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Abstract

A recent study in Caulobacter crescentus, a dimorphic bacterial model to study cell
cycle in prokaryotes, revealed the existence of a dynamic cytoplasmic redox and its
importance in cell cycle progression. It was demonstrated that the cytoplasm of the
swarmer (G1) cell remained reduced and a transition to oxidized state occurred during
the G1 to S transition, which returned to reduced state at the G2/M phase. The
importance of metabolic currencies such as NAD(P)(H) has been well documented to
be involved in regulating the redox state of the cell. While NADH has been shown to
cause an oxidative environment, NADPH has been demonstrated to act as a reducing
equivalent for cells under oxidative stress. In Caulobacter, the status of NAD(P)(H)
during the cell cycle, and redox oscillation, remains unexplored. Considering the
influence of NAD(P)(H) on redox, it is likely that change in NAD(P)(H) levels could
occur during the Caulobacter cell cycle. This study is focused towards designing
genetically encoded sensors to measure the levels of nucleotide co-factors in live

Caulobacter cells.
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Chapter 1 : Introduction

The growth and differentiation in both eukaryotes and prokaryotes are highly
coordinated and regulated events (Curtis and Brun, 2010). Bacterial cells have a well
programmed cell cycle which is governed at both transcriptional and translational
levels. Understanding the cell cycle and its regulation might help to resolve various
challenges such as designing strategies to attenuate pathogenesis, engineering
industrially relevant strains etc. Caulobacter crescentus, a fresh water dwelling
alphaproteobacteria is an established model organism to study cell cycle in bacteria.
Using density gradient centrifugation, C. crescentus can be synchronized and the G1
cells (swarmer cells), which can be used to study an entire cell cycle. C. crescentus
has a dimorphic life cycle, wherein flagellated swarmer cells search for nutrients. Upon
encountering nutrient availability, the swarmer cells transition into an adherent stalked
cell triggering replication and proliferation (Fig. 1.1). The replicating stalked cell
eventually divides giving rise to a swarmer and a stalked daughter cell (Fig. 1.1)
(Shapiro et al., 1971; Curtis and Brun, 2010).

Swarmer
\g‘progeny
-~
— — —
’ \
Stalked
progeny
G1-phase S-phase G2-phase
| Swarmer ‘ ‘ Stalked ‘ Pre-divisional Late Pre-
cells divisional cells

Figure 1. 1: Diagrammatic representation of cell cycle progression in C. crescentus :
The red, blue and green coloured cells indicate swarmer cells, stalked cells and pre-divisional
cells respectively. The cell cycle starts with G1 phase, where the swarmer cells eject flagella
to generate stalks. The stalked cells (S-phase) grow and forms an asymmetric division and a
flagellum at opposite end to give pre-divisional cells. Further, G2-phase is represented by late
pre-divisional cells which eventually divide to produce swarmer and stalked progeny.
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The precise control of cell cycle progression in Caulobacter is thorough the set of
master transcriptional regulators, DnaA, CtrA and GcrA. These regulators are

regulated both at the level of abundance and activity (Curtis and Brun, 2010).

Besides the above-mentioned regulators, a recent study from our group has shown
the requirement of a dynamic cytoplasmic redox for proper cell cycle progression
(Narayanan et al., 2015). This study showed that the swarmer (G1) cells have a
reduced cytoplasm and as cell enters into the S-phase, the cytoplasm becomes
oxidised. Further, as the cell cycle proceeds, the restoration to reduced cytoplasm
happens at the G2/M phase (Fig. 1.2). NstA, a repressor of the topoisomerase IV
decatenation activity has been shown to be regulated at the level of activity thorough
the formation of cysteine disulphides which is facilitated by the oxidised cytoplasmic

environment (Narayanan et al., 2015).
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Figure 1. 2: Diagrammatic representation of intracellular redox oscillation through the
cell cycle progression in C. crescentus: The cytoplasm of G1 cells is in reduced state. It
becomes oxidised as the cell transitions into S-phase where NstA becomes active and then
the cytoplasm become reduced when cell transitions into G2 phase where the NstA become
inactive (adapted from Narayanan et al, Genes&Dev, 2015).

However, it is important for cells to manage the redox oscillations in the cytoplasm to

prevent the detrimental effects of oxidative or reductive stress (Green and Paget,
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2004). Importantly, how the redox oscillation is maintained during the cell cycle in C.
crecentus is not explored. To gain a preliminary insight, we decided to monitor the
factors that could induce the cytoplasmic redox change during the cell cycle. In
general, reactive oxygen species (ROS) such as superoxide ion (O%), Hydrogen
peroxide (H202), and hydroxyl radical (HO"), are well known factors, that causes
oxidative stress (Messner and Imlay, 1999; Imlay, 2002). In addition to this, the
nucleotide cofactor, NAD(H), has also been shown to induce oxidizing condition in
cell. (Xie et al.,, 2020). Conversely. the reduced condition in the cytoplasm is
maintained by another nucleotide cofactor i.e. NADP(H), which serves as electron
donor for Glutathione, a non-enzymatic antioxidant. (Sporer et al., 2017). Therefore, it
is imperative to measure the intracellular nucleotide cofactors NAD(H) and NADP(H),

to gain insights into the redox changes.

At present, the most common methods/tools available for quantifying NAD(P)(H)
employs spectrophotometric detection, enzymatic assays and HPLC (Lowry et al.,
1961; Umemura and Kimura, 2005; Vidugiriene et al., 2014), which dependent on the
efficiency of nucleotide extraction. Recently, genetically encoded sensors (GE
sensors) conferring the advantage of in vivo measurements have evolved as a
powerful tool to monitor changes in intracellular nucleotide levels in live cells (Wang
et al., 2023). GE sensors exhibit varied fluorescence behaviour upon nucleotide
binding. These sensors majorly have two components (i) the circularly permuted
fluorescent proteins (cpFPs) and (ii) a receptor having specificity to nucleotide-of-
interest. Here, we have employed GE sensors, Peredox_mCherry (Hung et al., 2011),
PercevalHR (Tantama et al.,, 2013) and Hyper7 (Pak et al., 2020) for measuring
intracellular NAD(H), ATP-ADP and H202, respectively.

These sensors are available commercially but need to be re-designed to make it
compatible and functional in C. crescentus. In this study we are interested to design,
construct, validate and measure the dynamicity of NAD(H), NADP(H), ATP and H20:2

during cell cycle in C. crescentus using the respective GE sensors.
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Chapter 2 : Materials and Methods

2.1 Strains and growth conditions

The C. crescentus (NA1000) were cultured either in peptone yeast extract (PYE) rich
medium [0.2% peptone, 0.1% yeast extract, 1mM MgSOs and 0.5 mM CaClz] or
Glucose minimal medium, M2G (1X-M2 salt solution: 0.87 g/L Na2HPOa4, 0.53 g/L
KH2POs4, 0.25 g/L NH4Cl), supplemented with 0.5 mM MgSQOs4, 10 uM FeSO4.EDTA,
0.5 mM CaClz and 0.2% Glucose (Ely, 1991). The culture was incubated in rotatory
shaker under 210 rpm in 29°C overnight till it reaches the required growth. Wherever
required, kanamycin (5 pg/ml), vanillate induction of 0.5 mM (pH 7.5) was given for 4
hours and treated with FCCP (Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone)
(Sigma- #C2920), 25uM for 40 minutes.

The Escherichia coli, EC100 was used for cloning purpose and cultured in Luria
Bertani (LB) medium (Hi-media). The culture was incubated in rotatory shaker under
210 rpm in 37°C overnight till it reaches the required OD. Wherever required,
kanamycin (20 pg/ml) and agar (1.25%) were used.

2.2 Cell cycle synchronisation

The cells were grown in 10 mL M2G media overnight at 29 °C. The culture was diluted
into fresh 200 ml M2G media and grown further till 0.4-0.6 OD is reached. The cells
were pelleted at 5000 rpm for 5 minutes at 4 °C. The pellet was resuspended in 25 mL
cold 1X-M2 salt and centrifuged at 8500 rpm for 2.5 minutes at 4 °C. The above step
was repeated for two more times with 20 ml and 15 ml of cold 1X-M2 salt. The cells
were finally resuspended in 5.6 ml of 1X-M2 salt and the 700 pL of cells were aliquoted
into 8x 2 mL Microcentrifuge tubes. Next, 800 uL of Percoll (Cytiva) reagent was added
to each 2mL vials with resuspended cells, mixed gently through the walls and
centrifuged at 10000 rpm for 15 minutes at 4 °C. After centrifugation, two distinct layers
of cells were formed, the upper layer corresponds to stalk and pre-divisional cells and
the lower layer represented swarmer cells. The upper layer and supernatant were
removed carefully and the lower layer was resuspended in 1mL of cold 1X-M2 salt.

Cells were centrifuged at 8500 rpm for 2.5 minutes at 4 °C and removed the
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supernatant. This step was repeated two more times and finally all the cells were
concentrated into one 2 mL MCT and then pelleted by centrifugation at 8500 rpm for
4.5 minutes and the final pellet is resuspended in desired medium (Narayanan et al.,
2015).

Wherever required, the cells were grown in M2G till reading of 0.2 OD, then given
induction of 0.5 mM vanillate (pH - 7.5) for 3-4 hours.

2.3 Plasmids and Primers used

The primers used in this study are tabulated below:

5.No. Primer sequences Primer name Gene
1 5' AAAAAACATATGAAAGTTCCTGAAGCAGCCATT 3 Peredox_mCherry | Peredox_mCerry
Forward
2 Peredox_mCherry
5' AAAAAAGCTAGCTCACTTGTACAGTTCGTCCATGCC 3'
Reverse
3 5’ AAAAAACATATGGAGGGCGGGCTGGGGCGTGCTG ¥ NADP-Snifit NADP-Snifit
forward
4 5 NADP-Snifit
AAAAAAGCTAGCTTAAGCGGAAATTGAGGAGAAGCCCGGA reverse
3
5 5" AAAGAACATATGAAAAAGGTGGAATCCATCATCAGG & PercevalHR PercevalHR
Forward
6 | 5 AAAAAAGCTAGCTCACAGTGCTTCCTTGCCCTCCTCCTT PercevalHR
3 reverse
5 AAAAAACATATGGGATCCCGGGAATTCGCCACCATG 3’ Hyper7 Forward Hyper7
5 AAAAAAGCTAGCTCAATCGCAGATGAAGCTAACACCA 3’ | Hyper7 Reverse
5' GACGTCCGTTTGATTACGATCAAGATTGG 3 pVan forward NA
10 5' GCCAGGGTTTTCCCAGTCACGA 3 M13 Forward NA

Table 2. 1 : List of primers designed for construction of GE sensors: The table shows
the primers used for the GE sensor amplification having Ndel site at 5’ position and Nhel site
at 3’ position. The 9" and 10" primer were used to confirm the successful integration of the
sensor inside the C. crescentus genome.
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Plasmids used for this study are tabulated below:

S. No. | Name of plasmid Source

1 pRsetB-His7tag-Peredox-mCherry | Addgene
2 pRsetB-PercevalHR Addgene
3 pET-51b(+) NADP-Snifit Addgene
4 pQE30-HyPer7 Addgene
5 pV-Peredox-mCherryC-2 This study
6 pV-NADP-Snifit-C-2 This study
7 pV-PercevalHRC-2 This study
8 pV-Hyper7C-2 This study

Table 2. 2: List of plasmids used in this study: The plasmids- 1,2,3,4 was employed to
amplify sensor proteins. Thus, used for the construction of desired GE sensors (5,6,7,8).

2.4 Polymerase chain reaction (PCR)
PCR (Bio-Rad T100™ Thermal Cycler) is used for the amplification of the GE sensors

and confirmation of successfully transformed strains.

After the amplification, the products are screened with 0.8% agarose gel
electrophoresis added with EtBr (0.2-0.5 pg/mL.). Further downstream processes
including gel purification, restriction digestion and ligation were done after the required
band are amplified in the PCR.

2.5 Restriction digestion and ligation

The respective amplified GE sensor genes having Ndel site at 5’ end and Nhel site at
3’ end was digested with respective restriction enzymes. these fragments were purified
using the Qiagen gel clean-up kit and then ligated by two fragment ligations into
pVVENC-2 which was digested with Ndel and Nhel restriction enzymes. The ligated
plasmid is transformed into a chemically competent EC100 cells using heat shock
method and screened for positive colonies having kanamycin marker in LB-agar plate.
The obtained colonies in the LB-kanamycin plate were screened using colony PCR,

and confirmed colonies are grown in liquid LB media with kanamycin. From the culture,
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the plasmid is isolated using a Qiagen mini-prep kit. The plasmid is sent for sequencing

to check for point mutations.

2.6 Electroporation

The C. crescentus (NA1000) cells were electroporated with respective constructed
plasmids having GE sensors with 1500V for 4 to 4.5 milli seconds and plated in PYE-
agar plates supplied with kanamycin. The C. crescentus cells integrated with GE
sensors were selected using kanamycin marker. Colonies were then grown in PYE

broth with kanamycin.

2.7 Immunoblotting

The protein samples were resolved on 125 % sodium dodecyl sulphate
polyacrylamide gel (SDS-PAGE) by applying constant voltage (100 V). Proteins were
then transferred to a polyvinylidene difluoride membrane (PVDF, Millipore) at 4°C. The
membrane was blocked with 5 % milk in the TBST buffer (20 mM Tris-HCI [pH 7.5],
150 mM NaCl, 0.1% Tween-20) for 1 hour at room temperature. Blots were then
Incubated for 1-hour with monoclonal anti-GFP antibodies (Takara) (1:10,000 dilution)
in TBST solution (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% Tween-20, 5% non-
fat dry milk). Blots were then washed thrice with TBS buffer, followed by incubation
with anti-mouse secondary antibody (Jackson ImmunoResearch) for one hour. Blots
were washed thrice with TBS buffer again. Blots were developed using Clarity Western
ECL substrate (Bio-Rad) and imaged on Cytiva Amersham Image quant 800 with an

exposure time for 30 seconds.

2.8 Fluorescence acquisition using multimode reader

The measurement of the fluorescence was conducted using CLARIOstar plate reader
(BMG LabTech).100 uL of the cells were added into 96 well black bottom plate (Nunc)
with three technical replicates. For NADH/NAD* measurement (Peredox-mCherry)
samples were excited with 400-15 nm and emission recorded at 510-20 nm with a
dichroic filter of 490 nm. For the normalization of protein expression, mCherry was

excited at 587-15 nm and emitted at 625-20nm with a dichroic filter 605 nm. The green
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to red ratio from Peredox_mCherry is measured by taking the ratio of fluorescence

from T-sapphire to mCherry after normalization to the blank.

Wherever required, the cells were pelleted with 9000 rpm for 3 minutes and
resuspended in 1 mL of M2G van media before taking the measurement. Also, the
culture as well as the blank was diluted to ten times in 1x M2 medium before taking

100 uL of culture for fluorescence acquisition.

For ATP/ADP measurement (PercevalHR-NA1000), the samples were excited with
490-15 nm and 420-15 nm with emission recorded at 530-20 nm and 525-15 nm
respectively. The dichroic filter used are 508 nm and 495 nm for 490-15 nm and 420-
15 nm excitation respectively. The ATP to ADP ratio is measured by taking the ratio
of fluorescence from 490 nm excitation to 420 nm excitation after normalized to the
blank. 200 pL of 0.8 OD G1 cells resuspended with M2G van media were added into
the 96 well black bottom plate and allowed to grow in 29 °C with 500 rpm inside
CLARIOstar plate reader and the measurement was taken at an interval of 10 minutes

for 120 minutes using automation.

The graphs were plotted after taking the mean and standard error of the mean (SEM)
of data from at least three independent experiments with blank normalization. The

statistical analysis was done using unpaired parametric t-test.
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Chapter 3 : Results

3. Construction of genetically encoded sensors for nucleotide cofactors
and their measurement during the cell cycle in C. crescentus

Nucleotide cofactors such as NAD(H), NADP(H) could affect the cytoplasmic redox. It
has been shown that NADP(H) is used by antioxidants such as glutathione and
thioredoxin that maintain reduced condition of cytoplasm (Carmel-Harel and Storz,
2000). However, NAD(H) drives primarily oxidative reactions, thereby inducing
oxidising condition (Xie et al., 2020). In addition to that, since ATP/ADP ratio is the
readout of the metabolism, therefore, we were also interested in quantifying ATP/ADP
levels, thereby indicating the dynamicity of metabolism. Here, we employed
fluorescent probes Peredox-mCherry, NADP-Snifit and PercevalHR to quantify
NADH/NAD*, NADPH/NADP* and ATP/ADP nucleotide cofactors respectively.

3.1 Construction of NAD(H) sensing probe in C. crescentus (Peredox-
NA1000) and measuring NAD(H) during the cell cycle

Here, we employed Peredox_mCherry (pRsetB-His7tag-Peredox-mCherry) to
quantify the NADH/NAD? ratio inside the cytoplasm (Hung et al., 2011).In this study,
we re-designed the Peredox-mCherry making it compatible for expression in C.
crescentus and further quantified NAD(H) during cell cycle. Peredox_mCherry
consists of two components, first, a NADH binding protein T-Rex having two dimers.
Second, a pH resistant T-Sapphire protein (cpFP), which is linked between the T-Rex
dimer. T-Sapphire gives the readout of cytoplasmic NADH/NAD* ratio due to the
binding competition between NADH and NAD* with T-Rex protein. Binding of NAD*
gives an open conformation whereas binding of NADH gives a closed confirmation
leading to increased fluorescence from T-sapphire (green fluorescence) (Fig. 3.1)
(Hung et al., 2011). The probe is linked with mCherry (red fluorescence) as a control
for the protein copy number since mCherry fluoresces irrespective of the NADH
binding. NADH/NAD" ratio is quantified by calculating the green to red ratio.

We have chosen this sensor for the quantification because of the following advantage
given by this probe. One, it is having pH resistant fluorescent protein T-sapphire and
the second it is highly sensitive to NADH, as it can read even less than 5 nM NADH.

Furthermore, green to red ratio can go up to ~2.5-fold increase suggesting its flexibility
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in the scale. Therefore, it is a fast, efficient and robust tool to measure the NADH/NAD*

levels in oligotrophic bacteria like C. crescentus.

Figure 3. 1: Representation of NADH/NAD"* sensing by Peredox_mCherry sensor. The
diagram shows the existence of two confirmational states of Peredox_mCherry (having two
homo dimer represented using blue and yellow) upon ligand binding where mCherry fluoresce
irrespective of the ligand binding. A) Peredox_mCherry bound with NAD* ligand. B)
Peredox_mCherry bound with NADH giving T-Sapphire to fluoresce. Figure made using
information from Hung et al. 2011.

3.1.1 Designing pV-Peredox_mCherryC-2 construct sensing intracellular
NAD(H)

pRsetB-His7tag-Peredox-mCherry plasmid detects NAD(H), which is compatible to E.
coli. In order to have Peredox mCherry suitable for expression inside the C.
crescentus. we amplified the Peredox_mcherry gene from the above plasmid and
inserted into pVVENC-2 plasmid (Thanbichler et al., 2007). pVVENC-2 is high copy
number plasmid with kanamycin resistant marker. Here, the gene of interest
(Peredox_mCherry) is inserted downstream to vannillate promoter (Pvan) thereby,
making the expression of Peredox_mCherry strictly under vanillate induction.
Following above strategy, the sensor was constructed and named as pV-

Peredox_mCherryC-2, the vector map of the same is shown in Fig. 3.2.
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Figure 3. 2: Vector map of designed pV-Peredox_mCherryC-2 construct. The schematics
shows the design of C. crescentus compatible integrative plasmid with Peredox_mCherry
between Ndel and Nhel downstream to vannilate promoter (7018 bp) (drawn using
SnapGene).

3.1.2 Preparation of pV-Peredox_mCherryC-2 construct and its integration into
the C. crescentus genome

The Peredox_mCherry gene i.e., T-Rex--T-sapphire--T-Rex--mCherry (2760 bp) is
amplified from the template plasmid pRsetB-His7tag-Peredox-mCherry (Fig. 3.3 a).
The obtained amplicon (2760 bp) was digested, and ligated into the vector pVVENC-
2 and further transformed into EC100 (E. coli) cells (Fig. 3.3 b). The colonies obtained
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after transformation were screened for cells harbouring pV-Peredox_mCherryC-2

construct (Fig. 3.3 c).
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Figure 3. 3: Preparation of pV-Peredox_mCherryC-2 construct. The figure shows the
agarose gel image for a. the PCR amplified product of the Peredox-mCherry gene (2.76 kb).
b. Restriction digested product of Peredox-mCherry (left) and the plasmid pVVENC2 (4.258
kb) (right) with Ndel and Nhel. c. the PCR screened EC100 colonies transformed with pV-
Peredox_mCherryC-2. The requisite bands (2.76 kb) obtained were shown by red circle
representing EC100 containing pV-Peredox_mCherryC-2 construct. Last lane is positive
control that represents the amplification of Peredox_mCherry from the pRsetB-His7tag-
Peredox-mCherry with the requisite band 2.76 kb.

The sequencing of the confirmed pVPeredox_mCherryC-2 plasmid was done and
confirmed. The pV-Peredox_mCherryC-2 construct was then electroporated into
NA1000 strain of C. crescentus, for its integration into the genome. To check, the
integration of the Peredox_mCherry inside the vanillate locus of NA1000 we did colony
PCR using out primers specific to the vanillate promoter (pvanF) upstream to the
Peredox_mCherry gene and a M13F primer specific to the downstream of the gene
(Fig. 3.4).

24



NA1000_peredox_mCherry
|
[ ~ o | NA1000
© © wWT

10 kb ————

8kb T [

6kb ———

skb T

4kb T

3kb | A— — e C—

2kb | &
16kb |

L]

e —
05kb — 1

Figure 3. 4: Confirmatory PCR for screening the NA1000 cells integrated with Peredox-
mCherry: The figure shows the agarose gel image for the PCR amplification of the Peredox-
mCherry gene from the transformed NA1000 cells using the out primers pvanF and M13F.
The requisite bands (2.89 kb) were obtained in colony 1 (C1) and colony 2 (C2) and NA1000
as negative control.

The C. crescentus cells harbouring Peredox-mCherry gene at Vanillate locus in the
genome (here on, Peredox-NA1000) was confirmed and proceeded for the

measurement of intracellular NAD(H).

3.1.3 Checking the expression of Peredox_mCherry gene in the engineered C.
crescentus (Peredox-NA1000)

Before accessing the cytoplasmic NAD(H) levels, we first confirmed the expression of
Peredox-mCherry from Peredox-NA1000 cells. Peredox-NA1000 cells were grown in
minimal medium with Glucose (M2G) and induced with 0.5 mM vanillate (pH-7.5) for
4 hours. Further, the cells were collected and the expression of the Peredox_mCherry
was checked by developing the immunoblot using monoclonal anti-GFP antibody. Fig.

3.5 shows the immunoblot having the requisite band corresponding to
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Peredox_mCherry (101kDa) protein under vanillate induction (+van). However, no

band was obtained in an uninduced (-van) Peredox-NA1000 cells.
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Figure 3. 5: Immunoblot showing the expression of Peredox_mCherry protein in
Peredox-NA1000 cells. The figure shows the immunoblot for the Peredox-NA1000 cells
expressing Peredox_mCherry protein (101 kDa) under 0.5mM vanillate (pH-7.5) induction for
4 hours. The blot was developed using monoclonal mouse antibody against GFP epitope.

3.1.4 Validation of Peredox_mCherry sensitivity to intracellular NAD(H) in the
engineered C. crescentus (Peredox-NA1000)

Once we confirmed the expression of Peredox-mCherry protein, we next wanted to
validate its sensitivity to detect NAD(H). For validation, here we have used FCCP
(Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone), an ionophore which is known
to decreases the cytoplasmic NADH level in rat cardiomyocyte (Hu et al., 2021).
Peredox-NA1000 cells were induced for 3 hours with vanillate and treated with FCCP.
Here we found that the treatment of 0.2 OD cells with the 25uM FCCP for 40 minutes
showed a significant decrease in the intracellular NADH/NAD" ratio in C. crescentus
(Fig. 3.6).
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Figure 3. 6: Intracellular NADH/NAD" ratio in Peredox-NA1000 cells treated with FCCP.
The figure shows significant decrease in NADH/NAD* ratio upon the treatment of 0.2 OD of
cells with FCCP (25uM) for 40 min after Peredox NA1000 cells were induced with 0.5 mM
vanillate (pH-7.5) for 4 hours. Statistical analysis was done using unpaired parametric t-test
conducted in four independent biological replicates where each contain two technical
replicates (n=4, p-value=0.0085).

The treatment with FCCP showed that Peredox NA1000 efficiently senses the
NAD(H) levels and is suitable for measuring the intracellular NADH/NAD* ratio during

the cell cycle in C. crescentus.

3.1.5 Measuring NADH/NAD* during the cell cycle in C. crescentus

The cytoplasmic redox oscillates during cell cycle in C. crescentus where among
various factors, NAD(H), is a potent factor that could mediate redox changes. Here,
we employed the Peredox-NA1000 cells to access the NAD(H) dynamics during cell
cycle.

The Peredox-NA1000 cells were induced by Vanillate (van) for 3 hours and then was
synchronized to separate the G1 cells. Next, the synchronized G1 cells (ODsoo = 2)
were allowed to grow in fresh M2G van medium and cell cycle was initiated. The cell

cycle in M2G medium is prolonged for 120 minutes. To measure the intracellular
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NAD(H) level, the cells were collected after diluted for 10 times in 1X M2 medium at
the interval of 10 minutes and the fluorescence (Peredox-mCherry) was acquired as
mentioned in the materials and methods. The fluorescence corresponding to
NADH/NAD?* ratio at each timepoint was then normalized to mCherry (representing
the expression of Peredox-mCherry gene). The Normalized NADH/NAD* ratio
obtained at each time point is plotted as shown in Fig. 3.7. Interestingly, our data
showed that NADH/NAD* ratio changes during cell cycle. Where, the ratio is constant

till mid S-phase and further it increases significantly after mid S-phase.
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Figure 3. 7: Normalized NAD(H)/NAD" ratio levels during cell cycle in C. crescentus. The
figure shows the NADH/NAD* ratio during the cell cycle progression in C. crescentus. 0.5 mM
vanillate induction is given for 3 hours. The T-sapphire having an excitation of 400 nm and
emission at 510 nm. mCherry fluorescence used for the normalising copy number have an
excitation of 587 nm and an emission of 625 nm. The fluorescence was acquired at every 10
minutes and the graph was plotted using four independent biological experiments (n=4).

Importantly, our data revealed that the NADH/NAD" levels in cell is dynamic during the

cell cycle and possibly effect the redox changes. Therefore, it provides an imperative
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direction to investigate the contribution of NAD(H) in managing redox during cell cycle

in C. crescentus.

3.2. Construction of NADP(H) sensing probe in C. crescentus (NADP-
Snifit-NA1000) and measuring NADP(H) during the cell cycle

In order to measure the intracellular levels of NADPH/NADP* ratio, we have used the
GE sensor, NADP-Snifit (Sallin et al., 2018). It is a semisynthetic biosensor consists
of NADP(H) binding protein i.e., Human Sepiapterin Reductase (SPR), synthetic
labelling proteins Halo-tag and SNAP-tag attached using linkers. Additionally, two
fluorophores are provided externally, first, SiR-Halo which binds to Halo-tag and the
second is O%*-benzyl-2-chloro-6-aminopyrimidine tetramethyl rhodamine
sulfamethoxazole (CP-TMR-SMX) that links with SNAP-tag. These two fluorophores
act as FRET pair depending upon the binding of either NADP or NADPH with SPR.
Whenever there is binding of NADPH, the sensor acquires an open structure enabling
the fluorescence of TMR. Whereas when NADP™ is bound to SPR the sensor acquires
the closed confirmation thereby helping the TMR and SiR-Halo to come in FRET
distance for resonance transfer of energy (Fig. 3.8) (Sallin et al., 2018). The excitation
for TMR is 520 nm and emission at 577nm, which will be increased when the sensor
is bound to NADPH. However, in the presence of NADP* the SiR-Halo emits at 667
nm when excited with 520 nm. The emission of SiR-Halo at 667 nm is facilitated by
closed confirmation of the sensor, which enable the FRET transfer from TMR to SiR-
Halo. Therefore, considering the ratio of 577nm/667nm will indicate the
NADPH/NADP? ratio in the cell (Sallin et al., 2018).
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Figure 3. 8: Representation of NADPH/NADP* sensing by NADP-Snifit probe: (A) The
figure shows the NADPH (yellow) bound state of NADP-Snifit (left) and NADP* (purple) bound
state of NADP-Snifit (right) and the action of FRET by the help of the ligand sulfamethoxazole
(blue). (B) Shows the chemical structure of the fluorescent dye where O*-benzyl-2-chloro-6-
aminopyrimidine tetramethyl rhodamine sulfamethoxazole (CP-TMR-SMX) is a derivative of
tetramethyl rhodamine (green) dye linked with sulfamethoxazole (blue) as ligand and CP helps
in labelling to SNAP-tag. SiR-Halo which is having silicon rhodamine (red) dye self-labels with
Halo-Tag (Reproduced from eLife, Sallin et al, 2018).

This GE sensor is chosen for the quantification because of the following advantage
given by this probe. One, it is a pH insensitive protein and have a large dynamic range
of response towards the NADPH/NADP™ ratio (half maximal response ratio = 30).
Hence, it is an efficient and robust tool to measure the NADPH/NADP* levels in

oligotrophic bacteria like C. crescentus.

3.2.1 Designing pV-NADP-SnifitC-2 construct for sensing intracellular NADP(H)
pET-51b(+)_NADP-Snifit plasmid detects NADP(H), which is compatible to E. coli. In
order to have NADP-Snifit appropriate for expression inside the C. crescentus. we
amplified the NADP-Snifit from the above plasmid and inserted into previously
mentioned plasmid pVVENC-2. Here, the GE sensor NADP-Snifit is inserted

downstream to Pvan thereby, making the expression of NADP-Snifit strictly under
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vanillate induction. Following above strategy, the sensor was constructed and named
the vector map as pV-NADP-SnifitC-2 shown in Fig. 3.9.
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Figure 3. 9: Vector map of designed pV-NADP-SnifitC-2 construct. The schematics shows
the design of C. crescentus compatible integrative plasmid with NADP-Snifit between Ndel
and Nhel downstream to vannilate promoter (6640 bp) (drawn using SnapGene).

3.2.2 Preparation of pV-NADP-SnifitC-2 construct and its integration into the C.
crescentus genome

The NADP-Snifit gene consists of SPR linked with Halo-tag and SNAP Tag (2382 bp)
is amplified from the template plasmid pET-51b (+) _NADP-Snifit (Fig. 3.10 a). The
obtained amplicon (2382 bp) was digested, and ligated into the vector pVVENC2 and
further transformed into EC100 (E. coli) cells (Fig. 3.10 b). The colonies obtained after
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transformation were screened for cells harbouring pV-NADP-SnifitC-2 construct (Fig.
3.10 c).
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Figure 3. 10: Preparation of pV-NADP-SnifitC-2 construct. The figure shows the agarose
gel image for a. the PCR amplified product of the NADP-Snifit gene from the template (2.382
kb). b. Restriction digested product of NADP-Snifit (left) and the plasmid pVVENC2 (4.258 kb)
(right) with Ndel and Nhel. c. the PCR-screened EC100 colonies transformed with pV-NADP-
Snifit-C-2. The requisite bands (2.382 kb) obtained were shown by red circle representing
EC100 containing pV-NADP-SnifitC-2 construct. Last lane is positive control that represents
the amplification of NADP-Snifit from the pET-51b (+) _NADP-Snifit with the requisite band
2.382 kb.

Currently, we are in process of integrating the confirmed pV-NADP-SnifitC-2 into
NA1000 genome. Once it is integrated further validation and measurement of
NADPH/NADP™ levels during the cell cycle would be conducted. The sequencing of

the plasmid was done and confirmed.

3.3 Construction of ATP(ADP) sensing probe in C. crescentus
(PercevalHR-NA1000) and measuring ATP/ADP ratio during the cell cycle
We have used the GE sensor PercevalHR to quantify the ATP/ADP ratio inside the
cytoplasm (Tantama et al., 2013). In this study we redesigned the PercevalHR making
it compatible for expression in C. crescentus and further quantification during the cell

cycle. PercevalHR consists of mVenus(cpFP) and ATP(ADP) binding protein GInK.
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GInK1 has a T loop (Gly37- Val53) domain which will have conformational changes
whenever there is a binding of Mg-ATP (Yildiz et al., 2007). mVenus gives
fluorescence at 420 nm when ADP is bound with the unordered structure of T loop.
But whenever Mg-ATP is bound to the T-loop of GInK forming an ordered structure
helping mVenus giving increased excitation at 490 nm. The ATP/ADP ratio is due to
the binding competition between the ATP and ADP in the T loop domain of GInK (Fig.
3.11). We have chosen this probe to quantify because this probe has a half maximal
response value Kr ~3.5. i. e ATP/ADP ratio can go till 3.5-fold increase. Also, this
probe is good in sensing the real time physiological values of ADP which was not the

case about the earlier reported versions of Perceval.

Ratio Sensing By
ATP-ADP Competition

Figure 3. 11: Representation of ATP/ADP sensing by PercevalHR Sensor. The figure
shows the sensor diagram where fluorescence is differed according to ATP-ADP sensing.
Blue circle represents the ADP and the red circle represents the ATP. Upon ATP binding
cpmVenus gives increased fluorescence at 490 nm (Reproduced from Nature Comm,
Tantama et al, 2013).

3.3.1 Designing pV-PercevalHRC-2 construct sensing intracellular ATP(ADP)
pRsetB-PercevalHR plasmid detects ATP(ADP) which is compatible to E. coli. In order
to have PercevalHR suitable for expression inside the C. crescentus. we amplified the
PercevalHR gene from the above plasmid and inserted into pVVENC-2 plasmid. Here,
the gene of interest (PercevalHR) is inserted downstream to Pvan thereby, making the
expression of PercevalHR strictly under vanillate induction. Following above strategy,
the sensor was constructed the vector map was named pVPercevalHRC-2 as shown
in Fig. 3.12.
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Figure 3. 12: Vector map of designed pV-PercevalHRC-2 construct. The schematics
shows the design of C. crescentus compatible integrative plasmid with PercevalHR between
Ndel and Nhel downstream to vannilate promoter (5998 bp) (drawn using SnapGene).

3.3.2 Preparation of pV-PercevalHRC-2 construct and its integration into the C.
crescentus genome

The PercevalHR gene consists of mVenus fused with GInK1 in between T-loop (1740
bp) is amplified from the template plasmid pRsetB-PercevalHR (Fig. 3.13 a). The
obtained amplicon (1740 bp) was digested, and ligated into the vector pVVENC-2 and
further transformed into EC100 cells (Fig. 3.13 b). The colonies obtained after
transformation were screened for cells harbouring pVPercevalHRC-2 construct (Fig.
3.13 c).
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Figure 3. 13: Preparation of pV-PercevalHRC-2 construct. The figure shows the agarose
gel image for a. the PCR amplified product of the PercevalHR gene (1.74 kb). b. Restriction
digested product of PercevalHR (left) and the plasmid pVVENC2 (4.258 kb) (right). c. the
PCR-screened EC100 colonies transformed with pV-PercevalHR. The requisite bands (1.740
kb) obtained were shown by red circle representing EC100 containing pV-PercevalHRC-2
construct. Last lane is positive control that represents the amplification of PercevalHR from
the pRsetB-PercevalHR with the requisite band 1.74 kb.

The pVPercevalHRC-2 construct was then electroporated into NA1000 strain of C.
crescentus for its integration into the genome. To check, the integration of the
PercevalHR inside the vanillate locus of NA1000 we did colony PCR using out primers
specific to the vanillate promoter (pvanF) upstream to the PercevalHR gene and a

M13F primer specific to the downstream of the gene (Fig. 3.14).
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Figure 3. 14: Confirmatory PCR for screening the NA1000 cells integrated with
PercevalHR. The figure shows the agarose gel image for the PCR amplification of the
PercevalHR gene from the transformed NA1000 cells using the out primers pvanF and M13F.
The requisite bands (1.87 kb) were obtained in colony 1 (C1) and colony 2 (C2) and NA1000
as negative control.

The C. crescentus cells harbouring PercevalHR at Vanillate locus in the genome (here
on, PercevalHR-NA1000) was confirmed and proceeded for the measurement of
intracellular ATP/ADP.

3.3.3 Checking the expression of PercevalHR gene in the engineered C.
crescentus (PercevalHR-NA1000)

Before accessing the cytoplasmic ATP/ADP levels we first confirmed the expression
of PercevalHR from PercevalHR-NA1000 cells. PercevalHR-NA1000 cells were grown
in M2G and induced with 0.5 mM vanillate (pH-7.5) for 4 hours. Further, the cells were
collected and to ensure the expression of the PercevalHR, we developed the
immunoblot using monoclonal anti-GFP antibody. Fig. 3.15 shows the immunoblot

having the requisite band corresponding to PercevalHR (~ 62.5 kDa) protein under
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vanillate induction (+van). However, no band was obtained in an uninduced (-van)
PercevalHR-NA1000 cells.
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Figure 3. 15: Inmunoblot showing the expression of PercevalHR protein in PercevalHR-
NA1000 cells.The figure shows the immunoblot for the PercevalHR-NA1000 cells expressing
PercevalHR protein (62.5 kDa) under 0.5mM vanillate (pH-7.5) induction for 4 hours. The blot
was developed using monoclonal mouse antibody against GFP epitope.

3.3.4 Validation of PercevalHR sensitivity towards intracellular ATP(ADP) levels
in the engineered C. crescentus (PercevalHR-NA1000)

Once we confirmed the expression of PercevalHR, we next wanted to validate its
sensitivity to detect ATP(ADP). FCCP or CCCP (carbonyl cyanide m-chlorophenyl
hydrazone) are the potent uncouplers for the ATP synthesis thereby disrupting
electron motive force (Benz and McLaughlin, 1983). As a result, the ATP synthase
cannot synthesize ATP and thus more ADP will be accumulated in the cell. It has been
shown that in C. crescentus, the use of 25 uM of CCCP significantly perturbs the
membrane potential without the cell lysis (Eun et al., 2012). Hence, we treated 0.4 OD
culture with the 25uM FCCP for 40 minutes. The cells were pelleted and resuspended

in 1 mL M2G van and carried out for fluorescence measurement as discussed in

37



materials and methods. We found a significant decrease in ATP/ADP ratio in C.

crescentus (Fig 3.16).
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Figure 3. 16: Intracellular ATP/ADP ratio in PercevalHR-NA1000 cells treated with FCCP.
The figure shows significant decrease in ATP/ADP ratio upon the treatment of FCCP (25uM)
to 0.4 OD cells for 40 min after PercevalHR-NA1000 cells were induced with 0.5 mM vanillate
(pH-7.5) for 4 hours. The statistical analysis was done using unpaired parametric t-test
conducted in five independent biological replicates where each contain two technical
replicates (n=5, p-value=0.0034).

The treatment with FCCP showed that PercevalHR-NA1000 efficiently senses the
ATP(ADP) levels and is suitable for measuring the intracellular ATP/ADP ratio during

the cell cycle in C. crescentus.

3.3.5 Measuring ATP/ADP during the cell cycle in C. crescentus

After validating the sensitivity of PercevalHR to ATP/ADP ratio inside the cytoplasm of
C. crescentus. Next, we wanted to monitor the ATP/ADP ratio during the cell cycle.
For the estimation of ATP/ADP ratio, PercevalHR-NA1000 cells were synchronized
and G1 cells with ODsoo of 0.8 were resuspended in M2G van medium and cell cycle
was initiated. Further, 200 pL cells were added into the 96 well black bottom plate in

triplicates. The fluorescence was acquired for PercevalHR as mentioned in the method
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section at an interval of 10 minutes. The fluorescence obtained was normalized with
Blank (M2G van without cells) and ATP/ADP ratio was measured at each time point.
The plot of individual fluorescence value corresponding ATP is shown in Fig. 3.17. We
found that the ATP fluorescence increases from mid S-phase onwards whereas the

ADP fluorescence increases linearly with the cell cycle progression.
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Figure 3. 17: ATP(ADP) fluorescence during cell cycle in C. crescentus using
PercevalHR: The figure shows the fluorescence reading from Aex=490 nm (represents ATP)
(green) and Aex=420 nm (represents ADP) (red) during the cell cycle of C. crescentus after 4
hours of 0.5 mM vanillate (pH-7.5) induction. Here, 0.8 OD of G1 cells were allowed to grow
for the cell cycle progression in M2G van media. The fluorescence was acquired at every 10
minutes and the graph was plotted using three independent biological experiments (n=3).

The plot of ATP/ADP ratio is shown in Fig. 3.18. The ATP/ADP ratio decreases
suddenly in initial phase of the cell cycle and become constant. Finally, an increase in
the ATP/ADP ratio which start from late S-phase onwards.
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Figure 3. 18: ATP/ADP ratio during cell cycle using PercevalHR. The figure shows the
ATP/ADP ratio during the cell cycle of C. crescentus after 4 hours of 0.5 mM vanillate (pH-7.5)
induction. The ATP and ADP fluorescence acquired with 490nm and 420 nm excitation
respectively with same emission of 530nm. Here, 0.8 OD of G1 cells were allowed to grow for
the cell cycle progression in M2G van media. The fluorescence was acquired at every 10
minutes and the graph was plotted using three independent biological experiments (n=3).

Interestingly, we found that the ATP/ADP levels fluctuates during the cell cycle. This
data suggest that ATP/ADP levels are dynamic during the cell cycle. In the initial part
of the cell cycle there is a decrease in ATP/ADP levels suggesting a demand of ATP
during the initial phase of the cell cycle. Further the ATP/ADP levels increases as the
cell cycle proceeds. Although a greater number of replicates has to be conducted to

establish this existing fluctuation of ATP/ADP during the cell cycle in C. crescentus.

3.4. Construction of H.02 sensing probe in C. crescentus (Hyper7-NA1000)
and measuring H202 during the cell cycle
Studies have shown that ROS species such as H,0, induces the oxidative stress to

the cell. The fluctuations in the H,0: levels during the cell cycle in C. crescentus will be
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fascinating to look into (Imlay, 2002; Ray et al., 2012). Therefore, we use fluorescent

probe Hyper7 to quantify the H20:zlevels during the cell cycle.

Here, we employed an ultrasensitive GE sensor, i.e., Hyper7 (pQE30-HyPer7), to
quantify the H20z2ratio inside the cytoplasm. In this study, we re-designed the Hyper7,
making it compatible with expression in C. crescentus and further quantifying H202.
Hyper7 is made of two components; first, a regulatory domain of H202 sensing protein
OxyR (Oxy-RD). Second, a cpYFP protein (cpFP) is linked between 126-127 positions
of Oxy-RD from Neisseria meningitidis. Hyper7 gives the readout based on H20:2
concentration, which in turn makes disulphide bond formation in Oxy-RD, enhancing
the fluorescence from cpYFP (Fig 3.19) (Pak et al., 2020). We have chosen this sensor
for the quantification because of the following advantages given by this probe. One, it
is a pH-resistant variant, and the second, its sensitivity to H2O2 concentration is in the
range of 10nM. Hence, it is a fast, efficient and robust tool to measure the H20:2 levels

in oligotrophic bacteria like C. crescentus.
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Figure 3. 19: Representation of H,0, sensing by Hyper7 sensor. The diagram shows the
existence of two confirmational states of Hyper7 upon ligand binding. A) Hyper7 sensor in
absence of H20,. B) Hyper7 sensor in presence of H>O» catalysing disulphide bond giving rise
to cpYFP to fluoresce. Drawn using information from Pak et al. 2020.
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3.4.1 Designing pV-Hyper7C-2 construct sensing intracellular H20:2

pQE30-HyPer7 plasmid detects H202 which is compatible to E. coli. In order to have

Hyper7 suitable for expression inside the C. crecentus. we amplified the Hyper7 from

the above plasmid and inserted into pVVENC-2 plasmid. Here, the gene of interest

(Hyper7) is inserted downstream to Pvan thereby, making the expression of Hyper7

strictly under vanillate induction. Following above strategy, the sensor was constructed

and the vector map is named pV-Hyper7C-2 as shown in Fig. 3.20.
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Figure 3. 20: Vector map of designed pVHyper7C-2 construct. The schematics shows the
design of C. crescentus compatible integrative plasmid with Hyper7 between Ndel and Nhel

downstream to vannilate promoter (5722 bp) (drawn using SnapGene).
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3.4.2 Preparation of pV-Hyper7C-2 construct and its integration into the C.
crescentus genome

The Hyper7 gene composed of OxyR-RD fused with cpYFP in between OxyR-RD
(1464 bp) is amplified from the template plasmid pQE30-HyPer7 (Fig. 3.21 a). The
obtained amplicon (1464 bp) was digested, and ligated into the vector pVVENC2 and
further transformed into EC100 cells (Fig. 3.21 b). The colonies obtained after

transformation were screened for cells harbouring pV-Hyper7C-2 construct (Fig. 3.21

c).
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Figure 3. 21: Preparation of pV-Hyper7C-2 construct. The figure shows the agarose gel
image for a. the PCR amplified product of the Hyper7 gene (1.46 kb). b. Restriction digested
product of Hyper7 (left) and the plasmid pVVENC2 (4.258 kb) (right) with Ndel and Nhel. c.
the PCR screened EC100 colonies transformed with pVHyper7C-2. The requisite bands (1.46
kb) obtained were shown in all colonies representing EC100 containing pV-Hyper7C-2
construct. Last lane is positive control that represents the amplification of Hyper7 from the
pQE30-HyPer7 with the requisite band 1.46 kb.

Currently, we are in process of integrating the confirmed pV-Hyper7C-2 into NA1000
genome. Once it is integrated further validation and measurement of H20:2 levels

during the cell cycle in C. crescentus would be conducted.

43



Chapter 4 : Discussion

We have successfully constructed pV-Peredox_mCherryC-2, pVNADP-SnifitC-2,
pVPercevalHRC-2 and pVHyper7C-2 to measure intracellular NAD(H), NADP(H),
ATP-ADP ratio and H.0O; respectively. The efficiency of pV-Peredox-mCherryC-2 and
pVPercevalHRC-2 has been validated in live Caulobacter cells. Furthermore, these
genetically encoded sensors have been used to measure the NAD(H) and ATP/ADP
levels during the cell cycle in synchronised population of Caulobacter cells.
Interestingly, we observed that NADH/NAD™* ratio remains constant till mid S-phase

and significantly increases from mid-S phase onwards.

Furthermore, experiments using the pVPercevalHRC-2 construct indicated a decrease
in ATP-ADP ratio upon entry into S-phase. This observation may suggest higher
utilization of ATP in S-phase entry, which could be linked to activation of replication
and proliferation. However, further experiments are required to validate this

observation.

The genetically encoded sensors designed in this work can be used to monitor cell
cycle abundance of nucleotides. Furthermore, these sensors can be used to study the

influence of nutrients on cytoplasmic redox and its regulation during the cell cycle.
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