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Abstract

Polarity reversal in the soil bacterium Myxococcus xanthus is regulated by a cascade of proteins
depending on extracellular signals. MglA, a prokaryotic small Ras-like GTPase, is the master
regulator of this motility. MglA GTP hydrolysis is accelerated by its cognate GTPase activating
protein (GAP), MgIB which also acts as the Guanine nucleotide exchange factor (GEF). My
work aims to dissect this dual GAP and GEF activity of MgIB in light of the asymmetric
interaction of MgIB dimer with MglA. We observe that the C-terminal helix of the
MglB; protomer interacts with MglA opposite the nucleotide-binding pocket, allosterically
stimulating nucleotide exchange. The GAP activity is driven by the MgIB dimeric interface,
which orients the MglA catalytic residues. Interaction of MglB orients a non-canonical Walker
B motif in MglA important for nucleotide binding. We also characterize RomY, a newly

identified co-GAP of MgIB.

RomR-RomX, a complex of two proteins, has also been shown to act as GEF for MglA, making
it interesting to understand the regulation of these two different GEF modules. Domain-wise
characterisation of RomR shows the N-terminal receiver domain interacting with RomX and
consequently, we identify the interface. The crystal structure of RomX reveals it to be an alpha-
helical protein, strikingly similar to the stalk domain of the GTPase atlastin. We observe the
GEF activity of RomX without any contribution from the RomR receiver domain. We compare
this with the MglB GEF activity, which aids in distinguishing the mechanisms of MglA
activation by MglB and RomR-RomX. RomR has also been shown to interact with MgIC,
which also interacts with MglB. We observe that the C-terminal domain of RomR interacts
with MglC, which plays a role in recruiting MgIB. Fitting all these pieces into the puzzle, we
finally propose an updated model of the mechanism of cell polarity maintenance and reversal,

characterizing Myxococcus xanthus motility.
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Motility in the soil bacterium Myxococcus xanthus is characterized by frequent reversal of cell
polarity depending on extracellular signals'. MglA, a prokaryotic small Ras-like GTPase, is
the master regulator of this motility pattern>. MglA-GTP localises to the leading pole of the
cell and relocates as the cell reverses polarity, whereas MglA GDP is diffused in the
cytoplasm?. The localization and function of MglA are regulated by multiple interacting

proteins, which together constitute the cell polarity oscillator in this bacterium.

MglA GTP hydrolysis is accelerated by its cognate GTPase activating protein (GAP), MgIB,
an Rbl/LC7 protein, which also acts as the Guanine nucleotide exchange factor (GEF)*7. MgIB
is present at both cell poles, with a higher concentration at the lagging pole. The GAP activity
of MglB is further stimulated by RomY at the lagging pole, which together helps exclude MglA
from this pole®. The structure of the MglA-MgIB complex shows that a dimer of MglB interacts
asymmetrically with one molecule of MglA. The Rbl/LC7 domain of MgIB contributes to the
GAP activity, whereas the C-terminal helix contributes to the GEF activity’. However, the

exact mechanism and relevance of the MgIB GEF activity during polarity reversals are unclear.

In addition to MgIB, another complex of two proteins, RomR-RomX, has also been shown to
act as GEF for MglA®. RomR-RomX localizes similarly to MgIB in the cell. RomR is a
multidomain protein with an N-terminal response receiver domain followed by a long-
disordered linker and a C-terminal domain'®. The dynamics of RomR help in regulating the
frequency of cell polarity oscillations!!'2. RomR has been shown to stimulate the GEF activity
of RomX, which is a protein of novel fold. RomR-RomX together has been proposed to recruit

MglA GTP at the leading pole. There are several unresolved questions pertaining to the
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localization and GEF activity of the RomR-RomX complex. Further, it is interesting to
understand the relevance of the two GEF modules, MgIB and RomR-RomX, regulating MglA

localization during polarity reversals.

MglB has also been shown to interact with another Rbl/LC7 protein, MglC, which also interacts
with RomR!3. MgIB and MgIC have been shown to form a 2:4 complex'. It localizes similarly
to MglIB with a major cluster at the lagging cell pole. But the exact function of MgIC in the

polarity reversal module remains to be deciphered.

In this thesis, we have attempted to dissect the mechanism of regulation of MglA by its

interacting partners and their relevance in the polarity reversal module.

Chapter wise summary

Chapter 1: Introduction

In this chapter, we have performed a comprehensive review of the literature concerning the cell
polarity oscillator in Myxococcus xanthus, the proteins orchestrating cell polarity reversals and
their role in driving cell motility. We have detailed the current opinions regarding the sequence
of events driving reversals and the unanswered questions in the field, some of which we have

tried to address in this thesis.

Chapter 2: Materials and Methods

This chapter enlists the techniques for biochemical and structural studies used in this work.

Chapter 3: Characterization of a non-canonical Walker B motif in MgIA

In this chapter, we experimentally validated that Asp-58 of MglA, present in an alternate G3
(G3AY motif, acts as a non-canonical Walker B. It is important for maintaining the Mg?*
coordination at the nucleotide-binding pocket. We performed an exhaustive study of other P-
loop NTPases to compare the position of Walker B and the associated conformational changes
regulated across the GDP and GTP-bound states. The G3A" motif is a part of the MgIB
interface, which allosterically regulates the positioning of the Walker B. The presence of a Thr-
78 at the canonical Walker B position in MglA, enabled us to identify an equivalent conserved

threonine in ASCE ATPases. Further, we proposed that across evolution, Thr-78 of MglA has
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been replaced with aspartate in the eukaryotic successors, to achieve the function of nucleotide

binding.

Chapter 4: Mechanism of MgIA activation by an asymmetrically interacting MglB dimer
We attempted to dissect the dual GAP and GEF activity of MglIB, regulating the MglA
nucleotide-bound state. We designed a unique strategy to generate MglA complexed to
asymmetric MglB dimers with C-terminal helix truncations. We confirmed that the C-terminal
helix of MgIB, opposite to the nucleotide-binding pocket of MglA, allosterically drives GDP
to GTP exchange on MglA. We designed mutants of MglIB which confirmed that the GAP
activity of MgIB is driven by the dimeric interface of the MglB Roadblock domain, with a
major contribution from the protomer near the Switch residues of MglA. Hence, we confirmed
that the interaction of the MglB, protomer with MglA helps in orienting the catalytic residues
of the GTPase in a conformation to drive GTP hydrolysis by MglA. Identification of distinct
GAP and GEF domains of MglB enabled us to propose a model of how these activities can be

spatially regulated across the cell poles.

Chapter 5: Characterization of RomX, a novel protein in Myxococcus xanthus polarity
module

We determined the structure of RomX, a newly identified protein with no characterized
homologs. It was found to be structurally similar to the stalk domain of atlastin, a member of
the dynamin family GTPases. It was observed that the interaction between MglA and RomX
was weak and transient. We further observed the nucleotide exchange activity on MglA by

RomX and compared it with that observed with MglIB.

Chapter 6: Functional dissection of multiple domains of the response regulator, RomR

Further, we perform a domain-wise dissection of RomR and its function. We characterized the
RomR/RomX complex, mediated by the RomR N-terminal REC domain and the residues
critical for forming the interface. However, as reported earlier, we did not observe the
additional stimulation of RomX GEF activity in the presence of RomR. Using the information
on the RomR-RomX complex, we generated models with MglA and found that MglA was
captured in the GDP state, as expected for a GEF. Finally, we inspected the long-disordered
linker of RomR and compared it with a dataset of RomR-like proteins, and observed that these

regions mostly form disordered globules and can expand based on additional interactions.
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Chapter 7: Preliminary investigation of MgIB interactors and their role in Myxococcus
xanthus polarity reversal

To fill the gaps in understanding the polarity module, we initiated the characterization of MglIB
interactors, which might play a role in regulating its GAP and GEF activity. We determined
the structure of RomY, the MgIB GAP activator. We also observed that the C-terminal helix
of MglB is critical for RomY binding and activity. Further, we observed that MglC interaction
with RomR is mediated through the C-terminal domain of RomR, with no contribution from
the receiver domain. This shows how RomR, MglC and MgIB might form a heteromeric

complex to recruit these proteins to the lagging pole.

Chapter 8: Conclusion and future directions
In this chapter, we presented an updated picture of the polarity reversal module, converging
the existing literature with the major findings from the thesis. We also highlighted the missing

links in the model, which require further experimental validation in the future.
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Chapter 1: Introduction

1.1 Background

All living systems are bestowed with regulatory circuits that largely influence their most
essential survival processes'. Mostly, such circuits function by fine-tuning their gene
expression based on specific cues and orchestrating events like cell division, chromosome
segregation, cell cycle progression and cell polarity specification?. All of these require the
integration of external signals to the cellular interior to execute responses. This enables the cell
to modulate these circuits with respect to the changing environment and ultimately facilitate
survival (Fig 1.1 A). These circuits operate over time and space to form intracellular patterns
7. Often, these show periodicity in properties giving rise to temporal and spatial oscillatory
patterns. Unlike temporal oscillators like circadian rhythms, the spatial oscillatory mechanisms
have been relatively less explored, especially in the context of prokaryotic systems. One of the
notable examples of such a phenomenon is the event of polarity reversal in the bacterium
Myxococcus xanthus, which plays a key role in driving its motility, critical to maintaining its
life cycle®®. The core of this oscillatory system consists of proteins which exhibit unique
subcellular localisation patterns determining the front-rear cell polarity, which in turn, is tightly

regulated by external chemosensory cues®'’.

In terms of the localisation and identity of
proteins and also their regulatory mechanisms, this event resembles the phenomenon of cell

migration observed in immune cells or metastatic cancer cells in eukaryotes.

1.2 Biological oscillators: Their organization and importance

One of the features defining a living system is the capability to respond to changing
environments and consequently adapt. One of the mechanisms to elicit such a response is by
periodically modulating gene expression or localization over spatial and temporal scales or,

more appropriately, by generating oscillations’-!!

. Oscillations not only provide a way to
entrain the system with the periodic variations in the environment but also can transmit a
greater amount of information in terms of frequency and amplitude variations rather than a
steady response'? (Fig 1.1 B). From a mechanistic point of view, oscillations are periodic
variations about a central tendency which switches between two distinctly defined states. From
a biological perspective, a central tendency would be something like the mid-cell positional
coordinates or the optimum activity of a protein. Such a response can be executed to give rise

to a spectrum of different states, each of which is relevant in terms of the optimal functioning

of an organism in a fluctuating environment.
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In the case of an ideal oscillator, it behaves harmonically in space and time. However, in real
situations, such a system is usually dampened by the external resisting forces, which
consequently decrease the amplitude of oscillations, a phenomenon more commonly known as

1314 However, if there is a source of energy that is supplied at a frequency

dampening
equivalent to the oscillation frequency, it can be transformed into a sustained oscillation with
the same initial amplitude till infinite time points despite the presence of external dampening
forces. Such a phenomenon occurs in biological systems where energy obtained from bond
breakage by cleaving macromolecules is used to drive such sustained oscillatory circuits over

time'.

A B%iiii(&

Phase

Period / \
—_—

N ATV
IRTRTTYY

Time (h]

Environmental
stimuli

Master Physiological

changes
(OUTPUT)

Amplitude

(INPUT) oscillator

Relative bioluminescence

C D

a Environmental input

(a) |
@ - |

f Bids

Time =

+ CLOCK, BMAL1
PER2, PER3, CRY1
Y2

CR

/ \\": OCK, BMAL1
- PERY, PER2, CRY1
+WC-1, WC-2 - CRY2
F +CLK, CYC
J, PER, TM
é = Activity plot

TiMe —— Time —>

b Cyanobacteria

u

Melatonin levels

(ii) 200 3

1100

0 20 40 60 80 100 0

Time  ——s X
€ Neurospora crassa d Drosophila melanogaster € Mammals

Figure 1.1. Oscillations in biological systems

A. Components constituting biological oscillators

B. Pattern of circadian rhythm maintained by external stimuli. Sustained oscillations are maintained
under constant conditions. Measured features: period (the duration between peaks or troughs), the
amplitude (the level of expression measured from the midline to either the peak or trough), and the
phase (the relative positioning of the curve about a specific time point) (Reproduced from Golden &
Canales, 2003'?).
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C. Common mechanisms driving circadian oscillators. The clock genes drive these oscillators under the
influence of positive and negative feedback from regulatory elements (Reproduced from Bell-Pedersen
et al., 2005').

D. Spatial oscillatory patterns formed by MinD/E (green) and MinC (red) across cell poles, which
function to position the cell division machinery at the mid-cell. On the right are simulated Turing
patterns characterizing diffusion-driven morphogen gradients observed during embryonic development
(Reproduced from Meinhardt & de Boer, 2001 and Maini et al., 2012'*'7).

Biological oscillators can be broadly categorized into temporal and spatial oscillators’.
Temporal oscillators include events such as the accumulation or activity of proteins or other
metabolites with respect to temporal cycles such as the circadian rthythm!%16181° (Fig 1.1 C).
On the other hand, spatial oscillators involve variation in the specific localization of a protein
or a macromolecule in space to determine different subcellular positions to form distinct
patterns or gradients, which spatially regulate an event’:>2028 (Fig 1.1 D). All of these
oscillatory mechanisms can be broadly stripped down to a basic structure. It consists of an input
sensory signal, which regulates the oscillator with respect to external cues. This feeds into the
core oscillator consisting of the biochemical machinery, which generates the oscillations
depending on the input. This oscillator communicates with downstream signaling pathways,

manifesting the functional output.

1.3 The cell polarity oscillator in Myxococcus xanthus

Myxoccoccus xanthus is a rod-shaped, Gram-negative, soil-inhabitant bacterium with unique

motility patterns®°—>2

. It utilizes both Type IV pili-dependent and independent mechanisms to
drive its movement. It goes through a complex life cycle regulated by the availability of
nutrients**3 (Fig 1.2). Under nutrient-abundant conditions, the bacteria collectively swarm to
obtain nutrients through predation or acting as saprotrophs (Fig 1.2 Stage I). Under conditions
of intermediate nutrient availability, they display a rippling behavior characterized by swarms
with alternate regions of high and low cell densities (Fig 1.2 Stage II). Under nutrient-limiting
conditions, the cells collectively sporulate and aggregate to form multicellular fruiting bodies

(Fig 1.2 Stage I11, IV). All these three stages are characterized by differently regulated motility

patterns®!.
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Figure 1.2. Myxococcus xanthus: Developmental stages and motility

The central panel represents the complex life cycle of Myxococcus xanthus through different phases of
nutrient availability. (Reproduced from Vos, 2021*’). All scale bars in individual panels are 15 pm
(Reproduced from Zusman et al., 2007°").

Stage 1. Swarms of cells migrate as groups exhibiting S or social motility (black arrow), with individual
cells exploring the environment using A or adventurous motility (white arrow).

Stage II. Cells move in ripples exhibiting predatory behaviour. Reversals are often stimulated at this
stage to regulate the cell density of ripples, modulated by extracellular signals. Ripples have a
wavelength of ~100 pm.

Stage III. Cross-section of a fruiting body showing the enclosed spores.

Stage IV. Optical slice of a fruiting body showing central core containing spores and the periphery has
to germinate individual rod-shaped cells.

Rod-shaped Myxococcus cells have a specified front-rear polarity that defines their direction
of movement*3%37 (Fig 1.3 A). The basis of the polarity is due to the specific localization of
polar-situated proteins. Motility patterns, as mentioned before, are characterized by frequent
reversal of cell polarity®3®. This causes movement of the cell in the opposite direction
associated with the re-localization of these polarly localized proteins (dynamic proteins) (Fig
1.3 B). These proteins that oscillate pole to pole form the polarity module essential for driving

cell motility.
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Figure 1.3. Polarity reversals in Myxococcus xanthus

A. Time-lapse microscopy at 40 s intervals of a single M. xanthus cell. Each reversal event is marked
by a change in the direction of movement (indicated by arrows). This is a hyper-reversing mutant, with
reversals occurring every 2 mins (Reproduced from Kaimer et al., 2014).

B. Polarity reversal is characterized by swapping of the leading and lagging poles of the cell associated
with the assembly of T4P at the leading pole. The GTPase MglA also switches across respective lagging
poles. The frequency of reversals is regulated by Frz chemosensory module (adapted from Baranwal et
al., 2019%).

The cell polarity oscillator in Myxococcus consists of two inter-connected oscillatory circuits
(Fig 1.4) that together fine-tune the frequency of reversal events*!. This is regulated by the
extracellular signals, which act as a cue for nutrient availability, in turn facilitating the
appropriate motility behavior for the particular stage of the life cycle. MglA, a bacterial
GTPase, lies at the centre of regulation of the polarity reversals and cell motility*?. Apart from
the MglA regulated central polarity module consisting of several dynamic polar localized
proteins, there is a chemosensory-like apparatus, more commonly known as a ‘frizilator’,
which is also a separate oscillator that relays messages from the extracellular environment. It
senses external diffusible signals or contact-dependent signals from the extent of cellular
crowding®'3%43. The central polarity oscillator was recently found to operate without any
external input at its intrinsic frequency due to the probable feedback from the downstream
proteins. All three modules driving the Myxococcus motility will be subsequently detailed.
Both oscillators should be capable of persisting independently, but the relevant physiological

output is manifested only when they are coupled. Functionally such a coupled oscillatory
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system enables the bacterium to switch from low reversal frequencies, which facilitate a
wandering behavior, to a high reversal frequency associated with homing or staying close to a

nutrient source.
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Figure 1.4. A model for the coupling between the Frizilator and the MglA/B oscillator

The Frz proteins sense the external stimulus via a methylation-dependent switch which triggers a
cascade of downstream phosphorylation events which feed onto the MglA/B oscillator. The
downstream motors also provide feedback (Reproduced from Eckhert et al., 2014*").

1.4 Common mechanisms of small Ras-like GTPase regulation

MglA is a prokaryotic GTPase which acts as the master regulator of polarity reversals and cell
motility***, MglA belongs to the family of small Ras-like GTPases, representing a class of
hydrolase enzymes that hydrolyze GTP to GDP. These GTPases go through a GTPase cycle
switching from their active GTP state to the inactive GDP state. The switching of Ras GTPases
has been implicated in several phenomena like cell division, migration, growth, etc. These
GTPases are recognized by the presence of the conserved G1-G5 motifs***° (Fig 1.5 A). The
G1 motif consists of a phosphate-binding P-loop with its “GXXXXGKS/T” motif**3!. G2

consists of a conserved threonine which is critical for nucleotide binding and hydrolysis. G3
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motif with its characteristic “DXXG” motif is known to interact with the y-phosphate oxygen,
with the aspartate interacting with a water molecule, which maintains the Mg?* coordination at
the active site®?. The G2 and G3 motifs constitute the Switch I and Switch II loops, which
undergo conformational change as the GTPase switches from its GTP to GDP-bound states
(Fig 1.5 B). G4 domain provides the guanine base specificity through its “N/TKXD” motif. G5
domain orients the G4 loop and also assists base recognition. MglA is the first member of the
prokaryotic small Ras-like GTPase to be characterized*. It is an ancestor to the Arf-Sar-Ga
lineage of small Ras-like GTPases, which has been extensively studied in eukaryotes. It is a
22-kDa protein with a core G-domain consisting of six B-strands and five a-helices> (Fig 1.5
E). It contains the aforementioned conserved motifs that drive its function of nucleotide binding
and hydrolysis (Fig 1.5 D). To understand the mechanism of MglA regulation, it is important

to focus on the common mechanism of regulation of small Ras-like GTPases*6—84,

GTPase activating proteins (GAPs) typically bind to the GTPase in the GTP-bound state (Fig
1.5 C). It stimulates the GTP hydrolysis rates, thus resulting in a fast flipping of the GTPase
switch from its “ON” GTP state to its “OFF” GDP state. The conserved catalytic residues
include a glutamine that orients the catalytic water molecule for nucleophilic attack and an
arginine that stabilizes the negative charge on the phosphate (Fig 1.5 B). These residues must
be optimally positioned in space to trigger hydrolysis. Usually, in small Ras-like GTPases, one
of these residues is provided by the GAP, and the other is present in the GTPase at the active

site>2-36,

Small Ras-like GTPases have a higher affinity to the product GDP than the substrate GTP (Fig
1.5 C). Hence it requires guanine nucleotide exchange factors (GEFs) which bind to the
GTPase in the GDP-bound state and consequently weaken the affinity for GDP. This could be
achieved by inducing a conformational change in the Switch loops causing the GTPase to
release GDP>’. A GEF could also displace the bound GDP by sterically occluding the
nucleotide at the binding pocket. GEFs typically stabilize the nucleotide-free pocket of the
GTPase till GTP occupies it. GTP binding causes the GEFs to lose their affinity for the GTPase.

Additionally, GEF activity is regulated by guanine nucleotide exchange inhibitors or GDIs,
which bind to the GTPase in the GDP state, competitively inhibiting the binding of GEFs (Fig
1.5 C)*®. This retains the GTPase in the “OFF” state. Further, when GDFs, or guanine
nucleotide dissociation factor, binds to the GDI, they lose their affinity for the GTPase’®. This

releases the GTPase resulting in the consequent binding of GEFs, switching the GTPase back
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to its GTP-bound “ON” state. In the active state, GTPases interact with effectors activating
downstream signalling pathways regulating vital cellular processes. MglA, a Myxococcus

xanthus small Ras-like GTPase, is also regulated by various such regulators, together driving

motility of this bacterium.
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Figure 1.5. MglA, a member of the small Ras-like GTPase family

A. Conserved motifs, G1-G5 and the switch loops of a prototypic G-domain. The conserved residues
belonging to each domain are labelled (Reproduced from Bulyha et al., 2011°7).

B. The GTPase cycle of a canonical small Ras-like GTPase with the activity of GAPs and GEFs is
shown. The conformational changes in the Switch loops across the GDP and GTP states and the
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respective contacts between the y-phosphate and the conserved Thr and Gly residues are highlighted
(Reproduced from Bulyha et al., 2011°7).

C. GTPase cycle of small Ras-like GTPases and the regulation by GAPs, GEFs, GDIs and GDFs. The
activity of GEFs and GAPs are under feedback loops (by the broken line), where the GTPase regulates
the GEF, and feed-forward signalling (dotted lines), where GEFs select their respective effectors
(shown as a stack, in light orange), which binds to the active GTPase. Effectors can activate specific
GAPs through feed-forward signalling (violet) (Reproduced from Cherfils and Zeghouf, 2013°%).

D. Topology diagram of MglA, a small Ras-like GTPase. The B-strands and o helices are shown in pink
and grey, respectively. G1 (orange), G2 (navy blue), G4 (purple), G5 (maroon), Switch I (cyan), and
Switch II (green) are labelled.

E. Structure of MglA GTP (PDB ID 6IZW) with the secondary structures labelled in black. The
conserved motifs in the G-domain are highlighted as per panel D.

1.5 Types of motilities in Myxococcus xanthus

To facilitate the different motility patterns characterizing the Myxococcus social behaviour
across different stages of its complex life cycle, it exhibits two different motility patterns.
Unlike flagellated bacteria with movement speeds at the rates of um s, the overall speed of
movement for these cells is low at rates of um min!. The bacteria can move in groups
demonstrating social or S-motility or twitching motility powered by the Type-1V pili (T4P) at
the leading cell pole3?32333%-39-61 The bacteria also exhibit adventurous motility or A-motility
or gliding motility of individual cells away from the coordinated swarms (Fig 1.2 A). This is
driven by the presence of motility complexes that attach the cell to the substratum and drive
movement, much like the eukaryotic focal adhesion complexes. It is important to note that
these two types of motilities are encoded by separate sets of genes, encoding separate motility

machinery with distinct organizations and mechanisms.

1.5.1 T4P dependent S-motility

The T4P is assembled at the leading cell pole towards the direction of cell movement. It extends
and attaches to the substratum or the surfaces of adjacent cells in the collective aggregates®?.
Consequently, it retracts, thereby pulling the cell forward, generating a twitching movement
towards the site of attachment. The force generated by a single pilus can be up to 150 pN and
hence can be concluded as a robust motor driving movement. Mutagenesis studies revealed a
cluster of genes which encode the constituents of the T4P and power the extension and
retraction®%. The cluster encoding the T4P genes is shown in Fig 1.6 A with their

corresponding functions. Some of these remain stationary, whereas others are dynamic and
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relocate across the poles during cellular reversals. PilB and PilT are ATPases which exhibit
dynamic polar localization across leading and lagging poles, respectively®*-%° (Fig 1.6 C). Their
coordinated action results in the disassembly of the pili at the old leading pole and reassembly

at the opposite pole.
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Figure 1.6. S and A-motility apparatus in M. xanthus

A. Simplified model of the type IV pilus machinery spanning the bacterial cell envelope. The pilus is
constituted of PilA (blue) and extends through an outer membrane channel comprised of PilQ proteins.
Adhesins (yellow) are present at the distal tip. An ATPase at the base pulls PilA monomers from the
inner membrane and inserts them into the base of the pilus. ATP hydrolysis causes disassembly of the
pilus, which causes retraction of the pilus and recycles the PilA proteins to the cytoplasmic membrane.
Assembly and disassembly are driven by two ATPases (PilB and PilT, respectively) that function
together with PilC (Reproduced from McBride, 2019°?).
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B. The architecture of the Agl/Glt complex driving A-motility. The localization of AglQ, AgIR, AglZ,
GItD, GItF, and MglA has been determined by fluorescence microscopy. The localization of GItD, GItE,
GltG, and GItH has been determined by fractionation experiments. Direct protein interactions have only
been shown to occur between AgIR and GItG and AglZ and MreB. The Agl motor initiates a
conformational change of the GItG (causing a power stroke), which would be further transduced to the
cell surface by cognate Glt proteins. MglA is sandwiched between the GItl and AglZ, communicating
further with MreB to drive cell motility. (Reproduced from Agrebi et al., 20157).

C, D. The dynamically localized S and A-motility proteins, respectively, during cellular reversals
induced by the Frz chemosensory system. The stationary proteins do not relocate during reversals. The
respective colour representing the localized proteins are labelled below (Reproduced from Bulyha et
al., 2011°").

1.5.2 Agl-Glt complex driven A-motility

AglZ was the first identified gliding motility protein in M. xanthus. It was observed that gliding
motility is driven by periodically positioned clusters of molecular motors which attached the
cell to the substratum. They were similar in function to the eukaryotic focal adhesion

complexes®7!

. These complexes were static with respect to the substratum and were
assembled towards the leading cell pole and disassembled as they approached the lagging pole
of the gliding cell (Fig 1.6 D). Further, the AgIRQS complex was identified to constitute the
gliding motor, powering the propulsion of the cell through proton motive force. Further, a host
of other proteins were identified, which spanned across the cytoplasm to the outer cell
membrane to generate forces to propel the cell forward when coupled to the AgIRQS motors’?
(Fig 1.6 B). These were named the Gliding transducers or Glt proteins (as shown in Fig 1.6 B),

and they interact with AglR.

The periodic arrangement of gliding motors correlates with their interaction with MreB, an
actin-like filament-forming cytoskeletal protein’!-7>74, The strong interaction of the focal
adhesion complexes with the substratum generates force to propel the bacteria. The adhesins
on the outer-membrane region of these complexes attach strongly to the substrates. Further,
these complexes trace the path of MreB in a counter-clockwise fashion, thereby propelling the
cell forward in a clockwise helical trail””. Such a phenomenon generates drag forces
transversely towards the lagging cell pole. This causes a resultant push on the substrate behind

and a forward thrust to the cell.
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1.6 Spatial regulation of motility

M. xanthus needs to strictly define its direction of motility under contrasting scenarios
concerning aggregation to form fruiting bodies or foraging for nutrients or predation. This is
regulated by modulating the frequency of the cell polarity oscillations or polarity reversal
events. The cell polarity oscillation is powered by a GTPase, MglA, which localizes
dynamically to the leading cell pole and plays a central role in specifying the front-rear cell
polarity and its regulation. The MglA oscillator is coupled to the Frizilator, making the system
sensitive to extra-cellular cues. The output of this coupled oscillator, via MglA, further feeds

onto downstream effectors resulting in cell motility.

1.6.1 Frizilator, the chemosensory module

The Frizilator comprising the Frz proteins is the chemosensory module showing homology to
the chemosensory module consisting of the Che proteins in other bacteria®'-*°. The function of
chemoreception is performed by FrzCD, a methyl-accepting chemosensory protein, with
assistance from FrzE, a histidine kinase®'. Upon activation from FrzCD, FrzE transfers the
phosphoryl switch across its N-terminal kinase and C-terminal response regulator domains
downstream to FrzZ and FrzX (Fig 1.7). The autophosphorylation of FrzE inhibits its kinase
domain, thereby preventing the constitutive phosphorylation of downstream proteins. FrzZ
consists of two response regulator domains over one in FrzX, which communicates to the
central polarity module proteins’®. FrzZ mirrors MglA localization at the leading cell pole, and
FrzX is present at the lagging pole. A concerted action of these regulators transmits the signal
to the polar localized proteins initiating the reversal switch (Fig 1.8A). However, the exact

mechanism of how these proteins trigger reversal remains to be investigated.
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Leading Lagging
pole pole

Figure 1.7. Chemosensory apparatus in M. xanthus

Schematic representation of the polarity inversion module comprising methyl-accepting chemotaxis
protein (MCP) FrzCD, the CheA-like histidine kinase FrzE with an N-terminal kinase domain (FrzEA)
and a C-terminal receiver domain FrzEY, the CheW-like coupling proteins FrzA and FrzB, FrzF and
FrzG with the response regulators FrzZ and FrzX. The core Frz proteins are indicated in green. The
phosphotransfer from FrzE* under low signalling is shown in grey, and the phosphotransfer at higher
signalling levels is in black lines. The feedback on FrzE* by FrzEY~P is in dashed grey and by FrzZ~P
in dashed black (Reproduced from Carreira et al., 202277)

1.6.2 The Mgl/Rom polarity reversal module

Mutagenesis screens revealed the identity of two proteins critical to both the S and A motility
of M. xanthus. These were named mutual gliding or Mgl proteins. Deleting either MglA or
MglB affected the motility of the cells, showing that these genes were critical for driving
motility %42, Further, there was a regulator of motility response regulator protein, namely
RomR, that was identified to be an essential gene to generate polarity reversals?®7®,
Consequently, new components of the polarity module, namely MglC, RomX and RomY, were
identified. All these proteins show unique patterns of polar localization, which are dynamic

and relocate as the cell reverses polarity (Fig 1.8 B).
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Figure 1.8. Cascade of proteins driving polarity reversal

A. Schematic showing the polarity inversion or the Frz chemosensory module showing the respective
Frz proteins. It communicates with the central polarity module consisting of proteins defining cell
polarity and driving cell polarity oscillations. MglA, the master regulator, activates downstream events
driving motility and reversals (Adapted from Keilberg et al., 2013°?).

B. GTPase cycle of MglA and its regulators from the polarity module. The lower panel shows the
localization of these proteins at the poles of the polarized cell.

1.6.2 A. MglA, a prokaryotic small Ras-like GTPase

MglA lies at the centre of the polarity reversal module, acting as the master regulator driving
polarity reversals (Fig 1.8 A). Similar to other small Ras-like GTPases, it switches between the
active GTP-bound and inactive GDP-bound states. This is associated with conformational
change at regions near the nucleotide-binding pocket (also referred to as the Switch regions),
which affects its localization and interaction with other proteins driving motility and
reversals**780, The active GTP bound state localizes to the leading cell pole and relocates to
the other pole when the reversal switch is initiated. When the bound GTP is hydrolysed, the
protein falls off from the pole in the GDP-bound state and diffuses in the cytoplasm. MglA was

also crystallized in a mixed state where Switch I was in the inactive state and Switch II in the
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active state®’. Such a conformation was termed as MglA-GTP” state, and this species of MglA
was proposed to dominate at the leading pole. In the active state, it interacts with SgmX, an
effector and also plays a role in the correct polar localization of PilB and PilT ATPases, all of
which are critical to S-motility®'. It also interacts with AglZ in the GTP state, localizing to the
gliding motors, manifesting the cell movement®7>7. Like other small-Ras like GTPases, MglA
has a very slow intrinsic GTP hydrolysis rate. This results in the requirement of a GTPase
activating protein (GAP) which can assist GTP hydrolysis, thereby causing the GTPase to
Switch from its “ON” GTP state to the “OFF” GDP state (Fig 1.8 B). Further, MglA has a high
affinity to GDP over GTP. This necessitates the requirement of a GEF that assists MglA in
losing its affinity towards GDP, which consequently helps GTP binding. Hence GEFs are
essential to reactivate MglA from the “OFF” GDP state back to its “ON” GTP state. The

prospective regulators of MglA will be discussed further in the subsequent sections.
1.6.2 B. MgIB, a dual GAP and GEF for MglA

Along with MglA, another protein, MgIB, was identified to be critical for regulating cell
polarity reversals in M. xanthus®” (Fig 1.8 A). It is present in the same operon upstream of
MglA in the M. xanthus genome. MgIB is localized in a bipolar asymmetric fashion in polarized
cells, with a bigger cluster at the lagging cell pole (Fig 1.8 B). Deletion of MgIB retains cell
motility but causes cells to reverse with a higher frequency causing a loss of
directionality®334>8285 Tt was observed to act as the cognate GAP (GTPase activating protein)
for MglA and accelerates the intrinsic slow GTP hydrolysis activity of MglA. MgIB consists
of a Roadblock domain, a domain commonly associated with regulators of eukaryotic small
Ras-like GTPases**338 In addition, MgIB consists of a C-terminal extension adorned with
acidic residues. Biochemical assays showed that the presence of the C-terminal region further

accelerated the overall GTP hydrolysis rates of MglA“°,

Structural studies of MglA complexed with MglB revealed a complex where one molecule of
MglA interacted with two molecules of MgIB (Fig 1.9 A)**380 TInitial structural studies of
MglA/MglIB from Thermus thermophilus revealed that the Roadblock domain of MgIB
interacted with MglA in the GTP-bound active form>. When MglA switched from its GDP-
bound inactive state to the GTP-bound active state, there was an associated conformational
change, similar to other small Ras-like GTPases. In addition, there was a flipping of the B2
strand of Mgl A along with a registry shift of 2 amino acids. This caused a screw-like movement

(rotation + translation by 2 residues) of the B2 strand, which reoriented the constitutive
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residues. This resulted in the formation of the MgIB binding interface (Fig 1.9 B). This shift in
the B-strand, also known as the ‘B-screw movement’ resulted in the transition of the MglA
nucleotide binding pocket from a closed to an open conformation along with the repositioning
of catalytic residues driving GTP hydrolysis®. Further, it was observed that the C-terminal tail
of MgIB assisted this conformational change causing the strongly bound GDP to dissociate and
consequently favour GTP binding*’. Hence it was concluded that the C-terminal tail of MglB
assisted nucleotide exchange, acting as a GEF for MglA. The mechanism of this dual activity

needs to be further elucidated.
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Figure 1.9. Interface between MglA and MgIB

A. Crystal structure of MglA in complex with MgIB dimer (PDB ID 61ZW*’) captured bound to a GTP
analog. MglA-GTP state (grey) is superposed with the GDP state (PDB ID 5YMX) (blue). N and C
termini of each chain are labelled.

B. MglA/MgIB interface, as highlighted by the dashed lines in A. The B-screw movement is
characterized by the flipping of the B2 strand and the reorientation of residues at the active site and the
interface. These residues are highlighted in the MglA GDP structure in the top panel and the MglA-
MglB complex bound to GTP in the lower panel.

1.6.2 C. RomR/RomX, the GEF module

RomR was identified as a regulator of motility response regulator protein essential for driving
A-motility in M. xanthus**7886, Like MglB, it localizes in a bipolar asymmetric fashion with a

bigger cluster at the lagging cell pole (Fig 1.8 A, B). The pole-to-pole oscillation of RomR was
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dependent on MglA. It acts downstream of the Frz pathway regulating A-motility, probably by
regulating the other candidates of the polarity module. RomR is a multi-domain protein with
an N-terminal response receiver domain (1-116 residues) and a C-terminal output domain (117-
420). The output domain consists of a long-disordered region followed by a conserved C-
terminal tail. Upon deletion of the response receiver domain, the cellular reversals were
impaired and showed that it is essential that RomR relocalisation during reversals. The C-

terminal output domain was necessary for the correct polar localization of RomR?®,

Recently, another novel protein, RomX, was identified, mirroring the genomic distribution of
RomR77%7 1t also localized majorly at the lagging pole in a bipolar asymmetric distribution
like RomR (Fig 1.8 A, B). Deletion of RomX affected A-motility similar to RomR deletion.
RomX, together with RomR, was shown to interact with MglA in the GTP-bound state.
However, RomX was shown to exert a GEF activity on MglA, which was further accelerated
in the presence of RomR. Together with RomR, RomX was shown to act as an active recruiter
of MglA to the leading cell pole. It also co-localizes with MglA-GTP at the gliding motility

complexes driving A-motility.

1.6.2 C. Other interactors of MgIB

Recently other partners of MgIB were identified as a part of the polarity module. A homolog
of MgIB, named MgIC, was identified, which localizes dynamically to the lagging cell pole®®-
%(Fig 1.8 B). MgIC deletion retained motility but caused the cells to be hypo-reverse compared
to the wild-type cells. MgIC, like MgIB, was a constitutive dimer mediated through the
extension of their Roadblock domains. It was observed that MglC interacted with MgIB and
RomR in the polarity module. MglC was also found to be important for the polar localization
of MglA and MglB. However, the mechanism of regulation of polarity reversal frequency by

MglC is unclear.

Recently, RomY was identified as an uncharacterized protein in the Myxococcus genome which
generally co-occurs with the Rom proteins. It was seen to localize to the lagging pole in an
MglB-dependent fashion®!. Deletion of RomY had a similar effect as MgIB deletion on
motility, causing the cells to hyper-reverse, causing no net directional movement.
Biochemically, it was observed to stimulate MglB GAP activity, further affecting the
localization of MglA-GTP (Fig 1.8 B).
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1.6.3 Downstream effector proteins

As mentioned earlier, MglA in the GTP-bound active state interacts with both S and A-motility
machinery to orchestrate the movement of the cell in the direction of the leading pole of the
cell. The T4P assembly at the leading pole is stimulated by the interaction of MglA with SgmX
(Social Gliding Mutant X)3!. MglA-GTP interacts with the C-terminus TPR domain (12-14
tetratricopeptide repeats) of SgmX (Fig 1.10 B). This results in a conformational change in
SgmX, which is essential for its localization at the leading pole, thereby activating the T4P

machinery.

The presence of MglA-GTP at the leading pole stimulates the correct localization of PilB and
PilT ATPases, powering the T4P machinery. These ATPases are recruited to the poles by a
MglA paralog, SofG (Social motility function GTPase)*’2%3, It contains N and C-terminal
extensions over the Ras domain. SofG directly interacts with bactofilin BacP, a polymeric
bacterial cytoskeletal protein forming large clusters at subpolar regions (Fig 1.10 A).
Interestingly, it was observed that MgIB also acted as a GAP for SofG®. It is reported that
SofG shuttling over BacP recruits PilB and PilT towards the lagging cell pole and further
interaction with MglA-GTP sorts PilB and PilT to lagging and leading poles, respectively. But

the mechanism and the exact order of events to this phenomenon still need to be clarified.
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Figure 1.10. Interaction of MglA with downstream effectors

A. Schematic showing the model for regulation of dynamic polarity of S-motility proteins, PilB and
PilT by SofG and MglA. The respective proteins are shown with the colour key on the left. Subpolarly
localized SofG recruits PilB and PilT to the pole and MglA consequently sorts them to the leading and
lagging poles, respectively (Reproduced from Bulyha et al., 2013%%).

B. Model for T4P activation by MglA interaction with SgmX. MglA GTP is localized at the leading
pole (yellow) (due to the GEF activities of MgIB and RomR/X (GEF Activity, Green; GAP Activity,
Red). The SgmX C-terminal TPR Domain (MglA Binding Domain) inhibits SgmX polar localization,
which, when interacts with MglA-GTP, reveals a polar binding site that recruits SgmX to the pole
activating T4P assembly (Reproduced from Mercier et al., 2020%").

C. The interaction between MgIA-GTP with AglZ and MreB drives gliding motility. The active
complex translocates to the lagging pole where MgIB dissociates MglA from the MreB cytoskeleton
due to GAP activity, disassembling the motility complex. The MreB tracks are shown in blue.
(Reproduced from Treuner-Lange et al., 2015™).

To drive A-motility, MglA-GTP interacts with the Agl/Glt motility complexes, specifically
interacting with AglZ at the cytoplasmic side of the complex. MglA-GTP further contacts the
cytoskeletal protein, MreB, thereby transmitting the forces from the focal adhesion complexes
to drive the cell movement (Fig 1.10 C). Due to the abundance of MglA-GTP at the leading
pole, the Agl/Glt complexes are recruited at this pole. As the complexes approach the lagging
pole, the GAP activity of MgIB flips the MglA switch to the GDP state, causing disassembly
of the complexes’. Hence, the concerted activity of MglA and MgIB is critical for establishing

front-rear polarity and regulating the frequency of reversals.
1.7 Current model of polarity reversal

The extracellular signal acting as a cue for nutrient availability causes methylation of the MCP,
FrzCD, which in turn phosphorylates response regulator FrzA and activates histidine kinase
FrzE. Upon activation, FrzE autophosphorylates and consecutively activates the two response
regulators, FrzZ and FrzX, which interface with the polarity module. FrzE autophosphorylation
also causes its auto-inhibition, thereby acting as a phosphate sink preventing constitutive
activation of the Frz signalling. Phosphorylated FrzZ (FrzZ®) further activates upstream FrzE

kinase, amplifying the FrzE activity.3!*

FrzZ"® localizes at the leading cell pole and phosphorylated FrzX (FrzX®) is present at the
lagging pole’® (Fig 1.11 A). Wild-type cells reverse every 10-15 minutes, with each reversal
event lasting 30-60 seconds until the new polarity is established. It was observed that MglA
was the first protein to relocalise during reversal and is inverted within 45 seconds 7488, This

causes an intermediate co-localization of MglA and MgIB at the old lagging pole till MgIB
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completes its re-localization by 90 seconds. RomR takes the longest time of around 160

seconds to reverse (Fig 1.11 B).

Based on these timescales, a model was proposed for the sequence of events regulating a
reversal (Fig 1.11 A)’%. According to this model, FrzX" localizes at the lagging pole in an
MglB-dependent manner, which subsequently displaces MgIB from this pole. FrzZ? localizes
to the leading pole and causes unbinding of MglA from this pole by some unknown mechanism.
At the lagging pole, when MgIB is displaced, the RomR-RomX activity dominates to recruit
MglA-GTP to this pole. This is facilitated by the slow dynamics of RomR, which further helps

to introduce a refractory period when the module is insensitive to further Frz signalling®76-82,
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Figure 1.11. Gated relaxation oscillator model

A. Order of events during reversal as per initial model. MglA-GTP is present at the leading pole and
MglB, RomRX is present at the lagging pole. Under signalling from FrzE, FrzX~P accumulates at the
lagging pole. RomRX recruits MglA to the new leading pole and consequently localizes at the lagging
pole. RomR and FrzX~P regulate the refractory period before the next reversal is initiated (Reproduced
from Herrou and Mignot, 2020°).
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B. Simulated profiles of MglA, MgIB, RomR and FrzX~P dynamics during the reversal cycle
(Reproduced from Guzzo et al., 20207°).

The more recent model takes into account the GAP and GEF activities of MglB/RomY and
RomR/RomX, respectively, to elucidate the sequence of events’” 87201 (Fig 1.12 A, B, C). At
the lagging cell pole, MgIB, RomY, RomR, and RomX, are all present abundantly. However,
the MgIlB/RomY GAP activity dominates over the RomRX GEF activity (Fig 1.12 B). This
displaces MglA-GTP from the lagging cell pole and is recycled to the cytoplasmic MglA-GDP
pool. Simultaneously, MglA-GTP is recruited at the leading pole owing to the GEF activity of
the RomR/RomX complex. Due to the absence of RomY at this pole, MgIB GAP activity is
overshadowed. MglA-GTP” population is also proposed to accumulate at this pole which was
shown to be insensitive to the GAP stimulation of MgIB. During reversals, FrzX? localization
at the lagging pole probably inhibits the MglB GAP activity, causing the RomR/RomX GEF
to dominate (Fig 1.12 C). This results in the loss of MglIB and recruitment of MglA-GTP at this
pole. Consequently, at the other pole, there is recruitment and activation of MglB/RomY due
to the presence of FrzZ®. The GAP activation displaces the MglA-GTP from this new lagging
pole. This activates the MgIB/RomR positive feedback loop at this pole with further
contribution from MgIC (Fig 1.12 A). This leads to the establishment of a reversed front-rear

polarity axis and marks the completion of the reversal event.

Figure 1.12. Current model of M. xanthus polarity reversal

A. Schematic of the regulatory circuit among the polarity module proteins (A, B, C denote MglA, MgIB,
MglC, R, X, Y denote RomR, RomX, RomY) (Adapted from Carreira et al., 2022).

B. Localization and regulatory circuits (top and bottom, respectively), operating at the leading and
lagging poles of the reversing cell (Adapted from Carreira et al., 20227).

C. Localization of the FrzZ and FrzX from the chemosensory module and effectors driving polarity
reversals. The Agl/Glt complexes are shown at the base of the cell (Adapted from Carreira et al.,
202277,
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1.8 Motivation behind the study

Certain aspects of the current model of polarity reversal of M. xanthus require further
validation. Several of these proteins, such as RomR, RomX, MglC, RomY and MgIB, co-
localize in the cell, especially at the lagging cell pole. However, the exact mechanisms driving
their localization or regulatory functions are unknown. Despite reports of the GEF activity of
MglIB*, it is not accounted for in any of the aforementioned models. Hence, the claim for
RomR-RomX as the sole active GEF module, is debated. It is not entirely clear why RomR-
RomX GEF activity is solely relevant at the leading pole, where it is present in lesser
concentrations as compared to the lagging pole. Similarly, for the GAP activity leading to
MglA-GTP exclusion from the lagging pole, there is a requirement for a simultaneous GEF
activity. Moreover, RomR-RomX has been shown to form a complex with MglA-GTP and not
with MglA-GDP, quite unlike the properties of a GEF, which has a higher affinity for the
GTPase in the GDP-bound state. All these questions pose the need for biochemical and

structural studies to decipher the nature of these polar localized proteins and how these fit into
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the polarity reversal modules. Such a systematic enquiry will validate the order of events
driving the cell polarity oscillations and their role in the motility of M. xanthus. Moreover, it
could reflect unique regulatory mechanisms prevalent in the ancestral prokaryotic GTPase

MglA and how they evolved to function in their eukaryotic counterparts.

This thesis majorly focuses on the central module generating cell polarity oscillations in M.
xanthus. Starting from MglA, the master regulator, we have investigated the conformational
changes in the active site as it switches across GDP and GTP states and how it could be critical
for its regulatory functions and also its prospective binding with other interactors (GEFs, GAPs
and effectors). Further, MgIB which acts as a dual GAP and GEF interacts with MglA and
regulates its localization and dynamics. Hence, we have attempted to dissect the GAP and GEF
activity of MglB and proposed a model of how it could play a role in determining the
nucleotide-bound state of MglA. We have initiated the investigation on newly identified MglB
interactors, RomY and MglC, paving the way for future validation on how these proteins

functionally fit into the polarity module.

The other module comprising RomR and its partner RomX occupies a central position in the
polarity module, apparently competing with the MgIB-driven GAP module to regulate MglA
localization. However, there needs to be knowledge of how RomRX interacts and how their
GEF function is regulated. We have attempted to structurally and biochemically characterize
RomX, a protein of novel fold. Further, we have performed a domain-by-domain dissection of
RomR to determine each of their function. Consequently, we have attempted to capture the
interaction of RomR with RomX which throws light on their probable mechanism of MglA
regulation. With all these results, we have proposed an updated model of how the polarity

module proteins orchestrate the cell polarity oscillations.
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2.1 Introduction

The thesis focuses on the biochemical and structural characterization of the polarity module
proteins in Myxococcus xanthus. To achieve the objectives we followed the basic workflow
consisting of the following steps:
1. Cloning the respective genes in a suitable vector
2. Standardization of protein expression and purification
3. Biochemical assays
1. Activity assays
2. Interaction studies
4. Structural studies
1. Protein crystallization
2. Structure determination
3. Structure analysis
In this chapter, I will be discussing these general methodologies in terms of principles and
detailed protocols. Specific details pertaining to individual experiments and proteins will be

detailed in the corresponding chapters.

2.2 Molecular Cloning

There are several techniques used to insert the gene of interest under a suitable promoter in a
plasmid vector which is consequently used to express proteins in suitable bacterial strains. Most
methods employ the use of restriction enzymes to generate complementary cuts between the
vector and the insert which is consequently ligated. In this study, in addition to the commonly
used restriction-ligation-based strategies, I have majorly employed PCR-based restriction

enzyme-free strategies!.

Restriction free cloning (RF cloning)

Principle

Here the gene to be cloned is PCR amplified flanked by priming sites complementary to vector
sequences (Fig 2.1). Further, this product is used as a megaprimer in a linear amplification
reaction using a suitable vector template. This generates a nicked, circular DNA molecule
which is preferentially retained in a Dpnl digestion reaction, eliminating the methylated parent

template. This is further transformed in E. coli competent cells and plasmids isolated from the
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colony are screened for a positive clone. This is achieved by colony PCR based strategies with
primers distinguishing positive or negative clones or by observing correct-sized insert release

using suitable restriction enzymes.

1: Vector prep and PCR

F-primer R-primer
—_— -—

50 bp 50 bp

2: Linear amplification

3: Dpnl digestion

@

Figure 2.1. RF cloning strategy
(Reproduced from van den Ent and Lowe 2005").

Methodology

2.2.1 MglA Walker B mutants and MglB GAP/GEF mutants (performed with Manil Kanade?)
MglA and MgIB constructs were used as reported by Baranwal et al., 2019° using suitable
primers and cloned into the pHis17-Amp®R (Addgene plasmid #78201). For generating the
MglAP34A and MglAT8A, mutations were incorporated in MglA using primers listed in Table
2.1. MgIB*N and MgIBN37R%A mutations were incorporated in MglB using primers listed in
Table 2.1. The clones were subjected to Dpnl (New England Biolabs Inc.) digestion followed

by transformation. Positive clones were selected on ampicillin-containing plates and checked
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by the consequent release of correct-sized fragments following double digestion with Ndel and

BamHI (New England Biolabs Inc.). All clones were confirmed by sequencing.

2.2.2 Linked constructs of MglA/MgIB

Restriction-free cloning *° was used to generate the constructs of MglA-link-MgIB with C-
terminal hexahistidine tag in pHis17-Kan® (mglA-link-mglB-Hs, refer Addgene plasmid
#78201 for vector backbone, amp® cassette replaced with kanamycin resistance using specific
primers: pHis17 Kan"). Further MglA-link-MgIB*“ with C-terminal hexahistidine tag in
pHis17-Kan® was cloned (mglA-link-mgIB”“'-Hy). The primers used are enlisted in Table 3.
Similarly, MgIB and MgIBA®t were cloned with a C-terminal Strep-tag in pHis17-Amp~.
MglA and MgIB constructs used were as reported in Baranwal, et al., 2019 3. The clones were
subjected to Dpnl (New England Biolabs Inc.) digestion followed by transformation. Positive
clones were selected on plates containing suitable antibiotic (kanamycin and ampicillin
respectively) and checked by the consequent release of correct-sized fragments following
double digestion with Ndel and BamHI (New England Biolabs Inc.). All the clones were

confirmed by sequencing.

Cloning strategy of the co-expression construct

Firstly, MgIB-Strep and MglA with the intervening operon sequence was cloned (mg/B-
Strep-Operon-mglA). The operon sequence was synthesized using forward and reverse
primers (Table 3) using overlap extension. This product was used as a megaprimer to be
inserted in pHis17 mglA-link-mglB-Hs construct as the template at the 5° end of the mgiA
sequence. MglA has an internal X%ol restriction site. We performed double digestion using
the internal Xhol and HindIII (on the vector backbone at the 3’ end of the gene) restriction
sites on mglB-Strep-Operon-mglA and mglA-link-mglB-Hs constructs to generate the vector
and insert, respectively, for the ligation reaction (enzymes from New England Biolabs Inc.).
mglB-Strep-Operon-mglA vector treated with TSAP (Promega) and the digested mglA-link-
mglB-Hs insert was ligated at the MglA Xhol restriction site using T4 DNA Ligase, (New
England Biolabs Inc). The clones were transformed and screened similarly using double

digestion with Ndel and HindIII. This generated the {ABWT} construct.

For {AB*“B,}, mglB“'-Strep-Operon-mglA was PCR amplified using the same overlap

extension primers as before, using mglB*“-Strep construct. This product was digested using
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N-terminal Ndel and internal XAol and inserted into a similarly digested mglA-link-mglB-Hs
vector. {AB B2}, and {ABA“'} were generated using combinations of Ndel and Xhol
digested inserts of mglB-Strep-Operon-mglA and mglB’“'-Strep-Operon-mglA, respectively,
and ligated to a digested Ndel and Xhol mglA-link-mglB”“'-Hs template.

Amplify MgIBA<t Strep (T7F to operon at 3’ end
plify Mg P . ) Amplify MglA (operon

Amplify MgIB Strep (T7F to operon at 3’ end) at 5’ end to T7R)
v
Overlap extension
2 v MglA-link-BA“*-H6
RF PCR on MglA
£ e MglA-link-B-H6
& — MglB-Strep-Operon-MgIA
8 |
o Digestion with Xhol/Hindl|
°
® v
3 {AB"T}
,,% Digestion with Ndel/Xhol
> v
{AB,A“B,}
Digestion with Ndel/Xhol
v
AB.B ACt
{AB,B,"%) Digestion with Ndel/Xhol
¥
ACt
MglB Mgla {AB }
A \\
CCCGGGAAGCCA
1 1
MglB-Strep ! Operon! MglA-link-MgIB-H6
|
A A A
Ndel Xhol Hindlll
v MglIBA-Strep Operon v MglA-link-MgIB-H6 v
A
Ndel Xhol Hindlll
MgIB-Strep Operon V MglA-link-MgIBA-H6 v
A A A
Ndel Xhol Hindlll
v MgIBA-Strep Operon v MglA-link-MgIBA-H6 v

Figure 2.2. Strategy for cloning linked MglAB constructs
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2.2.3 RomR and RomX constructs

For the REC domain of RomR, residues 1-116 of the RomR gene was amplified from romR-
pETPhos (obtained from Dr. Tam Mignot’s lab) construct. It was cloned in pHis 1 7-Kan® vector
with a C-terminal hexahistidine tag using respective primers (Table 2.1). Further, a construct
with N-terminal hexahistidine tag was cloned. Since the protein was impure, further 1-125 and
1-141 residues of the romR gene were cloned in the pHis17-Kan® vector with a C-terminal
hexahistidine tag. In an attempt for constructing a co-expression system with RomX, RomR

REC (1-125) was cloned with a C-terminal Strep-tag as well.

Further, for the C-terminal, residues 331-420 romR gene were cloned in the pHisl7-Kan®
vector with a C-terminal hexahistidine tag (insert amplified from romR gene synthesized from
BioTechDesk). Residues 398-420 were cloned with an N-terminal GST tag in the pHis 1 7-Amp®
vector (GST was amplified from the pGEX-4T-1 vector and inserted in pHis17-Amp®. Further
a shorter construct of RomR was constructed with the REC domain (1-141) followed by C-
terminal ordered region (331-420) in the pHisI7-Kan® vector with a C-terminal hexahistidine

tag

RomX gene was amplified from M. xanthus genomic DNA (obtained from Dr. Tam Mignot’s
lab) and cloned into pHisl7-Amp® vector with both N and C-terminal hexahistidine tags.
Further, it was also cloned with N and C-terminal Strep tags. A similar strategy as mentioned

above was also used to generate interface mutants of RomR and RomX?.

Table 2.1: List of constructs and their respective primers used for cloning

Plasmid Primer Sequence Template | Resist | Purpose
Constructs ance
MglA and MgIB constructs
pHisl7 MglB AN-F pHisl7 AmpR | MgIB*N mutant
mglB*N S'GTTTAACTTTAAGAAGGAGATATACATATG | mglB with C-terminal
TACGAAGAGGAGTTCACC3' hexahistidine
MglB H6-R tag
S’GCTTTTAATGATGATGATGATGATGGG3’
pHisl7 mglB | MgIB N37A-F pHisl7 AmpR [ MgIBN¥7R98A
N37R98A 5'CCTCGTCGACAAGGCCGGGCAGCTCATCTC | mglB mutant with C-
C3' terminal
MgIB R98A-R hexahistidine
5'CGACCAGCACGACCGCGCTGCCGACGATGG tag
3!
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Plasmid Primer Sequence Template | Resist | Purpose
Constructs ance
pHis17 mglA. | Refer3 Amp® [ MglA and
mglB, mglB ' MglB, MgIBA¢t
with C-terminal
hexahistidine
tag
pHisl7 mglA | MglA D58A-F pHisl7 AmpR [ MglAD38A
D384 5'- mglA mutant with C-
CCGCACGCTCTTCTTCGCCTTCCTGCCGCTGT terminal
CGC-3’ hexahistidine
MglA H6-R tag
5’GCTTTTAATGATGATGATGATGATGGG3’
pHisl17 mglA | MglA D58A-F pHisl7 AmpR [ MglAT84
7584 5'- mglA mutant with C-
CGCTTCCACCTGTACGCGGTGCCCGGTCAGG terminal
TC-3' hexahistidine
MglA H6-R tag
5’GCTTTTAATGATGATGATGATGATGGG3’
pHis17 mglA- | MglA-link-B-F pHisl7 Kan® | MglA linked to
link-mgIB H6 | S'CCTCACCGAGCTCAAGAAGGGTGGTGGTTC | mglA MgIB with a
CGGCACGCAACTGGTGATGTACG3' short GS linker,
MglB H6-R with C-terminal
5’GCTTTTAATGATGATGATGATGATGGG3’ hexahistidine
tag
pHis17 mglA- | MglA-link-B-F pHisl7 Kan® | MglA linked to
link-mglB*®* | CCTCACCGAGCTCAAGAAGGGTGGTGGTTC | mglAd MglIBA“ with a
H6 CGGCACGCAACTGGTGATGTACG3' short GS linker,
MgIB~t H6-R with C-terminal
5’GCTTTTAATGATGATGATGATGATGGGATC hexahistidine
CAGGACTGTCAGTCTTCT3’ tag
pHisl7 mglB | MgIB-F pHisl7 Amp® [ MgIB with C-
Strep 5’GTTTAACTTTAAGAAGGAGATATACAT?’ mgIB terminal Strep
MglB-Strep-R tag
STTATTTTTCGAACTGAGGATGAGACCAGGA
TCCCTCGCTGAAGAGGTTGTCG3'
pHisl7 MglB-F pHisl7 AmpR | MgIB* with C-
mglBi Strep | > GTTTAACTTTAAGAAGGAGATATACAT3’ mgIB terminal Strep
MglB-Strep-R tag
STTATTTTTCGAACTGAGGATGAGACCAGGA
TCCAGGACTGTCAGTCTTCTTC3'
pHisl7 T7-F pHisl7 Kan® | To clone linked
mglB-Strep- | SSTAATACGACTCACTATAGGG3’ mglA constructs of

Operon-mglA

Strep-Operon-MglA-R
5’GGATGAGTAATTGATGAAGGACATTGGCTT
CCCGGGTTATTTTTCGAACTGAGGATGAGS’

Strep Operon MglA-F
5’FCTCATCCTCAGTTCGAAAAATAACCCGGG
AAGCCAATGTCCTTCATCAATTACTCATCC3’
T7-R

5’GCTAGTTATTGCTCAGCGG3’

MglA-B
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Plasmid Primer Sequence Template | Resist | Purpose
Constructs ance
pHisl7 Strep Operon MglA- pHisl7 Kan® | Co-expression
{AB"") 5’FCTCATCCTCAGTTCGAAAAATAACCCGGG | mglA vector
AAGCCAATGTCCTTCATCAATTACTCATCC3’ expressing
Strep Operon MglA-R MglA-link-
5’GGATGAGTAATTGATGAAGGACATTGGCTT MglIB-H6 and
CCCGGGTTATTTTTCGAACTGAGGATGAG3’ MglB-Strep, for
generating
asymmetric
MglA MglB
complexes
pHis17 Kan® | pHisK-F pHis17 Kan® | Convert pHis17
5’GCTAAAGTTGTTAAAGACTTTAAATTGCCG amp resistance
CGCGGCAGCCACATG3’ vector into kan
pHisK-R resistance vector
5’GTATATATGAGTAAACTTGGTCTGACAGTT
AGAAAAACTCATCGAGCATC?’
RomR and RomX constructs
pHisl7 romR | RomR-F pHisl7 Kan® | REC domain of
RECI116 H6 | 5’GTTTAACTTTAAGAAGGAGATATACATATG | mglA- RomR (residues
CCCAAGAATCTGCTG3’ link-mglB 1-116) with C-
RomR-116-H6-R H6 terminal
5’GCTTTTAATGATGATGATGATGATGGGATC hexahistidine
CCACCTTGTCGAGCAGCACCTG?’ tag
pHisl7 romR | RomR-F pHisl7 Kan® | REC domain of
RECI25 H6 | 5’GTTTAACTTTAAGAAGGAGATATACATATG | romR RomR (residues
CCCAAGAATCTGCTG3’ RECII16 1-125) with C-
RomR-125-H6-R H6 terminal
5S’GCTTTTAATGATGATGATGATGATGGGATC hexahistidine
CGTTGGACTTCTGGCCGACCAGCGCCTT3’ tag
pHisl7 romR | RomR-F pHisl7 Amp® [ REC domain of
RECI125 Strep | 5’ GTTTAACTTTAAGAAGGAGATATACATATG | mglB RomR (residues
CCCAAGAATCTGCTG3’ Strep 1-125) with C-
RomR-125-Strep-R terminal Strep-
5S’GCTTTTAATGATGATGATGATGATGGGATC tag
CGTTGGACTTCTGGCCGACCAGCGCCTT3’
pHisl7 romR | RomR-F pHisl7 Kan® | REC domain of
RECI41 H6 | 5’GTTTAACTTTAAGAAGGAGATATACATATG | romR RomR (residues
CCCAAGAATCTGCTG3’ RECII16 1-141) with C-
RomR-125-H6-R H6 terminal
5’GCTTTTAATGATGATGATGATGATGGGATC hexahistidine
CCTGAGGAGCCGCGTGGCGCACCTGCGT3’ tag
pHis17 romR | RomR-REC141Ct-F pHisl7 Kan® | REC domain of
RECI41Ct 5’ACGCAGGTGCGCCACGCGGCTCCTCAGCCG | romR RomR (residues
H6 TCCATCAGCATCGAGGACTCGCTGCCC3’ RECI141 1-116) linked to
RomR-H6-R H6 C-terminal
5’GCTTTTAATGATGATGATGATGATGGGATC (residues 331-
CGTGCTGGGTCTCTC3’ 420) with C-
terminal
hexahistidine

tag
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RomX-L75A R76A-H6-R
5’CGACTTCACATGCGCCTTCGACGCCGCGAC
GATGTCGTTGATCGC3’

Plasmid Primer Sequence Template | Resist | Purpose

Constructs ance

pHis17 romR | RomR-331Ct-F pHisl7 Kan® | C-terminal of

331Ct H6 5S’GTTTAACTTTAAGAAGGAGATATACATATG | mgl4- RomR (residues
CCGTCCATCAGCATCGAGGACTCGCTG3’ link-mgIB 331-420) with
RomR-H6-R H6 C-terminal
5’GCTTTTAATGATGATGATGATGATGGGATC hexahistidine
CGTGCTGGGTCTCTC3’ tag

pHisl7 romR | RomR-F pHisl7 Kan® | REC domain

RECEI084 |5 GTTTAACTTTAAGAAGGAGATATACATATG |romR mutant,

H6 CCCAAGAATCTGCTG3’ RECI25 RomRF!084
RomR-125-H6-R H6 (residues 1-125)
5’CTTCACCTTGTCGAGCAGCACCTGGCTCGC with C-terminal
GAAGGGCTTGGTGAC3’ hexahistidine

tag

pHis17 romX | RomX-F pHisl7 Amp® | RomX with C-

H6 5S’GTTTAACTTTAAGAAGGAGATATACATATG | mreB H6 terminal
ACGGACGAGGAAAAGGTC3’ hexahistidine
RomX-H6-R tag
5’GCTTTTAATGATGATGATGATGATGGGATC
CCCAGATCTTCGACTTCAC3’

pHisl7 H6 RomX-H6-F pHisl7 Amp® | RomX with N-

romX 5’ATATACATATGCGTGGCCATCATCATCATC | H6 mglB terminal
ATCATGGAGGAACGGACGAGGAAAAGGTC3’ hexahistidine
RomX-R tag
S’ TTTAATGATGATGATGATGATGGGATCCTT
ACCAGATCTTCGACTTCAC3?’

pHis17 romX | RomX-F pHisl7 Amp® | RomX with C-

Strep 5S’GTTTAACTTTAAGAAGGAGATATACATATG | mgiB terminal Strep
ACGGACGAGGAAAAGGTC3’ Strep tag
RomX-Strep-R
S’TTATTTTTCGAACTGAGGATGAGACCAGGA
TCCCCAGATCTTCGACTTCACATG3’

pHisl7 Strep | RomX-Strep-F pHisl7 Amp® [ RomX with N-

romX 5’CTTTAAGAAGGAGATATACATATGCGTGGC | mreB H6 terminal Strep
TGGTCTCATCCTCAGTTCGAAAAAGGAGGAA tag
CGGACGAGGAAAAGGTC3’

RomX-R
S’TTTAATGATGATGATGATGATGGGATCCTT
ACCAGATCTTCGACTTCAC3’

pHisl7 H6 RomX-F pHisl7 AmpR | RomX\734R76A

romX 5’GTTTAACTTTAAGAAGGAGATATACATATG | H6 romX with N-terminal

L754,R76A ACGGACGAGGAAAAGGTC3’ hexahistidine

tag
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2.3 Protein Expression

The cloned plasmids were transformed in BL21 strains of E. coli to standardise the expression
of the respective proteins. These strains are specifically designed for expressing recombinant
proteins at sufficient levels. This is achieved by the presence of genetic markers in the strains
which prevent protein degradation. The inducible protein expression enables the successful
expression of toxic proteins with minimal effect on cells. The two strains used for this study

are.

i.  BI21DE3: T7 promoter-based expression systems with lambda DE3 lysogen.
i1.  BL21AI: Chromosomal insertion at T7 RNA polymerase into the araB locus of
the araBAD operon, regulating T7 RNAP via the arabinose-inducible araBAD

promoter, deficient in proteases like lon and ompT.

Heat shock was given to the cells with plasmids at 42°C for 90 seconds. A patch of colonies
was inoculated in the respective antibiotic-containing media (1X LB with 0.1mg/ml ampicillin
or 0.05 mg/ml kanamycin) and was kept in shaking conditions at 37°C. 1% v/v of the primary
culture was used to inoculate the secondary culture. The cultures were induced with 0.2% L-
arabinose once it reached the exponential phase of growth (between 0.6-0.8 ODeoo). The
cultures were incubated at respective post-induction temperatures for the respective duration.
The samples were subjected to 15% SDS-PAGE to observe the overexpressed band of protein

of interest. The constructs and their suitable expression conditions are detailed in Table 2.2.

Table 2.2: Expression conditions for constructs used in the study

Construct Strain ODgoo for Post induction Purification
Transformed | induction condition Strategy

MglA/MglA BI21DE3 0.5-0.6 30°C, 5 hours HisTrap (2.4.1)
mutants

SEC (2.4.3)
MglB/MgIB BI21AI 0.6-0.8 18°C, 10-12 hours HisTrap (2.4.1)
mutants

Anion Exchange

24.4)
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{ABWVT} | BI21DE3 0.6-0.8 18°C, 12-14 hours | HisTrap (2.4.1)
{ABB"Y,
{ABACB,} StrepTrap (2.4.2)
SEC (2.4.3)
{ABACY BI21AI 0.6-0.7 18°C, 10-12 hours | HisTrap (2.4.1)
StrepTrap (2.4.2)
RomR BI21AI 0.6-0.8 18°C, 12-14 hours | HisTrap (2.4.1)
constructs
Anion Exchange
(2.4.4)
RomX BI21AI 0.6-0.8 18°C, 12-14 hours | HisTrap (2.4.1)
constructs
SEC (2.4.3)

Numbers in brackets for the last column refers to the section describing the detailed methodology for

these steps.

All proteins were stored in the final buffer A50 (50 mM NaCl, 50 mM Tris pH 8.0).
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Expression of selenomethionine labelled proteins:

The minimal media for growing selenomethionine labelled RomX cultures was prepared using

the following recipe?®:

Table 2.3: Recipe for minimal media for expressing selenomethionine labelled proteins

Components to be autoclaved | Amounts in Components to be | Amounts in
(mixed in 900 ml MQ) grams for 1 L filter sterilized grams for 1 L
culture (mixed in 100 ml culture
MQ)

1. | Alanine 0.500 D-Glucose 10.000

2. | Arginine HCI 0.580 MgS0,.7H,0 0.250

3. | Aspartic acid 0.400 FeSO4 4.2 mg

4. | L- Cystine 0.033 H>SO4 8 ul

5. | Glutamic acid (Na) 0.750 Thiamine 0.005

6. | Glutamine 0.333 Selenomethionine | 50 mg

7. | Glycine 0.540

8. | Histidine 0.060

9. | Isoleucine 0.230

10. | Leucine 0.230

11. | Lysine HCI 0.420

12. | Phenylalanine 0.133

13. | Proline 0.100

14. | L- Serine 2.083

15. | Threonine 0.230

16. | Tyrosine 0.170

17. | Valine 0.230

18. | Adenine 0.500

19. | Guanosine 0.670

20. | Thymine 0.170

21. | Uracil 0.500

22. | Sodium Acetate 1.500

23. | Succinic Acid 1.500

24. | Ammonium Cl 0.750

25. | Sodium Hydroxide 0.850

26. | Dibasic K;HPO4 10.500

The autoclaved (900 ml) and sterilized (100ml) media were mixed and supplemented with

0.1mg/ml ampicillin. The primary culture was grown using same protocol as normal cultures.

When the culture reached exponential phase, per 1 L culture, 1 ml primary culture was

aliquoted in a sterile 1.5 ml tube and centrifuged at 3300g at 4°C for 10 minutes. The

supernatant with LB media was discarded and the pellet was resuspended pellet with 1 ml Le

Master’s medium which was used to inoculate the 1 L secondary culture. Cultures were
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incubated at 37°C until OD reached around 0.5. 100 mg each of lysine HCI, phenylalanine and
threonine, 50 mg each of leucine, isoleucine and valine and 50 mg L-selenomethionine was
weighed and added to the culture. Culture was induced with 0.2% L-arabinose and incubated

at 18°C for 14 hours.

2.4 Protein Purification

2.4.1 Hexahistidine -tag-based affinity purification
Principle

In this method, the interaction between divalent metal ions from the matrix, in this case, Ni*",
and the imidazole ring of the histidine tag of protein is utilized to purify proteins (Fig 2.3).
Commercially available matrices of nickel-nitrilotriacetic acid (Ni-NTA) are coupled to
resins®. These matrices coordinate metal ions via four of its coordination sites whereas two
remaining sites are exposed to interact with histidine residues in the affinity tag. Binding occurs
at neutral to slightly basic pH (7.5 — 8). Elution of proteins is achieved by competing for the
binding of histidine with higher concentrations of imidazole (100-500 mM).

0 N \JN"
QYrﬁr- E
H\'/\CHv
““& T&\\H
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¥ ¥
Nickel NTA support Polyhistidine tag

Figure 2.3. Schematic of Ni-NTA binding to hexahistidine tag

(Reproduced from Moser and Magdelin, 2012°).
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Methodology

Harvested cells were resuspended in the lysis buffer (50 mM Tris pH 8.0, 200 mM NaCl and
10% glycerol) at 4°C. Consequently, the samples were centrifuged at 39,000 g for 45 minutes.
The lysate was loaded on an equilibrated 5 ml HisTrap HP (GE Healthcare) column. The
loading buffer used (Buffer A) was 200 mM NaCl, 50 mM Tris pH 8.0 and the elution buffer
(Buffer B) used was 200 mM NaCl, 50 mM Tris pH 8.0, and 500 mM Imidazole. Protein was
eluted using a stepwise gradient of elution buffer (2%, 5%, 10%, 20%, 50%, 100% of Buffer
B). Consequently, the fractions were subjected to dialysis to the final storage buffer (50 mM
NaCl, 50 mM Tris pH 8.0) and concentrated further using centrifugal concentrators to be used
for further steps.

2.4.2. Strep-tag-based affinity purification
Principle

This method utilizes the phenomenon of molecular mimicry, where an engineered peptide
(WSHPQFEK) or Strep-tag present in fusion with proteins, binds to streptavidin which is
conjugated with the resin under mild buffer conditions’. Streptavidin naturally binds biotin
with high affinity at the same site where the Strep-tag binds, thereby eluting the bound proteins

when subjected to low concentrations of biotin.
Methodology

Lysate/pooled fractions from the previous step were centrifuged at 39,000 g for 15 minutes and
the supernatant was loaded on a 5 ml StrepTrap HP column (GE Healthcare). The binding
buffer used was 150 mM NaCl, 50 mM Tris pH 8.0 and the elution buffer used was 150 mM
NacCl, 50 mM Tris pH 8.0, 2.5 mM desthiobiotin. Elution buffer was injected into the column
in 2 rounds of 5 ml each (Fraction I and II, respectively). Consequently, the fractions were
subjected to dialysis to the final storage buffer (50 mM NaCl, 50 mM Tris pH 8.0) and

concentrated further using centrifugal concentrators to be used for further steps.
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2.4.3 Size exclusion chromatography
Principle

It is a method for separating molecules based on size. The smaller molecules are trapped within
the pores of the matrix hence the bigger-sized molecules elute first. The elution volume (Ve)
linearly declines with the log of the molecular hydrodynamic volume®. Standards of known
molecular weight are used for calibrating the columns and the standard curve is used to
determine the size of the protein. Usually, blue dextran (2000 kDa) is used to determine the
void volume (Vo). (Ve/Vo) is plotted against the log of the MW with the standards of known
molecular weight. This standard curve is used to determine the molecular weight of globular

proteins using the elution volume.
Methodology

Superdex-75 column (GE Healthcare) was equilibrated with 50 mM NaCl, 50 mM Tris pH 8
(A50) buffer. Approximately 2-3 mg of protein (volume less than 500 puL) was injected into
the column (GE Healthcare). UV absorbance at 280 nm was observed to monitor the elution of
the protein. The respective fractions were pooled and concentrated and stored in final buffer

A50 (50 mM NacCl, 50 mM Tris pH 8.0).

2.4.4 Anion Exchange Chromatography:
Principle

Depending on the pH of the buffer, the surface residues of amino acids ionize, imparting a net
positive or negative charge. At low pH, as amino groups are protonated, protein molecules
carry a net positive charge unlike at a higher pH, carboxylic acid groups are deprotonated and
the surface of the protein molecules is negatively charged. At the isoelectric point (pI), which
is a specific pH value, the protein is electrically neutral. Based on the pH of the buffer, the
positive or negatively charged protein molecules bind to the oppositely charged resin. Elution

is performed by changing the ionic strength or pH of the elution buffer.

63



Chapter 2: Materials and methods

Methodology

Protein purified from earlier steps was injected in MonoQ 4.6/100 PE (GE Healthcare). Buffers
used for binding and elution were Buffer A (50 mM Tris pH 8.0, 50 mM NacCl) and Buffer B
(50 mM Tris pH 8.0, 1 M NacCl), respectively. A linear gradient of Buffer A ranging from 0%
to 50% Buffer B over 20 column volumes was injected and the fractions containing the protein
were pooled and diluted to final storage buffer conditions (50 mM NaCl, 50 mM Tris pH 8.0).

Protein was concentrated and stored.

2.5 Protein Quality Check
2.5.1 Bradford Assay: Measuring protein concentration
Principle

The principle of this assay is that the binding of protein molecules to Coomassie brilliant blue
G-250 dye under acidic conditions results in a colour change from brown to blue’. The dye
forms a strong, noncovalent complex with non-polar pockets of the denatured protein and
consequently, with the amino groups through electrostatic interactions. When the dye binds to
the protein, it causes a shift in the absorbance from 465 nm to 595 nm, causing a colour change
from brown to blue. The intensity is proportional to the concentration of the protein-dye

complex.
Methodology

Bradford reagent (Biorad) was added to BSA standard concentrations ranging from 0.1 — 1
mg/ml and was used to obtain the standard curve (5 ul BSA+250 ul reagent) in a 96-well plate.
Protein dilutions were also added and mixed in the same ratio. The absorbance measurements
were taken at a wavelength of 595 nm (Bradford, 1976). The standard curve was used to

estimate the concentration of protein.
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2.5.2 CD spectroscopy: Checking protein secondary structure content

Principle

Circular dichroism (CD) spectroscopy is a type of light absorption spectroscopy where a
difference in absorbance of right- and left-circularly polarized light by a protein sample is
measured!® (Fig 2.4 A) It is sensitive to the relative abundance of secondary structures in
proteins, e.g., a-helices, B-strands, and the resultant CD spectrum is a linear combination of
each secondary structure type (Fig 2.4 B). A complex CD spectrum between 260 and
approximately 180 nm can be deconvoluted and compared with spectra from pure secondary

structural elements to determine the percentage of these constituent elements in proteins and

peptides.
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Figure 2.4. CD spectroscopy
A. Design of a CD spectrophotometer (Reproduced from Subadini ez al., 2022'7).
B. Typical CD spectra of pure secondary structure elements (Reproduced from CMI, adapted from
N. Greenfield 1969).

Methodology

Far-UV CD spectra were collected using a Jasco J-815 spectropolarimeter with a protein
concentration of 10 uM in a 1 mm cuvette, using a scan speed of 50 nm/min, a digital
integration time of 2 s, and a bandwidth of 1 nm. Spectra could be collected between 200 to
250 nm under permissive high-tension voltage. Each spectrum was averaged for over 30 scans.

Spectra were deconvoluted and analyzed using BeStSel'!.
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2.5.3 Size exclusion chromatography coupled with Multi-angle light scattering (SEC-MALS):

For estimating molar masses

Principle

Molar mass interpretation from SEC is subject to errors due to the erratic movement of non-
globular proteins. In SEC-MALS the differential refractive index detector measures the
concentration of the sample, whereas the light scattering detector measures simultaneously the
light scattered at several angles. The light scattering (LS) and refractive index (RI)
measurements can be used to measure the molecular weight (MW) of the eluted fraction using

the equation,

MW= K'(LS)/(RI), where K' Ki/[KLs(dn/dc)]

Here, Krr and Kis calibration constants and dn/dc is the increment of refractive index with

concentration'?.

Methodology

Superdex 200/75 Increase 10/300 GL column was used for SEC which was connected to an
Agilent HPLC unit having an 18-angle light scattering detector (Wyatt Dawn HELIOS II) and
a refractive index detector (Wyatt Optilab T-rEX). The experiments were performed at room
temperature. The column was equilibrated with A50 (50 mM NaCl, 50 mM Tris pH 8.0) buffer
at 0.4 ml/min. BSA at 2 mg/ml was used for the calibration of the system. The purified proteins
(approximately 100 uM, 110 pL) were consequently loaded to estimate the molecular weight
of the eluted peaks. The Zimm model implemented in ASTRA software was used for the curve
fitting and estimation of molecular weights. GraphPad Prism was used to average molar mass

from fitted plots.

2.5.4 High-pressure liquid chromatography to estimate nucleotide bound to protein

Principle

Here, proteins are denatured and filtered to isolate the nucleotide bound to the protein. The
nucleotides are run on an ion exchange column to distinguish them based on retention times

owing to the difference in the negative charge of the phosphate group. The area under the curve
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is a measure of the concentration of nucleotide bound and this could be compared with

standards with known concentrations of pure nucleotides for further quantification.
Methodology

The protein samples are diluted with buffer A50 and then heat denatured at 75 °C. The heated
protein sample was spun at 21,000g for 10 min. Then the supernatant was filtered with a 0.22-
um cellulose acetate filter (Corning), and the sample was loaded on the DNAPac PA200 ion
exchange column (Thermo Fisher). Buffer A (2 mM Tris pH 8.0) was used as a binding buffer.
The runs were performed at a flow rate of 0.4 ml/min, with linear gradients of 0% to 20%
Buffer B (2 mM Tris (pH 8.0), 1 M NaCl) for 3 CV (column volumes), 20%—-50% Buffer B for
3 CV and 100% B for 2 CV. The sample injection volume was 100 pl. The absorbance at 260
nm, indicative of the presence of GDP, was plotted against conductivity. The GDP standard
was obtained with 100 pl of a 500 uM filtered GDP solution.

2.6 Activity Assays

2.6.1 NADH coupled GTPase assay

Principle

It is a coupled enzymatic assay where the conversion of NADH to NAD" is coupled to the
amount of GDP released'®. As GTP to GDP conversion due to hydrolysis progresses, pyruvate
kinase (PK) utilizes GDP/ADP and phosphoenol pyruvate to pyruvate, regenerating GTP'4,
Further, lactate dehydrogenase (LDH) utilizes NADH and pyruvate to produce NAD" and
lactate (Fig 2.5). This results in a decrease in NADH absorbance at 340 nm which is equivalent

to the amount of GDP released.
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Figure 2.5. NADH coupled GTPase assay
(Reproduced from Ingerman and Nunnari, 2005')

Methodology

A master mix was prepared in A50 buffer (50 mM NaCl, Tris pH 8.0) containing 600 uM
NADH, 1 mM phosphoenol pyruvate, 5 mM MgCl,, | mM GTP and pyruvate kinase/lactate
dehydrogenase enzyme mix (~25 U/ml). All components were mixed to a 200 pl reaction
volume and added to Corning 96 well flat bottom plate. The reactions were initiated by adding
purified complexes or a mix of proteins in respective ratios to a final concentration of 10 uM
MglA. A decrease in NADH absorbance was measured at 340 nm using a Varioskan Flash
(4.00.53) multimode plate reader. The absorbance was measured every 20 s for 7200 s. The
initial time point and absorbance of buffer components were subtracted from all readings.
NADH absorbance was converted to GDP produced using a slope obtained from a standard
curve containing known concentrations of NADH. GraphPad Prism was used for data analysis

and plotting the k,»s values.
2.6.2 Nucleotide exchange assay
Principle

Mant (N-methylanthraniloyl)-GDP and mant-GTP are fluorescent GDP/GTP analogues'>-®,
They are sensitive to the environment which is modified by binding to the protein. The
chemical modification of the ribose moiety results in an increase in the fluorescent emission

upon binding to proteins. However, it does not affect binding affinities as compared to
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unlabelled nucleotides. Hence, an increase in the fluorescence intensity can be a cue for
nucleotide binding to proteins (Fig 2.6). The bound nucleotide can also be competed out with
unlabelled nucleotides and the dissociation kinetics can be measured by the rate of decrease in

fluorescence intensity.
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Figure 2.6. Nucleotide exchange assay

On the top is the experimental design for monitoring nucleotide association and dissociation kinetics.
The chemical structure of fluorescent GDP analog is shown.

Below, is the description of equations used for obtaining rates of association and dissociation

Methodology

The kinetic measurements for the linked complexes were performed on Fluoromax-4 (Horiba)
where the intensity of fluorescence emission by mant-labelled GDP/GMPPNP (Jena
Bioscience, Germany) at 440 nm was monitored after the excitation at 360 nm (protocol similar
to the one used inl1). The sample volume was 200 pl in a quartz cuvette (10 x 2 mm path
length) and excitation and emission slit widths of 2 nm. mant-GDP/GMPPNP (final
concentration 800 nM) was present in buffer A50 (50 mM Tris pH 8.0, 50 mM NaCl, 5 mM
MgClz). The protein mix, i.e., a final concentration of 3 uM of the MglA with respective
proteins was added in the cuvette at 400 seconds after stabilization of the signal from only

mant-nucleotide. Consequently, the fluorescence was recorded for 1,400 seconds where the
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increase in fluorescence intensity reflected the nucleotide-binding kinetics. At 1,800 seconds,
the mant-labelled nucleotide was completed out with an excess of unlabelled GDP/GTP (final
concentration 500 uM), resulting in the release of mant-labelled nucleotide from the protein
which manifested as a decrease of fluorescence intensity. For plotting the relative intensities
from the measurements, each value was divided by the average of the first 200 readings (400
seconds). These accumulations and decay reactions were fitted to exponential binding

equations as given below in GraphPad Prism to estimate the k., and &, values.

P +N; — PN;+ N2 — PN> + Ny, where P represents a protein, N1 is the labelled nucleotide,

N2 is the unlabelled nucleotide, and PN denotes the protein-nucleotide complex.
For estimation of kon, PN¢ = PNmax (1 — €7X9),
For estimation of koff, PNt = PNmax = PNmin (€ ) + PNpin

Here, PN represents the amount of the complex at time t, PNmax is the maximum amount of
the complex upon the association, and PNy, 1s the minimum amount of the complex after

dissociation.

2.7 Binding assays

2.7.1 Analytical size exclusion chromatography

The principle and methodology are the same as size exclusion chromatography. When studying
protein interaction in presence of nucleotides, the column is equilibrated with AS50
supplemented with 0.1 mM GDP/GTP (Sigma Aldrich) and 2 mM MgCl. The proteins to be
injected are mixed into a 200 pl volume with 1 mM GDP/GMPPNP and 2 mM MgCl; and
injected. The formation of protein complexes results in an increase in mass causing elution
volumes to shift. This is further confirmed by running the eluted fractions on SDS PAGE. Since
most of the proteins used in this study run aberrantly on SEC, no interpretation of molar masses
was made using a standard curve for elution volumes. The molecular weights of complexes

were confirmed using SEC-MALS.
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2.7.2 Isothermal Titration Calorimetry
Principle

As proteins interact, energy is absorbed or released which is measured by an isothermal
calorimeter (ITC). The instrument consists of a reference cell connected to a sample cell (Fig
2.7). The heat change associated with the interacting molecules results in a change in the
temperature of the sample cell, which is restored as the reference cell temperature by the
instrument. The energy added or removed from the sample cell is measured and consequently,

enthalpy (AH), entropy (AS) and stoichiometry (n) of the molecules are calculated.
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Figure 2.7. Isothermal Titration calorimetry

From left to right, simplified architecture of an ITC instrument, a typical ITC thermogram for an
exothermic reaction and calculation of thermodynamic parameters associated with protein-protein
interactions using ITC (Reproduced from 2bind.com).

Methodology

The proteins (RomR-REC and RomX) used for interaction studies were dialysed into 20 mM
phosphate buffer (K:HPO4+KH2PO4), pH 8, overnight and the exact concentrations were
estimated using Bradford assay. ITC measurements were carried out by titrating 300 uM of
RomX (N-terminal hexahistidine tagged construct) into 20 uM of RomR-REC in the sample
cell using the MicroCal PEAQ-ITC, using a stirring speed of 750 rpm. 19 injections, 2 seconds
each were made. Data for each experiment was modelled using a one-site binding model
provided in the MicroCal PEAQ- ITC analysis software with fitted offset control. Error in Kp

and N was calculated as the standard error of the mean using three independent experiments.
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2.7.3 Fluorescence Anisotropy measurements
Principle

When plane polarized light is incident onto free fluorescent molecules which are tumbling
randomly in solution, the emitted light is depolarized. The binding of a ligand/protein to the
fluorescent molecule results in a reduction of the random tumbling motion, causing the emitted
light to remain polarized. Fluorescence anisotropy is a measure of this difference in the extent
of depolarization. Higher anisotropy can be used as a proxy to monitor binding events and can

be consequently used to measure binding affinities.
Methodology

To estimate the binding of MgIB to nucleotide-bound MglA mutants, fluorescently-labelled
nucleotide mant-GDP (m-GDP) or mant-GMPPCP (m-GCP) (Jena Bioscience) was used
(protocol similar to the one used by Baranwal et al.’). The same methodology was used to
monitor the binding between MglA and RomX. The change in anisotropy was measured in
Fluoromax-4 (Horiba), in a cuvette with 200 pl sample volume at 25 °C, and excitation and
emission slit widths of the 5-nm bandpass. A mix of 400 nM mant-labelled nucleotide in buffer
(50 mM Tris (pH 8.0), 50 mM NaCl and 2 mM MgCly) with 2 uM of MglA (all final
concentrations) was titrated with increasing concentrations of MglB/RomX. Each reading
corresponds to 10 averaged single-point anisotropy values. The initial value of anisotropy of
the labelled nucleotide with MglA was subtracted from all the readings. GraphPad Prism was
used to plot the values against the concentration of the MgIB dimer(since MglA binds to one
dimer of MgIB) or RomX and to fit the data to the binding equation for the estimation of Kp.

The equation used to fit the data points for one site-specific binding is,
y:Bmax X)C+(KD+)C),

where y represents the bound fraction (relative fluorescence anisotropy-reading), Bmax is the
anisotropy value at saturation (obtained by fitting the data to the equation), x is the
concentration of MgIB dimer and Kp is the binding constant. The relative fluorescence
anisotropy values were calculated by dividing all the readings by the max value and

subsequently plotted against MglB dimer/RomX concentration. Each data point is an average
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of at least three independent measurements, and the standard error is shown in which each data

represents three repeats. Error bars represent standard error.
2.7.4 Tryptophan Fluorescence Assay
Principle

Tryptophan is one of the rarely occurring amino acids in proteins. It is known to possess
intrinsic fluorescence'’. Changes in the tryptophan microenvironment cause a change in the
Trp fluorescence spectrum and result in a shift of the maximum fluorescence peak as well as a
variation of the fluorescence intensity. An exposed tryptophan in solution has an emission
maximum (Amax) of around 360 nm whereas when it is buried, it shifts to lower wavelengths

(blue shift) along with a change in fluorescence intensity.
Methodology

The experiment was performed in 20 mM phosphate buffer (KoHPO4+KH>PO4), pH=8. The
sample volume was 200 pl in a quartz cuvette (10 X 2 mm path length) and excitation and
emission slit widths of 2 nm. The excitation spectra were recorded between 200-300 nm. The
emission spectra were recorded at the excitation wavelength of 287 nm and the emission
spectra were recorded between 300-450 nm. 10 uM RomX was added to the buffer and the
spectra were recorded. Further, it was titrated with 1-20 puM RomR in steps of 1 uM each. The
emission maxima (Amax) and the corresponding fluorescence intensity (in CPS, counts per
second) were recorded and plotted against the concentration of RomR to estimate a binding

curve.

2.8 Protein Crystallography

2.8.1 Protein Crystallization
Principle

Protein crystals consist of periodic arrangements of molecules in space stabilized by
intermolecular contacts, giving rise to a crystal lattice!®!?. The constituent unit cells can be
used to generate the crystal using symmetry operations. An asymmetric unit is the smallest
component of a unit cell. The lattice type and its corresponding symmetry are defined by its

space group. Protein solutions under suitable pH, temperature, salt and precipitant
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concentrations, separate from the solution and form stable periodic arrays, yielding protein
crystals. A critical step to initiate this process is nucleation. For this, the protein has to gradually
transition from undersaturation to supersaturation, with a specific concentration aiding
nucleation (Fig 2.8). This is aided by gradual changes in protein and precipitant relative
concentrations. This is achieved by several techniques, one of them being vapour diffusion. In
this arrangement, protein mixed with the crystallization condition is present in a droplet sealed
in a closed chamber containing a reservoir of the same condition. Vapour diffusion between
the droplet and chamber results in a concentration of protein in the droplet, causing it to
transition to the nucleation zone, forming crystals. Sitting drop and hanging drop are two such

techniques of protein crystallization through vapour diffusion.
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Figure 2.8. Oswald-Miers phase diagram
Nucleation occurring at the supersaturated zone (Reproduced from Moreno, 2017') with the associated

energetics
Methodology

Several conditions (about 1400) from commercially available screens (Molecular dimensions,
Hampton Research, Jena Biosciences, Table 2.4) were used to prepare protein crystallization
sitting drop plates (96 well MRC plate, SWISS-SCI) using Mosquito © robotic dispenser (TTP
Labtech) using 100 nl protein solution with 100 nl conditions. Several drop ratios (protein:
condition) and protein concentrations were checked. In some cases, additive conditions were
added with parent conditions (5 pl and 45 pl, respectively) where hits were obtained. The

reproducible conditions were used to set up scaled-up drops (drop size 2-5 pl), in hanging and
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sitting drop plates. Finally obtained crystals were flash frozen in liquid nitrogen in the parent

condition supplemented with cryoprotectants (20% glycerol, ethylene glycol or PEG E 400).

Table 2.4: Summary of crystallization trials

Construct Purpose Crystallization Final optimized Result
trials condition
{AB"T} + To ensure formation of | Main screens 10- | 200 mM Needle shaped
GTP-yS functional MglA MgIB | 15 Ammonium crystals,
complex sulphate, 8% optimized and
PEG4K data collected
{AB;*“B,} To determine structure | Main screens 1-15 | No hits -
of MglA MglB complex
+GDP bound to GDP
{AB;B,"“"} To determine structure | Main screens 1-15 | 40 mM potassium | Hexagonal
of MglA MglB complex phosphate, 16% crystals, did not
+GDP bound to GDP Additive Screen PEG 8K, 20% diffract
glycerol
RomR- To determine structure Main screens 1-15 | No hits -
REC'» of RomR-REC domain
Additive Screen
RomR- To determine structure Main screens 10- No hits -
REC™! of RomR-REC domain 15
RomR- To determine structure Main screens 1-15 | No hits -
REC'® + of RomR-REC domain
RomX (N with RomX Additive Screen
term His)
RomR- To determine structure Main screens 1-15 | No hits -
REC™! + of RomR-REC domain
RomX (N with RomX
term His)
RomR- To determine structure Main screens 10- No hits -
REC"!Ct + of RomR-REC domain 15
RomX (N with RomX
term His)
RomX (C To determine structure | Main screens 10- 5 mM MgICl,, 50 | Needle shaped
term His) of RomX 15 mM HEPES Na crystals,
pH 7, 25% PEG optimized and
MME 550 data collected
RomY To determine structure | Main screens 1-15 | 8% PEG 3000, 0.1 | Needle shaped
of RomY M KH>PO4 crystals,
+Na;HPO4 pH 7 optimized and

data collected
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Main Screen Catalogue Number

1 MD1-30

2 MD 1-31

3 MD 1-32

4 MD 1-60

5 JBScreen HTS-II

6 JBScreen HTS-I

7 MD 1-47

8 MD1-40

9 HR2-130

10 HR2-134

11 HR2-248

12 HR2-139

13 HR2-131

14 Rigaku Wizard 1008647
15 Rigaku Wizard 1008648

2.8.2 Data collection and structure refinement
Principle

X-rays are used to produce the diffraction pattern as they hit the electrons in the crystals
because their wavelength A is typically the same order of magnitude (1-100 A) as the
spacing d between planes in the crystal. The diffraction data is recorded as a collection of
images. The intensities of the diffraction spots are estimated which provides the structure factor
amplitudes (|Fuu|) of each reflection (corresponding to unique h, k and 1 values) in the
reciprocal space. Further phase information for the structure factors is obtained through various
methods such as molecular replacement, isomorphous replacement using heavy atoms, and
anomalous scattering based techniques. The structure factor amplitudes and phase estimates
are used to calculate the electron density map using the inverse Fourier transform function and
to finally determine the crystal coordinates by the interpretation of the electron density map

(Fig 2.9).
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Phase information for the structure factors were obtained from the following two methods for
the structures determined in this thesis.

A. Molecular replacement: Phase information of a homolog of the protein under study,
with at least 20-25% sequence identity is used to build a model which is refined to
determine the experimental structure.

B. Single wavelength anomalous diffraction/Multi-wavelength anomalous diffraction
(SAD/MAD): Proteins with no structural homologs are expressed with heavy atom
modifications to specific amino acids, e.g., selenomethionine which is then used for
phasing'®!°. An absorption scan of the protein helps select multiple wavelengths, to
diffract the crystal. The largest changes in the anomalous scattering factors are at the
absorption edges, hence the data is collected at the peak (A1) for single anomalous
dispersion (SAD) and additionally at inflexion (A2) and remote (A3, 4) for multiple
anomalous dispersion (MAD). This data is used to determine the phase of the heavy
atom substructure, which can be used to calculate the phase information for the protein

structure.

Using these methods the phase information is extracted. This, together with the amplitude
information of the diffraction data is used to generate an electron density map. It can be
represented as a simple map of continuous density (2F,—F.) and the difference maps (F,—F.).
The backbone atoms and the amino acid residue side chains are built into the electron density
map, iteratively, to reduce the values of Rwom and Rjee indicating an overall improvement in
the quality of the electron density maps. Finally, the model is validated by checking the primary
sequence of the protein chain, by checking the real space fit of the side chains into the electron
density map and inspecting the prevalent rotamers of the side chains?°. The Ramachandran plot
is used to validate the model by ensuring that there are no residues in the the disallowed
conformations. The structure is complete when all the refinement statistics such as Ryork, Rfiee,
Ramachandran outliers and RMSD of all bond lengths and angles are within the permissible

range.
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Figure 2.9. Protein structure determination

Schematic showing successive steps of phasing and structure refinement (Reproduced from
Cristalografia y Biologia Estructural, CSIC)

Methodology

Diffraction data were collected from European Synchrotron Radiation Facility (ESRF),
Grenoble, Elettra Sincrotrone Trieste and Diamond Light Source, UK. Data was reduced and
scaled using iMOSFLM?° and AIMLESS?!, respectively, using the CCP4i22? package. In the
same package, PHASER?? was used to perform a molecular replacement. For the RomY
structure, the AlphaFold model was used for molecular replacement. PHENIX?* was used for
refinements and the model was built in iterative cycles using Coot?>. RomX anomalous data
were collected at a wavelength of 0.9793 with //=8.03 and f”'=3.85. Autosol and Autobuild
wizards of PHENIX? were used to build the model which was finally refined to satisfactory
Ryworkand Rjee values. The refinement statistics for each structure were tabulated to validate the

quality of the refined data.
2.9 Structure prediction using AlphaFold
Principle

AlphaFold is a web-based tool recently developed to predict 3D structures of proteins based
solely on the amino acid sequence?’. This method utilizes algorithms to predict proteins

structures based on the evolutionary, physical and geometric constraints of protein folding. It
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applies machine learning where all the physical and biological properties of protein structures
are integrated with information from structure databases and multi-sequence alignments to

predict near-accurate protein structures.
Methodology

Using the ColabFold pipeline, AlphaFold structure prediction was performed. Sequence of the
desired protein was used as the input. For generating multimeric complexes, the multiple chains
of identical proteins were fed, based on the stoichiometry. ColabFold was executed with default
settings. Out of the five predicted models, Predicted Local Distance Difference Test (pLDDT)
scores were used to evaluate the reliability of different parts of the model ((>90, high accuracy;

70-90, good accuracy; 50-70, low accuracy; <50, not interpretable)?’.
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3.1 Introduction

MglA, like other small Ras-like GTPases, belongs to the family of P-loop NTPases. NTPases
are enzymes which hydrolyse nucleotide triphosphates (e.g., ATP or GTP) to diphosphates
(ADP or GDP). They are broadly subdivided into Kinase-GTPase and ASCE (additional strand
catalytic glutamate) ATPase divisions 2. Further, the GTPase division is subdivided into two
classes, namely, @ TRAFAC (Translation Factors)  and SIMIBI (Signal  recognition
particle, MinD and BioD).

All these aforementioned P-loop NTPases have certain conserved motifs which enable their
function of binding and hydrolysing NTPs (Fig 3.1 A). One of them is the Walker A motif
which is essential for binding and positioning the phosphates of NTP and hence known as the
P-loop or phosphate loop *#. The T/S of the consensus GXXXXGK[T/S] motif is involved in
direct Mg?" coordination®>. The other conserved motif is the Walker B motif (consensus
sequence “hhhh[D/E]”) which has a conserved aspartate or glutamate which contributes to
maintaining Mg?" co-ordination 2°. This interaction may be direct or indirect via a water
molecule. The “hhhh” portion of the motif consists of hydrophobic residues which form B-
strand with the D/E present at the C-terminal end of the motif. The Walker B acidic residue is

critical for nucleotide hydrolysis and even sometimes essential for nucleotide binding 5.

MglA does not possess a conserved acidic residue in the equivalent of the Walker B motif in
small Ras-like GTPases (G3 motif or a conserved “DxxG” motif) *'° (Fig 3.1 B). Instead, it
has a threonine or a glycine in the G3 motif (residue 78) '"!2. However, the structural
superposition of MglA in GTP bound state with eukaryotic Ras revealed that the Asp-58
residue of MglA which lies in the adjacent strand to the conserved Walker B strand was capable
of indirectly maintaining the Mg?" co-ordination via a water molecule (Fig 3.1 D,E). Since this
was a non-canonical Walker B equivalent candidate, the role of this residue was validated
experimentally by carrying out biochemical assays in the presence of MglB, its cognate GAP
and atypical GEF'>7'®, Further, we investigated the Walker B residues and their conformations
in representatives from different classes of P-loop NTPases. We identified conserved features
pertaining to the role of Walker B aspartates and glutamates in maintaining Mg?* coordination
and their positions in the structures of different GTPases and ATPase classes. The
conformation of Asp-58 in the newly identified Walker B motif of MglA was seen to switch
across the GDP and GTP bound states, which could probably be acting as an allosteric regulator

for nucleotide binding. We identified similar examples from the P-loop GTPases where the
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switch from GDP to GTP states was associated with a conformational change in Walker B

residues, which was critical for the GTPase function.

3.2 Results

3.2.1 Identification of the probable Walker B residues in MgIA

MglA, a family of prokaryotic small Ras-like GTPases, has been divided into 5 classes
phylogenetically ''. The Asp-58 is a residue in a conserved motif “LFFDF” as present in
Myxococcus MglA, MglA and other group 1 members, while in other groups, it is part of a
conserved “VAMDF” motif (Fig 3.1 C)!7!8, This motif is a part of the B-strand at the binding
interface of MgIB '>!%15, We identified this motif as an alternative to the conserved G3 of
Walker B motif present in small Ras-like GTPases and referred to this as the G3A! motif, of
which the Asp-58 was a part of (Fig 3.1 D). Hence, we compared the role of the conserved Thr-
78 at the G3 motif and the non-canonical Asp-58 at the G3A" motif in driving GTP hydrolysis
and nucleotide binding in MglA to identify the functional Walker B motif in the MglA family
(Fig 3.1 D,E).

Figure 3.1. G3*" motif as the alternate Walker B motif in the MglA family

A. Topology of small Ras-like GTPases (top) with B-strands (pink) and a-helices (grey), G1 (orange),
G2 (dark blue), G3 (dark green), G4 (purple), G5 (dark red), Switch I (Sw I; light blue) and Switch II
(Sw II; light green) motifs highlighted and in the H-Ras structure (below, PDB ID: 5P21) with the
central B-sheet shown in pink.

B. WebLogos showing the alignment of G3 motifs in prokaryotic MglA family and eukaryotic small
Ras-like GTPases. The number of sequences in the alignment is shown in brackets. The Asp-57 in the
G3 motif of Ras and the corresponding residue in MglA is highlighted in brown boxes. The residue
numbering corresponds to MglA (top) and H-Ras (bottom).

C. WebLogos showing the alignment of G3*"" motifs in prokaryotic MglA and eukaryotic small Ras-
like GTPases. The number of sequences in the alignment is shown in brackets. Asp-58 in the G3*"" motif
of MglA and the corresponding residue in Ras are highlighted in brown dashed boxes. The residue
numbering corresponds to MglA (top) and H-Ras (bottom).

D. Structural superposition of MglA bound to GTP-yS (blue; PDB ID: 61ZW) and H-Ras bound to
GMPPNP (pink; PDB ID: 5P21). Thr-78 and Asp-58 of MglA and Asp-57 and Asp-38 of H-Ras are
shown in sticks (dark blue and magenta, respectively). Green spheres denote Mg*". Distances, in A,
from the residues to the coordinating water molecules and secondary structure elements are labelled.
E. Insets show MglA and H-Ras structures (left and right, respectively) where the residues involved in
Mg?** coordination are shown in sticks. Interacting waters (Wat), Switch I (Swl), Walker A (WA),
Walker B (WB) and O-f3 and O-y of the nucleotides are highlighted.
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3.2.2 Cloning and purification of MglA Walker B mutants

To validate the role of Asp-58 and Thr-78 as the probable Walker B acidic residues, we mutated
these respective residues to alanines (Fig 3.1 C). The resultant constructs were named
MglAP384 and MglAT784 respectively (Methods: 2.2.1). The proteins were purified using the
C-terminal hexahistidine tag (Ni-NTA affinity chromatography), followed by size exclusion
chromatography (with Manil Kanade) (Methods: 2.3). The proteins were observed to be well-

folded and monomeric from the size exclusion chromatography profiles (Fig 3.2 A).

To investigate the nucleotide bound to these mutants, we performed high-pressure liquid
chromatography using the DNAPac PA200 ion exchange column (Fig 3.2 B, Methods 2.5.4).
It was observed that both the mutants, as well as wild type MglA, came bound to GDP, without
GDP being added at any stage of purification of these proteins. Qualitatively, it was observed
that MglAP384 contained significantly less amount of bound GDP as compared to MglAT784
and wild-type MglA, although the same concentrations and volumes of protein were used to

prepare the extracts for these runs (Fig 3.2 B).

100- 30001 14004 ’
_ 801 _ 25001 __ MgIAP58A 51200-
=) - T78A .

60 2 MglA |
E é 20004 MglA 51000-
- 401 . GDP '
£ & 1500-

N
<N 20+ <
1000+
0f
200 ' 500 :
20 Volume (mL) 10 20 30

Conductivity (mS/cm)

Figure 3.2. Characterization of the probable Walker B mutants
A. Analytical Superdex 75 profiles of MglA (magenta), MglAP*** (green) and MglA™** (blue).
B. HPLC profile of extracts from MglA (magenta), MglAP%** (green) and MglAT** (blue).
GDP used as a standard is shown in orange.
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3.2.3 Validation of the key Walker B residue

Using the NADH-coupled GTPase assay, we quantified the rate of GDP released for the MglA
mutants (with Manil Kanade, Methods: 2.6.1). Since the intrinsic hydrolysis activity of MglA
is very low, we used the MglA GAP, MglB, purified and mixed with the MglA constructs to
determine the effect of these mutations on GTP hydrolysis rates of MglA 4. We observed that
in presence of MglIB, both MglAP¥4 and MglAT’8A mutants showed two to three-fold lower
GTPase activity compared to that of wild-type MglA (comparing the average ko»s from multiple
repeats) (Fig 3.3 A). Since the catalytic activity of MglA mutants was not completely abolished,
we checked the effect of a typical Walker B mutation on other small Ras-like GTPases. We
observed that in HRas, like many other GTPases, the Walker B mutation reduces the GTP
hydrolysis rates but does not completely abolish it . Our observations were consistent with this
result but due to the same effect in both the mutants, we could not identify the Walker B residue

from this assay.

Since we performed the GTPase assay in presence of MglB, the observed decrease in GTP
hydrolysis rates could also be possible due to the effect of the mutations on the affinity of MgIB
to the MglA mutants. Consistent with the observations in wild-type MglA and MgIB, MgIB
binds MglA in both the GDP and GTP bound states, indicating the occurrence of the B-screw
movement which results in the formation of the MgIB binding interface '*. We consequently
went ahead to check the effect of these mutations on the MgIB binding affinity in the presence
of GDP and GMPPCP, a non-hydrolysable analogue of GTP (Fig 3.3 B). We performed
fluorescence anisotropy measurements of the mutants with mant- labelled nucleotides upon
titration with increasing amounts of MgIB (Methods: 2.7.3). The affinities of MgIB for the
mant-GDP bound state of MgIAP3A and MglAT#A (0.15 £0.02 uM and 0.10=+ 0.02 pM,
respectively) were comparable to the value for MglA (0.13 = 0.06 uM) (Fig 3.3 C). However,
the affinities of MgIB in the mant-GMPPCP bound states were lesser for MglAP8A
(0.70 £ 0.13 pM) than MglAT784 (0.15 + 0.03 uM) which was similar to wild-type MglA (0.10
+ 0.01 uM), implying that the interaction between MglB and MglA driven by GTP binding was

reduced in the MglAP>3A mutant.

88



Chapter 3: MglA Walker B motif

0.31 12
- g 1.0
~ =3 g
-~ 0.2 2 08
| ] -
S _ |}
30 1 = _ : 3 0.6 < MgIAP58A mGDP
< I| . T 04 * MglAT"8A mGDP
0.0 R E
IR 8 0.2 = MgIA®*®A mGNP
® z -
i i i i i + MglAT"®A mGNP
\?~ % (37?. ?.@ z\% Y“% 0.0&
NS Ry s & ¢ & 0 1 2 3 4 5
RS &\v ) @‘? MgIB Dimer
Ky (mant- Ky (mant-
GDP) (uM) | GMPPCP)(uM)
MgIADS8A | 0.15£0.02 0.7£0.1
MgIA”78A | 0.10£0.02 0.15£0.03
D MglA 0.130.06 0.10£0.01
P GTP
1.8+ ' ' E
2 1.6 kon (pM-1s7%) kogs (s)
[72]
8 1.4 MglA=® +MglB (Mg™) | 0.005 +0.002 | 0.001 +0.0002
ﬁ MglA™# +MglIB (Mg*) | (.02 +0.007 | 0.003 +0.002
2 1.24 MglA + MglB (Mg*’) 0.02 £0.003 | 0.002 +0.0001
% | MgIADP58A +MglB Ambiguous Ambiguous
0 1.0~
MgIA™#A +MglB 0.01+0.001 |0.0009 + 0.0003
0.8 ' MglA + MgIB 0.006 £ 0.0007 Ambiguous
0 1000 2000 3000

Time (s)

Figure 3.3. Identification of Asp-58 of MgIA as the key Walker B motif

A. Comparison of k,»s values for MglA (dark pink), MglAP%** (green) and MglA™** (blue). Circles and
squares represent the activities in the absence and presence of MgIB, respectively. The mean and
standard error is shown in black lines (long and short horizontal lines, respectively).
B. Fluorescence anisotropy measurements for MgIB titrated against MglAP*** bound to mant-GDP
(green triangles) and mant- GMPPNP (green circles), and MglA™** bound to mant-GDP (blue
triangles) and mant-GMPPNP (blue circles). Kp values and the respective standard errors are tabulated
in panel C.

D. Kinetics of nucleotide-binding to MglA and mutants based on the increase in fluorescence of mant-
GDP upon binding to protein after 400 seconds (point of addition labelled as P with a dotted line),
followed by addition excess of unlabelled GTP at 1800 s (point of addition labelled as GTP with a
dotted line). The ko, and k,gvalues and the respective standard errors are tabulated in panel E.
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We further monitored fluorescence changes upon binding of the MglA mutants to mant-GDP,
followed by the decrease in fluorescence upon the addition of an excess of GTP (Fig 3.3 D,
Methods: 2.6.2). We compared the association and dissociation rates (k.,» and ko rates,
respectively) for the mutants in the presence of MgIB with that of MglA with and without
Mg?*(Fig 3.3 E). The hypothesis was that both Asp-58 and Thr-78 play an important role in
Mg?* coordination when bound to MgIB (Fig 3.3 E). To validate the role of Mg?*, we performed

the same set of assays in the presence and absence of Mg?".

In presence of an excess of Mg?" (5 mM), both &, for mant-GDP (800 nM) binding and k for
mant-GDP release upon addition of excess GTP was comparable for MglAT784 to that of the
wildtype MglA (Fig 3.3 E). MglA showed a markedly slower rate of association of mant-GDP
in absence of Mg?* and very slow exchange with GTP. This observation was similar for the
MglAT7#A mutant. The binding kinetics of MglAP3#4 with mant-GDP in the presence of Mg?*
matched with that of MglA in the absence of Mg?*, which shows that the Mg?* coordination
was disrupted in the mutant. Hence, the MglAP3¥A mutant appeared to be defective in
nucleotide exchange compared to that of MglAT’84, This validates the role of Asp-58 of the
G3Alt motif playing the role of a functional Walker B residue as compared to Thr-78 of the G3

motif.

3.2.4 Comparison with Walker B in other P-loop NTPases

We performed a comprehensive structural analysis to compare the position of Walker B residue
in other families of P-loop GTPases and ATPases (with Manil Kanade). We chose
representative candidates from three divisions of P-loop NTPases, namely TRAFAC, SIMIBI
(GTPases) and ASCE (ATPases). All these structures had a conserved core consisting of a
central B-sheet surrounded by a-helices. We performed a superposition of these structures onto
the structure of HRas p21 (PDB: 5P21, bound to GMPPNP) and numbered the strands in the
central B-sheet (Fig 3.4 A). The strand preceding the P-loop was numbered 1 and the
consequent strands were numbered according to their order of occurrence. “P” or “A” refers to

the orientation (parallel or antiparallel) with respect to the previous strand.
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Figure 3.4. Walker B conformations in P-loop NTPases

A. Central B sheet topology diagram of major P-loop NTPase families. ASCE (green; representative:
AAA+), TRAFAC (pink; representative H-Ras), SIMIBI (pink; representative: SRP) and MglA (blue),
with Walker A and Walker B related strands highlighted as A and B, respectively. Strands are labelled
according to the nomenclature of the fold (below) and our nomenclature (above).

B. Superposition of MglA (blue; PDB: 61ZW) and SIMIBI (representative SRP; pink, PDB: 4C70).
Asp-58 (sticks; dark blue) of MglA is present in strand 3A, while Asp-190 (sticks; purple) of SRP is
present in strand 2P. Distances between residues and position 6 water are labelled in black dotted lines.
C. Superposition of MglA (blue; PDB: 61ZW) and ASCE (representative RadA; green; PDB: 2FPM).
Asp-211 of RadA (sticks; dark green) is present in strand 3P. (d—f) Variation in residues for magnesium
coordination in P-loop NTPases. Residues involved in Mg*" coordination are shown in stick
representation. Walker B residue is highlighted in a darker shade (dark green or purple). Examples of

91



Chapter 3: MglA Walker B motif

coordination by glutamate outside the central B sheet and no contact with position 6 water (PilB; PDB
ID: 5TSH; (D)), direct coordination by glutamate (BioD; PDB ID: 3QXJ; (E)) and indirect coordination
by glutamate (terminate; PDB ID: 4IEE; (F)) are shown.

The members of TRAFAC or SIMIBI classes had the Walker B residue at the tip of strand 2,
the canonical Walker B position. This strand 2 was parallel to the rest of the strands of the 3-
sheet (Fig 3.4 B). However, in the ASCE family, Walker B was present in strand 3, similar to
the position in MglA (Fig 3.4 C). The only difference between the two was that this strand was
parallel in the ASCE members whereas, in MglA, this strand was antiparallel with respect to

the central -sheet.

Interestingly, an exception was observed in the PilB/PilT subfamily of ATPases where instead
of being a part of the central B-sheet, the Walker B glutamate was present on a loop interacting
with water molecules which in turn coordinates the Mg?" ion at the ATP binding pocket °. It
was observed that Walker B aspartates generally interacted with a water molecule thereby
indirectly satisfying the Mg?" coordination. However, in the case of glutamates, the residue
directly interacted with Mg?* thereby satisfying the coordination. There were only two
exceptions identified in the GP2 terminus of bacterial virus SF2 (PDB ID: 4IEE) and SV40
helicase (PDB ID: 1SVM), where the Walker B glutamate indirectly contacted the Mg?* via a
water molecule (Fig 3.4 E, F). However, the presence of indirect contact via water with Mg?*

in the case of Walker B aspartates was ubiquitous with no exceptions.

3.2.5 Regulation of the conformation of Walker B residues

As mentioned earlier, the G3A" motif of MglA, of which Walker B Asp-58 forms a part of the
interface between MglA and MglB. This strand flips and undergoes a f-screw movement upon
GTP binding and this conformation is stabilised by interaction from MgIB. This conformational
change positions the Asp-58 in a position favourable for coordinating the Mg?" residue at the
active site, thereby acting as an allosteric regulator for GTP binding (Fig 3.5 A). From our
previous analysis of the structural superposition of representative P-loop NTPases, we looked
for cases where a conformational change in the Walker B residue existed between the

diphosphate (GDP/ADP) and triphosphate (ADP/ATP) bound states.

In the case of Arf GTPases, a member of the small Ras-like GTPases (TRAFAC class), we
observed a conformational change across GDP and GTP bound states, where in the GDP state,

arelative movement of the 2P and 3 A strands causes the Walker B aspartate to face away from
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the Mg?* co-ordinating water molecule, to which it interacts in the GTP state (Fig 3.5 B). This
relative movement of strands 2 and 3 across the GTP and GDP states causes a global
conformational change in the molecule causing the release of an N-terminal amphipathic helix
which is involved in recruiting it to membranes 2°22, Hence this conformational change
contributes to the allosteric regulation of membrane binding of Arf GTPase, which is relevant

for its function.

Interestingly, for the Septin family, another member of the TRAFAC class, strand 2 undergoes
movement between the GDP and GTP states, which causes the Walker B glutamate to face the
Mg?" at the catalytic pocket (Fig 3.5 C). This conformational change acts as the allosteric

regulator of oligomerization and membrane binding 2>

Further, in the case of heterodimeric Rag GTPases (RagA/RagC and Gtrlp/Gtr2p), the RagA
or RagB forms a heterodimer with RagC or RagD 2%2°. At any point in time, either RagA/RagB
or RagC/RagD binds GTP while the other subunit remains bound to GDP. This alternate
nucleotide conformation across the heterodimer is regulated by conformational changes in the
a1 helix of one of the protomers, due to steric clashes from the GTP-bound state of the other
protomer. This movement of the a; helix causes movement of strand 2, of which the Walker B
glutamate is a part, which also undergoes a conformational change across GDP and GTP states

(Fig 3.5 D).

Figure 3.5. Conformational changes in Walker B across GTP to GDP-bound states

Structural superposition of the GTP-equivalent (active) and GDP bound (inactive) states (A-D),
highlighting the movement of Walker B between the two states, and the schematic representation of the
movement.

A. MglA-GSP (gray; PDB ID: 61ZW) and MglA-GDP (blue; PDB ID: SYMX)

B. Arf6-GTP (gray; PDB ID: 2J5X) and Arf6-GDP (pink; PDB ID: 3N5C)

C. SEPT10-GTP (grey; PDB ID: 4KV9) and SEPT10-GDP (pink; PDB ID: 4KVA). E100 labelled in
the GDP conformation is truncated till the CB atom in the crystal structure.

D. RagC-GTP (grey; PDB ID: 3R7W) and RagC-GDP (pink; PDB ID: 4ARZ).
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3.3 Conclusion

This study identifies a new non-canonical Walker B motif in the MglA family of prokaryotic
small Ras-like GTPases, which is a part of the G3*'motif ([L/V][F/A][F/M]D). The Walker B
aspartate is positioned by MgIB binding which in turn acts as an allosteric regulator of
nucleotide binding. Further, the Thr-78 present in the canonical G3 motif also plays a role in
the catalytic activity of MglA. This relative position of threonine in G3 and Asp in the G3A!
motifs, respectively, is similar to what is observed in the ASCE family of ATPases. This is a
feature of convergent evolution where MglA, despite belonging to the TRAFAC class, consists
of similar residues as the ASCE ATPases at the nucleotide-binding pocket assisting nucleotide

binding and hydrolysis.

A recent analysis of the catalytic mechanisms of nucleotide hydrolysis highlights the
importance of the H-bond network between the Ser/Thr of Walker A and the Asp/Glu of
Walker B?627. The active site residues (Walker A and Walker B) hold the NTP at the catalytic
pocket with an eclipsed conformation between 3 and y-phosphates. The binding of the NTPase
to an activator (GAP), which inserts a catalytic Arg/Lys in the active site, induces a twist in the
y-phosphate, thereby weakening the bond between [ and y-phosphate. This causes the y-
phosphate to transition into a more planar conformation. Further, the y-phosphate oxygen,
which coordinates the Mg?*, is displaced. This causes a net increase in the local positive charge.
The GAP insertion also constricts the catalytic pocket, causing a swift relocation of a proton
from Ser/Thr of Walker A to Asp of Walker B, which are now connected by a shorter and lower
barrier H-bond. The resultant Walker A alkoxide abstracts a proton from the catalytic water
leaving the OH" to attack the y-phosphate of the NTP, triggering hydrolysis. Consequently, the
negative charge on the B-phosphate abstracts a proton from Ser/Thr of Walker A which is
further neutralized when the proton from Walker B is restored. Such a mechanism requires
proximity and a low-barrier H-bond network between Walker A and Walker B. Similarly, the
non-canonical Asp-58 and the T-78 in the canonical Walker B position in MglA, or other ASCE
ATPases, could also contribute to such a H-bond network to drive catalysis. This could explain

why Thr-78 was critical for MglA catalytic activity in presence of its activator, MgIB.

It has been understood that the Arf/Sar/Ga lineage of GTPases has evolved from the MglA

11,2829 and during the course of evolution has evolved the G3 and G3A" motifs to

family
facilitate nucleotide binding. It is probable that eventually, in the prokaryotic GTPases, the Thr

in the G3 motif was replaced with Asp to satisfy the Mg?* coordination facilitating nucleotide
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binding. Interestingly, the feature of conformational changes in Walker B as a regulator of

nucleotide binding is also observed in Rag and Arf families, both of which have been believed

to have evolved from their ancestor, MglA. In this context, it further becomes interesting to

dissect the mechanism of MgIB binding to MglA and its consequent activation.
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4.1 Introduction:

MglA, the prokaryotic small Ras-like GTPase forms a complex with MglIB, identified to be its
cognate GAP!2, The stoichiometry of interaction is 1:2. Since MglA is an asymmetric
molecule, the interaction with MglIB dimer is also asymmetric (PDB ID: 61ZW) (Fig 4.1A) 34,
The two MglIB protomers (referred to as MglB; and MglB»), interact with different MglA

residues.

An interesting aspect of this asymmetric interaction between MglA and MgIB (PDB ID: 61ZW)
is that the C-terminal a-helix (Ct-helix) of MglB; interacts with the as helix and the extended
B2-B3 loop of MglA (Fig 4.1 A, B)*. We observed that the Ct-helix of MgIB drives the GEF
activity of MglB. A C-terminal truncated construct of MgIB (last 20 amino acids of MgIB
truncated, termed as MgIBA“") interacts with MglA only in the GTP bound state, unlike the
full-length MgIB which binds MglA both in the GTP and GDP bound states*. The C-terminal
region of MglIB is intrinsically flexible, as observed in the MglB; protomer, which is disordered
in the structure of the MglA MgIB complex. However, in the MglB; protomer, the Ct-helix

was stabilised upon interaction with MglA.

The N-terminal residues of the two MglB protomers adopt different secondary structures in the
MglA-MgIB asymmetric complex. It is observed that in MglB, residues 2-7 constitute a -
strand that forms hydrogen bonds with the o strand of MglA extending the central B-sheet in
the MglA core* (Fig 4.1 C). However, residues 1-7 are disordered in the MglB: protomer. In
MglB;i, the first helix of the Rbl/LC7 fold extends from Glu-11 whereas, in MglB., the helix
initiates from Tyr-8 (Fig 4.1 A). It is clear that the N-terminal B-strand of MgIB, is a part of
the binding interface of MgIB to MglA and hence, this strand might play a role in orienting
MglB to MglA.

The conformations of Switch I and Switch II loops of MglA are reoriented upon interaction
with MgIB. Consequently, Thr-54, which completes the Mg?* coordination in MglA, and Arg-
53, which is the catalytic residue positioned near the nucleotide-binding pocket, are optimally
oriented to stimulate hydrolysis by MglA (Fig 4.1 D). This mechanism of indirect GAP activity
where the active site residues are not provided by the GAP but instead, a conformational change
of the active site residues drives hydrolysis, is unique for the GAP MgIB"-*#. If the MglA-GTP
structure with and without MgIB (PDB ID: 61ZW, 6H17) are compared, it is observed that

Switch-I takes a different conformation in the absence of MglIB3. Switch 1 of MglA comes near

100



Chapter 4: MglA activation by asymmetric MgIB dimer

Asn-37 and Arg-98 of MglB,, and hence these interactions might have a plausible role in the
regulation of MglB GAP activity (Fig 4.1 D).

C ——-= .

Ct-helix

Figure 4.1. Asymmetric features of MglA and MgIB complex

A. Structure of the M. xanthus MglA-MgIB complex (PDB ID: 61ZW) (MglA in green, MgIB; in
magenta and MglIB; in light blue) highlighting the MgIB,; Ct-helix interaction with MglA (blue dotted
box) labelled as allosteric interaction and MgIB, Ct-helix interaction with MglA nucleotide-binding
pocket (black dotted box) labelled as direct interaction. The residues at the C and N-termini (‘C’ and
‘N’ respectively) and the breaks of protein chains (residue numbers) are labelled for all the chains. The
amino acid sequence of the Ct-region of the two MglB protomers is shown below with the disordered
residues in the crystal structure and the Ct-helix sequence labelled. In the inset, a schematic
representation, as depicted in later figures, of the MglA MglB complex is shown.

B. Interaction of MgIB, Ct- helix (magenta) (start and end residue numbers labelled) with MglA (green)
helix binding pocket. MglA a5 helix and the B,-f; loop have been labelled.

C. Interaction between MgIB; N-terminal -strand and Po-strand of MglA which extends the MglA B-
sheet constituting the central Ras fold.

D. Interaction between Asn-37 and Arg-98 residues of the MgIB, protomer with Switch-I region (dark
purple) of MglA. Switch-I and Switch-II residues are labelled in dark purple and peach respectively.
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The dual GAP and GEF activities of MgIB need to be regulated to control the relative pool of
MglA GTP and GDP-bound states during polarity reversals within the cell. In this chapter, we
dissect the roles of MglB; and MgIB: to regulate the dual GAP and GEF activity of MgIB, in
light of its asymmetric interaction with MglA. We propose a model of the GEF and GAP active
regions of MglA-MglIB interacting interfaces and regulating these interactions in space and
time plays a role in the relative localisation of MglA-GTP in determining polarity axis in

Myxococcus xanthus.

4.2 Results:
4.2.1 Design of the linked constructs for a functional asymmetric MglIA MgIB complex

To dissect the asymmetric interaction between the two MgIB protomers with respect to the
interaction of the C-terminal residues, we attempted to generate an asymmetric dimer of MglB,
in which only one of the MgIB protomers (either MgIB; or MgIB:) possessed the C-terminal
residues. Since the MglB dimer asymmetry is a consequence of its interaction with MglA, we
designed a construct linking the C-terminus of MglA with the N-terminus of MgIB (Fig 4.2).
The C-terminus of MglA was near the N-terminus of the MglB; protomer in the crystal
structure (PDB ID 61ZW). So, we designed a short flexible linker to allow the formation of a
functional complex. Hence, a Gly-Ser linker (GS) between MglA and MglB was chosen to link
MglA to MgIB;. The length was rigid and was designed so as to prevent excessive free rotation
between MglA and MglB;. This was also consistent with the crystal packing in the MglA-GDP
structure, where the C-terminal hexahistidine tag formed a -strand which continued the central

B-sheet of MglA (PDB ID: 5YMX; Fig 4.2).

KKGG'*GS'MGTQ

MglA-GDP
MglA (5YMX: Mol1) _
| MglB, MglA (5YMX: Mol2)  C

Figure 4.2. Design of the linker between MglA and MgIB;,
Design of a linked construct based on the orientation of N- and C-termini of MglA and MgIB. (Insets).
Structure of the M. xanthus MglA MgIB complex (PDB ID: 61ZW; left; box in dashed outline) rotated
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sideways and zoomed in (right; box in solid outline) to highlight the respective termini positions. A
short Gly-Ser linker (light orange) between the C-terminus of MglA and the N-terminus of MgIB; will
serve to connect MglA and MgIB. The position of a similar Gly-Ser linker from the C-terminal end of
MglA to its C-terminal hexahistidine tag (purple; as observed in the crystal packing of MglA-GDP
structure PDB ID: 5YMX) superposed with the N-terminal -strand of MgIB; is shown to demonstrate
the feasibility of interaction.

We attempted purification of the MglA-link-MgIB1 construct, without co-expression with
MglB, but the protein was insoluble. This is probably because a dimeric MglA-link-MglIB;
might be hindered due to a steric clash between the linked MglAs. This will result in an exposed
MglB dimer interface which is unstable, probably leading to an insoluble protein. To resolve
this, we adopted a co-expression strategy from a single plasmid where MglIB, and MglA-link-
MglB; were present together.

4.2.2 Cloning and purification of the asymmetric MglA MgIB complexes

We adopted a strategy where co-expression from a single plasmid was carried out. MgIB, and
MglA-link-MgIB; respectively were expressed as an operon, designed based on the mglBA
operon in the Myxococcus xanthus genome (Fig 4.3 A, Methods: 2.2.2). In such a co-expression
system, an MgIB protomer could interact with the exposed MgIB dimeric interface of the
MglA-link-MgIB;. A complex containing a linked MglA-link-MglB, construct is shown by an
enclosure within ‘{* & }” (for example, {ABWT}; (Fig 4.3 A), while the absence of <{” and ¢}’

represents a complex formed by mixing different purified proteins (eg. ABYT).

MglA-link-MgIB; was cloned with a C-terminal hexahistidine tag (GSHHHHHH) and MgIB>
was with a C-terminal Strep-tag (WSHPQFEK) °. This aided in the purification of the intact
linked complexes using sequential affinity chromatography (Ni-NTA and StrepTrap
respectively) (Fig 4.3 B, Methods: 2.3). This strategy was further used for the purification of
the C-terminal truncated constructs of MglBi, and MglB,, respectively, to generate the
asymmetric complexes comprising MgIB with and without the C-terminal residues
({AB4“B,}, {ABB»AC}; Fig 4.3 A). As controls, {ABWYT}, a linked construct of wild type
MglB with MglA, and {ABA“}, a linked construct of C-terminal truncated MgIB with MglA,
were also purified. Any intermediate event of dissociation would elute the MglIB dimer as a
separate fraction from the Strep-Trap column due to the higher affinity conferred by the

presence of two Strep tags over the linked complex with one Strep-tag.
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A

{AB1ACtB2} S

H |
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Figure 4.3. Co-expression strategy for purification of asymmetric MglA MglB complexes

A. Strategy for co-expressing constructs of MgIB, (grey) and MglA-link-MglIB, (green-pink) (MglA:
green; Linker: yellow; MgIB,: pink) with an intervening DNA sequence from the operon (dark blue).
The possible combinations of complexes thus formed are shown. The linked constructs include {ABY"}
and those with respective truncations of MgIB; and MglB, C-terminal residues ({AB;*“B,},
{ABB,*“"} and {AB*“"} respectively). MgIB: (outlined in blue) and MglA-link-MgIB; (outlined in dark
red) are tagged with Strep (S: WSHPQFEK) and hexahistidine tag (H) respectively.

B. Strategy of purification of the asymmetric complexes through sequential affinity chromatography
steps (Ni-NTA and StrepTrap).

4.2.3 Differential stability of the linked complexes

Sequential affinity-based chromatography (Ni-NTA followed by StrepTrap) was exploited to
purify {ABWT}, wherein in the second StrepTrap elution step, the majority of the linked
complexes were isolated with the first injection of D-desthiobiotin (fraction I) with a negligible

amount of MgIB dimers (Fig 4.4 A) at later fractions (fraction II; MgIB dimers with higher
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affinity to the column due to the presence of two Strep-tags). We further proceeded in purifying
the rest of the linked constructs with C-terminal deletions. {AB B>} profiles were similar to
{ABYT} through the purification steps (Fig 4.4 C). Interestingly, StrepTrap fraction II of
elution for {AB“B,} and {ABA“} purifications (Fig 4.4 B, D) contained higher proportions
of MglB as compared to fraction I where MgIB co-eluted with MglA-link-MglB;. This suggests
a possible shuffling of MglIB protomers in the complexes after Ni-NTA elution.

{ABWT} B {AB,5B,} ﬁ

Inp FTM _ Fractions | Fractionsll ~Inp_FT M__ Fractions| Fractions Il

C
{AB,B,5ct}) %j’ {ABecy (o )a)

Inp FT M Fractions|  Fractionsll Inp FT Fractions | Fractions Il M

250- o {ABM}
J— {AB1BzACt}
— {AB"°'B;}

2
£ 15017 {ABACY
€ 100-
40kDa 8
38kDa < 50
0-—cl—;=:r—r — -
8 9 10 11 12 13 14 15 16 17 18
18 kDa -50- Volume (ml)
15 kDa

@ v v N
vg)

w«a@wﬁ

105



Chapter 4. MglA activation by asymmetric MgIB dimer

Figure 4.4. Purification of asymmetric complexes

A, B, C, D. SDS-PAGE showing the StrepTrap elution profiles of the linked complexes of {ABY'},
{AB““B,}, {AB;B,"“"} and {AB““"} respectively. The first lane labelled as Inp is the load (obtained
after Ni-NTA purification), and the lane labelled FT represents flow through (unbound protein). M is
the protein ladder with the molecular weights (in kDa) labelled. Fractions I and II represent the 5 eluted
fractions of 1 ml each from each injection of 5 ml of 2.5 mM desthiobiotin-containing elution buffer.
The major constructs eluted as ‘fractions I’ are represented via the schematic.

E. SDS PAGE showing the purified complexes from the linked constructs (cropped images of single
lanes from figure panels A — D compiled for ease of comparison). The upper band corresponds to MglA-
link-MglB; and the lower band is to MgIB,. Corresponding schematics of each construct are shown on
the left and top of the lanes, and the sizes are labelled on the right.

F. Analytical size exclusion chromatography (Superdex 200) profiles for the linked complexes: {AB""}
(blue), {ABB,*“"} (magenta), {AB““'B,} (green) and {AB*“'} (orange).

MglIB moves aberrantly in SEC due to the presence of the C-terminal residues (Fig 4.4 E). To
estimate the molecular weights of the elution peaks conclusively, size exclusion
chromatography coupled with multi-angle light scattering studies (SEC-MALS; Fig 4.5 A, B)
was employed (Methods: 2.5.3). In the case of {ABYT}, a single peak eluted at 14.2 ml (Fig
4.5 A) corresponding to a molar mass of around 53 kDa, corresponding to the expected mass
of the complex (tabulated in Fig 4.5 C). Similarly, in the case of {AB|B,2“!}, a single-
homogenous peak eluted at 14.9 ml, corresponding to an average molar mass of 56 kDa (Fig
4.5 A). The differences in elution volumes of {ABWT} and {AB B>} could be due to the
absence of aberrant movement without the MglB: Ct-helix in {ABB>*'}, despite a negligible
difference in molecular weights of the two complexes. A similar difference in elution volumes
has been observed between ABWT vs ABACt complexes as well, despite the molecular weights

being very close®.

However, the {AB;*“B,} complex separated into two peaks in SEC (Fig 4.4 D). The first peak
(peak 1; eluted at 12.2 ml; Fig 4.5 B) corresponded to a molar mass of 112 kDa correlating to
the mass of a dimeric {AB1“B,} complex. However, the peak was not symmetric and showed
a long tail till the second peak (peak 2; eluted at 14.2 ml; Fig 4.5 B) correlating with a full-
length MgIB dimer (36 kDa) (Fig 4.4D). This tailing nature of the peak corresponded to a
decreasing trend in the molar mass distribution, which could not be reliably estimated beyond
12.6 ml. This probably indicated the presence of a heterogeneous mix of monomeric and
dimeric {AB*“B>} complexes. This dissociation of protomers of the complex was further
accelerated in {ABA¢"} which had a major MgIB*“ dimer peak (labelled as peak 2; eluted at
15.6 ml) and a smaller peak corresponding to {ABA®'} (peak 1; eluted at 15.1 ml with a molar
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mass of approximately 55 kDa) (Fig 4.5 B). These results observed during purification and the
SEC-MALS studies indicate that the MglB; Ct-helix is critical for stabilising the complex
consisting of MglA-link-MglB1 and MglB,. This is in line with our earlier observations of the
interaction of MglIB with MglA in the GDP-bound state only in the presence of the MgIB C-
terminal residues. From the observation of a stable complex only when MglB C-terminal helix
is present, this stabilization effect is probably a contribution from the MglB; C-terminal helix

while the absence of it destabilises the complex.

The presence of elution peaks corresponding to respective MglB, dimers (either MgIB or
MglIB2Ct in {AB4“B,} and {ABA'} purifications, respectively) shows that in the absence of
the MglB; helix, the linked MglA MglB complex dissociates and releases free MglB»
protomers. Moreover, when the C-terminal helix of MglIB; is absent, MglA might not be
restricted to an orientation such that it occupies the interaction interface of the MgIB dimer,
but is free to move around the linker. The steric hindrance of MgIB dimer due to an
incompatible conformation, especially in the MglB, protomer, with the MglA-GDP
conformation, might result in rotation of MglA along the linker and away from the MgIB
interface, destabilization of the MgIB dimer interface and its consequent dissociation. The
dissociated MgIB protomers might form dimers or #rans oligomers (as observed in {AB4“'B,}
complex) with MglA-link-MglIB; in solution. Fig 4.5 D lists different trans complex species
that could exist in solution, out of which option ‘iii’ depicts a plausible confirmation following
a rotation of MglA away from the MgIB interface, and probably unique to {AB*'B.}.
Interestingly, these might represent the dimeric {AB12“‘B,} complexes consistent with the
observations in SEC-MALS. Since the dimeric complexes are observed only in {AB4“B,}
and not in{AB"T} and {AB;B>*“}, we conclude that the MglB; Ct-helix interaction with

MglA is essential for the formation of stable and functional linked MglA MgIB complexes.
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Figure 4.5. C-terminal residues of MgIB contribute to differential stability of the linked

complexes.

A, B. SEC-MALS (Superdex-200 profiles for SEC carried out at room temperature ~ 25 °C) for the
linked constructs: {AB“"} blue and {ABB,"“'} magenta in panel A and {AB;"“'B,} green and {AB*“"}
brown in panel B. The left and the right y axes represent the refractive index and molar mass (kDa)
respectively for both plots. Molar masses are represented by thicker darker lines as compared to

refractive indices.

C. Table enlisting the elution volumes and corresponding average molar masses (expected and
observed; Peaks 1 and 2 correspond to ABiB, complex and B, dimer, respectively as labelled in panels
A and B) for the linked complexes as concluded from SEC-MALS.

D. Possible trans complexes in solution
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4.2.4 Identifying the nucleotide bound to the linked complexes

The stability of the linked complex may be related to the presence of bound nucleotides. To
analyse the relative amounts of nucleotide bound to the linked complexes, we performed HPLC
analysis of the extracts of the respective purified protein samples (Methods: 2.5.4). We
observed that all the linked complexes came intrinsically bound to GDP, however, the amount
of bound GDP was different despite being injected in the same molar ratios of protein samples
processed (100 uM, 100 pl) (Fig 4.6). The constructs with the Ct-helix deleted in MglB,
{AB12“'B,} and {AB“'} contained lesser amounts of bound GDP compared to those with Ct-
helix on MgIB; ({ABYT} and {AB;B>*“%}). This confirmed that the absence of the MglIB; Ct-
helix reduced the concentration of nucleotide bound linked complex in solution. Interestingly,
this also correlates with the stability of the complex observed, as described in the previous

section. Hence MglB; Ct-helix was important for stabilising the GDP-bound MglA-MglB

complexes.

3509 A" GDP (dashed)
300+ {AB1“°'B2} GTP (dashed)
250 {AB1B:"“}

5 ABACt

= 2004 (A8}
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Figure 4.6. HPLC profiles of the linked complexes
{AB“T} (blue), {AB|B,"“"} (magenta), {AB,"“'B,} (green) and {AB"“'} (orange). GDP and GTP used

as standards are shown in dotted lines in purple and cyan respectively.

4.2.5 Effect of MgIB Ct-helices in GTP hydrolysis rates of MglA

The purified asymmetric complexes of MglA and MgIB were used to quantify the GTP
hydrolysis rates of MglA and the relative contribution from the C-terminal helices of MgIB
(Methods: 2.6.1). {ABWT} showed similar ko»s values compared to the unlinked ABW¥T complex
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which confirms the formation of a functional linked MglA MgIB complex using our strategy
(Fig 5A, Table 4.1). We observed that {ABB>2¢"} exhibited GTP hydrolysis rates comparable
to that of ABWYT (linked and unlinked). This confirms that the C-terminal helix of the MgIB»

protomer does not contribute to accelerating the overall GTPase activity of MglA (Fig 4.7,
Table 4.1).

Both {AB 2B} and {ABA®'} complexes showed reduced GTP hydrolysis rates, both of which
had the MglB; Ct-helix truncated. Interestingly, this activity was equivalent to the activity of
the unlinked complex of MglA and MgIBA¢t (ABA¢") where the Ct-helix was absent in the MgIB
dimer (Fig 4.7, Table 4.1). Hence, the asymmetric linked complexes probably mimicked the
corresponding unlinked MglA MglB complexes. Therefore, this comparable activity of
unlinked MglA and MgIB“ complex and linked {AB;*“B,} and {ABA®'}, suggests that the
concentrations of the MglA were similar in all these cases. Hence the reduced activity of
{AB12B;} and {ABA“'} suggests that the decrease is due to the absence of MglIB; Ct-helix.
Thus, the presence of the MgIB; helix was preferentially critical for accelerating the MglA
GTP hydrolysis rate, and not the MglB» Ct-helix.
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Figure 4.7. Constructs with MgIB; helix stimulate higher GTP hydrolysis rates of MglA.
Comparison of k. values of {ABY"} (blue), {AB/““'B,} (green), {ABiB,"“'} (magenta), {AB*“"}
(brown), unlinked ABY" (purple), AB*“* (coral). The mean and 95% confidence intervals are shown by
long and short horizontal lines, respectively for each sample. {} denotes linked complexes.
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Table 4.1: Summary of observed k.. for linked and unlinked complexes

(kobs in min™', kups here is the amount of GDP released per minute per pM enzyme, for details, see
Materials & Methods), ‘n” denotes the number of repeats.

Construct kobs (min™)

MglA 0.009 = 0.003 (n=3)
MglB 0.02 = 0.002 (n=3)
(AB"T) 0.19 = 0.008 (n=13)
{AB/ACB,} 0.07 = 0.008 (n=9)
(AB,B;%) 0.16 + 0.016 (n=10)
(ABACY) 0.10 % 0.014 (n=3)
ABYT 0.19 + 0.02 (n=7)
ABAC 0.08 % 0.005 (n=3)

4.2.6 Effect of MgIB Ct-helices on nucleotide exchange by MglA

We performed nucleotide exchange assays with fluorescently labelled mant-GDP/GMPPNP,
using the purified functional linked complexes (Fig 4.8, Methods: 2.6.2). We started with mant-
GDP exchange assays where we monitored mant-GDP binding to the linked complexes
(labelled as Stage I) followed by its dissociation (labelled as Stage II) with excess unlabelled
GDP (Fig 4.8 A). {AB"T} and {ABB»*'} showed immediate association with mant-GDP (ko
=2.7 uM'min"' and 3.2 uM'min’!, respectively). The rates of association for {AB*“‘B,} were
slower. The rate was similar to the unlinked ABYT complex (kon=0.9 uM 'min™"). {AB"T} and
{AB1B,2“'} showed higher rates of exchange than unlinked ABWYT (Table 4.2). This is due to
the association of MgIB to MglA owing to the presence of the linker which accelerates the
chances of MglIB Ct-helix association with MglA. {ABA¢'} exhibited the slowest ko, of 0.45
uM-'min ! owing to the absence of the C-terminal residues in both the linked MglIB; and MglB,
protomer (or in the dissociated MgIB“t dimer). This was similar to that observed in unlinked
ABAC (0.6 uM'min™"). {ABi2“'B,} shows similar ko, as AB¥T (0.92 = 0.01 uM'min! and
1.08 uM-'min’!, respectively). This is either due to the presence of the MglB: Ct-helix or due
to a probable contribution from the trans activity by the dissociated full-length MgIB, dimer
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(Fig 4.8 A). The rates of exchange for dissociation of mant-GDP by adding unlabelled GDP
(kop) were again highest for {ABYT} and {ABiB»*'} (0.26 min' and 0.33 min™!, respectively)
followed by {ABi2“'B,} (0.18 min!). {ABA“Y} (kop = 0.09 min') was slower as the exchange
of GDP was not facilitated in the absence of the MglIB Ct-helix, similar to unlinked ABA®,
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Figure 4.8. MgIB; Ct helix stimulates nucleotide exchange on MglA

A. Kinetics of increase in mant-GDP fluorescence (region labelled as m-GDP) upon adding {AB“"}
(blue), {AB/““'B,} (green), {ABB,"“'} (magenta), {AB““'} (brown), ABY" (purple), AB*“' (coral), at
400 seconds (marked by the dashed line labelled “+P’; Stage I), followed by a competition of mant-
GDP by adding excess unlabelled GDP at 1800 seconds (marked by the dashed line labelled ‘+GDP’;
Stage II).

B. Kinetics of increase in m-GMPPNP fluorescence (region labelled as m-GNP) upon adding {AB""}
(blue), {AB/““'B,} (green), {ABB,"“'} (magenta), {AB““'} (brown), ABY" (purple), AB*“' (coral), at
400 seconds (marked by the dashed line labelled “+P’; Stage I), followed by a competition of mant-
GMPPNP by adding excess unlabelled GTP at 1800 seconds (marked by the dashed line labelled
‘“+GTP’; Stage II).

The phases I and II, which represent association and dissociation for k,, and k. estimation respectively
(tabulated in Table 4.2A), are demarcated by the solid line.

Further, we investigated the mant-GMPPNP exchange rates of the linked complexes followed
by dissociation with excess unlabelled GTP (Fig 4.8 B). {ABYT} and {AB;B>‘} showed
instant association and dissociation rates. Hence k,, and k. could not be estimated. This is
probably due to the presence of the linked MglB; Ct-helix in both these complexes which
stabilized the complexes and drove efficient nucleotide exchange. If the MgIB; helix had any
probable contribution to the exchange activity, the {AB1B>*"} would not show such active
nucleotide exchange as {ABYT}. {AB,*“B,}, without a Ct-helix in the MglB; protomer,
exhibited measurable exchange kinetics with ko, and ko values of 2.2+ 0.5 uM'min"' and 0.18
+ 0.1 min”!, respectively. This was again similar to the unlinked ABYT (Table 4.2). The

interaction of unlinked MglB with MglA and also the trans activity from the dissociated MglIB
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dimers with the linked MglA, are both diffusion limited, resulting in similar exchange rates.
This is unlike the interaction from the linked MglB; Ct-helix which showed fast exchange
kinetics ({ABWYT} and {ABiB,2“'}). {ABA“!} exhibited exchange rates similar to unlinked
ABAC, However, we observed an inconsistent rise in fluorescent intensity signal upon protein
addition across the replicates. This is probably due to the lack of stability of the complex during
the time scale of this experiment due to the absence of any stabilization from the MgIB-Ct helix
(no trans stabilization like in {AB*“‘B,}). Unlike in GTPase assays (where a GTP
concentration of 1 mM was used), a low concentration of mant-GMPPNP (800 nM during
association) failed to stimulate GTP binding and stabilization for this complex. Hence, we
failed to obtain estimates of kon. kof was negligibly low (0.07 min™"). All these results indicate
that in {ABYT} and {AB B2}, the exchange of GDP with GTP is driven by the MgIB; Ct-
helix, which interacts allosterically away from the nucleotide-binding pocket of MglA. In

{AB12'B,}, this effect is probably exerted in frans from the dissociated MgIB dimer.

Table 4.2: Summary of rates of nucleotide association and dissociation for the linked and unlinked
MglA MglB complexes
(kon(uM'min™") and k,;(min™) respectively).

Construct mant GDP-GDP exchange mant GMPPNP-GTP exchange
kon (WM 'min™) ko (min™) kon (WM 'min™) ko (min™)
{AB"T} 2.7+£0.1 (n=3) 0.26+0.003 (n=3) ND (n=3) ND (n=3)

{AB"“Ba} 0.92+0.01 (n=3) 0.18+0.004 (n=3) 2.2+0.5 (n=3) 0.18+ 0.1 (n=3)

{ABB,"} 32£0.11 (n=3)  0.33£0.004 (n=3) ND (n=3) ND (n=3)

{AB*Y 0.48£0.02 (n=3)  0.09+0.002 (n=3) ND (n=3) 0.066 £ 0.03 (n=3)
ABVT 1.08 (n=1) 0.18 (n=1) 2.3 (n=1) 0.28 (n=1)

ABA“ 0.70 (n=1) 0.04 (n=1) 1.5 (n=1) ND (n=1)

4.2.7 Role of N-terminal B-strand of MgIB;

As mentioned earlier, we observe an asymmetric interaction between the N-terminal of MglB

and MglB; protomers. In MglBi, the 2-7 residues constitute a B-strand that interacts with the
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Bo-strand of MglA. There might be a possible role of this strand in orienting the Ct-helix of
MglB; to MglA. To investigate this, we deleted these corresponding residues in MgIB and the
construct hence designed was named MgIB*N (Fig 4.9 A). These experiments were performed
using the unlinked MgIB constructs, since the linker strategy was not compatible with the N-
terminal residue deletion. We expressed and purified MgIBN mutant and confirmed that this
protein was well folded using size exclusion chromatography (Fig 4.9 B, C, D). We further
looked at the GTP hydrolysis rates of MglA in presence of MgIBN (Methods: 2.6.1). In
presence of this mutant MglB, MglA showed reduced overall GTPase activity as compared
with MgIBYT addition. The ko»s were similar to that of MgIBACt (Table 4.3, Fig 4.9 E) which
had only GAP and no GEF activity due to the absence of the Ct helix.

Table 4.3: Summary of observed k.. for MgIB mutants with MgIA

(kobs in min™', kups here is the amount of GDP released per minute per pM enzyme, for details, see
Materials & Methods), ‘n” denotes the number of repeats.

Construct kobs (min™)

MglA 0.009 = 0.003 (n=3)
MglB 0.02 = 0.002 (n=3)
MglABN 0.08 + 0.006 (n=4)
Mgl ABNRIA 0.1+ 0.004 (n=4)

In fluorescently labelled mant GDP exchange assays (Methods: 2.6.2), we observed that ko,
and ko rates of MglA in presence of MgIB*N mutant (0.8 uM'min! and 0.09 min’,
respectively) are similar to MglA alone which proved that the GEF activity of MgIB*N was
affected as compared to MgIBWT (Fig 4.9 F). To confirm that this abrogated GEF activity of
the mutant was not due to reduced affinity to MglA, we performed the same assay with an
excess of MglB and its mutant (MglA: MgIB in 1:4 ratio) and obtained a similar trend (Fig 4.9
G). We went ahead to perform the same assays with fluorescently labelled mant-GMPPNP
where MglA in presence of MgIB2N indeed showed a slower ko, rate similar to MgIB~<t (0.8
uM 'min") (Fig 4.9 H, Table 4.4). Hence, we conclude that the N-terminal B-strand in MglB
facilitates the optimal interaction of the MglB; Ct helix with MglA thereby promoting the
allosteric GEF activity on MglA.
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Figure 4.9. MgIB; N terminal B-strand and MgIB; Asn-37/Arg-98 are essential for MgIB GEF and
GAP activity, respectively

A. Schematic describing the mutant constructs of MgIB designed for this study

B. SDS PAGE showing the purified proteins of the MglB mutants after MonoQ purification. L describes
the ladder. B and 2xB correspond to bands of monomeric and dimeric MglB, respectively.

C. Size exclusion chromatography (Superdex-75) profiles of mutants of MgIB (purple), MgIB* (cyan)
and MgIB™"R%A (ochre).
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D. Anion exclusion chromatography (MonoQ) profiles of mutants of MgIB (purple), MgIB*™ (cyan)
and MgIB™"R%4 (ochre).

E. Comparison of k. values of MgIB control (square) with MgIB¥" (purple) with MgIB asymmetry
mutants MgIB*" (cyan) and MgIB™"®** (ochre) and respective constructs with MglA (circles).

The mean and 95% confidence intervals are shown by long and short horizontal lines, respectively for
each sample.

F, G. Kinetics of increase in mant-GDP fluorescence (region labelled as m-GDP) upon adding MglA
(dark green), unlinked ABY" (purple), MglA with MglB mutants, MgIB*N (cyan) and MgIBN"R%%4
(ochre) at 400 seconds (marked by the dashed line labelled ‘+P’; Stage I), followed by a competition of
mant-GDP by adding excess unlabelled GDP at 1800 seconds (marked by the dashed line labelled
‘+GDP’; Stage II). The plot in G is the same assay with a 1:4 ratio of MglA: MglB.

H. Kinetics of increase in mant-GMPPNP fluorescence (region labelled as m-GMPPNP) upon adding
MglA (dark green), unlinked AB™" (purple), MglA with MgIB mutants, MgIB*" (cyan) and MgIBN?"7R%%4
(ochre) at 400 seconds (marked by the dashed line labelled ‘+P’; Stage I), followed by a competition of
mant-GMPPNP by adding excess unlabelled GTP at 1800 seconds (marked by the dashed line labelled
‘+GTP’; Stage II).

The phases I and II, which represent association and dissociation for k,, and k. estimation respectively
(tabulated in Table 4.2B and 4.2C), are demarcated by the solid line.

Table 4.4: Summary of rates of nucleotide association and dissociation for the unlinked MglA MgIB
complexes with the MglB mutants
(kon(uM'min™") and k,;(min™) respectively).

Construct mant GDP-GDP exchange mant GMPPNP-
GTP exchange
kon koff kon koff kon
(@M min") 1:2  (min™) (uM'min™) (min™) (uM'min™)
1:2 1:4 1:4 1:2
MglA 0.7 (n=1) 0.1 (n=1) ND
0.8 (n=1) 0.06 (n=1)
MglAB 1.3 (n=1) 0.2 (n=1) 1.840.5 (n=3)
0.1+0.03
22402 (n=3) (n=3)
MglAB*N 0.8+0.1 (n=3) 0.09+0.01 (n=3) 0.8+£0.08 (n=3)
0.08+0.01
1.0£0.1 (n=3)  (n=3)
MgIABNR%A 2 740.4 (n=3) 0.2+0.03 (n=3) 1.5+0.08 (n=3)
0.2+0.04

2.740.5(1=3)  (n=3)

4.2.8 Role of Asn-37 and Arg-98 for MgIB GAP activity

As evident from the structure of MglA MglIB complex in the GTP bound state (PDB ID 61ZW),
MglB interaction with MglA reorients the Switch-I region of MglA in a conformation driving

active hydrolysis thereby functioning as a GAP. We observed that Asn-37 and Arg-98 were
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interacting with the Switch-I residues in this conformation which might be important in
conferring the GAP activity to MgIB. To confirm this hypothesis, we designed a double mutant
of MgIB, where both Asn-37 and Arg-98 were mutated to alanines (MgIBN7R%4) (Fig 4.6A).
The mutant protein was purified identically to the wild-type MglB and we observe no effect of
the mutations on the folding or oligomeric status of the protein as evident from size exclusion
chromatography and MonoQ elution profile (Fig 4.6 B, C, D). We observed a reduction in the
GTP hydrolysis rates of MglA in presence of MgIBN*"R%A mutant (Fig 4.6 E, Methods: 2.6.1).
To rule out the possibility of this reduced overall GTPase rates due to an impaired GEF activity,
we performed a nucleotide exchange assay with mant GDP and competed it out with unlabelled
GDP (Fig 4.6 F). We observed that the ko, rate of MglA with MgIBN*7R%A wag higher than
with MgIB (2.7 uM"'min! compared to 1.3 uM'min™'") (Table 4.2 B). However, the ko4 rate
was similar to MglIABWYT (0.2 min™"). We performed the same assay with mant GMPPNP and
competition with unlabelled GTP, we observed that the ko, rate of MglA with MgIBN37R%A (1.5
UM 'min’") was comparable to that observed for MgIABWYT (1.8 uM-'min™') (Fig 4.6 H). Hence
we confirmed that the MgIBN37R%8A had an intact GEF activity and the reduced GTPase rates of
MglA were indeed due to an impaired GAP activity only. All these observations validate that
the dimeric interface of MglB predominantly consisting of the MgIB; protomer is the GAP
active region of MglB whereas the Ct-helix of the MgIB; protomer is the GEF active region.

4.3 Conclusion

This study adopts a unique approach to dissect the functional relevance of the asymmetric
interaction between MglA and MglB. We observed that the asymmetric linked complexes of
MglA MglIB with Ct-helix truncations, showed reduced stability when the MglIB Ct-helix was
deleted. In these unstable complexes, we also observed the dissociated MglB» protomers from
the complex to associate with each other to form dimers which were consequently capable of
interacting with MglA in trans. We compared the activity of the linked complexes with that of
a mix of MglA and MgIB/MgIBA“t. While the activity of MglA in presence of MgIB,-Ct
truncation was similar to that in presence of MglB, MgIB;-Ct truncation resulted in activity
similar to MgIBA¢". Hence, we show that the MgIB; Ct-helix acts via the helix binding pocket
on MglA which lies opposite to the nucleotide-binding pocket, whereas the C-terminal residues

of MglB; protomer do not play a role in the GEF activity (Fig 4.10).

Our conclusions were further validated when we observed the role of the N-terminal -strand

of MglB in orienting the MglB Ct-helix of MgIB onto MglA. This B-strand of the MgIB; is an
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extension of the Rbl/LC7 fold of MglB. This strand in the MgIB; protomer interacts with the
Bo strand of the central B-sheet of MglA, unique to the MglA family. In MglB», the first a-helix
of Rb/LC7 is longer compared to MgIB;. If MglB; also had a continuous longer a-helix, it
would hinder the interaction of the Ct-helix of MgIB; onto MglA. Instead, it forms a -strand
continuous with the central B-sheet of the MglA Ras fold. This interaction helps to avoid
clashing of the N-terminal region of MglB and Ct-helix of MgIB and further aids in the optimal
interaction of the MglB Ct helix with MglA, stimulating the allosteric GEF activity.

We observed the role of Asn-37 and Arg-98 residues of MgIB in orienting the Switch-I residues
of MglA thereby contributing partially to the MglB GAP activity. Additionally, we attribute
the MglB dimeric interface constituting majorly of MglB., as the GAP active region of MgIB.
MglB contains a roadblock domain (RD), an ancestor of the longin domain, a domain common
in the GEFs of the small Ras-like GTPase family 6. MgIB RD forms a symmetric dimer to form
an extended B-meander platform, which interacts asymmetrically with MglA. We observe that
the RD platform contributes to the GAP activity whereas the extension to this domain,
functions through an independent allosteric mechanism involving the C-terminal helix (Fig

4.10).

GEF PR

MglB; Ct-helix

interacting .+’
with B2-B3
loop of MglA

: GTP (high affinity)
C GDP (low affinity)

N-terminal
asymmetry

GAP
Dimeric interface of
Required for orienting MgIB orients the Switch
MglB; Ct, driving GEF ; ‘ residues driving
activity ) NN s hydrolysis

\ v
o~

Figure 4.10. Mechanism of dual GAP and GEF activity of MgIB
The asymmetric complex of MglA (green) with MglB; (magenta) and MgIB; (light blue) with interfaces

annotated with the GAP and GEF functions of MgIB. The C-terminal helix of MglB; interacts with the
MglA helix binding pocket (blue) imparting the GEF activity. The N-terminal region of MgIB, (yellow)
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interacts with the central B-sheet of MglA and helps orient the MglIB, Ct helix into the GEF pocket. The
dimeric interface of MgIB (orange) stabilizes MglA and promotes the GAP function.

Hence we report a unique mechanism of regulation where the Ct-helix of MgIB; interacts with
the helix binding pocket consisting of the B2-B3 loop of MglA which is the allosteric regulator
site, stabilizing the flipped conformation of MglA following the B-screw movement. This
conformation favours the nucleotide-binding pocket to remain in an ‘open’ conformation ready
to bind GTP and causes the GDP to dissociate. Consequently, when GTP binds, it binds tightly
to the catalytic pocket which is further hydrolysed by the GAP activity of MgIB. It is further
interesting to decipher, how this dual GAP and GEF activities of MgIB are resolved in the cell.
Disengaging the Ct-helix of MgIB is essential to separate the GAP and GEF activities of MgIB,
thereby retaining MgIB as a GAP only. In such a disengaged state, which could be driven by
post-translational modifications or other interaction partners within the cell, MgIB loses its
GEF function and also detaches from MglA once GTP hydrolysis takes place. There could be
a possible contribution from other participants of this module, for example, competition from
the RomR-RomX proteins and stimulation from RomY or interaction with MglC which might
help resolve this mechanism of how the GAP and GEF activities are compartmentalised at the

two poles in the cell.
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5.1 Introduction

The prokaryotic small Ras-like GTPase was identified and characterized with MgIB, its
cognate GAP'. However, for over two decades, a GEF for MglA remained to be identified, a
necessary step towards obtaining a complete picture of the polarity reversal oscillator in M.
xanthus. Simultaneous to our report of the GEF activity of MgIB*, a new regulator in the
polarity reversal module, namely RomX was identified to act as a GEF for MglA along with
RomR?>. Having characterized the dual GAP and GEF activities of MgIB in Chapter 4, we
ventured to characterize this newly identified GEF module for MglA and investigate its

mechanism of MglA regulation.

RomX co-occurs with its partner, RomR across genomes. In M. xanthus it was reported that
the RomX polar localization is regulated by RomR>. RomR interacts with RomX which further
interacts with MglA GTP to form a heteromeric complex and helps recruit MglA GTP to the
leading pole®. RomX has been shown to act as the active guanine nucleotide exchange factor
(GEF) for MglA (Fig 5.1 A). Together with RomR, it was observed to accelerate the GDP to
GTP exchange on MglA at a faster rate than RomX alone (Fig 5.1 B). Unlike MgIB, there was
no GAP stimulation of MglA by RomX or RomR. However, unlike typical GEFs, the RomR-
RomX complex does not interact with MglA in the GDP state. In addition to its function at the
leading pole, RomR-RomX also co-localises with MglA GTP in the Agl/Glt focal adhesion
complexes driving gliding motility. The GEF activity of RomR/RomX is assumed to be exerted
to recruit MglA-GTP at or near the leading pole of the cell. However, it occurs in a bipolar

asymmetric cluster, with a bigger cluster at the lagging pole in a polarized cell.

All these observations raise certain questions, which need to be addressed. Firstly, why does
an annotated GEF not interact with the GTPase in the GDP state and interact only with the
GTP state? To answer this, we have attempted to biochemically and structurally characterize
RomX and its interaction with MglA. Further, why does a bigger cluster of RomR-RomX exist
at the lagging cell pole when the activity is predominantly necessary at the leading cell pole for
recruiting more of MglA-GTP? Moreover, why does the system have two GEFs, MglIB and
RomRX? To answer this, we have attempted to assay the effect of RomX on GTPase and
nucleotide exchange kinetics of MglA and compare it with that of MgIB. This, along with the
existing information on the regulation of polarity reversal, as described in Chapter 1, has helped

us to understand the consequence of their simultaneous presence in MglA regulation.
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Figure 5.1. RomX is the newly identified GEF for MgIA in the polarity module

A: RomX shown in purple was proven to act as a GEF for MglA along with RomR, its partner. The
lower panel shows the bipolar asymmetric localization of RomX with a larger cluster at the lagging pole
(Adapted from Szadkowski et. al, 2019 ').

B: RomX stimulates the release of mant-GDP with cold GTP on MglA in a concentration dependant
fashion which is further stimulated in presence of RomR (Data from Szadkowski et. al, 2019").

5.2 Results
5.2.1 Cloning and purification of RomX constructs

The romX gene (MXAN _3350) was amplified from Myxoccoccus xanthus DK1622 genomic
DNA and cloned in pHis17 (Methods: 2.2.3). Constructs were designed with a C-terminal
hexahistidine (GSHHHHHH) tag and Strep-tag (GSWSHPQFEK) and an N-terminal
hexahistidine tag (MRHHHHHHM) and Strep-tag (MRGWSHPQFEKGG). To standardize
expression, the aforementioned constructs were transformed in BL21AI cells and induced at
ODeoo 0.8 with 0.2% L-Arabinose and grown overnight at 18°C (Fig 5.2 A). The C-terminal
Strep tagged construct could not be expressed despite multiple trials at different post-induction
temperatures (37°C, 30°C, 18°C) and different expression strains (BI21DE3, Rosetta DE3,
C43). This was probably because the Trp from Strep-tag sterically clashed with the N-terminal
Trp of RomX.

The hexahistidine tagged constructs were purified using Ni-NTA chromatography followed by
size exclusion chromatography (Superdex 75) (Fig 5.2 A, Methods: 2.4). The trace impurities
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post Ni-NTA or StrepTrap purification eluted at the Superdex 75 void (8 ml) and a pure protein
peak was obtained at 13.3 ml (Fig 5.2 A, B).
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Figure 5.2. Expression and purification of RomX constructs
A: SDS PAGE for expression of N-His RomX. The expressed protein band at 11.4 kDa in induced
cultures is highlighted in red. The right panels are SDS PAGE for Ni-NTA purified and Superdex 75

purified protein.

B: SDS PAGE for purification of N-Strep RomX. The left and right panels are for StrepTrap and
Superdex 75 purified proteins, respectively.

C: Superdex 75 analytical profile for hexahistidine tagged RomX. The protein elutes at 13.8 ml.

D: Superdex 200 SEC MALS run for RomX. The protein elutes at 17.7 ml and the observed molar mass
is 13.6 kDa (+1.964%).

5.2.2 RomX is monomeric in solution

RomX despite being an 11.4 kDa protein, eluted at 13.3 ml, a volume higher than the expected
monomeric elution volume (for Superdex 75 it is expected to elute around 15 ml) (Fig 5.2 C).
Secondary structure prediction from the RomX sequence shows it is an alpha-helical protein
probably capable of forming elongated coils. The elongated shape probably causes it to elute
erroneously in SEC as per molar mass (Fig 5.3 A). To resolve this, it was subjected to SEC-

MALS to calculate the exact molar mass (Methods: 2.5.3). Here, Superdex 200 SEC column
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was used. The observed molar mass was around 13.6 kDa whereas the expected molar mass
was around 11.4 kDa (Fig 5.2 D). Hence, it was concluded that RomX was monomeric in

solution.

5.2.3 RomX is composed of alpha helices

Elution volumes from SEC and SEC-MALS experiments validated that the RomX structure
probably consisted of alpha helices. To confirm this CD spectroscopy was performed using 10
pM RomX in 20 mM phosphate buffer, pH 8 in a 1-mm path length cuvette (Methods: 2.5.2).
Buffer containing Tris pH=8 showed large high-tension voltage leading to noisy CD signal.
The spectrum obtained had peaks at around 221 nm and 206 nm. When analyzed using
BeStSel®, it showed a high propensity of alpha helices which confirmed that RomX was alpha-

helical and monomeric in solution (Fig 5.3 B).
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Figure 5.3. RomX is composed of alpha helices
A: Secondary structure prediction of RomX using PSIPRED shows it to be composed primarily of alpha
helices.

B: The CD spectrum of the RomX protein on the left. Data was fed on to BeStSel server to obtain the

percentage of estimated secondary structure content. The fitting shows a major percentage of alpha
helices (50.4%), tabulated in right.
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5.2.3 Structure determination of RomX

The constructs of RomX with C-terminal and N-terminal hexahistidine tags, respectively, were
purified and subjected to crystallization screens (Methods: 2.8). There were multiple hits
obtained for C-His-RomX but none for N-His-RomX. This shows that the position of the
hexahistidine tag might affect crystal packing and hence, consequently affect the possibility of

better crystallization of the protein.

After multiple rounds of optimization, the condition which gave the best reproducible crystals
was with 25% PEG MME 550, 5 mM MgCl; and 50 mM HEPES Na pH 7. The crystals were
long needle-shaped and the best crystals were obtained in 24 well hanging drop plates ina 1:0.5
protein: condition ratio. A high concentration of C-His-RomX of around 0.8-1 mM was used
for crystallization. Several different cryoprotectants were used out of which 20% glycerol gave

the best diffraction spots.
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Figure 5.4. Structure determination of RomX using anomalous diffraction

A: SDS PAGE for purification of C-His RomX grown in minimal media supplemented with
Selenomethionine. The protein was purified using Ni-NTA followed by Superdex 75. The profiles were
the same as earlier purifications.

B. Needle-shaped crystal of RomX mounted on a 0.2 mm cryoloop, during data collection.
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C: Crystal structure of C-His RomX solved with SAD (for details refer to Chapter 2). There was one

molecule in the asymmetric unit.

D: Superposition of RomX structure on the stalk domain of Atlastin (4IDN), a member of the dynamin

family GTPase.

Table 5.1: Data Collection and Refinement Statistics of RomX

Collected at
Wavelength
Data Collection Statistics

Space group

ab,c (A)

o, B, v (°)

Resolution (A)

No. of unique reflections
R e (%)

R (%)

Cchalf

Mean I/sigmal
Completeness (per cent)
Refinement Statistics
Resolution (angstrom)
No. of reflections

R /R, . (%)
Average B factor (A”)
Wilson B factor (A”)
RMS deviation

Bond lengths (A)
Bond angles (°)
Ramachandran Map
Favoured (%)
Allowed (%)

Outliers (%)

*Values in parentheses denote the last resolution shell

Diamond Light Source
0.9793

P222
33.3,56.1, 68.6
90, 90, 90

1.9

266856 (8682)
11.5(117.3)
3.2 (41.1)
0.999 (0.699)
19.1(2.0)

99.1(86.6)

29.955-1.88
19678
18.91/22.16
33.71

27.67

0.003
0.480

97.8
2.2
0

Since RomX is a novel protein with no known structural homologs, we had to employ

anomalous diffraction techniques using selenomethionine-labelled protein to determine the

phase of the diffraction data to solve the crystal structure. Further, the protein was expressed
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in minimal media supplemented with selenomethionine and was consequently purified (Fig 5.4
A). The protein was crystallized in the same condition (Fig 5.4 B). The anomalous scattering
data was obtained in Diamond Light Source, UK and we obtained an overall resolution of 1.9
A for the best crystal (Fig 5.2 C). The phases were estimated using the anomalous signal, and
the structure was successfully determined (Fig 5.2 C, Table 5.1).

5.2.4. Features of RomX structure

RomX was expectedly found to be an alpha-helical protein. It primarily comprised a three-
helix bundle (Fig 5.4 C). There was one single molecule in the asymmetric unit and crystal-
packing analysis further confirmed that it was monomeric in solution. PDBePISA analysis
showed no probable interface for higher-order assemblies. The single tryptophan at the C-

terminal aided in rendering 280 nm absorbance peaks for protein detection unlike in RomR.

The structure of RomX was given as an input to the DALI server and it returned several
hundred hits for proteins with one or more chains in the same fold as RomX, from within the
Protein Data Bank. The top 50 structures in the DALI output were superimposed onto the
RomX structure using the software UCSF Chimera. The RMSD values of all the superimposed
structures were recorded. Based on the RMSD values obtained a total of 19 structures were
shortlisted for further analysis (Table 5.2). Many of the shortlisted structures were GTPases
belonging to the atlastin family and, consequently, had a GTPase domain, and a stalk domain.
The stalk domain was the part that superimposed onto RomX owing to the same fold (Fig 5.4
D). Interestingly, the stalk domain of atlastin in humans and Seylp in yeasts are the proteins
most structurally similar to RomX, whereas their associated domains are functionally similar

to MglA (GTP hydrolysis), the protein with which the RomR-RomX complex interacts.

Atlastin showed 3 conformations owing to the binding of 3 different ligands to them - 1) GDP-
bound state, 2) GDP-AIF4-bound state (transition state), and 3) GNP-bound state’®. So, the 3
structures from each of these classes were shortlisted based on the highest resolution and lowest
RMSD values (upon superimposition with RomX), to study the change in conformation caused
by the movement of domains and helices (with Mr. Kushan Lahiri). Central axes were drawn
through the stalk domain and the GTPase domain to find the angles between them (H1-H2, H2-
H3, H1-H3, in Table 5.2) and look for movement between the two domains (GTPase stalk
domain angle, Fig 5.5 A, Table 5.2). On superimposing the three phases of the atlastin

molecules, it was found that the GDP-bound state (6B9D) was conformationally different from
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the GNP-bound (4IDN)* and GDP-AlF4-bound® (6B9F) states, mainly in terms of the angle
between the central axes that were drawn through the GTPase and the stalk domains (Fig 5.5
B). The conformational change between the GDP-bound and GTP-bound states of atlastin
occurs in the orientation of the GTPase domain with respect to the stalk domain (observed as
a movement in the GTPase domain when superposed with the stalk domains). This
conformational change does not exist between GTP- bound and GDP-AIF4-bound (transition)

states.

Table 5.2: List of homologous structures of RomX identified by DALI

RMSD while GTPase Stalk

Chain  Name Organism Ligands bound Zscore RMSD Nres %id  Resolution superposition Domain Angle H1-H2 H2-H3
6b9f-A  ATLASTIN-1; Homo sapiens GDP, ALF, GOL, MG 7.6 3.1 411 13 1.90 A 0.816A 38.2° 23.5° 21.5°
6b9d-A  ATLASTIN-1; Homo sapiens GDP, GOL, MG 6.9 2.7 379 14 1.95A 0.707A 63.1° 28.1° 23.3°
4idn-A  ATLASTIN-1; Homo sapiens GNP, MG 6.9 2.6 417 14 225A 0.755A 35.3° 23.6° 22.6°
Very long stalk
domain, no
Candida albicans interaction with
5cb2-A  PROTEIN SEY1; SCs5314 GNP. MG 79 2.7 656 10 29A 1.140A GTPase domain 27.0° 24.2°
Candida albicans
5ca9-A PROTEIN SEY1; SC5314 GDP, ALF, MG 7.7 2.8 656 14 28A 0.778A Same as above 23.7° 24.0°
Candida albicans
5ca8-A PROTEIN SEY1; SCs5314 GDP, MG 6.8 2.9 636 15 230A 0.809A Same as above 22.7° 21.3°
PROTEIN-S-
ISOPRENYLCYSTEINE O- Tribolium
5v7p-A METHYLTRANSFERASE; castaneum SAH, MPD, UND, D107.7 37 281 4 23A 1.188 A No GTPase domain 23.6° 22.6°
PROTEIN UNC-13
3swh-A HOMOLOG A; Rattus norvegicus 7.2 3.8 295 10 2.65 A 1.166A No GTPase domain 15.1° 4.3°
11dj-A  CULLIN HOMOLOG 1; Homo sapiens ZN 7.1 2.9 725 9 30A 0.334A No GTPase domain 16.3° 20.7°
ALPHA-HEMOGLOBIN
1z8u-C  STABILIZING PROTEIN;  Homo sapiens HEM 6.9 3 91 10 240 A 1.265 A No GTPase domain 29.0° 25.2°
GUANYLATE-BINDING
6klz-A PROTEIN 1; Homo sapiens FAR 6.8 2.5 544 11 231A 0.793A No GTPase domain 29.8°  26.4°
ENDOPLASMIC
RETICULUM MEMBRANE Saccharomyces
6wb9-3 |PROTEIN COMPLEX SU  cerevisiae W303 POV, NAG 6.7 29 197 4 3.00A 1.474A No GTPase domain 17.0° 28.0°
NEUTRAL AMINO ACID
6rvy-A [TRANSPORTER B(0); Homo sapiens 6.7 35 430 5 4.13A 0.712A No GTPase domain 29.2° 44.3°
Thermosynechococc
6me0-C T.EL4H RNA; us elongatus MG, NA 6.7 3.7 414 9 3.60A 0.718A No GTPase domain 18.7° 22.1°
Staphylococcus
UPF0358 PROTEIN aureus subsp. aureus
20dm-B MW0995; MWwW2 MSE 6.6 4.9 83 10 2.24A 0.552A No GTPase domain 13.5° 7.9°
Bacillus megaterium
5190-A  CYTOCHROME P450; DSM 319 HEM 6.6 2.8 385 6 2.55A 0.844A No GTPase domain 60.7° 42.6°
RSV EPITOPE SCAFFOLD
418i-A  FFL_005; Synthetic construct 6.6 42 114 11 2.00A 0.58A No GTPase domain 7.1° 8.8°
BIOPOLYMER
TRANSPORT PROTEIN Escherichia coli K-
6tyi-E  EXBB; 12 PGT, PEV 6.5 3 224 5 3.30A 1.342A No GTPase domain 29.2° 30.2°

There might be a possibility for RomX to interact with the MglA at a location similar to the
linkage between the GTPase and the stalk domains of Atlastin. Since a GEF typically interacts
with the GTPase in the GDP-bound state, Atlastin-GDP (6B9D) was chosen as the structure of
reference while superimposing. There is a high propensity for Atlastin to dimerize in the GDP-
AlF4-bound (transition) state, through both the GTPase and stalk domains. However, in the

GDP bound state, the stalk domains are separated in space and it dimerizes only through its
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GTPase domain (Fig 5.5 C). Hence, when two RomX chains are superposed on the Atlastin-
GDP dimer, clearly the monomers are far apart with no scope for dimerization. This indicates,
that it is probably a monomer of RomX which interacts with MglA in the GDP-bound state to
act as a GEF. The figure also highlights that the connection between the stalk domain and the
GTPase in Atlastin is away from the nucleotide-binding pocket, unlike interactions observed
in typical GEFs, which sit near the nucleotide-binding pocket competing out the bound GDP
(Fig 5.5 D). This offers a possibility for RomX to act near the MglA allosteric pocket, the same
site where the MgIB-Ct GEF binds (shown in Chapter 4), indicating some possible mechanisms

of competition between the two GEF modules.
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Figure 5.5. Structural superposition of RomX and Atlastin
A: Structure of atlastin in GDP (6B9D) boud state in pink. The axes were drawn through the GTpase
domain (green) and the 3 helices in the stalk domain (H1: cyan, H2: blue, H3: ochre). The angles
between these axes were calculated and tabulated in Table 5.2.

B: Superimpositions of atlastin molecules. The stalk domain is used to superpose the 3 structures of
Atlastin corresponding to 3 nucleotide states, GTP state (4IDN) in blue, GDP AlF, transition state
(6B9F) in green and GDP (6B9D) in pink. The N and C termini are labelled in respective colours.

C: Superposition of RomX structures on the stalk domains of Atlastin (6B9D) dimer in GDP state (chain
A and B in hot and light pink, respectively). The green hexagon denotes the bound GDP. The separation
in space between the 2 RomX molecules in blue is highlighted in the lower panel where the Atlastin
dimer is hidden.

D: Superposition of RomX on the stalk domain of Atlastin (6B9D) in GDP state, showing that the GDP
binding pocket (green hexagon) is away from the connection between the stalk domain and GTPase
domain

5.2.5 Interaction of RomX with MglA

To confirm the previous hypotheses, we tried to capture the interaction of MglA with RomX
in presence of the relevant nucleotide. Analytical SEC was carried out using MglA and RomX
in presence of GTP and GDP respectively (Figure 5.6 A, B, Methods: 2.7.1)). MglA and RomX
eluted at 13.6 ml and 14 ml, respectively. These volumes were very close to conclusively
separate the peaks. Since there was no shift of the resultant peak of a mix of MglA and RomX
towards a lower elution volume, we could not prove any interaction between the two proteins
in the presence of either nucleotide (Fig 5.6 A, B). This was probably because the interaction
was too weak to be captured by SEC. We further performed a more sensitive, fluorescence
anisotropy measurement with mant-labelled GTP and GDP where we titrated increasing
concentrations (1-12 uM) of RomX to 2 uM MglA. Preliminary results did not show any
increase in anisotropy of MglA upon RomX addition. Hence, we could not conclusively

estimate if RomX binds to MglA either in presence of GTP or GDP (Figure 5.6 C, D).
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Figure 5.6. Binding studies of RomX and MgIA

A, B: Analytical Superdex 75 to detect binding of RomX to MglA in presence of GDP and GTP,
respectively. No significant binding was observed as MglA (magenta) and RomX (blue) eluted at very
close volumes between 13-14 ml and there was no obvious shift in the elution volume at the peak of the
MglA+RomX (green).

C, D: Representative plots for fluorescence anisotropy studies to quantify binding of RomX to MglA in
presence of mant-GDP and mant-GMPPCP respectively. There was no binding observed with mant-
GDP, whereas, in presence of mant-GMPPCP, MglA precipitated out in the cuvette, providing no
conclusive and consistent results.

5.2.6 RomX acts as MglA GEF

Since we could not capture a direct interaction of RomX with MglA, we tried to estimate the
effect of RomX on MglA activity, as an indirect readout for the probable weak transient
interaction. There was no stimulation in the MglA GTP hydrolysis rates upon the addition of
RomX (Fig 5.7 A, Methods: 2.6.1). The results were consistent even when higher
concentrations of RomX (1:4 MglA: RomX) were used. MglA+MgIB (1:2) was used as a
positive control which showed the GAP stimulation of MglA.

Nucleotide exchange assays were performed in which mant-GMPPNP association was
monitored (Methods: 2.6.2). It was observed that in the presence of RomX, MglA-GDP
consistently showed active nucleotide exchange and showed binding with mant-GMPPNP (Fig

5.7 A). This demonstrated that RomX exhibited a nucleotide exchange activity on MglA,
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similar to earlier reports. However, the binding is not stable, as observed with MgIB. This
probably results in an intrinsic decrease in fluorescence intensity shortly after the association.
This also confirms that RomX indeed interacts with MglA but the interaction is probably

transient and low-affinity.
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Figure 5.7. RomX acts as a MglA GEF
A: NADH coupled GTPase assay data showing that MgIB is an active GAP but not RomX. The black
line represents the mean and the coloured bars represent the standard error.

B: Representative plots (from n=5 repeats) showing mant-GMPPNP association assay of MglA. At 400
s, the protein was added, shown by the arrow. RomX stimulates the release of GDP on MglA and uptake
of mant-GMPPNP in a 1:2 ratio (MglA 3 pM: RomX 6 uM), whereas MglA alone does not show
exchange. In presence of MgIB, there is a steady signal for binding, unlike in presence of RomX, there
is a sharp decline.

5.3 Conclusion

The newly identified member of the polarity module, RomX, was characterized biochemically
and structurally. It was shown to be an alpha-helical protein which is monomeric in solution.
It is interesting to note that a fold similar to RomX is associated with a GTPase domain in
human Atlastin, a member of the dynamin family of GTPases. In Atlastin, the GTPase domain
and stalk domain is linked by amino acid residues, thereby forming one continuous chain. That
is not the case in Myxococcus xanthus, where the GTPase equivalent MglA and the stalk
equivalent RomX are not linked together but probably only interact with each other in a 1:1

ratio.
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Based on the interaction studies between MglA and RomX, it seems likely they interact weakly.
To predict the interface between MglA and RomX, we used AlphaFold to generate a complex
of MglA with RomX. Interestingly, AlphaFold prediction shows RomX to interact with MglA
in the GDP state, typical for a GEF (Fig 5.8 A,B). We indeed observe the GEF activity of
RomX on MglA, but the GTP association is not stabilized, as observed with MgIB. We closely
inspected the interface residues between RomX and MglA (Fig 5.8 C). There are arginines
(Arg-11,14) of RomX and glutamates (Glu-108,111,115) of MglA which come in close
proximity and could be holding the complex together. Moreover, Asp-19 of RomX inserts into
the MglA GDP binding pocket, near the Switch II, which could be possibly the residue driving
the GEF activity. This is similar to the mechanism of eukaryotic GEFs which inserts an acidic
residue to destabilize GDP binding’. The RomX-MglA interface and the consequent
mechanism of RomX GEF activity could be validated in future by mutating these

aforementioned residues.

MglA GDP (5YMX)
MglA model

Figure 5.8. AlphaFold model of MglA with RomX
A: RomX was seen to interact with MglA in the GDP state, shown by the superposition of MglA GDP
(PDB ID: 5YMX) in blue, with the model in green. RomY is shown in purple.

B: The GDP state of MglA is highlighted by the conformation of the 2 strand of MglA with the
“LFFDF” motif in the buried conformation (Refer to Chapter 3).

C: Interaction interface between RomX and MglA. The interface residues are highlighted (MglA
residues in green and RomX residues in purple). MglA P-loop, Switch I, Switch II are highlighted in
orange, pink and cyan, respectively.
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The interface between MglA and RomX was not predicted to be as extensive as that between

MglA and MgIB. Hence the interaction of RomX to MglA could be further stabilized in the

presence of other proteins like RomR, with which RomX is known to form a complex. Hence,

in the next chapter, we investigate the partner of RomX, RomR and attempt to further

characterize the effect of the RomR-RomX complex in regulating MglA activity.
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6.1 Introduction

In the previous subsection, we have shown that RomX acts as a GEF for MglA, but the
interaction between them i1s weak and transient. RomX has been shown to interact with its
partner RomR, which together have been shown to act as two of the key regulators of M.
xanthus polarity reversals'. RomR might play a role in stabilizing the interaction of RomX on
MglA, thereby accelerating its GEF activity, as reported earlier!. Having deciphered the
mechanism of GEF stimulation of MglA by MgIB described in Chapter 4, it is important to
understand the mechanism of RomX-RomR mediated GEF activity. Hence, we have tried to
dissect the interaction between RomX and RomR and further attempted to understand how this

protein complex interacts with MglA.

RomR has an N-terminal response receiver domain (RomR-REC; Fig 6.1 A ?) and a C-terminal
output domain 2. The output domain consists of a long unstructured linker region followed by
a C-terminal helical tail (hereby referred to as RomR-Ct). RomR localizes similarly to MgIB
and RomX, in a bipolar asymmetric fashion with a larger cluster at the lagging pole (Fig 6.1
B). In vivo studies of motility behaviour and localization studies show that in the absence of
the RomR-REC, the output domain (residues 117-420) was unable to switch across poles and
the cells were defective in gliding motility?. Further, in the absence of the output domain, the
RomR-REC (residues 1-140), did not localize to the cell poles and remained diffused, causing
defects in A-motility?. This showed that the receiver domain helps recruit RomR to the poles

and the output domain is important for RomR dynamics during reversals’.

A B

RomR M.xanthus (1) ---MPKNI SLTIRKVIGMIFATEDFQ-VTAVDNGL (36) SA2058 SA2259 SA2260
CheY E.coli (1) MADKELKE] FSTMRRIVRNLLKELGENNVEEAEDGV ~ (40) romR::nptll romR::nptll romR::nptll
PhoB E.coli (1) ---MARRIMVEBEAPIREMVCFVLEQNGFQ-PVEAEDYD  (36) JromA-af / ver- af Joutput- of
PhoP B.subtilis (1) ---MNKKI EESIVTLLOYNLERSGYD-VITASDGE  (36) romngip receiver- gip joutput- gip
OmpR E.coli (1) -MQENYKI] DMRLRALLERYLTEQGEQ-VRSVANAE  (38)

RomR M.xanthus (37) DAISRTRELRPDVVLABVMMEGKSEYEVCEALKNDPATQG (76)

CheY E.coli (41) DALNKLQAGGYGFVISEBWNMENMDELELLKTIRADGAMSA  (80)

PhoB E.coli (37) SAVNQLNEPWPDLILLBWMLEGGSEIQFIKHLKRESMIRD (76)

PhoP B.subtilis (37) EALKKAETEKPDLIVLBVMLEKLDEIEVCKQLRO--QKLM (74)

OmpR E.coli (39) OMDRLLTRESFHLMVLBLMLEGEDELSICRRLRS--QSNP  (76)

* *

RomR M.xanthus (77) IEVVLLAGTFEAFDENRARAARBDDHVTEEGESQVLLDKYV (116)

CheY E.coli (81) LEVLMVTAEAKKENIIAAAQAGESGYV TAATLEEKL (120)

PhoB E.coli (77) IFVVMLTARGEEEDRVRGLETGRDDYITE§@§SPKELVARI (116)

PhoP B.subtilis (75) FEILMLTAKDEEFDKVLGLELGEDDYMTEEYSPREVNARV (114)

OmpR E.coli (77) MBIIMVTAKGEEVDRIVGLEIGRDDYIF| PRELLARI (116)

Figure 6.1. In-vivo studies with RomR domains

A: Sequence alignment of the RomR N-terminal receiver domain with recognized receiver domains.
Asterisks indicate conserved residues, signature of receiver domains. Black and grey residues show
100% and 60-70% identity, respectively (Reproduced from Leonardy et al., 2007%).
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B. Motility phenotypes of a romR deletion mutant when supplemented with different RomR domains
tagged to GFP. The top panels show the motility of the cells in 1.5% CTT agar media and the lower
panel shows fluorescence microscopy images of the cells from the respective cultures. Cells with
receiver domain has diffused RomR localization. With only the output domain, RomR was static at the
poles with no reversals (Reproduced from Leonardy et al., 2007%).

RomR bridges with the chemosensory Frz module and consequently acts in concert with MglA
and MgIB to orchestrate polarity reversals 2. It has been debated if RomR goes through a
phosphorylation-mediated switch to regulate reversals like other response regulators®>°, The
output of the Frz module is delivered by a kinase which phosphorylates one of its downstream
regulators, FrzX, which acts at the lagging cell pole®. Phosphorylation of Asp-53 of RomR-
REC was shown to be important for RomR dynamics’. However, it was also shown that the
Frz signals could be directly communicated to MglA raising questions about the importance
RomR phosphorylation in driving polarity reversals®. Upon receiving the trigger from
phosphorylated FrzX, RomR has been shown to initiate the polarity reversal but shows slower
dynamics than MglA/MglB, thereby forming a ‘gated relaxation oscillator’®. Further, it
promotes correct polar localization of MgIB at the lagging pole via MgIC, another
homodimeric Roadblock domain protein like MglB, which plays a yet unknown role in the
polarity module®!°. Apart from its role as a polar recruitment factor, RomR has been shown to
amplify the GEF activity or RomX on MglA!. Consequently, RomR-RomX together helps
recruit MglA at the lagging pole, resulting in the conversion of the lagging pole to the leading
pole!!. However, molecular details of neither RomR/RomX nor MglA/RomR/RomX
interaction have been characterized. RomR, being a multidomain protein, is interesting to
decipher how it interacts with the polarity module proteins and regulates the activity of MglA
driving motility. Hence in this chapter, we attempt to determine the exact functional domain
boundaries of RomR and how these individual domains interact with RomX and MglA to drive

polarity reversals.
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6.2 Results

6.2.1 Cloning and purification of RomR domains
RomR Receiver (REC) domain

Sequence alignment with other response receivers identified residues 1-116 as the conserved
N-terminal receiver domain (Fig 6.1 A). Previous in-vivo studies were performed using a
construct with 1-140 residues, which was longer than the predicted REC domain (Fig 6.1 B).
To determine the exact boundary of the REC domain, we cloned a construct with residues 1-
116 or RomR (RomR-REC!'%) (Methods: 2.2.3) (Fig 6.2 A, B, C). RomR-REC!'® with C-
terminal hexahistidine tag was insoluble, however, when expressed with N-terminal
hexahistidine tag the protein was retained in the soluble fraction. Further, this protein was
attempted to be purified using multiple trials of hexahistidine tag based affinity
chromatography, ammonium sulphate precipitation, anion exchange chromatography and size

exclusion chromatography. However, protein remained impure.

We further investigated the secondary structure prediction using PSIPRED and observed that
the 116" residue lay in the middle of a helix in the REC domain which might cause the protein
to partially unfold and consequently aggregate. To resolve this, we further cloned the REC
domain with residues 1-125 and 1-141 (Fig 6.2 C). These constructs were well soluble and
were purified using hexahistidine tag-based affinity chromatography followed by size
exclusion chromatography (Fig 6.2 D, Methods: 2.4). Though the protein appeared to be
reasonably pure in SDS-PAGE gel, background activity was observed in the GTPase assays
indicating the presence of contaminating enzymes. Hence the protein was subjected to ion
exchange chromatography using MonoQ after which it was obtained with high purity. It eluted
between 37-42 mS cm™! (Fig 6.2 F).

C-terminal (RomR-Ct) domain

C terminal region of RomR (RomR-Ct, residues 331-420) was cloned expressed in the same
conditions as RomR-REC constructs (Methods: 2.2.3) (Fig 6.2 C). It was purified as a 12 kDa
protein using Ni-NTA, SEC (Superdex 75) and MonoQ. A shorter construct of RomR, RomR-
REC'*!Ct linking the REC domain (1-141 residues) and the C terminal (331-420) was also

designed and expressed and purified using the same aforementioned steps (Fig 6.2 C, E).
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Figure 6.2. Domain-wise dissection of RomR using different constructs

A: Secondary structure prediction of RomR using PSIPRED. The three different boundaries of the REC
domain are highlighted in blue (116), orange (125) and green (141), respectively. The C-terminal
domain is highlighted in magenta.

B. Schematic showing the domains of RomR, N-terminal REC domain, a long-disordered linker
followed by a C-terminal helical domain.

143



Chapter 6. Dissection of RomR domains

C: The different domain-wise dissected constructs of RomR that were designed for this study. The
colours of the REC and the C-terminal domains are as per A. The residue numbers of the boundaries
are labelled.

D. SDS PAGE showing purified proteins of the three REC domain constructs of RomR after Superdex
75 (SEC) step.

E. SDS PAGE showing purified proteins of the two C-terminal domain constructs of RomR after
MonoQ (anion exchange) step.

F. MonoQ profile for RomR constructs. RomR-REC'* , RomR-REC'*'Ct, RomR-Ct in purple, blue and
red, respectively.

6.2.2 Interaction of RomR domains with RomX and MglA

For the interaction studies, analytical gel filtration chromatography was performed with RomR-
REC!'?’ and RomX in presence of MglA (Methods: 2.7.1). No coelution was observed as there
were 2 distinct peaks around 12.1 ml corresponding to the RomR-REC!'?*+RomX complex and
at 13.1 ml to MglA, as verified by SDS PAGE (Fig 6.2 A). This observation was consistent
even when the same experiment was performed in the presence of GTP and GDP respectively

(Fig 6.3 A, B, C). A similar trend was observed for RomR-REC!*! (Fig 6.4 A, B, C).
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Figure 6.3. Interaction of RomR—REC125 with RomX and MglA

A, B, C: Analytical Superdex 75 runs showing the interaction of RomR-REC with RomX and MglA
without nucleotide (A), with GDP (B) and with GTP (C). The axes are cut to mask the high peaks of
GDP and GTP elution at 18 ml, as shown in the figure. The right panels show the corresponding SDS
PAGE images of the respective runs. The lane numbers indicate the volumes of elution as per the
chromatograms (In: Input, L: Ladder, molecular weights are labelled) and the proteins corresponding
to the bands are labelled. The corresponding peaks in the chromatograms are also labelled.

MglA (green), RomX (orange), RomR-REC125 (brick red), RomR-REC125 + RomX (magenta) and
MglA+ RomR-REC " + RomX (blue)
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Figure 6.4. Interaction of RomR—REC141 with RomX and MglA

A, B, C: Analytical Superdex 75 runs showing the interaction of RomR-REC " with RomX and MglA
without nucleotide (A), with GTP (B). The axes are cut to mask the high peak of GTP elution at 18 ml,
as shown in the figure. The right panels show the corresponding SDS PAGE images of the respective
runs. The lane numbers indicate the volumes of elution as per the chromatograms (In: Input, L: Ladder,
molecular weights are labelled) and the proteins corresponding to the bands are labelled. The
corresponding peaks in the chromatograms are also labelled.

MglA (green), RomX (orange), RomR-RECl41 (brick red), RomR-REC141 + RomX (magenta) and
MglA+ RomR-REC'" + RomX (blue)

It was observed that the RomR-Ct does not interact with RomX based on SEC (Superdex 200
column). There was a clear separation of peaks observed at 12.3 ml for RomR-Ct and 17.6 ml
for RomX (Fig 6.5). This confirms that the REC domain of RomR is involved in interaction
with RomX and not the C-terminal helical domain. The shorter linked RomR-REC!*!'Ct
interacted with RomX and eluted as a single peak at 10.5 ml in Superdex 200, possibly solely
due to the presence of the REC domain. This was further confirmed in the SDS PAGE where
we observe co-elution of RomR-REC!!Ct with RomX (Fig 6.6 A).
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Figure 6.5. Interaction of RomR-Ct with RomX

Analytical Superdex 200 run showing no interaction of RomR-Ct with RomX. The lower panel shows
the corresponding SDS PAGE image. The lane numbers indicate the volumes of elution as per the

chromatograms (In: Input, L: Ladder) and the proteins corresponding to the bands are labelled. The

corresponding peaks in the chromatograms are also labelled.

REC-Ct
RomX (orange), RomR-Ct (brick red), RomR + RomX (magenta)
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Figure 6.6. Interaction of RomR-REC'"'Ct with RomX and MgIA

A, B, C: Analytical Superdex 200 runs showing the interaction of RomR-REC'*'Ct with RomX and
MglA without nucleotide (A), with GDP (B) and with GTP (C). The axes are cut to mask the high
peaks of GDP and GTP elution, as shown in the figure. The right panels show the corresponding SDS
PAGE images of the respective runs. The lane numbers indicate the volumes of elution as per the
chromatograms (In: Input, L: Ladder) and the proteins corresponding to the bands are labelled. The
corresponding peaks in the chromatograms are also labelled.

MglA (green), RomX (orange), RomR- REC'*'Ct (brick red), RomR- REC'*'Ct + RomX (magenta)
and MglA+ RomR- REC'*'Ct + RomX (blue)

Much like in the case of the RomR-REC domain constructs, the RomR-REC!*!Ct -RomX
complex did not interact with MglA in the SEC column to form a heteromeric complex in the
presence or absence of nucleotides, namely GDP and GTP (Fig 6.6 A, B, C). There was a clear
separation of peaks for MglA at 17 ml and RomR-REC!*!Ct-RomX at 10 ml and this was
confirmed with SDS PAGE. Hence, we cannot observe the formation of a MglA and RomR-
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RomX complex in SEC. This is probably because the interaction is mediated solely by RomX
with no contribution from RomR constructs under study, and is hence low-affinity and
transient. Expectedly the observation was similar for RomR-Ct, which neither interacted with

RomX, nor with MglA in the presence or absence of nucleotides (Fig 6.7 A, B, C).
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Figure 6.7. Interaction of RomR-Ct with MglA

A, B, C: Analytical Superdex 200 runs showing the interaction of RomR-Ct with MglA without
nucleotide (A), with GDP (B) and with GTP (C). The axes are cut to mask the high peaks of GDP and
GTP elution at 18 ml, as shown in the figure. The right panels show the corresponding SDS PAGE
images of the respective runs. The lane numbers indicate the volumes of elution as per the
chromatograms (In: Input, L: Ladder) and the proteins corresponding to the bands are labelled. The
corresponding peaks in the chromatograms are also labelled.

MglA (green), RomR-Ct (brick red), and MglA+ RomR-Ct(purple)
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6.2.3 Effect of RomR domains on MgIA activity

Similar to the results described in Chapter 5, we could not capture the interaction of the RomR
constructs with MglA in presence of RomX in analytical SEC studies. However, previous
reports show the interaction of RomR and RomX with MglA in the GTP-bound state, quite
unlike that of a GEF. We could not reproduce this observation and hence proceeded to check
the role of the aforementioned RomR constructs in MglA activation. Firstly, analysed the effect
of all these constructs on the GTPase activity of MglA (Methods: 2.6.1). It was observed that
RomR-REC'?’ and RomX alone or as a complex did not accelerate the GTP hydrolysis rates
by MglA. The result was identical with RomR-REC'*!' with and without RomX (Fig 6.8 A).
Further, RomR-Ct did not stimulate the GTPase activity of MglA as observed in the NADH-
coupled GTPase assay. The observation was similar for RomR-REC!'*!Ct with or without
RomX (Fig 6.8 A). This indeed confirms that there is no binding and activation of MglA in the
GTP bound state by RomR-RomX complex.

In Chapter 5, we observed the GEF activity of RomX on MglA. It has been shown that this
activity is further stimulated in the presence of RomR. Since we observe the interaction of
RomR-REC with RomX, we wanted to see if the presence of RomR-REC constructs stimulates
the GEF activity of RomX. We studied the association kinetics, monitoring the exchange of
GDP bound to MglA using mant-GMPPNP (Methods: 2.6.2). RomX induced a fast nucleotide
exchange on MglA, similarly with and without RomR-REC'?>, RomR-REC!? alone did not
affect MglA activity. Similarly, neither RomR-Ctnor RomR-REC'"!Ct drove mant-GMPPNP
exchange with MglA-GDP (Fig 6.8 C, D). When RomR-Ctand RomR-REC'"!Ct along with
RomX were added to MglA, the rates were similar to RomX alone. This showed that it was
RomX alone which drives nucleotide exchange on MglA without any contribution from the
RomR REC domain (Fig 6.8 B). RomX forms a complex with RomR-REC and MglA implying
that RomX is possibly sandwiched between its two interactors, with no direct interaction

between MglA and RomR-REC.
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Figure 6.8. Activity assays of RomR constructs with RomX and MgIA

A: NADH coupled GTPase assay data showing that none of the RomR constructs with or without RomX
shows GAP activity as observed with MgIB. The black line represents the mean and the coloured bars
represent the standard error.

B, C and D: Representative plots showing mant-GMPPNP association assays of MglA with RomR REC
constructs, RomR-REC'*'Ct and RomR-Ct domains, respectively. The trend was similar for all 3 cases.
RomX (orange) stimulates release of GDP on MglA and uptake of mant-GMPPNP in a 1:2 ratio and
the rates are similar with RomX+ RomR (blue) in the same 1:2 ratio (MglA 3 pM : RomRX 6 uM),
whereas RomR alone (brick red) does not stimulate exchange. n=3 repeats performed for each MglA,
MglA+RomX, MglA+RomR-REC'”, MglA+RomR-REC'*+RomX, MglA+RomR-REC'"'Ct,
MglA+RomR-REC"*'Ct+RomX, MglA+RomR-Ct, MglA+RomR-Ct+RomX, runs.

Similarly in the nucleotide exchange assays, neither RomR® nor RomRREC-Ct drove mant-
GMPPNP with GDP exchange on MglA Fig 6.8 C, D). When the same assays were performed
in the additional presence of RomX, the exchange rates were similar to that observed with
RomX alone. This showed that RomX alone drove nucleotide exchange on MglA. There were

no contributions from RomR REC or C-terminal domains on nucleotide exchange on MglA.
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6.2.4 Interaction between RomR-REC and RomX

To quantify the interaction between RomR REC'! and RomX and to determine the

stoichiometry of the complex, we performed size exclusion chromatography coupled with

multi-angle light scattering to determine the molar mass of the complex (Fig 6.9 A). In

Superdex 75, there was a shift in the peak of the complex from 12.5 ml for RomR REC and 14

ml for RomX to 11.5 ml. The observed molar mass was 24.6 kDa which corresponded to a 1:1

complex of RomR REC (14.5 kDa) and RomX (11.4 kDa).
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Figure 6.9. Interaction between RomR-REC and RomX

A: Superdex 75 coupled with multi-angle light scattering to show the interaction of RomR-REC and
RomX. The molar mass of the corresponding peaks is plotted on the right y-axis. RomX is in orange,
RomR-REC'"! is in red and complex is in magenta. The observed and expected molar mass and the
respective elution volumes are tabulated in right.

C, D. ITC thermograms showing the titration of RomX with RomR-REC'* and RomR-REC'"*,
respectively. The top panels show the raw data of exothermic heat pulses with time and the lower panels
show the corresponding differential binding curve fitted to a single site binding model.

Further to quantify the affinity between RomR-REC and RomX, isothermal titration
calorimetry was performed (Fig 6.9 B, Methods: 2.7.2). The data was plotted to a one-site
binding model using the MicroCal PEAQ ITC Analysis software with a fitted offset control.
The same titration experiment was performed with RomR REC!*! and the results were similar
(Fig 6.9 C). We obtained an average Kp of 1.14 = 0.05 uM for RomR REC'?’ and RomX and
1.2+ 0.5 uM for RomR REC'#!, The stoichiometry of interaction N was similar for both RomR
REC!'? and RomR REC'#!, 1.3 + 0.2 and 1.2 + 0.2, respectively. This confirms that RomR

REC interacts with RomX in a 1:1 ratio.

To characterize the interface between the RomR-REC domain and RomX, an AlphaFold model
of the complex was generated using one chain each of RomX and RomR (1-125 residues) (Fig
6.10 A). The prediction of the RomR-REC domain was expected to be reliable as the REC
domain is prevalent and conserved. RomX model superposed well with the experimentally
obtained structure with an RMSD of 0.8 A. Looking closer into the interface, it was observed
that Glu-108 of RomR formed a salt bridge interaction with Arg-76 of RomX. Further, the Val-
17 or RomR and Leu-75 of RomX formed a hydrophobic core into which Trp-87 of RomX
also tucks in when in complex with RomR-REC. This tryptophan is otherwise exposed in

solution in the monomeric structure of RomX.

Since Trp-87 is the sole tryptophan residue in the RomRX complex which shows a
conformational transition across the monomeric RomX and RomRX complex, it could be used
as a tool to monitor RomRX complex formation. Since this was a hypothesis based on the
AlphaFold prediction of the structure of the complex, it was validated by monitoring the
fluorescence of the single Trp-87 in RomX. If the Trp-87 is exposed in monomeric RomX and
is buried in the RomRX complex interface, it would show a shift in the wavelength and
intensity of the Trp emission spectrum maxima. To investigate this, 10 uM of RomX is titrated

with increasing concentration of RomR-REC (Fig 6.5 E, Methods: 2.7.4). It was observed that
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there was indeed a decrease in the Trp fluorescence intensity and a gradual blue shift in the

emission spectra maxima from 360 nm to around 330 nm (Fig 6.10 G, H). This indicated a

change in the environment of the Trp as the RomRX complex formed. This validates that Trp

87 is one of the residues which forms the RomRX complex interface.
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Figure 6.10. Interface between RomR-REC and RomX

A: AlphaFold model of RomR-REC (blue) and RomX complex. Experimentally obtained RomX
structure in purple is superposed on the model in light blue. In right, the interface of the complex is
expanded showing the probable interface residues, W87 and R76 in RomX and E108 in RomR. The
interacting distance between RomR E108 and RomX R76 is highlighted. The conformational change
of RomX W87 across the monomeric (purple) and complex states (light blue) is also shown

B, C. SDS PAGE showing the purified proteins of RomX"® and RomR-REC*'*®** mutants using Ni-
NTA and Superdex 75, respectively.

D. Analytical Superdex 75 of RomX"®(orange) and RomR-RECH'®* (brick red) mutants. The co-
injection of the mutants (magenta), shows no shift to a lower elution volume, as observed in WT proteins
(Fig 2 A).

E, F. Tryptophan fluorescence spectra to determine the complex formation RomR-REC and RomX in
WT and mutants (left and right, respectively). RomX is titrated with increasing concentrations of
RomR-REC as shown in the legend.

G, H. Relative fluorescence intensity at emission maxima Amax and the corresponding Zmax values are
plotted against concentration of RomR-REC to determine the shift in fluorescence spectra as well as
quenching due to complex formation, due to change in the environment of the Trp87 at the RomRX
interface. The mean of 3 replicates is plotted with the error bars indicating standard errors.

Based on our information regarding the interface, we designed interface mutants of RomR and
RomX, namely RomR-RECF!%A and RomXL734R76A (175 R76 both mutated to A) (Fig 6.10
B, C). These were purified using Ni-NTA followed by Superdex 75. There was no shift in the
peak of the resultant complex of RomRX as observed in the case of RomR-REC!*+RomX
(Fig 6.10 D, Fig 6.3 A). However, since the elution volumes were very close, the individual

peaks could not be resolved.

Further, Trp fluorescence measurements were performed using the interface mutants of RomR-
REC and RomX (Fig 6.10 B, C). RomX:73AR76A muytant was titrated with increasing
concentrations of RomR-RECE!%4 1t was observed that there was no blue shift observed as in
the case of wild-type constructs of RomR-REC!?* and RomX (Fig 6.10 F). There was a slight
decrease in the intensity of the emission maxima at higher concentrations of RomR-REC (Fig
6.10 G, H). This was probably due to the crowding of RomR-REC molecules which minorly
masked the Trp-87 fluorescence signal. This confirms that RomR-REC Glu-108, RomX Arg-
76 and Trp-87 are the key interface residues holding the RomRX complex.

6.2.5 Characterizing the C-terminal output domain

From the previous section, we determine that the N-terminal residues 1-125 of RomR form an
independently folded REC domain which interacts with RomX. The C-terminal output domain

is characterized by a long disordered region consisting of repeat sequences enriched in proline
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and glycine residues. Residues 368-420 were predicted to be alpha-helical. As mentioned in
the previous section, RomR C-terminal domain (RomR-Ct), was purified and studied. It was
also subjected to CD spectroscopy in 20 mM phosphate buffer, similar conditions as mentioned
for RomX (Methods: 2.5.2). The spectrum obtained had peaks at around 221 nm and 206 nm.
When analyzed using BeStSel, it showed a 100% propensity for alpha helices which confirmed
that RomR“* was alpha-helical (Fig 6.11 A). According to AlphaFold prediction, it is composed
of a long alpha helix, which was bent in the middle at Val-398, Val-399 positions (Fig 6.11 B).
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Figure 6.11. C-terminal tail of RomR

A: CD spectrum of the RomR-331Ct protein was fed on to BeStSel server to obtain the percentage of
estimated secondary structure content. The fitting shows a 100% alpha-helical content.

B. AlphaFold prediction of the RomR-Ct colored according to pLDDT scores with N and C termini
labeled.

The proline-rich linker region of RomR (117-368) was analysed for the 10 other RomR
sequences presented by Leonardy and Segaard Andersen, 20072. We observed that there is
little to no sequence conservation in the low complexity region across different RomR
homologs. However, there could exist a conservation of properties. Hydrophobicity and
molecular size plots did not show much conservation of pattern across the sequences. We
further went ahead and exploited CIDER'?, a web server for analysing intrinsically disordered
regions (IDRs) in proteins (with Ms. Akshata Kotwal). When fed with the IDR sequences, the

server provides a set of parameters used to predict the kinds of conformations the IDRs might

156



Chapter 6. Dissection of RomR domains

adopt in solution. The parameters include % (extent of charged amino acid mixing), Q (pattern
of charged + proline residues), hydropathy, FCR (fraction charged residues) etc. All this
information is used to generate a diagram of states where FCR and IDR conformations are
correlated. The following regions of the plot indicate the different conformations the IDRs

might adopt!?.

1. Weak polyampholytes & polyelectrolytes: These sequences form globules.

2. Janus sequences: Globules or coils depending on other factors like (salt concentration,
ligand binding, cis-interactions etc.)

3. Strong polyampholytes: Coils, hairpins and chimaeras (depends on «)

4. Negatively charged strong polyelectrolytes: Polyanionic repulsion-driven rods or
coils

5. Positively charged strong polyelectrolytes: Polycationic repulsion-driven rods or

coils

Hence, the presence of clusters in the diagram of states indicates some conserved properties
rendered by the presence of these IDRs in RomR-like proteins. We identified more RomR-like
proteins from the sequence databases (Fig 6.12 A). The C-terminal region of RomR (Q1D3Z1,
369-420) was used for a BLAST search. Amongst the three domains of RomR, expectedly, the
N-terminal (1-116) and C-terminal (369-420) were found to be conserved. Given the ubiquity
of the response receiver domain, we chose the C-terminal domain for our search. We also
exploited the overlapping genomic distribution of RomR and RomX and filtered the RomR
sequences which co-occurred with RomX. As a response regulatory domain is typically more
than 100 amino acids long, and proteins smaller than 100 amino acids were discarded. The 136
proteins obtained from above were used for a domain search using SMART !4, 123 proteins
had a receiver domain and a low complexity region. We compared the conservation of the C-
terminal domain of proteins in this dataset with the 31 proteins obtained from Keilberg D and
Sogaard-Andersen L (2014) 4 and observed a conserved WEVV motif at the C-terminal (Fig
6.12 B). Finally, we obtained a new data set of 123 RomRs with two characteristic features, a.
Response regulatory domain of nearly 120 amino acids followed by a disordered linker and b.

a C-terminal domain with a WEVYV motif.

When the diagram of states was plotted for this dataset, all the proteins were found clustered
in either of the two particular regions in the plot (Fig 6.12 C). Most of the IDRs including the
one in RomR formed globules (FCR<0.25). A few of them extended to the regions predicted
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for coils (0.25<FCR<0.35). The clustering of these proteins in the plot suggests a common
behaviour of IDRs of RomR-like proteins in solution. IDRs with similar physical properties
are present in the N-terminal domain of a-synuclein (1-100 residues), which is intrinsically
disordered but forms amphipathic helices on membrane binding'® This indicates that the IDR
of RomR might play a role in stabilising the interaction of RomR, specifically to the poles
recruiting it with either the polar membrane or other interacting proteins at the cell poles. This
is in line with the in-vivo observations, where we see the role of the output domain with the
IDR for RomR polar recruitment. RomR is known to form heteromeric complexes like RomR-
RomX-MglA or RomR-MglC-MgIB which could be stabilised by additional interactions from
the RomR-IDR, which gets structured upon complex formation. This feature of RomR IDRs
could be validated experimentally in the future by comparing RomR-REC®* construct with

wild-type RomR.
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Figure 6.12. Analyzing the disordered linker of RomR

A: Steps used to generate the dataset of 123 RomR-like proteins. The final output is used to plot C.

B. Web logos for the conserved C-terminal domain of the RomR-like proteins. The WEVVP was chosen
as the characteristic feature for identifying a RomR-like protein.

C. Diagram of states for the IDRs of 123 RomR-like proteins identified showing the fraction of
positively and negatively charged residues in the disordered linker indicating the formation of globules
and coils depending on the environment. RomR is highlighted in red.

6.3 Conclusion

RomR was shown to be one of the key players of the polarity module by receiving signals from
the chemosensory module and initiating the reversal switch. It was proven to show slower
dynamics than MglA and MglB, thereby regulating the time and frequency of polarity
reversals®. We dissected the protein domains of RomR and observed that the REC domain of
RomR interacts with RomX strongly in a 1:1 ratio. Salt bridge interaction between E108 of
RomR and R76 of RomX was predicted based on the AlphaFold structure and experimentally
validated for being critical to hold the complex together. The C-terminal Trp of RomX tucks
into the interface when it binds to RomR. However, no direct interaction was observed between
the RomR-RomX complex and MglA in analytical SEC. This is probably because the
interaction is transient and has a low affinity. Due to the dilution effect of the SEC column, the
interaction was probably not captured. We further generated an AlphaFold model of the
RomRX complex with MglA (Fig 6.13). In line with our proposal, RomX is indeed sandwiched
between RomR and MglA. MglA has been captured in its GDP-bound conformation, as
predicted with RomX (Fig 5.8). The interface of RomX and MglA is not extensive, but
probably nucleotide dependant as it sits very close to the nucleotide-binding pocket of MglA.
The narrow interface explains the weak and transient interaction of RomR-RomX with MglA
which we failed to capture through our experiments. According to this model, we do not capture
any direct interaction between RomR and MglA, explaining why we do not see any effect of
RomR domains in accelerating the GEF activity of RomX. It will be interesting to further
investigate the residues driving the direct GEF activity of RomX at the MglA nucleotide-
binding pocket and compare it with the allosteric GEF activity observed with MglIB. Further,
additional interactions from the IDR of RomR and its role in stabilization need to be studied in

detail.
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MglA model
MgIA GDP (5YMX)

Figure 6.13. AlphaFold model of MgIA, RomX and RomR-REC

RomX is seen to interact with MglA in the GDP state. It acts near the nucleotide-binding pocket of
MglA. The RomX MglA interface is not extensive, unlike the RomX RomR-REC interface. It is
sandwiched between MglA and RomR.

The C terminal domain of RomR does not interact with RomX. There was no direct interaction
with MglA too that was observed. This extends the probability for an interaction of the C-
terminal domain of RomR with other regulators like MgIB or MgIC in addition to the
interaction of the REC domain with RomX. The long intrinsically disordered region might act
as a bridge between these two domains. Hence RomR seems to be a key player in the polarity
module where the multiple domains of the protein interface with different regulatory partners
which in turn regulates MglA driving polarity reversals and motility. In the next chapter, we
have investigated the interaction of MglB and RomR with additional interacting proteins to

generate a complete picture of the polarity reversal event.
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7.1 Introduction

MglB, one of the key regulators of MglA, localizes in a bipolar asymmetric distribution with
the major cluster at the lagging pole. It was observed that there is a dual GAP and GEF activity
of MglA contributed by the Roadblock domain and the C-terminal helix respectively .
Recently, a couple of proteins, RomY and MglIC, have been identified in the polarity module,
which interacts with MglB and localize in an MglB-dependent fashion 2. They are prospective
regulators of MglB which in turn affect the localization of MglA-GTP at the leading pole,

thereby establishing a front-rear polarity axis.

RomY was recently shown to interact with MgIB and localizes at the lagging pole and switch
during polarity reversals 2. It was proposed to form a low-affinity complex with MglB. This
was concluded based on the localization of RomY at the lagging pole where the MglB
concentration is higher>*. RomY was observed to interact with MgIB in presence of MglA-
GTP to form a heteromeric complex. RomY was shown to stimulate the GAP activity of MglB,
thereby excluding MglA-GTP from the lagging cell pole. At this pole, RomY probably causes
the MgIB GAP activity to dominate over the RomR-RomX GEF activity, which is necessary
for the correct localization of MglA. However, there is no structural information on RomY and
how it forms a complex with MgIB along with MglA to activate the GAP activity. Knowledge
of the stoichiometry of the MglA/MgIB/RomY complex, binding affinities and the binding
interfaces would help understand the mechanism of a dominant GAP at the lagging pole which

is critical for the maintenance of front-rear polarity axis of M. xanthus.

Further, another component of the polarity module, namely, MgIC has also been identified as
an MglB interactor >, MglC was shown to be important for the polar localization of MglA and
MglIB. MglIC is another protein with the Roadblock domain fold and interacts with MgIB to
form an extended Roadblock domain platform, similar to several eukaryotic small Ras-like
GTPase regulators’. SAXS studies show a 2:4 complex between MgIC and MgIB. RomR has
been shown to drive MglC localization in the cell in a similar bipolar asymmetric fashion, with
a higher concentration at the lagging pole. But there is no information on the exact mechanism
of MglC recruitment to the poles. Moreover, as of yet, there is no information on the function
of MglC in the polarity module. Hence it is important to investigate the mechanism of polar
recruitment of MglC. The interaction of MglC with MgIB and RomR needs to be further
dissected to understand the exact order of events leading to the similar localization of all these

proteins in a polarized cell. MglIB interacts with MglC via its Rbl/LC7 domain, which is also
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the MgIB GAP active domain. Therefore, MglC could also probably play a role in regulating
MglIB GAP activity at the leading and lagging poles in turn regulating MglA localization and

function.

7.2 Results

7.2.1 Fold Identification of RomY

Initially, the annotated sequence for RomY was MXAN 5749 as shown in Fig 7.1 A. Later it
was reannotated to MXAN RS27865 (residues 71-258 as per sequence in Fig 7.1 A). We
performed a secondary structure prediction using PsiPred of the whole frame as per
MXAN 5749 and also fed the sequence to SwissModel. We obtained a model similar to
dihydro neopterin aldolase (PDB ID: 3V90), for residues ranging from 73-163 of RomY. The
sequence alignment between the aldolase and RomY model is shown in Fig 7.1 B.

Further, we compared the topology of aldolase with longin (BpappPac) and Roadblock
(appappp) folds. Aldolase has a BBaafBP topology, which is a circularly permuted incomplete
longin domain fold (Fig 7.2 A, B). Consequently, we did a structure-based sequence alignment
using PROMALS3D where we observed that the MXAN 5749 gene was predicted to have a
longin domain fold whereas the reannotated MXAN RS27865 had an incomplete longin
domain fold (Fig 7.2 C). This was interesting as multiple longin/Roadblock domains can
interact to form multimers and such a scaffold is known to be prevalent in the regulation of

small GTPases’.
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Figure 7.1. Fold prediction of RomY

A. PSIPRED result showing the secondary structure prediction of RomY as annotated in MXAN 5749,
The pink highlighted residues form alpha helices, yellow form [ strands and the grey residues are loops
connecting the secondary structures. The sequence corresponds to MXAN 5749 and the blue
highlighted sequence is of reannotated MXAN RS27865.

B. SWISS-MODEL prediction using the RomY sequence as in A. It shows a hit with dihydro neopterin
aldolase (PDB ID 3V90) and the structure of the model is shown on left. In right, is the structure-based
sequence alignment of the RomY model with aldolase (using match-align in UCSF Chimera) with
secondary structures highlighted. The blue arrows indicate 3 strands and the yellow cylinders denote
alpha helices.

We performed a BLAST search against PDB with the RomY sequence and did not obtain any
significant hits. Hence it was proposed to be a novel protein with no similarity with
experimentally solved structures. Hence, we attempted to generate an AlphaFold model of the
reannotated MXAN RS27865. Earlier reports show that the N-terminal region of RomY (1-
89 residues) forms a folded domain and the C-terminal region is disordered?. This N-terminal
domain (RomY2) was predicted to be the functional domain of RomY, interacting with MglA
and MgIB. Hence, we modelled RomY from residues 1-89 (sequence from MXAN RS27865)
and inspected the arrangement of secondary structures. The model was composed of 4
consecutive B-strands followed by an a-helix. This was a different fold (BBPPa) as compared

to the aldolase fold (Bpaapp) (Fig 7.2 C).
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Figure 7.2. Comparison of RomY fold with Roadblock and longin domains

A. Structure-based sequence alignment of RomY using PROMALS3D analysis, where the sequence of
RomY is aligned with DENN1D (a longin domain protein) and MgIB (a Roadblock domain protein) and
aldolase. The structures highlighted where the blue arrows indicate f strands and the yellow cylinders
denote alpha helices.
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B. Topology diagrams for aldolase, Roadblock and longin domains, respectively, are shown. The
secondary structures are labelled and numbered in the order of their occurrence in the protein sequence
(N-terminal to C-terminal). The arrangement of secondary structure elements for each fold is described
below the topology diagram.

C. The arrangement of secondary structures in DENN1b (a longin domain protein) and MgIB (a
Roadblock domain protein) and aldolase. This is further aligned with the SWISS-MODEL predicted
RomY model and the arrangement of the secondary structures in the 2 respective annotated sequences
of RomY (MXAN 5749 and MXAN RS27865) followed by the AlphaFold model of RomY*€.

7.2.2 Expression and Purification of RomY

We obtained the plasmid containing 1-89 residues of RomY (MXAN_ RS27865) with an N-
terminal hexahistidine tag, very generously shared by Dr Dobromir Szadkowski and Dr Lotte
Sogaard Andersen (for details, refer to RomYN construct in Szadkowski et al., 2022?). The
protein, named RomY“C henceforth, was expressed and purified using the N-terminal
hexahistidine tag where it was eluted at an imidazole concentration of 250 mM (Fig 7.3 A)
(performed along with Ms Puja Kumari, Methods: 2.4). Further, this protein was subjected to
Superdex 75 where it eluted at 11.7 ml (Fig 7.3 A, B). To check the oligomeric status of RomY
in solution, we performed MALS to determine the molar mass of the eluted protein (Fig 7.3
C). The peak fraction corresponded to a molar mass of 12.5 + 0.02 kDa which corresponds to

the monomeric mass of 12.6 kDa. This shows that RomY2€ is monomeric in the solution.

7.2.3 Structure determination of RomYA€

As mentioned earlier, RomY is a novel protein with no sequence similarity with any
structurally characterized proteins. Hence, we proceeded to crystallize the protein to solve the
structure of the purified RomY€, We subjected the protein to crystallization trials by screening
multiple conditions containing varying salt, buffer and precipitants (Methods: 2.8). We used
concentrated protein above 10 mg/ml concentration to further optimize the hits. We obtained
the final optimized needle-shaped crystals with 15 mg/ml of purified protein in the
crystallization buffer, which consisted of 8% PEG 3000, 0.1 M KH>PO4+Na>:HPO4 pH 7 (Fig
7.3 D), at a 1:1 protein:condition ratio. We used different cryoprotectants out of which 20%
PEG E 400 gave the best results.
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Figure 7.3. Crystallization of RomY*¢

A. SDS PAGE showing the purified RomY““ protein using His-tag-based affinity purification (Ni-
NTA) followed by SEC (Superdex 75). L denotes the ladder with bands labelled in kDa and the purified
RomY*““band is highlighted in red.

B. Superdex 75 profile of RomY“€.

C. SEC-MALS profile showing the chromatogram (dRI in the left y-axis) for RomY*““ in blue and the
molar mass of the eluted peak in pink (right y-axis).

D. Needle-shaped crystals of RomY““. The scale bar is shown in the bottom right.

We diffracted the crystals in the aforementioned conditions and obtained diffraction data from
ESRF under the automated remote data collection strategy (ID30A-1 / MASSIF-1 beamline).
The quality of the collected data is tabulated in Table 7.1. Residues 6-89 of RomY“¢ was
predicted with high confidence by AlphaFold, which was also well correlated with the
PSIPRED prediction (Fig 7.4 A). Hence, we used the AlphaFold model generated using the
sequence of the purified protein to perform molecular replacement to solve the structure of
RomY*“€ (Fig 7.4 B). We finally refined the structure to a resolution of 1.5 A to a Ryork/Rfrec Of
0.2080/0.2226. There was a single molecule in the asymmetric unit, with the crystal packing
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confirming its monomeric nature. PDBePISA analysis showed there was no propensity of this

domain for further oligomerization.

A

plDDT: == Very low (<50) Low (60) OK (70) Confident (80) mmm Very high (>90)

Figure 7.4. Crystal structure of RomY*©

A. AlphaFold model of RomY*““ coloured according to the predicted IDDT scores.
AC
B. The structure of RomY as obtained with the N and C termini labelled. N-terminal forms a -sheet

with 4 strands followed by a a helix.

The structure consisted of 4 consecutive B-strands followed by an a-helix, confirming this to
be a fold different from the longin domain (Fig 7.4 B). Gly-11 to Ser-64 formed a continuous
stretch of four consecutive antiparallel B-strands, which formed a B-sheet. This is followed by
an a-helix which further continues to form a long-disordered region. The C-terminal disordered
region was not essential for the localization or GAP activity of RomY?. Hence, the RomYA€
structure could be used to model a functionally relevant MglA/MgIlB/RomY complex to

determine the mechanism of GAP stimulation by RomY.

170



Chapter 7. Investigating MglIB interactors

AC
Table 7.1. Data Collection and refinement statistics of RomY

(last resolution shell values are enclosed in parentheses)
Collected at European Synchrotron Radiation Facility (ESRF)
Wavelength 0.965

Data Collection Statistics

Space group P222

a,b,c (A) 32.2,42.8,115.5
a, B, v (%) 90, 90, 90
Resolution (A) 1.3(1.3)

No. of unique reflections 140224 (38622)
R e (70) 6.3 (105.6)

R (%) 3.6 (63.7)

CCrut 0.998 (0.473)
Mean I/sigmal 8.4 (1.0)
Completeness (percent) 96.3 (98.9)

Refinement Statistics

Resolution (angstrom) 57.7-1.46

No. of reflections 26821

R, ork/Riee (70) 0.2080/0.2226
Average B factor (A”) 20.7

Wilson B factor (A”) 16.77

RMS deviation

Bond lengths (A) 0.006

Bond angles (°) 0.856

Ramachandran Map

Favoured (%) 97.06
Allowed (%) 2.94
Outliers (%) 0

7.2.4 MgIB Ct helix is critical for stimulating the co-GAP activity of RomY

Further, we went ahead to check the GTPase stimulation of MgIB using the purified RomYA€
(Fig 7.5 A, Methods: 2.6.1)). According to Szadkowski ef al., 2022, RomY“€ was as active as
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the full-length protein?. We indeed observed that RomY2¢ stimulated the GTPase activity of
MglA in presence of MgIB to 1.5 times that of MgIB alone. To clarify the stoichiometry of
interaction of the MglA:MgIB:RomY“® complex, we performed the GTPase assay with 2
different ratios of MglA:MgIB:RomY*2¢, i.e., 1:2:1 and 1:2:2. We observed similar levels of
GAP activity with both ratios, demonstrating that 1:2:1 is probably the functional stoichiometry
and is sufficient for stimulating the GAP activity of MgIB on MglA (Fig 7.5 B).

Further, we performed the same assay using a 1:2:2 ratio of MglA:MgIBA¢: RomY*“€, using
MglB with a C-terminal truncation, which is a GAP only. We observe that RomY“€ fails to
stimulate the GAP activity of MgIBAC. This shows that the C-terminal helix of MgIB is
important for either RomY interaction with the MglA:MglIB complex or the consequent GAP
stimulation of MglB on MglA. AlphaFold prediction of the complex also suggests the
possibility of the C-terminal helix of MglIB: interacting with RomY.

0.45+
0.40-
0.35-
0.30-
0.25-

0.20-

K ps (min)

0.154
0.104

0.05+

Figure 7.5. Interaction of RomY with MglA MgIB complex

A. Comparison of k., values for MglA (green circle), MglA+MgIB 1:2 (purple circle), MglA+MgIB+
RomY*“¢ 1:2:1 (cyan circle), 1:2:2 (brown circle), MglA+RomY*€ (red circle), RomY“® (blue circle),
MglA+ MgIB*“ (purple square), MglA+ MgIB*“'+ RomY*““ 1:2:2 (brown square). The mean is shown
in black lines and the standard error in coloured long and short horizontal lines.

B. AlphaFold model of MglA (green), MglB; (pink) MgIB; (cyan) and RomY (salmon).
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7.2.5 Expression and Purification of MgIC

A construct containing pET-Duet-A-TEV-mgIC, as reported in Kapoor ef al., 2021, was shared
generously by Dr Krishan Gopal from IMTech Chandigarh, to perform interaction studies with
MglA, MgIB and RomR. We expressed the protein using the same protocol as in Kapoor et al.,
20213 and purified the protein using HisTrap following the size exclusion chromatography

using Superdex 75 (Fig 7.6 A, Methods: 2.4). The protein was purified and eluted at 11.5 ml.

A MgIC B
-y 3 500+
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Figure 7.6. Interaction of MglC with RomR

A. SDS PAGE showing the purified MglC protein using SEC (Superdex 75). In denotes input, L denotes
ladder with bands labelled in kDa and the purified MglC band is labelled.

B. Analytical Superdex 200 runs showing the interaction of RomR**“"“' with MglC. The lower panels
show the corresponding SDS PAGE of the respective runs. The lane numbers indicate the volumes of
elution as per the chromatograms (In Input, L: Ladder) and the proteins corresponding to the bands are
labelled. The corresponding peaks in the chromatograms are also labelled.

RomR*“ (purple), RomR**““'+ MgIC (cyan) and MgIC (orange)

C. Analytical Superdex 200 runs showing the interaction of RomR**““ with MgIC. The peaks in the
chromatograms are labelled as RomR®" (R; red), RomR“'+ MgIC (RC; cyan) and MgIC (C; orange).

7.2.6 MglIC interacts with RomR via the C-terminal region

It has been already reported by Kapoor et al., 2021, using SAXS studies that MgIB and MgIC
form a strong complex in a 4:2 ratio >°. We further checked for MgIC interaction using our

short-linked construct of RomR (RomR-REC'#!Ct, as studied in Chapter 6) using analytical

173



Chapter 7. Investigating MglIB interactors

SEC on Superdex 200 column (Methods: 2.7.1). We observed that there was indeed an
interaction between RomR-REC'*!Ct and MgIC (Fig 7.6 B). We performed the same
experiment using the RomR®" construct containing the C-terminal domain of RomR. We
observed a shift in the peak of the complex to 12.7 ml, whereas RomR® and MgIC,
individually, eluted at 13.3 ml and 14.6 ml, respectively (Fig 7.6 C). We could not resolve the
two proteins in SDS PAGE as they both run at around 13 kDa. Further structural and
biochemical studies can throw light on the mechanism and implication of the interaction

between RomR and MglC.

7.3 Conclusion

We have performed preliminary structural and biochemical characterization of RomY. In cells,
the activity of RomY is only exerted at the lagging cell pole where MgIB concentrations are
high. Here, it binds MglA-GTP in the presence of MglIB stimulating fast GTP hydrolysis and
excluding MglA-GDP to the cytoplasm. The interaction of RomY could play a role in
modifying the affinity of MgIB to MglA in the GTP and GDP bound states, which otherwise
1s comparable. These functions could help regulate the dominant GAP activity of MgIB at the
lagging pole. The absence of RomY and MgIB interaction at the leading pole could reduce the
GAP activity, and the concerted GEF activity of RomX and MgIB could help generate and
retain abundant pools of MglA-GTP at the leading pole.

Based on our results and the AlphaFold model of MglA complexed with RomY and MgIB, it
is possible that the C-terminal extension of MglB might play a role in stabilizing the RomY
interaction with MglA in the GTP bound state, stimulating hydrolysis. We provide
experimental validation of this model by demonstrating that the C-terminal helix of MgIB is
necessary for the stimulation of GAP activity by RomY. Further studies with the C-terminal
asymmetric constructs as described in Chapter 4, could provide an excellent system to validate
the exact mechanism of RomY binding and activation. Consequently, mutational studies

between RomY and MglA/B interface remain to be explored.

We observe that in addition to the interaction of MglB with MglC, the C-terminal tail of RomR
also binds to MgIC. RomR at the REC domain binds to RomX with the long-disordered linker
acting as a link between the C-terminal tail which interacts with MglC. MgIC did not have a
known function in the polarity module. Based on our preliminary observation, it seems that

RomR via its C-terminal domain interacts with MglC, which further recruits MgIB at the
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lagging cell pole. Since MglC and MgIB interact in a 2:4 ratio, it generates positive feedback
causing active recruitment of MgIB in high concentrations during polarity reversals. MglB has
comparable affinities for MglC> and MglA (in the range of 0.2-0.4 uM). Based on docking
studies of MglIB dimer with MgIC and the structure of MglB dimer with MglA, it is predicted
that there exists a conformational difference in the MglB dimer in its MglC and MglA bound
states®, which needs further validation. It is interesting to explore the possible role of this
conformational difference of MgIB in regulating its interaction with MglA, and its consequent
GAP activation, which could be regulated by MgIC. Further, it will be interesting to compare
the relative affinities of MgIB and RomR to MglC and how these 3 proteins form a polar

scaffold, regulating the time scales of polarity reversals.
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8.1 Major Findings

The study attempts to investigate the crosstalk among multiple players of the polarity module
and their mechanism of activation of MglA, the master regulator driving polarity reversals and
motility. In Chapter 1, we presented a model of polarity reversal in M. xanthus based on
existing literature. We obtained the following results from our work, based on which we

attempt to update the model and highlight the open ends to be investigated in future studies.
e MglA Asp-58 is the non-canonical Walker B motif

We validated the newly identified Walker B motif in MglA important for maintaining the Mg?*
coordination at the nucleotide-binding pocket!. Asp-58 present in the G3A" motif acts as a non-
canonical Walker B. We performed an exhaustive study of other P-loop NTPases to compare
the position of Walker B and the associated conformational changes regulated across the GDP
and GTP-bound states. The G3A" motif is a part of the MgIB interface, which allosterically
regulates the positioning of the Walker B. The presence of a Thr-78 at the canonical Walker B
position which plays a MglA activity enabled us to identify an equivalent conserved threonine
in ASCE ATPases, which could play a role in driving nucleotide hydrolysis. Further, we
propose that across evolution, the ancestral Thr-78 of MglA has probably been replaced with
an Asp in the eukaryotic successors, Arf/Sar/Ga, to achieve the function of Mg?* coordination
essential for nucleotide binding. The allosteric regulation of Walker B, and thereby hydrolysis,
probably plays a major role in switching MglA through various stages of active and inactive

conformations during the polarity reversals.
e MglIB; Ct-helix allosterically drives nucleotide exchange on MgIA

Having explored the role of MgIB in the regulation of MglA nucleotide binding and hydrolysis,
we attempted to dissect the dual GAP and GEF activity of MgIB, regulating the MglA
nucleotide bound state, which is relevant to its subcellular localization. We designed a unique
strategy to generate MglA complexed to asymmetric MgIB dimers with C-terminal helix
truncations. We confirmed that the C-terminal helix of MglIB, opposite to the nucleotide-
binding pocket of MglA, allosterically drives GDP to GTP exchange on MglA. We designed
mutants of MgIB which confirmed that the GAP activity of MgIB is driven by the dimeric
interface of the MgIB Roadblock domain, with a major contribution from the protomer near
the Switch residues of MglA. Hence, we confirm that interaction with specific residues of the

MglB; protomer with MglA assists in orienting the catalytic residues of the GTPase in a
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conformation to drive GTP hydrolysis by MglA. This reinforces the mechanism of indirect
GAP activity, as proposed for MgIB unlike other eukaryotic GAPs, which directly contribute
catalytic residues to the GTPase. We also decipher a unique mechanism of allosteric GEF
activity, unlike canonical GEFs which interact at the nucleotide-binding pocket, competitively
driving out GDP. Identification of distinct GAP and GEF domains of MgIB enables us to
propose a model of how these activities can be spatially regulated across the functionally

relevant dominant GAP activity at the lagging pole and GEF activity at the leading pole.
e RomX alone acts as MglA GEF, with no contribution from RomR-REC

We structurally and biochemically characterize RomX, a newly identified player of the polarity
module. It was found to be structurally similar to the stalk domain of atlastin, a member of the
dynamin family GTPases. We characterized the nucleotide exchange activity of RomX.
However, the interaction was found to be weak and transient. Further, we perform a domain-
wise dissection of RomR and its function. We characterized the RomR/RomX complex,
mediated by the RomR N-terminal REC domain and the residues critical for forming the
interface. However, we did not observe the additional stimulation of RomX GEF activity in
presence of RomR, as reported earlier’. Using the information on the RomR-RomX complex,
we generated models with MglA and found it was captured in the GDP state, as expected for a
GEF. Finally, we inspected the long-disordered linker of RomR and compared it with a dataset
of RomR-like proteins, and observed that these regions mostly form disordered globules and
can expand based on additional interactions. Hence it can act as a bridge between two

independently interacting N and C-termini of RomR.
e MgIB C-terminal region is important for RomY-mediated GAP stimulation

To fill the gaps in understanding the polarity module, we initiated the characterization of MgIB
interactors, which might play a role in regulating its GAP and GEF activity. We determined
the structure of RomY, the MgIB GAP activator. We also observed that the C-terminal helices
of the MgIB dimer are important for RomY-associated GAP stimulation. Based on this
information, we proposed a model in line with Szadkowski ef al., 2022, where additionally the
C-terminal helix of the MglIB protomer near the MglA catalytic pocket could be preferentially

critical for RomY binding and activity.
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e MglIC interacts with RomR C-terminal and MgIB

We observed that MglC, another MgIB-like Roadblock domain protein also interacts with
RomR. The interaction is mediated through the C-terminal domain of RomR, with no
contribution from the receiver domain. Further insights on heteromeric complexes of
MglB/MglC/RomR, MglA/MglB/RomY and close inspection of conformations and binding

interfaces could give us more information on relevant complexes at the cell poles.

8.2 Lacunae in the previous models of polarity reversal

Earlier models do not incorporate a precise role of RomR in regulating MglA and MglIB
localization. Having dissected the GAP and GEF active domains of MglB, we propose the
MglB; Ct helix as a regulatory handle, spatially resolving the GAP activity at the lagging pole
and the GEF activity at the leading pole. Attaching to the polar scaffolds via MgIB Ct-helix at
the lagging pole could further help recruit MgIB. Moreover, the interaction of MgIB with MgIC
via the Rbl/LC7 domain might help regulate the GAP activity at different stages of reversals.
This clarifies the function of MglC in the polarity module.

Earlier models present a fuzzy picture of RomR and its role in regulating MglA and MglIB
localization. Having dissected the multiple domains of RomR, we clarify how it recruits the
other proteins at the lagging pole. It recruits RomX through the N-terminal receiver domain.
Via the C-terminal domain, it recruits MglC, which further recruits MglB. Hence, the
concentration of RomR determines the net concentration of all these interacting proteins at the
leading and lagging poles. The weak interacting interface between RomX and MglA could be
the possible reason behind the dominant MgIB/RomY GAP activity at the lagging cell pole.
However, a low-grade GEF activity of RomX together with the active GAP activity of
MglB/RomY help exclude MglA from the lagging pole. At the leading pole, a concerted GEF
activity of RomX and MgIB-Ct plays a role to recruit MglA.

8.3 A revised model of the polarity module

Summarizing our results and interpretations, we propose an updated picture of the polarity
module and the probable sequence of events during a polarity reversal. Under normal
conditions, the Frz signalling is low, and hence only low concentrations of FrzX® and FrzZ?
exist within the cell. This results in a basal reversal frequency. A polarized cell has a sufficient

concentration of RomR at the lagging cell pole. It acts as a scaffold to recruit MglC via its C-

180



Chapter 8: Conclusion and future directions

terminus and RomX via its REC domain (Fig 8 A). MglC further recruits MgIB (Fig 8 B, step
1). When MgIB is present in high concentration, it is capable of interacting with MglA-GTP
and RomY, forming a heteromeric complex. This causes a conformational transition of MglIB
from MglC binding to a MglA-RomY binding conformation (Fig 8 B, step 2). Upon
detachment from MglC, there is a need for an additional recruitment factor for MglB, which
keeps it localized to the lagging pole. Hence, in this condition, MgIB, RomY, RomX, and
MglC, in addition to RomR, all are accumulated at the lagging pole.

Lagging pole maintenance

Hence, at the lagging pole, the GAP activity of MgIB is stimulated by RomY which together
functions to exclude MglA-GTP from the lagging pole by converting it to MglA GDP, which
has to diffuse in the cytoplasm. Here the GAP domain of MgIB is free to bind MglA-GTP with
further stabilization from RomY (Fig 8 B, step 2). The GEF active allosteric helix of MgIB
(MglB;-Ct) could be sequestered by additional unknown interactions, thereby inhibiting MglIB
binding to MglA-GDP, releasing MglA. This interaction via the C-terminal helix could also
keep MglIB recruited at the pole in absence of its interaction with MglC. RomX localization to
the lagging pole could be an effect of its interaction with RomR. But due to the transient, low-
affinity interaction of RomX with MglA GDP, the GEF activity provides input of MglA-GTP
to the active MglB RomY GAP for GTP hydrolysis. A basal level of RomX GEF activity is
important for generating local pools of MglA-GTP, which is immediately converted to MglA-
GDP and recycled to the cytoplasm by the MglB/RomY GAP activity. MgIB,-Ct helix might

play a role in assisting the GAP stimulation of RomY.

Leading pole maintenance

At the leading cell pole, all the proteins in the lagging pole, except RomY are present, but in
lesser concentrations. The absence of RomY is probably due to lesser concentration of MgIB,
insufficient for its recruitment, causing a net reduction in the MglB GAP activity. MglA-GTP
is recruited at the pole which requires an active GEF activity (Fig 8 B, step 2). This could be
contributed by the concerted activity of RomX and MglIB-Ct, which dominates over the MgIB
GAP activity. A concerted activity of RomX at the MglA active site and MgIB-Ct at the
allosteric site could together exert a dominant GEF activity. Additional interaction from MglC
and negligible RomY interactions could contribute to an occlusion of the GAP domain of MgIB
to interact with MglA, but the MglB C-terminal remains free to exert its GEF activity. Further,

the presence of effectors like SgmX at the leading pole could help sequester more amount of
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MglA-GTP at this pole (Fig 8 C). A GTPase inactive state (MglA-GTP* 7) conformation could
also maintain MglA in the GTP state at the leading pole.
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Figure 8. Current model of polarity reversals in M. xanthus

Recruited to poles

A. Regulatory circuit of polarity module proteins
B. Order of events during polarity reversals (steps 1-5)
C. Regulation of MglA GTPase cycle by GAPs and GEFs with speculated positive and inhibitory

feedback mechanisms shown in dotted lines.

Polarity reversal event

Upon signalling from the Frz module, FrzX® accumulates at the lagging pole. It is unknown
how FrzXP" triggers the reversal. One of the first events in a reversal is the dissociation of MgIB

and its localization towards the opposite pole. This could be achieved by FrzX" by breaking
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the MglB polar recruitment mediated via its C-terminal helix. Consequently, both MgIB and
RomY fall off from this pole (Fig 8 B, step 3). The remaining amount of MglB binds to MglC,
in a GAP inactive conformation. But due to the slow dynamics of RomR, RomX is retained.
This stimulates the same order of events as the old leading pole, where the GEF activity of
RomX and MglIB-Ct dominates and eventually causes net recruitment of MglA-GTP at this
pole. Simultaneously, FrzZ" localizes to the old leading pole and causes MglA to fall off,
thereby reducing the length of the refractory period produced by RomR. This could be due to
the basal GAP activity of MglB alone which has slowly accumulated at this
pole. Consequently, as RomR slowly accumulates at the old leading pole, it progressively
recruits more MglC and MgIB (Fig 8 B, step 4). Once RomR and MgIB have accumulated
sufficiently, RomY is recruited at the old lagging pole and stimulates the MglB GAP activity
further (Fig 8 B, step 5). This marks the end of the reversal event where the cell is polarized

and ready to receive the next stimulus for reversal.

Table 8: Summary of polarity module proteins and their functions

Polarity Maintenance

Lagging Pole Leading Pole
RomR Recruits MglC  This study (Ch  RomR Recruits MglC  This study (Ch
via Ct 7); via Ct 7);
Carreira et al.” Carreira et al.”
Recruits RomX = This study (Ch Recruits RomX = This study (Ch
via REC 6) via REC 6)
MglC Recruits MgIB  Mcloon et al>  MglC Inactivates Needs to be
Kapoor et al.* MgIB GAP validated
MglB MglA GAP Szadkowski et  MgIB MglIB GEF This study (Ch
activity at high  al’ 4)
concentration,
with RomY
GEF helix Needs to be
inactivated validated
RomY MglIB GAP Szadkowski etz RomX MglA GEF Szadkowski et
stimulation al’® al®
Role of MgIB- = This study (Ch This study (Ch
Ctin GAP 7) 5)
stimulation
RomX MglA GEF Szadkowski et

al.®
This study (Ch

5)
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Polarity reversal

Lagging pole to leading pole Leading pole to lagging pole

FrzX* Displaces Needs to be FrzZ* Displaces Needs to be
MglB validated MglA validated
RomR Recruits MglA  Szadkowski et RomR Recruits MglC  This study (Ch
GTP via RomX al® via Ct 7)
GEF This study (Ch Carreira et al.”
6) Recruits RomX  This study (Ch
via REC 7)
MglC Inactivates Needs to be MglC Recruits MglB  Mcloon et al.’
MgIB GAP validated Kapoor et al.*
MgIB MglIB GEF This study (Ch  MgIB MglA GAP Szadkowski et
4) activity at high ¢/’
concentration,
with RomY
RomX MglA GEF Szadkowski etz RomX MglA GEF Szadkowski et

al®

This study (Ch
5)

al®

This study (Ch
5)

8.4 Future Directions

A revised model for polarity reversals was proposed taking into account all the observations
from this study and the existing work in the field. However, there is a requirement for additional
validation to complete the whole regulatory circuit and explain the order of events. There are
questions such as how exactly the FrzX® and FrzZP initiate the reversal at lagging and leading
poles, respectively. This requires detailed structural and biochemical characterization of these
Frz output proteins and their interaction with relevant players, such as MgIB, MglA and RomR

and other interacting proteins, many of which are yet to be identified.

We have proposed a model where dominant GAP and GEF activities at the lagging and leading
poles, respectively, explain the localization pattern of MglA. This is due to the spatially
resolved GAP and GEF activities of MglA, differentially regulated at the two poles. MglB

shows similar switching timescales as MglA (45-60 seconds), as compared to other proteins
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like RomR. This probably allows an active regulation of MglA by the spatially resolved GAP
and GEF activities within similar timescales, by MgIB. This could be the relevance of having
this dual activity coupled to the same protein. However, we still require experimental validation
to explain how this dual activity is regulated by the concerted activity of all the polarity module
proteins. Quantification of MglA GTPase and nucleotide exchange activities (using the
techniques employed in this study) in the simultaneous presence of MglB and RomX or MgIB
and RomR or MgIB with RomR/RomX or RomY, respectively, could give us a clear picture of
which activity dominates when all these proteins are present together at the cell poles.
Quantification of binding affinities between MglA and its interactors, like RomX or RomY,
could also throw light on which of the protein competitively excludes the other to bind and
exert its regulation on MglA. The structures of the newly identified proteins, RomX and RomY
could be used to identify interacting interfaces of the relevant protein complexes through
further structural and mutational studies. Our study has also provided certain tools such as the
asymmetric MglA/MglIB complexes, or the domain-wise dissected constructs of RomR, which

could be used to inspect such multi-faceted interaction of this complex regulatory network.
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