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ABSTRACT OF THE DISSERTATION

Structural Basis of Interaction Between Flagellar Type Ill ATPase Flil and

Flagellar Export Chaperone FIiT

By NANDISH KUMAR KHANRA

Dissertation Director:

Professor Charalampos G. Kalodimos

Bacterial flagella are complex macro-molecular machines consisting of more than
thirty different proteins. The bulk of the flagellum functions in the cell exterior.
Therefore, the flagellar component proteins have to be exported during its
biosynthesis. Bacteria develop flagella specific type Il export pathways for the
delivery of flagellar proteins outside the cytoplasm. The flagellar proteins are
synthesized in the cytosol and are translocated through the central flagellar
channel via a dedicated export apparatus to the distal growing end for the

construction of the flagellum. The inner-membrane associated ATPase of



flagellar export apparatus, Flil, is considered to be one of the central components
in the export process. Flil is a Walker-type ATPase and functions as a hexamer.
FIiT is the flagellar export chaperone for the flagellar cap-forming protein FIiD. It
prevents premature aggregation of FIiD in the cytosol and facilitates the export of
FIiD through the export channel. The interaction between FIiT and Flil is crucial

for the transport of FIiD.

We have studied the interaction between Flil and FIiT using solution NMR
combined with other biophysical techniques. Our biophysical data show that FIiT
interacts with the extreme N-terminal residues of Flil. FIiT inhibits the enzymatic
activity of Flil by disrupting Flil dimer. FIiT is the only flagellar export chaperone

known to inhibit the ATPase activity of Flil.

We have determined the solution structure of Flil-FIiT complex that provides the
first high-resolution structure of any chaperone-ATPase complex of flagellar type
lIl export pathway or type Ill secretion system in general. We have found that Flil
binds to the hydrophobic cleft of FliT and the extreme N-terminal residues of Flil
forms a a-helix upon FIiT binding. The solution structure of Flil-FIiT complex
provides structural insight about possible binding interface of FIiT with its
substrate, FliD. Our NMR data as well as biochemical and bio-informative studies
show that FIiT might have common binding motif for its cognate substrate, FIiD

and the ATPase, Flil.
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Chapter 1 : Introduction

1.1 The Bacterial Flagellar Assembly

Bacteria motility is controlled by clock-wise and anti-clockwise rotation of the
bacterial flagellum. The flagellum is an extremely sophisticated and complex
nano-machinery composed of more than thirty different proteins’?. Extending
from cytoplasm to cell exterior, bacterial flagellum consists of both motor
apparatus and protein export apparatus. All the proteins needed to construct the
flagellum in the cell exterior are exported from the cytoplasm in a timely and well-
regulated manner. While Sec-dependent pathway contributes to the export of
initial membrane components of the export apparatus, all the other subunits are

exported by flagellar specific type Ill secretion (TTS) export pathway®.

1.1.1 Architecture of bacterial flagella

Extensive studies have been conducted using cryo-electron microscopy (cryo-
EM), X-ray crystallography, solid-state NMR in conjunction with molecular
modeling to understand the morphology of bacterial flagella. The architecture of
bacterial flagellum can be divided into several parts from base to tip"* as shown

in Figure 1-1.

1.1.1.1 Basal body and the flagellar motor

The basal body of the individual flagellum consists of the MS ring, the C-ring, a
periplasmic P ring, an outer membrane L ring and a rod that traverses to the
periplasmic space (Figure 1-2). The MS ring is composed of FIiF (Figure 1-1) >®°.

The 3D cryo-EM image of the isolated MS-ring, obtained from of over-expressed



FliF, shows complex architecture made up of five domains and has a 26-fold
rotational symmetry®. The diameter of the S-ring is 24 nm in both the FIiF ring

and the basal body. The diameter of the M-ring is 24 nm

Flil» (HAP2)

Cap
Assembly promoter

FIiC (flagellin)

S

Filament Propeller
FlgL (HAP3)

Figk (HAP1) \\d

FIgE Prgl

o~

\ Hook-Filament junction Joint

Hook Universal joint

Needle

Rod Driving shaft
I ring QOuter membrane associated ring 1

] Bushing Outer membrane associated ring 2

P ring
[] Outer membrane

L Peptidoglycan layer

Stator (Proton channel)

Inner membrane associated ring 1
PrgH — g Inner membrane associated ring 2

e

" ril i suls Y Type I protein export apparatus
Cring Switch regulator InvA, SpaS, InvB, Invi 00 ype Il protein export apparatus

C.
FIhA, F1hB, FliH, Flil, = . ’
FliO, FIiP, FliQ, FIiR T'ype 111 protein export apparatus SpaP, SP‘:‘Q» Sl.lﬂk A Sl
FIgN, FliJ, FliS, FIiT Cytoplasmic chaperone SicP, SicA-

Cytoplasmic chaperone

Figure 1-1 Schematic representation of bacterial flagellum (left) and the

injectisome (right)?°.

in the FIiF ring as opposed to 30 nm in the basal body>’. The larger diameter of
the M-ring in the basal body has been attributed to the association of the FIiG
with FliF. The C-ring is composed of three flagellar proteins, FliG, FliM and FIiN

(Figure 1-1) 89 The FIiG is located on the upper part of the C-ring and the C-ring



is mounted into the MS ring via direct interaction between FIiF and FIiG'*%. The

C-terminus of FIiF interacts with N-terminus of FliG in a 1:1 stoichiometry”. One

Figure 1-2 Electron microscopic images of hook-basal bodies. (a) Mirror average
of electron microscopic images of frozen hydrated flagellar hook-basal body
complexes of Salmonella. The electron microscopic image shows the hook,
outermembrane L ring, periplasmic P ring, rod, MS ring, and the rotor/switch
(FIiG plus the C-ring) in an order from top to bottom. (b) The cytoplasmic view of
Quick-freeze, deep-etch replica electron micrograph of basal body. The central

protrusion is called the C-ring".

subunit of FliM interacts with four subunits of FIiN to form a stable cup-like FliM-
FIIN complex'?"™_FliM is located between the C-terminal domain of FliG and
the FIliN tetramer connecting both FIliG and FIIN'®. The rotational symmetry of the

C-ring varies from 32-fold to 36-fold as evidenced from EM studies'®. The height



of the C-ring is 16.5 nm and the ring diameter varies between 45-49 nm'®. The P-
and L-ring are situated in the periplasmic peptidoglycan layer and the outer
membrane, respectively“. The P-ring is made up of multiple copies of the
periplasmic protein, Flgl, whereas L-ring is composed of FigH'"®'°_ The rod
structure of basal body can be divided into three sub-structures (Figure 1-1), i.
MS ring/rod junction, ii. proximal rod and iii. distal rod®. The putative MS ring/rod
junction is made of FIIE?' and the proximal and distal rods are made of FigB,

20,22,23

FIgC, FIgF and FIgG respectively

The flagellar motor can be divided into two major parts: stator and rotor. The
stator is composed of two trans-membrane proteins, MotA and MotB. On the
other hand, the multiple copies of FliG in the upper part of the C-ring constitute
the rotor structure. The stator and rotor are attached non-covalently to the
peptidoglycan layer of the cell membrane and also to the MS-ring, respectively.
The FIliG along with the MotA and MotB are responsible for generation of
necessary torque for flagellar rotation?*. MotA has a large cytoplasmic domain

25,26 and

that interacts with the rotor protein FIliG, via conserved charged residues
MotB has large periplasmic domains that are attached to the peptidoglycan
Iayer27. Four MotA subunits interact with two MotB subunits to form a
MotAsMotB; complex®®. The MotAs;MotB; complex constructs two channel ion-
conducting complex which constitutes a two channel ion-conducting complex that
couples the proton flow across the cell membrane to the generation of torque

necessary for flagellar rotation®®. A conserved aspartic acid residue (Asp32) in

the trans-membrane segment of MotB is essential for torque generation®. The



acidic Asp32 residue acts as a proton-binding site. The proton binding and
dissociation at Asp32 induce conformational changes in the cytoplasmic domain
of MotA, which drive flagellar rotation through the interaction between

cytoplasmic domains of MotA with FIiG*'.

1.1.1.2 Hook

The flagellar hook is a short, highly curved tubular structure that connects the
flagellar motor to filament (Figure 1-1). It is made up of 120 copies of the flagellar
hook proteins, FIgE*?*2, It functions as universal joint and transmits the torque of
the flagellar motor to the flagellar flament necessary for swimming and tumbling
of flagella®***. Since an appropriate length and bending flexibility of the hook is
important for its function, the hook length is regulated during hook formation®. A
partial atomic model of the flagellar hook was obtained by combination of X-ray

crystallography and cryo-EM?¥'.

Between the hook and filament there are two short junction proteins, FIgK, the
hook-associated proteins 1 (HAP1) and FigL, the hook-associated proteins 3
(HAP3)®%_ The hook-associated proteins act as structural adaptor between the
hook and the filament, which possess distinct mechanical properties. The hook,
being the universal joint, is more flexible whereas the filament, which acts as

propeller, is relatively more rigid.

1.1.1.3 Filament
The bacterial filament is a long, hollow cylindrical structure that functions as

propeller during flagellar movement®. It is a helical assembly of a single protein,



flagellin, consisting of eleven protofilaments. The protofilaments are longitudinal
helical arrays of subunits (Figure 1-3). Depending on supercoiling, several kinds

of helical forms of flaments are possible. For example, left- and right-handed

Figure 1-3 Stereo views of solid shaded representations of the flagellar filament:
A. Axial view of a 50 A thick cross-section showing 11 subunits in two turns of the
one-start helix. B. Side-view of a 300 A of long segment. Arrow in A and B mark
subunit contacts between the outermost part and the vertical column. The scale

bar represents 100 A 1.



helical forms are constructed by a mixture of L- and R-type of protofilament

2.4 However, in case of straight filaments, all the eleven

conformations
protofilaments are of the same type. Two distinct types of helical symmetries are
present in straight flaments. Depending on the left- or right-handedness of the

longitudinal 11-start helix, L- or R-type straight filaments are formed, respectively.

A complete atomic model of R-type filament was constructed by using a

44,45

combination of cryo-EM and X-ray crystallography

Figure 1-4 Three-dimentional electron microscopic image of the distal end of the
flagellar filament cap. A. Lateral view with the front half removed. B. The lateral
view corresponding to the direction 1 in panel c. the top view of the pentameric

cap. The subunits of the pentameric cap are labeled with Greek letters'>'.

The swimming pattern of bacteria consists of ‘run’ and ‘tumble’. During ‘run’, the

flagellar motor rotates anti-clockwise and the flagellar filaments with left-handed



helical symmetry, form bundle and propel the bacterium. During ‘tumble’, the
motor suddenly rotates clockwise. The resultant twisting force turns the left-
handed helical form of filaments into right-handed one, causing the bacterium to
tumble*®*”*8. Thus the structural arrangements and the dynamic properties of
the flagellar filaments are essential for its function. At the growing tip of the
filament, there is a filament cap made of the hook-associated protein 2 (HAP2),
FIiD***°. FliD forms the annular pentameric structure at the top of growing
flagellin with the flat-top domain and flexible leg domains (Figure 1-4). The outer
and inner diameters of the pentameric ring structure are 10 nm and 3 nm
respectively51. The pentameric cap of FIiD promotes the flagellin polymerization
during filament synthesis“. The fliD-deficient mutant of Salmonella lacks flagellar

filament and secretes FIiC into the medium*®.

1.1.2 Type lll protein export for flagellar assembly

The most of the flagellar structure lies outside of the cytoplasm. Therefore all the
protein subunits needed to build flagellum have to be secreted. The order of
addition of flagellar substructure proceeds from most proximal to most distal
structure (Figure 1-5). The integral and peripheral membrane components are
exported and assembled first, followed by export and assembly of periplasmic
and outer membrane components. The components that lie outside the cell are
exported last. Bacteria utilize Sec-pathway® for the export of integral membrane
components and the components of the P- and L-ring. The majority of the
proteins needed to build bacterial flagellum are exported via type Il flagellar

export pathway.



Figure 1-5 Self-assembly process of the bacterial flagellum. Assembly process
starts from the top left and proceeds to the bottom right. After the assembly of the
flagellar export apparatus, fagella starts to export the flagellar proteins in the

central channel. Flagellar protein that reach the distal end of the growing
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structure self-assemble into the template structure formed by distal caps that

promote efficient self-assembly of flagellar protein®.

The Sec-secretion system provides a major pathway of translocation of proteins
from the cytosol across the plasma membrane in bacteria®®®*. The earliest event
in the flagellar protein secretion is the export of integral membrane proteins'*.
The protein component for the MS-ring, FIiF, is exported first and assembled to
form the MS-ring. Then all the intergral membrane components of the flagellar
export apparatus, FIhA, FInB, FIliO, FIliP, FliQ and FIliR, are exported to form the
export gate. The FliG and the C-ring are then assembled onto the MS-ring. The
FliG is assembled first to MS-ring followed by assembly of FliM and FIliN to form
the C-ring’. Then Mot proteins are secreted via Sec-pathway and assembled to
form the stator complex'. Other than integral membrane components, Figl and

FIgH, the components of P- and L-ring are also secreted via Sec-pathway.

The protein subunits needed to make flagellar substructures other than integral
membrane proteins are secreted by flagellar type Ill export pathway'*®°. Several
gram-negative bacteria utilize specialized secretion system called type |li
secretion system (T3SS) to deliver bacterial effector proteins into the host
cells®*®. Bacteria utilize similar secretion pathways to export subunits needed to
build the flagellum. There are several distinct features of T3SS of pathogenic
gram-negative bacteria or flagellar type Il export pathway1’56: A) The secreted

proteins lack a cleavable signal peptide that is essential for sec-mediated
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secretion pathways. B) The secreted proteins require specialized small, acidic
proteins, called chaperones, for their secretion. C) There is well-defined structure
of secretion apparatus, which constitutes significant part of the flagellum and
plays crucial role in export as well as motility1. In case of flagellar export, most of
the exported proteins are incorporated into flagellar structure, while in case of
T3SS of pathogenic bacteria, early substrates are assembled into the needle
complex and the rest of the substrates are either secreted into the host cells or in
the extracellular milieu or into some host cell compartments (Figure 1-1). D)
There is a continuous central channel in the nascent structure and all the
subunits are added distally by single subunit diffusion though the central channel
(Figure 1-5). There are total fourteen substrates that are transported through the
export apparatus via flagellar type Il export pathway57. Depending on the mode
of their export, the flagellar export substrates can be classified into two groups: i,
rod-hook type substrates or early export sustrates and ii, flament type substrates
or late export substrates®’. The rod-hook type substrates include FIiE (basal body
protein); FIgB, FIgC and FIgF (proximal basal body rod proteins); FIgG (distal rod
protein); FIgE (hook protein); FIgD (hook capping or scaffolding protein); FlgJ
(rod cap); FliK (protein involved in hook-length control); FIgM (anti-o factor). The
rod-hook type early export substrates are exported first. When hook reaches
certain length, FliK sends signal to FIhB, which then switches the substrate

specificity from early export substrates to late export substrates®®>*.

1.1.2.1 Components of flagellar export apparatus
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The flagellar type Il export apparatus consists of both integral membrane
components and soluble components (Figure 1-6). Integral membrane
components are composed of six integral membrane proteins, FIhA, FIhB, FliO,
FIiP, FliQ and FIiR%'®2%% The soluble components of export apparatus constitute
of Flil, FliH, FliJ, FIiT, FigN and FliS®"*%%  Among the soluble components, FIiT,
FIgN and FIiS are specific chaperones for filament type substrates. Flil, FliH and
FliJ act as general export components, which are required for export of all
substrates. All the components of the export apparatus are highly conserved

among homologous species.

Type Ill export apparatus FoF-ATPsynthase

TTTTTT

CM

Cring

Figure 1-6 Hypothetical model of flagellar type Ill export apparatus. FIhA, FIhB,
FliO, FIliP, FliQ and FIliR are located within the central pore of MS-ring. Flil and
Flid forms (Flil)s-Flid ring complex that is similar to the asBsy ring complex of the

FoF+-ATPsynthase. FliH is homologous to the peripheral stalk of FoF4-
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ATPsynthase formed by b- and &-subunit. FliH helps to stably anchor the (Flil)s-
FliJ ring complex to the export gate formed by cytoplasmic domains of FIhA and

FIhB*.

1.1.2.1.1 Integral membrane components of export apparatus

Each of the integral membrane components of export apparatus is an integral
membrane protein with varying degree of trans-membrane domains. FIhA, FIhB,
FliO, FIliP, FliQ and FIiR consist of eight, four, one, four, two and six trans-
membrane helices, respectively*®*®°. All the integral membrane components of
the export apparatus are located within the cytoplasmic face of the MS-C ring
complex (Figure 1-6) ®°”. The N-terminal trans-membrane regions of FIhA was
reported to interact with FIiF, FliR and FIhB®%:7053 Affinity blotting studies
indicate FIhA also interacts with FIliO, FliP and FIiQ™. In addition, a fliR-flhB
fusion gene can compliment fliR-flhB null strains suggesting close proximity of
FIhB and FIiR in the cytoplasmic membrane’. FliO maintains the stability of FIiP
through trans-membrane domain interaction’®. Thus the integral membrane
components, FIhA, FIhB, FliO, FIiP, FliQ and FIiR interact with each other to form
multi-subunit complex which forms the export gate for the flagellar type Il export
apparatus (Figure 1-6). The probable stoichiometry of the export gate complex
has been suggested to be (FIhA)2(FINB)(FIIO)(FIiP)4(FliQ)(FliR) with a total mass

of ~380kDa".
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Among the integral membrane components, FIhA, FIhB and FliO have C-terminal
cytoplasmic domains*®® which play critical roles in substrate recognition and the
coordinated delivery of flagellar export substrate. The crystal structures of the
cytoplasmic domain of both FIhA and FIhB, designated as FIhAc and FIhBc
respectively, were reported’*">"®. For FIhAc, crystal structure was reported from
both Salmonella enterica and Bacillus subtilis “*"°. The crystal structure of FIhAc
from Salmonella enterica consists of four sub-domains, D1, D2, D3 and D4,
whereas the crystal structure of FIhAc from Bacillus subtilis is constituted of three
sub-domains, D1, D2 and D3 (Figure 1-7). However, for Bacillus subtilis, the D1
domain can be divided into two parts, a well-folded D1a part and a disordered
D1b part75. In all crystal structures, there is a N-terminal flexible region of FIhAc,

which connects FIhAc to the N-terminal transmembrane domain.

FIhB,,

Figure 1-7 Structural topology of FIhA (A) and FIhB (B). Both FIhA and FIhB
contain a N-terminal trans-membrane domain, FIhArv and FIhBty, and a C-
terminal domain (FIhAc and FIhBc). FIhAc consists of four domains, D1, D2, D3

and D4. A flexible linker (FIhA_) connects FlIhAc with FlhAtm. The highly
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conserved Asp-208 is shown as closed circle (blue). FIhBc undergoes
autocatalytic cleavage at the site Asn269/Pro270 into FIhnAcy and FIhAcc. After
the autocatalytic cleavage, FIhAcy and FIhAcc become tightly associated with

each other*.

MD simulations revealed that FIhAc from Salmonella enterica fluctuates between
open and close conformations’®. Mutational analysis of temperature sensitive
mutants and suppressor mutations of G368C temperature sensitive mutants
showed that FIhAc from Salmonella enterica functions through multiple
conformational states’®. Thus mutagenesis studies along with MD simulations
indicate that FIhAc is dynamic in nature and the dynamic motion of FIhAc is
crucial for its function. The crystal structure of FIhBc is reported from two
organisms, Salmonella enterica and Aquifex aeolicus’. The crystal structure of
FIhBc consists of one globular domain composed of four B-sheets surrounded by
four a-helices (Figure 1-7). A long N-terminal a-helix connects the globular
domain of FIhBc to the N-terminal trans-membrane domain of FIhB. The crystal
structures from both Salmonella enterica and Aquifex aeolicus, show similar folds
for the global domain but the conformation is different for the N-terminal a-helix’®.
The globular domain of FIhBc appears to be rigid as proposed from MD
simulations whereas the N-terminal a-helix is very dynamic. The different
conformations of N-terminal of FIhBc from Salmonella enterica and Aquifex

aeolicus might be due to its dynamic nature’®.
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1.1.2.1.2 Soluble components of export apparatus

Flil is the peripheral membrane ATPase that plays central role in the flagellar

assembly process’” 8. Flil belongs to the Walker-type ATPase family and shows

Figure 1-8 The cryo-electron microscopic image of Flil (from C. jejuni) hexameric
ring at the cytoplasmic face of export apparatus. A. The spherical density of the
Flil hexameric ring is indicated by red arrow. B. AFlil variant shows no spherical
density. The diameter of the hexameric ring is ~10nm which matches well with

the diameters of hexameric model of Flil (built with F1-ATPase as template)®’.

significant sequence similarity to F1-ATPase’®®"""8 The crystal structure of N-
truncated fragment of Flil was reported and it shows significant structural
similarity with the structure of a/B-subunits of Fi-ATPase®®2. The amino acid
residues of a/B-subunits of F{-ATPase, involved in ATP hydrolysis, are highly
conserved in Flil, indicating that both Fi-ATPase and Flil share similar catalytic

80,81

mechanisms of ATP hydrolysis . In contrast to F4-ATPase, which requires

both a- and B-subunits to form asBs3 hetero-hexameric ring for its enzymatic
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activity®, Flil forms homo-hexamer in solution . The homo-hexameric ring of Flil
is visualized below the MS-ring complex by cryo-EM (Figure 1-8) 3% . The
external diameter of the Flil hexameric ring is = 10 nm with a 2.5-3.0 nm central
cavity84. Flil shows co-operative increase in ATPase activity in the presence of
ATP or acidic phospholipids®*. Consistently, probability of Flil ring formation
increases in presence of ATP, ATP analogs or acidic phospholipids®*®. The
extreme N-terminal residues of Flil control its oligomerization and marginally
functional variants of Flil with deletion of first seven residues have been shown to
be unable of forming ring structure®’. When hexamerzation of Flil is suppressed
by deletion of N-terminal seven residues, flagellar export diminished considerably,

indicating that Flil hexamerization is crucial for efficient export process®’.

FliH is a negative regulator of the flagellar ATPase Flil and inhibits the ATPase
activity of Flil®. FliH can be divided into three regions, N-terminal (FliHy), middle
region (FliHy) and C-terminal (FIiHC)89. FliH shows significant sequence similarity
to the b- and -subunits of FoF1-ATPsynthase®®'. The b- and 3-subunit of FoF4-
ATPsynthase connects the asBsy ring complex to the membrane embedded Fq
unit. FliHy is responsible for its homodimer formation in solution. . FliHc
interacts with the extreme N-terminal region of Flil to form (FliH).-Flil heterotrimer
8 _FliH is responsible for the localization of (FliH).-Flil complex to the export gate.

Other than Flil, FliH also interacts with general chaperone, FliJ®,

FliJ is another soluble component of the flagellar export apparatus.92 Similar to
Flil and FliH, FliJ has intrinsic membrane affinity. Flid plays crucial role in flagellar

protein export since it interacts with all the other soluble components, FliH, Flil
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and the cytoplasmic domain of FIhA.*® The crystal structure of FliJ shows
significant similarity to the crystal structure y-subunit of Fy-ATPase®. FliJ
promotes Flil hexamerization at Flil:FliJ = 6:1 molar ratio but inhibits Flil ring
formation at Flil:FliJ = 1:1%. Although it inhibits the ring formation at Flil: FliJ =
1:1, it does not inhibit ATPase activity of Flil at the same molar ratio. Therefore
FliJ might keep Flil in dimeric form at higher FliJ concentration.** FliJ shares
similar bio-chemical properties like other flagellar export chaperones although it
doesn’t bind to any particular hook or filament type export substrates®. FliJ
maintains secretion hierarchy for late export substrate complexes® and plays

crucial role in the energy transduction mechanism of flagellar export process®.

1.1.2.2 Interaction of flagellar export proteins among themselves and with

the C-ring complex

The interactions among the flagellar export components have been studied
extensively using genetic, biochemical and biophysical techniques®®%. FIliH
forms heterotrimeric complex with Flil in the cytoplasm and regulates ATPase
activity of Flil®. The export defects of fliH null mutant of Salmonella are bypassed
by either overproduction of Flil or by extragenic suppressor mutations of FIhA or
FIhBY. Therefore FliH is responsible for docking of Flil onto export gate formed
by cytoplasmic domains of FIhA or FhIB. The extreme N-terminal of FliH is
proposed to interact with FIhA or FIhB*®. Two conserved tryptophan residues at
the extreme N-terminal region of FliH, Trp7 and Trp10, are essential for docking

of Flil-FliH complex to the export gate®'%.
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The C-ring complex is also essential for flagellar assembly other than its role in
torque generation and motor rotation'. FIiN of the C-ring is involved in the
export of filament specific substrates but export of rod-hook type proteins does
not occur in fliG, fliM and fliN mutants of Salmonella ®*"”. Both FIiH and (FliH),-
Flil complexes were reported to interact with FIiN'%%931% The C-terminal part of
FIiN interacts with extreme N-terminal part of FliH. The (FliH).-Flil complex
associates with FliM-(FIiN), to form stable (FliH).Flil-FIiM-(FIliN)s complex via
interaction between FliH and FIiN'%. The reduced secretion activity of fliN mutant
is considerably improved by overexpression of Flil'®. Thus C-ring provides initial
docking site of (FliH).-Flil complex before their assembly in the export gate. The
interaction between FliJ and FliM interferes with the interaction between FliH and
FIIN', Also the extreme N-terminal residues of FliH are responsible for
interaction with both FIiN and the C-terminal of FliJ'®®%% Therefore interaction
between FliJ and FliH releases the (FliH).-Flil from the C-ring for their assembly
into the FIhA-FIhB platform of the export gate. After dissociation from the C-ring,
the (Flil)s-FliJ complex is formed at the FIhAc and FIhBc platform of the export
gate and stably anchored to the export gate via interaction between FIhAmy and

FliHen (Figure 1-6).
1.1.2.3 Flagellar export chaperones and their substrates

Similar to cytosolic substrate-specific chaperones of T3SS of virulence bacteria,
there are low molecular mass, acidic proteins, known as flagellar export
chaperones, that provide stability to the late export substrates of flagellar

assembly 9197198 Thege flagellar export chaperones neither have any ATP-
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binding domain nor they have any resemblance to Hsp-related proteins'%'%71%8,

FIgN, FIliS and FIiT are the cytosolic chaperones for flagellar export

apparatus 109,110, 111

. The crystal structures of all the three flagellar export
chaperones, FIiS, FIiT and FIgN, were reported’'?'"®. Despite the functional
similarities between flagellar type Ill export pathway and virulence type Il protein
secretion system, crystal structures of flagellar export chaperones are
significantly different from the chaperones of type lll secretion system (Figure
1-9), 114,115,116, 117,118,119 " A|| the flagellar export chaperones share common
structural motifs although they don’t share common sequence similarity. The core
structure of all flagellar export chaperones is comprised of anti-parallel
amphipathic a-helical structure whereas the structure of T3SS chaperones is

comprised of mixtures of a-helices and B-strands (Figure 1-9)'30:131:132133.134,135

A g N

1A W
n Y
D

P
o

N

)
A

N
FliS-FliCc CesA-EspA PscE-PscG



21

Figure 1-9 Comparison of crystal structures of different classes of type Il
specific chaperones. A. Monomer of FIiT (pdb ID: 3A7M). B. SycP (class 1) in
complex with SptP (pdb ID: 1JYO), C. SycD (class Il) (pdb ID: 2VGX), D. FIiS
(class Ill) in complex with the C-terminal segment of FIliC (pdb ID: 10RY), E.
CesA (CesAB) (clas IV) in complex with EspA (pdb ID: 1XOU), and F. PscE
(class V)-PscG in complex with PscF (pdb ID: 2UWJ). All the chaperone
molecules are shown in cyan and green; The SycP and SycD form homodimer.
PscF forms heterodimer with its co-chaperone PscG. All the homo- or hetero-
dimer is shown in cyan and green; the secretion or export substrates are shown

in orange’"2.

FIgN is the export chaperone for hook-associated proteins, Figk and FigL'®®'"".

FIgN provides stability to FIgK and FIgL in the cytoplasm and facilitates their
export. FIgN is also required for the translation of FIgM'®. FIgM is an inhibitor of

2121 The 0% is required for

the flagellar specific transcription factor o
transcription initiation of class 3 promoters that control expression of late flagellar
export substrates'??. FIiT is a chaperone for the cap-forming protein FIiD'®. FIiT
forms hetero-dimer in solution with FIiD and stabilizes FIiD in the cytoplasm from
premature aggregation and is essential for its secretion''"""2. FIiT also binds to
FIhD,C, tetrameric complex, preventing it from binding class 2 promoters. Thus
FIiT inhibits FIhD,C, dependent transcription of class 2 genes'?® and negatively

regulates class 2 gene expression maintaining optimal orders during flagellar

assembly. The crystal structure of FIiT consists of four anti-parallel amphipathic
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a-helices. The anti-parallel a-helices, a1, a2 and a3, form the core of FIiT while
a4 helix is flexible. FIiS is a chaperone for flagellin protein, FIiC''°. The crystal
structure of FIiS has anti-parallel four-helix bundle with a quasi-helical cap at one
end formed by the 16 N-terminal residues of FIiS (FliSen)'®. The quasi-helical
cap acts as plugs covering the hydrophobic pocket formed by an anti-parallel a-
helical bundle. The crystal structure of FIgN was also reported (pdb ID 30OPC and
2FUP). The structural features of FIgN show similar folds to FliTand FIiS crystal
structures. These structural similarities of all flagellar export chaperones indicate

their finctional similarity as well.

In case of the flagellar type Il export pathway, the extreme amphipathic C-
terminal a-helical regions of flagellar export substrates bind to their cognate
chaperones, unlike T3SS substrates for virulence bacteria, where the N-terminal
of the substrate binds to the chaperone '""%'% Among the several flagellar
chaperone-substrate complexes, the crystal structure of FliS-FIiC complex was
reported'"® (Figure 1-9). FIliC wraps around the anti-parallel bundle of FliS in an
extended conformation covering the hydrophobic bundle. As a result, the
hydrophobic plug formed by FliSgn dissociates from FliS and forms a short helix.
This mode of substrate binding via an extended non-globular conformation is
similar to chaperone-substrate binding of T3SS of virulence bacteria'?®"'".

Therefore, although the flagellar export chaperones are structurally different from

virulence type lll secretion chaperones, their mode of substrate binding is similar.

1.1.2.4 Interaction of flagellar chaperone-substrate complex with export

component proteins
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The interactions between chaperones and chaperone-substrate complexes with
export apparatus are crucial for highly efficient and ordered flagellar export. Both
FIiT and FIiT-FIiD complex interact with Flil''?>. The C-terminal a4 helix of FIiT
controls its interaction with Flil and the truncation of C-terminal o4 helix
considerably increases affinity of FIiT to Flil''?. The FIiT(1-94), a C-terminal a4
helix truncation construct of FIiT, has two binding site on Flil. It interacts with the
extreme N-terminal of Flil (Flilen) with high affinity and the C-terminal ATPase
domain of Flil (Flilcat) with low affinity’. FliH and FIiT(1-94) are proposed to
share common binding site on Flilen. FliH can displace FIiT(1-94) from FIiT94-Flil
complex even in the absence of Mg?* and ATP®'?". Thus Flilgy is transferred
from FIliT(1-94) to FliH by displacement at the common binding site of the Flilen.
FIiD binds to the hydrophobic cleft of FIiT. Truncation of a4 helix does not affect
the interaction of FIiT(1-94) with FIiD'™. FIiD inhibits the strong interaction
between Fliley and FIiT(1-94)'?”. FIiD enhances the interaction between Flilcar
and FIiT(1-94)'?". Among the flagellar export substrates, both FliD and FIiS are
reported to interact with Flil'®. The ATPase activity of Flil is increased in the
presence of hook protein, FIgE and flagellin, FliC in a reversible manner'?.
Therefore FIgE and FliC might stimulate dimer or higher order oligomer formation
of Flil. The FIgN-FIgK complex is also reported to bind to the (FliH).-Flil complex
through the interaction between Flil and FIgN'?°. As FliH binds to Fliley in the
(FIiH)2>-Flil complex, FIgN-FIgK complex is likely to bind to Flilcat. Therefore
Flilcar are proposed to play an important role in substrate recognition.

Considering 2.5-3.0 nm diameter of the central cavity of the modeled Flil
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hexameric ring as well as other T3SS ATPases, it was hypothesized that
secretory substrates have to be unfolded prior to their secretion to accommodate
in the central cavity of the hexameric secretion pore of the ATPases. Consistently,
InvC, a Flil homologue from Salmonella SP-1 T3SS, induces chaperone release
from chaperone-substrate complexes and unfolds substrates in an ATP-
dependent manner™°. However, Flil does not release FIiT from FIiT-FIiD complex
in the presence of ATP'¥. Thus the ATPase Flil of flagellar type Ill export
pathway might function in a distinct way compared to other T3SS ATPases of

pathogenic bacteria.

A highly conservative hydrophobic dimple, located at the interface between the
D1 and D2 domains of FIhAg, is responsible for the interaction with late export
substrates''. Among the export chaperones, FIiS and FIiT interact with FIhAc
only when they are complexed with their substrates, FIiC and FliD"*?. Both FIgN
and the FIgN-FIgK/L complex can interact with FIhAc although binding affinity of
the FIgN-FIgK/L complex is much higher than FIgN alone''. The extreme C-
terminal residues of FIgN and FIiT are critical for interaction with FlIhAc. In
contrast, the extreme N-terminal residues of FliS are important for interaction
with FIhAc "% In each case of late export substrate complex, one conserved
tyrosine residue is involved in the interaction with FIhAc. Tyr122 and Tyr106 of
FIgN and FIiT, respectively, are critical for interaction with FIhAc whereas Tyr10
in the N-terminal of FliS abolishes interaction of the FIiS-FIiC complex with

FIhAC""33. Therefore, the mode of interaction of FIiS-FIiC complex is different
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from that in FIgN-FIgK/L or FliT-FIiD complex. This different mode of interaction is

suggestive of different export mechanisms of FliC compared to FIgK/L or FIiD.

The general chaperone, FliJ interacts with FIgN and FIiT but not with FIiS®. FliJ
shares common binding site on the FIgN and FIiT with their respective substrates.
The binding affinity of FIgQN and FIiT for FliJ are weaker compared to binding
affinity of their respective substrates, FIgK/L and FIiD%. FliJ assists in recycling of
free chaperones, FIgN and FIiT, after release of subunits by an escort
mechanism®. Thus FliJ promotes initial, stoichiometric assembly of FIgK/L and
FliD for formation of junction and cap proteins prior to high-throughput secretion

of FliC.
1.1.2.5 The order of flagellar assembly

The order of flagellar export exactly parallels the order of flagellar assembly®
(Figure 1-10). The flagellar assembly is regulated by a combination of
transcriptional, translational and post-translational regulatory mechanisms .
First of all, the hierarchical gene transcription of flagellar proteins regulates the
flagellar assembly135. Other than regulation of gene expression, the translational
and post- translational regulations play significant roles in flagellar assembly. The
completion of the hook formation is a major checkpoint for flagellar assembly®.
The rod-type (FliE, FIgB, FIgC, FIgF, FlgG) and hook-type (FIgD, FIgE, FliK)
substrates are exported prior to the completion of hook structure®®. During their
export process, the gene expressions of filament type proteins are inhibited in the

cytoplasm by the flagellum-specific negative transcriptional regulator FigM'*®.
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Figure 1-10 Order of export pathway in the flagellar morphogenesis in
Salmonella. The flagellar substructures are colored from dark blue (early) to light
blue (late) according to the their stage of export. Integral membrane strcutures
are assembled via sec-mediated export followed by assembly of peripheral

structure. The type Ill export is used for rod, hook and filament assembly'’.

When the length of hook becomes 55 nm, the specificity of the flagellar export
apparatus switches from rod/hook-type to filament type export®®. Then FIgM is
secreted out of the cells triggering expression of filament specific export

substrates 313

and the assembly of filament begins. Two flagellar proteins, FliK
and FIhB, are involved in regulating the hook length and substrate specificity
switching™%'*'*2_ The conformational change in FIhBc, followed by autocatalytic
cleavage is essential for export switching process (Figure 1-11) FIiK acts as
molecular ruler and controls the length of the hook'*'* . The N-terminal region

of FliK binds to hook cap and hook region, and the C-terminal domain is

responsible for substrate specificity switching™*™¢'*" During assembly of hook,
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Figure 1-11 Mechanism of hook-length control and substrate specificity switching.
Diagram shows cartoon structure of FIhB containing N-terminal transmembrane
domain (magenta cylinders) and a C-terminal cytoplasmic domain (FInB¢). FInB¢
undergoes autocatalytic cleavage at the site Asn269/Pro270 into two
subdomains, FIhBen and FIhBee. FIhBen and FIhBec remains tightly associated
with each other after cleavage. Initially FIhBc exists in rod/hook-type specificity
mode. Autocleavage of FIhB¢c slows down the export rate of rod- and hook-type
substrates. Then the interaction of FliKc with FIhBc induces a conformational
change in FIhB¢ leading to switching of the export specificity to filament-type

mode?’.

FliK remains bound to hook cap. When the length of hook has reached to a
certain position where the C-terminal of FliK can interact with FIhB¢, FliK-driven
conformational rearrangement switches substrate specificity from early export

substrates to late export substrates '**'%7 Thus FIiK and FIhBc maintain the



28

hook length and switch substrate specificity from early export substrates to late
export substrates. Interaction of late export chaperone-substrate complex with
FIhAc is critical for their export. Deletion of the D4 domain of FIhAc results in
leaky export of late exports substrates before the hook completion. Therefore
FIhAc plays significant role in maintaining the export order of rod-hook-filament
substrates'®. The late export chaperone-substrate complex interacts with the
hydrophobic dimple formed by D1 and D2 domain of FIhAc'*?. The relative
affinity of late chaperone-export substrates, FIgN-FIgK/L, FIiT-FIiD and FliS-FIiC

to FIhAc determines the order of late substrate export''133,
1.1.2.6 Energy source for flagellar protein export

Many of the protein transport process across cell membranes occur in an
ATPase-dependent way. Flil is the conserved ATPase for the flagellar export
apparatus. As Flil null mutants as well as mutations in the catalytic domain of Flil
result in total inhibition of export of flagellar proteins®, Flil was also hypothesized
to energize the export process. However, fliH-flil double mutant of Salmonella is
reported to form flagella with low efficiency, indicating that Flil is not essential for
flagellar export'®'®. Certain mutations in FIhA and FIhB enhance the flagellar
protein export and the motility of fliH-flil double mutant. As FIhA and FIhB, act as
the docking platform for (FliH).-Flil-chaperone-substrate complex, these gain-of-
function mutants might enhance the probability of entry of flagellar proteins into
the export gate'. The (FliH),-Flil complex interacts with FliJ, FIgN as well as
chaperone-substrate complexes, suggesting that (FliH).-Flil complex might guide

the chaperone-substrate complex to the export gate and facilitate the initial entry
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of export substrate to export gate’. The mutations in catalytic domain of Flil
inhibit the export process. Thus, ATP hydrolysis by Flil might be used for entry of
export substrates into the export gate and release of (FliH).-Flil complex from the

export gate*%,

Many biological protein transport processes use proton motive force (PMF) as
major energy source for protein translocation®'. In Yersinia enterocolitica,
secretion of Yop proteins are inhibited in the presence of protonophore carbonyl
cyanide m-chlorophenylhydraone (CCCP), indicating that Yersinia type Il
secretion is dependent on PMF across the cell membrane'?. The flagellar export
was reported to depend on PMF'®*. Flagellar export process was inhibited by
protonophore CCCP in the presence or absence of FliH and Flil'**'*°. PMF has
two components, electric potential difference (AW) and proton concentration
difference (ApH). For flagellar export process, two components of PMF play
distinct roles™®>*. For wild type bacteria, A¥Y component alone is sufficient for
efficient transport of porteins, but it requires both AW and ApH, in the absence of
Flil and FIiH'*. The export of fliH-flil double mutant of Salmonella shows solvent
isotope effect while the wild type Salmonella does not exhibit any such effects.
This indicates that proton translocation is the rate-limiting step for fliH-flil double
mutant'®*. Therefore rate of proton transfer through the export gate determines
the overall rate of flagellar protein export through the export gate alone. Thus the
flagellar export gate, which is composed of six membrane proteins, was
proposed to act as proton-protein antiporter for flagellar protein export'*. Apart

from Flil and FliH, the general chaperone FliJ and the cytoplasmic domain of
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FIhA, play essential roles in flagellar energy transduction mechanism'*. Deletion
of FliJ in the fliH-flil double mutant further reduces the protein export activity of
Salmonella. Similar to fliH-flii double mutant, fliH-flil-fliJ triple mutant export
flagellar proteins in ApH-dependent way and P28T FIhB mutation significantly
enhances the export activity of fliH-flil-fliJ triple mutant. Salmonella can export in
ApH-dependent way in fliJ mutant in the presence of Flil and FliH. Therefore,
other than Flil and FliH, FliJ is required for efficient, AW-driven protein export154.
The interaction between 328-351 linker residues of FIhAc and 13-24 residues of
FliJ is crucial for efficient flagellar protein export. Although flhB (P28T) mutant
restore the motility of the AfliH-flil flhJ mutant, it can’t restore motility of AfliH-flil-
flhA (A328-351), indicating that this linker region of FIhA is essential for flagellar
export'>*. Therefore binding of FliJ induces specific conformations of linker region
of FIhA, which switches the export gate from low efficient proton-protein anti-

porter into highly efficient, AW-driven export'>*.
1.1.2.7 Mechanism of flagellar protein export

Although complete understanding of flagellar protein export is not available, a
number of experimental data have been accumulated to provide a picture of the
export process*?. Flagellar chaperones bind to their cognate substrate in the
cytoplasm'®1"°_FliH binds to Flil to form the (FliH),-Flil complex®®. Then (FliH),-
Flil complex localizes to the C-ring complex via the interaction between FliH and
FIIN'%2'%  The chaperone-substrate complex binds to the (FliH).-Flil complex
through an interaction between Flilcat and the chaperone-substrate

complex'?"'?_FliJ binds to FliM of the C-ring'®%. Binding between FliJ and FliH
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induces the release of (FliH).-Flil-chaperone-substrate complex from the C-
ring'®. Then the (FliH).-Flil FliJ-chaperone-substrate docks to FIhAc-FIhBg
platform of the export gatems. FliJ facilitates the hexamerization of Flil at the
export gate94. FliH stably anchors the Flils-FliJ ring complex to the export
platform by an interaction between FliHey and FIhArwy?. The chaperone-substrate
complex binds to the hydrophobic dimple formed by D1 and D2 domain of
FIhAC""'3 An interaction between FliJ and FIhAc transforms the flagellar export
process into highly efficient, AW-driven export '**. The ATP hydrolysis by Flil
promotes initial entry of N-terminal segment of the export substrate into the
export gate followed by destabilization of the FliH,-Flilg-FliJ ring structure®®'%°.
After the release of the substrate into the export gate, FliH, Flil, FliJ and

chaperone release from the export gate®'491%°,
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1.2 Nuclear Magnetic Resonance Spectroscopy

1.2.1 NMR as a tool in structural biology

NMR spectroscopy is a widely used biophysical technique in the field of structural
biology to study bio-molecular structure, dynamics and functions'®'%°. Other
than X-ray crystallography, it is the only biophysical technique that can provide
the three-dimentional structure of biomolecules at atomic resolution'”"*®. The
major advantage of solution NMR spectroscopy over X-ray crystallography is that
one can study biomolecules in solution, which is closer to the physiological
conditions. Moreover NMR can provide valuable information about protein
dynamics over a broad range of time-scales from pico-seconds to hours at the
residue level. Thus bio-molecular NMR can provide insight into conformational
dynamics and exchange processes of bio-molecules and their complexes with
ligands. NMR spectroscopy techniques can also be used to characterize
denatured states of proteins, folding intermediates and sparsely populated,
transiently formed bio-molecular conformations'®'®°. Besides it provides critical
insight into the kinetic study of folding and unfolding of biomolecules as well as
detailed structural, dynamic and kinetic information of enzymatic reactions'®''%2,
NMR is useful to study broad range of bio-molecular interactions including
protein-protein interaction, protein-ligand interactions, protein-nucleic acid
interactions etc'®'®. Chemical shift mapping has been used to characterize
protein-protein interactions and to localize ligand-binding site of the target
protein . Thus solution NMR techniques are one of the most important

techniques in the field of drug design and high-throughput drug screening.
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Despite major advantages in solution NMR over other spectroscopic and
biophysical techniques, one of its bottlenecks is the size-limit of bio-molecular
complexes due to poor sensitivity and resolution of NMR spectra of large slowly
tumbling bio-molecular complexes. Recent advances in the NMR hardware and
methodology development significantly overcome the molecular size barrier by
improving signal-to-noise (S/N) ratio (sensitivity) and spectral overlap (resolution).
The development of multi-dimentional NMR, advanced isotope-labeling scheme
and the introduction of TROSY-type pulse sequences, enabled the NMR study of

large protein complexes upto 1 MDa"¢6:167168.169.170.171

1.2.2 Chemical shift assignment of protein

1.2.2.1 Backbone assignment

The first step in the NMR characterization of any protein starts with acquisition of
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Figure 1-12 Spin system of the peptide backbond and size of the 1J and 2J
coupling constants that are used for magnetization transfer in '>C-, "°N-labelled

proteins.
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Figure 1-13 The magnetization transfer pathway in A. CBCANH and B.

CBCACONH experiment.

heteronuclear single quantum coherence (HSQC) spectrum known as fingerprint
of proteins’’. In a typical "°’N-HSQC experiment, the magnetization is transferred
from 'H nucleus to the attached "N nucleus via J-coupling and then transferred
back to 'H nucleus for detection. Each protein has its own unique '°N-HSQC
spectrum. To investigate the structure and dynamics of a protein using NMR, it is
necessary to assign the resonance peaks in a NMR spectrum to the
corresponding amino acid residue. The sequential assignment of a protein can
be obtained by correlating the chemical shifts of the amide group (NH) of a spin
system with both inter- and intra-residues chemical shift of main chain (CO, Cq,
N) or side-chain atom (Cg in case of HNCACB and HN(CO)CACB ). The Figure
1-13 shows the through bond magnetization transfer in CBCANH and
CBCA(CO)NH triple resonance experiments. A set of triple resonances, HNCA,

HN(CA)CO, HNCACB, provides both the intra- and inter-residue correlations,
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Figure 1-14 Assignment strategy for 13C/15N-labeled proteins based on

CBCANH and CBCA(CO)NH 3D spectra.

while there are second set of experiments, HN(CO)CA, HNCO, HN(CO)CACB
provides only inter-residue correlations. The second set of experiments is helpful
to resolve ambiguity in case of overlapping peaks, especially for large proteins.
For larger proteins, NOESY-based experiments like, ®N-NOESY-TROSY, is also
useful to assign and validate the assignment if crystal structure is available.
Figure 1-14 illustrates the backbone assignment strategy based on CBCANH and

CBCA(CO)NH spectra.

1.2.2.2 Side-chain assignment
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After completion of the backbone assignment, the next step is the resonance
assignment of side-chains. The side-chain can be assigned by a combination of
three-dimentional H(C)(CO)NH, (H)(CCO)NH, "°N- and "*C-NOESY-HSQC, "N-
and "C-NOESY-HMQC, HCCH-TOCSY and HCCH-COSY experiments'”. All

these experiments correlate the "H- and *C-nuclei of the side-chain atoms of

Figure 1-15 The magnetization transfer pathway in HCCH-TOCSY experiment.

the residue i-1 with the "H- and "°N-nuclei of the amide of the residue i. HCCH-
TOCSY and HCCH-COSY are the most useful spectra for side-chain assignment
(Figure 1-15). HCCH- TOCSY and HCCH-COSY are specifically designed to
correlate the side-chain aliphatic 'H and '*C resonances via C-H and C-C
coupling constants. Combination of HCCH-TOCSY and HCCH-COSY provide
nearly complete assignment of all aliphatic 'H and 'C resonances with the

exceptions of Lys and Arg, which have long side-chains.
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1.2.2.3 Nuclear Overhauser Effect Spectroscopy

The Nuclear Overhauser Effect (NOE) spectroscopy gives the correlation
between spatially proximate nuclei (usually within 5-6 A) and provides the
distance restraints for structure calculations. The nuclear overhauser effect
(NOE) originates from the dipolar interactions between different nuclei. The
magnitude of NOE is inversely proportional to the sixth power of the inter-nuclear
distance'™. In any NOE-based experiment, as in the case of 3D-NOESY-HSQC,
the magnetization is exchanged between all the protons along the longitudinal Z-
axis during a mixing period. Afterwards, the magnetization is first transferred to
the neighboring >N or "*C nuclei to achieve further resolution by separating
overlapping 'H resonances along the heavy atom chemical shift dimention and
then transferred back to the 'H nuclei for detection. For each NH group, all 'H
nuclei within 5-6 A will provide NOE correlations. Similarly, NOE’s between side-
chain "H nuclei can be obtained from "*C-NOESY-HSQC or *C-NOESY-HMQC
spectra. For larger proteins or protein complexes, the NOESY spectra are usually
over-crowded. In that case 4D "*C-HMQC-NOESY-HMQC or "*C-HSQC-NOESY-
HSQC can be used for spectral assignment or distance restraints for structure

calculations"®176:177

1.2.2.4 TALOS

TALOS (Torsion Angle Obtained Likelihood from Shift and sequence similarity) is
a database system that empirically predicts phi and psi backbone torsion angles

for a given protein sequence (Figure 1-16) using backbone of chemical shifts (HA,
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CA, CB, CO, N)'®. TALOS searches the database for triplets of adjacent
residues with secondary chemical shifts and sequence similarity in order to
provide the best match to the query of triplet of interest. The current database of
TALOS contains 'HN, "N, *C’, *C, and "Cg chemical shifts for around 200

proteins with available high-resolution crystal structure. The goal of the TALOS is

(psi)

Figure 1-16 Backbone (dihedral) angles in the protein structure.

to make quantitative predictions for the protein backbone angles. The output of
TALOS consists of ten triplets that have closest similarity in the secondary
chemical shift. If the central residues in these 10 triplets show similar backbone
angles, their averages can be reliably used as angular restraints for the protein
under study. An improved version of the TALOS system, TALOS+, has been

developed and used for predicting the backbone torsion angle more accurately'”®.

1.2.3 NMR study of large protein complexes
The NMR study in the large protein systems has been challenging because of

poor spectral quality due to severe line broadening effect and spectral overlap
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(Figure 1-17) '8 The line broadening is the result of fast transverse relaxation
rate (R2) due to slow tumbling of large molecular weight proteins. The
development of methodologies such as deuteration of proteins, TROSY-based
pulse sequences, selective isotope labeling has significantly overcomed the
limitations of the molecular weight barrier. However, although deuteration of
proteins dramatically improves spectral quality, numbers of observable NOEs are
also decreases considerably. Therefore several isotope-labeling schemes have
been developed to overcome this issue: a. site-directed protonation of uniformly

deuterated

4ns 8 ns 12ns 25 ns
8 kDa 16 kDa 24 kDa 50 kDa

MMMWW AL NN

7 ppm 7 ppm 7 ppm 7 ppm

Figure 1-17 Effect of molecular weight in the linewidth of the NMR spectra. The

linewidth is proportional to T, (Av = 1/T2)"®.

protein at crucial positions, either by introducing protonated amino acids e.g.,
Phe, Tyr, Ala, Lys or selectively protonating methyl groups of hydrophobic amino
acids, such as lle, Met, Ala, Leu, Val, by the use of selectively labeled

precursors; b. use of random fractional deuteration'®?
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1.2.3.1 Protein deuteration

One of the major sources of relaxation in the large protein complexes is spin-spin
relaxation from the high proton density. The strategy to overcome the spin-spin
relaxation is the uniform deuteration of the proteins'®'®’. There are several
advantages of ?H labeling'®2. The substitution of the 2H spin for "H (yp/yn ~1/6.5)
causes the significant reduction of the heteronuclear dipolar relaxation of the *C
spin so that >C T, will be improved by a factor of 16. This effect significantly
improves the triple resonance experiments involving 3Cq spins as 3¢ spin
usually the fastest relaxing spin in the peptide fragment via the bound Hy moiety.
Secondly the spin diffusion through the homo-nuclear proton/proton relaxation
pathways is reduced due to smaller populations of 'H spins. This effect is more
pronounced in case of higher molecular weight proteins. In overall, the spin
diffusion results in the line-width narrowing of the observed protons. To achieve
the uniform deuteration, the protein of interest was over-expressed in a
completely deuterated medium followed by transfer into protonated buffer for the
exchange of backbone N-?H into N-H groups. The deuteration of proteins

dramatically improves the sensitivity and the resolution of the spectra.
1.2.3.2 Transverse relaxation optimized spectroscopy

The spin relaxation signal in NMR experiments decay exponentially with the
transverse relaxation time, T, and the line width (Av) is inversely proportional to
T2. Compared to small molecules, the decay of NMR signal for slowly tumbling

large macromolecules is faster, due to smaller T, resulting both weaker signal
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and broad line width (Figure 1-18 a and b). In conventional heteronuclear

correlation experiments, the correlations between different spins (e.g., "°N and its

attached 'H) are obtained through one-bond J-coupling. The result of the J-

coupling is the splitting of the observed signal from each nucleus into a set of

quartets. The cross-correlated relaxation caused by dipole-dipole relaxation and

Molecular
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Figure 1-18 NMR spectroscopy with small and large molecules in solution and

the effect of TROSY on large molecules'®.

chemical shift anisotrophy gives rise to different relaxation rates of the individual

components of quartets. In a typical HSQC experiments, the splitting is refocused

to obtain a single signal. In TROSY-based pulse sequences, the slowly relaxing
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components are selected via spin manipulation'* 1% Therefore, narrower line
width and higher resolution can be obtained with the higher magnetic field
(Figure 1-18). Nowadays, the TROSY principle has been incorporated into a
number of NMR pulse sequences commonly used for protein NMR study'®°.
TROSY works best for deuterated protein sample and it has significantly

extended the size limit of biomolecules upto 1 MDa'"*'%.

1.2.3.3 Selective labeling of methyl groups

Perdeuteration of a protein sample results in a complete elimination of protons.
Therefore selective protonation is required to obtain NOE necessary for distant
restraints. Methyl groups are important probes in the protein NMR studies

because they are very frequently present in the hydrophobic core of proteins or

a |[PH| © [ “CH,|
— — 1
£ D—*C —‘zr(fp YC—OH —» ; D_'2|C _'34_
“|co,lo | “co,| D
o-Keto isovaleric acid U-[°H, ™2C], ['*CH, "2CD,]

|

o-Keto butyric acid U-[*H, 2C], 8,-['°CH,] isoleucine

Figure 1-19 Methyl labeling strategy. (a) Precursors used to produce proteins
with methyl labeling (**CH3) in isoleucine, leucine and valine (b) Ribbon diagram
of the a subunit of T. acidophilum proteasome highlighting the labeling scheme
used. Isoleucine (81), leucine and valine methyl groups are indicated in red and

deuterons in green".



43

the interface of protein complexes'®®. These factors facilitate the measurement
and assignment of long-distance amide-methyl and methyl-methyl NOEs that will
allow global folds of large proteins to be determined'”'®. All three protons of the
methyl group contribute to the intensity of the same signal. Therefore the methyl
group as a probe produces more sensitive signal than other NMR probes. The
methyl groups rotate very rapidly about its three-fold symmetry axis and give rise
to favorable relaxation properties'®®. Moreover, the methyl regions of 'H-">C
correlation spectra are usually well resolved'®’. The NOE-derived distances
between spatially proximal methyl groups gives the distance restraints for protein
structure determination'®. Several methodologies have been developed for
selective protonation of specific methyl groups allowing these to be monitored
with backbone amides. Use of metabolic precursors enables the selective
protonation of specific methyl groups of lle, Leu and Val in an otherwise
completely deuterated background ™' (Figure 1-19). Recently, the selective

192,193,194’ Met195, and

methyl labeling strategy has been developed for Ala
Thr %197 residues also. The selective labeling of threonine is particularly
important because they usually localize to the surface of the proteins. They have
unique hydrogen bonding capabilities and have a higher propensity to be found
at the protein-nucleic acid interfaces. Threonine also plays important role in

signaling pathways through phosphorylation195. Thus methyl groups are excellent

reporter of bio-molecular structure and dynamics.

1.2.3.4 Structure calculation using sparse NMR data
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Once all the experimental data (distance restraints from NOE, PRE, dihedral
angle restraints, RDC) have been collected, it is used as an input for the protein
structure calculation. The idea behind computer-aided structure calculation is to
convert all the experimental constraints into a three-dimentional (3D) structure. A
polypeptide chain with random initial configuration is folded into the 3D structure
using experimental restraints and a suitable force field that accounts for the
energy terms that govern proteins in solution and contain terms for the
experimental restraints used. The energy optimization process continues until an
energy minimum is reached. The structure calculation software produces an
ensemble of structures consistent with experimental NMR data. Several well-
established software packages like, ARIA™  CYANA ' XPLOR-NIH?®,
HADDOCK?"', are available for computer-aided structure calculation. There are
softwares available such as CING, Molprobity, Procheck, PROSESS, PSVS that
can be used to validate the protein structures based on a variety of biophysical

and statistical parameters, and agreement with experimental data??203:204.205.206

1.2.4 NMR study of protein interactions

Bio-molecular interactions play important role in all biological process. NMR is a
powerful tool to characterize various ranges of biological interactions e.g.
protein/protein interactions, protein-nucleic acid interaction, protein-ligand
interactions etc'®**”. NMR can study biological interactions in solution, which is
closer to physiological conditions. There are biological interactions, which are
weak and transient, and the protein complex of interest cannot be crystallized

easily. NMR spectroscopy has unique ability to characterize such weak and
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transient interaction. Variety of experiments have been developed to study bio-
molecular interactions such as chemical shift perturbation (CSP) mapping,
saturation transfer difference spectroscopy (STD), differential line broadening,
transferred cross-saturation experiments (TCS), isotope labeling methods,
residual dipolar coupling, paramagnetic relaxation enhancement (PRE), pseudo-
contact shift (PCS), residual chemical shift anisotrophy (RCSA) etc
163,208,209,210.211,212 * Chemical shift perturbation is the most widely used NMR

214

method to characterize protein-protein interaction 2' Chemical shift

perturbation works best for weak interactions in the fast exchange regime.

1.3 Isothermal Titration Calorimetry (ITC)
The isothermal titration calorimetry (ITC) is one of the most versatile and
powerful calorimetric techniques that can measure all the thermodynamic

25, ITC covers

parameters of bio-molecular interaction in a single experimen
broad range of bio-molecular interactions including protein-protein interactions,
protein-nucleic acid interactions, protein-small molecule interactions, protein-lipid
interactions, protein-carbohydrate interactions, enzyme kinetics etc®”®. ITC can
be used to study bio-molecular interactions with broad range of dissociation

constants between 100 uM to 10 nM?'>21

. Modification of the experimental
design using competition methods has been utilized to extend the range of
dissociation constants for weaker and stronger binding®'®. No chemical tagging
or immobilization is required for ITC. There is no molecular weight limitation of

bio-molecules or bio-molecular complex for ITC measurement. ITC directly

measures the heat evolution or absorption during the course of bio-molecular
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interaction. It is capable of measuring the heat changes over a wide variety of
solution conditions and temperatures. The thermodynamic parameters that can
be obtained by ITC include Gibb’s free energy change (AG), the enthalpy change
(AH), the entropy change (AS) and the stoichiometry (n) of the bio-molecular
interaction. Besides, ITC provides the heat capacity change (AC;) of a binding
reaction by performing ITC experiments at variable temperature3217. Multiple
binding sites of biomolecules or ligands can be identified and independently
studied by ITC. ITC provides powerful insight into the binding mechanism of bio-
molecular interaction. The change in Gibb’s free energy (AG) is the measure of
overall thermodynamic stability and binding affinity of any bio-molecular complex.
The enthalpy change (AH) is a measure of protein-solvent hydrogen bonds,
vander Waal’s interactions, protein-ligand bonds, salt bridges and solvent
reorganization near protein surfaces ?'® . The entropy change (AS) gives
information about hydrophobic interactions, conformational changes, and water
and ion release from the interaction surface®'®. Besides ITC is the only technique
that can provide insight into the differential contribution of the enthalpy change
(AH) and the entropy change (AS) bio-molecular interaction of binding energy

(AG).

1.4 Multi-Angle Light Scattering (MALS)

Multi-Angle Light Scattering (MALS) is an analytical technique for determining
absolute molar mass of macromolecules in solution such as proteins, polymers,
liposomes, micelles, colloids etc. The molar mass measurement using MALS can

be performed either in continuous flow mode or in stand-alone batch mode.
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MALS is most commonly used in-line with size-exclusion chromatography?®®

although it can be used with any other non-size separation method like HPLC or
IC. MALS measures molar mass by calculating the amount of scattered light at
each angle detected. The amount of light scattered is then related to molar mass
of the macromolecule. Light scattering provides absolute measurements because
the determination of molar mass is made without reference to any molar mass
standard, column calibration or molecular conformations. Other than molar mass,
light scattering give measurement of the root mean square radius of the molecule
and the hydrodynamic radius. SEC-MALS is particularly useful to determine
accurate molecular weight of non-globular protein, with elongated shape, which
elutes in anomalous position in gel-filtration. Besides molar mass measurements,
the light scattering is used for studying bio-molecular interactions. Composition-
Gradient Multi-Angle Light Scattering (CG-MALS) is a label-free and
immobilization-free versatile technique that can characterize self- and hetero-
association, binding affinity from pM to mM, absolute molecular stoichiometry,
multi-valent or co-operative interactions, kinetics of binding, aggregation or
dissociation over time scales of seconds to hours?'?#. CG-MALS dutilizes the
Calypso multi-syringe pump system (Wyatt Technology Corporation), which is
programmed to provide stop-flow injections at a series of well-defined
concentrations or compositions. Then the data, acquired at each step, is
analyzed using Calypso software, to provide the dynamic equilibrium properties

of bio-molecular interaction’?'??2, CG-MALS is unique to all other biophysical
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techniques as it can characterize bio-molecular interactions by measuring their

absolute molar mass.

1.5 ATPase Assay

ATPases are enzymes that catalyze the hydrolysis of ATP to ADP and inorganic
phosphate. This dephosphorylation releases energy, which is used in different
important biological process like transport, signal transduction, protein
biosynthesis, cell differentiation etc. The hydrolysis rates of the ATPases are
correlated with the enzyme activity, which is an important functional parameter.
ATPase assay is a biochemical assay to measure ATPase activity by either
quantitating liberated inorganic phosphate (Pi) or adenosine di-phosphate (ADP)
during enzymatic reaction. There are several methods available for
characterization of ATPase activity”*>#*?%* One of the highly sensitive methods
of measuring ATPase activity is ADP-glo Kinase Assay measurement”®. The
ADP-glo Kinase Assay measures generation of ADP during any ADP generating
bio-chemical reactions. The assay is performed into two steps. Firstly, ADP-glo
reagent is added to stop the ATPase reaction at different time points and deplete
the remaining ATP. Then kinase detection reagent is added to convert ADP to
ATP and to quantitate the newly synthesized ATP using luciferase/luciferin
reaction. The light emitted is measured using a luminometer. The recorded
luminescence is then correlated with ADP conversions by using an ADP-to-ATP
conversion curve. The amount of ADP conversion with is correlated with enzyme

activity.
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Chapter 2 : Research Outline.

The interaction between flagellar export chaperones with the flagellar ATPase is
required for efficient delivery of the flagellar export substrate. It is important to
understand the detailed biophysical and structural information about the
chaperone-ATPase interaction to elucidate their role in the flagellar export

process.
(1) Biophysical characterization of the interaction between Flil and FIiT.

FIiT is the export chaperone for the flagellar cap-forming protein, FliD. Interaction
between flagellar ATPase, Flil and FIiT, was reported in literature'?’. Biochemical
assays showed that Flil has two distinct FliT-binding sites. We have used
solution NMR along with other biophysical techniques to characterize the
interaction between Flil and FIiT. Detailed insight into the interaction between Flil
and FIiT will provide mechanistic insight of the role of chaperone-ATPase

interaction in flagellar type Ill export pathway.
(2) Solution structure determination of Flil-FIiT complex.

No structure of a chaperone-ATPase complex has been reported to date. We
have used solution NMR techniques to determine the solution structure of Flil-
FIiT complex. The solution structure of Flil-FIiT complex will provide the first high-

resolution structure of a chaperone, FIiT with T3SS type Il ATPase, Flil.
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Chapter 3 : Chemical shift assignment of Flil

3.1 Introduction
Flil is a 50 kDa ATPase that belongs to Walker type of ATPase family®°. It is
hypothesized to form homohexamer during flagellar protein export®¢# |t

shares sequential and structural similarity to a- and j -subunits of F1-ATPase

Figure 3-1 The crystal structure of Flil. A. The crystal structure of Flil(18-456),
pdb ID: 2DPY. Color code: the N-terminal B-barrel domain, green; ATPase
domain, red; C-terminal domain, blue. B. Structural comparison of Flil(18-456)
with B subunits of F1-ATPase (pale blue). The additional a-helix in B subunits of
Fi-ATPase is shown by blue arrow. C. The crystal structure of F1-ATPase (pdb

ID: 1BMF).
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as well as other homologous T3SS ATPases’’,’®. The crystal structure of Flil( A

1-18) was reported®’. The overall structure of Flil can be divided into three
domains, N-terminal domain (Pro-23 to Arg-97), the ATPase domain (GIn-109 to
lle-380), and the C-terminal domain (Thr-381 to Val-456) (Figure 3-1). The N-
terminal domain has a 3-barrel structure composed of six (3-strands. The ATPase
domain consists of both a/f domains containing a Rossmann fold®?”. The P-loop
inside the ATPase binding domain contains the Walker A and Walker B motif *°.
The C-terminal domain of Flil consists of three a-helices connected by two loops.
There is a long loop between the N-terminal barrel domain and the ATPase
domain. The extreme N-terminal residues of Flil are proposed to be flexible since
they are not visible in the crystal structure®” and succeptible to proteolysis®. The
ATPase domain of the Flil has higher sequence similarity (29 %) with the a/f
subunits of F4-ATPase compared to the N-terminal barrel domain and the C-

terminal domain (17 % and 13 %, respectively) '’

. Despite the different
sequence similarity between different domains of Flil, the structure of all the three
domains of Flil is remarkably similar to the a/f subunits of F{-ATPase 8 As the
functional form of Flil is homo-hexameric and Flil is structurally very similar to a-
and B-subunits of F{-ATPase, the hexameric model for Flil hexamer was built
using F1-ATPase (pdb code 1BMF) structure as a template®’ (Figure 3-1). The
main chain structures constructing the subunit interface and surrounding the
central channel are well conserved for both Flil and F4-ATPase. All the structural

difference lies outside the hexameric ring. The residues of Flil that are conserved

in the a-subunits of the F{-ATPase interact with the residues of Flil, which are
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conserved in the B-subunits of Flil, in the hexameric model of Flil®'. These
structural features of Flil are essential for its homohexamerization. The extreme

N-terminal residues of Flil are responsible for its oligomerization®’. An N-terminal

ATPase activity

0 o1 02 03 04
FIil (uM)

Figure 3-2 Hexameric model of Flil built using F1-ATPase (1BMF) as template. A.
Side view. B. Top view. The alternate subunits in A and B are colored as green
and purple. C. The hexameric ring structure of Flil by Cryo-EM. The image
represents averaged end-on view of frozen-hydrated ring particles formed by Flil
with Mg**-ADP-AIF,. The scale bar indicates 10 nm®. D. The active site of Flil
modeled using F1-ATPase as template. Arg374 of neibhoring subunit is shown

using dotted circle. E. ATPase activity of Flil was measured with different enzyme
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concentrations in the presence of 5 mM ATP. Flil shows co-operative effect of

ATPase activity with concentration®,

seven-residue deletion construct of Flil is unable to form ring structure®”. Unlike
F1-ATPase, which forms stable asB3; heterohexamer, the homohexamer of Flil is
unstable in solution. Therefore external factors are required for ring formation of
Flil. Flil is proposed to form hexamer at the export gate platform made up of
FIhAc and FIhBc®" . The hexameric ring formation of Flil is stimulated in the
presence of ATP analog or acidic phospholipids®®®’_ Although the hexameric
form of other T3SS ATPases have been reported in solution??®:22°:230 Fj|
hexameric ring structure is only reported by cryo-EM®® (Figure 3-2) and

fluorescence microscopy study?*’

. Flil efficiently forms ring structure in the
presence of My>*-ADP-AIF, but not in the presence of My?*-ATP. The FIlil-E221Q
mutant binds to ATP with same affinity as WT Flil but is unable to hydrolyze ATP.
This Flil-E221Q forms ring structure in the presence of My?*-ATP. Therefore
hexamerization of Flil is stimulated by ATP binding and the ATP hydrolysis
destabilize the ring structure®. This assembly and disassembly of Flil during ATP
hydrolysis is supportive of the hypothesis that Flil interacts with the export
apparatus in a dynamic fashion and ATP hydrolysis of Flil is coupled to the initial

entry of export substrate into the export gate’®6:1491%0,

All the residues involved in the ATP hydrolysis of F1-ATPase are conserved in

FIi®'. Thus the mode of nucleotide binding and catalytic pathway of ATP
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hydrolysis of Flil should be similar to that in F1-ATPase®’. All the point mutations
in the catalytic core of Flil result in significantly diminished or no ATPase
activity®. The asBs heterohexamer formation is necessary for ATPase activity of
F1-ATPase. The conserved Arg-373 residue in the a-subunit of Fi-ATPase
stabilizes the negative charge of the y-phosphate in the transition state for
catalysis®#%32?3 Site-directed mutagenesis of the corresponding arginine in Flil,
Arg374, to alanine results in loss of ATPase activityse. Therefore ATP might bind
to the dimeric interface of Flil similarly to F-ATPase (Figure 3-2, D) and
oligomerization of Flil should be coupled to its ATP hydrolysis. Indeed, Flil shows
positive co-operativity of ATP hydrolysis (Figure 3-2, E)84. Accordingly, acidic
phospholipid, which promotes oligomerization of Flil, also stimulates its ATPase
activity®®. FliH inhibits the ATPase activity of Flil by keeping it in the monomeric
form®%. As the extreme N-terminal region (residues 1-7) of Flil controls its ring
formation, deletion of N-terminal residues of Flil results in loss of catalytic

activity®’.
3.2 Results

3.2.1 Biophysical characterization of Flil

Although full length Flil is reported to have intrinsic membrane affinity®**

,itis a
soluble protein. Overexpression of Flil fused to the Maltose binding protein
(MBP) tag in E. coli yields significant amounts of soluble proteins both in LB

media, and protonated and deuterated minimal media necessary for solution
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Figure 3-3 Concentration dependent oligomerization of Flil as studied by multi-
angle light scattering (MALS). A chromatographic trace of the UV detector (blue)
is shown with mass measurements of consecutive fractions of the
chromatographic peak (black dots) superimposed. A. SEC-MALS profile for Flil
with injected protein concentration=15 mg/ml; MALS data shows heterogeneous
populations of Flil ranging from ~90 kDa to ~45 kDa with average molecular
weight (Mw) of 63 kDa. B. SEC-MALS profile for Flil with injected
concentration=1.5mg/ml. At lower concentration Flil appears to be more
homogeneous ranging from ~55 kDa to ~45 kDa. Average molecular weight is 50

kDa, which corresponds to Flil monomer.

NMR studies. Consistent with literature studies®*, our light scattering (MALS)
data shows that Flil exhibits concentration dependent oligomerization in solution
(Figure 3-3). When Flil was injected in size-exclusion chromatography in-line with
MALS at higher concentrations of Flil (15 mg/ml), the inhomogeneous MALS
profile (Figure 3-3, A) indicates the presence of mixture of monomers and dimers

in solution. When Flil was injected at low concentration (Figure 3-3, B), it
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appeared to be monomer. The dimer to monomer dissociation constants of Flil
had been determined using composition gradient multi-angle light scattering (CG-
MALS) and is equal to 17 uM (Figure 3-4). Therefore Flil will stay as dimer in the

concentration range used in all solution NMR studies.
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Figure 3-4 Self-association study of Flil and FIiT by composition-gradient multi-
angle laser light scattering (CG-MALS) using Calypso |l composition gradient
system (Wyatt Technology Corporation). The solid rectangles represent weight-
average molar mass of Flil (blue) and FIiT (red), respectively, at different
concentrations of Flil and FIiT. The dotted line represents fit to the CALYPSO
software (Wyatt). The dissociation constant of dimer-monomer equilibrium of Flil

and FIiT are ~17 yM and ~300-600 uM.
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Figure 3-5 A. ®N-TROSY B. "*C-HMQC of U-[?H,"?C,"N] Met(c)-, Val(y1,y2)-,

Leu(51,52)-, lle(d1)-["*CH3] FIil.

3.2.2 Chemical shift assignment of Flil

Owing to the fact that full length Flil forms a dimer (~100 kDa) in the

concentration range used for solution NMR studies, full length Flil gave decent

quality of "°N-TROSY spectra (with significantly large number of transients) to

carry out necessary protein interaction studies (Figure 3-5, A). Due to more

favorable relaxation properties of methyl groups, ">*C-HMQC of U-[?H,"?C,"N],

Ala(B)-, Met(e)-, Val(y1,y2)-, Leu(®1,52)-, lle(®1)-'*CHs] of FIil yielded higer

quality spectrum compared to the *N-TROSY (Figure 3-5, B). The "*C-HMQC

spectra of Flil was significantly improved when alanine labeling was not included

in the NMR sample. Deletion of the N-terminal eighteen residues in Flil(A18)

drastically improved the "°N-TROSY quality(Figure 3-6, A). The crystal structure
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of Flil consists of three well-folded domains®'. For NMR resonance assignment of
Flil, two separate constructs of Flil were made, i) Flil(18-100), consists of N-

terminal B-barrel and ii) Flil(105-456), consisting of Flil ATPase and C-terminal
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Figure 3-6 A. °N-TROSY of U-[?H,"N] Flil(18-456). B "°N-TROSY of U-[?H,"N]

Flil(104-456) C. "°N-HSQC of U-["°N, *C] Flil(18-100).

domain. Both the constructs gave well-dispersed '°’N-HSQC spectra
characteristic of well-folded proteins (Figure 3-6, B and C). Most of the cross-
peaks in the "°N-HSQC of both Flil(18-100) and Flil(105-456) correlates well with
the "°N-HSQC of full length Flil. Thus, most of the resonance assignment of both
the Flil constructs can be combined and transferred onto the *N-HSQC of full-

length Flil spectrum. Nevertheless, the resonance assignment of full length Flil
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will not be possible because of poor spectral quality due to its larger size (dimer
or higher oligomers at NMR concentration range). Therefore the NMR resonance

assignment of Flil was carried out separately using Flil(18-100) and Flil(105-456).
3.2.2.1 Chemical shift assignment of Flil(105-456)

Although Flil(105-456) gave well-dispersed "°N-TROSY for uniformly "°N labeled
protonated and deuterated sample, U-[?’H,®C,"®N] sample was used for
sequential resonance assignment of Flil(105-456) owing to its large size (~37
kDa). The sequential assignment of '"HN, "N, *C’, *C, and ®Cy nuclei was
performed with 3D TROSY-based deuterium decoupled triple-resonance 3D

versions of HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB and HN(CO)CACB.
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Figure 3-7 A. >N-TROSY B. "*C-HMQC of U-[’H,"?C,"N], Ala-, Met-, Val(y1,y2)-,
Leu(51,52)-, lle(d1)-["*CHs] Flil(105-456) showing backbone and side-chain

resonance assignment.
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"®N-NOESY-TROSY, were recorded to verify the backbone resonance
assignments using connectivities information available from the crystal structure
of Flil(18-456). Sufficiently long, 300-500 ms, mixing time was typically used for
all the NOESY experiments. This is typical when working with perdeuterated
proteins. For U-[?H,"°N] labeled sample, a shorter (80-120 ms) was used to
prevent the formation of spin diffusion of crosspeaks. Flil(105-456) gave
excellent quality of triple resonances experiments and that allowed to carry out
sequential backbone assignment. More than 95% resonance assignment was
achieved for Flil(105-456). For side-chain assignment, U-[*H,"?C,"*N], Ala(p)-,
Met(e)-, Val(y1,y2)-, Leu(51,52)-, lle(31)-['*CHs] labeled sample of Flil(105-456)
was used to record a series of 3D NOESY experiments, *C-NOESY-HMQC, *C-
HMQC-NOESY-HMQC, "N-NOESY-TROSY etc. 300 ms mixing time was used
for all the NOESY experiments. All the resonance assignments of the methyl
groups were performed using methyl-methyl, methyl-NH, methyl-aromatic,
aromatic-aromatic NOEs combined with the distances from crystal structure of
Flil. More than 90% of the labeled methyls in Flil(105-456) were assigned. Figure
3-7 (A and B) illustrates ’N-TROSY and "*C-HMQC of FIil(105-456) with

backbone and side-chain resonance assignment of methyl residues.
3.2.2.2 Chemical shift assignment of Flil(18-100)

Due to smaller size of Flil(18-100), (~8.9 kDa), U-['*C,"°N] sample was used for
the backbone and side-chain assignment of Flil(18-100). Similar to assignment
strategy of Flil(105-456), standard 3D spectra of HNCO, HN(CA)CO, HNCA,

HN(CO)CA, HNCACB, HN(CO)CACB were recorded and analyzed for the
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Figure 3-8 A. "°N-HSQC of Flil(18-100) with backbone resonance assignment. B.

3C-HSQC of Flil(18-100) with side-chain assignment.
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and B. Flil(104-456).
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sequential assignment of 'HN, N, C’, *C, and '*Cs. 3D spectra of
HN(CCO)NH, C(CO)NH, HCCH-TOCSY and NOESY-HSQC spectra were used
to assign side-chain chemical shift of Flil(18-100). More than 95% of backbone

and side-chain resonance assignment of Flil(18-100) was achieved.

3.3 Discussion.

Flil is the central molecule in the flagellar export process®. Interactions of Flil with
export gate proteins as well as export chaperones and chaperone-substrate
complexes are crucial for export process*®*. The resonance assignment of Flil is
essential to study the mechanisms of the flagellar export process using solution
NMR. More than 95% of the backbone and side-chain cross-peaks of Flil(105-
456) and Flil(18-100) were assigned. In case of Flil(105-456), the N-Hs in the
core of the rossmand fold were very slow to exchange back into N-H’s. A month
old sample of Flil(105-456) showed many extra peaks in the ">°N-TROSY. Most of
the assignment can be mapped into the Flil spectra (Figure 3-9). The extent of
transferred assignment to full length Flil is sufficient to carry out solution NMR

studies with other components of flagellar export process.
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Chapter 4 : Chemical shift assignment of FIiT

4.1 Introduction

FIiT is the flagellar export chaperone for cap-forming protein FIiD'®'"". Other
than preventing premature aggregation of FliD in the cytoplasm, FIiT also
interacts with the soluble components of export apparatus, Flil and FliJ®'%. FIiT

binds to FIhD,C, complex preventing it from the activation of the class 2

A Molecule A A~ Molecule B

Molecule A

a3 a2

/

Figure 4-1 The crystal structure of FIiT. A. Crystal structure of FIiT dimer. The
molecule A and molecule B of FIiT are shown in magenta and cyan respectively.
B and C show the molecule A and molecule B of FIiT separately. The a1-, a2-,
a3- and a4-helix are labeled in B and C. The flexible a4-helix in B is indicated in

blue arrow. D. The hydrophobic cleft of FIiT*'2.
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promoters'?. Thus, in addition to acting as export chaperone for FIiD, FIiT plays
critical role in fine-tuning the flagellar assembly process. FIiT is a 13.7 kDa
soluble proteins composed of 122 residues. It forms weak dimer in solution''.
Oligomerization of FIiT has been tested at different pH and ionic strengths.
Neither of them was found to influence the monomer-dimer equilibrium of FIiT"'2.
The crystal structure of FIiT consists of four a-helices (Figure 4-1) 2. The
asymmetric unit of the crystal contains two FIiT molecules related by pseudo two-
fold local symmetry. The anti-parallel bundle of a1, a2, a3 helices form the core
of the molecule. Helices a2 and a3 along with Phe-7 and Trp-11 of a1 helix form
a hydrophobic cleft (Figure 4-1, D). The conformation of the amphipathic a4 helix
is different in the two FIiT molecules indicating that it has a flexible conformation
in solution (Figure 4-1, B and C). The a4 helix of one molecule of FIiT binds to
the hydrophobic cleft of another molecule to form FIiT dimer (Figure 4-1, A). The
anti-parallel four helical bundle of FIiT is similar to other reported crystal structure

of flagellar export chaperone like FliJ and FIgN'"3.
4.2 Results

4.2.1 Biophysical characterization of FIiT

FIiT was reported to form a weak dimer in solution in contrast to other flagellar
and T3SS chaperones that formed stable dimers in solution''2. Light scattering in
line with size-exclusion chromatography (SEC-MALS) at injected concentration of
10.96 mg/ml (0.8 mM) of FIiT gave a molecular mass of 19 kDa (Figure 4-2).
Thus, consistent with the literature'2, FIiT formed a mixture of monomers and

dimers in solution. The dimer to monomer dissociation constant of FIiT from
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Figure 4-2 Native mass determination of FIiT using MALS. A chromatographic

trace of the UN detector (grey) is shown with mass measurements of consecutive

fractions of the chromatographic peak (blue dots) superimposed. Injected protein

concentration of FIiT = 10.96 mg/ml; average molecular weight of FIiT ~19 kDa.
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the predicted hydrodynamic radius of a globular protein with same molar mass as

FIiT.

CG-MALS (Figure 3-4) was 300-600 uM, which was in accordance with the
monomer to dimer self-association of 3,100 L/mol, from sedimentation
equilibrium analysis'"2. The hydrodynamic radius of FIiT, measured using MALS,
was larger than the expected molecular weight of FIiT indicating that FIiT adopts
an elongated conformation in solution (Figure 4-3). The measured hydrodynamic
radius of FIliT is consistent with a globular protein of molecular weight ~20-34 kDa.
Therefore although FIiT appears as dimer in SEC, which separates protein
molecules on the basis of hydrodynamic radius, FIiT actually forms a mixture of
monomer and dimer in solution. In addition to being difficult to measure precisely,
the 300-600 uM Kp range for FIiT falls within the concentration range typically
used for NMR experiments. This causes exchange dynamic process that

negatively impact data quality and present important challenges.

4.2.2 Attempts to assign backbone resonances of FIiT

The U-"°N FIiT gave poor quality "°N-HSQC spectra (Figure 4-4, A). Several
conditions were tried to improve '°N-HSQC quality of FIiT. The "°N-HSQCs of
FIiT were recorded at different pHs (pH=7.0, pH=7.5 and pH=8.0), at lower and
higher salt concentrations as well as at three different temperatures (25 °C, 32 °C

and 37 °C) (Table 4-1). None of these conditions improved the quality of °N-
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HSQC spectra. Therefore, conformational heterogeneity might be the reason for

poor quality spectra. The crystal structure of FIiT indicates that the C-terminal a4
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Figure 4-4 A. ">N-HSQC of U-""N FIiT B. N-HSQC of U-['H,"N] FIiT C. "°N-
HSQC of U-"°N FIiT(1-97). D. Superposition of ">N-HSQC of U-'*N FIiT (red) with

U-[?H,"N] FIiT (blue).

helix is dynamic in solution and the last ten residues at the C-terminal are
unstructured. Therefore, in order to improve the "*N-HSQC-spectrum quality, two
deletion constructs were made: i. one with FIiT(1-95) gave very poor ">N-HSQC

typical of aggregation in solution(Figure 4-4, C). deletion of unstructured last ten
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residues, FIiT(1-112) ii. deletion of C-terminal a4 helix, FIiT(1-95). The "°N-HSQC

quality didn’t not improve for FIiT(1-112).

Table 4-1 Summary of "®N-HSQC spectra quality of FIiT at different conditions.

Conditions

Results

Temperature : 25C, 32C, 37C

SN HSQC improves at 32C but protein
precipitates at 32C, 37C.

pH:6.0,7.0, 8.0

No significant improvement over WT
FIiT.

Salt : 100mM KCI, 400mM KClI

No improvement WT FIiT.

TFE : 5 % TFE ; protein precipitates
with high % of TFE

No improvement WT FIiT.

Table 4-2 Summary of ">N-HSQC spectra quality of different FIiT constructs.

FIiT Construct

Quality of NMR spectra

FIiT(1-97) 5N HSQC spectrum looks like of aggregate.

FIiT(1-112) No improvement in "N HSQC spectrum.

FIITG94P No significant improvement. But less heterogeneity in >N HSQC
spectrum.

FIITS96P No significant improvement. But less heterogeneity in >N HSQC

spectrum.

FIiITG94PS96P

Improved '®*N HSQC spectrum. Less heterogeneity in SN HSQC
spectrum compared to G94P or S96P.

FIITG55P Unstable protein.
FIITT52P No improvement in 5N HSQC spectrum.
FIITG94A No improvement in SN HSQC spectrum. But less heterogeneity

in'in SN HSQC spectrum.

FIITG94AQ95K

Improved >N HSQC spectrum. Less heterogeneity in SN HSQC
spectrum compared to G94A.

FIITG94AQ95R

Improved >N HSQC spectrum. Less heterogeneity in SN HSQC
spectrum compared to G94A.
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The exposed hydrophobic cleft, which is otherwise covered by the C-terminal a4
helix, could be the reason for aggregation. Deuteration of FIiT significantly
improved the "°N-HSQC of FIiT (Figure 4-4, B). The U-[?H,"*C,"°N] sample of FIiT
gave poor quality of triple resonance experiments. Several attempts were made
to improve the triple resonance experiments of FIiT. As FIiT has a tendency to

aggregate at higher concentration, 2D HNCO planes of U-["*C,"*N] of FIiT were
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Figure 4-5 Assignment strategy of the resonance assignment of methyl groups
of FIiT. A. Superimposition of >C-HMQC of WT FIiT (cyan) and FliTM112l (red).
C. Crystal structure of FIiT (PDB ID: 3A7M) showing close proximity of lle8, 1le60
and Met63. D. "*C-HMQC-NOESY-HMQC strips of FIiTG94PS96P for Met63,

lle8 and lle60.
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recorded at different concentrations. Similar 2D HNCO spectra were obtained at
all concentration indicating that poor triple resonance spectra are not due to
aggregation formation at higher concentration. Conformational heterogeneity of
FIiT caused by dynamic a4 helix might be the reason for poor triple resonance
experiments. In an attempt to suppress the motion of a4 helix, Gly-94 and Ser-96
residues in the short loop connecting a3 and a4 helix, were mutated to proline. A
marginal improvement in the °N-HSQC qualities of FIITG94P and FIiTS96P
mutants was noted. However, mutating both Gly94 and Ser96 to proline, results

in less heterogeneity in the ">°N-HSQC spectra. The double mutant,
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Figure 4-6 ">C-HMQC of FIiT showing partial side-chain assignment. The minor

conformations are shown in red.
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FIITG94PS96P didn’t give decent quality of triple resonance spectra necessary
for backbone assigment. Thr-55 and Gly-56 in the loop connecting a2 and a3
were also mutated to proline. FIITG55P was unstable at 25 °C. There was no
improvement in the ">N-HSQC of FIiTT52P. In the crystal structure of FIiT, in one
molecule of the asymmetric FIiT dimer, the a4 helix extends straight from the a3
helix and covers the hydrophobic cleft of the FIIT molecule. In the second
molecule of FIiT, the a4 helix makes a sharp turn from the a3 helix (Figure 4-1,
A). The short linker between a3- and a4-helix contains glycine and serine, which
have low alpha helical propensities®*. Therefore attempts were made to increase
the a-helical propensity of the short linker so that the a3 helix continues to a4
helix, which will induce the formation of symmetric FIiT dimer, by binding of a4
helix to the hydrophobic cleft of the other molecule. Alanine and glycine have the
highest and lowest helical propensity, respectively, among all amino acids®*.
Gly94 was mutated to Ala to induce alpha helicity in the short linker between a3
and a4 helix. The "®N-HSQC of FIITG94A showed less heterogeneity compared
to WT FIiT. The double mutants of FIiT, FITG94AQ95K and FIITG94AQ95R,
gave further improvements over the WT FIiT. The cross-peaks in the °N-HSQC
spectra of both the double mutants correspond well to the WT FIiT spectra. Due
to high stability of FIITG94AQ95R at higher temperature, FIITG94AQ95R was
chosen for triple resonance experiments. However, FIITG4AQ95R did not give
good triple resonance experiments necessary for obtaining backbone resonance

assignments. Therefore, backbone resonance assignment of FIiT was not

succesful.
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Figure 4-7 Dilution effects in the N-TROSY and C-HMQC of FIiT. A.

Superposition of *C-HMQC of FIiT at 1 mM, 0.6 mM and 0.2 mM. Color code: 1

mM (green), 0.6 mM (magenta) and 0.2 mM (orange). B. Superposition of "°N-

TROSY of FIiT at different concentrations, 0.75 mM, 0.6 mM and 0.2 mM. Color

code: 0.75 mM (magenta), 0.6 mM (red) and 0.2 mM (cyan).
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4.2.3 Partial side-chain assignment of FIiT

The ™C-HMQC of U-[?H,"?C,"°N], Ala(B)-, Met(e)-, Val(y1,y2)-, Leu(51,52)-,
lle(51)-["*CHs] FIiT showed well dispersed cross-peaks for lle, Met, Ala and Val
residues but the region for leu region was severely overlapped because of large
numbers of leucine reidues (Figure 4-6). Combination of site-directed
mutagenesis along with a series of NOESY spectra has been utilized in the side-
chain assignments of the methyl groups of large protein complexes using
distance information from the crystal structure'. A similar approach was used

for side-chain assignment of FIiT (Figure 4-5). WT FIiT does not give good quality

Table 4-3 Table for intensity ratio of the major and minor conformations of lle14,

lle44, 1le60 and 1le93 in the "*C-HMQC of FIiT.

Residue Concentrations | Intensity of major | Intensity of minor | Intensity ratio of
conformer conformer minor/major
1mM 231066 86489 0.37430431
lle14 0.6mM 4229432 1256840 0.2971652
0.2mM 23492798 18640114 0.7934395 *
1mM 231634 86489 0.37338646
lled4 0.6mM 3409945 773446 0.22682067
0.2mM 21198576 7776750 0.36685247
1mM 238059 76606 0.32179418
1le60 0.6mM 6280688 1254314 0.19970965
0.2mM 30855838 7971648 0.25835137
1mM 412754 72634 0.17597407
1693 0.6mM 7575960 1476828 0.19493609
0.2mM 40345200 14517698 0.35983706
* No reliable peak heights can be measured for the minor conformations.
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3D "*C-HMQC-NOESY-HMQC and 3D NOESY-HMQC necessary to obtain full
side-chain assignment. The double mutant of FIiT, FIiTG94PS96P gave improved
quality of "*C-HMQC-NOESY-HMQC spectra with good correlation with the lle,
Met, Ala and Val-regions of WT FIiT. The "*C-HMQC spectra of eight point
mutations of FIiT (M63l, 18L, 160L, A65V, V64l, L89I, L102] and L109I) were used
for side-chain resonance assignment. By combined analysis of eight point
mutations and the NOESY spectra of FIiT and FIliTG94PS96P, along with
distance information from the FIiT crystal structure, it was possible to assign
almost all the lle, Met, Val and Ala residues of FIiT (Figure 4-6). However, except

a few leucine residues, most of the leucine residues remained unassigned.

4.3 Discussion.

FIiT gave poor quality "N-HSQC spectra, which did not improve under various
pH, salt concentration and temperature. Deuteration of FIiT improved the quality
of N-HSQC spectra but it did not give good quality triple resonance experiments.
All the mutants and constructs of FIiT, designed to improve triple resonance
experiments, were unsuccessful. Thus, we were not successful to obtain
backbone resonance assignment of FIiT. The combined analysis of *C- HMQC-
NOESY-HMQC spectra of WT FIT and FITG94PS96P, site-directed
mutagenesis and distance information from the crystal structure of FIiT, allowed
for a partial side-chain assignment of FIiT. The >N-HSQC and "*C-HMQC
spectra of FIiT show the presence of minor conformations. The conformational

exchange between the major and minor conformations might be the reason for
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Table 4-4 Table for intensity ratio of the major and minor conformations of in the
®N-HSQC of FIiT. Trp11 and Trp30 represent tryptophan side-chains. A, Band C

represents three unassigned cross peaks in ®N-HSQC of FIiT that show two

populations.
Residue Concentrations | Intensity of major | Intensity of minor | Intensity ratio of
conformer conformer minor/major

0.75mM 9662203 4801745 0.49696172
A 0.6mM 1869113 1202770 0.64349774
0.2mM 16865148 8385260 0.49719457

0.75mM 18760290 5184560 0.2763582
B 0.6mM 3302438 1368023 0.41424638
0.2mM 27216142 8472793 0.31131499
0.75mM 26744726 9029491 0.33761763
c 0.6mM 5564220 2839651 0.51034125
0.2mM 39023588 15450502 0.39592725
0.75mM 46654096 6417328 0.13755122

i 0.6mM 5496212 1313709 0.2390208
0.2mM 63008244 12739231 0.20218356
0.75mM 38201580 6589301 0.17248766
W30 0.6mM 6372390 885664 0.13898459
0.2mM 28101732 4421172 0.15732738

the poor 3D spectra. As FIiT forms a weak dimer in solution with Kp of ~300-600
uM, the minor conformations of FIiT might be due to dimeric populations. To
understand the origin of minor conformations of FIiT, "°N-HSQC and *C-HMQC
of spectra of FIliT were recorded at different concentrations (Figure 4-7, A and B)
and the relative intensity between major and minor conformations were

calculated. The minor/major cross-peak intensity ratio ranges approximately 15-
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40% (Table 4-3 and Table 4-4). No clear pattern was observed to indicate that
weakly populated was originated from the dimeric species. Even °N-HSQC of
FIiT at 100 uM concentration showed two populations. Considering 300-600 uM
dimer-monomer Kp of FIiT, it is unlikely that monomeric and dimeric forms of FIiT
represents major and minor conformations. Many of the point mutations of FIiT
(G94P, S96P, G94PS96P, G94A, Q95K, QI95R, G94AQ95K and G94AQ95R)

were designed to reduce the dynamic motion of a4 helix of FIiT (Table 4-1). The
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Figure 4-8 Native mass determination of GB1FIiT using MALS. A
chromatographic trace of the UN detector (grey) is shown with mass
measurement of consecutive fractions of the chromatographic peak
superimposed. Blue and green illustrates molar mass of two closely populated

peaks of GB1FIiT.

"®N-HSQC spectra of all the point mutants indicate reduced heterogeneity in a

varying degree. Thus, the dynamic nature of the a4 helix of FIiT might be the
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origin of two conformers of FIliT. The SEC-MALS of GB1-FIiT showed two
populations of monomeric GB1-FIiT with molar mass of 25 kDa and 27 kDa,
respectively (Figure 4-8). Therefore, it is possible that the a4 helix of FIiT binds to
its own hydrophobic cleft although it requires partial unfolding of the C-terminal
end of a3 helix. In that case, the bound and the unbound form of the a4 helix with

its own hydrophobic cleft leads to two conformations of FIiT.
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Chapter 5 : Interaction study between flagellar ATPase Flil and export

chaperone FIiT

5.1 Introduction
The interaction of the flagellar export chaperone and chaperone-export complex
with the Flil ATPase complex is a crucial step in the targeting of the chaperone-

129

substrate complex to the export gate <. Although all flagellar chaperone-

substrate complexes interact with Flil, only FIiT is reported to interact with the

GST-FIiT + Flil B GST-FIiT94 + Flil
Elution : Elution l
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Figure 5-1 Interaction between Flil and FIiT using pull down assay. A. Interaction

between Flil and FIiT. B. Interaction between Flil and FIiT94'%".

ATPase Flil in its substrate-free state''?'?’.

Similar chaperone-ATPase
interactions are known for homologous T3SS chaperones between CesT and
EscN in EPEC, SicP and InvC, SrcA and SsaN in pathogenic Salmonella, and
CdsN and Cpn0706, in Chlamydophila pneumoniae #*¢13°2323 The interaction

between CesT and EscN is proposed to facilitate the interaction between Tir, one
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of the substrates of CesT, with EscN and its subsequent secretion®®. There is
limited understanding of the biological significance of such chaperone-ATPase
interaction in the targeting of chaperone-substrate complex. The interactions
between Flil and FIiT, and the FIiT-FIiD complex have been studied using pull-
down assays (Figure 5-1)'?". These studies show that Flil has two distinct FIiT-
binding sites'?’. GST-FIiT(1-94), lacking the C-terminal o4 helix, has higher
binding affinity for Flil than GST-FIiT (Figure 5-1). The a4 helix of FIiT appears to
control its interaction with Flil "'?'%’_ GST-FIiT(1-94) interacts with the extreme N-
terminal residues of Flil (Flilen) with high affinity and with the C-terminal ATPase
domain (Flilcat) with low affinity'®’. The hydrophobic cleft | the FIiT is proposed to
interact with Flil''2"?”_ Although the interactions between Flil and FIiT have been
studied using pull-down assays, there is no biophysical characterization. We
have characterized the interaction between Flil and FIiT primarily using solution
NMR along with other biophysical techniques to understand the role of Flil-FIiT

interaction in the flagellar type Ill export pathway.

5.2 Results

5.2.1 The extreme N-terminal residues of Flil interact with FIiT.

Extensive NMR titrations were performed to characterize the interaction between
Flil and FIiT. NMR titration of U-[?H,"*C,"°N], Ala(B)-, Met(e)-, Val(y1,y2)-,
Leu(51,62)-, IIe(61)—[13CH3] FIiT with natural abundance Flil showed interaction

between FIiT and Flil (Figure 5-2, B). The cross-peaks of °N-TROSY and "C-
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HMQC of FIiT disappear upon Flil binding indicating that the binding kinetics falls

into the intermediate exchange regime. On the other hand, the quality of "°N-

10s.0| Flil
Flil+FliT=1:1

Flil
Flil+FliT=1:5 - 115.0

° 1000 950 900 850 800 750  7.00
C H (ppm)

Flil

Flil+FliT=1:5 F\

|
nMileN
AR
"l
\1

\
W

M (4
| ”\ “U"
Wmh}‘ Vﬂwx\x '“

T S — O
10.00 9.50 9.00 8.50 7.50 7.00 6.50 6.00

... 800
H (ppm)

10 9 8 Ll [Pppm]

Figure 5-2 Interaction between Flil and FIiT. A. "N-HSQC titration of U-
[?H,"2C,"*N] Ala(B)-, Met(c)-, Val(y1,y2)-, Leu(51,52)-, lle(d1)-["*CHs] Flil with
natural abundance FIiT. Color code: '°N-TROSY of Flil, green; ’N-TROSY of
Flil+FliT=1:5, magenta; B. ""N-HSQC titration between U-[’H,'?C,"°N] Ala(B)-,
Met(g)-, Val(y1,y2)-, Leu(51,52)-, lle(d31)-["*CHs] FIiT and natural abundance Flil.
Color code: "®N-TROSY of Flil, blue; "°N-TROSY of Flil+FliT=1:1, red; C. Overlay
of first scan for the '’N-HSQC titration of U-[?H,'C,"°N] Ala(B)-, Met()-,

Val(y1,y2)-, Leu(81,52)-, lle(d1)-["*CHs] Flil with natural abundance FIiT.
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TROSY and "*C-HMQC spectra of Flil improves when natural abundance FIiT
was titrated into U-[?H,"C,"*N], Met(¢)-, Val(y1,y2)-, Leu(d31,52)-, lle(d1)-["*CH3]
Flil (Figure 5-2, A). However, no significant chemical shift perturbation was
observed for both Flil and FIiT. Flil is composed of three domains, N-terminal {3-
barrel domain, ATPase domain and C-terminal domain. There are ~25 flexible
residues at the extreme N-terminal end of Flil. NMR titrations were performed

with several constructs of Flil to identify its interacting domain. The "°N-TROSY
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Figure 5-3 Interaction of N-terminal truncation construct of Flil with FIiT. A.
Overlay of > N-TROSY of U-"°N Flil(A104) with Flil(A104) + FliT=1:1. Color code:
"®N-TROSY of U-"°N Flil(A104) in blue, "’N-TROSY of U-"°N Flil(A104)+FIiT=1:1
in red. B. Overlay of °N-TROSY of U-"N Flil(A18) with Flil(A18) + FIiT=1:1.
Color code: ""N-TROSY of U-""N FIil(A18) in blue, '"N-TROSY of U-"N

Flil(A18)+FIiT=1:1 in red.
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Figure 5-4 Overlay of "N-HSQC spectra of Flil (green) with FIlil+FliT=1:5
(magenta). The cross-peaks of extreme N-terminal residue of Flil, which undergo

line broadening upon FIiT binding, are indicated by (x).

titration showed that two deletion constructs of Flil, Flil(18-456) (where the N-
terminal 18 residues were deleted) and Flil(105-456) (where the entire B-barrel
domain was deleted), did not interact with FIiT (Figure 5-3). Therefore the N-
terminal residues of Flil might play crucial role in the interaction with FIiT. The
cross-peaks of Flil corresponding to the extreme N-terminal of Flil were identified
by overlaying the '°N-TROSY spectrum of Flil with that of Flil(A1-18). In Figure 5-
4, all the cross-peaks corresponding to extreme N-terminals of Flil is marked by
(x). All the cross-peaks corresponding to the extreme N-terminal residues of Flil
were either disappeared or broadened upon FIiT binding. Thus the extreme N-

terminal residues of Flil interacted with FliT. However, the first 33 residues or 100
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residues of Flil peptides were unstable in solution and it was not possible to any
perform NMR titration between the first 33 residues or 100 residues of Flil
peptides with FliT. In order to stabilize the N-terminal Flil peptides, first 33
residues of Flil peptide was fused with GB1 solubility tag. '°N-HSQC of
GB1Flil(1-33) showed weak, heterogeneous cross-peaks corresponding to Flil

peptides (Figure 5-5, A). The NMR titration between U-"°N GB1Flil(1-33) and
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Figure 5-5 '°N-HSQC titration of U-">°N GB1Flil(1-33) with natural abundance
FIiT. A. Overlay of >N-HSQC of GB1Flil(1-33) with GB1. Color code: GB1Flil(1-
33), blue ;GB1, red; B. "°N-HSQC titration of U-"°N GB1Flil(1-33) with natural
abundance FIiT. Color code: GB1Flil(1-33), blue ; GB1FIil(1-33) with FIiT at

molar ratio of 1:1, green ; GB1Flil(1-33) with FIiT at molar ratio of 1:5, magenta.

natural abundance FIiT showed interaction between GB1Flil(1-33) and FIiT

(Figure 5-5, B). However, due to weak and inhomogeneous cross-peaks of the
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N-terminal Flil peptides, it was not possible to obtain any residues specific
information. The o4 helix of FIiIT was proposed to regulate its interaction with
binding partners''>'?". Attempts were made to study the interaction between
FIiT(1-95) with Flil using "’N-HSQC titration. Due to poor quality of "°N-HSQC of

FIiT(1-95), we were unable to study the interaction between FIiT(1-95) with Flil.

The binding affinity and the stoichiometry of the interaction between Flil and FIiT
were determined using light scattering. A Kp value of 1-3 yM was obtained from
CG-MALS studies. Furturemore, the CG-MALS studies showed that Flil interacts
with FIiT to form Flil-FIiT complex with 1:1 stoichiometry. Besides, small amounts

of higher order oligomeric complex of Flil and FIiT (~1% mol/mol) were also
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Figure 5-6 Interaction study between Flil and FIiT using composition gradient
multi-angle light scattering (CG-MALS). The left and the right diagrams show the
total light scattering signal and the mole-fraction of each species for the Flil-FIiT
mixture at different concentrations. Majority of the interaction has 1:1
stoichiometry of Flil and FIiT with Kp ~1-3 uM. Small amount of different higher

order oligomer (~1% mol/mol) are also present. The higher order oligomers are
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shown in the diagram as (Flil)2(FliT)z, but it may be combination of (Flil)(FIiT)2,

(Flil)2(FIiT) and (Flil)2(FliT),.

identified (Figure 5-6). The dissociation constant obtained from our preliminary
ITC data were consistant with Kp from light scattering studies. However, low heat
of enthalpy along with precipitation during calorimetry reaction made it difficult for
ITC studies. Optimization of conditions of ITC was required for further ITC
studies. The formation of (1:1) Flil-FIiIT complex explained the improved spectral
quality of Flil upon FIiT binding. Considering ~17 uM dissociation constant of Flil,
it will remain dimer (~100 kDa) in solution in the concentration range used for
solution NMR studies. Thus, monomerization of Flil on addition of FIiT explains
the enhanced spectral quality of Flil. On the other hand, addition of Flil to FIiT
results in larger protein complex leading to weakening and spectral broadening of
cross-peaks. However, disappearance of interacting cross-peaks in both FIiT and
the extreme N-terminal residues of Flil indicate that Flil-FIiT interaction falls into

intermediate exchange regime.

5.2.2 FIiT inhibits ATPase activity of Flil.

Oligomerization of Flil is coupled to its ATPase activity®®. The extreme N-
terminal residues of Flil control its oligomerization®’. Flil(A1-7) forms a monomer
in solution even at higher concentration®”. Consequently Flil(A1-7) shows
diminished ATPase activity87. As FIiT interacts with the extreme N-terminal of Flil

and keeps Flil in the monomeric form (Figure 5-4, Figure 5-6), FIiT is expected to
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Figure 5-7 A. Inhibition of ATPase activity of Flil by FIiT. Measurement was

carried out on Flil or mixture of Flil and FIiT at molar ratios of 1:10, 1:20, and 1:50.

inhibit the ATPase activity of Flil. It was reported in literature that GST-FIiT(1-94),
which binds Flil with stronger affinity than FIiT, inhibits the ATPase activity of
FIil"?”. Flil has highest ATPase activity at pH=8.0%°. Thus all the ATPase activity
measurements were performed at pH=8.0. Figure 5-7 shows the ATPase activity
of Flil in the presence of different molar ratios of FIiT. As expected, the ATPase
activity of Flil decreases gradually with increasing molar ratios of FIiT. Thus FIiT
inhibits the ATPase activity of Flil. GST-FIIT was reported not to affect the
ATPase activity of FliI'*’. This could be due to the use of comparatively low

concentrations of GST-FIiT.
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5.3 Discussion

The interaction between Flil and FIiT was characterized using solution NMR and
light scattering. FIiT interacts with the extreme N-terminal residues of Flil to form
Flil-FIiIT complex with 1:1 stoichiometry. The extreme N-terminal residues of Flil
are responsible for its oIigomerization87. The dimer to monomer dissociation
constant of Flil (~17 uM) suggests dimer population of Flil at the range of NMR
concentrations used in solution NMR studies. Thus, FIiT disrupts Flil dimer in
solution by forming 1:1 Flil-FIliT complex. Consistantly, FIiT inhibits the ATPase
activity of Flil as the dimeric form of Flil is the minimal active unit. So far, FliH is
known to inhibit the ATPase acitivtiy of Flil*®. FliH inhibits ATPase activity of Flil
by keeping Flil in monomeric form®. FIiT is the only export chaperone known, in
the flagellar export apparatus or the type lll secretion system in general, which
inhibits ATPase activity of Flil. However, the biological implication of such
inhibition was not known. Based on our biophysical studies between Flil and FIiT,
we propose a model (Figure 5-9) for the interaction between Flil and FIiT. Flil
exhibits concentration dependent oligomerization in solution. It forms dimer or
higher order oligomers by the interaction of the extreme N-terminal residues of
Flil. FIiT stays as weakdimer in solution. FIiT disrupts the Flil dimer or higher
order oligomers to form Flil-FIiT complex. The structural characterization of Flil-
FIiT complex remains a challenge. The NMR titration between Flil and FIiT does
not exhibit sufficient chemical shift to map their binding interface. Moreover, the
interaction between Flil and FIiT fall into intermediate exchange regime. Thus the

cross-peaks for the interacting residues are either disappears or weakens upon
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+
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Figure 5-8 Schematic model for interaction between Flil and FIiT. A. Monomer-
dimer equilibrium of Flil B. Monomer-dimer equilibrium of FIiT. C. Interaction
between Flil and FIliT. Color code: FIiT dimer or monomer are shown in cyan; The
extreme N-terminal of Flil is shown in black line, N-terminal B-barrel domain of

Flil in red and the ATPase domain Flil in blue.

binding. Therefore, it was difficult to structurally characterize using conventional

solution NMR methods. Attempts were made to titrate first 33 residues and 100



89

residues of Flil peptides to FIiT. However, both first 33 residues and 100 residues
of Flil peptides were unstable in solution. But due to weak and heterogeneous
cross-peaks of the extreme N-terminal residues of Flil, residue specific
information was not possible from the NMR titration between U-"°N GB1Flil(1-33)

and FIiT.



90

Chapter 6 : Structural characterization of Flil-FIiT complex

6.1 Introduction

There are several reports for the interaction between T3SS ATPases and
chaperones, but there is no structure of chaperone-ATPase complex reported so
far'30:236237.28 The mode of interaction between Flil and FIiT from Salmonella is
different from chaperone-ATPase interactions in the homologous T3SS. FIiT
interacts strongly with the extreme N-terminal region of Flil and interacts weakly
with the C-terminal ATPase domain. As both GST-FIiT(1-94) and FliH bind to
Flilen, the mode of binding of Flilen to FliH and GST-FIiT(1-94) should be similar.
Bioinformatic and biochemical study shows that Flilex has a tendency to form
amphipathic a-helix upon interaction with FIIH®. Moreover, the interaction
between FliH and Flil has similarities to the interaction between the &-subunit of
Fi-ATPase and the N-terminal o-helix of a-subunit of Fi-ATPase®. Therefore
Flilen is more likely to form a-helix when it binds to the hydrophobic cleft of FIiT.
We have structurally characterized the Flil-FIiT complex structure using solution

NMR techniques.
6.2 Results

6.2.1 Design and optimization of fusion construct

The NMR titrations between Flil and FIiT as well as light scattering studies show
that the extreme N-terminal residues of Flil with FIiT. Unfortunately, the
interaction between Flil and FIiT fall in the intermediate exchange regime.

Therefore, most of the interacting residues of Flil and FIiT were either
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Figure 6-1 "°N-HSQC of different fusion constructs of Flil and FIiT. A. ®’N-HSQC
of U-"N FIil(1-30)-(GS)s-FIiT. B. "*N-HSQC of U-"SN GB1-Flil(1-30)-(GS)s-FIiT
(blue) overlaid with GB1 (magenta). C. ">N-HSQC of U-""N Flil(1-25)-(GS)s-
FIiT(1-95). D. Overlay of 'N-HSQC of Flil(1-25)-(GS)s-FIiT(1-95) (green) with

Flil(1-25)-(GS)s-FIiT (red).

disappeared or broadened upon binding. Thus, it was not possible to obtain NOE
between the interacting residues of Flil and FIiT to characterize their binding
interface. The fusion constructs of the extreme N-terminal residues of Flil (Flilen)

with FIiT were designed to increase the local concentration between Flil and FIiT,
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thereby facilitating their structural characterization. The N-terminal thirty residues
of Flil were fused to the N-terminal of FIiT along with a (GS)3 linker between them.
However, the fusion construct, Flil(1-30)-(GS)s-FIiT, was not suitable for NMR
study due to its insolubility in solution and poor quality of ®N-HSQC spectra
(Figure 6-1, A). Introducing GB1 solubility tag in the fusion construct significantly

improves the
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Figure 6-2 Native mass determination of FIiT(1-95)-(pcold)-Flil(1-25). A
chromatographic trace of the UN detector (grey) is shown with mass
measurements of consecutive fractions of the chromatographic peak (blue dots)

superimposed.

solubility of fusion construct and its spectral quality (Figure 6-1, B). The NMR
structure determination of GB1-Flil(1-30)-(GS)s-FIiT was complicated by the
cross-peaks of GB1 tag overlapping with our protein of interest. Flil was
proposed to bind the hydrophobic cleft of FIiT and binding of Flil to the

hydrophobic cleft would release a4 helix. Considering the fact that the free,
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unbound o4 helix in the FIIT monomeric state might be the reason for its poor
solubility and poor quality spectra, fusion constructs were made with FIiT(1-95)
where the free a-helix was deleted. Two fusion constructs were designed by
attaching the N-terminal twenty five residues of Flil to the N- and C-terminal of
FIiT(1-95). Both the constructs showed dramatic improvement in solubility and

spectral quality (Figure 6-1, C). The ">’N-TROSY and "*C-HMQC spectra of both
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Figure 6-3 "°N-TROSY B. "*C-HMQC of U-[?H,"C,"N], Ala(B)-, Met(e)-, Val(y 1,
v 2)-, Leu( 61,8 2)-, lle( 6 1)-, Thr(y 2)-["*CHs], Phe-, Tyr-['H, *C], Trp-[1H]
FIiT(1-95)-pcold-Flil(1-25) showing backbone and side-chain resonance

assignment.

the N-terminal and C-terminal fusion constructs showed excellent map in the
peak positions. This indicates fusion of the first 25 residues of Flil to either the

N-terminal or the C-terminal of FIiT(1-95) doesn’t impact the structure of fusion
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Figure 6-4 NOE between FIiT(1-95) and Flil(1-25) in FIiT(1-95)-pcold-Flil(1-25)
showing Flil(1-25) binds to FIiT(1-95) in FIiT(1-95)-pcold-Flil(1-25). NOESY strip
of *C NOESY HMQC of A. aromatic and B. and C. aliphatic side-chains. FIiT(1-
95)-pcold-Flil(1-25) showing NOE between Phe15 of Flil(1-25) and lle14 and

lle44 of FIiT(1-95).

construct. However, in the N-terminal fusion construct, several peaks appeared
to be split into two indicating the presence of conformers in slow exchange.
Conversely, only one set of peaks is present in the C-terminal fusion construct
where the minor peak in N-terminal fusion became the only peak in C-terminal
fusion. Perhaps the (GS); linker in the N-term fusion was not sufficiently long to

allow for the lowest energy conformation to be fully sampled. The minimal shift in
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the peak positions indicates that the structure is a native one and is likely
unaffected by the protein engineering strategies necessary to obtain a viable
NMR sample. Due to better spectral quality and solubility, the construct, FIiT(1-
95)-pcold-Flil(1-25) was chosen for structure determination. FIliT(1-95)-pcold-

Flil(1-25) appeared as monomer in SEC-MALS (Figure 6-2).

6.2.2 Structure determination of fusion construct
We have used U-[PH,"*C,"°N] sample of FIiT(1-95)-(pcold)-(Flil1-25) to

accomplish the sequential assignment of 'HN, "N, *C’, *C, and "*Cj

Figure 6-5 Solution structure of FIliT(1-95)-pcold-Flil(1-25). A. Side-on view of

FIiT(1-95)-pcold-Flil(1-25). The a1, a2 and a3 helices of FliT(1-95) are shown in
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blue. The a1’ helix of Flil1-25) is shown in red. The linker region is colored in
yellow. B. The end-on view of fusion structure. C. The topology of four helical
bundle of FIliT(1-95)-pcold-Flil(1-25). The a1, a2 and a3 helices of FliT(1-95) are
shown in blue, green and cyan, respectively. The a1’ helix of Flil1-25) is shown in
red. The linker connecting a-helices of FIiT(1-95) are shown in black. The linker
connecting FliT(1-95) and Flil(1-25) are shown in orange. D. Ligplot image of

interface of FIiT(1-95) and Flil(1-25) in FIiT(1-95)-pcold-Flil(1-25)

Figure 6-6 Solution NMR structure of fusion construct. Bundle backbone RMSD

0.5A from Table 6-1.



Table 6-1 Summary of NMR structural statistics of FIiT(1-95)-Flil(1-25)

Completeness of resonance assignments ” FIiT(1-95):Flil(1-25)
Backbone (%) 92
Side chain (%) 77
Aromatic (%) 48

Conformationally-restricting restraints °
NOE restraints

Total 1114
Intra-residue (i = j) 103
Sequential (Ji-j]=1) 270
Medium range (1 <|i-j| <5) 327
Long range (i - j| > 5) 414
NOE restraints / residue 10.6
Interchain protein/protein NOEs 115
Hydrogen bond restraints 78/91
Total 180
Dihedral-angle restraints 214

Number of restraints / residue (total / per restrained residue) 1508/14.4

Residual constraint violations °
Average distance violations / structure

0.1-02A 12.5

0.2-05A 1.5

>0.5A 0.0
Average RMS of distance violation / restraint (A) 0.02
Maximum distance violation (A) 0.34
Average dihedral violations / structure

1-10° 6.5

>10° 0.0
Average RMS of distance violation / restraint (°) 0.65
Maximum distance violation (°) 8.60

Model Quality

RMSD from average coordinates (A)

All Backbone atoms (ordered/all) 0.5/1.2

All Heavy atoms (ordered/all) 0.9/1.6
RMSD Bond lengths (A) 0.019
RMSD Bond angles (°) 1.1
Molprobity Ramachandran plot ¢

Most favored regions (%) 97.5

Additionally allowed regions (%) 2.5

Disallowed regions (%) 0.0

Global quality scores (Raw / Z-score)

Verify3D 0.33/-2.09
Prosall 0.77/0.50
Procheck G-factor (¢,4) ¢ 0.42/1.97
Procheck G-factor (all dihedrals) ¢ 0.21/1.24
MolProbity clashscore 16.1/-1.24

a
Structu{sal statistics were computed for the ensemble of 20 deposited structures calculated using PSVS 1.5
program.

b

Computed for residues 1-115 FIiT(1-95), pcold vector (96-115) sequence (chain A) and 1-25 Flil (chain B)
excluding exchangeable protons, termini and Pro N backbone. Secondary structure elements (FIiT): 2-27 (a1),
31-48 (02), 58-93 (3). Secondary structure elements (Flil): 1-25 (a1).

c . . . .
Average distance constraints were calculated using the sum of r®.

d
Ordered residue ranges [S(¢) + S(y) > 1.8] : 2-93 (FIiT), 1-25 (Flil).
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resonances by means of through-bond heteronuclear scalar correlations along
the backbone using standard 3D TROSY-based ’H decoupled triple resonance
sequences, HNCO, HNCA, HN(CA)CO, HN(CO)CA, HNCACB and NOESY-
TROSY. All the 3D NOESY based pulse sequences, "*C-NOESY-HMQC,"C-
HMQC-NOESY-HMQC, "’N-NOESY-TROSY, were recorded on U-[?H,"?C,"*N],
Ala(p)-, Met(e)-, Val(y1,y2)-, Leu(d1,02)-, lle(d1)-, Thr(y2)-[13CH3], Phe-, Tyr—[1H,
13C], Trp-[1H] sample for both side-chain assignment and NOE for structure

calculations. A 350 ms mixing time was used for all the NOESY experiments.

Molecule A

Figure 6-7 Structural comparison of fusion structure with crystal structure of FIiT.
A. Structural comparison of fusion structure with crystal structure of FIiT from S.
enterica (pdb code 3A7M). The a1, a2 and a3 of FliT(1-95) in the fusion structure

is shown in blue. The a-helix corresponding to Flil(1-25) in red. Each monomer of
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FIiT dimer is shown in magenta and cyan. FIiT(1-95) is structurally aligned with
the core structure of molecule A, composed of a1, a2 and a3 helix. The a-helix of
Flil(1-25), a1’ is aligned with a4 of molecule. B. Structural model for Flil-FIiT
complex srtrucure. Color code: FIiT in red; Flil in green; The extreme N-terminal
a-helix of Flil is shown by blue arrow; All the structural alignments are performed

in pymol.

Resonance assignment was ~96% complete for backbone residues and 100%
complete for methyl and aromatic side-chains (Figure 6-3). TALOS dihedral
angles from backbone chemical shifts indicate that the Flilen was folded in a
helical conformation and unambiguous NOEs were readily identified for the Flilen
and the three helices of the FIiT(1-95) segment (Figure 6-4). The structure was
calculated using NOE as distance restraints. A total of 1508 restraints that
included NOEs, dihedral angle and H- bonds were used for structure calculation.
The structural statistics were summarized in (Table 6-1). The calculated solution
NMR structure of FliT(1-95)-(pcold)-(Flil1-25) was represented by the 20 lowest

energy conformers (Figure 6-6).

6.2.3 Extreme N-terminal residues of Flil form a-helix upon FIiT binding

The solution NMR structure of FIiT(1-95)-(pcold)-(Flil1-25) represents four helical
bundle (Figure 6-5). The structure corresponding to FliT(1-95) forms a1, a2 and
a3 helices. The Fliley binds to the hydrophobic cleft formed by a2 and a3 helix of

FIiT(1-95) and forms the amphipathic a1’-helix. The linker at the C-terminal of
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FIiT(1-95) connects the a-helix of Flilen . The structural arrangement of fusion
structure is similar to the crystal structure of FIiT and can be superimposed onto
the crystal structure of FIiT with root-mean-square (rms) deviation of 1.37 A
(Figure 6-7, A). Our structure shows first structural evidence that Flileny forms o-
helix upon binding to its substrate. There was extensive hydrophobic interaction

between hydrophobic residues of hydrophobic cleft of FIiT(1-95) and a-helix of
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Figure 6-8 "°N-HSQC titration of U-[*H,"°N] FIiT with natural abundance Flil
mutants. °N-HSQC of FIiT is shown in blue in all superposition spectra. A. The
position of Trp8 and Phe15 sidechain in FIiT(1-95)-pcold-Flil(1-25) are shown in
green stick. The a1’ helix of Flil(1-25) are shown in transparent red cartoon. The

FIiT(1-95) is shown blue surface. B. The "®N-HSQC of titration FIiT with natural
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abundance Flil. FIiT spectrum with Flil is shown in red. C. The "*N-HSQC of
titration FIiT with natural abundance FIIIW8AF15A. A FIiT spectrum with Flil is
shown in green. D. The "N-HSQC of titration FIiT with natural abundance
FIIIWSE. A fliT spectrum with Flil is shown in magenta. In all titrations, Flil or Flil

mutants are added in 1:1 ratio.

Flilen as represented in Figure 6-5 (D). The aromatic side-chains of Phe7, Trp11
and Tyr40 of FIiT(1-95) and Trp8 and Phe15 of Flilex plays crucial role in the
hydrophobic interaction between FIliT(1-95) and Flilen. To verify whether fusion
structure correctly represents the Flil-FIiT interaction, NMR titrations were
performed between U-N FIliIW8AF15A, FIIIW8E and FIliIF15E and natural
abundance FIiT. FIIIW8AF15A and FlilF15E showed weaker interaction with FIiT
compared to WT Flil. W8E mutant completely disrupts the interaction between
Flil and FIiT (Figure 6-8). The structure model of full Flil-FIiIT complex was
calculated by using structure restrainst between Flilen and FIiT(1-95) in the

FIiT(1-95)-(pcold)-(Flil1-25) (Figure 6-7, B).

6.3 Discussion

We have determined the first solution structure of any chaperone-ATPase
complex in the flagellar export proess or the type Ill secretion system in general.
The complex structure of Flil-FIiT shows that first structural evidence that Flilgy
binds to the hydrophobic cleft of FIiT and forms an amphipathic a-helix. As all the

ATPases of the T3SS have structural and functional similarity, it is more likely
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Figure 6-9 A. Sequence alignment extreme N-terminal residues of Flil from S.
enterica, Flil from H. pylori, InvC from S. enterica, EscN from EPEC, F4-ATPase
a-subunit from bovine mitochondria and F4-ATPase a-subunit from B. substilis. B.
Helical wheel plot of extreme N-terminal residues of Flil from S. enterica, H.
pylori, EscN from EPEC and InvC from S. enterica. Esprint was used to make

sequence alignment diagram?*°.

that all the homologous T3SS ATPases also have similar tendency to that of Flil.
We perform the sequence alignment of the extreme N-terminals of Flil, with the
homologoue of Flil from Helicobacter pylori, InvC from pathogenic Salmonella
enterica, EscN from EPEC and a-subunit of F1-ATPase from bovine

mitochondria and Basillus substilis. There are conserved hydrophobic residues in
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the extreme N-terminals of flagellar export ATPase, T3SS ATPases and a-
subunit of F1-ATPases (Figure 6-9, A). The helical wheel plot (Figure 6-9, B) of
the extreme N-terminal residues shows that the extreme N-terminals of all the
T3SS ATPases will form the amphipathic a-helix if they form a-helix upon binding

to its substrate (Figure 6-9, B).
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Figure 6-10 A. Sequence alignment of FliT-binding domain of Flil, FliD, FliJ and
FIiT(95-111). B. Helical wheel plot of Flil(5-22), FliD(432-449), FliJ(66-83) and

FIiT(95-111). Esprint was used to make sequence alignment diagram?*°.

FliJ, FIiD and FIhD,C, complex are proposed to share same binding site on FIiT
similar to Flilen. Sequence alignment between a4 helix of FIiT, Flilen, and FIiT
binding domain of FliD and FliJ, show that they have conserved hydrophobic

residues in their FIiT binding domain (Figure 6-10, A). Helical wheel plot (Figure



104

6-10, B) of the FIliT-binding domain of Flilen, FliD and FliJ indicate that they would
like to form amphipathic a-helices. Thus FIiT might share common binding site for
Flilen, FIiD and FliJ. Therefore solution structure of Flil-FIiT complex will provide

structural insight of common binding site of FIiT to its binding partners.

The extreme N-terminal residues of Flil control its self-oligomerization®”. Flil(A1-
7) was reported to form monomer in solution®”. However, there is no structural
information available so far regarding the role of Flilen in its oligomerization. We
have found that extreme N-terminals of Flil binds to FIiT and forms a-helix upon
FIIT binding. Moreover, FIiT forms Flil-FIiT complex by disrupting Flil dimer.
Therefore, the formation of extreme N-terminal a-helix might be important for the
oligomerization of Flil. Further investigation is necessary to identify the role of

extreme N-terminal of Flil in its oligomerization.
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Chapter 7 : Materials and Methods

7.1 Expression and Preparation of Proteins

The FIiT genes encoding FIiT from Salmonella typhimurium, strain LT2 were
synthesized from Genewiz and cloned to Pet16b containing GB1 solubility tag.
The Flil gene was obtained from Prof. Anastassios Economou lab. Flil gene was
cloned into pMALS vector with maltose-binding protein (MBP) solubility tag. The
plasmids containing Flil and FIiT genes were transformed in BL21 (DE3) cells
and plated in the LB plate. In the next day morning, one colony from the plate
was transferred into 5 mL of LB media (for the preparation of deuterated samples,
LB media was in 75 % D20). After ~ 8 hours growing, The cells were centrifuged
and transferred in 50 mL of LB media or the minimal media (M9) containing 1 g/L
of "®NH,Cl and 4 g/L glucose. The cells were centrifuged and washed with LB or
M9 media. After overnight growth, the cells were transferred into 1L of LB media
or minimal media. The cells were grown at 37 °C in the presence of 100 ug/ml
ampicilin all the way. The protein synthesis was induced by the addition of 0.1
mM of IPTG at A600 ~ 0.4 and were grown at 18 °C overnight. Afterwards, the
cells were harvested at A600 ~1.5 for LB media and A600 ~1.0 for M9 media and
centrifuged at 6000" g in a 6-liter JLA-8.100 rotor (Beckman). The cells were re-
suspended in 50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 5 mM imidazole, 5 mM -
mercaptoethanol buffer. Most of the protein constructs and mutants of Flil and
FIiT were overexpressed using the protocols described above. Flil has low
solubility in minimal media. For over-expression of Flil in protonated or

deuterated minimal media, cells were induced with 50 uM IPTG. GB1-Flil(1-30)-
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(GS)s-FIiT has low solubility when over-expressed in either LB or minimal media.
GB1-Flil(1-30)-(GS)s-FIiIT were induced with 50 uyM IPTG during their over-

expression.

The isotopically labeled samples for NMR studies were prepared by growing the
cells in M9 media. U-["*C,"*N]- or U-[?H,"*C,"°N]-labeled samples were prepared
by supplementing the growing medium with 1 g/L of ">NH4Cl and 2 g/L of ['*C¢]-
or [®H7,"°Cel-glucose in H.O or 99.9%-?H,O (CIL). The methyl-protonated

samples were prepared as described?*

. 50 mg/L of alpha-ketobutyric acid
(methyl-">*CH3) and 85 mg/L of alpha-ketoisovaleric acid (dimethyl-"*CHs) were
added to the culture 45 minutes prior to addition of IPTG. Met-["*CHs] and Ala-
['*CHa] labeled samples were prepared by supplementing the medium with 50
mg/L of ['*CHs]-Met and 50 mg/L [H2,"*CHas]-Ala. All precursors and amino acids
(except alanine) were added to the culture 45 minutes prior to the addition of
IPTG and alanine was added to the culture 30 minutes prior to the induction. For
selective labeling of U-["*C,"°N]-Phe, U-["*C,°N]-Tyr in the methyl labeled
sample, 50mg/L of U-[*C,"°N]-Phe and U-['*C,"°N]-Tyr are added to the cell
culture 30 minutes prior to induction. For methyl labeling of threonine residues,

50 mg/L labeled U->H, Thr-y2['*CHs], along with 100mg/L ds-glycine were added

to the cell cultures 30 minutes prior to induction.

All protein samples were prepared as His-tagged derivatives with either maltose
binding protein (MBP) or GB1 solubility tags and were purified over a nickel-
chelating Sepharose column (GE Healthcare). The cells were lysed and

centrifuged at 50,000 x g using a JA-25.50 rotor (Beckman). The supernatant



107

was loaded on a Ni-column pre-equilibrated with 50 mM Tris-HCI (pH 8.0), 500
mM NaCl, 5 mM imidazole, 5 mM B-mercaptoethanol (BME) buffer, and then
washed with 50 mM Tris-HCI (pH 8.0), 500 mM NaCl, 50 mM imidazole, 1 mM
BME buffer. The protein was eluted with buffer containing 50 mM Tris-HCI (pH
8.0), 100 mM NacCl, 400 mM imidazole, 5 mM BME. Then the protein was

exchanged into buffer 50mM Tris, 50mM NaCl, 5mM BME, pH=8.0 and kept
overnight at 4°C after addition of TEV. 1 OD280 of TEV protease per 50 OD280
of substrate was used for overnight digest. The protein sample was loaded again
Ni-column pre-equilibrated with 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 10 mM
imidazole, 5 mM BME buffer. The protein of interest comes out in the flow
through and his-tagged derivatives with solubility tags and TEV protease elute
with 50 mM Tris-HCI (pH 8.0), 50 mM NaCl, 400 mM imidazole, 5 mM BME buffer.
The protein was exchanged into 50mM Tris, 50 mM NaCl, pH=8.0 buffer and
loaded into Hitrap FF 16/10 Q column pre-equilibrated with 50mM Tris, 50 mM
NaCl, pH=8.0 buffer. Gradient was run with 50mM Tris, 1M NaCl, pH=8.0 buffer
and protein comes out between 150 mM to 250 mM NaCl concentration. Later on,
the protein samples were concentrated and injected into a Superdex-75/200 size
exclusion column (GE Healthcare) depending on the protein size. The protein
concentration was determined spectrophotometrically at 280 nm and the protein
purity was confirmed by SDS-PAGE. For the expression and purification of the
different protein constructs and mutants of FIiT and Flil, same purification

procedure was used as for the wild type proteins.
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7.2 Polymerase Chain Reaction (PCR)
All mutations were introduced by site-directed mutagenesis (Quick-Change,
Stratagene) using PfuUltraTM High Fidelity DNA polymerase. The following steps

were used for PCR site directed mutagenesis:

1) Wild-type plasmid was isolated using Qiagen kit.

2) Plasmid template DNA (approximately 0.5 pmoles) and 12-20 pmoles of
forward and reverse primers were then added to a PCR mix (from Strategene
site directed mutagenesis kit) containing mutagenesis buffer (20 mM Tris-HCI,

pH 7.5, 8 mM MgCl,, 40 ug/mL BSA), dNTP and Pfu DNA polymerase.

3) PCR was performed using the following cycle:

Initiation Denaturation Annealing Elongation Final Elongation Final Hold

95 °C 95 °C 55 °C 68 °C 68 °C 4°C

2 min 30 sec 1 min 8 min 7 min

4) Dpnl digestion was performed to remove parental (wild type) methylated DNA.

The reaction mixture was incubated at 37 °C for 3 h.

5) The plasmid containing the point mutation was transformed into DHS5,
competent cells and plated. Colonies were screened. The plasmids were isolated

from positive colonies and sequenced.

To make all deletion/insertion construct, the above procedures were same but

different PCR cycles have been used.
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7.3 MALS Experiments

Multi-angle light scattering was measured using DAWN HELEOS-II (Wyatt
Technology Corporation) downstream of a Shimadzu liquid chromatography
system connected to a Superdex 200 10/300 GL (GE Healthcare) gel filtration
column. The running buffer was 20mMKPi (pH 7.0), 100 mM KCI, 5 mM BME and
0.05% NaNs. Two hundred microliters of the sample was injected for each run.
The data were analyzed with ASTRA version 6.0.5 (Wyatt Technology

Corporation).

Composition-gradient multi-angle light scattering (CG-MALS) experiments were
performed with a Calypso Il composition gradient system (Wyatt Technology
Corporation) plumbed to a HELEOS II multi-angle light scattering (MALS)
detector (Wyatt) and inline UV/Vis concentration detector (Waters Corporation).
CG-MALS data collection and analysis were performed with the CALYPSO
software (Wyatt). All experiments were performed in phosphate buffered saline
(PBS; 20 mM potassium phosphate, 100 mM KCI, 0.5 mM EDTA, 1 mM DTT, pH
7.0), filtered to 0.1 ym. Flil and FIiT were diluted to concentrations of 0.4 mg/mL
and 1 mg/mL, respectively, in PBS and filtered to 0.1 ym using a syringe-tip filter
(Anotop, Whatman) prior to loading on the Calypso hardware. A three-part CG-
MALS method was run consisting of concentration gradients in each protein to
assess the monomer molecular weight and any self-association behavior and a
single “crossover” hetero-association gradient to quantify the interaction between
the two proteins. For each self-association gradient, the Calypso combined an

aliquot of Flil or FIiT and buffer, injected the mixture into the MALS detector, and
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stopped the flow for 60 s to allow the reaction to come to equilibrium in the MALS
flow cell. For the hetero-association gradient, the Calypso prepared eleven
different combinations of Flil and FIiT, injected them into the detector, and
stopped the flow for 300 s to allow the reaction to come to equilibrium. Light
scattering data as a function of composition were fit to a model that included the
equilibrium homodimerization of Flil and FIiT and the interactions between each
species. Dynamic light scattering (DLS) data were also collected to assess the
size of Flil and FIiT associations in addition to molar mass. DLS data were
collected during simultaneously with CG-MALS data in the same measurement
volume using the Wyatt QELS module installed in the HELEOS. DLS data were
analyzed using ASTRA software (Wyatt). To confirm the weak self-association of
FIiT into equilibrium dimers, additional static light scattering (SLS) and DLS data
were collected in batch using the DynaPro NanoStar (Wyatt) and analyzed with
DYNAMICS software (Wyatt). FIiT was prepared at 2 mg/mL and 1.6 mg/mL in
PBS and filtered to 0.1 ym. Solutions were measured in a calibrated quartz
cuvette, and the resulting weight average molar mass (Mw) from SLS and
hydrodynamic radius (Rh) from DLS were concatenated with the CG-MALS data

to quantify the equilibrium dimerization of FIiT.

7.4 ITC Experiments

Calorimetric titrations were carried out on an iTC200 microcalorimeter (GE
Healthcare) at temperature 15 °C. All protein samples were extensively dialyzed
against ITC buffer containing 20 mM potassium phosphate (pH 7.0), 100 mM KCI,

and 1 mM tris(2-carboxyethyl)phosphine. All solutions were filtered using
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membrane filters (pore size, 0.45 uym) and thoroughly degassed for 20 minutes
before the titrations. For the experiments performed on iTC200, the sample cell
(200 pl) was filled with ~50-100 yM protein (Flil), and the 40-pl injection syringe
was filled with 250 to 400 uM solution of protein (FIiT). The titrations were carried
out with a preliminary 0.2 pl injection, followed by 12 injections of 3 pl each with
time intervals of 3 minutes. The solution was stirred at 1000 rpm. Data for the
preliminary injection, which are affected by diffusion of the solution from and into
the injection syringe during the initial equilibration period, were discarded.
Binding isotherms were generated by plotting heats of reaction normalized by the
modes of injectant versus the ratio of total injectant to total protein per injection.

The data were fitted with Origin 7.0 (OriginLab Corporation).

7.5 ATPase Assays.

ATPase activity of Flil was measured using ADP-Glo™ Kinase Assay kit
(Promega, V9101). The luminescence was measured in Tecan Infinite M200 pro
plate reader using 96-well plate. The luminescence was correlated using ADP-to-
ATP conversion curve. The reaction buffer for all ATPase reaction consists of
20mM HEPES, 100mM NaCl, 0.5mM EDTA, 1mM DTT, 5mM MgCl,, 0.1 mg/ml
BSA, pH=8.0. 25 uL of reaction volume was used for all ATPase reactions. All
the reactions were performed with 1mM ATP concentration at 25 °C. ATPase
activity was carried for 1uM Flil and mixtures of Flil and FIiT, 1uM Flil + 10uM
FIiT, 1uM Flil + 20uM FIiT, 1uM Flil + 50uM FIiT. The reaction was stopped at
various time-points 30, 60, 120 and 180 minutes by adding 25 uL of ADP-glo

reagent. After incubating the reaction mixtures at room temperature for 40
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minutes, Kinase Detection Reagent was added. Luminescence was recorded

after 60 minutes of adding Kinase Detection Reagent.

To make the conversion curve, various ratios of ATP to ADP was adjusted from

100% ATP to 100% ADP using a 8-point dilution curve in a 25 uL of reaction

Percent conversion of ATP to ADP represented by the Standard Curve

% ADP 100 75 50 25 3 2 1 0

% ATP 0 25 50 75 97 98 99 100

volume. The sum of concentrations of ATP and ADP was kept 1 mM for all the
points. All the reactions for ATP-to-ADP conversion curve were performed in the
ATPase reaction buffer. 25 uL of ADP-glo reagent was added to the reaction
mixture, mixed well and kept at room temperature for 40 minutes. Then 50 uL of

Kinase Detection reagent was added and the reading was taken after 60 minutes.

7.6 NMR Spectroscopy.

All NMR data were collected at 25 °C on Bruker 600 MHz, Varian 600 MHz,
Bruker 700 MHz and Varian 800 MHz spectrometers. All recorded spectra were
processed with NMRPipe?*! and analyzed with SPARKY?*?, NMRVIEW?**. All the
NMR samples were prepared in 20mM KPi, 100mM KCI, 0.05% NaN3, 5mM
BME, pH=7.0 buffer. For Flil(18-100), 200mM KCI salt concentration was used.
All the spectra were recorded at 25°C unless mentioned otherwise. All the NMR

titrations were performed at 25°C. Backbone resonance was assigned using with
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either U-["*C,"®N] or U-[?H,"*C,"®N] sample and standard 3D triple resonance
experiments. Backbone chemical shift referencing was adjusted for ?H shift and
dihedral angles extracted using TALOS *** . 3D HMQC-based NOESY
experiments (350 ms mixing time) were used to obtain straightforward methyl
and aromatic sidechain assignments by leveraging the methyl trosy effect.
Assignment for methyl group of lle, Val, Leu, Ala, Thr, Met, and aromatic Phe,
Tyr was obtained with a {U-[?H,"?C,"N]; lled1-["*CH3]; Ala, Leu, Met, Thr, Val-
['*CHa]; Phe, Tyr, U-['H,"*C,"N], Trp} sample. Additional key Trp aromatic '*C
chemical shift were obtained from a [U-"°C, "°N] FIiT: Flil sample that otherwise

gave data of insufficient quality for assignment and structure determination.

7.7 Structure Calculations.

Structure calculations were carried out with CYANA 3.0%*° and 3D-NOESY
peaklists, chemical shift-derived dihedral angles (TALOSN) and (i-i+4) hydrogen
bonds to further restrain helical geometry the resulting 20 lowest target function
ensemble of structures was energy refined in explicit water using the established

CNS protocol. The structure statistics are reported in Table 6-1.
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