Aktivitat von MinD erforderlich ist.

SchlieBlich wollte ich, da zur Untersuchung von biologischen Prozessen oft zwei
Plasmide co-transformiert werden mussen, eine Methode entwickeln, um zwei Plasmide mit
einem Antibiotikum aufrechtzuerhalten. Zu diesem Zweck verwendete ich gespaltene Inteine,
um funktionelle Enzyme voller Lange zu rekonstruieren, die als zwei dysfunktionelle Hélften
jeweils auf einem Plasmid exprimiert werden. Diese Methode, die wir SiMPI nannten,
ermoglicht die Aufrechterhaltung von zwei Plasmiden in Bakterien und S&ugetierzellen unter
Verwendung eines einzigen Antibiotikums, das zwischen Kanamycin, Chloramphenicol,

Ampicillin, Hygromycin und Puromycin gewahlt wird.
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1. Introduction
1.1. E. coli Min system, mid-cell determination and chromosome segregation

For an organism to successfully thrive in an environment, it has to compete for nutrients
and reproduce. Reproduction can be sexual or asexual. Prokaryotes like archaea and eubacteria,
reproduce asexually through binary fission. In the asexual type of reproduction, the daughter
cell carries the same genetic makeup as the parent cell. In such organisms, a new
genotype/phenotype arises primarily due to the introduction of mutations and/or uptake of
foreign genetic material from the environment. If protein(s) expressed from the foreign genetic
material or the expression of mutant protein benefits the organism, either in their competition
for nutrients and/or in their reproduction, they eventually get incorporated with the organism
after several generations. During binary fission, the genome has to be evenly distributed
between the daughter cells in order to be called a successful reproduction. Any mishap in this
process will lead to reproductive failure and thereby the organism will eventually perish. In
eukaryotic cell division, after the DNA replication, during anaphase, spindle fibres pull apart
the sister chromatids towards the opposite poles thereby making sure that the genetic material
is evenly distributed among the daughter cells.

1.1.1. Bacterial cell cycle

Unlike the eukaryotic cell, a unified mechanism for chromosome segregation does not
exist in prokaryotes. Moreover, fast-growing prokaryotes like Escherichia coli, Bacillus
subtilis, etc., when grown in a nutrient-rich media, undergoes multi-fork replication (new DNA
replication starts even before the finish of the previous DNA replication) (2). In such cases,
unlike the eukaryotes, DNA replication and segregation happens at the same time frame. The
cell cycle of bacteria is broadly divided into three periods; 1) B-period, it is the time between
the end of cell division and initiation of DNA replication (2). This period is similar to the G1
phase in eukaryotic cells. 2) C-period, which is for DNA replication (Figure 1) (2). This period
is similar to the S phase in eukaryotic cells. 3) D-period, it is the time between the termination
of DNA replication and completion of cell division (Figure 1) (2). Multi-fork replication

happens when the bacterial doubling time gets shorter than the C-period (Figure 1) (2).
1.1.2. Bacterial chromosome segregation and cell division

In some bacteria, for e.g. Caulobacter crescentus, a dedicated chromosome segregation
machinery has been identified (3), while in many bacteria it is still unclear how their

chromosome is segregated. If cell division happens before the chromosome segregation, the



daughter cell will either carry a guillotined chromosome or lack the chromosome completely
(anucleate). In either case, the daughter cell will not be viable. To tightly regulate chromosome
segregation and cell division, bacteria have adopted several strategies. In E. coli, two systems
namely Noc and Min systems, work in parallel, to place the division site near the mid-cell (4,5).
Noc system consists of proteins like Noc (in B. subtilis) and SImA (in E. coli) (4). SImA binds
to a specific sequence (SBS) on the chromosomal DNA and prevents the FtsZ polymerization

(4). 1t has been shown that SImA activity is enhanced several folds upon binding to the SBS
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Figure 1. Chromosome replication in slow growing and fast growing bacterial cells. In the fast growing bacterial

cells like Escherichia coli, multifork replication is observed. C period = time taken from the start to end of
chromosome replication. D period = time taken from the end of chromosome replication till the end of cell

division. Image was taken from Bohm et al. (6) under a Creative Commons Attribution 4.0 International License.

1.1.3. E. coli MinD

Escherichia coli (E. coli) Min system consists of three proteins namely, MinC, MinD,
and MinE. The Min proteins are encoded by the minB operon (7,8). The Min system has been
extensively studied for its role in the mid-cell determination in E. coli (8). MinD, a ParA
homolog, possesses a deviant Walker A motif with inherent weak ATPase activity (10). The
Walker A motif consists of amino acids GXXXXGKTY/S, where X can be any one of the 20
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canonical amino acids (10). In EcMinD (E. coli MinD), residues from 10 to 17 constitute the
Walker A motif. Lysine at position 11 in EcMinD preferentially interacts with ATP
ribonucleotide but also can interact with GTP ribonucleotide (11,12). ATP hydrolysis by MinD
is mediated via two sequential steps; 1) activation of a nearby water molecule and 2) the transfer
of the electron pair to the y-phosphate of ATP while maintaining the transition state (13).
Aspartic acid at position 40 activates the nearby water molecule and transfers the electron pair,
while residues lysine and asparagine at positions 11 and 45, respectively, maintain the
transition state (13,14).

a | b

Cell membrane

Figure 2. Structure of Escherichia coli MinD and residues important for interaction with MinC and MinE. a)
Crystal structure of dimeric E. coli MinDP*AA10 Individual MinD monomers are coloured in pale green and
raspberry. The membrane targeting sequence is represented by a dotted line. ATP is represented as surface dots
and magnesium is represented by a green sphere. b) Residues important for interaction with MinC, MinE, and
MinC and MinE are indicated in purple, red and dark blue, respectively, and represented as sticks. Image was

created using Pymol version 0.99. Crystal structure of PDB ID: 3q91 (12) was used in generating the image.

Apart from the inherent weak ATPase activity, MinD also possesses membrane-binding
activity via its C-terminal membrane targeting sequence (MTS) (15). Although the membrane-
binding activity is weak in its monomeric state, upon binding to ATP, MinD dimerizes, and the
membrane-binding activity is enhanced (16). The deletion of 10 amino acids from the C-
terminal of MinD abolishes the membrane-binding activity of MinD (called MinDA10)
completely (15). Nevertheless, MinDAstill can dimerize with the presence of ATP (15). In its
monomeric state, K11 in MinD interacts with glutamic acid at position 146 and aspartic acid

at position 152 electrostatically, and with serine at position 148 through the formation of a



hydrogen bond (11,13,14). Upon binding to ATP, the interactions of K11 with S148 and D152
were broken, and MinD now dimerizes through interactions of K11 with the o and y phosphates
of the neighboring ATP-bound MinD and vice versa (14). Replacing K11 with alanine
abolishes the dimer formation of MinD (11). The crystal structure of MinDP*AA10 hag heen
elucidated by Lutkenhaus et al. and is available in the protein data bank (PDB,;
https://www.rcsb.org/) with PDB ID: 3Q9L (12). Figure 2 shows the crystal structure of
EcMinDP*AA10 Wwith the presence of ATP, this MinD mutant remains as a dimer, yet it can

neither bind to membrane nor hydrolyze the bound ATP (12).
1.1.4. E. coli MinC

E. coli MinC (EcMinC) is a passenger of MinD and exists in an equilibrium between
monomeric and dimeric states in the cytoplasm (17). MinC is recruited to the cell membrane
through binding with MinD. MinC binding to MinD occurs only when the latter forms a dimer
(11). MinC fully becomes dimeric when it binds with membrane-bound MinD (17). MinC
contains two domains; N (also called Z)- and C (also called D)- terminal domains (18). The C-
terminal domain of MinC binds to MinD (18). Both the N- and C-terminal domains of MinC
inhibit FtsZ polymerization with varying levels of inhibition, and the N-terminal domain
exhibits the strongest inhibition among the two domains (19). The N-terminal domain inhibits
longitudinal interactions between FtsZ molecules within a protofilament and the C-terminal
domain inhibits lateral interactions of FtsZ between the protofilaments (19). Lutkenhaus group
has identified residues in the N-terminal domain of MinC (K9, G10, K35, A39, and F42) that
interact with FtsZ (20,21). Camberg et al. has also recently identified two hotspots on MinC
that interact with FtsZ; a cleft in the MinC N-terminal domain and a surface on the MinC C-
terminal domain (22). The N- and C- terminal domains of ECMInC are connected by an
unstructured linker region rich in proline. A complete crystal structure of EcMInC is not yet
available albeit two separate studies have elucidated the structures of the N- and C-terminal
domains separately and can be accessed with PDB IDs 4L1C (23) and 5XDM (24),
respectively. Both the domains have been crystallized as a dimer separately, although
dimerization of the N-terminal domain by domain swapping is still under controversy (Figure
3). The residues G42 and R44 (switch I) and residues 1125 and E126 (switch I1) of MinD bind
and activate MinC (25).



1.1.5. E. coli MinE

E. coli MinE (EcMInE) is a small protein (88 amino acids), yet has been found to be
highly dynamic in nature (26). MinE enhances the ATPase activity of MinD with a 10-fold
increase in the presence of anionic phospholipids (27). MinE possesses 3 functional units; 1)
N-terminal cryptic membrane targeting sequence (MTS; residues 2-12), 2) anti-MinCD domain
(residues 13-30), and 3) dimerization domain (residues 31-88) (28-31). The N-terminal cryptic
MTS has been shown to aid in the direct membrane interaction of MinE (28). The direct
membrane association of MiInE is needed for Min oscillations and for the proper functioning
of the Min system (28,32,33). Shih et al. postulated that this N-terminal cryptic MTS may play
arole as a ‘topology specificity factor’ (28).

a

Figure 3. Structure of Escherichia coli MinC N- and C-termini domains. a) Crystal structure of dimeric E. coli
MinC N-terminal domain. Dimerization happens via domain swapping of a 3-sheet constituting of residues from
6 to 20. b) Crystal structure of dimeric E. coli MinC C-terminal domain. Image was created using Pymol version
0.99. Crystal structure of PDB IDs: 4l1c (23) and 5xdm (24) were used in generating the images.

EcMInE exists in two structural conformations inside the cell; 6p-stranded and 4p3-
stranded conformations (32). Two plausible models were initially proposed for the two
observed MinE conformations by the Lutkenhaus group (26,32). In the first model, both the
conformations are in equilibrium and on binding with MinD the equilibrium shifts towards 43-
strand conformation. In the second model, MinD directly induces the 63-strand to 4p3-strand
conformation like a switch (sensing model) (26). Increasing experimental evidence suggest the
sensing model (26). In the 6B-strand conformation, cryptic MTS exists in two states; in one
state, the MTS interacts with a 3-sheet within MinE (closed state) (26). This -sheet will later
become a a-helix upon sensing MinD (26). In the other state, the MTS is released freely from

the 3-sheet (open state) (26). Upon the release of the N-terminal cryptic MTS (open state), and



on contacting MinD, the anti-MinCD domain in MinE gets stabilized into a a-helix (referred
to as contact helix) which then enhances the ATPase activity of MinD (Figure 4) (26). More
specifically, MinE dimer contacts the dimer interface of a MinD dimer, and the contact helix
of MiInE gets stabilized, and arginine at position 21 (a residue in the contact helix) contacts
asparagine at position 45 in MinD thereby inducing the downstream cascade for the ATP
hydrolysis in MinD (14). Although a MinD dimer has two binding sites for MinE, a study has
shown that binding of MinE to one of the two sites is enough to stimulate the ATPase activity
(14). Crystal structures of anti-MinCD peptide and MinE lacking the MTS, bound to MinD,
are available in the public domain and can be accessed with PDB IDs 3R9l and 3R9J,
respectively (32). MinE dimerization domain confers topological specificity by preventing the
growth of MinD/MinC complex on the membrane beyond the mid-cell (8,29). Shih et al.
postulated that MInE dimerization domain (C-terminal domain) controls the topology
specificity function of N-terminal domain by sequestration (28).

1.1.6. Min oscillations

The Min system forms an oscillatory pattern inside E. coli cells, from one pole to
another, with a duration of under a minute for every oscillation (9). In detail, MinD upon
binding to ATP dimerizes and because of the increased affinity for the membrane-binding, the
dimers get recruited to the membrane (10,16,34,35). MinC has a liking for MinD dimers and
they too get recruited to the membrane (9,36). The MinD/MinC complex stays on the
membrane and continuously grows from one pole towards the mid-cell until upon encountering
the E-ring (an assembly of MinE), which is formed close to the mid-cell (37). MinE transiently
remains attached to membrane via its N-terminal MTS, and progressively dislodges
MinD/MinC complex from the membrane by enhancing the ATPase activity of MinD (27,38).
In the cytoplasm, ADP bound MinD exchanges ADP for ATP and gets recruited to the other
pole where the concentration of MinE is the least. After completely dislodging the MinD/MinC
complex from the ongoing pole, the E-ring dissociates and gets assembled again near to the
mid-cell and now it moves towards the other pole where the new MinD/MinC complexes have
been built up (39). In vitro studies have shown that for the Min oscillations, MinD and MinE
are indispensable while MinC is dispensable (40,41). On average over time, the concentration
of MinD/MinC forms polar gradients with maxima at the poles and minima near the mid-cell.
FtsZ polymerization happens near the mid-cell where the concentration of MinC is minimum,
and this polymerization further recruits the divisome complex necessary for the cell wall

synthesis and septum formation (Figure 6) (42). Like E. coli, Gram (+) counterpart B. subtilis
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also expresses MinD and MinC, but not MinE, form static gradients of MinD and MinC with
concentrations being high at the poles (43). A study by Barak et al. has shown that E. coli Min
proteins when exogenously expressed in B. subtilis resulted in cell elongation and EcMinD can
partly compensate for the function of BsMinD (44). Another study by the same group has also
shown the oscillation of E. coli Min proteins when exogenously expressed in B. subtilis (45).
Further, another group has also showen the oscillation of Neisseria gonorrhoeae proteins when

exogenously expressed in E. coli (46).

MinD MinE MinD MinD MinD MinE

Figure 4. Structure of Escherichia coli MinD bound with MinE peptide (residues 12-31) and interaction profile
of MinD and MinE. a) Crystal structure of dimeric E. coli MinDP404A10 hound with MinE peptides. Individual
MinD monomers are coloured in pale green and raspberry. Individual MinE peptides are coloured in pale yellow
and cyan. b) Residues involved in the interaction between MinD and MinE peptide. MinD and MinE are coloured
according to a). Image was created using Pymol version 0.99. Crystal structure of PDB ID: 3r9i (32) was used in
generating the image. Protein-peptide interaction profile was generated using the PDBSUM webserver
(http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html). Red line = salt
bridges, yellow line = disulphide bonds, blue line = hydrogen bonds, dashed orange line = non-bonded contacts.



Figure 5. Modelled structure of Escherichia coli MinE in dimeric state. a) 6- conformation. b) 4- conformation.
Protein structure modelling was done by Dr. Mehmet Ali Oztirk. B1 in the 6-B conformation converts to a o-helix
in the 4-f conformation. Image was taken and modified from Palanisamy et al. (47) under a Creative Commons

Attribution 4.0 International License.

1.1.7. E. coli MinD binds to DNA

Unlike their eukaryotic counterparts, a universal mechanism of chromosome
segregation does not apply in prokaryotes (48). That being said, chromosome segregation in E.
coli is poorly understood. It has been shown that daughter chromosomes segregate by mere
force of repulsion created by the two massive negatively charged DNA (49,50). If this is true,
then the chromosome segregation in E. coli is a passive process not requiring any energy. While
in some prokaryotes, for example, C. crescentus, a dedicated system by Par proteins has been
found (3). This system, on the other hand, utilizes energy for the proper segregation of
chromosomes (3). By performing computer simulations, Di Ventura et al. has shown that
entropic forces alone are not sufficient to achieve a full chromosome segregation in E. coli
(51). Further, they found that full chromosome segregation is possible if DNA is transiently
tethered to the membrane, provided the tethering happens in a gradient fashion with maxima
near the poles (51). With further insights, they proposed that MinD could aid in chromosome
segregation as MinD forms a similar distribution inside E. coli cells (51). By including MinD

into their computer simulations, they observed full chromosome segregation (51). They further
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showed by performing both in vitro and in vivo experiments that MinD can bind to DNA albeit
very weakly with a Kq of 0.6 uM (51). Our group has proposed that MinD mediates the
Brownian ratchet type of motion, which aids the sister chromosomes to segregate properly
(Figure 7) (51). As a support to this proposal, Soj protein in B. subtilis, a homolog of E. coli
MinD, has been shown to bind to DNA by another group (52). Di Ventura et al. have
characterized several mutants of MinD, mostly residues at the C-terminal, and found that
mutating positively charged arginine at position 219 to negatively charged aspartic acid
impaired the DNA binding (51). Additionally, it was found that removing the MTS in MinD
also impaired the DNA binding, but this loss in DNA binding was complemented by
introducing a double mutation, in both cases where arginine was replaced by glutamic acid,
one at position 251 and another at 254 (MinDR?EA10) (51). Expression of MinDR?'%P in E. coli
cells showed impairment in both membrane-binding and binding to MinC (51). On the other
hand, overexpression of MinDR?6410 in E. coli cells resulted in its co-localization with the
nucleoid (51).

a ‘ b

MinD-ATP

MinD-ADP

MinC

MinE

YO X X'

FtsZ

Time

Figure 6. Oscillation of Min proteins from pole to pole in Escherichia coli cells. a) Schematics of Min oscillation

and polymerization of FtsZ close to mid-cell. Image was taken from Zlir'a under a Creative Commons Attribution-



Share  Alike 3.0 Unported license (CC BY-SA 3.0 Creative Commons license)
(https://commons.wikimedia.org/wiki/File:MinCDE.svg). The image has been modified from the original version.
b) Time-lapse fluorescence microscopy images showing the Min oscillations. minB operon was cloned between
the Sacl and HindlIl restriction sites in pBAD33 vector. eyfp was fused downstream to MinE with ‘GSGGG’

linker. Scale bar =3 um.

Figure 7. Proposed model of Escherichia coli

MinD aiding in chromosome segregation. Image

was taken from Di Ventura et al. (51) under the
Creative Commons Attribution CC BY 4.0 License.

During chromosome replication, due to force of

repulsion (represented by dotted line with arrows),

the chromosomes move to the opposite poles. As

the distance between the chromosomes increase, the

force of repulsion decreases. And, MinD aids in the
complete chromosome segregation in the end.

1.1.8. Residues in MinD involved in DNA binding

A former Ph.D. student in our lab (Dr. Linda Klauss) continued studying E. coli MinD,
in order to identify the residues in MinD that directly or indirectly interact with DNA (1). She
created a small library of MinD mutants (single and double mutations), where positively

charged amino acids found in the N-terminal part of MinD have been replaced with negatively
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charged amino acids (Figure 8) (1). Using this library, by performing EMSA experiments she
found that double mutants namely MinDRS4E/RSSE  MinDK78ERTE " and MinDROFKIE paq
impaired DNA binding (1). By performing liposome co-sedimentation assays, she found that
membrane binding was impaired in MinDR®*E/RSE (1), By performing time-lapse fluorescence
microscopy experiments, she found that Min oscillations were distorted in the MinDRS4E/RSSE
and MinDK78R7E mytants (1). Finally, she found that MinDR%®®KIE mytant exhibited
impaired DNA binding in vivo (1). In addition to these observations, by performing microarray
experiments, she found that presence or absence of MinD did not affect either the transcriptome
(transcription regulator) nor the proteome (protein regulator) in E. coli (1). By performing
ChIP-Seq experiments, she found that MinD did not possess any sequence specificity (1).
During the end phase of her Ph.D. thesis, she observed that MinC enhances the DNA-binding
activity of MinD (1).

Figure 8. Escherichia coli MinD mutant library studied by Dr. Linda Klauss (1). Individual MinD monomers are
coloured in pale green and raspberry. Monomers are separated by a dotted line. Residues mutated have been
indicated and have been represented as sticks in the image. Image was created using Pymol version 0.99. Crystal

structure of PDB ID: 3991 (12) was used in generating the image.
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1.1.9. Visualization of Min proteins in vivo and in vitro

The discovery of fluorescent proteins and their application in the biology field has
brought us vast information about several biological processes, which otherwise would not
have been possible (53). In the 1990’s, Dr. Martin Chalfie showed for the first time that desired
protein can be visualized in vivo by tagging the protein of interest with GFP (53). Figure 9a
shows the crystal structure of GFP. Since then, a vast development has occurred in the field of
fluorescent proteins. Now, we have fluorescent proteins having emissions covering the entire
visible spectral range (Figure 9b) (54,55). While immunofluorescence studies using fixed cells
provide information about localization of the protein(s) inside a cell, fusing a protein with GFP
(green fluorescent protein) gives real-time dynamics of the protein (37). Further, GFP being
relatively small (~27 kDa), in most cases, does not interfere with the protein function to which
GFP is fused too (56,57). The oscillatory behavior of E.coli Min proteins was first observed by
fusing GFP to MinD (9). The formation of E-ring close to the mid-cell in E. coli was observed
by tagging EcMInE with GFP (58). Further, using MinE-GFP, it was shown that the E-ring
structure is highly dynamic (39). All these observations were made possible by the availability
of fluorescent proteins. However, the problem arises if the GFP position in the fusion protein
was wrongly assigned: for instance, the N-terminal fusion of GFP might impair the function of
desired protein while C-terminal fusion of GFP to the same protein might not affect the function
(59-61). Also, in some cases, GFP in the fusion protein brings unexpected changes to the
desired protein and impairs the latter’s function (62). Prior knowledge about protein-protein or
protein-membrane interactions of the desired protein will suggest whether the desired protein
has to be N- or C- terminally fused to the fluorescent protein. The C-terminal of EcMinD
interacts with the cell membrane. By fusing a fluorescent protein to the C-terminal of EcMinD,
the interaction between MinD and membrane is impaired thereby also impairing the MinD
function. Similarly, the C-terminal of EcMinC interacts with EcMinD. By fusing a fluorescent
protein to the C-terminal of EcMInC, the interaction between EcMinC and EcMinD is
impaired. To overcome the drawbacks of fluorescent protein fusions, thiol-reactive dyes are
used to label the desired protein provided the desired protein contain accessible cysteine residue
(63). Several commercial Kits are available for in vitro labeling of proteins albeit the labelling
efficiency still remains low. Using MInE labeled at cysteine residue 51 with Alexa647-
maleimide and MinD labeled at cysteine residue 52 with Bodipy FL-maleimide, Schwille et al.

showed that Min proteins form planar surface waves on a flat membrane in vitro (41).
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Figure 9. Green fluorescent protein (GFP) and monomeric red fluorescent protein (mRFP1), and their derivatives
(54,55). a) Crystal structure of recombinant GFP WT. Fluorophore in GFP consists of amino acids serine (position
65), tyrosine (position 66) and glycine (position 67) which have been indicated in the figure and have sticks
representation. Image was created using Pymol version 0.99. Crystal structure of PDB ID: 1gfl (64) was used in
generating the [image. b) Derivatives of GFP and mRFP1. GFP is from Aequorea spp. and mRFP1 is from
Discosoma spp. Exc. = excitation wavelength. Em. = emission wavelength. SHM = somatic hypermutation. Image
was taken from Dr. Roger Y. Tsien, Nobel Lecture, 8 December 2008. © The Nobel Foundation. Link:
https://www.nobelprize.org/uploads/2018/06/tsien_lecture.pdf

1.2. Stable maintenance of multiple plasmids in E. coli and inteins
1.2.1. Plasmid incompatibility

E. coli has been extensively used in many aspects of research, including, but not limited
to, plasmid propagation, protein expression, and purification, molecular cloning, industrial
biotransformation and in synthetic biology. The number of plasmids to be maintained in E. coli
requires equal numbers of antibiotics for selection. The available number of useable antibiotics
and the origins of replication limits the number of plasmids to be maintained in E. coli.
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Currently, the plasmids used in E. coli are broadly classified into three groups, namely,
incompatible groups A, B and C (Table 1). Plasmids belonging to the same group cannot be
stably maintained together in any E. coli strain without any selection pressure (65-68). A study
by Velappan et al. has shown that this dogma is not absolute (69). For complex metabolic
engineering, a situation arises such that multiple plasmids are needed to be maintained in E.
coli at the cost of having an equal number of antibiotics, which impose a huge negative impact
on the bacterial growth and the protein expression. Needless to say, the additional antibiotics
also impose a huge cost on the product production.

Table 1. General information about commonly used plasmid vectors

Common Copy ORI (origin of Incompatibility | Control
vectors numbers replication) group
puC ~500-700 pMBL1 (derivative) A Relaxed
pBR322 ~15-20 pMB1 A Relaxed
pET ~15-20 pBR322 A Relaxed
pGEX ~15-20 pBR322 A Relaxed
pColE1l ~15-20 ColEl A Relaxed
PR6K ~15-20 R6K" C Stringent
pACYC ~10 p15A B Relaxed
pSC101 ~5 pSC101 C Stringent
pBluescript | ~300-500 | ColE1 (derivative) and F1' A Relaxed
pGEM | ~300-500 puUC and F1 A Relaxed

§ = copy number also depends on other factors, * = needs pir for replication (70), 1 = F1 ORI
is for replication and packaging of ssDNA (phagemid). Data taken from Kendall Morgan.
Plasmids 101: Origin of Replication. Link: https://blog.addgene.org/plasmid-101-origin-of-
replication. Posted on 6 Feb 2014. Accesses on 23 Feb 2020. Used with permission from
Addgene.

1.2.2. Maintenance of multiple plasmids in E. coli using single antibiotic

The idea of stable maintenance of multiple plasmids using only one antibiotic is not
new. Bennett Lab, from Rice University, the US, in 2012 showed the proof of principle for
stably maintaining two and three plasmids in E. coli with just kanamycin as the selective
marker (71). They have used a previously split aminoglycoside phosphotransferase (APT)

enzyme that confers resistance towards kanamycin (72). They placed one half of the APT in
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one plasmid and the other half in another plasmid, both these halves were under T7 or lac
promoter (71). The expressed dysfunctional protein halves were brought together and become
functional via a leucine zipper that was additionally added to both the APT halves (71,72).
Only when both the plasmids are present in the same cell, E. coli can exhibit resistance towards
kanamycin. While for maintaining the three plasmids, they used the same plasmid system as
described for maintaining the two plasmids, while the third plasmid carried a gene encoding
for T7 RNA polymerase that is needed to express the APT halves (Figure 9) (71). This method
has several drawbacks in that the gene fragments encoding for the APT halves were cloned into
the multiple cloning site (MCS) and their expression was under the inducible promoter. This
prevents the usage of these plasmids as the gene of interest cannot be cloned into the MCS.

Additionally, these plasmids also carried a gene conferring resistance to antibiotics other than

@

PTT
APT part1 |bZi

kanamycin.

Plasmid 2
P kanamycin

o .
ori 2 H marker 2 resistance

P, A
APT part2 [bzI :

Plasmid 1

ori 1 Hmarker 1

Plasmid 3

ori 3 |—| marker 3

Figure 9. Schematics for maintenance of 3 plasmids using single antibiotic developed by Bennett Lab, Rice
University, the US (71). T7RNAP = T7 RNA polymerase, ori = origin of replication, APT = aminoglycoside

phosphotransferase, marker = resistance cassette other than APT, bZIP = leucine zipper.

1.2.3. Inteins

Unlike the complementation method developed by the Bennett lab, we wanted to fully
reconstitute the dysfunctional protein halves into a full-length functional protein. For this
purpose, we resorted to inteins. Inteins are protein sequences that cleave themselves out of a

parent protein, finally yielding a spliced parent protein consisting of protein fragments found
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upstream and downstream to the inteins (73,74). Inteins exist as a contiguous or split type
naturally, and some inteins have also been split artificially (75,76). Figure 10 shows cis- and
trans- splicing of proteins by contiguous and split inteins, respectively. Using genome
sequences, nearly 500 inteins have been identified so far (77). For a complete list, see Intein
Database (http://www.biocenter.helsinki.fi/bi/iwai/InBase/tools.neb.com/inbase/index.html)
(77).

Possible scar

a Local exteins
cis-splicing reaction Reconstituted protein
N-extein Intein  —
Intein
N-extein N-intein Possible scar
Local exteins trans-splicing reaction Reconstituted protein
C-intein

Figure 10. Schematics of contiguous (a) and split (b) inteins showing cis- and trans- splicing of proteins,
respectively. Local exteins constitute amino acids ‘SGY” and ‘SSS’ in the -3, -2, -1 and +1, +2, +3 positions,
respectively, corresponding to the intein region. Local exteins (scar) remain in the final reconstituted protein.

Image was created and kindly provided by Prof. Dr. Barbara Di Ventura.

1.3. Aim of my thesis

Aim 1: In context with the enhanced DNA-binding activity by the E. coli MinCD
proteins, I continued my Ph.D. thesis from Dr. Klauss’s work (1). | wanted to identify the
residues in MinC that either directly or indirectly interact with DNA. To this end, | wanted to
create a library of MinC point mutants and test them for their DNA-binding activity. But, unlike
Dr. Klauss’s strategy, I wanted to go for a rational approach, useing computational tools to
predict the potential residues involved in DNA binding. Finally, | wanted to further test the
MinC mutants, both in vitro and in vivo, to study the role of MinC and MinD in chromosome

segregation in E. coli.

Aim 2: During the course of my Ph.D. study, | observed that MinE-eYFP fusion protein
cannot complement the AminB phenotype in E. coli as well as untagged MinE. Earlier studies

by de Boer et al. showed that MinE-GFP is functionally impaired, but the mechanism behind
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the functional impairment of the fusion protein was not known (37,58). | wanted to study how

fusing a fluorescent protein downstream of MinE affects its function.

Aim 3: Since in microbiology we often need to transform bacteria with two plasmids,
| thought it would be advantageous to have a way to use a single antibiotic to maintain two
plasmids in the cells. To this aim, | set up to develop a plasmid tool based on split inteins as a
means to reconstitute enzymes that confer resistance towards antibiotics, which | would express
as two dysfunctional halves from the two plasmids. Importantly, | planned to adopt a

computational strategy to find the location where to split the enzymes.
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2. Results
2.1. DNA binding by the MinCD complex
2.1.1. MinC enhances the DNA-binding activity of MinD

Electrophoretic mobility shift assay (EMSA) experiments performed by Dr. Linda
Klauss showed that MinC enhances the DNA-binding activity of MinD, and the concentration
of MinD is the limiting factor in the reaction mixture. To validate her observations, EMSA
experiments were performed under exactly the same conditions as done by her before. MinD
was incubated alone, or co-incubated with varying concentration of MinC (0 — 4 uM), and hex-
labelled DNA in a buffer containing ATP and magnesium. With either only MinD (4 uM) or
MinC (4 uM), no DNA binding was observed (Figure 11). While in the presence of MinD (4
uM) and with as low as 1 uM MinC concentration, DNA binding was observed (Figure 11).
When MinD and MinC, each at 4 uM, >90 % of DNA was found to be bound (Figure 11).
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MinC*"" (uM) - - 4 1 2 4 E
r < 601
4
7 3 40
k] -
52 bp DNA “U g T
(50 nM) 3 204
5 -
HHHH —unbound Z 0 ————r
- MinD" (4 M) -+ -+ + o+
MinCV (uM) - - 4 1 2 4

Figure 11. DNA-binding activity of MinD with increasing concentration of MinC and fixed concentration of
MinD. MinD (4 uM) was incubated alone, or with varying concentration of MinC (0 — 4 uM), and 50 nM of hex-
labelled DNA (52 bp) in a buffer containing 1 mM ATP and 5 mM MgCl.. a) Representative native-PAGE
(EMSA) gel showing DNA-binding activity of MinD with increasing MinC concentration. b) Bar plot showing
quantification of DNA binding (in %) of MinD with increasing MinC concentration. Experiments were performed
thrice and mean+S.E.M. is plotted in the graph.

The EMSA experiments were repeated again, but this time, the concentration of MinC
was kept fixed at 4 uM, while varying the MinD concentration (0 — 4 uM). MinC was incubated
alone, or co-incubated with varying concentration of MinD (0 — 4 uM), and hex-labelled DNA
in a buffer containing ATP and magnesium. Like observed before, with either 4 uM MinC or

4 uM MinD, no DNA binding was observed (Figure 12). But, unlike before, no DNA binding
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was observed until 2 uM MinD concentration (Figure 12). DNA binding was observed only
when 4 uM of MinD was used (Figure 12). These observations suggest that the DNA-binding
activity of MinD is enhanced by MinC (or the vice versa) and the limiting factor in the DNA-

binding ability of MinCD complex is the MinD concentration.
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Figure 12. DNA-binding activity of MinD with fixed concentration of MinC and increasing concentration of
MinD. MinC (4 uM) was incubated alone, or with varying concentration of MinD (0 — 4 uM), and 50 nM of hex-
labelled DNA (52 bp) in a buffer containing 1 mM ATP and 5 mM MgCl.. a) Representative native-PAGE
(EMSA) gel showing DNA-binding activity of MinD with fixed concentration of MinC and increasing MinD
concentration. b) Bar plot showing quantification of DNA binding (in %) of MinD with fixed concentration of
MinC and increasing MinD concentration. Experiments were performed thrice and mean+S.E.M. is plotted in the
graph.

2.1.2. ATP is needed for the DNA-binding activity of the MinCD proteins

MinD dimerizes with the presence of ATP. MinC binds to MinD only when the latter
dimerizes. An earlier study by Di Ventura et al. has shown by EMSA experiments that MinD
binds to DNA either in presence of ATP or in absence of any nucleotide, and no DNA binding
was observed with the presence of ADP (51). The observed DNA-binding activity of MinCD
proteins can be mediated by dimeric MinC and monomeric MinD, binding to DNA separately
but in close proximity to one another, or dimeric MinC and dimeric MinD binding to DNA in
close proximity to one another and/or together. To understand this, EMSA experiments were
performed with the presence of either ADP or ATP, or the absence of any nucleotide. MinD (4
uM) was co-incubated with MinC (4 uM) in a buffer containing either 1 mM ADP or ATP or
no nucleotide and ran on a native-PAGE gel. With the presence of ADP or the absence of any
nucleotide, only a meager DNA binding was observed (<20 %), which was more or less the
background level (Figure 13). On the other hand, with the presence of ATP, the DNA binding
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was enhanced up to 4-fold (Figure 13). These observations suggest that MinD dimerization is

needed to see the enhancement in DNA binding with the presence of MinC.
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Figure 13. DNA-binding activity of MinCD with presence of ADP or ATP and absence of any nucleotide. MinD
(4 uM) was co-incubated with MinC (4 pM) and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 5
mM MgCl,, with presence of 1 mM ADP/ATP and absence of any nucleotide . a) Representative native-PAGE
(EMSA) gel showing DNA-binding activity of MinCD with presence of 1 mM ADP/ATP and absence of any
nucleotide. b) Bar plot showing quantification of DNA binding (in %) of MinCD with presence of 1 mM
ADP/ATP and absence of any nucleotide. Experiments were performed thrice and mean+S.E.M. is plotted in the

graph.
2.1.3. Alternating copolymer formation by MinD and MinC is not needed for the DNA binding

MinC dimer binds to the dimerization interface of a MinD dimer (11). Based on the
observations made before, the question still remains whether MinD and MinC form alternating
copolymers to be able to bind DNA or the co-polymer architecture of the MinCD complex is
irrelevant for the DNA binding. To study this, EMSA experiments were performed with fixed
MinD (4 uM) and MinC (4 uM) concentrations in a buffer containing hex-labelled DNA, ATP
and magnesium, and adding an excess of a MinC mutant (MinCR*3*4), The R133A mutant of
MinC, in excess, is known to form heterodimers with MinC WT, but this mutant is unable to
bind with MinD (78). It was observed that even at 16 pM MinCR3 concentration, the DNA
binding was not affected (Figure 14). Taken this observation, alternating copolymers of
MinD/MinC are not needed for the DNA binding.
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Figure 14. MinC/MinD alternating copolymers are not needed for the DNA-binding. MinD (4 uM) was co-
incubated with MinC (4 uM) and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 5 mM MgCl, and 1
mM ATP, and with increasing concentration of MinCR'®4, a) Representative native-PAGE (EMSA) gel showing
DNA-binding activity of MinCD with increasing concentration of MinCR'*4, ) Bar plot showing quantification
of DNA binding (in %) of MinCD with increasing concentration of MinCR'334, Experiments were performed
thrice and mean+S.E.M. is plotted in the graph.

2.1.4. G10 residue in MinC plays a role in the DNA-binding activity of MinC/MinD

Now | know that both MinC and MinD are needed for the DNA binding, | studied
further to identify the residues in MinC and MinD that interact(s) with DNA. Instead of going
for the random mutagenesis strategy, we used computational tools to predict the DNA-binding
interface on MinC/MinD. Dr. Mehmet Ali Oztiirk performed molecular docking of a short
piece of double-stranded DNA with modeled MinC/MinD dimers. Initial docking analysis
predicted G10 residue in MinC to interact with the DNA (Figure 15). Additionally, through
evolutionary conservation studies, he predicted that K66 residue in MinC also plays a role in
the DNA binding (Figure 15).

To validate the in silico predictions, MinC G10 mutants namely, G10A, G10D, G10P
and G10R, and K66A were purified and EMSA experiments were performed. MinD (4 uM)
was co-incubated with MinC (4 uM) WT or mutants and hex-labelled DNA in a buffer
containing ATP and magnesium. It was found that the DNA-binding activity of G10A and
G10P mutants were similar to that of the MinC WT (Figure 16). While DNA binding was
impaired in the G10D mutant, DNA binding was enhanced, even higher than that of the MinC
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WT, when the G10R mutant was used (Figure 16). The DNA binding was reduced, nearly half
of what has been seen for the MinC WT, when the K66A mutant was used (Figure 16).
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Figure 15. In silico docking of modelled MinC/MinD dimers with double stranded DNA. Image provided by Dr.
Mehmet Ali Oztiirk.
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Figure 16. DNA-binding activity of single amino acid substituted MinC mutants. MinD (4 uM) was co-incubated
with MinC (4 uM) WT or mutants and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 1 mM ATP and
5 mM MgCl,. a) Representative native-PAGE (EMSA) gel showing DNA-binding activity of MinC WT and
single amino acid substituted mutants. b) Bar plot showing quantification of DNA binding (in %) of MinC WT
and single amino acid substituted mutants. Experiments were performed thrice and mean+S.E.M. is plotted in the
graph.

The G10 residue, and a few amino acids upstream and downstream to this residue, in
the MinC N-terminal domain, have been shown to form a 3-sheet and they homo-dimerize via
domain swapping (23). From the previous experiment, we know that the G10 residue plays a
role in DNA binding either directly or indirectly. We hypothesized that removing the whole -
sheet in the N-terminal of MinC should impair the DNA binding. For this purpose, we

constructed and purified a MinC mutant lacking the first 20 amino acids from the N-terminal
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region (MinCA-2%), EMSA experiments were performed with MinD WT (4 uM) and MinCA-
20 (4 uM). Surprisingly, it was found that removing the first 20 amino acids from the N-terminal
of MinC resulted in reduced DNA binding, but not as impaired as the G10D mutant (Figure
17). We further questioned whether the N- or C- terminal domain of MinC is dispensable for
the DNA binding. EMSA experiments were performed with purified MinCN*™ (amino acids
from 1 to 101, encompassing the entire N-terminal domain of MinC) and MinC®*™ (amino
acids from116 to 231, encompassing the entire C-terminal domain of MinC) in presence of
MinD WT and hex-labelled DNA. Even at 4 uM of MinCN*™ and MinC®*™, no DNA binding
was observed (Figure 17). These observations suggest that neither the N-terminal domain of

MinC nor the C-terminal domain is dispensable for the DNA binding (Figure 17).
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Figure 17. DNA-binding activity of MinC deletion mutants. MinD (4 uM) was co-incubated with MinC (4 uM)
WT or deletion mutants and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 1 mM ATP and 5 mM
MgCl.,. a) Representative native-PAGE (EMSA) gel showing DNA-binding activity of MinC WT and deletion
mutants. b) Bar plot showing quantification of DNA binding (in %) of MinC WT and deletion mutants.

Experiments were performed thrice and meanS.E.M. is plotted in the graph.

2.1.5. MinC mutants bind to MinD as well as the MinC WT

The EMSA experiments performed with the MiInCR*** mutant suggested that
alternating copolymers of MinCD are not needed for the DNA binding. So far, it was not clear
whether the impairment in the DNA binding by the MinC®°°® mutant and the reduced DNA
binding by the MinCK®¢A and the MinCA12° mutants were due to lack of MinD binding.

For this purpose, | performed a liposome co-sedimentation assay. As MinD possesses

membrane targeting sequence, upon dimerization, they get recruited to the liposomes. MinC
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also gets recruited to the liposomes with the help of MinD. On centrifugation, liposome being
heavy goes to the pellet carrying with it the bound MinD and MinC. MinD WT (2 uM) was
incubated with MinC WT or the mutants (2 uM) and 0.5 mg/ml of liposomes in a buffer
containing 1 mM ATP and 5 mM MgCl, and then the mixture was centrifuged. It was found
that MinC®%P, MinCK®4 and MinCA12° mutants interacted with MinD as well as the MinC
WT (Figure 18). This suggested that the impairment in DNA binding by MinC®° mutant and
reduced DNA binding by MinCK®4 and MinCA%2° mutants were not due to impairment with
MinD binding.

2.1.6. DNA binding of the MinC®°° mutant is impaired electrostatically

As the MinC®%P mutant behaves similarly to MinC WT in binding to MinD, and only
the DNA binding is impaired in the EMSA experiments, we speculated that the introduction of
aspartate at residue position 10 in MinC might have disrupted the B-sheet. To validate our
speculation, the N-terminal domain of MinC carrying the respective mutations (MinCN-temWT,
MinCN-em/G10D | \jjn CN-erm/G10P ang MinCN-eM/A1-20) were purified and submitted to the Protein
Expression and Purification Core Facility at the EMBL, Heidelberg for performing circular-

dichroism (CD) experiments.

It was found that MinCT and MinC®*°P have similar molar ellipticity per mean residue
(0) albeit with minor differences, and MinC®% and MinCA%2 were found to have larger

perturbations in 6 (Figure 19).

The CD spectra of MinC N-terminal domain WT and mutants were also studied at
different temperatures. This experiment provides data about the unfolding dynamics of a
protein as a function of temperature. Depending on the secondary structures a protein has, the
temperature needed to dissipate these secondary structures varies. From this study, it has been
found that, like before, both the MinCN*™WT gnd MinCN-*™/G100 mytant have similar © when
studied at temperatures varying from 20 °C to 95 °C (Figure 20). The 6 of the MinCN-tem/G10p
mutant, on the other hand, varied significantly (Figure 20). In both the experiments, the MinCN-
erm/al-20 mytant exhibited similar trends to that of the WT and MinC®¥P mutant; when
absorbance was measured from 200 nm to 250 nm (Figure 19) and when absorbance was
measured at different temperatures from 20 °C to 95 °C (Figure 20). But, the differences in 6

were significant.
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Figure 18. Liposome co-sedimentation assay with MinC mutants. MinD WT (2 uM) was co-incubated with MinC

(2 uM) WT or mutants and 0.5 mg/ml of liposomes in a buffer containing 1 mM ATP and 5 mM MgCl.. a)
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Representative SDS-PAGE gels showing fraction of MinC WT and mutants in the supernatant (S) and the pellet
(P) after the liposome co-sedimentation assay. (b) — (e) Bar plots showing quantification of MinC WT and mutants
in the supernatant and the pellet after the liposome co-sedimentation assay. Experiments were performed thrice

and meanxS.E.M. is plotted in the graph.
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Figure 19. CD spectra of N-terminal domain of MinC WT and mutants at constant temperature. MinC N-terminal
domain (10 uM) WT or mutants in a buffer containing 50 mM HEPES-KOH pH 7.25, 150 mM KCl, 10 % glycerol
and 0.1 mM EDTA pH 8.0 was incubated at 20 °C and measurements were done using a Jasco-815 spectrometer.
Data was provided by the Protein Expression and Protein Purification Core Facility of the EMBL, Heidelberg.
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Figure 20. CD spectra of N-terminal domain of MinC WT and mutants at different temperatures. MinC N-
terminal domain (10 uM) WT or mutants in a buffer containing 50 mM HEPES-KOH pH 7.25, 150 mM KCl, 10
% glycerol and 0.1 mM EDTA pH 8.0 was incubated at varying temperatures and measurements were done using

a Jasco-815 spectrometer. Data was provided by the Protein Expression and Protein Purification Core Facility of
the EMBL, Heidelberg.

MinC N-terminal domain exists as a dimer and this dimerization occurs via domain
swapping (18,23). From the CD experiments, it was clear that the MinCN*™ WT and MinCN-
erm/G10D mytant have similar secondary structural elements, while the MinCN-®™G10P gng

MinCNmAL-20 mytants have different secondary structural elements. Size exclusion
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chromatography (SEC) was performed with the MinC N-terminal domain WT and mutants, in
order to study the dimerization property of these proteins. Like the CD experiments, SEC
experiments were also performed by the Protein Expression and Protein Purification Core
Facility of the EMBL, Heidelberg. Superdex 75 10/300 GL column was used for the SEC
experiments and the running buffer consisted of 50 MM HEPES-KOH pH 7.25, 150 mM KCl,
10 % glycerol and 0.1 mM EDTA pH 8.0. It was found that MinC N-terminal domain WT, and
the mutants G10D and G10P, eluted as a dimer (Figure 21). Interestingly, a fraction of MinCN-
erm/al-20 mytant eluted as a tetramer while the remaining major fraction eluted as a dimer
(Figure 21). Taken together with the observations from the CD and SEC experiments, we
interpreted that the impairment in MinC®°P binding to DNA is purely electrostatic and not due

to any secondary structural deformation.
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Figure 21. MinC N-terminal domain G10D mutant dimerizes. Data was provided by the Protein Expression and
Protein Purification Core Facility of the EMBL, Heidelberg.

2.1.7. Linker region of MinC plays a critical role in the DNA binding

One of our collaborators elucidated the cryo-EM structure of EcMInC and EcMinD
copolymers. Unfortunately, secondary structural features of the N-terminal domain and the
linker region of MinC could not be assigned with a greater confidence. This problem might
have arosen primarily due to the predicted high flexibility of the MinC linker region. So, to get
better cryo-EM data, | questioned the importance of the MinC linker region in the DNA
binding. The proline-rich linker region of EcMinC is composed of 19-25 amino acids
depending on how one arbitrarily assigns the start position of the MinC C-terminal domain
(Figure 22). For this purpose, several MinC non-native linker variants, namely GS, 1x
AGGSG, 2x AGGSG, 3x AGGSG, and 4x AGGSG were constructed. These names indicate

the amino acid composition of the MinC linkers. For example, in the GS construct, between
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the MinC N- and C- terminal domains, the linker region constitutes only 2 amino acids namely
glycine (G) and serine (S). In the 1x AGGSG construct, the linker region constitutes 5 amino
acids namely alanine (A), glycine (G), glycine (G), serine (S) and glycine (G). The number
prior to the amino acid sequence indicates the number of times this pentapeptide sequence is
present in the linker. In the 2x construct, this pentapeptide is repeated twice and in the 3x
construct this pentapeptide is repeated thrice, etc. in order to match the length of the native
MinC linker region. MinC non-native linker variants were purified and EMSA experiments
were performed. MinD (4 uM) was co-incubated with MinC (4 uM) WT or non-native linker
variants and hex-labelled DNA, in a buffer containing ATP and MgCl». It was found that
altering MinC’s linker region resulted in impairment of DNA binding (Figure 23).

Figure 22. Modelled structure of E. coli MinC. Crystal structures of MinC N-terminal and C-terminal domains
were obtained from the protein data bank (https://www.rcsb.org/) with IDs 4l1c (23) and 5xdm (24), respectively.
Linker region is represented with dashes. Image was created by Dr. Mehmet Ali Oztiirk.
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Figure 23. DNA-binding activity of MinC non-native linker variants. MinD (4 nM) was co-incubated with MinC
(4 uM) WT or non-native linker variants and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 1 mM
ATP and 5 mM MgCl.. a) Representative native-PAGE (EMSA) gel showing DNA-binding activity of MinC WT
and non-native linker variants. b) Bar plot showing quantification of DNA binding (in %) of MinC WT and non-

native linker variants. Experiments were performed thrice and mean£S.E.M. is plotted in the graph.

At first, we speculated that probably the length of the MinC linker is critical for the
DNA binding. The aforementioned 4x construct has 20 amino acids as the linker, while the
WT linker consists of only 19 amino acids. In the 4x AGGSG construct, the final glycine
residue in the fourth pentapeptide repeat was eliminated and this protein (3x AGGSG+AGGS)
was purified, and EMSA experiments were performed. Similar to the other MinC non-native

linker variants, DNA binding was impaired with this MinC linker variant too (Figure 24).

Next, we speculated that the amino acid sequence of the MinC linker is critical for the
DNA binding. For this purpose, the native residues of EcMinC’s linker were retained while
playing around only with the length of this linker. Three MinC native linker variants, namely
MinCA102-105 - MinCA102-109 and MinCA102-114 were purified and EMSA experiments were
performed. Surprisingly, it was found that altering the length of the native linker also impaired
the DNA-binding ability (Figure 25). Taken together these observations, we interpreted that
not only the amino acid sequence but also the length of the MinC linker plays a vital role in the
DNA-binding ability of the MinC.
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Figure 24. DNA-binding activity of a MinC non-native linker variant having same linker length as WT. MinD (4
puM) was co-incubated with MinC (4 uM) WT or non-native linker variant and 50 nM of hex-labelled DNA (52
bp) in a buffer containing 1 mM ATP and 5 mM MgCl.. a) Representative native-PAGE (EMSA) gel showing
DNA-binding activity of MinC WT and non-native linker variant. b) Bar plot showing quantification of DNA
binding (in %) of MinC WT and non-native linker variant. Experiments were performed thrice and mean+S.E.M.

is plotted in the graph.
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Figure 25. DNA-binding activity of MinC native linker variants. MinD (4 uM) was co-incubated with MinC (4
puM) WT or native linker variants and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 1 mM ATP and
5 mM MgCl.. a) Representative native-PAGE (EMSA) gel showing DNA-binding activity of MinC WT and
native linker variants. b) Bar plot showing quantification of DNA binding (in %) of MinC WT and native linker

variants. Experiments were performed thrice and meantS.E.M. is plotted in the graph.

Using the MiInCR!3A mutant, we have shown that alternating copolymers of
MinC/MinD are not needed for the DNA-binding activity. We questioned whether MinC
heterodimers, formed with MinC WT and one of the non-native MinC linker variants, can
retain the DNA-binding ability. For this purpose, MinC 4x AGGSG linker variant was used.
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EMSA experiments were performed similar to that of the MinCR™*A study, except here we
used way less concentration of the MinC non-native linker variant. Interestingly, it was found
that as little as 1 uM of the MinC non-native linker variant reduced the DNA-binding ability
of MinC WT by ~10 % (Figure 26). At an equimolar concentration of MinC WT and the non-
native linker variant, the DNA-binding ability of MinC WT was brought down to the basal
level (Figure 26). We questioned if varying the length of the MinC’s linker affected its ability
to bind to MinD. To study this, liposome co-sedimentation assay was performed as described
before. It was found that all the MinC linker variants (with both native and non-native linker
residues) retained their MinD-binding ability as good as the MinC WT (Figure 27).

In one of our earlier EMSA experiments, we studied MinCN*®™ and MinC®*™, and
found that the DNA-binding activity was impaired. Those MinC deletion mutants were devoid
of the linker. We next questioned whether adding the native linker to these MinC N- and C-
terminal domains show any increased DNA binding. For studying this, we constructed five
constructs namely, 1) MinCN®™ with the native linker; MinCN-tm*inker /2y native linker with
MinCC-em: MinClinker+C-term -3y MinCN-®™ with the native linker followed by a leucine zipper
from Saccharomyces cerevisiae general control protein 4 (GCN4) (bZIP); MinCN-term+linker_
bZIP, 4) maltose-binding protein (MBP) followed by bZIP; MBP-bZIP, and 5) maltose-binding
protein (MBP) with the MinC native linker followed by bZIP; MBP'"™"_hZIP (Figure 28a).
Proteins were purified and EMSA experiments were performed. The experiments were
performed in the presence and the absence of MinD. In the absence of MinD, no DNA binding
was observed with MinC WT, MinCN-term#linker and MinC'inker*C-em o, the other hand, in the
presence of MinD, MinC WT and MinC'"ker+C-em ex hipited DNA-binding activity (Figure 28b
and c). In fact, MinC'inker*C-em had even higher DNA-binding activity than that of the MinC
WT (Figure 28b and c). The DNA-binding activity of MinCN-erm+linker was slightly higher than
that of the background, and the presence or the absence of MinD had no effect (Figure 28b
and c¢). When using the MinCN-em+inker_h71p - MBP-bZIP and MBP'™-hZIP, interestingly,
MinCN-terminker_h71p exhibited DNA binding slightly higher than that of the MinC WT but
lower than that of MinC'"ke*CeM “and unlike the MinC WT, the presence or the absence of
MinD had no effect (Figure 28b and d). MBP-bZIP, which was used as a negative control,
exhibited no DNA-binding activity (or meager). MBP'""™"_bZIP, on the contrary, exhibited
DNA binding albeit only half of what has been seen for the MinC WT (Figure 28b and d),
and the presence or the absence of MinD had no effect.
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Figure 26. MinC non-native linker variant (4x AGGSG) inhibits the DNA-binding ability of MinCVT/MinD.
MinD (4 uM) was co-incubated with MinC (4 uM) and 50 nM of hex-labelled DNA (52 bp) in a buffer containing
5 mM MgCl, and 1 mM ATP, and with increasing concentration of MinC*<AGCSCG_a) Representative native-PAGE
(EMSA) gel showing DNA-binding activity of MinCD with increasing concentration of MinC*AC6SC_ ) Bar plot
showing quantification of DNA binding (in %) of MinCD with increasing concentration of MinC* AGGSC,

Experiments were performed thrice and mean£S.E.M. is plotted in the graph.
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Figure 27. Liposome co-sedimentation assay with MinC linker variants. MinD WT (2 uM) was co-incubated with
MinC (2 uM) WT or linker variants and 0.5 mg/ml of liposomes in a buffer containing 1 mM ATP and 5 mM
MgCl.. a) Representative SDS-PAGE gels showing fraction of MinC WT and linker variants in the supernatant
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(S) and the pellet (P) after the liposome co-sedimentation assay. b) Bar plots showing quantification of MinC WT
and linker variants in the supernatant and the pellet after the liposome co-sedimentation assay. Experiments were

performed thrice and mean+S.E.M. is plotted in the graph.
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Figure 28. E. coli MinC native-linker sequence exhibits DNA binding in electrophoretic mobility shift assay
(EMSA). a) Schematics of proteins used in this study. b) Representative gel image showing DNA binding by
MinC native-linker sequence. Maltose binding protein (MBP) with leucine zipper (bZIP) and MBP with MinC
linker and bZIP were used as controls. ¢) and d) Bar graphs showing quantification of DNA binding by MinC

native-linker sequence. Experiments were performed three times and mean+SEM are plotted in the graph.
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2.1.8. FtsZ inhibits the DNA-binding ability of MinC/MinD

MinC G10 residue has been shown to interact with FtsZ, and mutation of glycine to
aspartate at this position resulted in the impairment (21,22,79). From our earlier EMSA
experiments, we know that G10D mutation impairs the DNA binding electrostatically. Based
on this observation, we questioned whether FtsZ and the DNA binding interface on MinC
overlap. To study this, EMSA experiments were performed in presence of excess of FtsZ.
MinD WT (4 uM) was co-incubated with MinC WT (4 uM) and hex-labelled DNA. At
different time points, with an interval of 2 min, 10 uM FtsZ was added to the reaction mixture.
If the binding interface(s) overlap, depending on the time of addition of excess FtsZ, the DNA-
binding activity of MinC should be impaired. As expected, FtsZ inhibited the DNA-binding
activity of MinC with time (Figure 29). This experiment suggests that FtsZ and the DNA-
binding interface on MinC overlap.
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Figure 29. FtsZ inhibits the DNA-binding ability of MinC/MinD. MinD (4 uM) was co-incubated with MinC (4
puM) and 50 nM of hex-labelled DNA (52 bp) in a buffer containing 5 mM MgCl, and 1 mM ATP, and at regular
intervals FtsZ (10 uM) was added. a) Representative native-PAGE (EMSA) gel showing DNA-binding activity
of MinCD with FtsZ. b) Bar plot showing quantification of DNA binding (in %) of MinCD with FtsZ. Experiments
were performed thrice and mean+S.E.M. is plotted in the graph.
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2.1.9. FtsZ interaction of MinC®% is impaired

Min system is involved in the proper placement of Z-ring in E. coli. Additionally, we
propose that MinC/MinD are involved in chromosome segregation. In order to study the
chromosome segregation in vivo, we needed a mutant of MinC/MinD, which in theory, should
not disturb the cell division but the DNA-binding ability should be impaired. We have a
candidate MinC mutant, G10D, in which the DNA-binding activity is impaired. But, this
mutant has impaired function with FtsZ too (21,22,79).

To make a proper comparison with MinC®°P, we needed another MinC mutant in
which the DNA-binding ability should be retained, while the inhibition of FtsZ should be
impaired. For studying the MinC impairment in inhibitng the FtsZ polymerization, we
performed cell viability spot assay. Overexpression of MinC and MinD in E. coli cells result
in a lethal phenotype (no bacterial growth). On the contrary, if a MinC mutant has impaired
function with FtsZ, E. coli cells can still able to divide by forming mini-cells (anucleate) and
nucleate cells (bacterial growth). E. coli minC and minD, with their native ribosome binding
sites, were cloned into the pBAD33 vector. Additionally, point mutations namely, G10A,
G10D, G10P, and G10R were introduced in MinC. Upon the addition of arabinose to the media,
the proteins are expressed. Figure 30a shows an overview of the cell viability spot assay. It
was found that at higher arabinose concentration (0.1 %), MinC®°A exhibited a lethal
phenotype similar to that of the MinC WT (Figure 30b). On the other hand, MinC®°P and
MinCC% exhibited a non-lethal phenotype (Figure 30b). MinC®°R exhibited an intermediary
behavior (Figure 30b).

Cell viability spot assay was also performed for the MinC non-native and native linker
variants to study whether the linker has any role in the FtsZ inhibition. First, we studied MinC
WT and the linker variants in the absence of MinD. Unlike the previous study, MinC (WT or
the mutants) has to be overexpressed way higher in order to induce lethality. For this purpose,
MinC (WT or the mutants) was cloned into the pET28a vector and transformed into E. coli
Rosetta™(DE3)pLysS strain. And, spotting was done on agar plates containing different
concentrations of IPTG. Other steps were similar to the previous study. It was found that all

the linker variants had slight to moderate impairment in the FtsZ interaction (Figure 31).
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plate images showing cell viability of MinC WT and point mutants.
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Figure 31. MinC linker variants show slight to moderate impairment in FtsZ interaction. a) Representative agar
plate images showing cell viability of MinC non-native linker variants. b) Representative agar plate images

showing cell viability of MinC native linker variants.

Next, we studied the same with the presence of MinD. For this purpose, we went back
to the pBAD33 backbone and spotting was done on plates with different arabinose
concentrations. Surprisingly, now MinC with only two linker residues (GS) lost its ability to
interact with FtsZ completely (Figure 32). While the other linker variants exhibited only slight
impairment in the FtsZ interaction (Figure 32). Taken together the data from the cell viability
spot assays, we interpreted that MinC®% has impairment in the FtsZ interaction similar to that
of the MinC®!%P_ Additionally, when MinC is in a soluble form (cytoplasmic), the linker length
only plays a minor role in the FtsZ polymerization inhibition. On the other hand, when MinC
gets recruited to the cell membrane via MinD, the linker length must be greater than 2 residues
in order to inhibit the FtsZ polymerization. Therefore, we conclude that in a WT strain MinC’s

linker length plays an important role in inhibiting the FtsZ polymerization.
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Figure 32. MinC’s linker length plays a role in FtsZ interaction when recruited to cell membrane by MinD. a)
Representative agar plate images showing cell viability of MinC non-native linker variants. b) Representative agar

plate images showing cell viability of MinC native linker variants.

2.1.10. MinC N-terminal bZIP synthetic construct co-localizes with E. coli chromosome in vivo

Our new hypothesis revolves around the notion that not only MinD but also MinC aid
in the chromosome segregation in E. coli. In the EMSA experiments, MinC'"e+C-term exhipited
the strongest DNA binding (Figure 28). However, this construct exhibited DNA binding only
with the presence of MinD. | speculated that expression of both MinC'"ke*C-tem gandg MinD
inside E. coli cells will recruit most of MinC'"e*C-™ g the membrane and co-localization
might not be observed. So, | decided to use the MinCN-eM*inke_h7p synthetic construct with
the mruby3 gene fused downstream to the leucine zipper (pTrc99a-MinCN-tem+inker 7 p_
mRuby3) for the co-localization study (Figure 33). pTrc99a-MBP-bZIP-mRuby3 construct
was used as a negative control for the comparison. It could be seen that MinCN-em+inker_py7p_
mRuby3 co-localized with the nucleoid while the protein without the native linker (MinCN-te™-
bZIP-mRuby3) and MBP-bZIP-mRuby3 were dispersed throughout the cell (Figure 33).
Moreover, cells expressing MinCN*®™-pZIP-mRuby3 exhibited a filamentous phenotype
(Figure 33). With the introduction of the G10D mutation to MinCN-e™M*inker_h7|1p_mRuby3,
the co-localization was found not to be affected (Figure 34). Microscopy experiments were
also performed in an E. coli MG1655 hu-gfp strain (81). Again, co-localization was observed
with MinCN-em+inker_n7|p_mRuby3, while MinCN*™-bZIP-mRuby3 and MBP-bZIP-mRuby3
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did not co-localize with the nucleoid (Figure 35). Expression of MBP-bZIP-mRuby3 in the
hu-gfp strain exhibited an improper nucleoid segregation and cell division (Figure 35), while
the expression of MinCN*™M-pZIP-mRuby3 exhibited a cell elongation (Figure 35), albeit not

like the filamentation phenotype observed in the AminB counterpart (Figure 33).

a PTn: b PTrc C PTm
%in C“"G"Inative linker|bZIP mruby:a— bZIP Aqmn crtem| ZIP| mrubyfa—
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1 residue index 126 101
DIC
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Figure 33. In vivo co-localization of MinCN-em+inker_h7|p in AminB E. coli cells. Microscopy images of AminB
E. coli cells transformed with the indicated constructs. a) MinCN-teminker_y7|p.mRuby3, b) MBP-bZIP-mRuby3
and ¢) MinCN*™-pZ|P-mRuby3. Protein expression was induced with 100 uM IPTG for 3 hours. Scale bar = 3

um. Microscopy images were taken by Emir Bora Akmerig.
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Figure 34. In vivo co-localization of MinCN-term/G10D+inker+bZIP jn AminB E. coli cells. Microscopy images of AminB
E. coli cells with the indicated construct. Protein expression was induced with 100 uM IPTG for 3 hours. Scale

bar = 3 um. Microscopy images were taken by Emir Bora Akmerig.
GFP mRuby3

Figure 35. In vivo co-localization of MinCN-trm+inker_y7|p in hu-gfp E. coli cells. Microscopy images of hu-gfp

E. coli cells transformed with the following constructs; a) MinCN-em+inker_71p_mRuby3, b) MBP-bZIP-mRuby3
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and ¢) MinCN*™-pZ|P-mRuby3. Protein expression was induced with 100 pM IPTG for 3 hours. Scale bar = 3

um. Microscopy images were taken by Emir Bora Akmerig.

2.2. MinE-eYFP fusion protein characterization

2.2.1. Overexpression of MinCC®°PDE-eYFP in a AminB strain exhibits a lethal phenotype
When E. coli MG1655 AminB strain was transformed with a pBAD33-MinC®°°DE-

eYFP construct, at the highest arabinose induction concentration (0.1 %), | found cells
exhibiting Sep (-) phenotype (Figure 36a) and die (a lethal phenotype) in the cell viability spot
assay. An earlier study has shown that MinC®°® has impaired binding to FtsZ, suggesting that
the septum ring can form at any position inside the cell giving rise to mini-cells and variably
sized nucleated cells (a viable phenotype) (21,22,79). To eliminate the observed discrepancy,
the E. coli MG1655 AminB strain was transformed this time with a pPBAD33-MinC®°°DE
construct and performed the cell viability spot assay again. This time, | found cells exhibiting
Sep (+) phenotype (viable phenotype) (Figure 36b). These observations hinted to me that the
C-terminal tagging of MinE with eYFP impaired MinE’s function. With these observations as
the starting point, I looked into the available literature and tried to gain insights regarding the
functional impairment of MinE fusion proteins. | found two studies from de Boer et al. who
made similar observations like me yet in a different context (37,58). In those two studies, they
did not further investigate to understand the mechanism behind the functional impairment of
MinE-GFP. So, to understand the mechanism behind the functional impairment of MinE fusion
protein (fluorescent protein fused downstream to MinE), | characterized MinE-eYFP in vitro,

in vivo, and in silico.

2.2.2. In vivo complementation of mini-cell phenotype of a AminB strain by MinE-eYFP is

impaired compared to untagged MinE

To verify the phenotypic observations made by the earlier studies (37,58), E. coli
MG1655 AminB strain transformed with either pBAD33-empty or pBAD33-MinCDE or
pBAD33-MinCDE-eYFP plasmid, and E. coli MG1655 WT strain transformed with pBAD33-
empty plasmid were imaged under the microscope, and cell length and mini-cells were

quantified. Figure 37 shows the schematics of the constructs used for the microscopy studies.
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Figure 36. Lethal and viable phenotypes of MinE with and without eYFP, respectively, by cell viability spot
assay. The indicated plasmids were transformed into E. coli MG1655 AminB strain. Protein expression was

induced with different concentrations of arabinose (0.0015 — 0.1 %).
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Figure 37. Schematics of pBAD33-MinCDE (a) and pPBAD33-MinCDE-eYFP (b) constructs. Between MinE and
eYFP, nucleotides specific for BamHI restriction enzyme was included followed by additional nine nucleotides
coding for amino acids ‘GGG’ (linker). Image was taken from Palanisamy et al. (47) under a Creative Commons

Attribution 4.0 International License.

The percentage of cells with cell length >4 um was found to be the highest in E. coli
MG1655 AminB cells transformed with the pBAD33-empty plasmid (17 %), followed by E.
coli MG1655 AminB cells transformed with the pBAD33-MinCDE-eYFP plasmid (9.8 %)
(Figure 38). On the other hand, AminB cells transformed with the pBAD33-MinCDE plasmid
exhibited 3 fold less number of cells with cell length >4 um compared to the pBAD33-
MinCDE-eYFP plasmid (Figure 38). In the E. coli MG1655 WT strain transformed with the
pBAD33-empty plasmid (positive control), only 0.3 % of cells exhibited cell length >4 um
(Figure 38).

The percentage of mini-cells with respect to the total number of cells, when transformed
with the different plasmid constructs, was also quantified. Again, the percentage of mini-cells
was found to be the highest in E. coli MG1655 AminB cells transformed with the pBAD33-
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empty plasmid, followed by the pBAD33-MinCDE-eYFP plasmid (Figure 39). When E. coli
MG1655 AminB cells were transformed with the pPBAD33-MinCDE plasmid, the percentage
of mini-cells was nearly halved compared to the pPBAD33-MinCDE-eYFP plasmid (Figure
39).
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Figure 38. Histograms showing the cell length frequencies after transforming E. coli MG1655 WT and AminB
strains with the indicated constructs. Protein expression was induced with 0.0001 % arabinose for 3 hours. The
percentages in histograms represent cells with cell length >4 um. Image was taken from Palanisamy et al. (47)

under a Creative Commons Attribution 4.0 International License.

2.2.3. MinE-eYFP is vulnerable to aggregation

In order to have a better mechanistic understanding of MinE-eYFP’s functional
impairment, and to have better control over the protein levels in the assays, we moved for in
vitro characterization of the proteins. The proteins purified in the present study, by default,
were overexpressed in E. coli Rosetta™ (DE3) pLysS strain at 37 °C for 3 hours. We observed
that MinE when expressed alone, only half of the protein remained in the supernatant (soluble)
(Figure 40). eYFP, on the other hand, when expressed alone most of the protein remained in
the supernatant (Figure 40). By fusing eYFP downstream to MinE, we found that all the
proteins were lost in the pellet (insoluble) during ultracentrifugation of the cell lysate (Figure

40). Microscopy analysis of E. coli Rosetta™ (DE3) pLysS strain expressing MinE-eYFP at

43



37 °C for 3 hours showed the presence of inclusion bodies (Figure 41). To avoid aggregation,
MinE-eYFP was overexpressed at 18 °C for 12 hours for the protein purification. Similar
observation was also made when MiInE was fused downstream with either GST (MInE-GST;
glutathione S-transferase) or MBP (MinE-MBP; maltose-binding protein) albeit in the case of
MBP nearly 1/3™ of the protein was found in the supernatant (Figure 40).

60

N
<
1768

n
1589

MG1655[AminBpBAD33emy
MG1655[WT]pBAD33emy
MG 1655[AminB]pBAD33MncoE

MG 1655[AminB]pBAD33MnCoE-eYFP

Figure 39. Bar plot showing mini-cells (in %) observed after transforming E. coli MG1655 WT and AminB strains
with the indicated constructs. n = total number of cells. Image was taken from Palanisamy et al. (47) under a
Creative Commons Attribution 4.0 International License.
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Figure 40. MinE-eYFP is prone to aggregation and is found in the insoluable fraction. Representative Coomassie-
stained SDS-PAGE gels showing soluable and insoluable fractions of proteins when overexpressed in E. coli
Rosetta™ (DE3) pLysS strain at 37 °C with the indicated constructs. Image was taken from Palanisamy et al. (47)
under a Creative Commons Attribution 4.0 International License. The white arrow indicates the band representing

the overexpressed protein, and for the simplicity, the arrow is shown only next to the soluble fraction.
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Considering MinE-eYFP’s tendency to form aggregates in vivo, we studied in vivo
localization of MinE-eYFP under two different protein expression levels. For this study, the
pBAD33-MinCDE-eYFP plasmid was transformed into AminB strain and the protein
expression was induced with either 0.0001 % or 0.1 % arabinose. With the low arabinose
concentration, normal pole-to-pole oscillations and formation of E-rings were observed in
nearly 95 % of cells (Figure 42). On the other hand, with the high arabinose concentration,
pole-to-pole oscillations were irregular and/or stationary fluorescent clusters were observed in
nearly 90 % of cells (Figure 42). Moreover, the cells were extremely long compared to AminB
cells transformed with the pBAD33-MinCDE plasmid at 0.1 % arabinose concentration
(Figure 43).

bright-field eYFP

Figure 41. MinE-eYFP forms inclusion bodies in vivo at high concentrations. Representative fluorescence
microscopy image showing the presence of inclusion bodies when MinE-eYFP was overexpressed in E. coli
Rosetta™ (DE3) pLysS strain at 37 °C for 3 hours. Scale bar = 3 um. Image was taken from Palanisamy et al.

(47) under a Creative Commons Attribution 4.0 International License.

2.2.4. MinE-eYFP cannot dislodge MinC from MinD as well as untagged MinE

To compare the ability of MinE and MinE-eYFP in displacing MinC from MinD, I
performed the liposome co-sedimentation assay. MinD is recruited to the liposome in the
presence of ATP provided no MinE is present in the reaction mixture. MinC too gets recruited
to the liposomes via MinD and found in the pellet fraction when the reaction mixture was
centrifuged. The displacement of MinC from MinD was studied with varying concentrations
of MinE or MinE-eYFP. At 1 uM MinE concentration, nearly 95 % of MinC was displaced
from MinD. On the other hand, MinE-eYFP was found to displace only ~40 % of MinC from

MinD at the same concentration (Figure 44).
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Figure 42. Fluorescence time-lapse microscopy images of E. coli MG1655 AminB strain transformed with
pBAD33-MinCDE-eYFP plasmid, showing MinE-eYFP localization at 0.0001 % (a) and 0.1 % (b, c) arabinose
induction levels. Scale bar = 3 um. Arrow indicates a stationary fluorescent cluster. Image was taken from

Palanisamy et al. (47) under a Creative Commons Attribution 4.0 International License.

2.2.5. MinE-eYFP cannot dislodge MinD from the membrane as well as untagged MinE

In the previous experimental setup, we cannot discern whether MinE or MinE-eYFP
can enhance the ATPase activity of MinD as MinC, if present, has to be first displaced by MinE
or MinE-eYFP before enhancing the ATPase activity of MinD. Although MinE-eYFP is
impaired in displacing MinC, it could still be that it enhances the ATPase activity of MinD as
well as untagged MiInE. To study this, we performed the liposome co-sedimentation assay again
but this time omitting MinC in the reaction. We found that MinE at 0.25 uM concentration, a
2-fold increase in displacement of MinD from the membrane was observed compared to having
no MinE (Figure 45). MinE-eYFP, on the other hand, a 2-fold increase in the displacement of
MinD from the membrane was observed only at 1 uM concentration compared to having no
MinE-eYFP (Figure 45).
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Figure 43. Expression of MinE-eYFP at high arabinose induction level (0.1 %) results in cell elongation. Box and
whiskers plot showing the cell length when E. coli MG1655 AminB strain was transformed with the indicated
plasmids and the protein expression was induced with 0.1 % arabinose. n = total number of cells quantified. Image

was taken from Palanisamy et al. (47) under a Creative Commons Attribution 4.0 International License.

2.2.6. MinE-eYFP is able to bind to MinD

From the liposome co-sedimentation assays, we cannot find out whether the MinE-
eYFP’s impairment in displacing MinD from the membrane is due to loss of MinD binding or
due to MinE-eYFP’s inability to induce the ATPase activity of MinD. To answer this question,
we performed the pull-down assay. For this assay, we used a variant of MinD (MinDP40AA10)
which lacks the membrane targeting sequence and also aspartate at position 40 was mutated to
alanine. This variant cannot hydrolyze ATP and remains soluble, and is ideal for studying the
binding of MinE to MinD (32). The assay was performed in the presence of ADP or ATP. It
was found that MinDP4%A10 mytant binds to MInE 8.4-fold more in the presence of ATP
compared to ADP (Figure 46). On the other hand, MinDP*AA10 mytant was found to bind to
MinE-eYFP 3.5-fold more in the presence of ATP compared to ADP (Figure 46). Taken
together the data from the liposome co-sedimentation and pull-down assays, they suggest that
MinE-eYFP, despite able to bind to MinD, is unable to induce the ATPase activity of MinD.
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Figure 44. MinE-eYFP shows impairment in displacing MinC from MinD in the co-sedimentation assay. (a)
Representative Coomassie-stained SDS-PAGE gels after co-sedimentation assay performed with fixed
concentration of MinD and MinC and increasing concentration of MinE and MinE-eYFP. (b, c) Bar plots showing
quantification of MinC (in %) in the supernatant (S) and the pellet (P) with increasing MinE (b) and MinE-eYFP
(c) concentrations. Experiments were done thrice and mean+SEM is plotted in the graph. Image was taken from
Palanisamy et al. (47) under a Creative Commons Attribution 4.0 International License.
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Figure 45. MinE-eYFP shows impairment in displacing MinD from the membrane in the co-sedimentation assay.
(a) Representative Coomassie-stained SDS-PAGE gels after co-sedimentation assay performed with fixed
concentration of MinD and increasing concentration of MinE and MinE-eYFP. (b, c) Bar plots showing
quantification of MinD (in %) in the supernatant (S) and the pellet (P) with increasing MinE (b) and MinE-eYFP
(c) concentrations. Experiments were done thrice and mean£SEM is plotted in the graph. Image was taken from

Palanisamy et al. (47) under a Creative Commons Attribution 4.0 International License.

2.2.7. Computational analysis of MinE-eYFP predicted reduced accessibility of membrane

targeting sequence and R21 in MinE

As stated in the introduction, MiInE is a highly dynamic protein and possesses three
functional regions namely; 1) N-terminal membrane targeting sequence, 2) anti-MinCD
domain and 3) dimerization domain. Affecting the function of any of these regions can cause
functional impairment in MinE-eYFP. We went for a computational approach to further
identify the differences between MInE and MinE-eYFP in the aforementioned functional

regions. Dr. Mehmet Ali Oztiirk performed coarse-grained replica-exchange molecular
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dynamics simulations with modeled MinE and MinE-eYFP structures and studied the
accessibility of the functional regions from the generated ensembles. He found that the
accessibilities of the N-terminal membrane targeting sequence and the amino acid at position
21 in the anti-MinCD domain, needed for the activation of the MinD ATPase activity, were
reduced in the fusion protein. He further found that the dimerization interface of MinE in MinE-

eYFP was not affected. To test these computational predictions, | performed further in vitro

experiments.
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Figure 46. MinE-eYFP binds to MinDP*0AA10 jn the pull-down assay. (a) Representative Coomassie-stained SDS-
PAGE gel after the pull-down assay of MinDP4CA20 with either MinE or MinE-eYFP in presence of ADP or ATP.
(b) Bar plot showing quantification of MinDP4*A210 (in %) in the elution. Experiments were done thrice and
meanzSEM is plotted in the graph. Image was taken from Palanisamy et al. (47) under a Creative Commons

Attribution 4.0 International License.

2.2.8. MinE-eYFP is not able to bind to the membrane as predicted computationally

Shih et al. have shown that direct MinE membrane binding and self-assembly properties
of MinE are needed for the proper functioning of the Min system in E. coli (28,82). To study
the membrane binding ability of MinE-eYFP, | performed membrane-binding assay as shown
by Shih et al. (28). The N-terminal membrane targeting sequence of MinE is in an equilibrium
between ‘closed’ and ‘open’ states. In the ‘open’ state, MinE can interact with the membrane
and dissociate in the ‘closed’ state. So, in the membrane-binding assay, a small fraction of
MinE is always found in the pellet. | performed the assay in the presence and absence of
liposomes. | found that with the presence of liposomes, the recruitment of MinE to the pellet
was increased by ~4-fold (Figure 47). On the other hand, no significant difference was seen in
the recruitment of MinE-eYFP to the pellet with the presence or absence of liposomes (Figure
47). Moreover, the percentage of MinE-eYFP in the pellet was high both in the presence and

absence of liposomes indicating aggregation. | questioned whether MinE-eYFP’s inability to
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induce the ATPase activity of MinD in the liposome co-sedimentation assay is due to a lack of
membrane binding. To understand further, | created and purified a MinE mutant lacking the
first 12 amino acids responsible for the membrane binding (MinE®#), and performed the
liposome co-sedimentation assay with MinD. | found that MinE3® could efficiently displace
MinD from the membrane as well as the MinE WT (Figure 48). This observation suggests that
direct membrane association by MinE is not needed for activating the ATPase activity of MinD
in the liposome co-sedimentation assay.

2.2.9. MinE-eYFP dimerization interface is not affected as predicted computationally

Computational analysis predicted that the dimerization interface of MIinE in MinE-
eYFP is not affected. To study the dimerization properties of MinE and MinE-eYFP, |
performed size-exclusion chromatography. At the studied concentration (13 puM), a major
proportion of MinE was found as a tetramer in line with the previous finding (83), while MinE-
eYFP was found as a dimer (Figure 49). This observation complements our computational

prediction that the dimerization interface is not affected.
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Figure 47. MinE-eYFP binding to membrane is impaired. (a) Representative Coomassie-stained SDS-PAGE gel
after performing the membrane-binding assay with MinE or MinE-eYFP in presence or absence of liposomes. (b)
Bar plot showing quantification of MinE and MinE-eYFP (in %) in the pellet. Experiments were done thrice and
mean+SEM is plotted in the graph. Image was taken from Palanisamy et al. (47) under a Creative Commons
Attribution 4.0 International License.

51



a s P S P S P S P S P

MinD (2uM) + + + + + + + + + +
MinE™® M) - - 013 0.13 025 025 05 05 1 1
MiND s

MinEIS-BB_

—
o
o

o
N
o

u Pellet
m Supernatant

o
[N
(3}

Fraction of MinD in the
supernatant and pellet
o
0
o

o
o
S

0 0.13 025 05 1
MinE"38 Conc. (uM)

Figure 48. Membrane binding of MInE is not needed for enhancing the ATPase activity of MinD. (a)
Representative Coomassie-stained SDS-PAGE gel after co-sedimentation assay performed with fixed
concentration of MinD and increasing concentration of MinE**#8, (b) Bar plot showing quantification of MinD
(in %) in the supernatant (S) and the pellet (P) with increasing MinE*% concentration. Experiments were done
thrice and mean+SEM s plotted in the graph. Image was taken from Palanisamy et al. (47) under a Creative
Commons Attribution 4.0 International License.
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Figure 49. MinE-eYFP forms dimers. Size exclusion chromatography analysis of MinE and MinE-eYFP, both at
13 uM concentration. Bovine serum albumin (BSA) and carbonic anhydrase (CA) were used as size markers and
are indicated with black arrow with sizes 66 and 29 kDa, respectively. Image was taken from Palanisamy et al.
(47) under a Creative Commons Attribution 4.0 International License.
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2.3. SiMPI plasmid toolbox

2.3.1. SiMPI plasmid pair based on kanamycin
For splitting aminoglycoside phosphotransferase (APT), which confers resistance
against kanamycin, a previously published split-site was chosen (84). Figure 50 shows the

plasmid maps of SiMPI plasmid pair based on kanamycin.
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APT™®  SGY  gpdl-1N APT'1%271 §55 gp41-1°
Figure 50. Plasmid maps of SiMPI* plasmid pair based on kanamycin. DNA fragments corresponding to amino
acid residues 1-118 and 119-271 of aminoglycoside phosphotransferase (APT) were amplified independently and
assembled with DNA fragments of gp41-1 N and C-inteins, respectively, and with the respective backbones
(pBAD33 or pTrc99a) by the Gibson Assembly® method. Figure shows important features found in pSiMPI¥ N
(a) and pSiMPI*_C (b) plasmids constituting the SiMPI* plasmid pair. Image was taken from Palanisamy et al.

(85) under a Creative Commons Attribution 4.0 International License.

The assembled pSiMPI¥_N and pSiMPI¥_C plasmids were transformed into E. coli cells
either individually or together. It could be seen that only when both the pSiMPI* N and
pSiMPI®_C plasmids were transformed together, colonies appear on a kanamycin containing

nutrient agar plate (Figure 51).

pSiMPIk_N pSiMPIk_C both
» — 9 /7/",\\ - /@\\
4 o \

Figure 51. Agar plate images showing the growth of bacterial colonies only when both the pSiMPI*_N and
pSiMPI¥_C plasmids were transformed together into TOP10 E. coli cells. Hundred ng each of Gibson assembled®
pSiMPI¥_N and pSiMPI*_C plasmids were transformed into TOP10 E. coli cells either individually or together by
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the heat shock method and screened on a nutrient agar plate containing kanamycin. An example colony is pointed

with a red arrow in the figure.

Two colonies were randomly picked from the plate and did an overnight culture
individually in a nutrient broth containing kanamycin. The plasmid DNA from the respective
clones was isolated and then visualized by running them on a 1 % agarose gel stained with
ethidium bromide. Both the pSiMPI¥_N and pSiMPI¥_C plasmids could be seen (Figure 52).
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Figure 52. Ethidium bromide-stained agarose gel showing the presence of both the SiMPI¥ plasmids. Two
colonies were randomly chosen, mini-preped and the total plasmid DNA was ran on 1 % agarose gel. From the
gel it could be seen that both the pSiMPI¥_N and pSiMPI¥_C plasmids are present. Both these plasmids exhibited
supercoiled (represented by #) and nicked/linear structures (represented by *). Image was taken and modified

from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.

The presence of both the plasmids in E. coli cells was further validated by performing
a PCR. Primers annealing to egfp and mruby3 genes were used for the PCR validation.
Additionally, primers annealing to full-length kanR gene (APT) were also used. E. coli cells
transformed with both the SiMPI¥ plasmids, when used as a template for the PCR, DNA bands
appeared for both the egfp and mruby3 genes while no band was seen when primers were used
for the full-length kanR gene (Figure 53).

The presence of both the plasmids in E. coli cells was also further validated by
performing a fluorescence microscopy. E. coli cells transformed with both the SiMPI¥ plasmids
were induced for the expression of EGFP and mRuby3 by adding arabinose and IPTG,
respectively, to the culture. Fluorescence microscopy was performed by embedding the
induced cells on an agar pad. It could be seen that E. coli cells expressed both EGFP and

mRuby3 upon induction (Figure 54).
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To confirm that inteins are needed to reconstitute APT, two mutants were created; the
first cysteine in the N-terminal of gp41-1 N intein was mutated to alanine and the final
asparagine in the C-terminal of gp41-1 C intein was mutated to alanine as well. These residues
were shown to play an important role in the intein function by an earlier study (86). It was
found that mutating asparagine to alanine resulted in a feeble APT activity, as seen by a lesser
bacterial growth compared to the WT while mutating cysteine to alanine completely abolished

the APT activity (Figure 55).
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Figure 53. Ethidium bromide-stained agarose gel showing the presence and absence of bands corresponding to
the genes of interest after PCR. When SiMPI plasmids (pSiMPI%_N + pSiMPI¥_C) were used as template, bands
were seen for egfp and mruby3 genes, while no PCR product was seen for the full length kanR gene. pET28a
plasmid DNA was used as positive and negative controls for KanR and, egfp and mruby3 genes, respectively.

Image was taken from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.
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Figure 54. Microscopy images showing the expression of EGFP and mRuby3 by the SiMPIX plasmids. Culture
was grown in a tryptone broth containing kanamycin. After attaining an ODego 0Of 0.5, expression of EGFP and
mRuby3 were induced with 0.1 % arabinose and 1 mM IPTG, respectively. Scale: 3 uM. Image was taken and

modified from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.

Transformation efficiencies of two plasmids with two different selection makers and

two plasmids with a single selection marker (i.e. with our SiMPI* plasmids) were compared. It
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was found that SiMPI¥ plasmids outperformed pBAD33+pTrc99a plasmids combination by
roughly seven-fold in yielding the number of bacterial transformants (Figure 56).

The stability of SiMPI¥ plasmids, over a long time period, was also studied by
continuously sub-culturing E. coli TOP10 cells carrying the SiMPI¥ plasmids into a fresh
nutrient broth containing kanamycin every day for over a period of 4 weeks and collecting the
bacterial pellets at regular intervals for isolation of the plasmid DNA. It was found that SiMPI¥
plasmids, like other commonly used plasmids, were stable during the entire study period
(Figure 57).
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Figure 55. Analysis of intein-mediated reconstitution for the activity of aminoglycoside phosphotransferase
(APT). a) Nutrient broth showing bacterial growth with SiMPI* gp41-1N wild type (WT) and gp41-1¢ WT
plasmids (tube #5) and, SiMPIk gp41-1N WT and gp41-1¢ mutant plasmids (tube #3). b) Bar graph showing
quantification of bacterial growth with WT and mutant SiMPI¥ plasmids. Experiments were performed three times
and mean+SEM is plotted in the graph. gp41-1N MUT = first cysteine in the gp41-1 N-intein mutated to alanine.
gp41-1¢ MUT = final asparagine in the gp41-1 C-intein mutated to alanine. Image was taken and modified from

Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.
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Figure 56. Transformation efficiencies of SiMPI¥ plasmids and pBAD33+pTrc99a plasmids combination. Bar
graph showing the number of colonies obtained after transforming E. coli TOP10 chemical competent cells with

the corresponding plasmids. Experiments were performed three times and mean+SEM is plotted in the graph.

56



Image was taken and modified from Palanisamy et al. (85) under a Creative Commons Attribution 4.0

International License.

2.3.2. SIMPI plasmid pairs based on chloramphenicol and ampicillin

No previous study exists showing a split version for chloramphenicol acetyltransferase
(CAT). To split CAT, I followed a computational approach. More specifically, | looked at the
flexibility of individual amino acids in CAT and identified two potential split sites (Figure
58a). The flexibility of a residue is directly proportional to the root mean square fluctuation
(RMSF) value. Additionally, | also considered only those residues that were surface exposed.
For splitting TEM-1 B lactamase (TEM-1BL), which confers resistance against ampicillin,
although two works of literature were available, | still went for our computational based
approach for the splitting and identified three potential split sites (Figure 58b) (87,88). It was
found that two out of the two predicted split sites for CAT and two out of the three predicted
split sites for TEM-1BL exhibited bacterial growth in a media containing the corresponding
antibiotics when transformed with the respective SiMPI plasmids (Figure 59a-c). Surprisingly,
later it was found that one of the two identified split sites for TEM-1BL namely, K213:VV214,
exhibited bacterial growth with ampicillin when transformed with only one plasmid containing

the first half of TEM-1BL and the N-intein (Figure 59d).
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Figure 57. Stability of SiMPI* plasmids. Ethidium bromide-stained 1 % agarose gel showing SiMPI¥ plasmids
isolated from bacterial cultures at regular intervals, which was grown continuously for 28 days. Image was taken

from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.

For further analysis, split sites E140:N141 (of CAT) and S104:P105 (of TEM-1BL)
were considered as SiMPI¢ and SiMPI? plasmids, respectively. Like for the SiMPIX plasmids,
the transformation efficiencies of SiMPI® and SiMPI? plasmids were compared with the

transformation efficiency of pBAD33+pTrc99a plasmids combination in E. coli TOP10 cells.
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It was found that while SiMPI® plasmids yielded 2.3-fold more bacterial transformants

compared to the pPBAD33+pTrc99a plasmids combination, SiMPI? plasmids yielded 36-fold

fewer transformants (Figure 60).
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Figure 58. Root mean square fluctuation (RMSF) analysis of chloramphenicol acetyl transferase (a) and TEM-1
B lactamase (). Sites chosen for further experimental studies are indicated by black arrows. Image was taken
from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.
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Figure 59. Quantification of bacterial colonies for the predicted splice sites of chloramphenicol acetyl transferase

(CAT) and TEM-1 B lactamase (TEM-1BL). (a, b) Bar graphs showing the number of colonies obtained after
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transforming E. coli TOP10 cells with the SiMPI plasmids constructed based on the predicted splice sites for CAT.
(c, d) Bar graphs showing the number of colonies obtained after transforming E. coli TOP10 cells with the SiMPI
plasmids constructed based on the predicted splice sites for TEM-1BL. Experiments were performed three times
and mean+SEM is plotted in the graph. Image was taken and modified from Palanisamy et al. (85) under a Creative

Commons Attribution 4.0 International License.
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Figure 60. Transformation efficiencies of SiMPI® and SiMPI? plasmids, and pBAD33+pTrc99a plasmids
combination. Bar graph showing the number of colonies obtained after transforming E. coli TOP10 chemical
competent cells with the corresponding plasmids. Experiments were performed three times and mean+SEM is
plotted in the graph. Image was taken and modified from Palanisamy et al. (85) under a Creative Commons

Attribution 4.0 International License.

Similar to the SiMPI* plasmids, the requirement for the intein-mediated reconstitution
of CAT and TEM-1BL were studied for the SIMPI® and SiMPI? plasmids, respectively. For this
study, additional to the E140:N141 splice site, the E97:Q98 splice site was also considered for
CAT. It was found that for the E140:N141 splice site, intein-mediated reconstitution was
necessary to get a functional CAT, while for the E97:Q98 splice site bringing the two fragments
to a close proximity yielded functional CAT albeit 2.5 times lesser than the reconstituted WT
CAT (Figure 61a, b). Similar to the E97:Q98 splice site for CAT, the S105:P105 splice site
for TEM-1BL yielded functional enzyme by bringing the two fragments together with activity
similar to that of the WT reconstituted TEM-1pL.

2.3.3. SiMPI plasmid pairs based on hygromycin and puromycin
We also extended the SiMPI plasmid toolbox for selecting mammalian cell lines
carrying two plasmids with a single antibiotic. Unlike for the selection of bacterial cells, only

a handful of useable antibiotics exist for selecting the mammalian cells. Two such antibiotics
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are hygromycin and puromycin. To split hygromycin phosphotransferase (HPT), which confers
resistance towards hygromycin, | took advantage of the splice site information from APT, as
HPT and APT perform the same function on different antibiotics belonging to the same
antibiotics class. On the sequence level, it was found that HPT and APT do not possess high
similarity (Figure 62a), but on the secondary structure level, high similarities were observed
(Figure 62b).
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Figure 61. Analysis of intein-mediated reconstitution for the activity of chloramphenicol acetyl transferase (CAT)
and TEM-1 B lactamase (TEM-1BL). (a, b) Bar graphs showing quantification of bacterial growth with WT and
mutant SiMPI° plasmids. ¢) Bar graph showing quantification of bacterial growth with WT and mutant SiMPI?

plasmids. Experiments were performed three times and mean+SEM is plotted in the graph. gp41-1N MUT = first
cysteine in the gp41-1 N-intein mutated to alanine. gp41-1¢ MUT = final asparagine in the gp41-1 C-intein
mutated to alanine. Image was taken from Palanisamy et al. (85) under a Creative Commons Attribution 4.0

International License.

Based on the secondary structure comparison between HPT and APT, a splice site
(E105:T106) was identified for HPT and was tested for the bacterial selection. Surprisingly, no

transformants were obtained. So, | went for the residue-fluctuation based identification of
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splice sites for HPT. I identified two potential splice sites namely, D207:N208 and E255:L.256
(Figure 63a), and tested these sites for the bacterial selection. Only two bacterial colonies were
obtained upon transformation of the splice site E255:L.256, while no colonies were obtained
for the splice site D207:N208. After plasmid isolation from the two colonies, the presence of

both the plasmids was verified by running on an agarose gel (Figure 63b).
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Figure 62. Homology of hygromycin phosphotransferase (HPT; HygR) and aminoglycoside phosphotransferase
(APT; KanR) on the amino acid sequence (a) and secondary structure (b) levels. Image was taken from

Palanisamy et al. (85) under a Creative Commaons Attribution 4.0 International License.
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Figure 63. Splice sites for hygromycin phosphotransferase (HPT). (a) Root mean square fluctuations (RMSF) of
residues of HPT. Predicted sites are indicated with an arrow. (b) Ethidium bromide-stained 1 % agarose gel
showing SiMPI" plasmids isolated from the two bacterial colonies which grew after the hygromycin selection.
Image was taken and modified from Palanisamy et al. (85) under a Creative Commons Attribution 4.0

International License.

By sequencing the plasmids from the two bacterial colonies, a mutation was identified
in the N- fragment of HPT in both the colonies where proline at position 254 was mutated to
glutamine. The effect(s) of P254Q mutation on the structure and function of HPT were further
studied. This study was entirely performed by Dr. Mehmet Ali Oztirk. It was found that adding
SGYSSS residues to the HPT WT reduces the ligand entry pocket area (Figure 64b), while the
introduction of P254Q mutation to the HPT with the SGYSSS residues resulted in an increased
ligand entry pocket area even higher than that of the HPT WT without the SGYSSS residues
(Figure 64b). | then tested whether the intein-mediated reconstitution was necessary to yield a
functional HPT. Similar to the above-mentioned antibiotics, corresponding mutants were
created for HPT and were transformed into E. coli TOP10 cells. Unlike the above-mentioned
antibiotics, intein-mediated reconstitution was studied here on an agar plate rather than on a

broth. It was found that full reconstitution was needed to get a functional HPT (Figure 65).
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Figure 64. Computational analysis of P254Q mutation on hygromycin phosphotransferase (HPT) function. (a)
Three-dimensional crystal structure of HPT showing how ligand entry pocket area was calculated. (b) Bar graph
showing ligand entry pocket area (A?) calculated for the ensembles obtained from the CABS-flex 2.0 webserver

(89). Image was taken from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International

License. Computational analysis was performed by Dr. Mehmet Ali Oztirk.
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Figure 65. Analysis of intein-mediated reconstitution for the activity of hygromycin phosphotransferase (HPT).

Bar graph showing quantification of bacterial transformants with WT and mutant SiMPI" plasmids. Experiments
were performed three times and mean+SEM is plotted in the graph. gp41-1N MUT = first cysteine in the gp41-1

N-intein mutated to alanine. gp41-1¢ MUT = final asparagine in the gp41-1 C-intein mutated to alanine. Image
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was taken and modified from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International

License.

For identifying splice sites of puromycin N-acetyltransferase (PAT), similar to CAT,
TEM-1BL, and HPT, the backbone fluctuation of residues was analyzed and four potential sites
were predicted (Figure 66a). Out of these four potential sites, only one splice site (V82:E83)
yielded bacterial transformants (Figure 66b). Two colonies were chosen randomly from the
obtained transformants and the presence for two plasmids was verified by running the isolated
plasmid on 1 % agarose gel (Figure 66c) followed by Sanger sequencing of the isolated SiMPIP
plasmids. Mutation analysis of the residues in inteins showed that intein function was not
needed albeit the presence of both the N- and C-inteins are needed for bringing the two

dysfunctional fragments together to yield the active enzyme (Figure 67).
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Figure 66. Identification of splice sites for puromycin N-acetyltransferase (PAT). (a) Root mean square
fluctuations (RMSF) of PAT residues. (b) Bar graph showing the number of colonies obtained after transforming
E. coli TOP10 cells with the V82:E83 splice site for PAT. Experiments were performed three times and
mean+SEM is plotted in the graph. (c¢) Ethidium bromide-stained 1 % agarose gel showing SiMPIP plasmids
isolated from bacterial transformants. Image was taken and modified from Palanisamy et al. (85) under a Creative

Commons Attribution 4.0 International License.
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Figure 67. Analysis of intein-mediated reconstitution for the activity of puromycin acetyltransferase (PAT). Bar
graph showing quantification of bacterial transformants with WT and mutant SiMPIP plasmids. Experiments were
performed three times and mean+SEM is plotted in the graph. gp41-1N MUT = first cysteine in the gp41-1 N-
intein mutated to alanine. gp41-1¢ MUT = final asparagine in the gp41-1 C-intein mutated to alanine. Image was

taken and modified from Palanisamy et al. (85) under a Creative Commons Attribution 4.0 International License.
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3. Discussion

3.1. MinC linker plays a vital role in the DNA binding and FtsZ interaction
For nearly a decade, our group has extensively studied the DNA binding ability of MinD

and its potential involvement in chromosome segregation in E. coli (1,51,90). Although a few
earlier studies suggested that mere entropic forces alone can achieve full chromosome
segregation (49,50), we hypothesize that for full chromosome segregation to happen, in
addition to the mere entropic forces, an active machinery is needed (51). To further strengthen
our hypothesis, in my thesis | found residues/regions on MinC, the binding partner of MinD
and co-passenger of the MinD/MinE oscillations, that are either directly or indirectly involved
in the DNA binding activity of the MinCD complex. Despite having broadened our
understanding of how MinD and MinC bind to the DNA, there are many observations that

require further studies.

3.1.1. Appearance of a higher order DNA-bound structure not responsive to MinC in the
EMSAs

As previously done by Linda Klauss (1), | found that MinC enhances the DNA-binding
ability of MinD in a concentration dependent manner (Figure 11). Moreover, | found that the
limiting factor in the DNA-binding activity of MinCD is the MinD concentration (Figure 12).
An earlier study by Di Ventura et al. has shown that MinD can bind to the DNA either in the
ATP-bound state or in the absence of any nucleotide (51). In my thesis, | observed that MinCD
can bind to DNA only when MinD is a dimer, that in the ATP-bound state. In the EMSA
experiments, in the presence of MinD or sometimes MinC (Figure 28), | see the appearance of
a variably intense DNA band with a higher-order structure compared to the unbound DNA, and
this band intensity seems not to be affected by MinC (Figure 16, Figure 23, Figure 24, Figure
26, Figure 28 and Figure 29). Interestingly, this band appears when the reaction mixture
includes ATP or when the nucleotide is absent but not in the presence of ADP (Figure 13). At
this stage, it is difficult for me to speculate anything about the reason why this band appears. |
plan to perform mass spectrometry to find out which protein(s) is(are) responsible for shifting
the DNA and bring it to migrate at that position in the gel.

3.1.2. Co-polymer formation and DNA binding

Two groups have previously shown that MinC and MinD form alternating co-polymers
in vitro (91,92). A study by Lutkenhaus et al. has shown using MinC and MinD mutants that

these copolymers are not needed for the Min system to function in vivo in mid-cell
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determination (78). From the EMSA experiments, | found that excess of MinCR33A (a MinC
mutant lacking the ability to bind to MinD) (78) was unable to impair the DNA-binding activity
of the MinCD complex (Figure 14). This observation supports the notion that alternating co-
polymers of MinC and MinD are not needed for DNA binding. At first sight, these results are
in contradiction with those obtained by Linda Klauss, since she saw that an excess of MinCR!33A
led to a decrease in DNA binding by MinCD (1). However, it should be noted that she
performed liposome co-sedimentation assays and not EMSA assays. In the EMSAs, the
protein-DNA complexes are resolved based on mass, shape and total charge; in the liposome
co-sedimentation assays, on the other hand, the complexes are resolved purely based on mass.
Moreover, from the EMSA experiments, it is difficult to distinguish affinity from avidity. For
example, assuming that a DNA binding unit consists of a MinD dimer and MinCWT/R133A
heterodimer, though this binding unit cannot form co-polymers, it still can bind to the DNA in
close proximity to one another. On the other hand, in the liposome co-sedimentation assays, in
order to bring plasmid DNA to the pellet, co-polymer formation on the liposomes might
increase the avidity of the MinCD complex for the DNA thereby bringing more DNA to the
pellet. Due to these reasons, DNA binding was observed in the EMSA experiments while
reduced DNA binding was observed in the liposome co-sedimentation assays with the excess
of MinCR3A | conclude that co-polymer formation is not needed for the DNA-binding ability
of the MinCD proteins. So far, the alternating co-polymers of MinC and MinD have not been

visualized in vivo and their functional relevance has yet to be established.
3.1.3. MinC G10 residue in the DNA binding and dimerization

MinC G10 residue has been shown to interact with FtsZ (21,22,79). In my thesis, by
performing EMSA experiments, | have shown that mutation of this glycine to aspartic acid
nearly abolishes DNA binding (Figure 16). This is in line with a previous study from our group
(1). Interestingly, however, in liposome co-sedimentation assays, MinC®°® showed reduced
DNA pelleting ability (60 % compared to WT), rather than no pelletting (1). From the CD
spectroscopy data, it was found that substitution of aspartic acid with glycine did not
significantly affect the secondary structural elements of MinC, thereby suggesting that the
DNA-binding impairment is purely electrostatic (Figure 19 and 20). On the other hand,
deletion of the first 20 amino acids in the very N-terminus of MinC did not abolish DNA
binding (Figure 17), suggesting that G10 does not directly bind to the DNA or its absence can
be somehow compensated by a different conformation assumed by the protein. In line with

these results, | observed that introduction of the G10D mutation to MinCN-tem+linker_h71p g
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not compromise the co-localization with the nucleoid (Figure 34). Moreover, EMSAs with
only MincC'nke+C-term and MinD exhibited the highest DNA binding (Figure 28). Taken
together, these data question the role of MinCN®™ in the DNA binding. It is likely that this
domain does not directly contact the DNA and that the negative aspartic acid simply repels the
DNA in the EMSA assay. While reduced DNA binding was observed with MinCK®4 and
MinC'2% in EMSAs, it cannot be excluded that these modifications bring about some
unforeseen conformational change to the MinC structure, as evident from the CD spectroscopy
analysis of MinC12°2 (Figure 19 and Figure 20), which might have hindered the DNA binding
by the MinC linker and MinC®*™ domain/MinD. Further, from the competition experiments
with FtsZ, | assumed that both the FtsZ and DNA binding interfaces overlap on MinC (Figure
29). Maybe, they do not have to overlap as | assumed. It is known that FtsZ interacts with
MinCN™ MinCS*™ and MinD in the MinCD complex (21,22,93). FtsZ, by binding to these
regions, can bring a conformational change in the MinC linker not ideal for DNA binding.
Taking this information all together, | believe that MinC linker is responsible for the DNA
binding, provided it can dimerize, which is achieved by MinD and MinC. The N-terminal
domain of MinC may be entirely dispensable for the binding, however further experiments are

needed to clarify this point.

Substitution of G10 with proline showed significant perturbances in the secondary
structural elements in CD spectroscopy (Figures 19 and 20), but no effect on DNA binding
(Figure 16). MinC N-terminal domain dimerizes (18,23) and the crystal structure has shown
that this dimerization happens via domain swapping of a B-sheet that includes the G10 residue
(23). However, | found that, even after disruption of this B-sheet (with the introduction of G10P
mutation), the mutant protein dimerized (Figure 21). Furthermore, with the removal of the
whole B-sheet (1-20A), surprisingly, the mutant protein is able to form even higher-order
structures in size-exclusion chromatography (Figure 21). These observations suggest that the

MinC N-terminal domain has more than one dimerization interface.
3.1.4. MinC unstructured linker region and its importance in DNA binding

To the best of my knowledge, no previous study exists showing the importance of the
linker region in ECMINC in the function of the protein. The proline-rich disordered linker region
connects EcCMInC N- and C- terminal domains (Figure 22), and a complete structure of
EcMinC is not yet available (23,24). For the past two decades, intrinsically disordered regions

and proteins have been gaining popularity for their roles in cell signaling, receptor recognition,
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enzyme catalysis, diseases, etc. (94,95). One of the best-known examples for the role of
intrinsically disordered regions is the lac repressor. The lac repressor is a relatively big protein
(347 amino acids) consisting of a DNA recognition domain, a core domain and a 4-helix bundle
domain (96,97). The DNA recognition and core domains are connected by an intrinsically
disordered linker consisting of 13 amino acids (96,97). This linker region gets structured upon
binding to the lac operator sequence and is known to play a vital role in not only bringing
together dimers of the DNA recognition domain, but also in increasing the binding affinity and
sequence-specific recognition of the lac operator (98). In my thesis, | have shown that not only
the sequence composition, but also the length of the EcMInC linker is important for the DNA
binding activity of the MinCD complex. Similarly to the lac repressor protein, the disordered
linker in ECMInC might aid in increasing the DNA binding affinity, in bending the DNA to
accommodate the MinCD complex or in the recognition of specific DNA sequence or in all of

these processes.

It is quite interesting to see in the EMSA experiments that just by introducing the MinC
linker sequence to the maltose-binding protein (MBP) fused to a bZIP dimerization domain, a
weak DNA binding can be observed (Figure 28). This binding was neither enhanced nor
reduced by MinD, suggesting an inherent DNA binding activity by the MinC linker sequence

alone.
3.1.5. Role of MinC linker in MinC-FtsZ interaction

Two hotspots on EcMIinC have been identified that interact with FtsZ (22).
Additionally, MinD has also been shown to interact with the H10 helix of FtsZ directly, and
by doing so, it positions MinC and FtsZ in such a way that MinC-FtsZ interaction is stronger
(93). From the cell viability spot assays, | could see that in the presence of MinD, the MinC
linker length plays a significant role in the interaction with FtsZ (Figure 32). If the linker is
reduced to two or fewer residues, MinC is unable to inhibit FtsZ polymerization (Figure 32).
Moreover, the linker sequence composition also plays a moderate role in FtsZ inhibition
(Figure 32). Taken together, these results suggest that the MinC N- and C-terminal domains
have to be oriented in a specific way and/or both domains should be highly flexible in order to
efficiently inhibit FtsZ polymerization. Although in the cytoplasmic form of MinC the linker
region does not seem to play a major role, its relevance becomes more evident when MinC is

recruited to the cell membrane by MinD (Figure 31 and Figure 32). This further supports my
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notion mentioned under Section 3.1.3., that binding of FtsZ to MinC and MinD brings a

conformational change in MinC linker.

In the EMSA competition experiments with FtsZ, | observed that 10 uM FtsZ could
inhibit DNA binding by MinCD (Figure 29). In an earlier study, however, in the liposome co-
sedimentation experiments,10 uM FtsZ only weakly inhibited MinCD binding to the DNA,
and a higher FtsZ concentration (30 uM) was needed to completely inhibit the DNA binding
by MinCD (1). This could be due to the fact that, in the EMSA experiments, | used a short
DNA fragment (52 bp) and not an entire plasmid as in the liposome co-sedimentation assay.

In this case, FtsZ could have easier access to MinC and compete with DNA in binding to it.

3.1.6. Co-localization of MinCN-t™Hinker_y7|p.mRuby3 in the E. coli MG1655 AminB and hu-

gfp strains

| observed co-localization of MinCNe™*linker_h71p_mRuby3 with the nucleoid in the
AminB and hu-gfp strains (Figure 35). In the hu-gfp strain (81), however, the fusion protein
was expressed at very low levels compared to those reached in the AminB strain, despite using
the same IPTG concentration and incubation time for the induction. This could be due to the
fact that the cells express two different fluorescent proteins at the same time, which are

exogenous to E. coli, creating a heavy metabolic burden.

Overexpression of MBP-bZIP-mRuby3 in the hu-gfp E. coli strain resulted in cells with
an abnormal cell length and defects were also observed in chromosome segregation (Figure
35). This suggests that bZIP from S. cerevisiae does something in the E. coli cells. It should be
noted that the whole point of this study is to see only the co-localization of MinC with the
bacterial nucleoid and that MBP-bZIP was only used as the negative control for the co-
localization. How MBP-bZIP affects E. coli cells still remains an open question that is currently

beyond the scope of my thesis.

Overexpression of MinCN*™-bZIP in the AminB E. coli strain leads to a lethal
filamentation phenotype (Figure 33), while expressing the same construct in the hu-gfp E. coli
strain results in elongated cells, which are however not as long as those observed for the AminB
strain (Figure 35). | speculate that, within the WT protein, the linker covers the region on the
MinC N-terminal domain needed for inhibiting FtsZ polymerization (a negative regulator);
probably two states exists, ‘covered’ and ‘uncovered’, and the equilibrium is shifted towards

the ‘covered’ state for cytoplasmic MinC, thereby FtsZ inhibition is rather weak. MinCN-¢m-
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bZIP would be able to inhibit FtsZ since it lacks the linker and would be shifted towards the
‘uncovered’ state. In the hu-gfp strain, endogenous WT MinC could bind to MinCN*®™-pZIP,
thereby attenuating inhibition of FtsZ. Binding between MinCN*™-pZIP and WT MinC should
be verified by performing pull-down and liposome-MinD co-sedimentation assays.

3.1.7. Min system and chromosome segregation - what did we learn from my Ph.D. studies

By performing computational analysis, Di Ventura et al. have predicted that for
complete and stable chromosome segregation to happen in E. coli, the duplicated chromosomes
have to be transiently tethered to the membrane creating a Brownian ratchet-type of motion
(51). Further, they have proposed that MinD is responsible for this tethering and have shown
for the first time in vitro and in vivo that MinD binds to DNA (51). While the study also tried
to pinpoint the residues in MinD involved in the DNA binding, the identified residues were in
close proximity to the cell membrane (51). Since both the cell membrane and the DNA are
negatively charged, it was hypothesized that the identified residues near the C-terminal end
might rather play an indirect role in DNA binding. With these data, it was hypothesized that
N-terminal residues of MinD should be involved in the direct DNA binding.

Dr. Linda Klauss created a library of single and double mutants of MinD by
systematically mutating positively charged residues with negative ones in the N-terminal
region of MinD (1). By using this library, she identified several residues of MinD that are
involved in DNA binding, albeit she could not clarify if the role of these residues was direct or
indirect (1). Especially, she identified a double mutant (R99E/K110E) for which DNA binding
was impaired in vitro, while membrane binding and Min oscillations were not affected when
the protein was expressed above a certain level (1). Using this mutant, she observed
chromosome segregation defects in E. coli cells, albeit at very low significance for smaller
cells, and a moderate statistical significance for longer cells (1). Further, by performing ChlP-
Seq analysis, she found no sequence specificity for MinD (1). Finally, she observed that MinC
enhances DNA binding by MinD (1).

During my Ph.D. thesis, | studied the involvement of MinC in DNA binding by MinD
in detail. Using computational tools, G10 and K66 residues of MinC were predicted to be
involved in DNA binding, which 1 verified by creating and purifying various mutants and
testing them in EMSA experiments (Figure 16). Several lines of evidence suggested that the
loss of DNA binding by the MinCC°P mutant is due to electrostatic repulsion of the negatively

charged DNA by the negatively charged aspartic acid (Figure 19 and Figure 20). Finally, |
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have discovered that MinC linker region is critical to DNA binding, both in terms of sequence
composition (Figure 23 and Figure 25) and length (Figure 24). Somewhat puzzlingly,
microscopy experiments with synthetic constructs revealed that the G10 position does not seem
to play a role in in vivo DNA binding, as nucleoid co-localization was observed when MinCN-
term/G10D-linker_hy7 1P \was expressed in E. coli cells (Figure 34). Further, EMSAs with
MinC'inker+C-tem ang MinD suggest that MinCN*™ js dispensable for DNA binding (Figure 28).
Additionally, MinC linker region was found to play a significant role in the inhibitory activity
of MinC against FtsZ (Figure 31 and Figure 32). This is the first time that the importance of
this linker for MinC function is highligthed.

The data obtained from my Ph.D. studies strongly support the notion that MinC bind to
DNA when in complex with MinD. The direct DNA binding surface might involve MinC
linker, as long as it can dimerize and has a proper orientation/conformation. MinD aids in the
dimerization and orientation of MinC linker through MinC**™, and by doing so, might also
end up interacting with DNA, as supported by previous studies from our group. Future
structural studies should clarify this issue. Despite obtaining a large amount of data, our
original hypothesis, i.e. that the Min system supports chromosome segregation in E. coli, still
remains to be elucidated. The difficulty in studying chromosome segregation comes from the
fact that it is nearly impossible to identify a mutant of MinD and/or MinC which lost the DNA
binding activity but retained all other functionalities needed for the proper positioning of the
septum at mid-cell. Depending on the growth conditions, E. coli cells show at times good
segregation of the genetic material even in the absence of the Min system. Therefore, we cannot
exclude that the Min proteins do not participate in chromosome segregation as originally
hypothesized, but rather in other processes such as compaction or proper positioning of the

nucleoid in respect to the membrane.

Earlier studies performed by Nordstrém et al. and Di Ventura et al. have already shown
chromosome segregation defects in an E. coli AminB strain (51,99,100), yet, some of the cells
of this strain are still able to place the Z-ring near to the mid-cell and the chromosomes are
evenly distributed between the two daughter cells. This suggests that other protein machineries
might exist in E. coli that are involved in chromosome segregation. In E. coli cells, the deletion
of FtsK, a translocase, has been shown to negatively affect chromosome segregation (101,102).
FtsK by assembling at the septum, aids in the translocation of the replicated chromosome to
the daughter cell, in order to prevent guillotining of the chromosome by the constricting septum

(101-103). Using the E. coli AminB strain, another negative regulator of FtsZ polymerization,
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namely SImA (synthetic lethal without Min) was discovered (104). SImA tightly associates
with bacterial nucleoid and prevents the Z-ring placement wherever the nucleoid is present
(104). These redundencies add another layer of complication to studying the effect of MinC

and MinD on chromosome segregation in vivo in E. coli cells.

3.2. Aggregation tendency, loss of direct MinE membrane interaction, inability to dislodge
MinC and reduced accessibility of R21 residue in MinE-eYFP

Using a combination of in vitro, in vivo and in silico methods, in the present study we
showed that MinE-eYFP is functionally impaired compared to untagged MinE. | used in vitro
assays to control the level of protein(s) under investigation thereby eliminating the possibility
of concentration-dependent effects. Computational analysis of MinE-eYFP predicted that the
accessibility of the N-terminal membrane-binding region and of arginine at position 21, which
is needed to activate/enhance the ATPase activity of MinD (14), were reduced while MinD
binding and dimerization interfaces remain unaffected (data generated by Dr. Mehmet Ali
Oztiirk). 1 validated these predictions using a variety of experimental procedures (Figures 46,
47 and 48).

3.2.1. Direct membrane interaction of MinE-eYFP

In the membrane binding assay, | found that direct membrane interaction of MiInE is
affected in MinE-eYFP (Figure 47). Although membrane-binding by MinE is not required for
displacing MinD from the membrane in the liposome co-sedimentation assay (Figure 48), the
membrane-binding function of MInE has been shown to be needed for the proper Min
oscillations and functioning of the Min system (28,32). This could also be a reason for the lack

of complementation of AminB phenotype in vivo (Figure 38).
3.2.2. Displacement of MinC and MinD from the membrane by MinE-eYFP

In the liposome co-sedimentation assay with MinC and MinD | observed that MinE-
eYFP was unable to displace MinC from MinD as well as untagged MIinE (Figure 44). It is
known from previous studies that both MinC and MinE compete for the same binding region
on MinD which is created upon MinD dimerization (11,12,105). Although it is known that
ATP hydrolysis by MinD is not necessary in order for MinE to displace MinC from MinD, the
mechanism behind this displacement is still unclear (35,36). One could speculate that MinE

first interacts with MinC directly and displaces MinC from MinD by force of repulsion, or
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MinE interacts with MinD and induces a conformational change on MinD, which consequently
results in MinC falling off from MinD. Since the mechanism is not clear, we could not perform
detailed computational analyses to understand why MinE-eYFP is unable to displace MinC
from MinD.

3.2.3. Aggregation tendency of MinE-eYFP

During expression and purification of MinE-eYFP, | found that MinE-eYFP forms
inclusion bodies inside E. coli cells at high expression levels (Figure 40 and Figure 41). The
aggregation tendency of MinE-eYFP was not likely due to eYFP as | used a monomeric variant
of eYFP containing the A206K mutation (106,107). In fact, when | expressed eYFP alone under
the same conditions, most of the protein still remained in the soluble fraction (Figure 40). |
speculate that eYFP interacts with the N-terminal membrane-binding region of MinE thereby
favoring MiInE to ‘open state’ (26). In the open state, the loop region and the 31-sheet of MinE
are exposed (26). These regions become the so-called ‘contact helix’ upon interaction with
MinD (26). In an earlier study, the I125R mutation on MinE has been shown to lead to a protein
constitutively attached to the cell membrane (32). Thus fusion to eYFP seems to be doing
something similar to MinE as the 125R mutation, however, unlike for MinE'?R, the MTS in
MiInE-eYFP is less available for membrane binding, being likely “sequestered” by eYFP. The
open state of MinE-eYFP can bind to MinD, however when MinD levels are lower compared
to those of MinE-eYFP, the loop region and the B1-sheet on MinE can form amyloid-like fibrils
as reported by a previous study (82).

3.3. SiMPI plasmid toolbox outperforms conventional method in maintaining two plasmids

3.3.1. Splitting and reconstituting enzymes conferring resistance towards antibiotics using split

inteins

With the emergence of antibiotic resistance in bacteria and increased usage of
antibiotics in the biotechnology and veterinary fields, the need for new classes of antibiotics is
higher than ever before. In the present study, I have developed a tool using which two plasmids
can be stably maintained with a single antibiotic. Although the tool does not prevent the
emergence of antibiotic resistance in bacteria nor help in the treatment of resistant bacteria per
se, it can minimize the amounts/types of antibiotics used in industries involved in

biotransformation and in research; thereby reducing the costs involved. Unlike other methods
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based on functional reconstitution of enzymes by unassisted (108) or assisted (72) physical
proximity of the two dysfunctional parts, our tool uses the gp41-1 natural split intein (109) to
reconstitute a full-length enzyme, where the two fragments are linked by a proper peptide bond
after splicing. For some proteins, functional reconstitution works only partially (110). Apart
from protein activity, the half-life of a protein inside a cell is determined by the type of amino
acids which are present as the first and the last residues in a protein (111). Using inteins, these

issues can be overcome.

Splitting a functional protein into two or more dysfunctional parts can be done rationally
or randomly. For splitting the CAT, TEM-1BL, HPT and PAT enzymes, | followed a semi-
rational approach. | looked for surface-exposed and flexible residues in the protein for
identifying potential split sites. While flexible linker regions tend to be less conserved in most
cases, some flexible regions are important for the protein function, for instance in EcMinC
(112). To surmount this issue, the evolutionary conservation of residues was also taken into
account in identifying potential split sites. For CAT, TEM-1BL, HPT and PAT, 2, 3, 2 and 4
potential split sites were predicted by our method, respectively. While for CAT both the
predicted sites yielded bacterial transformants on agar plates containing chloramphenicol, only
one of the predicted sites yielded bacterial transformants for the remaining studied enzymes,
with the exception of TEM-1BL. This may be due to lack of stability of the split fragments in
E. coli cells. Further refinement has to be done to our methodology in the future. In our split
constructs, mutation(s) of key residues in gp41-1 needed for the splicing reaction to occur
showed that a complete reconstitution was needed for CAT (only split-site E140:N141) and
HPT (split-site E255:L256) enzymes. For APT (split-site E118:N119), TEM-1BL (split-site
S104:P105), and CAT (split-site E97:Q98), on the other hand, mutation of the asparagine at
the very C-terminus of the C-intein still supported bacterial growth. For PAT, intein function
was found to be completely dispensable albeit both the N and the C-intein fragments were
needed to bring the two PAT halves together.
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4. Outlook
4.1. E. coli MinCD proteins and chromosome segregation
4.1.1. Physiological role of DNA binding by MinCD proteins

To answer some of the open questions that arose during my Ph.D. studies, | have already
suggested a few necessary experiments to be done while discussing the results. Our main
hypothesis that the MinCD proteins together aid in the chromosome segretation process
remains to be proved in the in vivo context. | cannot exclude that the DNA binding is needed
to help compact or position the nucleoid rather than for active chromosome segregation.

Further in vivo experiments are needed to have this mechanistic understanding.
4.1.2. Elucidation of DNA binding interface

The direct DNA binding surface on MinC/MinD still remains to be identified. This
could be achieved using NMR for instance or cryo-EM, albeit the resolution here may not be
sufficient to fully identify the residues involved in the binding. X-ray crystallography would
be the best method, however full-length MinD is not a well-behaved protein, reason why in all
current structural studies the mutant MinDP4%A210 s employed, being this a soluble, well-
behaved protein. | however fear that such mutant may not reflect the wild-type protein and
would prefer a method that allows using full-length MinD.

4.2. Linker sequence composition and length in fusion proteins

Given the functional impairment of the MinE-eYFP fusion protein, a solution to
visualize and study Min oscillations in vivo could be the use of a chromobody. Yet the
chromobody itself might also interfere with some function of MinE. Therefore, | believe that a
better way forward is to find an optimal linker that may alleviate the functional impairment of
the MinE-eYFP fusion protein. The advantage of this approach is that it can be generalized and
applied in the context of other fusion proteins, opening up the possibility to solve the issue of

dysfunctional GFP fusions.
4.3. Expanding the SiMPI plasmid toolbox

| have created the SiMPI plasmid toolbox for use with commonly selected antibiotics
namely kanamycin, chloramphenicol, ampicillin, hygromycin, and puromycin. Researchers
from other scientific communities, though, use other antibiotics in their regular research. |

would be happy to expand the SiMPI tool-kit to facilitate research in these areas, too.
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5. Materials and Methods
5.1. Plasmid constructs and bacterial strains

For protein purification purposes, the pET28a vector backbone was used
(https://www.addgene.org/vector-database/2565/). The desired gene was cloned into the
pET28a vector using the BamHI and Hindlll or Notl restriction sites. In a few cases, the desired
gene was cloned into the pET28a vector between the aforementioned restriction sites by the
Gibson Assembly method®. Isolated genome from E. coli MG1655 WT strain was used as a
template for PCR amplification of desired genes. For all the PCR amplifications, high-fidelity
Phusion polymerase was used. Desired mutation(s) was/were introduced using the site-directed
mutagenesis kit (Agilent) as per the manufacturer’s protocol. Plasmids were amplified by
transforming them into chemically competent E. coli TOP10 cells (Invitrogen™) and were
isolated from E. coli cells using QIAprep® Spin Miniprep Kit (Qiagen) as per the
manufacturer’s protocol. The constructs were validated by performing Sanger sequencing
(GATC Biotech, Germany). For protein expression, E. coli Rosetta™(DE3)pLysS cells were

used (Novagen).

For in vivo studies, the pBAD33 vector backbone (https://www.addgene.org/vector-
database/1848/) was used. Desired gene(s) or operon was cloned into the pBAD33 vector using
the Sacl and Hindlll restriction sites. Similar to the plasmid constructs for the protein
purification purposes, in a few cases, gene(s) or operon was cloned into pBAD33 vector
between the aforementioned restriction sites by the Gibson Assembly method®. By default,
the pBAD33 vector lacks a ribosome binding site. The ribosome binding site of EcMiInC was
included in all our pBAD33 constructs. Unless otherwise specified differently, E. coli MG1655

WT and/or E. coli MG1655 AminB strain was used for all our in vivo studies.

minE-eyfp gene was cloned into the pET28a vector via the Gibson Assembly® method
(NEB). Briefly, the pET28a-MinE plasmid was linearized without the stop codon after MinE
by PCR. eyfp gene was amplified using a primer pair containing overlapping sequences with
MinE and pET28a backbone. Additionally, the forward primer of the eyfp gene contained a
BamHI restriction site followed by 9 nucleotides coding for amino acids ‘GGG’. The eyfp gene
was amplified using pBDV-15 as the template (51). The PCR products were then assembled
into the pET28a-MinE-eYFP plasmid by the Gibson Assembly® method. For constructing
pET28a-eYFP plasmid, the eyfp gene was amplified with a primer pair containing 5’ and 3’

with BamHI and HindlII1 restriction sites, respectively. Further downstream steps were similar
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to as described for the construction of pET28a-MinC, pET28a-MinD, and pET28a-MinE

plasmids.

PET28a-Strep-MinDP4AA0 plasmid was made by first introducing D40A mutation into
the pET28a-MinD plasmid using the QuikChange Il site-directed mutagenesis kit (Agilent
Technologies) as per the manufacturer’s protocol. Using overlapping primers, with a forward
primer additionally containing nucleotides for Strep-tag and a reverse primer designed to carry
a stop codon omitting the nucleotides coding for the final 10 amino acids in MinD, strep-
minDP4%A41% PCR fragment was generated. Using the pET28a-empty vector, the backbone
without the sequences between Ncol and HindlII restriction sites was amplified by PCR. The
PCR products were then assembled by the Gibson Assembly® method to yield pET28a-Strep-
MinDP4%AA10 plasmid. Plasmids constructed during my Ph.D. period are given in Section 6.

5.2. Protein expression and purification

Overnight bacterial culture was diluted in a 1-liter fresh nutrient broth containing 50
ug/ml of kanamycin with a starting ODeoo 0f 0.1. The culture was grown till ODgo 0f 0.5, after
which, protein expression was induced with 1 mM IPTG. The protein expression was carried
out for 3 hours at 37 °C with shaking at 180 r.p.m. The bacterial cells were pelletized by
centrifugation at 5000 r.p.m. for 20 min at 4 °C. The cells were then re-suspended in 30 ml of
lysis buffer (50 mM potassium phosphate pH 8.0, 300 mM NaCl and 10 mM imidazole pH
8.0), additionally containing 1 cOmplete™, EDTA-free protease inhibitor cocktail tablet, 0.2
mM ADP and 0.2 mM MgClz. The cells were lysed by ultrasonication, and the lysate was
clarified by centrifugation at 20000 r.p.m. for 20 min at 4 °C. The supernatant was further
filtered by passing through a 0.4 pm filter and fed to an NGC™ medium pressure
chromatography system (Bio-Rad). The chromatography system was fitted with a Profinity™
IMAC resin Ni-charged 1 ml column and a Bio-Scale™ Mini Bio-Gel® P-6 desalting 10 ml
cartridge. The bound proteins were washed with 10 ml of wash buffer (50 mM potassium
phosphate pH 7.5, 300 mM NaCl, 20 mM imidazole pH 8.0 and 10 % glycerol) and eluted with
2 ml of elution buffer (50 mM potassium phosphate pH 7.5, 300 mM NaCl, 500 mM imidazole
pH 8.0 and 10 % glycerol). The elution buffer was then exchanged with storage buffer (50 mM
HEPES-KOH pH 7.25, 150 mM KCI, 10 % glycerol and 0.1 mM EDTA pH 8.0). The protein
in the storage buffer was split into two aliquots. One aliquot was stored at -80 °C for later use.
His-tag cleavage was performed for the other aliquot by incubating the proteins with thrombin

agarose beads (Thrombin CleanCleave™ Kit from Sigma-Aldrich) for 3 hours at room
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temperature in a rotating wheel. After the His-tag removal, the protein was stored at -80 °C as

50 ul aliquots.

For purifying Strep-MinDP44A10 " Strep-Tactin® Superflow® cartridge (IBA life
sciences) was used. Wash and elution buffers were changed as per the manufacturer’s protocol.
Other buffers used were identical to the ones as described above.

5.3. Electrophoretic mobility shift assay (EMSA)

EcMinD with or without ECcMinC was incubated with 50 nM 5’ hex-labelled
(hexachloro-6-carboxy-fluoresceine) 52 bp DNA in a buffer containing 50 mM HEPES-KOH
pH 7.25, 150 mM KCI, 10 % glycerol, 0.1 mM EDTA pH 8.0, 1 mM ATP (or ADP) and 5 mM
MgCl2 at room temperature (20-25 °C) for 10 min. The reaction mixture was then loaded on a
6 % native-PAGE gel. The gel was run in 0.5x TBE buffer for 20 min at constant voltage (150
V). Finally, the gel image was obtained using an Amersham Typhoon Gel and Blot Imaging
Systems (GE Healthcare).

5.4. Liposome co-sedimentation assay

EcMinD (WT or mutant) with or without ECMInC (WT or mutant), 2 uM each, and
with varying concentration or without ECMInE, was co-incubated with 0.5 mg/ml of liposomes
in a buffer containing 50 mM HEPES-KOH pH 7.25, 150 mM KClI, 10 % glycerol, 0.1 mM
EDTA pH 8.0, 1 mM ATP and 5 mM MgClI. at room temperature (20-25 °C) for 15 min. The
reaction mixture was centrifuged at 14000 r.p.m. for 20 min at room temperature and the
supernatant and the pellet were collected separately. The samples were denatured by boiling at
95 °C for 12 min in 1x Laemmli sample buffer and were loaded on a 12 % Mini-PROTEAN®
TGX™ precast protein gel (Bio-Rad). The gel was run for 30 min with a constant voltage (200
V) in 1x TGS buffer and then stained using InstantBlue™ protein gel stain (Expedeon). The

gel image was documented using a UVP UVsolo touch (Analytik Jena).
5.5. Cell viability spot assay

EcMinC (WT or mutant) and EcMinD were cloned into the pBAD33 vector between
the Sacl and HindlIl1 restriction sites with their native ribosome binding sites, respectively. Spot
assay was performed as described previously by Zhou and Lutkenhaus (80). In detail, the
constructed plasmid was transformed into an E. coli MG1655 AminB strain. A colony was

picked and suspended in a nutrient broth without any antibiotic. The cells were then serially
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diluted and spotted on agar plates with different arabinose concentration. The plates were then

incubated overnight at 37 °C and visualized for cell viability.
5.6. Fluorescence microscopy

Overnight grown bacterial culture was diluted in a fresh nutrient (or tryptone) broth
with a starting ODeoo of 0.1. The culture was grown till ODeggo Of 0.5, after which, protein
expression was induced with 1 mM or 100 uM IPTG or different concentrations of L-(+)-
arabinose. The protein expression was carried out for 3 hours at 37 °C with shaking at 180
r.p.m. The bacterial cells were embedded on a 0.5 % agar pad and imaged using a Zeiss Axio
Observer wide-field microscope equipped with a cooled CCD-camera ‘AxioCam MRm’ and
alpha-Plan-APOCHROMAT 100x objective. The microscopy filter sets were adjusted to DAPI
(or one of the conventional fluorescent protein markers depending on the experiment) and
bright-field or DIC.

5.7. Pull-down assay

His-tagged MinE or MinE-eYFP (5 uM) was incubated with Strep-MinDP4%4A10 (3 ;M)
at room temperature (20 — 25 °C) in an assay buffer (50 mM HEPES-KOH pH 7.25, 150 mM
KCI,0.1mM EDTA pH 8.0, 1 mM ATP or ADP, 5 mM MgCl and 10 % glycerol), additionally
containing Promega MagneHis™ beads (Promega) for 15 min. Bound proteins were eluted
with an elution buffer (50 mM Tris-HCI pH 7.0 and 500 mM Imidazole pH 8.0). The remaining
downstream steps were similar to those as described in the Liposome co-sedimentation assay
section.

5.8. MinE membrane-binding assay

MinE’s membrane-binding ability was studied using a protocol described previously
(28). To elaborate, MinE or MinE-eYFP (6 uM) was incubated with 1 mg/ml of liposomes
derived from E. coli lipids (a kind gift from Chris van der Does) in 90 ul of buffer containing
20 mM Tris-HCI pH 7.5 and 200 mM sucrose, at 30 °C for an hour. The samples were then
centrifuged at 14000 rpm for 20 min at room temperature (20 — 25 °C) and the supernatant and
the pellet were collected separately. The samples were then boiled in a tricine sample buffer
(100 mM Tris-HCI pH 6.8, 20 % glycerol, 1 % SDS, 0.02 % Coomassie Blue G-250 and 1 %
B-mercaptoethanol) for 5 min and ran on a 16.5 % tris-tricine precast protein gel (Bio-Rad).
The gel was then stained using the InstantBlue™ protein stain (Expedeon Ltd) and documented

using the UVP UVsolo touch (Analytik Jena, Germany).
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5.9. Size-exclusion chromatography

Size-exclusion chromatography was performed using an AZURA® fast protein liquid
chromatography device (KNAUER) fitted with a Superdex 200 column (GE). A sample
volume of 500 ul was injected into the system. Bovine serum albumin (BSA: 15 uM) and
carbonic anhydrase (CA: 33 uM) were used as reference samples for the molecular weight
determination. MinE or MinE-eYFP was injected into the system with a concentration of 13
puM. The running buffer consisted of 50 mM HEPES-KOH pH 7.25, 150 mM KCI, 0.1 mM
EDTA pH 8.0 and 10 % glycerol. The device was driven with a flow rate of 0.5 ml/min.
5.10. Construction of SiMPI plasmids

For the construction of the SiMPI plasmids, backbones of the pBAD33 and pTrc99a
plasmids were chosen. Arabinose is used to induce the expression of the desired gene in the
pBAD33 vector while isopropyl-p-D-thiogalactoside (IPTG), a non-metabolizing lactose
analog, is used to induce the expression of the desired gene in the pTrc99a vector. Figure 68
shows the plasmid maps of the aforementioned vectors. The pBAD33 vector carries
chloramphenicol acetyltransferase (CAT) that confers resistance towards chloramphenicol
while the pTrc99a vector carries TEM-1 B lactamase (TEM-1 BL) that confers resistance

towards ampicillin.
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Figure 68. Plasmid maps showing important features of pBAD33 (a) and pTrc99a (b) empty plasmids. MCS =
multiple cloning site. p15A origin of replication in pBAD33 belongs to incompatible group B while pBR322

origin of replication in pTrc99a belongs to incompatible group A.

Genes coding for egfp and mruby3 were amplified by PCR and doubled digested with
restriction enzymes Sacl and Hindlll, and EcoRI and Hindlll, respectively. egfp was cloned
into the MCS of the pBAD33 vector and mruby3 was cloned into the MCS of the pTrc99a
vector. To make these plasmids into a SiMPI plasmid-pair version, the pBAD33-eGFP
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backbone was amplified via PCR without the chloramphenicol acetyltransferase gene and the
pTrc99a-mRuby3 backbone was amplified via PCR without the TEM-1 B lactamase gene.
Gene of respective enzymes conferring resistance towards particular antibiotics was PCR
amplified into two halves independently and genes of gp41-1 N and C-inteins were also
amplified independently. Finally, the respective PCR amplified DNA fragments and the vector
backbones were added together and assembled into the final plasmids by the Gibson
Assembly® method (NEB Inc., the USA). All the PCR amplifications were done using the 2x
Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Scientific, the US) as per the
manufacturer’s protocol.
5.11. Transformation and selection of E. coli cells containing SiMPI plasmids

For the selection and propagation of plasmids, chemically competent One Shot TOP10
E. coli cells were used (invitrogen™). For the selection of E. coli cells carrying the desired
plasmids, antibiotics namely, kanamycin, ampicillin, chloramphenicol, and hygromycin were
used with final concentrations 50, 100, 35 and 100 (ug/ml), respectively. For selecting E. coli
cells carrying resistance gene for puromycin, the selection was performed on a pH adjusted
nutrient agar or broth (50 mM Tris-HCI pH 8.0) with 50 ug/ml final concentration of
puromycin.
5.12. Plasmid isolation and agarose gel electrophoresis

Plasmid DNA was isolated using the QIAprep® Spin Miniprep kit (QIAGEN,
Germany) as per the manufacturer’s protocol.

DNA (plasmid or PCR product) was visualized on a 1 % agarose gel. The agarose gel
was run for 45 min at 100 V (constant) in 0.5x TAE buffer (20 mM Tris-acetate pH 8.5 and 0.5
mM EDTA pH8.0) and the gel was imaged using the UVP UVsolo touch (Analytik Jena AG,
Germany).
5.13. Bacterial growth analysis

The bacterial growth curve was studied via two methods, one using the shaking
incubator while the other one using a plate reader. When using the shaking incubator, 20 ml of
fresh nutrient broth with the respective antibiotic, was inoculated with the overnight grown
bacterial culture with a starting ODesoo Of 0.1 in a 50 ml Erlenmeyer flask. The culture was
incubated at 37 °C and shaken at 220 r.p.m. ODeoo measurements were taken using IMPLEN
OD600 DiluPhotometer™ (IMPLEN GmbH, Germany) for every 30 minutes until the
absorbance reaches 2.0.
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For studying the bacterial growth curve using a plate reader, a previously published
protocol was followed (113). Briefly, overnight bacterial culture was diluted to ODeggo of 0.01
with a fresh nutrient broth containing the respective antibiotic. One hundred and twenty ul of
this diluted culture was then pipetted into each well of a flat-bottom 96-well plate. The plate
was then closed with a lid and the sides were sealed using a parafilm tape to avoid evaporation.
Absorbance measurement was done using BioTek Synergy™ H4 plate reader. This plate reader
was driven by Gen5 v2.01.14 software and had following settings; temperature = 37 °C, run
time = 20 hours, read interval = 2 min and 43 sec, wavelength = 600 nm, shake = slow, shake
once every 130 sec, read = absorbance endpoint, read speed = normal and delay = 100 msec.
The plate reader was pre-heated to 37 °C before the start of the experiment. For each strain,
growth analysis was done with biological duplicates and technical triplicates.

5.14. Protein Ca— fluctuation analysis

The flexibility of residues, in terms of alpha carbon (Ca) fluctuation, in a protein was
studied using CABS-flex 2.0 webserver (http://biocomp.chem.uw.edu.pl/CABSflex2) with
default parameters (89).

5.15. Image analysis
Protein gel images were analyzed and band intensities were quantified using Fiji

(https://imagej.net/Fiji) (114). Similarly, Fiji was also used to visualize the miscroscopy images.
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6. List of plasmids constructed

Plasmid name | Description

PNPY1 pET28a backbone with minD cloned between BamHI and Hindl 11

PNPY?2 pET28a backbone with minC cloned between BamHI and HindllI

PNPY3 pET28a backbone with minE cloned between BamHI and Hindll1

pPNPY4 pET28a backbone with ftsZ cloned between BamHI and HindlIlI

PNPY5 pET28a backbone with minC (G10A mutant). Site-directed mutagenesis
performed with pNPY?2

PNPY6 pET28a backbone with minC (G10D mutant). Site-directed mutagenesis
performed with pNPY2

PNPY7 pET28a backbone with minC (G10P mutant). Site-directed mutagenesis
performed with pNPY?2

PNPY8 pET28a backbone with minC (G10R mutant). Site-directed mutagenesis
performed with pNPY2

PNPY9 pET28a backbone with minC (K66A mutant). Site-directed mutagenesis
performed with pNPY2

pNPY10 pET28a backbone with minC (A1-20 mutant). Omitted the desired
residues in the construct by linearization and self-circularization
performed with pNPY?2

PNPY11 pET28a backbone with minC (only N-terminal domain). Omitted the
desired residues in the construct by linearization and self-circularization
performed with pNPY?2

PNPY12 pET28a backbone with minC (only C-terminal domain). Omitted the
desired residues in the construct by linearization and self-circularization
performed with pNPY2

pPNPY13 pET28a backbone with minC (only N-terminal domain with G10D
mutation). Site-directed mutagenesis performed with pNPY11

pPNPY 14 pET28a backbone with minC (only N-terminal domain with G10P
mutation). Site-directed mutagenesis performed with pNPY11

pPNPY15 pET28a backbone with minC (GS as linker residues instead of the native

linker region residues). Omitted and added the desired residues in the

construct by linearization and self-circularization performed with pNPY?2
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PNPY16

pET28a backbone with minC (AGGSG as linker residues instead of the
native linker region residues). Omitted and added the desired residues in
the construct by linearization and self-circularization performed with
pPNPY2

PNPY17

pET28a backbone with minC (AGGSGAGGSG as linker residues instead
of the native linker region residues). Omitted and added the desired
residues in the construct by linearization and self-circularization
performed with pNPY?2

PNPY18

pET28a backbone with minC (AGGSGAGGSGAGGSG as linker
residues instead of the native linker region residues). Omitted and added
the desired residues in the construct by linearization and self-

circularization performed with pNPY2

PNPY19

pET28a backbone with minC (AGGSGAGGSGAGGSGAGGSG as
linker residues instead of the native linker region residues). Omitted and
added the desired residues in the construct by linearization and self-

circularization performed with pNPY2

pPNPY20

pET28a backbone with minC (AGGSGAGGSGAGGSGAGGS as linker
residues instead of the native linker region residues). Omitted and added
the desired residues in the construct by linearization and self-

circularization performed with pNPY?2

pPNPY21

pET28a backbone with minC (A102-105 mutant). Omitted the desired
residues in the construct by linearization and self-circularization
performed with pNPY?2

PNPY22

pET28a backbone with minC (A102-109 mutant). Omitted the desired
residues in the construct by linearization and self-circularization
performed with pNPY?2

PNPY23

pET28a backbone with minC (A102-114 mutant). Omitted the desired
residues in the construct by linearization and self-circularization
performed with pNPY?2

pNPY24

pET28a backbone with minC (R133A mutant). Site-directed mutagenesis
performed with pNPY?2
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PNPY25

pET28a backbone with minC (only N-terminal domain with native
linker). Omitted the desired residues in the construct by linearization and

self-circularization performed with pNPY?2

PNPY26

pET28a backbone with minC (only native linker with C-terminal
domain). Omitted the desired residues in the construct by linearization

and self-circularization performed with pNPY?2

PNPY27

pET28a backbone with minC (only N-terminal domain with native linker
and GCN4 leucine zipper). Omitted and added the desired residues in the

construct by linearization and self-circularization performed with pNPY2

PNPY28

pET28a backbone with maltose binding protein

PNPY29

pET28a backbone with maltose binding protein and GCN4 leucine
zipper. Added the desired residues in the construct by linearization and

self-circularization performed with pNPY28

PNPY30

pET28a backbone with maltose binding protein, MinC linker region
sequence and GCN4 leucine zipper. Added the desired residues in the
construct by linearization and self-circularization performed with
pNPY28

PNPY31

pBAD33 backbone with minC and minD cloned between Sacl and

HindlIl1 restriction sites with their native ribosome binding sites.

pPNPY32

pBAD33 backbone with minC (G10A mutant) and minD cloned between
Sacl and HindlIl1I restriction sites with their native ribosome binding sites.

Site-directed mutagenesis performed with pNPY 31

PNPY33

pBAD33 backbone with minC (G10D mutant) and minD cloned between
Sacl and HindlIlI restriction sites with their native ribosome binding sites.

Site-directed mutagenesis performed with pNPY 31

PNPY34

pBAD33 backbone with minC (G10P mutant) and minD cloned between
Sacl and HindlIlI restriction sites with their native ribosome binding sites.

Site-directed mutagenesis performed with pNPY 31

pNPY35

pBAD33 backbone with minC (G10R mutant) and minD cloned between
Sacl and HindllI restriction sites with their native ribosome binding sites.

Site-directed mutagenesis performed with pNPY31

pNPY36

pBAD33 backbone with minC (GS as linker residues instead of the native

linker region residues) and minD cloned between Sacl and HindllI
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restriction sites with their native ribosome binding sites. Omitted and
added the desired residues in the construct by linearization and self-
circularization performed with pNPY31

PNPY37

pBAD33 backbone with minC (AGGSG as linker residues instead of the
native linker region residues) and minD cloned between Sacl and Hindll11
restriction sites with their native ribosome binding sites. Omitted and
added the desired residues in the construct by linearization and self-

circularization performed with pNPY31

PNPY38

pBAD33 backbone with minC (AGGSGAGGSG as linker residues
instead of the native linker region residues) and minD cloned between
Sacl and HindlIlI restriction sites with their native ribosome binding sites.
Omitted and added the desired residues in the construct by linearization

and self-circularization performed with pNPY31

PNPY39

pBAD33 backbone with minC (AGGSGAGGSGAGGSG as linker
residues instead of the native linker region residues) and minD cloned
between Sacl and Hindll1 restriction sites with their native ribosome
binding sites. Omitted and added the desired residues in the construct by

linearization and self-circularization performed with pNPY 31

PNPY40

pBAD33 backbone with minC (AGGSGAGGSGAGGSGAGGSG as
linker residues instead of the native linker region residues) and minD
cloned between Sacl and HindlII restriction sites with their native
ribosome binding sites. Omitted and added the desired residues in the
construct by linearization and self-circularization performed with
pNPY31

PNPY41

pBAD33 backbone with minC (A102-105 mutant) and minD. Omitted the
desired residues in the construct by linearization and self-circularization
performed with pNPY31

PNPY42

pBAD33 backbone with minC (A102-109 mutant) and minD. Omitted the
desired residues in the construct by linearization and self-circularization
performed with pNPY31

PNPY43

pBAD33 backbone with minC (A102-114 mutant) and minD. Omitted the
desired residues in the construct by linearization and self-circularization
performed with pNPY31
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pPNPY44 pTrc99a backbone with minC (only N-terminal domain with native linker
and GCN4 leucine zipper) followed by mruby3 cloned between EcoRI
and Hindlll

pPNPY45 pTrc99a backbone with minC (only N-terminal domain and GCN4
leucine zipper) followed by mruby3 cloned between EcoRI and HindllI

PNPY46 pTrc99a backbone with mbp followed by mruby3 cloned between EcoRI
and Hindlll

PNPY47 pTrc99a backbone with minC (only N-terminal domain with native linker
and GCN4 leucine zipper) followed by mruby3 cloned between EcoRI
and HindlIIl. 1t has a G10D mutation. Site-directed mutagenesis
performed with pNPY44

pPNPY48 Same as pNPY44. ampR was replaced with kanR

pPNPY49 Same as pNPY45. ampR was replaced with kanR

pPNPY50 Same as pNPY46. ampR was replaced with kanR

pPNPY51 pBAD33 backbone with minB operon cloned between EcoRI and HindllI

PNPY52 pBAD33 backbone with minB operon cloned between EcoRI and HindllI.
The stop codon after minE was removed and added ‘GSGGG’ residues
followed by eyfp gene

pPNPY53 pET28a backbone with eyfp cloned between EcoRI and Hindlll. N-
terminal of eyfp gene additionally has ‘GSGGG’ residues

pPNPY54 pET28a backbone with minE-GSGGG-eyfp cloned between EcoRI and
Hindlll

PNPY55 PET28a backbone with minDP4%441% gene cloned between Ncol and
Hindlll. His-tag was replaced with a strep-tag

PNPY55 pET28a backbone with minE (13-88) mutant. Omitted the desired
residues in the construct by linearization and self-circularization
performed with pNPY3

PNPY56 pBAD33 backbone with egfp gene cloned between Sacl and HindllI.

pNPY57 pTrc99a backbone with mruby3 gene cloned between EcoRI and HindlIl1

PNPY58 PNPY56 with cmR replaced with one half of kanR and gp41-1 N-intein.
Also known as SiMPI¥ N

pPNPY59 pPNPY57 with ampR replaced with gp41-1 C-intein and another half of

kanR. Also known as SiMPI¥ C
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PNPY60 PNPY56 with cmR replaced with one half of cmR and gp41-1 N-intein.
Also known as SiMPI®_N. Split 97

pPNPY61 pPNPY57 with ampR replaced with gp41-1 C-intein and another half of
cmR. Also known as SiMPI°_C. Split 97

PNPY62 PNPY56 with cmR replaced with one half of cmR and gp41-1 N-intein.
Also known as SiMPI®_N. Split 140

PNPY63 PNPY57 with ampR replaced with gp41-1 C-intein and another half of
cmR. Also known as SiMPI°_C. Split 140

PNPY64 PNPY56 with cmR replaced with one half of ampR and gp41-1 N-intein.
Also known as SiMPI?_N. Split 104

pPNPY65 PNPY57 with ampR replaced with gp41-1 C-intein and another half of
ampR. Also known as SiMPI?_C. Split 104

PNPY66 PNPY56 with cmR replaced with one half of ampR and gp41-1 N-intein.
Split 213

PNPY67 PNPY56 with cmR replaced with one half of hygR and gp41-1 N-intein.
Also known as SiMPI" N

PNPY68 PNPY57 with ampR replaced with gp41-1 C-intein and another half of
hygR. Also known as SiMPI" C

pPNPY69 PNPY56 with cmR replaced with one half of purR and gp41-1 N-intein.
Also known as SiMPIP_N

pPNPY70 PNPY57 with ampR replaced with gp41-1 C-intein and another half of

purR. Also known as SiMPIP_C
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