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Abstract

The twin-arginine translocase (Tat) pathway exclusively transports folded proteins in an
ATP-dependent manner across the bacterial cell membrane, in contrast to the Sec pathway
which transports proteins in an unfolded form. Although the Sec pathway is generally
predominant in protein translocation in many prokaryotes, the Tat pathway transports
almost the entire secretome in halophilic Archaea and it is essential for their viability. The
Tat machinery in most bacteria comprised of three distinct membrane protein complexes
TatA, TatB and TatC. The substrates of the Tat pathway contain a signal motif with a
positively charged N-terminal region, a hydrophobic core, and polar region that contains
the cleavage site for a signal peptidase. The canonical twin-arginine (RR) signal in the N-
terminal region directly interacts with the TatC receptor. Common Tat substrates include
periplasmic enzymes in complex multiprotein respiratory redox systems, bacterial
virulence factors, lipoproteins, and proteins involved in maintaining cell-wall integrity.
Majority of Tat substrates are complexes containing metal cofactors and many forms
oligomeric assemblies. Delivery of these proteins is mediated by special cytoplasmic
chaperones (redox-enzyme maturation proteins, REMP) that bind and mask the Tat signal,
thereby preventing the futile export of immature protein. The Eschercihia coli genome
encodes around 31 putative signal peptides containing a twin-arginine motif. The Tat
Pathway also plays an important role in bacterial pathogenesis, translocating certain
virulence factors, and proteins involved in polysaccharide metabolism and biofilm
formation. Apart from its significance as a potential drug target to control pathogenic
bacteria, the Tat pathway could also find applications in bioengineering, where its strict
quality control can be used to produce complex therapeutic proteins in properly folded
states or to rapidly screen for mutations that enhance protein solubility.

In this thesis various structural and biochemical aspects of the Tat pathway has been
explored. Studies were designed to shed light on the interaction between the Tat signal
sequence and its interaction with REMP chaperon and Tat machineries. Further, a Novel
High-throughput Twin Arginine Translocase Assay has been developed based on colonic
acid quantification which is directly proportional to Tat activity. This assay can be used for
Therapeutic Applications. A detailed analysis of the Haloacheal Tat pathway has been done
to get insights into its diversity in Haloarchaea which almost exclusively use the tat
pathway for protein secretion. In the final part, efforts were made to get solve the structure

of the MtTatC and the E.coli Tat membrane complex.
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Thesis Overview

Chapter 1: Introduction

This chapter introduces the requirement of protein translocation for cells and the
two major translocation pathways; the Sec Pathway and the Tat pathway. It highlights the
salient features of each pathway and the differences. A comprehensive study of the
components of the Tat pathway, their structural and functional significance and mechanism
of transport have been provided. The diversity of Tat substrates and their functionality
across prokaryotes have been reviewed and the roles of Tat pathway in pathogenesis were
explained. Information about potential biomedical and biotechnological applications of the

Tat pathway and current status of the research has been discussed.
Chapter 2: Tat Signal chaperon interaction

This chapter deals with the interaction of the Tat signal and chaperon. The
Dimethylsulphoxide reductase, a heterotrimeric periplasmic complex that uses
dimethylsulphoxide (DMSO) as an electron acceptor during anaerobic respiration is one of
the complexes translocated by the Tat pathway. The central protein, DmsA, is synthesized
in the cytoplasm, loaded with its catalytic molybdopterin (MoPt) co-factor and the
accessory proteins DmsB and DmsC. This enzyme complex is an classical example of Tat
substrates that must be fully assembled prior to translocation to the bacterial periplasm.
Here signal sequence plays many roles, which is more than a simple targeting. Our specific
goals in this study were the biochemical characterization of DmsD and the signal sequence
of DmsA (ssDmsA) complex, also the complex with translocase assembly and to map the
location of the binding site of TatBC and DmsD in the DmsA signal sequence, thereby
deriving the smallest length of sequence essential for a specific interaction. Further,
chimeric ssDmsA and DmsD fusion (DDF) was prepared for structural studies using x-ray
crystallography to determine the atomic level interactions. It was observed that the minimal
DmsA signal peptide consists of 29 amino acids. The DmsD/ssDmsA interaction analysis
showed the presence of two forms of the complex. And equilibrium of these forms can be

modulated by N-terminal truncation of the signal sequence. The failure of the complex
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crystals to diffract and the lowering of melting temperature of equimolar DmsD and

ssDmsA attribute the destabilization of the complex in this conformation.

Chapter 3: Development of a Novel High-throughput Twin-Arginine Translocase

Assay in Bacteria for Therapeutic Applications

A high-throughput assay was developed to study the Tat activity in E .coli based on
colanic acid quantification. The Tat Pathway plays an important role in bacterial
pathogenesis translocating certain virulence factors, and proteins involved in
polysaccharide metabolism and biofilm formation. Apart from its significance as a potential
drug target, the Tat pathway could also find applications in bioengineering, where its strict
quality control can be used to produce complex therapeutic proteins in properly folded
states or to rapidly screen for mutations that enhance protein solubility. In this context, the
development of efficient, quantitative and robust screening technique for detecting the
protein translocation activity of the pathway was taken up. Colanic acid is an extracellular
capsular polysaccharide produced by most E. coli strains as well as by other
Enterobacteriaceae, and has significant roles in biofilm formation, protection against
dessication, and adhesion of pathogenic bacteria to host membranes. It contains units of L-
fucose, D-glucuronic acid, D-glucose, D-galactose, and pyruvate. The capsular
polysaccharide gene cluster (wca operon) directs colanic acid biosynthesis. Colanic acid
biosynthase (WcaM) is an essential enzyme involved in this pathway and is also
translocated to the periplasm via the Tat pathway. The activity of the Tat pathway was
measured by quantifying L-fucose one of the monomers of Colanic acid using L-Fucose.
The spectrometric assay was standardized for large no of sample sizes and made compatible

with a 96-well format microtiter plate.

Chapter 4: Comprehensive analysis and Insights Into The Haloarchaeal Twin-

Arginine Translocase Pathway

The Haloarchaeal Tat pathway was analyzed to study the evolution of the Tat
pathway in the adaptability of these organisms to survive in high salinity conditions. The
high intracellular salt concentrations cause rapid folding of proteins and the quality of
protein folding is a major concern for these organisms. This is positively facilitated by the

sophisticated Tat pathway components and almost the entire secretome is exported by the
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Tat pathway. The presence of unique TatC topologies and universal presence of two
different homologs is seen with some organisms having multiple homologs of TatA. The
Haloarchaeal Tat pathway is a TatAC system. These Tat sequence analysis of TatC and
TatA revealed that the 14TM TatC has two copies of TatC and present in haloarchaea along
with other homologs. Based on this the substrates of 20 Haloarchaea with complete
proteome were analyzed. The Haloarchaeal Tat protein proofreading chaperons were

identified.

Chapter 5: Structural Investigation of Tat Membrane complex

This chapter deals with the structural analysis of the Tat membrane receptor
complex. Efforts were made to determine the structure of MtTaC using x-ray
crystallography. The Mycobacterium tuberculosis Tat pathway exported proteins,
including virulence factors of periplasmic substrate-binding proteins of ABC transporters
and Lactamases but is not essential for survival. Thus developing a MtTat inhibitor would
ideally provide a drug that will make the organism non-virulent, at the same time there is
no survival pressure diminishing the possibility of resistance. Heterologous expression of
MtTatC was achieved in E.coli by swapping of the c-terminal cytoplasmic tail with an
Aquifex TatC tail. Absence of crystal hits due to low quality and limited protein yield is the
bottleneck. The MtTatC structure was modelled using the AaTatC structure for analysis.
The advancement of Electron Microscopy in studying protein complexes at cryo-
temperatures and determination of structures reaching near atomic resolution makes the
E.coli Tat membrane complex a good target. Formation of EcTatBC complex and EcTatBC
with signal and sequence having molecular weight sufficient for cryo-EM studies was

achieved. Formation of stable and homogeneous EcTat memberane complex was studied.

Chapter 6: Summary and conclusions

The salient finding of the present work and conclusions were drawn from the data are put

forth and future prospects are outlined in this chapter.
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Chapter I - Introduction

Cell is the smallest functional unit of life which contains all the fundamental molecules;
Nucleic acids, protein, carbohydrates and lipids. They are referred to as building blocks of life
as they can either form an organism by itself such as bacteria, archaea and protozoa or organize
themselves into more complex organisms such as sponges, fungi and highly complex life forms
such as plants and animals. Cells are discrete and easily recognizable as they are surrounded
by a membrane which separates the inner parts of the cell from the environment. Based on how
the genetic material in a cell is packaged the cells are classified as Prokaryotic and Eukaryotic.
In prokaryotes the DNA is in the cytoplasm whereas in eukaryotes it is separated by a
membrane bound nucleus. Apart from nucleus there are many other organelles present in
eukaryotic cells such as mitochondria, chloroplast, endoplasmic reticulum, lysosome, Golgi
body, peroxisomes etc. which are membrane bound and perform a wide variety of function.
For the functioning of the cell there is the need to transport different molecules to different
parts of the cells for different functions and there are numerous ways of transport of materials
in the cell either passively in an energy independent way or actively by utilization of energy

either from ATP, other high energy molecules of by generation of ion gradients.

Proteins are the most abundant macromolecules present in the cell and perform diverse
functions such as enzymes, transporters, storage molecules, structural components and
messengers [1]. They are synthesized by the ribosomes based on the coding sequence on
mRNA, which is transcribed from the DNA. This is the central dogma that was proposed by
Francis Crick [2]. Protein synthesis is mainly carried out in the cytoplasm and in mitochondrial
matrix and Chloroplast. Transport of these synthesized proteins to their target location is very
important and multiple protein targeting pathways are operational inside the cell that ensure

the precise targeting of newly synthesized proteins.
1.1 Protein Translocation

Protein translocation is a process by which proteins get transferred between various
cellular compartments. Transport within the cytoplasm is much easier and straight forward
than through the lipid membranes because of their hydrophobic core. Efficient translocation

across the membrane is imperative for transport to different organelles and outside the plasma
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membrane [3]. This is carried by different protein translocation pathways such as the general
secretory pathway or the Sec Translocase pathway and the Twin arginine translocation (Tat)
pathway (Fig.1.1). Protein translocation is very crucial for a cell and defects can lead to serious
physiological and functional impairment for the cells. A functional Sec is necessary for cell

viability and in some Haloarchaea a functional Tat pathway is also obligatory.
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Figl.1. Schematic overview of the Escherichia coli Sec- and Tat translocases. (a) Co-
translational and (b) post-translational targeting routes and translocation of unfolded
proteins by the Sec-translocase. (¢) Translocation of folded precursor proteins by the Tat
translocase.[4]

Proteins are polypeptides of amino acid residues and have vast sequence and structural
diversity. It is a great challenge for the Translocase pathways for proper identification and
targeting of the proteins to be translocated. A protein targeting signal sequence was discovered
by Giinter Blobel (awarded Nobel Prize in 1999) that determines the final location of a newly

synthesized protein in the cell [5]. This signal peptide is located on the Amino-terminal of the
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precursor protein and tripartite in nature (Figl.2). It has a positively charged N terminal-region
followed by a hydrophobic H-region at the center and a polar C-terminal region that has the

signal peptidase cleavage site for the release of the mature protein [6].

Z-R-R-x-®-® )
Tat TEE—— —
Sec - -J'

n-region h-region c-region

Fig.1.2. Schematic comparison of typical N-terminal signal sequences from substrates of
the Tat and Sec systems bearing the polar n-regions with a positive net charge, the
uncharged hydrophobic h-regions and short polar c-regions which determine a type I
signal peptidase cleavage site (typically AxA).

The major route for protein translocation in the cell is the Sec pathway which transports
proteins in unfolded form when compared to the Tat pathway which transports completely

folded proteins and protein complexes.
1.2 Sec Translocase pathway

The Sec pathway is the most prevalent universal protein translocation pathway found
in the prokaryotes and eukaryotes. It is present in the cytoplasmic membrane of all bacteria,
archaea, the thylakoid membrane of plant chloroplasts and Endoplasmic reticulum and is
essential for the cell viability [4]. It transports proteins responsible for metabolism, substrate
uptake and excretion, membrane fusion, cell envelope structure, sensing and cell
communication[7][8]. The SecA is the motor protein which pushes the unfolded polypeptide
by ATP hydrolysis [9]. The pore is formed by SecY, SecE and SecG (SecYEG) (Figl.1)
conducts the poly polypeptide to the periplasm or laterally releases the trans-membrane
domains into to the phospholipid bilayer[10][11]. The SecA interctswith the SecYEG where

it accepts unfolded from the ribosome (Figla) or the SecB chaperon.

SecB is utilized in post translational transport where it keeps the preprotein in an unfolded
state[ 12]. Co-translational targeting encompasses the signal recognition particle (SRP) to binds

to the amino terminal signal sequence of the nascent secretory protein as it emerges from the
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ribosome and the total complex of 1is targeted to the Sec-translocase[13]. In bacteria, the Co-
translocation is extensively used for the integration of integral membrane proteins into the
cytoplasmic membrane, while only limited secretory proteins are translocated by this route. In

the ER, almost all secretory proteins are targeted co-translationally[10].

The signal sequence (signal peptide) obligatory for accurate protein targeting is present on the
N-terminal extension of the secretory protein. The signal has an average length of 20 amino
acid residues with a tripartite structure as described above (Fig. 1.2). Programs like SignalP[14]
can predict the signal sequence based on a hidden Markov models. The c-region comprises the
signal peptidase cleavage site which is recognized by the type I signal peptidase[15]. For
recognition positions — 1 and — 3 with respect to the signal peptidase cleavage site are occupied
by non-bulky polar amino acids which are recognized by the signal peptidase binding pocket.
A lipoprotein box L[AS][GA]C at the — 3 to + 1 position is present in certain substrates. The
lipid modified takes place at cysteine prior to translocation and type II lipoprotein signal

peptidase cleaves off the signal sequence.

The hydrophobic amino acids of the h-region have a high propensity to form an a-helix and
the charged residues of the n-region have been involved in electrostatic interactions with
membrane phospholipids. Both the h- and n-regions are critical in recognition by SRP [16] and
SecA[17]. SRP and SecA binding affinity is directly proportional hydrophobicity of the h-
region and the number of positive charges in the n-region respectively. The bacterial Sec-signal

sequences are functionally interchangeable with thylakoid membrane and the ER signals[9].
1.3 Tat Translocase pathway

The twin Arginine Translocase pathway transports folded proteins across the membrane was
identified by Ben Breks[ 18]. The name of the pathway comes from the invariant twin arginines
in the consensus S/T-R-R-x-F-L-K motif at the interface of the n-terminal and hydrophobic
region [19][20]. Tat pathway is broadly conserved in bacteria (Fig.1.3) [21], archaea [22],
chloroplast [23]and mitochondria of certain organisms [24]. A few obligate fermentative or
parasitic prokaryotes whose metabolism does not require the transport of cofactor-containing
proteins lack the Tat Pathway [25]. Tat pathway normally transports complex redox proteins
and protein complexes. Tat substrates are important for cellular processes, including

respiratory and photosynthetic energy metabolism, iron and phosphate acquisition, cell
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division, cell motility, quorum sensing, organophosphate metabolism, resistance to heavy
metals and antimicrobial peptides and symbiotic nitrogen fixation[26]. It has been found to be

required for virulence of most animal and plant pathogens[27].
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Fig1.3. The bar plot distribution of tatC sequences in sequenced bacterial genomes[21]

Tat transport machinery consists of integral membrane proteins from two structural
families, the single transmembrane TatA and the six transmembrane TatC. The minimal Tat

systems contain only TatA and TatC i.e TatAC systems which are found in the Firmicutes (low
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G + C gram-positive bacteria) and in archaea[28]. The TatABC (Fig 1.4) [29]systems is found
in most gram-negative bacteria (£.coli) and plants, possess TatB in addition to TatA and TatC
[30]. TatB is a functionally distinct member of the TatA family. E. coli possesses a TatA
paralog called TatE, which has very low abundance and appears to be functionally

interchangeable with TatA.
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Fig. 1.4. Overview of the Tat-dependent pathway for the protein translocation in bacteria
and steps involved in Tat translocation which is a PMF driven transport [29]

TatC is the receptor component that recognizes the characteristic RR-signal [31]. TatC
or the TatBC complex interacts with the substrate and recruits TatA which forms an
appropriately sized pore through which the substrate is transported across the membrane [32].

The Tat transport uses proton motive force (PMF) for substrate transport [33][34].

Delivery of these proteins is monitored by a special class of cytoplasmic chaperones
that bind specifically to the Tat signal of their substrate protein masking the signal sequence
thereby ensuring proper maturation and co-factor loading. These chaperones, dubbed redox-

enzyme maturation proteins (REMP), prevent the futile export of immature protein [35][36].
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There are studies on cross-species complementation which is shows the flexibility of use of

Tat components [37][38] and have been listed out in Tablel.1.

Tablel.1 Interchangeability and functionality of Tat components amongst
bacteria[37][38]

S. No | Organism1 Organism2 Function
1 E.coli TatBC P. syringae TatA ++
2 E. coli TatBC S. coelicolor TatA ++
3 E. coli TatBC A. aeolicus TatA +
4 E. coli TatAC P. syringae TatB +
5 E. coli TatAC S. coelicolor TatB ++
6 E. coli TatAC A. aeolicus TatB -
7 E. coli TatAB P. syringae TatC -
8 E.coli TatAB S. coelicolor TatC ++
9 E. coli TatAB A. aeolicus TatC -
10 E.coli TatABC P. syringae TatABC +
11 E. coli TatABC A. aeolicus

TatA1A2BC i
12 E. coli TatBC H. pylori TatA ++
13 E. coli TatAC H. pylori TatB -

1.3.1 Tat Signal Peptide

Tat-targeting signal peptides share over all similarity, but there are noticeable and
significant differences that ensure targeting to the correct pathway and avoiding mistargeting
(Figl.5). The Tat signal peptides contain a consensus Ser/Thr-Arg-Arg-X-Phe-Leu-Lys (where
X is any polar amino acid) motif. The twin arginines predominantly invariant, greater than
50% frequency is seen in case of other motif residues and a polar amino acid is found at the X

position with a few exceptions [39].
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S/T-R-R-x-F-L-K
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Fig.1.5. Features of a typical Tat signal peptide, ssTorA, from E. coli. The n-region is
shown in pink, the h-region in blue, and the c-region in yellow. The consensus Tat motif
is boxed. The vertical dashed line indicates the site of cleavage by signal peptidase I.
Charged residues in the c-region and mature proteins are marked. [40]

The invariant twin arginines are crucial for Tat signal peptide function, mutation of the
other conserved residues generally results in little or no translocation defect[41]. The twin-
arginine motif does not prevent Sec-targeting. Some Sec-signal sequences also have twin
arginines like in the case of E.coli d-alanyl-d-alanine carboxypeptidase (DacD). Sec avoidance
is demonstrated by subtle differences between the Tat and sec signal peptide and features of
the Tat substrates. The Tat signal peptide have relatively longer h-regions that has lower
hydrophobicity than that of Sec-signal [42]. Tat substrates can possibly routed via the sec
pathway by incrementally enhancing the hydrophobicity of the h-region. Furthermore there are
basic amino acid residues in the c-terminal region of the Tat signal sequence for sec avoidance

which do not have any direct role in recognition by the tat machinery [43][19].

Bioinformatics programs such as TATFIND[44], TatP[45] and PredTat[46] can be used to
predict Tat signal peptides. A unique characteristic of the Tat pathway is piggyback transport,
it can transport proteins without a functional Tat Signal. This phenomenon termed as hitch-

hiking is orcastrated by complex formation of these proteins with Tat signal containing proteins

[47].
1.3.2 Tat Structure

Structural studies of the Tat components throws light into its mode of function. Atomic
resolution structures (Figl.6) of TatA from E. coli [48], TatAd B. subtilis[49] and E. coli
TatB[50] have been solved by NMR . X-ray crystal structure for TatC have been determined
for A. aeolicus [51][52].

Deepanjan Ghosh Page 8



Ph.D. Thesis Chapter |

s
N
P A
J &N
6
GIn8 Glus
TMH TMH Glu165
i 1
2
Phe39 { T R
PN U um N ,.;.;.NV c®
APH APH ) . ad N
Qa
TatA TatB - TatC

C
Ben C. Berks. Annu. Recv. Biochem. 2015.84:843-864

Fig.1.6. Structures of the Tat components. Solution NMR structures of the Escherichia
coli TatA and TatB proteins and the highestresolution X-ray structure of Aquifex
aeolicus TatC are shown as ribbons. The natively unstructured C-terminal tails of TatA
and TatB are represented by dashed lines. The transmembrane helices (TMs) and
amphipathic helices (APHs) of TatA and TatB are indicated, together with the TM
numbering in TatC. Selected E.coli residues are depicted. The TatA and TatB TM polar
residue is on the far side of the helix in this view [53]

1.3.2.1 TatC Structure

Three identical structures for Aaquifex(Aa) TatC were solved in different crystal
environments (Figl.6). This implicates structural rigidity and integrity of TatC. The Six
transmembrane domains are arrange with N-terminal and c-terminal of the protein facing the
cytoplasmic side and forms a glove like structure[51]. This kind of fold was not previously
reported. The “palm” of the hand is formed by the 6TM helices which are kinked due to the
presence of conserved proline residues which forms a cavity. This overhangs on the
periplasmic side of the membrane by a rigid periplasmic cap. The last two TMHs of TatC are
too short to completely span the membrane, resulting in distortion of the membrane and
thinning the membrane bilayer. The cytoplasmic loops are very small and molecular dynamic
experiments suggest that a very little part of the TatC exposed to the aqueous surroundings
[52][51].

The AaTatC TM1 goes in perpendicular to the membrane, and continuing as an amphipathic
helix -1A arching under TM2 and constituting a large part of the periplasmic face of TatC. The
first periplasmic loop (Perl) continues to TM2, which at the periplasmic end is angled relative

to TMI till the conserved Pro78 residue which generates a kink and the rest of the TM is
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parallel to TM1. The short cytoplasmic loop (Cytl) connects TM2 to TM3. TM3 is angled
steeply and contacts TM2, TM4, and TM6 from behind. Periplasmic loop (Per2) connecting
TM3 and TM4 is below TMS5 and TM6. TM4 is parallel to TM2, is conserved proline kink
Pro167 is conserved. The highly conserved glycinel61 of TM4 and Glyl114 in TM3 forms a
tight interface. TM4 is connected to TMS5 via a short loop (Cyt2), TM5 moves out from the
core of the protein with a steep angle and then contacts to TM4 by kinking sharply. Periplasmic
loop (Per3) post TMS5 has a highly conserved Pro242 turn that lies in the hydrophobic core of
the bilayer. TM6 has is slightly angled and contacts to TM3, TM4, and TMS5 on the back. The
C terminus of the protein extends into the cytoplasm (Figl.7).

t2 ~17A B
& — = = 1

NSSA Membrane
1 90°
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Per2 ’ Outside \f\%

Per1
] 1 ]
~35A ~30A Ramasamy, Sureshkumar, et al., Structure 21.5 (2013)

Fig.1.7. Overview of the Structure of AaTatC (A) Cartoon diagram of AaTatC viewed
from in the plane of the membrane color-ramped from the N to the C terminus (blue to
red) from the front and rotated 90°. TMs and loops are numbered (1-6) according to the
text. The amphipathic helix in Perl is labeled as 1A. The bilayer is represented in the
back as a rectangle with the most hydrophobic portions in gray and the hydrophilic head
groups in blue. Dimensions are shown for the whole protein and the narrowest point in
the glove. (B) As in (A), viewed from the cytoplasm. [51]

The glutamate residue Glul65 in the TM4 of AaTatC lies in the middle of the cavity
exposing the polar side chain to the hydrophobic interior of the membrane bilayer. This residue
is strictly conserved as either a glutamate or a glutamine in the TatC molecules of other
organisms and replacement of this amino acid significantly affects Tat transport in E. coli [54].
Extensive site-specific mutants and random mutagenesis studies of TatC has given insights into

the residues of TatC that are involved in binding to signal sequence and/or other TAT
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components, and transport. These residues have been marked on the sequence alignment
(Figl.8) of TatC homologs of E. coli, A. aeolicus, Campylobacter jejuni, Thermus
thermophilus, and Staphylococcus aureus. These residues have also been marked on the

AaTatC structure (Figl.9).

IR Per1 2
|- ]

CITAVIVIFLCL unz]uvsm‘mranu---us'runpvnspnln
IISIIAFLIGSG AKYVFEILKEPILKSYP----EVELITLSPEEPLFILI
.jeju - ACIVVMFIVCFALRSYILDILKAPLIAVLPE--VAKEVNVIEI AAFIFSLPVI 84
.ther --- WA RVQ KRPLDLAAKANGIQVNLIVLD ARFGGLVLALPFI 87

--------- srmrpr:r.zrn------ QINVMIIFFIAFCFISPVM 75
B 30 40 ...60

XXX
.coli HSVEDTQPLI
8001 —====-

SLILSAPVI 87
VGFIIASPVI 80

mHEOPm

E. 175
A. IVLPLALKFLLGLGFTQLLA' 170
c.J KFLINFGLNEDFN-PVIBIG IA 173
T. nvpru.arwnw--pqr 16 175
s. :qn.:.x:.st.n.u: smer 164
X

E. VLLCWMGIESPEDLRKK VGAFVVGMLLIP GVFFS KGRNREEENDAEAESEKTEE 258
A. mzqmsr IVIAFVIGATIIAP-- IF TRKKKEIOKA
C.j FFF. IDDSFLKREFRIAVLVIFVFSAFMIPP- ILT KVNPAPKDKESDE
T.ther ILESSFLARNWRIAVVLLLILAAF r..nvsapu. QRPQEAA= === === mmmmmm
S.aure DLIDTYSLKHY I.PACMA.II}\PP ITLNILLTLPL 5. vt T

B 100 19053 i 2005 s 10, s 17 PR ¥ el T

Abiine s 180.:00s 4 19055005 200 2107550020 550042800 s uvens

SSXlink SSSupp TatC/TatC Xlink Translocation defect

Ramasamy, Sureshkumar, et al, Structure 21.5 (2013)

Fig.1.8. Sequence alignment of TatC homologs. The species are E. coli, A. aeolicus,
Campylobacter jejuni, Thermus thermophilus, and Staphylococcus aureus. Secondary
structure features are highlighted above the sequence with helices as rectangles.
Sequence numbering is below the alignment for E. coli and A. aeolicus. Residues that are
disordered in the crystal structure have red numbering. Residues mutated in the AaTatC
are underlined in black. X indicates residues involved in crosslinks, and other letters
indicate specific mutations. The dashed line marks a salt bridge between K190 and E221.
[51]
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Fig.1.9. Residues Correlated to TatC Function Based on Mutagenesis or Crosslinking (A)
Ribbon diagram of AaTatC, with discussed mutants shown as sticks. Residues are
colored based on identified function with A. aeolicus numbering: signal sequence
crosslink (orange), signal sequence suppression mutants (red), TatC to TatC crosslink
(blue), TatC to TatA or TatB crosslink (cyan), and mutants that inactivate TatC (green).
Dashed boxes indicate regions highlighted in (C) and (D). (B-D) View from the cytoplasm
as in (A). Labeling includes A. aeolicus numbers with E. coli numbering and mutations
in parentheses. (C) and (D) have similar schemes. (C) Per3 in sticks highlighting the
conserved hydrogen bond network stabilized by the conserved D205. (D) Sticks view of
the hydrogen bond stabilizing the kinks in TM3 and 1A facilitated by P42 and Y119 [51].

1.3.2.2 TatA and TatB Structure

Solution NMR structures have been solved for each subclass of TatA proteins (Figl.6).
The structure of Bacillus subtilis TatAd (BsTatAd) [49] is representative of TatAC system and
the E. coli TatA (EcTatA) [48][49] and TatB (EcTatB) [50] structures provide models for the
TatABC systems. All three TatA family proteins have a single transmembrane core structure
of a short hydrophobic N-terminal TM helix starting from the periplasmic side followed by an
amphipathic helix (APH) approximately at right angle and opening up to the periplasmic side

Deepanjan Ghosh Page 12



Ph.D. Thesis Chapter |

(Figl.10) followed by an unstructured loop in case TatA. In TatB there are one or two helices

present between the amphipathic helix and the unstructured loop.

Analysis of that the N-terminal hydrophobic helix suggests that the TM is too short to fully
span the bilayer and pulling the proximal end APH into the membrane bilayer [55]. The
junction between the TM and the APH is called as the hinge and contains an invariant glycine
residue. The right angled interhelix orientations for all three structures are due to hydrophobic
stacking interactions around the helix junction made up of a short (three- to five-residue) loop.
Both TatA and TatB molecules have an unstructured highly charged C-terminal tail. This tail
is not important for either Tat transport [56] or substrate induced oligomerization [57]. Its

removal only impedes Tat transport activity.

N Periplasm

APH .
. C

Hinge region Cytoplasm
Palimer et al. Nature Reviews Microbiology, (2012}, 16(7}, 483.

Fig.1.10 Structure of a monomer of the Bacillus subtilis twin-arginine translocation (Tat)
pathway protein TatAd in micelles of the detergent dodecyl-phosphocholine (DPC).The
transmembrane helix (TM), amphipathic helix (APH), hinge region and protein amino
and carboxyl termini are indicated. The 22 amino acid C-terminal tail of the protein is
unstructured and represented as a dotted line [26]

The N-terminal of the TM in TatA and TatB is generally a polar residue. Normally a
glutamate, glutamine, histidine, or lysine. It is functionally important in chloroplast TatA,
chloroplast TatB, and EcTatA[58]. This residue is demonstrated to mediate TatB TatC
interaction and substrate-induced oligomerization of TatA pore onto theTatBC complex [59].
But this conserved polar amino acid isn’t obligatory for Tat transport as BsTatAd lack it and

EcTatB can tolerate this substitution [60].
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The distinctive property of TatB compared to TatA is, TatB forms equimolar
complexes with TatC, whereas TatA oligomerize and increase association with TatC on
substrate binding to TatC. Both proteins have very high sequence similarity until the APH. The
most significant TatA-specific sequence feature is the conserved phenylalanine residue at the
APH C-terminus which protrudes into the lipid bilayer (Figure 1.6). This functionally essential
E. coli TatA residue not well conserved in TatB proteins [61]. The periplasmic N-terminal tail
before of TatB is important for activity [61]. In E. coli the entire TatA APH is sensitive to

amino acid substitutions [62], but these substitutions have no effect in TatB functioning [58].

TatB has a longer cytyoplasmic tail and E.coli TatB contains two helices between the
APH and the natively unstructured tail (Figure 1.6). These helices are linked via highly flexible
linkers. These helices have highly polar surfaces and are linked to one another, and to the APH,
through flexible linkers. Though deletion of these helices reduces the speed of Tat transport

[56], they contain no conserved amino acids.
1.3.3 TatBC and signal binding

The TatBC complex comprise of equimolar ratio of the TatB and TatC proteins and has
a size distribution from ~400 kDa and ~700 kDa [63]. In the B. subtilis TatAC system a multi
subunit TatAC complex has been isolated that is functional analogous to the E.coli TatBC
complex[64]. The TatB TM has been predicted to bind near the periplasmic end of TatC TMS5
and TM6 (Figl.11) based on the results of cross-linking studies and genetic analyses
[51][65][66]. The structural model places the TatB TM right opposite to the signal peptide n-
region-binding site of TatC (Figure 1.11). But there is no interactions between TatB TM and
signal peptide have been observed. TatB may exert its functional effects through a different
part of the signal peptide, perhaps by controlling access from the TatC central cavity to the
periplasm through the adjacent cap/TM5 gap [53].
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Constitutive TatA
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TatB
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Palmer et al. Nature Reviews Microbiology, (2012), 10(7), 483. Signal peptide

binding site

Fig.1.11 TatC contacts with the transmembrane helices of partner proteins and with the
n-region of the substrate signal peptide. (Left) Cartoon representation of the Aquifex
aeolicus TatC protein. (Right) Surface representation of the same protein. Positions in
the transmembrane or periplasmic parts of TatC that cross-link to other Tat components
are colored as indicated. Those TatA contacts that are significantly enhanced in the
presence of both a substrate and a proton motive force are labeled substrate enhanced.
Contact sites for the TatA and TatB amphipathic helices on the cytoplasmic face of TatC
are not shown as it is not clear that these represent defined binding sites. In the structure
on the right, the inferred positions of the transmembrane helices of TatB and of
substrate-enhanced TatA are indicated by cylinders. The signal peptide n-region-binding
site is colored red [26].

1.3.4 TatA —TatC interactions

Cross-linking studies suggest that the constitutively bound TatA molecules are
positioned close to the TatC-TatB TM binding site (Figl.11) [67][65]. Additional cross-links
form between TatA and TatC during substrate transportation and are possibly due to the
contacts between the assembled TatA oligomer and TatC [67]. It starts with more cross-linking
or interaction between the TatA TM and TatC near TMS5. After this event the interaction of
TatA TM close to the conserved glutamate or glutamine residue is the more probable
occurrence. Thus, it can be determined that TatA oligomerization takes place on the cavity

side of TatC and extends from the TatB TMH-binding site at TMS5 into the cavity [53].
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1.3.4 TatA oligomer

The final transport of the substrate needs the oligomerization of the dynamic size and number
of TatA pore [68]. The experimental observation suggest that each translocation site requires
~25 TatA subunits. This high TatA: TatC ratio requirement is a major rate limiting factor for
Tat Transport [69] perse it may be helping for the functional accuracy with less error in
translocation. TatA oligomerization requires the TatA TM and APH but C-terminal tail and
the functionally essential phenylalanine residue at the end of the APH is not essential. TatA
can assemble into large oligomers in native membrane without the requirement of substrate
binding [70]. Single-particle electron microscopy of TatA solubilized in different detergents
display ring like structure with varying sizes, due to the variation in the number of TatA
molecules in these complexes [68]. This variation may also be the different stages of TatA
oligomerization and the larger complexes have internal cavities wide enough to accommodate
folded protein substrates [68]. By varying the TatA to detergent ratio leads to TatA oligomers
small enough for solution NMR methods were produced for determination of individual
subunit conformation and inter subunit contact identification (Figl.12) [48]. Only TM to TM
contact is very conspicuous in the small TatA oligomers. The spin labelled oligomers of large
detergent extracted TatA oligomers also show similar contacts [71]. So it can be inferred that

the subunit arrangement is similar in detergent-solubilized TatA oligomers of different sizes.
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Palmer ei al. Nature Reviews Microbiology, (2012), 10{7), 483.

Fig.1.12 Model for the TatA oligomer in detergent solution, based on NMR and spin-
labeling data [26]

MD simulations using TM-TM interaction in the bilayer suggest that oligomers larger
than a tetramer will be structurally unstable. The physiological TatA oligomer might be

stabilized through interaction with TatC molecules, membrane lipids and inter APH contacts.

A zipper model was proposed by Walther et al. [72] which is based on the appropriate
placement of charged residues along the TatA molecule. Basic residues situated in the terminal
of APH interact with acidic residues in the proximal C-terminal tail of an adjacent TatA
molecule to form a ladder of salt bridges between the TatA subunits (Figl.13). The proof was
based on experimental observation on detergent-solubilized TatA variants but it demands

detailed testing in the native membrane environment for the confirmation of this model.
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Walther, Torsten H., et al. Cell 152.1-2 (2013): 316-326.

Fig.1.13 Zipper model for TatA oligomerization. Positively charged residues (blue) in the
APH of TatA are proposed to form ion pairs with negatively charged residues (red) in
the proximal C-terminal tail (PCT) of the same and adjacent TatA subunits [72].

1.3.5 Tat mechanism of transport

The estimated time taken for the Tat transport cycle is between 1 to 3 min as measured
and calculated by kinetic analyses [69] or the time of the first appearance of the transported
protein [34][73]. The Tat transport kinetics can be modelled by a two-step mechanism. The
first step is TatA oligomerization because its duration is directly proportional to the TatA
concentration in the membrane [69] at that time. The second step is the translocation of Tat
substrate via the assembled TatABC complex across the membrane bilayer. The TatABC—
substrate complex may undergo substantial and rigorous reorganization after assembly of the
subunits before transport can take place to transport without any error and with proof reading

function [69] and requires about ~1.5 min even if sufficient amount of TatA is present.

A membrane-weakening model proposes that Tat transport may work by local
weakening of the membrane due to the presence of large number of TatA [74]. Substrate
movement is possibly occurred through transient bilayer rupture or once mechanical force has
been exerted on the substrate to conduct it through the weakened bilayer. Here the membrane
of the cell remains intact so that it maintains its integrity and impermeable to ions, except
during of transport event. Lateral membrane pressure may cause the sealing of the pore by
phospholipids packaging around the substrate protein as it moves across the membrane. This
mechanism is backed by the observation that transport is strongly influenced by the membrane

phospholipid composition, which would be due to the protein—phospholipid interactions [53].
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The mechanisms of membrane weakening encompass the TatA APH pulling into the
cytoplasmic side of the membrane and the short length of the TatA TM, TMS and TM6 of
TatC. MD simulations of the detergent-solubilized TatA oligomer in a bilayer membrane
advocated that the TM length mismatch is capable of locally thinning the bilayer by ~80%
and the phospholipids in the thinned membrane show high disorder [48].

1.3.6 Tat Proof reading and quality control

Many of the Tat substrates are cofactor-containing Redox enzymes and these substrates
twin-are subject to chaperone-mediated ‘proofreading’ or error free translocation by Redox
enzyme maturation proteins (REMPs) to ensure proper assembled, cofactor loading and any
co-exported partner proteins are binding before interaction of the Tat signal sequence with the
Tat receptor complex [75]. Here (Figl.14), the signal peptide of the preprotein is bound by a
respective dedicated chaperone, this is followed by cofactor loading on the export retarded
apoprotein. One proper folding and cofactor loading is accomplished, the chaperon is released
ant the signal peptide is free to interact with the Tat receptor complex. Most Tat substrates

have a specific and dedicated chaperon for their export (Tablel.2).
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Fig.1.14 A model for ‘proofreading’ mediated by twin-arginine signal-peptide-binding
chaperones. The E. coli TatBC signal recognition complex (red and gold) is depicted in
its resting state (TatA-dissociated) within the inner membrane. The relative positions of
the bacterial periplasm and cytoplasm are shown. (a) When a cofactor-less immature
apoprotein (scarlet) is synthesized de novo in the cytoplasm, its exposed twin-arginine
signal peptide is recognized and bound by a proofreading chaperone (blue). Binding of
the chaperone masks the twin-arginine motif and prevents targeting of the apoprotein to
TatBC at this point (i.e. it is an export-retarded apoprotein). (b) The chaperone remains
bound to the signal peptide during cofactor loading, preventing any attempted export
during this assembly process. (¢) Following successful cofactor insertion, the signal-
binding chaperone is displaced by an as-yet unknown mechanism, thus revealing the now
active twin-arginine signal peptide. (d) The export-ready precursor is now free to
associate with TatBC and so enter the Tat transport cycle leading to protein export [76].
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Table.1.2 Selected E.coli Tat substrates along with Co-exported partner protein and
signal chaperon

Protein Co-exported partner Signal chaperone
HyaA HyaB HyaE
HybO HybC HybE
YagT YagR, YagB YagQ
YdhX Unknown Unknown
TorA None TorD
TorZ None YcdYb
NapA None NapDb
DmsA DmsB DmsD
YnfE YnfG DmsD
YnfF YnfG DmsD
FdnG FdnH FdhD, FdhE
FdoG FdoH FdhD, FdhE

The Tat pathway has an intrinsic folding quality control mechanism and can
differentiate between folded and unfolded substrate proteins. Though smaller unfolded
proteins can pass through the Tat machinery [77] [78]. Thus the tat pathway blocks transport

very large unstructured proteins or proteins which expose too many hydrophobic stretches.

1.3.7 Tat substrates and function

The Tat pathway normally transports fewer substrates than the Sec system in bacteria
[76] but in Haloarchaea almost the entire secretome is transported by the Tat Pathway [79].
Tat substrates have roles in cellular processes such as respiratory and photosynthetic energy
metabolism, iron and phosphate acquisition, cell division, cell motility, quorum sensing,
organophosphate metabolism, resistance to heavy metals and antimicrobial peptides and

symbiotic nitrogen fixation [75].
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The Tat system is essential for many redox pathways such as anaerobic respirations
with trimethylamine N-oxide, dimethyl sulfoxide, arsenate or chlorinated unsaturated
compounds. It is also indispensable for plant nitrogen fixation as nitrous oxide reduction
depends on the Tat system. The Rieske subunit of Cytochrome bcl complex (in plastids the
b6f complex) is a cofactor-containing Tat substrate which is essential for aerobic respiratory
and photosynthesis. Some Tat substrates which lack cofactors. A large number of Tat
substrates in prokaryotes such as Rhodobacter capsulatus, Streptomyces coelicolor or
halophilic archaea includes a high proportion of cofactor-free proteins [4]. About 145 Tat
substrates have been predicted in Streptomyces coelicolor, which is about 16% of the total
exported proteins [80]. Alpha-proteobacteria of the genera Mesorhizobium or Sinorhizobium
have a large number of Tat substrates, Caulobacter crescentus has more than 80 predicted Tat
substrates though this organism encodes fewer proteins in its genome than E.coli [25]. The

comprehensive list of Tat substrate function has been provided in the Table 1.3.
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Table 1.3. List of Tat substrate function in different organisms
S.no | Organism Function
1 Bacillus subtilis Salinity stress
tolerance
2 Burkholderia pseudomallei B-lactam resistance
3 Salmonella enterica serovar Colonization
Typhimurium
4 Halobacterium sp. NRC-1 Total secretion
5 Vibrio alginolyticus Biofilm formation,
extracellular protease
activity, and virulence
6 Campylobacter jejuni Phosphate metabolism
7 Sodalis glossinidius Redox regulation
8 Xylella fastidiosa Virulence
9 Bdellovibrio bacteriovorus Host independent
growth
10 Streptomyces coelicolor Lipoprotein biogenesis
11 Dickeya dadantii 3937 Virulence and fitness
12 Streptomyces scabies Virulence
13 Salmonella enterica serovar Selenite reduction
Typhimurium
14 Staphylococcus Iron import
15 Streptomyces sp. Strain K30 Latex-Clearing protein
16 Rhizobium leguminosarum bv. Viciae Nitrogen fixation
17 Ralstonia solanacearum Virulence
18 Mycobacterium smegmatis B-lactam resistance
19 Streptomyces lividans Xylanase C secretion
20 Yersinia pseudotuberculosis Virulence
21 Corynebacterium glutamicum Detergent tolerance
22 Legionella pneumophila Biofilm formation
23 Pseudomonas syringae Pathogenicity
24 Rhizobium Symbiosis
25 Pseudomonas stutzeri Nitrous oxide
reductase
26 Xanthomonas oryzae Flagellar  biogenesis
and chemotatctic
response
28 Mycobactterium tuberculosis B-lactam susceptibility
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There is a wide size distribution among Tat Substrates. The smallest known Tat
substrates are high potential iron-sulfur proteins (HiPIP) of less than 10 kDa, and the largest
are heterodimeric formate dehydrogenases of nearly 150 kDa [81]. This variability shows that
the size and shapes of the transported proteins is not very important for Tat transport. However,

the Tat system is restricted to substrates that are sufficiently hydrophilic on their surface [82].
1.3.8 Tat pathway of pathogens

The Tat pathway is present in many pathogens and is important for their virulence [27]. The
components of the Tat pathway have been identified in the genomes of many bacterial
pathogens, including E. coli 0:157, Mycobacterium tuberculosis, Vibrio cholerae,
Agrobacterium tumefaciens, Pseudomonas aeruginosa, Helicobacter pylori, Listeria
monocytogenes, Haemophilus influenzae, Salmonella enterica, Neisseria meningitidis,
Pasteurella multocida, Yersinia pestis, Xanthomonas campestris, Xanthomonas axonopodis,
Xyllela fastidiosa, Staphylococcus aureus and Ralstonia solanacearum [25]. The tat pathway
plays various roles in pathogenesis such as motility, Infection, Iron acquisition, cell growth
and division, biofilm formation and stress tolerance (Figl.15) [27]. In Mycobacterium, the Tat
pathway was studied in Mycobacterium smegmatis and Mycobacterium tuberculosis.
Defective Tat mutants were incapable of exporting the active b-lactamases in both M.
smegmatis and M. tuberculosis [83]. M. tuberculosis phospholipase C proteins were found to
be Tat-dependent [83][84]. Difficulties in constructing tat mutants of M. tuberculosis led to
the suggestion that the M. tuberculosis tat genes might be essential for viability [84].

Deepanjan Ghosh Page 24



Ph.D. Thesis Chapter |

Motility Infection
wT P :
. o - ¥ ",.r‘ .
=5 d 4
AC } X 74 5 .
(O ~ "
WT AABC AABC + tatABC WT AC
E. coli O157:H7 EDLS33 ‘ AC P. aeruginosa PAO1
k\ +atC
\
Stress conditions A. umefaciens A
12 - ] \ // Iron acquisition
s "
$En g o @ ) -EDDHA + EDDHA
S& z
33 o Multiple wT |
iy | TN - phenotypes of tat —
000 €03 208 013 025 050 100 208 400 mutant pathogens ac
mM CuSO, | AC
P. syringae pv. tomato DC3000 / \ +tatC
/. \\ P. aeruginosa PAO1
Biofilm formation ¥ X
160
;;g == Cell growth and division
100+
2 % ~
o 60 -
&# 40
201 .
0 = .
WT 48 aB AC AC - -
+1at8  +ac - =
L. pneumophila Philadelphia L. pneumnophila WT L. pneumophila AB

De Buck, Emmy, Elke Lammertyn, and Jozef Anné., Trends in microbiology 169 (2008)

Fig.1.15 The tat mutants of different pathogens are characterized by multiple
phenotypes. Motility: motility assay plates (0.3% soft agar medium) of E. coli O157:H7
EDL933 wild type (WT), tatABCmutant (DABC), and complemented mutant (DABC +
tatABC). Infection (left panel): production of tumours by A. tumefaciens wild type (WT),
tatC mutant (DC) and complemented tatC mutant (DC+ tatC) on susceptible plant tissue.
Infection (right panel): pulmonary abscesses were detected on rat lungs that were
infected with P. aeruginosa PAO1 wild-type cells (arrowheads) but were not observed on
lungs infected with DtatC mutant bacteria. Iron acquisition: production of the yellow-
green siderophore pyoverdine on low-iron media (casamino acids agar) for P. aeruginosa
PAO1 wild type, tatC mutant (DC) and complemented mutant (DC+ tatC). In the
presence of the iron-chelator EDDHA, the tatC mutant also failed to grow. Cell growth
and division: electron microscopic images of stationary-phase-grown L. pneumophila
Philadelphia wild type (WT) and tatB mutant (DB). Aggregation is observed for the tatB
mutant cells. The same image was seen for the tatC mutant. Biofilm formation (the
quantification of biofilm formation in L. pneumophila Philadelphia): the results given are
absorption values at 590 nm after crystal violet staining and corrected for optical density
of the cultures. The biofilm formation of the tatB (DB) and the tatC (DC) mutant and the
complemented strains (DB+ tatB and DC+ tatC) is given as a percentage of wild-type
biofilm formation. Stress conditions: copper susceptibility assays of P. syringae pv. tomato
DC3000 wild type (grey bars) and tatC mutant (white bars) over a range from 0 to 4 mM
of CuSO4. All growth data were normalized to growth of wild type in the absence of
CuSO04. [27]
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The Tat Pathway is a very promising drug target for drug development against pathogenic
organisms. A few assays have also been developed to quantify the activity of the Tat pathway
to aid in drug development. Tat Signal sequence activity based on the export of a Tat signal
bound beta-lactamase was in M. tuberculosis [85] and in Streptomyces coelicolor agarase assay
was developed where Tat signal fused with Streptomyces coelicolor agarase is expressed in S.
lividans [86]. High-throughput fluorescence assay for screening Tat inhibitors in E. coli was
developed using a mCherry fused precursor protein substrate spTorA-mCherry-SsrA that gets
degraded in the cytoplasm by the ClpXP/CIpAP protease system which recognizes SsrA tag
[87]. For the identification of Tat inhibitors in Pseudomonas aeruginosa the PIcH HTS assay
was developed that quantified the PlcH(Tat-transported hemolytic phospholipase C) activity
[88].

1.3.9 Tat applications

The ability of the Tat Pathway to transport folded proteins across the bacterial
membrane and the strict quality control mechanism makes it a tool for heterologous expression
of proteins. It is being used widely studied for production of protein in E.coli [89], Bacillus
subtilis [90], Corynebacterium glutamicum [91] and Streptomyces coelicolor [92] for
heterologous expression of protein for industrial applications. The development of a short and
universal Tat signal would lead to a significant progress in this aspect and needs proper
understanding of the interactions between Tat Signal, Tat receptor complex and Tat chaperons.
A phage display technique for Tat pathway [93] is being analyzed in E.coli . This could lead
to development of a phage display system for oligomeric as well as co-factor-containing
proteins, further extending the applicability of filamentous phage display to a wide range of

therapeutically interesting proteins.
1.4 Scope of work

The Twin arginine translocase components have been studied in this work. This
pathway transports folded proteins across the membrane and its study is of significant interest
for therapeutic as well as industrial applications. The main objectives of our study were
understanding the interaction between the Tat signal sequence and REMP chaperon,
determining a minimal Tat signal peptide necessary for transport, development of a Novel

High-throughput Twin Arginine Translocase Assay in E. coli for inhibitor screening,
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determining the atomic resolution structure of MtTatC and E. coli Tat membrane complex. A

detailed and comprehensive analysis of the Haloarchaeal Tat pathway was also undertaken to

get insights into its diversity in Haloarchaea, which almost exclusively use the tat pathway for

protein secretion.
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Chapter II - Tat Signal chaperon interaction

2.1 Introduction

The twin-arginine translocation (Tat) pathway is responsible for the post-translational
transport of folded proteins across the cytoplasmic membrane of bacteria, archaea and the
thylakoid membrane of the plant chloroplast. The minimal Tat system, here described for E.
coli, is composed of the integral membrane proteins TatA, TatB and TatC. Substrates of this
pathway contain a characteristic Tat specific Arg-Arg motif in the N-terminal signal sequence
[1]. The Tat signal localizes the protein to the membrane where it is recognized by TatC [2]
and then the protein is translocated across the cytoplasmic membrane though a pore formed by
TatA (reviewed in [3-5]). In most cases, Tat substrates are either a component of the respiratory
electron transport chain or are bacterial virulence factors [6, 7]. These substrates often

incorporate large co-factors or assemble into complexes before getting translocated [8].

Dimethylsulphoxide reductase is a heterotrimeric periplasmic complex that uses
dimethylsulphoxide (DMSO) as an electron acceptor during anaerobic respiration. The central
protein, DmsA, is synthesized in the cytoplasm, loaded with its catalytic molybdopterin (MoPt)
co-factor and the accessory proteins DmsB and DmsC. This enzyme complex is an example of
Tat substrates that must be fully assembled prior to translocation to the bacterial periplasm [9].
Delivery of these proteins is monitored by a special class of cytoplasmic chaperones that bind
specifically to the Tat signal of their substrate protein masking the signal sequence thereby
ensuring proper maturation and co-factor loading (Fig.1.14) [10, 11]. These chaperones,
dubbed redox-enzyme maturation proteins (REMP), prevent the futile export of immature
protein [12]. Each REMP generally has a specific binding partner and there are a number of
verified examples. DmsD, a well characterized REMP, binds the DmsA N-terminal Tat signal
sequence which contains the Tat consensus motif (S/TRRxLVK) [13] [14].

Generally signal peptides have tripartite structure with a positively charged N-region,
a middle hydrophobic stretch followed by a polar C-region that contains a signal peptidase
cleavage site [15, 16]. The E. coli genome encodes at least 29 putative signal sequences that

contain the Tat motif. [17]. Many studies have emphasized the significance of the presence of
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RR in the signal sequence during translocation [2, 18, 19]. The Tat signal is targeted to the pre-
formed complex between TatB and TatC, the TatBC recognition complex [20, 21]. Replacing
the RR of the signal sequence with a pair of lysines retains the ability to co-purify with the
TatBC complex. This suggests that the essential RR residues are not necessary for binding to
the TatBC recognition complex but are required for sucessful entry into the transport cycle
[22]. Additional evidence revealed a major role for TatB in initial binding of the precursor
protein [22]. The interaction between TatBC and the Tat signal of DmsA has been captured by
bimolecular fluorescence complementation (BiFC) [23]. The residues essential for the TatC
recognition has been studies extensively [19] Random mutational analysis in the Tat signal
peptide indicated that there is some of gain of function mutation with respect to rate of
translocation occurred within or near the Tat motif, highlighting the significance of this region

[24].

Other characterized REMP/signal peptides are TorD/TorA [8] NapD/NapA [25],
NarJ/NarG, NarW/NarZ and HybE/HybO [26]. Other chaperones, such as DnaK and SlyD,
were shown to bind broad range of different Tat signal sequences [27]. Bindings of these

chaperones are not essential for the Tat depended transport of substrate across the membrane

[28, 29].

The role of the signal sequence is more than a simple targeting factor. This is
exemplified by the fact that substitution of a DmsA signal with a TorA signal sequence peptide
showed poor growth in anaerobic condition despite the targeting of DmsABC to the membrane
[9]. Without a correct signal sequence the maturation and production of functional enzyme
prior to targeting is lost indirectly implying the significance of DmsD binding for the
production of functional enzyme [9]. DmsD can form a complex with the N-terminus of DmsA
independent of the globular domain of the protein [13]. In vivo studies suggest that DmsD is
not required for targeting [29]. Also there is evidence that signal peptide is extensively
crosslinked to ribosomal components and the trigger-factor chaperone during synthesis but

does not play a critical role in the export of Tat dependent protein [30]

Despite structural information, the molecular characteristics of REMP/signal sequence

binding have not been fully elucidated [31] [32]. REMP chaperones contain two specific motifs
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Y/F/W-X-X-L-F and E-(P-X/X-P)-D-H/Y that are conserved among all members of this family

and mutations in these regions lower the binding affinity to substrates [33].

The binding of REMPs to signal sequences has been localized to the Tat signal and the
possible protease site [23]. Further studies using DmsD and the signal peptide indicate binding
via a hydrophobic interaction with micromolar affinity in an equimolar ratio [34]. More
extensive work has been done on the interaction between TorD and the signal peptide of TorA.
Here, recognition has been localized to the hydrophobic h-region [35]. Glutamine-scanning
mutagenesis through this region demonstrated that an L31Q variant of the TorA signal peptide
impaired binding of TorD [36]. Synthetic peptide truncation variants of the TorA signal
showed weaker or no binding of TorD with C-terminal truncations while N-terminal
truncations, including the twin arginine motif, did not dramatically affect TorD binding [35].

This suggests that the twin-arginine motif is not essential for chaperone recognition.

Many mechanistic questions about the role of REMPs remain. The coordination
between co-factor loading and the subsequent transfer of the mature protein to the translocase
assembly is unknown. Our specific goals in this study were the biochemical characterization
of DmsD and the signal sequence of DmsA (ssDmsA) complex, also the complex with
translocase assembly and to map the location of the binding site of TatBC and DmsD in the
DmsA signal sequence, thereby deriving the smallest length of sequence essential for a specific

interaction.
2.2 Materials and Methods

2.2.1 Materials

LB media, 2xYT, TB and LB agar used for all the bacterial culture were purchased
from Hi-media. Antibiotics used for selection of transformants such as kanamycin, Ampicillin,
and chloramphenicol were obtained from Sigma-Aldrich, USA. Chemicals used for the
purification of proteins such as Trizma, Sodium chloride, Imidazole, B- mercaptoethanol,
glycerol, DTT, Nickel sulphate, Bromophenol-blue (BPB), Acrylamide, N,N'-methylene
bisacrylamide, Sodium dodecyl sulfate (SDS), Acetic acid, Methanol, TEMED (N,N,N',N'-
Tetramethylethylenediamine), Ammonium persulfate (APS), were purchased from Sigma-
Aldrich, USA. Molecular weight marker for SDS-PAGE was purchased from Bio-Rad
Laboratories, USA. Ni-NTA used for affinity purification were purchased from Qiagen,
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Germany. Size exclusion columns were obtained from GE, USA. Protein samples were
concentrated using Amicon® ultra centrifugal filters procured from Merck-Millipore, USA.
Commercial screens procured from Hampton research, USA and Qiagen, Germany
were used for initial crystallization screening. Sodium cacodylate, lithium sulfate, PEG 4000,
Ethylene glycol, glycerol, 2-methyl-2,4-pentanediol, propan-2-ol etc used in crystallization
trials were obtained from Sigma-Aldrich, USA. Two-well sitting-drop plates were obtained
from Hampton research, USA. 24 well plates and coverslips were obtained from Corning®
(Sigma- Aldrich, USA) and Blue Star, India respectively. Other specialized chemicals and
instruments used in the experiments are mentioned in the appropriate places. The constructs

used in this study have been described in Table2.1.

Table 2.1. Constructs used in the study with details of vector, Tag, Study and sequence
details

S. No. | Construct vector Tag Study Remarks

Signal chaperon interaction,

) o ] DmsA signal sequence 1-50
1 ssDmsA pET33b | 6-His SPR, minimal signal , Ala

] amino acids
scanning

Signal chaperon interaction,

DmsA signal sequence 1-50
2 ssDmsA-GFP pET33b | 6-His SPR, minimal signal , Ala

) amino acids +GFP
scanning

Signal chaperon interaction,
3 DmsD pACYC | None SPR, minimal signal , Ala DmsD without tag
scanning

Signal chaperon interaction, o )
Maltose binding protein +

4 MBP-DmsD pACYC | MBP SPR, minimal signal , Ala

DmsD

scanning
) ) ) E. coli TatB and TatC

5 EcTatBC pACYC | None Signal chaperon interaction )

without Tag

E. coli TatB and TatC + 6-
6 EcTatBC-His pET33b | 6-His SPR, DSF

His Tag

DmsA signal sequence 1-45
7 ss45DmsA-GFP pET33b | 6-His SPR, minimal signal

amino acids + GFP

) o ) DmsA signal sequence 1-40

8 ss40DmsA-GFP pET33b | 6-His SPR, minimal signal

amino acids + GFP

DmsA signal sequence 1-35
9 ss35DmsA-GFP pET33b | 6-His SPR, minimal signal

amino acids + GFP
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) ) ) DmsA signal sequence 1-30
10 ss30DmsA-GFP pET33b | 6-His SPR, minimal signal
amino acids + GFP
DmsA signal sequence 1-50
11 ss25DmsA-GFP pET33b | 6-His SPR, minimal signal
amino acids + GFP
ssNtrun5DmsA- ) ) ) DmsA signal sequence 5-50
12 pET33b | 6-His SPR, minimal signal )
GFP amino acids + GFP
ssNtrun10DmsA- DmsA signal sequence 10-50
13 pET33b | 6-His SPR, minimal signal
GFP amino acids + GFP
ssNtrun15DmsA- . o . DmsA signal sequence 15-50
14 pET33b | 6-His SPR, minimal signal
GFP amino acids + GFP
ssDmsD_Minimum ) o ) DmsA signal sequence 13-41
15 . pET33b | 6-His SPR, minimal signal ) ]
peptideDMSA-GFP amino acids + GFP
16 E13A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
17 V14A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
18 S15A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
19 R16A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
20 R17A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
21 G18A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
22 L19A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
23 V20A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
24 K21A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
25 T22A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
26 T23A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
27 A24S ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
28 125A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
29 G26A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
30 G27A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
31 L28A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
32 A29S ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
33 M30A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
34 A31S ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
35 S32A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
36 S33A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
37 A34S ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
38 L35A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
39 T36A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
40 L37A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
41 P38A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
42 F39A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
43 S40A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
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44 R41A ssDmsA pET33b | 6-His Ala scanning Ala mutant ssDmsA
45 E13A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
46 V14A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
47 S15A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
48 R16A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
49 R17A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
50 G18A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
51 L19A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
52 V20A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
53 K21A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
54 T22A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
55 T23A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
56 A24S ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
57 125A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
58 G26A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
59 G27A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
60 L28A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
61 A29S ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
M30A ssDmsA-
62 GEP pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
63 A31S ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
64 S32A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
65 S33A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
66 A34S ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
67 L35A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
68 T36A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
69 L37A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
70 P38A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
71 F39A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
72 S40A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
73 R41A ssDmsA-GFP | pET33b | 6-His Ala scanning Ala mutant ssDmsA+GFP
74 DDF pET33b | 6-His Crystallization,DSF DmsA 1-54+DmsD
75 DDFA2-10 pET33b | 6-His Crystallization ,DSF DmsA 11-54+DmsD
76 DDFA33-53 pET33b | 6-His Crystallization DmsA 1-33+DmsD
77 DmsDp33 pET33b | 6-His DSF DmsD with 6-His Tag
-8 DN2 DET33b | 6-His DSF DmsA signal sequence 10-50

amino acids + GFP
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2.2.2 Over-expression of DDF

To obtain the DDF, the expression host E. coli BL21G DE3 DTat was transformed with
DDF /pET33b construct by calcium chloride treatment. Selection of transformed colonies was
performed on LB agar plate containing Kanamycin. 10ml of the overnight culture was used to
inoculate 1000 ml of fresh LB/TB broth with kanamycin. When the absorbance at 600nm
reached above ~1, the culture was induced with 0.5 mM IPTG and grown for 4hours. Cells

were harvested by centrifugation at 4500 rpm for 10 minutes.

2.2.3 Purification of DDF, DDFA2-10 and DDFA33-53

DDF overexpressed cells were resuspended in lysis buffer (50 mM Tris pH 7.5, 100
mM NacCl, 30 mM imidazole, 2 mM p-mercaptoethanol,) and sonicated for 10 minutes. After
the cell disruption, the lysate was centrifuged for 30 minutes at 13000 rcf and the supernatant
was collected. This supernatant was allowed to pass through the pre-equilibrated Ni-NTA
column. The column was washed with 10 times the column volume of wash buffer (50 mM
Tris pH 7.5, 100 mM NaCl, 30 mM imidazole, 2 mM B-mercaptoethanol (3-ME)). The elution
of the protein was carried out with elution buffer containing 300 mM imidazole (50 mM Tris
pH 7.5, 100 mM NaCl, 300 mM imidazole, 2 mM B-ME). Eluted protein fractions were pooled
and concentrated using amicon 10K concentrator. The concentrated protein was further pass
through pre-equilibrated (50 mM HEPES pH 8.0, 2 mM DTT) S200 size exclusion column.
The eluted fractions were pooled and further concentrated before crystallization. Concentration

of DDF was measured using Bradford method and the purity was checked by SDS-PAGE.

2.2.4 Site Directed Mutagenesis for DDFA2-10 and DDFA33-53

DDF /pET33b plasmid was extracted from DHS5alpha cells were grown overnight in
10ml LB media in Kanamycin. The Site Directed mutagenesis primers were designed
according to the quick-change method. Here the primers were complementary having the
mutations and amplified the whole plasmid by extending in the opposite directions in 18-20

cycles of PCR amplification using Takara Ex-Taq DNA polymerase. The PCR product was
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treated with Dpn I for 3hours which cleaved the DAM methylated plasmids leaving only the
complete mutants. The mutants were screened by transformation into DHS5alpha cells and
plating on Kanamycin LB agar plates. Mutations were confirmed by sequencing to ensure that

no undesired mutation has been introduced.

2.2.5 Crystallization

Purified the DDF and DDFA2-10 was purified to the homogeneity and concentrated
up to 15 mg/ml using Amicon ultra 10kDa and 30 kDa cutoff centrifugal filters (Millipore,
USA) at 4 °C at 4000 rpm for Monomer and dimer fractions respectively. The proteins were
screened against several commercially available crystallization screens including, Index
(Hampton Research Corp.) Nextal PACT (Qiagen), Nextal Protein Complex Suite (Qiagen)
and JCSG plus (Molecular Dimensions). Screenings were performed using the Mosquito Robot
(TTP labtech) by vapour diffusion method in 96 well MRC?2 sitting drop plates Hampton
MRC-SD2 and SD3 plates with multiple protein to screen ratios of 1:1, 1:2 and 2:1 in 400ul

sitting drops and incubated at 20 °C in a RuMed vibration free incubator.

2.2.6 Cryo-protection and X-ray Diffraction

In general, crystals are exposed to high-intensity ionizing radiation during X-ray
diffraction. In order to minimize the radiation damage during this exposure, crystals were
diffracted in a cryogenic temperature at 100K. Ethylene Glycol, Glycerol, 2-methyl-2,4-
pentanediol, sucrose, PEG 200, perfluoropolyether oil etc are commonly used cryoprotectants.
Different cryo-protecting agents were tried but 25% PEG200 was found to be the most suitable
for DDF crystals.

2.2.7 Co-expression and Pull down

DmsD (w/o tag) and DmsA signal mutant plasmids were co transformed into B121Gold

DTat cells by chemical transformation. The co-transformed cells were selected on dual

antibiotic LBagar plates containing Kanamycin and chloramphenicol. Only co-transformed
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cells will survive and were used for pull down analysis. 1ml of the overnight culture was used
to inoculate 100 ml of fresh LB broth with kanamycin and chloramphenicol. When the
absorbance at 600 nm reached ~ 0.8, the culture was induced with 0.5 mM IPTG and grown
for 4hours. After induction, cells were harvested by centrifugation at 4500 rpm for 10minutes.
The interaction of DmsD (w/o tag) and DmsA signal mutant plasmids was studied by affinity
chromatography. Harvested bacterial cells were resuspended in lysis buffer (50 mM Tris pH
8, 100 mM NaCl, 2mM DTT), followed by sonication for 5 minutes with 5 sec on/off pulse
and 45% amplitude. After the cell disruption, the lysate was centrifuged for 30 minutes at
12000 rpm. The supernatant was collected and subjected to Ni-NTA affinity chromatography
as used above in DDF purification. Fractions eluted from Ni-NTA were for all co-expressed
samples were run on 12% SDS-PAGE. To check the interaction between the DmsD/ssDmsA
complex and the EcTatBC assembly, the over expressed cells of EcTatBC without 6xHis tag
were lysed by passing four times though a microfludizer and the total membrane fraction was
isolated by centrifugation at 45,000g at 4 °C for 1 hr. The membrane pellet was solublized in
1% digitonin, centrifuged at 35,000g at 4 °C for 30 min. The supernatant was used for the pull-
down experiments; the supernatant was diluted 10 fold with the buffer (50 mM Tris pH 7.5,

100 mM NaCl, 2 mM B-ME), to minimize the cause of excess detergent in complex formation.

2.2.8 Differential Scanning Fluorimetry (DSF)

Measurements of thermal unfolding was performed with the Prometheus NT.48
nanoDSF (NanoTemper Technologies, Germany). DSF experiments were based on changes in
intrinsic fluorescence of the protein where the shift in fluorescence emission is plotted as the
ratio between 350 and 330nm. The capillaries were filled with mixture of 20ul of protein placed
onto the capillary tray of the Prometheus NT.48. Start to end temperatures were set as 20°C to
95°C and the heating rate was defined as 1°C/min. The inflection point of the resulting
sigmoidal curve provided the melting temperature (7m) of the protein. The 7m of the various

combinations of proteins were studied in native condition.
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2.2.9 SPR analysis

All SPR analysis was performed at 25°C on a Biacore T100 system using Biacore CM5
research grade sensor chips (GE Healthcare). Purified fractions of DmsD were immobilized
on sensor chips using amine coupling at 400 pg/ml of total protein. The dextran matrix on the
sensor chip surface is first activated with 1:1 mixture of 0.4 M 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and 0.1 M N-hydroxysuccinimide (NHS) to create
reactive succinimide esters. The maximum immobilization level of the DmsD was achieved
after three injections and the sensogram baseline was increased to 2000 RU. The surfaces were
deactivated by passage of ethanolamine-HCI (1.0 M at pH 8.5). Experiments were carried out
in running buffer containing 10 mM HEPES pH 7.4, 150 mM NacCl, and 0.005% v/v Surfactant
P20 (GE Healthcare). Each of the ssDmsA mutants was analyzed for binding by injecting 200
ul of a serially diluted (10, 20, 40, 80, 160 and 320 nM) purified sample at a flow rate of 10
pl/min for 10 minutes. The dissociation step was performed at the same flow rate with same
buffer for 15 minutes. Regeneration solution (1 M NaCl, 100 mM glycine pH 9.5) for 2 minute
at 5 pl/min were used to regenerate the DmsD surface after each injection. For the EcTatBC
complex, purified fractions of EcTatBC with 6xHis tag was used directly for immobilization
on sensor chips using the amine coupling in presence of 0.1% (w/v) digitonin at 250 pg/ml of
total protein. The dextran matrix on the sensor chip surface was prepared as mentioned above.
The maximum immobilization level of the EcTatBC was achieved after three injections and
the sensogram baseline was increased to 2000 RU. The surfaces were then deactivated by
passage of ethanolamine-HCI (1.0 M at pH 8.5). Experiments were carried out in running
buffer containing Sodium acetate buffer pH 5.0 with NaCl 100mM, 10% v/v glycerol and 0.1%
(w/v) digitonin. Each of the ssDmsA mutants, DmsD and ssDmsA/DmsD complexes were
analyzed for binding by injecting 200 pl of a serially diluted (100, 200, 400, 800, 1600 and
3200 nM) purified sample in PBS buffer contain 10% v/v glycerol and 0.1% (w/v) digitonin at
a flow rate of 10 pl/min for 10 minutes. The dissociation step was performed at the same flow
rate with same buffer for 15 minutes. Regeneration solution [1 M NaCl, 100 mM glycine pH
9.5 contains 10% (v/v) glycerol and 0.1% (w/v) digitonin] for 2 minutes at 5 pl/min were used

to regenerate the EcTatBC surface after each injection.
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One flow cell of the CM5 chip was used as the blank control. The signal of each binding
experiment was corrected for non-specific binding by subtracting the signal obtained for a
blank surface. The kinetic of the association and dissociation phase were measured at several
flow rates from 5 to 40 pL. the kinetic rates measured were not affected by flow rate,
demonstrating that the system is not mass-transfer limited. Kinetic data analysis was done in
BIAevaluation software v.4.1 for multiple concentrations simultaneously using a 1:1 Langmiur
model. Some data curves were eliminated to reduce the 2 value for a better fitting; A more
detailed description of the parameters and equation is provided in the Biacore (GE Healthcare)

T100 software Handbook (BR-1006-48, edn AE, 186-187)

2.2.10 CD analysis

All CD measurements were performed on a JASCO J-715 spectropolarimeter, using
circular quartz cells with path lengths of 0.02 cm. The response time setting for the
spectrometer was 2 s with a data acquisition time of 5 s. The CD spectra are reported in terms
of [e], molar ellipticity, deg cm? dmol. Each measurement was the average of three repeated
scans in steps. The temperature of the sample was controlled by a circulating water bath

(Lauda, type K2R) linked to the outer jacket of the cuvette (Helmann).

For CD measurements of the complex of DmsD and ssDmsA peptides, a molar ratio of
1.5:1 (peptide:protein), at a peptide concentration of 50 um, was used, which is comparable to
the Kp, value of DmsD to the peptides. The differential spectrum of DmsD was obtained by
subtracting the CD spectrum of the peptides from the CD spectrum of the complex at the same

concentration as in the complex before the conversion to the ellipticity values.
2.2.11 Multi-angle light-scattering analysis

Purified Ec ssDmsA and DmsD complex (15 mg ml!) was loaded onto a Shodex
protein KW-803 size-exclusion column equilibrated with 50 mM Tris-HCI pH 7.0, 150 mM
NaCl, 10mM B-mercaptoethanol and connected in-line with a Dawn 18-angle light-scattering
detector coupled to an Optilab interferometric refractometer and a WyattQELS Quasi-Elastic

Light-Scattering instrument (Wyatt Technologies). Data analysis was performed with the
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ASTRA V5.3.4.14 software (Wyatt Technologies) and molecular weights were calculated

using the Zimm fit method.

2.3 Results

2.3.1 Characterization of DmsD/ssDmsA complex

The signal sequence of DmsA (first 50 amino acids) construct followed by a protease
site (Tev), green fluorescent protein (GFP) and a six histidine-tag for purification (ssDmsA-
GFP). An expression construct of full length maltose binding protein (MBP) tag followed by
a second protease site (Thr) and DmsD (MBP-DmsD). Both native proteins and their mutants
were purified to homogeneity by chromotagraphy. Wild type and mutant variants of ssDmsA
were purified and tested for their binding capability with wild type DmsD by incubating
purified MBP-DmsD with ssDmsA-GFP fusion protein and separating on a size-exclusion
column (SEC). The two different purification tags were added for ease of purification of

homogenous complex (Fig 2.1).

A

ssDmsA

C

MKTKIPD AVLAA EVSRRGLVKTTAIGGLAMASSALTLPFSR IAHAVDSAI

Fig. 2.1 The constructs used for DmsA signal sequence and DmsD binding studies A)
DmsA (first 50 amino acids), Tev protease site and GFP and a 6-his tag for purification
(ssDmsA-GFP) complexed with full length MBP- tag followed Thr protease site and
DmsD (MBP-DmsD) B) DmsA (first 50 amino acids) Tev protease and a 6-his tag for
purification (ssDmsA) complexed to Wild type DmsD (DmsD) C) The DmsD signal
sequence.
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The observed results are presented in the Fig 2.2. The SEC profiles clearly show
DmsD/ssDmsA complex formation. The formation of complex was further analyzed by mixing
different molar ratios of each component. A two-fold excess of ssDmsA-GFP saturates DmsD

and forms homogeneous complex DmsD.

Absorbance

Volume (ml)

Fig 2.2 Complex formation between the co-expressed ssDmsA-GFP with MBP-DmsD A)
Size exclusion chromatography shows greem peak for ssDmsA-GFP, blue peak for
DmsD-MBP and red peaks corresponding to free MBP-DmsD and the ssDmsA-GFP
MBP-DmsD complex B) SDS PAGE of DmsD, ssDmsA-GFP, MBP-DmsD and the peak
corresponding to ssDmsA-GFP with MBP-DmsD complex

The complex formed between the co-expressed ssDmsA (6xHis tag) with DmsD
(Figure 2.1.B) had two distinct populations’ i.e. monomeric complex and dimeric co-complex
(Fig. 2.3A), these complexes were confirmed by running the samples on SDS PAGE (Fig.
2.3.B).
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Fig.2.3 Complex formation between the co-expressed ssDmsA (6xHis tag) with DmsD A)
Size exclusion chromatography shows two separate peaks corresponding to monomeric
and dimeric complex B) SDS PAGE analysis of the Monomeric and Dimeric fractions
show the presence of both ssDmsA (6xHis tag) and DmsD

A comparison of the elution profiles of monomeric ssDmsA/DmsD complex and

DmsD alone (Fig2.4) is shown which shows the difference in elution volumes between them.

Dmsd_onl

Dmsd+ssDmsA mono

Fig 2.4 Size Exclusion Chromatography peak comparison between the elution profiles of
monomeric ssDmsA/DmsD complex (Red) and DmsD (Blue).

To determine the stoichiometry of the ssDmsA/DmsD complex we performed multi-
angle light scattering (MALS) (Fig 2.5). First DmsD was injected and its molecular weight
corresponded 23 kDa (Fig 2.5.A). Then the DmsD/ssDmsAcomplex was injected. The results
suggest that DmsD/ssDmsA complex exists either as a single copy of ssDmsA and DmsD
(monomeric) having a molecular weight of 28kDa (23kDa-DmsD+6kDa-ssDmsA) or one copy
of ssDmsA and two copies of DmsD (dimeric) having a molecular weight of 53kDa (2x23kDa-
DmsD-+6kDa-ssDmsA).
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>
o

molar mass (g/mol)
molar mass (g/mol)

Volume (ml)

Volume (mL)

Fig 2.5 Molecular weight determination by MALS A) DmsD - molecular weight 23 kDa
B) DmsD/ssDmsA complex with monomeric peak having 28kDa(23kDa-DmsD+6kDa-

ssDmsA) and dimeric peak having a molecular weight of 53kDa (2x23kDa-DmsD+6kDa-
ssDmsA).

We suspected that a signal sequence bound to DmsD would have a stabilizing effect on
DmsD. We tested this using circular dichroism (CD) where we generated melting curves for
DmsD alone and bound to ssDmsA (monomeric form) (Figure 2.6.A). The difference in the
thermal stability were shown in the (Figure 2.6.B). The thermal stability analysis showed that
DmsD is less stable in the presence of ssDmsA. This instability can be attributed to the intrinsic

disorder of the hydrophobic region (h-region) of the ssDmsA.

A Wavelength B Temperature
P e m i) [ h : “ B

Ellipticity
—~
Ellipticity

Fig 2.6 CD analysis of DmsD and ssDmsA-DmsD monomeric complex molar reported in
terms of [e], ellipticity, deg cm2 dmol A) DmsD (Blue) vs monomeric ssDmsA-DmsD
complex(Red) scan at 25°C B) Temperature vs ellipticity for DmsD (Blue) vs monomeric
ssDmsA-DmsD complex(Red) fom 10°C to 90°C at 5°C intervals

Deepanjan Ghosh Page 51



Ph.D. Thesis Chapter Il

2.3.2 Tetrameric complex formation

Interaction between TatBC with DmsA, DmsD and DmsD/ssDmsA complex was
observed after incubating each component for 2 hrs at 4°C and then affinity capture using the
6xHis tag of ssDmsA or DmsD. As a control, TatBC was overexpressed without a tag and
ssDmsA/DmsD complex was also observed to be intact in the presence of detergents. Complex
formation was confirmed by a shift in the SEC elution profile (Fig 2.7). The tetrameric complex
of DmsA/ssDmsA/TatBC only formed if the monomeric complex DmsD/ssDmsA was used.

The dimeric form ssDmsA/DmsD was unable to capture TatBC.

ECTatBC complex alone B
Wt Monomeric DmsD/ssDmsA complex
Tetrameric complex

Absorbance

TatBC

DmsD-ssDmsA

0 »

Volume (ml)

Fig 2.7 Tetrameric complex formation of TatBC and DmsD/ssDmsA A) Size exclusion
chromatography of monomeric DmsD-ssDmsA (green), TatBC (blue) and tetrameric
comlex of DmsD-ssDmsA and TatBC (red) B) SDS PAGE of tetrameric complex
showing TatBC and DmsD-ssDmsA

2.3.3 Sequence comparison of Tat signals with reference to DmsA

Tat signal sequences are typically 30-50 amino acid long [36]. The signal sequences of
the closely related DmsA and TorA were aligned (Fig 2.8A). DmsA signal sequences are ~50
amino acid long while TorA signal sequences are relatively shorter, ~35 amino acid. An
alignment of all Tat signals are recognized by REMP chaperones from E. coli is shown in Fig
2.8.B. The alignment shows the conservation of Tat signal motif, located in the border of n-
and h- regions, between the various Tat substrate from E. coli. The h-region is relatively longer
in the case of DmsA signal peptide in and Ala-29, Ala-31, Leu-37, Pro-38 and Phe-39 in h-

regions are conserved at least among DmsA signal peptides.
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Fig 2.8 Sequence analysis of Tat signals A) Multiple sequence alignment of Tat signal
sequences of the closely related DmsA and TorA B) Multiple sequence alignment of all
Tat signals are recognized by REMP chaperones from E. coli.

2.3.4 Effect of truncation of ssDmsA on DmsD and TatC binding

To check for the efficacy of the signal sequence to bind to DmsD and TatC, a series of
truncations were made from the N- and C- terminal. These truncation mutants of ssDmsA were
tested for binding to DmsD. Truncation constructs removed five amino acids at a time from
either end of the signal sequence (Figure 2.1.C). In the first round of truncation only C-terminal
or N-terminal truncation were tested. Based on these results, double mutants were tested in
subsequent cycle. They were tested for binding to DmsD in both in vivo and in vitro conditions.
The pull down of DmsD with these truncations on ssDmsA-GFP by co expression provided in

vivo binding (Fig2.9).
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Fig 2.9. SDS-PAGE of DmsD pull down with ssDmsA-GFP truncations by co-expression
in vivo

The deletion of first 10 residues in N-terminal had no significant effect on DmsD
binding, except the change in the ratios of the monomeric versus dimeric complex formation
compared to wild type ssDmsA (Fig 2.10). Ten amino acids could be deleted from the C-
terminus before a significant loss of binding occurred. Altogether, binding to DmsD required

a minimum of 29 amino acids in the signal sequence from residue 13 to 41 (Figure 2.1.C).

Wi sxDmsA/DmsD complax

Fig 2.10. Size exclusion chromatography of ssDmsA-GFP truncations and DmsD pull
down. Shift in distribution among monomeric and dimeric complex in ssDmsA-GFP and
DmsD (green), NASssDmsA-GFP and DmsD (blue) and NA10ssDmsA-GFP and DmsD
(red)
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Then all the truncated constructs of ssDmsA-GFP have been tested for its ability to
form complex with EcTatBC. Pull down the EcTatBC complex with purified tagged protein of
ssDmsA-GFP to determine and map the region in signal peptide responsible for this tetrameric
complex formation. From the figure 8§ we can clearly observe that there is different forms of
complex formation between the EcTatBC and NAssDmsA/DmsD. The residue deletion from

C-terminal of ssDmsA-GFP signal peptide has no effect on the complex formation.

A ECTatBC complex alone B

ECTatBC complex alone
ECTatBC+ /' i ECTatBC + DmsD/ NA10ssDmsD Tetramericcomplex

7 9 11 13 15 17

Fig 2.11 Difference between tetrameric complex formation of TatBC - DmsD/ssDmsA
and TatBC - DmsD/ NA10ssDmsA A) Size exclusion chromatography of monomeric
DmsD-ssDmsA (green), TatBC (blue) and tetrameric comlex of DmsD-ssDmsA and
TatBC (red) B) Size exclusion chromatography of monomeric DmsD-ssDmsA (green),
TatBC (blue) and tetrameric comlex of DmsD- NA10ssDmsA and TatBC (red)

2.3.5 Sequence determinants of the minimal signal sequence

Alanine scanning of the minimal 29 amino acid long DmsA signal sequence was used
to establish the important recognition elements for DmsD binding. Each amino acid was
individually replaced with either Ala or Ser (in the case of Ala). We assayed each mutant for
the ability to form complex by co-expression and then affinity capture on a Ni-resin. ssDmsA-
GFP-6xHis construct co-expressed with MBP-DmsD. Using this construct, the visualization
of GFP fluorescence allowed for quantification of the expression level of each mutant

indicating that they was no significant effect on expression (Fig 2.12).
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Fig 2.12 SDS PAGE of Ni-NTA affinity capture of MBP-DmsD by alanine scanning
mutation on the minimal signal region of ssDmsA-GFP

Additionally, the effect was confirmed in vitro by mixing saturated amount of purified
DmsD with mutants of the ssDmsA-6XHis and followed by affinity purification. The presence
of a stable complex is indicated by the ability to capture DmsD visualized by SDS-PAGE
(Fig.2.13). Based on this analysis, Lys 21, Gly27, Ala29, Ala34, Thr36, Leu37 and Phe 39
were all required for complex formation. Mutation of the invariant RR motif completely

abolishes the Tat-specific export [37] but had no effect on DmsD binding

Fig 2.13 SDS PAGE of Ni-NTA affinity capture of purified DmsD with mutants of the

ssDmsA-6XHis by alanine scanning mutation on the minimal signal region of ssDmsA-
GFP
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2.3.6 Kinetic analysis of DmsD/ssDmsA complex formation and interactions with TatBC

We used surface plasmon resonance (SPR) to obtain association and dissociation rate
constants during complex formation between DmsD and ssDmsA along with the higher order
TatBC interaction. Kinetic rate constants for the binding of the Tat signal peptide of DmsA to
DmsD were determined by flowing ssDmsA-GFP to a chip containing immobilized DmsD. As
a control, free GFP showed no interaction with immobilized DmsD indicating that any

interaction was due solely to the signal sequence.

The key to a successful SPR experiment is the ability to saturate the surface of the chip
with the Ligand. We were unable to immobilize the DmsD effectively by affinity tag;
therefore, DmsD was attached to the chip by direct amine coupling. We tested a variety of
conditions and were able to regenerate the chip using 150mM Nacl and 100 mM glycin buffer
pH 9.5. This fully removed the ssDmsA-GFP without disrupting the native conformation of

DmsD. These conditions allowed for reproducible binding of ssDmsA to DmsD.

Fig 2.14 SPR sensogram to obtain association and dissociation rate constants of ssDmsA
constructs A) ssDmsA-GFP to immobilized DmsD B) ssDmsA and DmsD with TatBC by
immobilized TatBC

The sensogram of wild type peptide and other truncation mutants were shown (Figure
2.14). Figure 2.14 shows the experimental sonograms obtained, association of analyte ssDmsA
(wt or mutants) with the DmsD proceeded for 10 minutes and dissociation in analyte free buffer
was typically 15 minutes. For each titration, a zero analyte surface as a control was subtracted
from test sensogram. The kinetic rate constants (K. and Ky), as well as equilibrium dissociation
constant (Kp) were estimated by global fitting analysis of the titration curve to the 1:1 [38] .

The results are summarized in Table 2.2.
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Table 2.2 Kinetic rate constants (Ka and Ka), as well as equilibrium dissociation constant
(Kbp) for ssDmsA-GFP and DmsD interaction and Pull down interactions.

Pull down
K. X 10 Kq X 10°
ssDmsA with Kp (nM)
(1/Msec) (1/sec)
DmsD
wt + 16.4+0.8 2.240.08 56.25+3.8
45 + 11.0+1.3 2.540.3 55.88+4.9
40 + 13.0+1.1 2.7+0.09 64.5+7.6
35 + 13.8 £2.0 18.0+0.8 59.145.7
30 - 4.5+0.3 51.0+1.4 82.0+5.6
25 - 5.640.7 577419 195.4+12
Ntrun$ + 163+ 0.4 34406 58.30+2.8
Ntrun10 + 128408 42+02 55.98 +3.4
Ntruni5 + 3.840.3 23.0+1.1 166.9+9.7
DmsD Minimu
- - 10.7+0.5 2.4+0.1 56.5142.9

m peptide

Good fitting of experimental data to the calculated curves has been observed,
suggesting the correctness of the used fitting model. It provided the insight into the association
and dissociation kinetics of the interaction between either wide type or truncated signal peptide
of ssDmsA and DmsD. The slower association rate for ssDmsA_wt (K, = 16.4 X 10*Ms™) and
resultant complex between the ssDmsA_wt and DmsD were stable as illustrated by slow
dissociation rate (K4 =2.2 X 10™s"). Kinetic analysis of the sensogram curve suggests that
ssDmsD 45 is more preferred (Kp = 55.88 nM) over other truncated forms. But the stable
associations were observed upto 15 amino acid deletions, with considerable decrease in

affinity. N-terminal truncations had no significant effect on DmsD binding and consistent with

Deepanjan Ghosh Page 58



Ph.D. Thesis Chapter Il

the earlier results. The derived minimal peptide has similar K, and K4 value suggesting that the

essential regions of the signal sequence for the interaction with DmsD.

To analyze the interaction of ssDmsA and DmsD with TatBC by SPR, we immobilized
TatBC from E.coli. (Table 2.3). These interactions were also observed in affinity capture

experiments (Fig 2.15).

A ECTatBC complex alone B
ssDmsA-GFP
ECTatBC + DmsD/ ssDmsD-GFP

Absorbance

21.5kD

Volume (ml)

Fig 2.15 Complex formation of TatBC, DmsD and ssDmsA-GFP used in SPR analysis A)
Size exclusion chromatography of ssDmsA-DmsA (green), TatBC (blue) and tetrameric
comlex of DmsD-ssDmsA-GFP and TatBC (red) B) SDS PAGE of tetrameric complex
showing ssDmsA-GFP, TatBC and TatBC + DmsD + ssDmsA-GFP

The affinity constants were higher for the DmsD/ssDmsA complex compared to the
individual components. Interestingly, although the N-terminal truncation had no effect on the
DmsD/ssDmsA complex formation, truncations significantly lowered the affinity towards
TatBC suggesting a role in the higher order complex formation. Moreover, this effect was even
seen in measurements using ssDmsA alone. It is worth to note that the derived minimal peptide
has significantly less affinity towards the TatBC complex. Even though minimal peptide has
showed no difference compared to wild type ssDmsA in the formation of ssDmsA/DmsD
complex. This result denotes that N-terminal of signal peptide may be involved in the
interaction with translocon complex. Another striking observation is that dimeric form of
DmsD/ssDmsA complex has less affinity towards TatBC compared to monomeric form which

is on par with the result of affinity capture experiments.
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Table 2.3 kinetic rate constants (K. and Ka), as well as equilibrium dissociation constant
(Kbp) for ssDmsA and DmsD with TatBC by immobilized TatBC

ssDmsA or and DmsD K. X 104 Ka X 10 Kb (uM)
(1/Msec) (1/sec)

ssDmsA_wt 9.0 52 5.8
ssDmsA_45 12.3 3.4 5.3
ssDmsA_40 15.2 4.2 6.8
ssDmsA_35 20.8 1.6 8.2
ssDmsA_30 ND ND 114
ssDmsA_25 ND ND 10.4
ssDmsA_Ntrun5 ND ND 73
ssDmsA_Ntrun10 30.7 23 15.6
ssDmsA_Ntrun15 ND ND 18.7
DmsA_Minimum peptide 26.5 1.7 19.8
ssDmsAwt RR mutants ND ND 8.8
DmsD alone 1.1 3.1 2.8
ssDmsD/DmsD monomer 3.0 5.1 1.7
ssDmsD/DmsD

ND ND 13.2
Dimer
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2.3.7 Characterization of DDF and mutants

As the interaction between both was known, a chimeric protein DDF having the E. coli
signal sequence of DmsA (first 53 amino acids) construct followed by DMSD was designed
with an hypothesis that the Tat Signal sequence and the chaperon would interact either by
folding itself into the chaperon or in a dimeric manner where the signal of one construct
interacts with the chaperon subunit of a second construct. The clone of signal sequence of
DmsA (first 53 amino acids) construct followed by DmsD followed by a 6-Histine tag in a pET

33b expression vector was used for overexpression (Fig. 2.16)

DmsA signal region 6-His

Fig 2.16 DDF construct by fusion of ssDmsA with DmsD followed by 6-His tag

The protein expression was optimised and overexpressed in BI21G DTat cells by
inducing culture with 0.5 mM IPTG and incubation at 37°C for 4hours to obtain the
cytoplasmic soluble fraction. The overexpressed protein was purified to homogeneity using a

Ni—-NTA affinity column (Fig2.17).

29kDa

Fig. 2.17 Ni-NTA Purification of DDF on SDS PAGE
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Following Ni-NTA purification gel filtration (column: Superdex S200 10/300 increase)
was carried out to remove any contaminant proteins, soluble aggregates (Fig2.18). The

molecular weight of peak at 16.2ml approximately is ~29kDa which is the monomer and that
of the 14.7ml peak is ~60kDa which is the dimeric form of DDF.

A

DDF Dimer DDF Monomer

Monomer

L | 29kD

o D .

16 18 20
Volume (ml) »

10 12 14 22

Fig 2.18 Size exclusion chromatography of DDF A) The molecular weight of peak at
16.2ml approximately is ~29kDa which is the monomer and that of the 14.7ml peak is
~60kDa which is the dimeric form of DDF B) SDS PAGE of DDF monomer and dimer

Two new constructs DDF A2-10 and DDFA33-53 were created by site directed

mutagenesis based on the ssDMSA signal truncation studies (Fig2.19). The mutants were made

using quick change deletion primers and confirmed by sequencing.

- D
source DmsA signal region
— — 6-His
2-10_Deletion 33-53 deletion

Fig 2.19 DDF mutants by truncation of ssDmsA 2-10 and C-terminal 33-53 fused with
DmsD followed by 6-His tag DDFA2-10 and DDFA33-53 respectively
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The protein expression for both the mutants were optimised and overexpressed in
BI21G DTat cells by inducing culture with 0.5 mM IPTG and incubation at 37°C for 4hours.

Ni-NTA affinity chromatography was used for purification of protein from lysed supernatant
(Fig 2.20).

B
DDFA2-10 DDFA33-53

<+—25kDa

Fig 2.20 Ni-NTA Purification of DDF mutants on SDS PAGE A) DDFA2-10 B) DDFA33-
53

Ni-NTA purified DDFA33-53 was subjected Size exclusion chromatography using GE
S200 Sephacryl 16/60 column in buffer containing 50mM HEPES and 2mM DTT to separate
out monomer and dimer (Fig 2.21). Only monomer was obtained after size exclusion

chromatography this was probably due to the loss of flexibility of the signal region.

A B

DDFA33-53

Monomer

S0 60 70 80
Volume (ml) »

Fig 2.21. Size exclusion chromatography of DDFA33-53 A) The molecular weight of peak

at 71.2ml approximately is ~25kDa which is the monomer DDFA33-53 B) SDS PAGE of
DDFA33-53 monomer
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DDFA2-10 was subjected Size exclusion chromatography using GE S200
superdex10/300 column in buffer containing 50mM HEPES and 2mM DTT to separate out
monomer and dimer (Fig 2.22). The molecular weight of peak at 16.3ml approximately is
~27.5kDa which is the monomer and that of the 14.8ml peak is ~55kDa which is the dimeric
form of DDFA2-10.

A B

Monomer i
DDFA2-10 Monomer DDFA2-10 Dimer

Fig 2.22 Size exclusion chromatography of DDFA2-10 A) The molecular weight of peak
at 16.3ml approximately is ~27.5kDa which is the monomer and that of the 14.8ml peak
is ~55kDa which is the dimeric form of DDFA2-10 B) SDS PAGE of DDFA2-10 monomer

and dimer

2.3.8 Crystallization of DDF and mutants

Purified protein from Size exclusion chromatography was concentrated up to 15 mg/ml
using Amicon ultra 10kDa and 30 kDa cutoff centrifugal filters (Millipore, USA) at 4 °C at
4000 rpm for Monomer and dimer fractions respectively. The proteins were screened against
several commercially available crystallization screens including, Index (Hampton Research
Corp.) Nextal PACT (Qiagen), Nextal Protein Complex Suite (Qiagen) and JCSG plus
(Molecular Dimensions) by vapour diffusion method in 96 well MRC2 sitting drop plates
Hampton MRC-SD2 and SD3 plates with multiple protein to screen ratios of 1:1, 1:2 and 2:1
in 400ul sitting drops and incubated at 20°C. One batch of DDF was also set up with 1:100
thermolysin: DDF for chopping out protruding hydrophobic region of the protein. DDF Dimer
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crystals were obtained in 0.1M- Phosphate/Citrate pH4.2; 40%v/v Ethanol; 5%w/v PEG1000
and 0.1M Sodium- Citrate pHS5; 8%w/v PEG8000 after 3-4weeks at 20°C (Fig2.23).

Fig.2.23 Crystal images of DDF Dimer in Bright field and UV A) 0.1M- Phosphate/Citrate
pH4.2; 40%yv/v Ethanol; 5%w/v PEG1000 and B)0.1M Sodium- Citrate pHS; 8%w/v
PEGS8000 after 3-4weeks at 20°C

DDF Monomer crystals were obtained in thermolysin treated protein in 0.2M Lithium

Sulphate monohydrate, 0.1M BisTris, pHS5.5; 25%w/v; PEG335 and 0.1M BisTris pH6.5;
20%w/v; PEGmmE 5000 (Fig2.24).

Fig.2.24 Crystal images of Thermolysin treated DDF Monomer in Bright field and UV
A) 0.2M Lithium Sulphate monohydrate, 0.1M BisTris, pHS.5; 25%w/v; PEG335 and
B)0.1M BisTris pH6.5; 20%w/v; PEGmmE 5000
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Additional additive screening and manual crystal screening was performed for DDF
monomer and dimer but there was no improvement in crystals. No crystals were obtained for
both DDFA2-10 and DDFA33-53 after extensive screening. The original crystals were
screened at BL21px beamline at RRCAT Indore but failed to diffract failed to diffract.

2.3.9 Differential Scanning Fluorimetry (DSF)

DSF analysis was done for different combinations of DmsA signal Sequence,
WtDmsD, DDF and DDFA2-10 to find out the complex with greater stability for proceeding
with crystal trials for improved complex. The combinations were analysed in the Prometheus
NT.48 nanoDSF (NanoTemper Technologies, Germany). Intrinsic fluorescence of the protein
where the shift in fluorescence emission is plotted as the ratio between 350 and 330nm. The
Tm of the various combinations of proteins were studied in native condition. Tm was calculated
from the first derivate of absorbance at 350nm (Fig2.25). Highest melting temperature was of
DMSDp33 + DDF Dimer at 66.03°C and the lowest melting temperature was of DDF
Monomer at 57.91°C (Table 2.4).

350 first derivative

,_-_—;.u @ = @ W oI™tp th &
PEREEERL LR ERPEE -

-100.000000

-120.000000
-140.000000
-160.000000
-~180.000000

= DDFM First Derivative DDFD First Derivative

~200.000000 ———210M First Derivative ——— 210D First Derivative

DMSDP33 First Derivative = DDN2 First Derivative

= DDDF First Derivative

Fig.2.25 Melting temperature(Tm) analysis for different constructs using DSF by
measurement of first derivative of absorbance at 350nm
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Table 2.4 Melting temperature(Tm) analysis for different constructs using DSF by
measurement of first derivative of absorbance at 350nm

Sr.No Proteins Tm

1 DDF Dimer 58.35°C
2 DDF Monomer 57.91°C
3 DDFA2-10 Dimer 61.03°C
4 DDFdel2-10 Monomer 63.84°C
5 DMSDp33 63.84°C
6 DMSDp33 + DN2 65.9°C
7 DMSDp33 + DDF Dimer 66.03°C

2.4 Discussions

This work reveals that DmsD binds to the N-terminal signal peptide of ssDmsA and
forms two distinct populations. The results from the Biacore analysis and the SEC data or
affinity capture were well correlated. Based on this data we have designed the minimum
peptide for formation of complex, which consist of 29 amino acids. And the kinetic analysis
from SPR suggest that this peptide is having faster association rate (K, = 10.7 X 10* Ms™)
compare to all other mutant and wild type, and the affinity is very close to the wild type peptide
Kp =56.5 nM.

The sequence comparisons of all Tat signal, which are having binding chaperons
reveals some region are more conserved (Fig 2.8). In spite of the divergence in Sec and Tat
transport systems, they do have features in common. The signal peptides of both pathways are
evolutionarily well conserved and display the same tripartite organization. Even though overall
conservation signal peptide found in Tat substrate do have several exclusive features as
compared to those found in Sec substrates. Tat substrate signal n-region is much longer, and
they have twin arginine motif in the n- and h- region boundary. The h-region in Tat substrate
usually longer and also has less number of hydrophobic residues compare to Sec signal. An
additional lysine or arginine is often present in the c-region of Tat signal peptide, which serve

as sec avoidance motif [39].
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The sequence alignment provides some inferences with regard to the mechanism of
substrate specificity by REMPs. Homology of the entire REMP sequences and the hydrophobic
regions of signal peptide imply recognition specificity, with importance on the position and
length of the continuous hydrophobic stretch following the Tat motif. The varying architecture
of this hydrophobic stretch is likely to adapt to the binding pocket of different REMP structural
classes such as those recently described [25]. The higher percentage of sequence conservation
of DmsD/HybE than for observed NapD/HybE pairs suggest that homology of REMPs is not
the only factor consider whether two REMPs will interact with the same signal peptide [40].

The truncation mutations of ssDmsA reveals that the C-terminal part of the ssDmsA is
more directly involved in DmsD binding. In case TorA/TorD system truncated signal peptide
of 10-36 of TorA essentially identical to full length and showed tighter binding [35]. Also
showed that there is no preference over twin-lysine peptide, which suggest that twin arginine
motif is not essential for chaperone recognition [35]. This is on par with our Ala scanning
results where the replacement of RR with Ala has no effect on the DmsD binding (Figure 2.11).
The another study suggested that Ser in -1 position and Leu in +2 position in the peptide were

essential for the translocation [41].

A leucine rich region within the signal peptide h-region is shown to be involved in
TorD binding both in vivo and in vitro [36], which correlates well with our alanine scanning
results in ssDmsA/DmsD system (Fig 2.12). Before the pre-protein interacts with Tat
translocon it interact with inner membrane that is stabilized by both electrostatic and
hydrophobic contribution [42]. The studies are revealed that the positively charged signal
peptide region and anionic lipid head groups play major role in the association of preprotein
with the lipid bilayer. And h-region of the signal peptide interacts with the apolar environment
of phospolipid [42]. It has been suggested that increasing hydrophobicity of h-region favors

the membrane binding rather chaperone binding.

Here we report for the first time that the DmsD/ssDmsA interaction analysis showed
undoubtedly the presence of two forms of complex. And equilibrium of these forms can be
modulated by N-terminal truncation. Further in vitro analysis showed that the concentration of

DmsD also influence the architecture of the complex.
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The NarJ/NarG system, which is similar to DmsA/DmsD has been investigated
thoroughly in structural level by NMR. This result suggests that NarG signal peptide is in
helical conformation and also there is change in conformation in NarJ upon the signal peptide

binding. pH depended modulation of the peptide binding affinity has also been observed [43].

Translocation involves a very intimate association of signal peptide with the receptor
complex binding site [44]. Previous reports suggested that DmsD alone interact with Tat
apparatus especially TatB and TatC [45]. Here we could able isolate and identify the regions
responsible for this interaction between TatBC with DmsD, ssDmsA and ssDmsA/DmsD
complex. The N-terminal of the signal peptide has been mainly involved in the TatBC
recognition, which includes the Tat motif. The effect of mutation on the Tat motif has been
well studied on the translocation previously [2]. The N- terminal of Tat motif has seems to play
some role in the complex formation. Even though the deletion of the N-terminal upstream of
the Tat motif still forms complex with TatBC, the association is weak and forms different type

of complex. The C-terminal of the signal peptide doesn’t seem affect binding.

TatB is found in contact with the entire signal sequence and adjacent parts of mature
part of the protein, but in TatC the interaction restricted to a discrete area around the consensus

motif [2].

Among monomeric and dimeric types of ssDmsA/DmsD complex, only the monomeric
population interacts with TatBC and forms the tetrameric complex. In case of monomeric
complex of DmsD/ssDmsA, both interaction site of signal peptide and the DmsD may be still
accessible for the Tat translocase assembly. The dimeric complex could be formed due to stable
and very strong interaction of DmsD molecules. The DmsD concentration depended binding

towards signal peptide has been observed previously [34] and in this work.

It is possible that both of these types of complex may be needed and serve as
mechanism for the stringent incorporation of co-factor and quality control of DmsA

maturation. The model that emerged from this study has been represented in Figure 2.26.
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Dimeric complex

o - Dimeric complex

\“M

Monomeric complex

Fig 2.26 Postulated quality control mechanism of DmsA. The Preprotein is bound to a
DmsD dimeric complex, after co-factor loading one of the DmsD subunits dissociates
allowing the movement and targeting to the TatBC receptor complex

After the nascent peptide of DmsA emerge from ribosome DmsD form dimeric
complex. So the DmsA signal has been complexly masked and it is inaccessible for the
translocon and also this dimeric complex obstructs the DmsD interaction with the receptor
complex. Once the cofactor has been inserted and after completion of sub-unit assembly the
DmsD dissociate to monomeric form which has now exposed all its interaction sites over signal
peptide as well as in DmsD and this monomeric complex readily interact with translocase
assembly. This is supported by the DSF experiments where the highest melting temperature is
for the DMSDp33 + DDF Dimer at 66.03°C which shows it is a stable complex and the lowest
melting temperature is that of DDF Monomer at 57.91°C which resembles a DmsD monomer
bound to the DmsA signal sequence. There is enough evidence that the mature part of DmsA
interact with DmsD [46]. The other possible scenario is DmsD may form monomeric or
dimeric complex in normal circumstance but once the degradation increases due to improper
folding and assembly [47] it may trigger the DmsD synthesis that eventually increases the
relative concentration of DmsD with respect to DmsA and equilibrium shifted towards the
dimeric form. Dimeric form restricts the access to the translocon prematurely and leads to
stringent quality control of DmsA maturity as a functional assembly. One interesting and

supporting fact to this model has been observed in this studies was once the N-terminal of the
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signal peptide truncated there is shift in monomeric and dimeric form of the complex which

also indirectly tells us the steric hindrance may be playing role in the complex regulation.

The crystallization trials suggest that the disorder of the DmsA signal sequence is a

major factor of non-diffraction. The DMSDp33 + DDF Dimer with a high Melting temperature

is a good candidate for further crystallization trials.
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Chapter III - Development of a Novel High-
throughput Twin-Arginine Translocase Assay in
Bacteria for Therapeutic Applications

3.1 Introduction

The twin-arginine translocase (Tat) pathway exclusively transports folded proteins in
an ATP-independent manner across the bacterial cell membrane [1]. Common Tat substrates
[2] include periplasmic enzymes in complex multiprotein respiratory redox systems, bacterial
virulence factors, lipoproteins, and proteins involved in maintaining cell-wall integrity. These
are mostly complexes containing cofactors, and many form oligomeric assemblies. Delivery
of these proteins is mediated by special cytoplasmic chaperones (redox-enzyme maturation
proteins, REMP) that bind to and mask the Tat signal, thereby preventing the futile export of
immature protein [3]. The Escherichia coli genome encodes around 31 putative signal peptides
[4] containing a twin-arginine motif. The Tat Pathway also plays an important role in bacterial
pathogenesis [5], translocating certain virulence factors, and proteins involved in
polysaccharide metabolism and biofilm formation. Apart from its significance as a potential
drug target, the Tat pathway could also find applications in bioengineering, where its strict
quality control can be used to produce complex therapeutic proteins in properly folded states
or to rapidly screen for mutations that enhance protein solubility [6]. In this context, it would
be highly beneficial to develop efficient and robust screening techniques for detecting the

protein translocation activity of the pathway.

Currently, a few assays have been deployed to measure Tat activity. The list of in vivo

and in vitro assay developed till now for Tat pathways are listed in Table 3.1.
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Table 3.1. The currently available Tat Assays for identifying signal activity or inhibitor

screening
Sr. | Assay Function organism Protein Method
No
1 BlaTEM-1 Tat signal peptide | M. tuberculosis E. coli B-lactam sensitivity of AblaC mutant of
Identification BlaTEM-1 M. tuberculosis,  lacking  the
chromosomally encoded B-lactamase
BlaC [7]
2 S. coelicolor Tat signal peptide S. lividans. S. coelicolor Tat signal fused with Streptomyces
agarase Identification Agarase coelicolor agarase expressed in S.
lividans. Agarase secreted degrades
Agar into smaller oligosaccharides
which are visualized by staining the
plates with iodine [8]
3 spTorA-mCherry- | Tat inhibitor E. coli spTorA- Quantification of periplasmic mCherry
SsrA screening mCherry -SsrA | emission. Untranslocated spTorA-
mCherry-SsrA in the cytoplasm is
degraded by the ClpXP/
ClpAP protease system [9]
4 PIcH HTS Tat inhibitor P. aeruginosa PlcH Tat pathway secreted PIcH activity is
screening estimated with  NPPC  (O-(4-
Nitrophenylphosphoryl)choline) at
A410 [10]
5 Mobility Motility and X oryzae Motility assays were performed in
chemotaxis assay NYGB 0.3% soft agar plate [11]
6 EPS aasay EPS production X oryzae EPS was precipitated from the culture
supernatant with ethanol, then was
dried at 80°C to constant weight. [11]
7 Hydrogenasase Hydrogenase Rhizoium leguminosarum | R. Detection of hydrogenase subunits was
assay activity bv viciae leguminosarum | carried out by immunobloting [12].
hydrogenase
8 Cytochrome C Cytochrome C- Rhizoium leguminosarum Reduction of cytochrome c¢ was
assay dependent O, bv viciae monitored for membrane using
respiration Ubiquinone50 spectrophotometrically
[12].
9 PehC assay Galacturonic acid Ralstonia solanacearum PehC of R. Release of galacturonic acid from
measurement solanacearum polygalacturonate by the
exopolygalacturonase =~ PehC  was
measured by  separation  and
visualization of reaction products on
thin-layer chromatography plates [13]
10 Xylanase assay Xylanase activity Steptomyces lividens S. lividens Dinitrosalicylic acid assay to quantify
Xylanase C amount of reducing sugar [14]
11 Tyrosinase assay Tyrosinase acticity | Steptomyces lividens S. lividens Dopachrome assay procedure with 1-
Tyrosinase dihydroxyphenylalanine (I-DOPA) as
a substrate [14]
12 TMAO assat TMAO : benzl E. coli E.coli TorA TMAO and Me2SO reductase were
viologen assayed as the substrate-dependent
oxidation of reduced benzyl viologen
[15]
13 GFP Tat pathway E. coli E.coli TorA — Green fluorescent protein export by
folding GFP fusion E.coli TorA—GFP fusion protein export
protein visualized by con-focal microscope

[16]
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Tat Signal sequence activity based on the export of a Tat signal bound beta-lactamase
[7] was developed where a AblaC mutant of M. tuberculosis, lacking the chromosomally
encoded B-lactamase BlaC is substituted by a BlaTEM-1 from E. coli preceded with a Tat or
Sec Signal sequence to identify the active Tat and Sec Signal sequences in Mycobacterium.
The inactive signal leads to susceptibility to B-lactam antibiotics. In Streptomyces coelicolor
agarase assay [8] Tat signal fused with Streptomyces coelicolor agarase is expressed in S.
lividans, active Tat peptides caused formation as a zone of digested agar having around the
colony. The broken down sugars from agar can be visualized by staining the plates with Iodine.
Recently, Bageshwar et al. [9] have developed a high-throughput fluorescence assay for
screening Tat inhibitors, using a mCherry fused precursor protein substrate spTorA-mCherry-
SsrA that gets degraded in the cytoplasm by the ClpXP/CIpAP protease system which
recognizes SsrA. When the Tat pathway is active extracellular fluorescence is observed but
when Tat pathway is inhibited there is no fluorescence due to degradation in the cytoplasm.
This can be used to screen for Tat inhibitors in E.coli. For the identification of Tat inhibitors
in Pseudomonas aeruginosa the PIcH HTS [10] assay was developed that quantified the
PIcH(Tat-transported hemolytic phospholipase C) activity. NPPC was used to quantify the
PlcH and was estimated by absorbance at A410nm.

However, these assays are time consuming, and are also limited by the fact that they
depend on proteins not native to the assay organism. Heterologous expression of these proteins
might cause undue stress and introduce new variables that can affect the sturdiness of the assay.
In this context, we have evaluated an E. coli-native Tat-substrate colonic acid biosynthase
enzyme, involved in bacterial polysaccharide metabolism, as a viable alternative to develop a

robust high-throughput assay for more specific and direct analysis of Tat pathway function.

3.2 Materials and Methods
3.2.1 Materials

Type I water (autoclaved MilliQ) was used for buffer preparation and dilution.
Sulphuric acid AR grade was obtained from Qualigens, India. L-Fucose and Cysteine HCI

were procured from Sigma Aldrich, USA. All bacterial media components were from HiMedia,
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India. Bacterial Strains and Growth Conditions. The Tat pathway deletion mutant E. coli BL21
(DE3) Gold DTat has the Tat A, B, C components deleted [5]. E. coli BL21 (DE3) Gold strain
was used as control. The DTat strain was routinely maintained on Luria—Bertani (LB) agar.
Both the strains were cultivated (1% inoculum) in a 250 ml Erlenmeyer flask containing 100
ml LB at 37°C and 180 rpm. Another set of Tat-functional wt cells were grown in media
containing 0.75% DMSO. After Agoo reached 0.1, aliquots were removed at regular intervals
(15 min for BI21G cells and B121G (DMSO) cells, and10 min for DTat) to monitor the growth

curve till Agoo~1.2.
3.2.2 Colanic Acid Estimation

Extracellular polysaccharides were extracted using acid hydrolysis, and spectrophotometric
quantification of colonic acid was performed as described earlier [17] by measuring non-
dialyzable methylpentose (L-fucose). Briefly, cells from 1 ml culture (Ao = 1) were
resuspended in 1 ml water and mixed with 4.5 ml of H2SO4:H20O (6:1; v/v). The samples were
boiled at 100°C for 20 min and cooled to room temperature. For each sample, absorbance at
396 and 427 nm was measured (A396-co and A427-co, respectively), and the measurements
were repeated after the addition of 100 ul L-cysteine hydrochloride (A396-cyand A427-cy,
respectively). The absorption due to unspecific reaction of cellular material with acid was
subtracted from the total absorption of the sample: A396-co and A427-co were subtracted from
A396-cy and A427-cy, respectively, to obtain DA396 and DA427. Values of (DA396-DA427)

were directly correlated to methylpentose concentration using a standard curve.
3.2.3 High Throughput assay

For a lower volume high-throughput assay, cells from 0.5 ml overnight grown culture
(Asoo £ 1) were centrifuged at 4000 rpm for 10 min and resuspended in 100 pl water. To 60 pl
cell suspension taken in a 96-well microtitre plate (clear polystyrene, Corning USA), 150 pl
H2S04:H20 (6:1) was added and mixed at 180 rpm for 1 min (Figl). The plate was incubated
in a water bath at 75°C for 45 min and cooled to room temperature. Absorbance was measured
at 401 nm and 459 nm before (co) and 5 min after (cy) the addition of 3 ul of 5% L-cysteine
HCI (using Thermo Scientific VarioskanFlashTM microplate reader).
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. Resuspended in a i Absorbance at
Grown till 0Dy, 0.8 at microtiter plate , mixed Absorbance at Cystine HCl added

37°C with 6:1 H2504 and 401nm and 459nm 401nm and 459nm
heated at 75°C for 40min

Fig. 3.1. Schematics of the high throughput assay. E.coli was grown till Asoo 0.8 at 37 °C
- 0.5ml culture was pelleted down at 4000 rpm- the cells were resuspended in 100 pl Milliq
— 60 pl of cell solution was taken into a 96 well microtiter plate — 150 pl of 6:1 (H2SO4:H20)
was added — the plate was agitated at 180rpm for 60 sec and heated at 75°C for 45min-
Absorbance was measured at 401 and 459nm — 3 pl of 5% L-Cystine HC] was added-
Absorbance was again measured at 401 and 459nm

3.3 Results
3.3.1 Development of the colonic acid based assay

Colanic acid biosynthase (WcaM) is an essential enzyme involved in this pathway and
is also translocated to the periplasm via the Tat pathway [18]. The WcaM activity is positively
correlated with the pathway, making it an ideal reporter to help quantify Tat-mediated protein
export (Fig. 3.2). Based on this reasoning, we evaluated the suitability of employing colanic
acid production as a direct indicator of Tat pathway function. Extracellular polysaccharides
were extracted using acid hydrolysis and tested for their L-fucose (methylpentose) content,

which relates to the amount of colanic acid.
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Fig. 3.2. WcaM transport through the Tat pathway for colanic acid biosynthesis

The L-fucose concentration from the Tat deletion (DTat) strain was 8 uM (Fig.3.3,
lane2) when compared to 42 uM (Fig. 3.3, lanel) of wt BL21 DE3 (Gold) cells in which Tat
export is functional. Moreover, complementation of the Tat component proteins (pET33b-
TatABC) in the DTat mutant effectively restored L-fucose concentration to normal levels (Fig.
3.3), confirming that colanic acid production is directly linked to protein export via the Tat
pathway. Importantly, it serves as proof of concept for adapting the method for determination
of L-fucose (colanic acid) concentration as an efficient assay with high specificity for the

analysis of Tat function.
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Fig. 3.3. Colanic acid concentrations in E. coli BL21(DE3) Gold wildtype (BL21G), Tat
mutant (DTAT) , and TatABC complemented (DTAT + TatABC) strains

3.3.2 Adaptation to High-throughput assay

For adaptation to high-throughput analysis and possible automation, the assay was
performed in 96-well microtitre plates in a total volume of 210 pl. Polysaccharide extraction
was carried out at 75 °C for 45 min to prevent damage to integrity of the plates. The reaction
of L-cysteine HCI1 with the L-fucose component of the colonic acid in acidic environment is
an important step in the assay, and a concentration of 5% cysteine HCI was optimized for
detecting L-fucose levels up to 200 uM. New absorbance maxima were identified as 401 nm
(instead of 396 nm) and 459 nm (instead of 427 nm) for the microplate reader by performing

full spectra absorbance scans (Fig.3.4).
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Fig. 3.4. Absorbance vs wavelength scan to determine the absorbance max at different
concentrations of L-fucose was determined in Thermo Varioskan microplate reader by
full spectra scan from 250-500 nm. The absorbance max were determined to be 401 nm
and 459 nm.

3.3.3 L-Fucose standard curve

For detection of L-Fucose, the crucial step is where L-Cysteine HCI reacts with L-Fucose in
acidic environment. To ensure that L-Cysteine HCI concentration is appropriate for detecting
any possible concentration of L-Fucose. Different concentrations of L-Cysteine HCI from 3%
to 10% were checked,by applying against concentration gradient of L-Fucose. 5 % L-Cysteine
HCI was found out to be most suitable. L-Fucose standard was performed. Gradient of L-
Fucose was prepared using ImM working stock from 25 pM to 200 uM in 25 pM steps. The
values of (DA401(cy-co) —DA459(cy-co)) were plotted to get the L-Fucose standard
curve(Fig. 3.5) and directly correlated to L-fucose concentration (y = 0.008x + 0.0078, R2 =
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0.9844). Results are reported as the mean of three independent experiments with standard

deviation.
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R?*= 0.9844
0.00 . . .
0 50 100 150 200 250

L-Fucose (pM)

Fig. 3.5. L-Fucose standard curve - O.D. vs L-Fucose concentration plotted from 25 pM
to 200 pM in 25 pM steps and the standard curve equation is obtained by drawing a linear
fit line.

3.3.4 Growth vs Colanic acid

L-Fucose concentration was also monitored at different stages of bacterial growth to
establish the optimum measurement window. Though the Tat machinery is not absolutely
essential for E. coli growth, deletion strains have been reported to exhibit significant growth
defects [19]. In agreement, the Tat cells used in this study exhibited a longer initial lag period
of growth, taking 120 min to reach Asoo = 0.1 against 95 min for Tat-functional BL21G wt
cells. Further growth appeared to be normal, although distinctly slower than wt cells (Fig.
3.6.A). Colanic acid levels were subject to some fluctuations, but it could be discerned that
colanic acid production in wt cells during the exponential growth phase was at least 2-3fold

higher than in Tat mutant. The maximum colanic acid concentration for wt cells (38 pM) was
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estimated at Asoo = 0.8; we therefore suggest that measurements be made after this growth
point. However, it should be noted that over-growth (Aeoo~1.5) could also potentially lead to
accumulation of cellular products, resulting in a significant background on acid hydrolysis
[20]. A basal concentration (10—15 pM) of L-fucose was still observed in the Tat mutant, which
might be attributed to free pentose in the cell. However, the colanic acid production was
markedly inhibited in the Tat strain throughout the course of growth in comparison to wt cells,
making it apparent that colanic acid production is governed by the Tat pathway. Colanic acid
levels were also checked in the presence of DMSO, as it is present in many available drug
libraries that might be used for screening Tat inhibitors. The presence of DMSO caused an
initial increase in colanic acid production (till Asoo = 0.4), but CA levels in later growth stages

were observed to be similar to the wildtype (Fig. 3.6.B).
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Fig. 3.6. A) Change in colanic acid concentration across different growth stages. B)
Bacterial cell growth (Aco0) monitored over time.

3.4 Discussions

The Tat pathway exports 6% of all proteins in E. coli [1], and is very significant for
viability in some halophilic archaea [10] and for virulence in Mycobacterium tuberculosis [21].
A large volume of research has been done in recent years to understand the functions of
different components of the Tat pathway [22], and the finer details of the mechanism of protein
translocation across the bacterial membrane [23]. Moreover, the Tat pathway is specific to
bacteria and transports virulence factors in pathogenic bacteria [24], thus making it an

attractive target to screen for inhibitors to design novel drugs in human healthcare. In this
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context, it can be deemed necessary to develop an efficient assay that could enable the specific
analysis of Tat function and mode of protein translocation. Colanic acid (CA) is an
extracellular capsular polysaccharide produced by most E. coli strains as well as by other
Enterobacteriaceae [25], and has significant roles in biofilm formation, protection against
dessication, and adhesion of pathogenic bacteria to host membranes. It contains units of L-
fucose, D-glucuronic acid, D-glucose, D-galactose, and pyruvate, and forms a mucoid matrix
on the cell surface. Fucose is quite widely present in bacterial polysaccharides and eukaryote
glycoproteins, and it is known [26] that GDP-L-fucose is the precursor of such fucose residues
in both bacteria and eukaryotes. The capsular polysaccharide gene cluster (wca operon) directs
colanic acid biosynthesis [27], comprising 19 different proteins. Colanic acid biosynthase
(WcaM) is an essential enzyme involved in this pathway and is also translocated to the

periplasm via the Tat pathway [18].

Moreover, the use of colonic acid biosynthesis native to E. coli as a reporter of Tat export
makes available a quantitative and Tat-specific method that can be used to probe Tat pathway
function, and scout for new Tat inhibitors. The extraction of colanic acid after cell growth can
be performed using a very simple procedure as there is no need of heterologous expression of
a reporter protein, enabling easy and swift quantification of Tat export in the different

organisms where heterologous expression is not straight forward.

This colanic acid-based assay could essentially serve as a simple yet efficient indicator of Tat
pathway export and function, including checking the effect of mutations in the Tat component
proteins. Screening of Tat inhibitors can also be performed, but care has to be taken to
differentiate inhibitors specific for the Tat pathway against general growth inhibitors, by
comparing the cell growth with colonic acid concentration. Compounds that effect an acute
reduction in colanic acid production combined with only a modest retardation in cell growth
can be developed as potential Tat inhibitor candidates, while a general growth inhibitor could
result in a more severe growth impediment. It is also possible that inhibition of any enzyme of
the colanic biosynthesis pathway could result in decreased colanic acid production, unrelated

to the Tat pathway; however, inhibition of growth is not expected in such cases.

The colanic acid biosynthase (WcaM) and glucan biosynthesis enzyme (MdoD) are substrates
of the Tat pathway important for polysaccharide biosynthesis [18]. An analysis of their
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distribution in pathogenic bacteria (Table3.2) revealed that they are mostly restricted to
Enterobacteriaceae, including many strains of E. coli. Polysaccharide production in these
bacteria, most of which are gastrointestinal pathogens, could play a significant role in biofilm
formation and adhesion to the host cells [28]. Disruption of colanic acid production through
inhibition of the Tat pathway appears to be an attractive option for designing novel drugs. In
conclusion, the assay described in this study offers an easy and robust analysis system in E.
coli for experiments concerning Tat pathway function and a screen for identification of new
Tat substrates and inhibitors in gastrointestinal pathogens. It combines the advantages of a
single-step extraction procedure and the specificity for Tat pathway, paving the way for the

development of an economical highthroughput assay for Tat screening.
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Table 3.2. Distribution of colanic acid biosynthase (WcaM) and glucan biosynthesis
enzyme (MdoD) in pathogenic bacteria. Organisms with conserved WcaM and MdoD in
bold

Organism MdoD WcaM

Klebsiella pneumoniae
Salmonella enterica
Salmonella typhi
Salmonella typhimurium
Shigella boydii

Shigella flexneri

+ |+ |+ |+ |+ +

Klebsiella oxytoca

Shigella dysenteriae

Vibrio cholerae

Yersinia pestis

Yersinia enterocolitica

Serratia marcescens
Stenotrophomonas maltophilia
Xanthomonas citri

B S S T o S o O o B S S S B ol S
1

Pseudomonas aeruginosa

Bacillus anthracis

Campylobacter jejuni

Campylobacter lari
Corynebacterium diphtheriae - -
Haemophilus influenzae - -
Helicobacter pylori - -
Listeria monocytogenes - -
Mycobacterium leprae - -
Mycobacterium tuberculosis - -
Proteus mirabilis - -
Rickettsia prowazekii - -
Rickettsia rickettsii - -
Brucella abortus - -
Brucella ovis - -
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Chapter IV - Comprehensive analysis and
Insights Into The Haloarchaeal Twin-Arginine
Translocase Pathway

4.1 Introduction

Archaea are known to be evolutionarily distinct from both bacteria and eukarya in many
of their cellular characteristics. In the case of halophilic archaea, the Tat pathway has a decisive
role in transporting almost 50% of secretome [1][2][3]. This might be because of the high
cytoplasmic salt concentration in halophilic archaea, which these organisms maintain in order
to balance the high sodium concentration of the environment. The high cytoplasmic salt
concentration results in faster folding of proteins to prevent aggregation, so relatively few
unfolded proteins are transported. The transport of folded proteins also ensures that the proteins
are not folded in the extracellular environment, where chaperones might not be available and

the chance of misfolding is therefore much higher [4].

Tat translocation is carried out by integral membrane proteins in the TatA and TatC families
[5][6]. In some organisms, such as archaea and Gram-positive bacteria with low guanine-
cytosine (GC) genomic content, single TatA and TatC components are sufficient to mediate
transport through the Tat pathway (the TatAC system). For example, Bacillus subtilis contains
two TatC genes (denoted as TatCd and TatCy), which coordinate functions with their
respective TatA partners (TatAd and TatAy). However, in other cases, Tat-mediated
translocation involves another member of the TatA family, termed TatB. The Tat pathway in
Escherichia coli consists of three distinct membrane-localized proteins (TatA, TatB, and TatC)
and is the most studied model in which all the three components are essential for Tat
functioning. TatABC systems are present in Gram-negative bacteria (including E. coli) [7][8],
in Gram-positive bacteria with high GC-content genomes, and in plant chloroplasts [9]. TatC
is the receptor component that recognizes the characteristic RR-signal in the substrate N-
terminal [10][11].TatC or the TatBC complex interacts with the substrate and recruits TatA.

TatA forms an appropriately sized pore through which the substrate is transported across the

Deepanjan Ghosh Page 92



Ph.D. Thesis Chapter IV

membrane [12]. In plants, the thylakoid Tat system is required for the assembly of many
essential components, such as photosystem II and the cytochrome b6f complex [13][14]. The
recently solved crystal structures of TatC from the thermophilic bacteria Aquifex aeolicus
[15][16] confirmed the presence of six transmembrane (TM) domains and the orientation of
the amino and carboxy termini towards the cytoplasmic side of the membrane [7][17][17]. The
structure of TatAd from Bacillus subtilis has been determined by NMR to be composed of a
single TM domain and a cytosolically located amphipathic helix [18]. Common Tat substrates
include respiratory redox enzymes, bacterial virulence factors, lipoproteins [19][20][21], and
proteins involved in maintaining cell-wall integrity. These are mostly complexes containing
cofactors, and many form oligomeric assemblies. Delivery of these proteins is monitored by a
special class of cytoplasmic chaperones that bind specifically to the Tat signal of their substrate
protein masking the signal sequence thereby ensuring proper maturation and co-factor loading.
These chaperones, dubbed redox-enzyme maturation proteins (REMP), prevent the futile
export of immature protein [22][23][24].

In this study, we examined 20 halophilic archaeca whose complete proteomes were available in
the Universal Protein Resource (UniProt) database. One or two TatA homologs were found in
each organism. In contrast, many of the organisms contained two to four TatC homologs. We
investigated the implications of the presence of these TatC homologs in these organisms.
Experiments have shown that an atypical TatC homolog with fourteen TM domains (TatCt) is
present in halophilic archaea [25]. Unlike other organisms, the archaeal cell membrane
phospholipid is composed of branched isoprene units linked by ether groups to glycerol. It may
have some advantages to possess the novel protein transport components such as TatCt may
be the result of the unusual membrane phospholipid structure. We believe that the variety in
TatC homologs would have some significance for the substrates being transported [20].To
assess this, we analyzed the topology, horizontal gene transfer, and substrate diversity for the
different TatC homologs. We also analyzed the TatA components with respect to E. coli and

A. aeolicus TatA.
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4.2 Materials and Methods
4.2.1 Distribution of Tat components and topology assignment

All data on Tat pathway components was obtained via a query search in the UniProt
database and was tabulated by organism. The amino acid sequences for TatC in these
organisms were retrieved and were analyzed with the TMHMM Server v. 2.0 [26], which
segregated the TatC homologs into different topologies. Different TM prediction servers were
used to reinforce these results: the DAS-TM filter server, the HMMTOP server, and SCAMPI
[27][28][29].

4.2.2 Sequence analysis and GC-content analysis

All TatC homologs were aligned using ClustalW and a neighbor-joining tree with a
bootstrap value of 10,000 was generated. The sequence analysis was performed by Clustal-
Omega-generated multiple sequence alignment and the relative positions of secondary
structures were marked according to the TMHMM data. The GC content of the TatC gene
along with fifty upstream and fifty downstream genes were plotted as box plots. For
comparison of TatC versus genomic GC content, the entire gene chromosome sequence was

used to obtain the GC content. The two datasets were compared using a two tailed z-test.

4.2.3 Substrate analysis

The complete proteomes for all twenty haloarchaea were downloaded from the UniProt
database. The Tat substrates were identified using the TatFind server. To segregate the
substrates, a bidirectional BLAST was performed against each other using standalone BLAST
version 2.2.29. An E-value cutoff of 0.5 was imposed; all hits with less than 50% query
coverage were removed. From these hits only the bidirectional hits (BETs) were considered

for analysis (Fig. 4.8).

Deepanjan Ghosh Page 94



Ph.D. Thesis Chapter IV

4.2.4 Signal sequence analysis

Multiple sequence alignment files for the RR signal in each dataset were generated
from the TatFind data with ClustalW. TheWeblLogo was generated at
http://weblogo.berkeley.edu/logo.cgi.

4.2.5 Pfam domain analysis

The Pfam hidden Markov models (HMMs) present in each substrate were identified
through a Pfam batch sequence search. The unique and common HMMs were then identified
in the different groups. Venn diagrams were generated with

http://bioinfogp.cnb.csic.es/tools/venny/.

4.2.6 Chaperon Identification

Sequences for the known tat related chaperons were obtained from UniProt and blasted
against the proteomes of these organisms using standalone BLAST (blast-2.2.29+) with an E-
value cutoff of 1. Sequences were blasted and homologs for each of them were obtained.
Standard BLASTp output provided pairwise sequence alignment using which the signature

sequence conservation was checked.

4.3 Results

The archaeal Tat system generally consists of TatA and TatC, but is devoid of TatB.
The Tat pathway is present in about half of the Euryarchaeota members and several of the
Crenarchaeota species that have been sequenced. The number of substrates transported by the
Tat system in archaea is generally comparable to that for bacteria, with many archaea, such as
Sulfolobus tokodaii and Archaeoglobus fulgidus, encoding only a few known Tat substrates,
primarily cofactor-containing redox proteins [30][31]. But, in the case of haloarchaea, a
substantially greater number of substrates are translocated via the Tat pathway. Sequenced and

annotated data for twenty haloarchaeal species available in UniProt were used for this analysis.
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4.3.1 Membrane topological variants of TatC

The amino acid sequences for TatC in haloarcheal were retrieved and using TMHMM
server v. 2.0 (32) the TMs were assigned. The homologs were segregated into different
topologies. This analysis segregated the TatC homologs into four classes TatC with 6-
TMhelices (TatCo), TatC with 6-TM helices and possessing a long N-terminal cytoplasmic
loop (TatCn), TatC with 10-TMhelices (TatCx) and TatC with 14-TMhelices (TatCt) based on
the major differences in membrane topology, specifically the number of TM helices and the
length of the N-terminal cytoplasmic region. Different TM-prediction servers were used to
validate these results: the DAS-TMfilter server [28], the HMMTOP server [27], and SCAMPI
[29]. The results of the analyses from these servers confirmed the results we obtained from the
TMHMM server, except in few cases and on an average all the proteins fell into one of the

topological categories described above (Fig.4.1 and Table 4.1) [17].

Group Il

Fig. 4.1. Schematic representation of different TatC topology and grouped in to different
groups based on combinations. TatCt+TatCo, TatCt+TatCn and TatCt+TatCx which
are denoted a groupl, Group2 and group3, respectively.
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The expected 6-TM topology of TatC has been confirmed through analysis of its crystal
structure [15][16] and the existence of a 14-TM homolog has been demonstrated
experimentally [20]. Multiple sequence alignment additionally confirmed that the TM
predictions were appropriate. The consistent prediction by all tools of a TatC homolog with
10-TM helices strongly suggests the existence of a 10-TM TatC homolog. The existence of
this TatCx topological class is further supported by previous studies in H. marismortui [20].
Topology similar to that of the TatCn category has been commonly observed in TatC from

chloroplasts [32].
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Table 4.1: Analysis of Tat Pathway receptor component and number of substrates
present in Haloarchaea that were sequenced and annotated from Uniprot.

Organism No. of tat | No. TatCt | TatCx | TatCn @ TatC0 tatC(id)
substrate | of
J tatC

Halophilic

Halalkalicoccusjeotgali 103/4212 2 1 1 D8J5Y4(6),D8J5Y5(14)

Haloarculahispanica 122/3860 2 1 1 GOHQX6(10),GOHQXS5(14)

Haloarculamarismortui 148/4237 2 1 1 Q5UYP5(10),Q5UYP6(14)

Halobacteriumsalinarum 72/2578 2 1 1 BOR7G7(6),BOR7G6(14)

(strain ATCC 29341)

Halobacteriumsalinarum 63/2426 2 1 1 BOR7G7(6),BOR7G6(14)

(strain ATCC 700922)

Haloferaxmediterranei 171/4712 3 1 2 I3R116(6L),13R115(14),M01I
S38(6L)

Haloferaxvolcanii 143/4813 3 2 2% L9UI27(6L),D4AGZDO(6L),
D4GZC9(14),L9UGMI(14)

Halogeometricumborinquense | 161/4438 4 1 2 1 L9UQ35(6L),E4ANRH6(14),
E4NRH7(6L),E4NPB6(6)

Halomicrobiummukohataei 125/3343 2 1 1 C7P1B7(14),C7P1B8(10)

Halopigerxanaduensis 194/4221 2 1 1 F8D3F7(6L),F8D3F6(14)

Haloquadratumwalsbyi (strain | 64/2546 2 1 1 QI18E63(6L),Q18E62(14)

DSM 16790)

Haloquadratumwalsbyi (strain | 59/2638 2 1 1 GOLFQ9(14),GOLFQS8(6L)

DSM 16854)

Halorhabdusutahensis 100/3001 2 1 1 C7NVD1(10),C7NVD2(14)

Halorubrumlacusprofundi 98/3497 2 1 1 BILTY5(14),BOLTY6(6L)

Haloterrigenaturkmenica 230/5116 2 1 1 D2RTM5(14),D2RTM6(6L)

Halovivaxruber 132/3099 2 1 1 LOIGT4(6L),L0ID04(14)

Natrialbamagadii 228/4936 2 1 1 D3SVL3(6L),D3SVL2(14)

Natrinemapellirubrum 171/5026 2 1 1 LOJIB8(6L),LOJEW5(14)

Natrinema sp. 142/4296 2 1 1 17CEK6(6L),I7CPH1(14)

Natronobacteriumgregoryi 138/3624 2 1 1 LOAHRS8(6L),LOAFLI(14)

Natronomonasmoolapensis 69/2721 2 1 1 MIXNN2(6),M1XZEO0(14)

Natronomonaspharaonis 106/2764 2 1 1 Q3ISX0(6),Q3ISWI(14)

Others

Aquifexaeolicus 15/1553 1 1 067305(6)

Acidianushospitalis 2/2329 2 2 F4B4X0(6),F4B6B8(6)

Desulfurococcuskamchatkensi | 0/1470 0

s

sulfobusilandicus 3/2661 0

Archaeoglobusveneficus 7/2065 2 2 F2KP54(6),F2KQ26(6)

Methanobrevibactersmithii 0/1783 0

Picrophilustorridus 2/1535 1 1 QO6KZY6(6)
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*Same type

The TatCt topological class is noteworthy because it is unique to haloarchaea. Further
investigation via BLASTp analysis indicated that TatCt comprises two putative TatC domains.
Multiple sequence analysis and TMHMM data confirmed that the first six TM helices at the
N-terminal and the last six helices at the C-terminal had significant homology with the normal
TatC domains (Fig. 4.2 and Table 4.2). Two TM helices and a large cytoplasmic loop separate
these two homologous domains. No homologs could be identified for the middle two TM
helices. For TatCx, the first six N-terminal TM helices form a characteristic TatC domain. No
sequence homology was observed for the last four TM helices with any of the sequences. We
then examined the distribution of these four TatC topology classes among the haloarchaca
species. It was observed that all the species encompasses at least one copy of TatCt and
combination with TatCo, TatCn or TatCx (Table 4.1). Thus, we defined three main groups
(Fig. 4.1): TatCt+TatCo (Group I), TatCt+TatCn (Group II) and TatCt+TatCx (Group III).
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Fig. 4.2. The Multiple sequenc alignment between N and C terminal TatC domain of
TatCtshowing high similarity between the two domains
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Table 4.2: Percentage identity between N-terminal and C-terminal TatC domains of
TatCrof Holoarchaea

Organism Percentage Identity
Halalkalicoccus jeotgali_ D8J5Y5 20
Haloarcula hispanica_ GOHQX5 21
Haloarcula marismortui_Q5UYP6 21
Halobacterium salinarum_BOR7G6 23
Haloferax mediterranei I3R115 23
Haloferax volcanii_ D4GZC9 22
Haloferax volcanii LYUGM9 26
Halogeometricum borinquense_ E4NRH6 22
Halomicrobium mukohataei_ C7P1B7 23
Halopiger xanaduensis F8D3F6 21
Haloquadratum walsbyi Q18E62 22
Halogquadratum walsbyi GOLFQ9 22
Halorhabdus utahensis C7NVD2 22
Halorubrum lacusprofundi BILTY5 23
Haloterrigena turkmenica_D2RTM5 22
Halovivax ruber_LO0ID04 22
Natrialba magadi D3SVL2 22
Natrinema pellirubrum_LOJEWS 20
Natrinema sp._17CPH1 22
Natronobacterium gregoryi LOAFLY 24
Natronomonas moolapensis_MI1XZEQ 23
Natronomonas pharaonis_Q3ISW9 25

4.3.2 Sequence and phylogenetic analysis of TatC

A neighbor-joining tree generated from aligned TatC homologs was analyzed for all
unique TatCt homologs, to assess the clustering of organisms in the three main groups outlined
above. We found that the organisms with TatCt+TatCx and TatCt+TatCo were formed the
distinct cluster (Fig 4.3). The organisms with TatCt+TatCn did not cluster together but were
widely distributed.
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Fig. 4.3. Phylogenetic analysis of all TatC: from haloarchaea. Group 3 TatCt shown in
bracket and groupl members are highlighted cluster together; the remaining members

from group2 group.

The sequences were further analyzed by multiple sequence alignment against E. coli and A.

aeolicus, for which crystal structure is available, to determine the crucial residues that were

actively involved in Tat signal interaction and dimer formation, and explore whether these

residues were conserved across sequences. This analysis provides an insight into the probable

oligomerization state of the different classes of TatC in archaea (Fig. 4.4. And Table 4.3). The

TM regions were marked to ensure that the sequences conserved in the analysis were in

proximity to the reported regions of the protein.
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Fig. 4.4. Multiple Sequence alignment of the TatC proteins of different topologies. The
important aquifex residues corresponding in the haloarchaea were marked with arrows
having aquifex numbering. The black arrow corresponding to the species is the one for
which transmembrane helices have been marked base on TMHMM predictions.
Rectangles depicting TM domains, grey lines and red lines depicting cytoplasmic and
extracellular loops respectively are marked on the top of the alignment. A) TatCo B)
TatCn C)TatCn and D) TatCt
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A. aeolicus Glul65, which is exposed at the center of the concave face and thus places
an ionizable group in the hydrophobic interior of the bilayer [15][33], was replaced by
glutamine and was conserved across TatCo, TatCn, TatCx and the N-terminal domain of TatCt.
However, in the C-terminal TatCt domain, Glul65 was replaced with asparagine or aspartic
acid. This forms hydrogen-bond networks with Ser107 and Tyr85 [34]. Both these residues
were conserved across TatCo, TatCn and TatCx; they were only partially conserved in the two
TatC domains of TatCt - Ser107 in the N-terminal TatCt domain and Tyr85 in the C-terminal
TatCt domain. This evidence indicates that the difference in membrane properties in the
haloarchaea Tat pathway might be due to the conservation of glutamine instead of glutamic
acid. In addition, the differential conservation of the three residues Glu165, Ser107, and Tyr85
in the two Tat domains of TatCt might enable complementary functioning of the two domains
for active transport.

Table 4.3 Conservation of important sequences across different TatC based on the
multiple sequence alignments of the different TatC topologies

Residue TatCO TatCn TatCx TatCt-Nterm | TatCt-Cterm
(Aquifex
numbering)
Glul65 Asp/Asn Asp/Asn Asp/Asn Asp/Asn -
Ser107 + + + + -
Tyr85 + + + - +
Glu96 + + + + +
Pro42 + + + - +
Phe87 + + + - -
Pro90 + + + + +
Leu92 + + + - -
D205 + + + + -
Y30 - - + - +
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Glu96 is another critical residue for Tat transport. This residue was conserved across
TatCo, TatCn, TatCx and the C-terminal Tat domain of TatCt. A similar distribution was found
even in case of the residues involved in signal binding in Aquifex [35]. The Pro42, Phe&7,
Pro90 and Leu92 residues were conserved in TatCo, TatCn, TatCx and C-terminal Tat domain
of TatCt but only Pro90 was conserved in TatCt. Pro57 and Pro48 were conserved in the N-
terminal Tat domain of TatCt instead of Pro42. We have also investigated the residues involved
in TatC dimerization and interaction with other Tat pathway membrane components. While
the Asp205 was conserved across all TatC classes except for the C-terminal TatC domain of
TatCt, the Tyr30 residue was not conserved in TatCo, TatCn or the N-terminal TatC domain

of TatCt.

We further surveyed a GC-content for these TatC homologs in order to test the possibility of
horizontal gene transfer to haloarchaea. The GC content of the TatC gene and 50 upstream and
50 downstream genes were plotted. For comparison of TatC versus genomic GC content, the
entire gene chromosome sequence was used to obtain the GC content. The two datasets were
compared using a two tailed z-test. It is clear from Fig. 4.5 that there is no horizontal gene
transfer. No significant difference was observed between the individual GC content versus the
genomic GC content for any of the TatC homologs (z = 1.044; two-tailed p = 0.2965), thereby
indicating that these TatC gene homologs may have evolved within the haloarchaea and
consequently the presence of a correlation between the different TatC homologs and the types

of substrate transported by them.
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Fig. 4.5. The bar diagram representation of GC content of fifty genes flanking either side
of the TatC (represented as filled red dot) of respective organism. The box corresponding

to the percentage between first and the third quartile with the middle line being the
median. The outliers are marked a hollow circles.

4.3.3 Haloarchaeal TatA

The size of TatA components in the selected Haloarchaea ranges from 75-145 amino
acids. Phylogenetic analysis of unique TatA sequences (aligned with E. coli TatA and TatE
and A. aeolicus TatAl and TatA2) established that unlike TatCt, the TatA do not segregate
according to the groups based on TatC combinations (Fig. 4.6). The alignment of E.coli TatA
structure with haloarchaeal showed that the first TM region and the amphipathic helix region
is highly conserved across all TatA components, but there was very little similarity in the n-
terminal region (Fig. 4.7). TM residue GIn8 of E. coli TatA points inward, resulting in a short
hydrophobic pore in the center of the complex. Different views were proposed based on

simulations of the TatA complex in lipid bilayers indicate that the short TM domain distorts
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the membrane [36]. This residue is replaced with Glu in all haloarchaea. The E.coli Gly21
remains conserved in haloarchaea that keeps TM helix and amphipathic helix at right angles
except in the case of TatAl of Halomicrobiu mmukohataei (UniProt id C7P210). The
movement of C-terminal portion of the amphipathic helix is considered important for TatA
function and Phe39, mutation (F39A) of which causes TatA inactivation [37], is conserved
across haloarchaea. Halorubrum lacusprofundi TatA (UniProt id B9LS70) is an exception
which has a non-aromatic amino acid leucine. Phylogenetic analysis also showed that these
two TatA homologs (C7P2I0 and B9LS70) segregate out, which may suggest different
substrate interaction or inactive TatA homologs as these organisms contain another TatA
homolog. Presence of a predicted coiled coil motif in the C-terminal of Natronomonas
moolapensis TatA homolog (UniProt id M1XKM7) might play additional function in

recognition.
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Fig. 4.6. Phylogenetic analysis of TatA/E from 20 haloarcheal species studies. Group 1
members are highlighted in yellow, group 2 in green and group 3 in blue.
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Fig.4.7 The alignment of Haloarchaea TatA/E with E. coli and A. aeolicus TatA/E
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4.3.4 Tat substrate distribution among the different groups of haloarchaea

As discussed above, the three groups of species had TatCt in common; thus we
hypothesized that the Tat substrates in each group would be translocated either by TatCt or by
TatCo, TatCn or TatCx. The Tat substrates were identified from proteome of all twenty
haloarchaea using the TATFIND 1.4 server [1]. To segregate the substrates, a bidirectional
BLAST was performed against each other using standalone BLAST version 2.2.29. From these
hits, only the bidirectional hits (BETs) were considered for analysis. The BETs were
considered as shared sets and the substrates which had no hits were termed as unique sets.
Furthermore, the substrates translocated by TatCt might exhibit common characteristics across
all three groups in terms of signal and functional domains. We conducted extensive sequence
analysis of the Tat substrates for these haloarchaea to check for any unique features exhibited
by each group of substrates: those potentially transported by TatCt and those transported by
the other TatC homologs [20]. From a total of 1,287,495 proteins, 2670 substrates were
identified for the Group II (TatCt+TatCn), Group III (TatCt+TatCx), and Group I datasets
(TatCt+TatCo) (Fig. 4.8).
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Fig. 4.8. Segregation of Substrates by biderectional BLAST analysis using stand alone
BLAST, E-value cutoff of 0.5 was imposed and all hits more than 50% query coverage
were considered as hits. The Bidirectional Best hits(BETs) were grouped as the shared

sets and the non hits were grouped as unique sets.

4.3.5 Tat signal motif analysis

The Tat signal motif consists of three basic domains: a positively charged region at the

N-terminal, a hydrophobic core and a more polar region that contains the cleavage site for a

signal peptidase [1][30][38][39]. The TATFIND server identifies Tat substrates and also

provides information about the N-terminal signature RR signal and the middle hydrophobic

region. The canonical RR signal is the region, which directly interacts with the TatC receptor

[40][41]; thorough analysis of this region was conducted for all Tat substrates in our dataset.
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It was clear that the phenylalanine in the fifth position of the signal sequence was highly
conserved in almost all the Tat substrates examined (Fig.4.9), however, there were also
differences in the mean hydrophobicity. These results indicate that the signal region clearly
plays a role in recognition, but that recognition is not solely due to either the RR signal or the

hydrophobicity score of the signal region alone.

H Groupl shared sets H Groupl unique sets

bits
b

il

bits
I

| —
e — []
—_ — = T~
- N U] ¢ 0 ]

N ¢

=
1

Group2 unique sets

w
N

bits
d
bits

Y N

Fig. 4.9. Weblogo representation of Tat signal motifs in each class of substrates. WebLogo
was generated at http://weblogo.berkeley.edu/logo.cgi.

The multiple sequence alignments of fifty amino acids of the N-terminal clearly
showed a high occurrence of AGC sequences at the C-terminal of the hydrophobic region in a
shared set of Tat substrates, but this was not observed in a unique set of substrates. This AGC
sequence forms a distinctive recognition site called the ‘lipobox’ [25] and was depicted via the
WebLogos (Fig.4.10). In the mature lipoprotein, this cysteine residue is attached to a
membrane-associated lipid anchor. Analysis using the TatLipo server [2] confirmed that most

of the substrates in the shared set were lipobox positive and were probably lipoproteins. This
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feature therefore clearly distinguishes between the shared (exported by more than one class of
TatC) substrate datasets and the unique (exported by one type of TatC) substrate datasets. It is
also probable that TatCt mainly transports proteins from the shared set, which are probably
lipoproteins, whereas the other TatC homolog classes may transport the remaining unique set

of substrates, which may be secreted proteins.

Groupl shared sets  * Groupl unigue sets
\

Fig. 4.10. Weblogo representation of Tat signal peptide regions from different classes of
substrates showing the occurrence of lipoboxmotif (AGC) in the shared substrates.
WebLogo was generated at http://weblogo.berkeley.edu/logo.cgi.

4.3.6 Functional analysis of the Tat pathway of haloarchaea

We assessed the substrates in our dataset for specific functional roles, but in
haloarchaea only a few have been experimentally tested and most are uncharacterized. We
analyzed each substrate using the Pfam database to identify the different domains, repeats and
signature motifs. The unique and common HMMs were identified in the different Tat groups

(Table 4.4). A total of 891 unique families were identified among the 2670 haloarchaea Tat
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substrates. From the analysis, it can be inferred that there is more domain diversity across the

unique set and that the shared set has many domains in common (Fig. 4.11 and Table 4.4).

Table 4.4. Distribution of Pfam families of the different datasets as identified from Pfam
analysis showing the number of Pfam families identified versus the number of proteins

with Pfam families predicted in each data set

Datasets

Number of pfam families

Number of proteins with pfam

families predicted

Groupl sharedsets
Groupl uniquesets
Group?2 sharedsets
Group2 uniquesets
Group3 sharedsets

Group3 uniquesets

109
47
237
208
136
47

231
29
555
144
276
31

The Pfam families for the shared set of substrates were then compared across datasets.

Fifty eight families were common to all the groups for the shared set, but only two families

were common to all the groups for the unique set (Fig.4.11). To assess the significance of the

shared and unique sets of families, the distribution of these domains across the groups were

analyzed by re-mapping the list of Pfam families to the substrates in each set and then mapping

all the families present in these proteins. Although there were many unique Pfam families in

both sets, most of the shared substrates contained one or more common Pfam families.

Deepanjan Ghosh

Page 120



Ph.D. Thesis Chapter IV

Group3 Shared sets Group1 Shared sets Group3 unique sets Group1 unique sets

\/

. '

Group2 Shared sets Group2 unique sets

Fig. 4.11. Venn diagrammatic representation of the Pfam family distribution in shared
and unique group of substrates. Venn diagrams were generated with
http://bioinfogp.cnb.csic.es/tools/venny/.

The 58 frequently occurring Pfam families found in all the shared sets were mostly
metalbinding domains, periplasmic substrate-binding domains that are responsible for ion
transport, glycosidases, dehydrogenases and domains responsible for the biosynthesis of
pyrimidine and trypsin-2. There were also four domains of unknown function and four from
PfamB. It was quite clear that the proteins in the shared substrates set were mostly membrane-
associated proteins, which correlates with the presence of lipobox in the signal region. The
unique substrates set generally had lyase or hydrolase-type domains. Interestingly, a group of
unique substrates in the group II were identified as 7TM-GPCRs, PAZ domains, Cox II, and a
few metal-binding domains. However, most of the Tat substrates present in the unique

substrates set were secreted proteins.
4.3.7 Protein-folding quality control

The quality-control mechanism for substrates transported by the Tat machinery is well
established. In the bacterial system, this process is taken care of by chaperones that referred as

REMP [42], which mask the twin-arginine signal and ensure proper folding or substrate
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maturation with appropriate cofactor loading [43]. In the case of halophilic archaea, the
presence of such a control mechanism may be even more vital because the Tat pathway
transports almost the entire secretome. We therefore identified chaperone homologs from the
proteomes of these organisms. Homologs for E. coli REMP such as DmsD, HyaE, HybE,
NapD, NarJ, NarW, TorD and YcdY were identified. Pairwise sequence analysis showed that
the key sequence motif shown in Fig.4.12, Table. 4.5 was partially conserved and the protein
sizes were comparable in most of the cases, indicating that the haloarchaeal Tat pathway uses

chaperones similar to their bacterial counterparts.

Yedy
LOAMK6 YcdY
GOHUO1 YcdY
QOV2U6_YcdY
Q9HR71_ YcdY
BOR491 YcdY

TorD
LOAMK®é TorD _
D2RURO_TorD
C7P3K6é_TorD
C7P4W6é_TorD _
Q9HR71 TorD
BOR491 TorD

DmsD
I7BRA9 Dmsd
LOAMK6 DmsD
GOHUO1l DmsD
QSV2U6_ DmsD _
Q9HR71 DmsD
BOR491 DmsD

NardJd
QSV2U6é Nard

Narw
C7NWV4 Narw

Fig. 4.12. REMP motifs E. coli Chaperons aligned to identified Haloarchaeal chaperons
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Table 4.5. BLASTp pairwise sequence alignment using REMP motif signature sequence
of E. coli from which the Haloarchaea Tat Chaperons were identified

Protein E .coli protein Hit ID %identity | q start q end hstart | hend e value bitscore q coverage
ID
DmsD EOIWW9 I17BRA9 32.23 61 181 46 165 3.00E-13 64.7 59
DmsD E0ITWW9 LOAMK6 29.6 72 182 68 190 4.00E-10 574 54
DmsD EOIWW9 LOAFH1 31.67 63 175 72 189 5.00E-04 39.7 55
DmsD EO0ITWW9 F8D6S0 39.66 131 181 144 201 6.00E-04 39.7 25
DmsD EOIWW9 D2RRH6 32.76 131 181 144 201 7.20E-02 33.1 25
DmsD EO0IWW9 Q5V2U6 30.77 51 188 53 195 2.00E-16 732 68
DmsD EO0ITWW9 GOHUO1 31.97 72 188 74 195 1.00E-13 65.1 57
DmsD EOIWW9 C7P4W6 30.77 72 180 66 182 2.00E-11 58.9 53
DmsD EOITWW9 QI9HR71 33.86 72 193 66 192 6.00E-15 68.9 60
DmsD EOIWW9 BOR491 33.86 72 193 66 192 6.00E-15 68.9 60
DmsD EO0ITWW9 MI1XZ62 40.74 105 131 197 223 0.28 30 13
HyaE EOIZ67 Q18DX2 38.46 52 88 39 77 0.049 31.2 28
HyaE EO0IZ67 GOLGF3 38.46 52 88 39 77 4.90E-02 31.2 28
HyaE EO0IZ67 LOAH44 27.21 1 121 89 213 6.60E-01 29.3 92
HyaE EOIZ67 C7NUT4 34.04 22 67 251 297 0.33 28.9 35
HyaE E0IZ67 MIXTMS 37.04 58 111 164 216 0.084 30.4 41
HyaE EO0IZ67 MI1XTG4 42.86 79 106 169 196 0.49 28.5 21
HybE POAAN1 C7NUU4 29.17 23 69 18 65 0.6 28.5 29
NapD POA9IIS GOHVU2 32.56 27 65 207 248 0.81 26.2 45
NapD POA9I5 D8J682 35.29 16 63 102 150 0.12 28.5 55
NarJ E0IV30 Q5UZZ6 32.76 36 85 928 984 0.46 30 21
NarJ EOIV30 GOHXZ2 27.27 36 115 914 995 0.49 30 34
NarJ E0IV30 Q5V2U6 24.37 16 124 36 145 0.5 29.3 46
NarJ EOIV30 GOHS22 32.76 36 85 928 984 0.6 29.6 21
NarW E0J6C1 L9YDB2 33.82 110 176 19 86 0.52 30.8 29
NarW E0J6C1 LOJRKS 33.82 110 176 26 93 0.52 30.8 29
NarW E0J6C1 CINWV4 32.94 54 129 211 292 0.045 327 33
TorD ATZKA2 LOAMK6 27.89 12 186 20 188 0.009 35.8 88
TorD ATZKA2 F8D6S0 35.29 117 195 126 209 5.00E-02 33.5 40
TorD ATZKA2 D2RRH6 3222 116 195 125 209 6.00E-02 33.5 40
TorD ATZKA2 D2RURO 24.53 49 188 43 195 7.50E-02 327 70
TorD ATZKA2 F8DCAL 26.39 57 188 58 195 2.20E-01 31.6 66
TorD ATZKA2 LOICG2 35.29 99 149 34 84 3.40E-01 29.6 26
TorD ATZKA2 QI8KRO 40.63 15 46 104 135 7.80E-01 30 16
TorD ATZKA2 GOLHK7 40.63 15 46 104 135 8.00E-01 30 16
TorD ATZKA2 C7P3K6 26.54 5 197 23 220 1.00E-05 42.7 97
TorD ATZKA2 C7P4W6 23.4 68 192 60 188 5.00E-04 38.1 63
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TorD ATZKA2 Q5V7U6 36.51 62 124 26 84 8.80E-02 31.2 32
TorD ATZKA2 Q5V855 38.1 62 124 26 84 9.20E-02 31.2 32
TorD ATZKA2 GOHUO1 232 74 185 70 186 1.70E-01 30.4 56
TorD ATZKA2 GOHY93 30.88 100 167 3 70 4.20E-01 28.5 34
TorD ATZKA2 Q5VOoU6 30.88 100 167 3 70 5.40E-01 28.1 34
TorD ATZKA2 C7NNI8 33.77 124 198 154 226 5.70E-01 28.9 38
TorD ATZKA2 GOHZ34 36.54 91 133 90 141 6.60E-01 28.9 22
TorD ATZKA2 GOHUZ8 32.05 80 151 518 589 6.70E-01 29.3 36
TorD ATZKA2 Q9HR71 25.81 74 184 62 177 3.00E-05 41.6 56
TorD ATZKA2 BOR491 25.81 74 184 62 177 3.00E-05 41.6 56
TorD ATZKA2 Q3IR60 28 112 195 149 238 7.00E-03 35 42
TorD ATZKA2 Q3IMT7 29.03 104 195 106 188 6.00E-02 32 46
TorD ATZKA2 052027 41.67 108 154 367 414 9.80E-02 31.6 24
TorD ATZKA2 BORAS7 41.67 108 154 367 414 0.098 31.6 24
TorD ATZKA2 MIXLO07 4222 108 151 366 410 0.47 29.6 22
YedY P75915 LOAMKG6 32.03 56 164 60 187 1.00E-06 47 59
YedY P75915 GOHUO1 33.58 54 172 64 194 6.00E-11 57 65
YedY P75915 Q5V2U6 32.09 54 171 64 193 2.00E-09 52.8 64
YedY P75915 C7P4W6 274 48 172 50 189 8.00E-07 45.8 68
YedY P75915 QY9HR71 27.08 44 172 46 186 7.00E-08 48.5 70
YedY P75915 BOR491 27.08 44 172 46 186 7.00E-08 48.5 70
YedY P75915 Q3INV6 34.09 136 179 19 62 3.40E-01 29.6 24

4.4 Discussion

Overall, these analyses provide insight into the diversity of the indispensable Tat
pathway in the haloarchaeal system. The evolution of the Tat pathway itself suggests that there
may be a fundamental conflict between the substrates transported and the Sec export
mechanism in organisms such as haloarchaea that live in extreme habitats. The diversity and
multiple unique topologies of the TatC receptor in haloarchaea indicate that they may exist
specifically for transport of large numbers and a wide variety of Tat substrates. Conservation
in the N-terminal region of TatA homologs to that of E.coli implies similar mechanism of
transport but diversity in the C-terminal region could be useful in interaction with the wide
range of substrates. This is a requirement for haloarchaeal proteins; they would otherwise
aggregate after exiting the ribosome because haloarchaea have a high intracellular

concentration of positive ions in order to maintain osmotic balance against the high
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extracellular sodium concentration. The quality of protein folding is a major concern for these

organisms, and is positively facilitated by the sophisticated Tat pathway components. Unlike

in other systems, many substrate groups are present here based on the class of receptor required

for the translocation. This may be necessary for differential translocation dynamics and to

ensure the stringent folding quality. Further invivo and invitro studies are required for

dissecting the dynamics of the Tat pathway in haloarchaea.
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Chapter V - Structural Investigation of Tat

Membrane complex

5.1 Introduction

In Mycobacterium tuberculosis the Tat pathway exported proteins, include virulence
factors of periplasmic substrate-binding proteins of ABC transporters and Lactamases [1]. The
Tat system is required for optimal growth of M. smegmatis in-vitro [2][1]. Thus the pathway
can be targeted to control the virulence of M. tuberculosis. The strategies to develop the
antimicrobial or antibiotic from the studies are very fascinating. By given the fact that
elimination or hampering the Tat pathway which is not present in the human or in higher
mammals [3]are very advantageous in many aspects. Also, it is very sustainable idea as it won't
put pressure on the organism to develop the resistant or alternative pathway by not hampering
the survival of the organism but the pathogenicity only. The main components of the Tat
pathway are TatA/E, TatB and TatC [4]. Where TatB and TatC form the receptor complex and
TatA forms the pore for translocation [3]. The six transmembrane (Tm) TatC is the main
receptor for tat substrate recognition and extensive studies in E.coli have shown that mutations
in the first and second periplasmic loops of TatC disrupt Tat export. We aim to find the crystal
structure of Mycobacterium TatC but the biggest challenge is no or very low expression of
MtTatC in E.coli in its native form or in codon optimized form.

The E. coli Tat pathway has been studied extensively but still there is lack of complete
understanding of interaction between the components of the Tat machinery and how the
variable size TatA pore is formed to efficiently transport Substrates of different size. The
advancement of Electron Microscopy in studying protein complexes and determination of
structures reaching near atomic resolution makes the E.coli Tat membrane complex a good
target. Achieving homogenous Tat Membrane complex comprising of either TatBC or TatABC
or TatABC + Substrate with good homogeneity should be a step forward in determination of

atomic structure of Tat membrane complex.
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5.2 Materials and methods

5.2.1 Materials

LB media, 2xYT, TB and LB agar used for all the bacterial culture were purchased
from Hi-media. Antibiotics used for selection of transformants such as kanamycin, Ampicillin,
and chloramphenicol were obtained from Sigma-Aldrich, USA. Chemicals used for the
purification of proteins such as Trizma, Sodium chloride, Imidazole, B-mercaptoethanol,
glycerol, DTT, Nickel sulphate, Bromophenol-blue (BPB), Acrylamide, N,N'-methylene
bisacrylamide, Sodium dodecyl sulfate(SDS), Acetic acid, Methanol, TEMED (N,N,N',N'-
Tetramethylethylenediamine), Ammonium persulfate (APS), were purchased from Sigma-
Aldrich, USA. Molecular weight marker for SDS-PAGE was purchased from Bio-Rad
Laboratories, USA. Ni-NTA used for affinity purification were purchased from Qiagen,
Germany. Size exclusion columns were obtained from GE, USA. All detergents were procured
from Anatrace USA. Protein samples were concentrated using Amicon® ultra centrifugal
filters procured from Merck-Millipore, USA.

Commercial screens procured from Hampton research, USA and Qiagen, Germany
were used for initial crystallization screening. Sodium cacodylate, lithium sulfate, PEG 4000,
Ethylene glycol, glycerol, 2-methyl-2,4-pentanediol, propan-2-ol etc used in crystallization
trials were obtained from Sigma-Aldrich, USA. Two-well sitting-drop plates were obtained
from Hampton research, USA. 24 well plates and coverslips were obtained from Corning®
(Sigma- Aldrich, USA) and Blue Star, India respectively. Other specialized chemicals and
instruments used in the experiments are mentioned in the appropriate places. The constructs

used are tabulated in Table5.1.
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Table 5.1. MtTatC and EcTat constructs used in current study
S.No. Construct | protein Tag Vector Study Remarks
1 N10M MtTatC N-term pET33b MtTatC Structure E. Coli codon bias
10His determination MtTatC sequence
2 NI1OMA MtTatC - AaTail | N-term pET33b MtTatC Structure E. Coli codon bias
10His determination MtTatC sequence with
Aquifex Tail
3 DM GFP-MtTatC C-term pET33b MtTatC Structure E. Coli codon bias
10His determination MtTatC sequence
+GFP
4 DMA GFP- MtTatC - C-term pET33b MtTatC Structure E. Coli codon bias
AaTail 10His determination MtTatC sequence
+GFP with Aquifex
Tail
5 BMTA Bril - MtTatC - N-term 6His | pET28a MtTatC Structure N-terminal Bril with E.
AaTail determination Coli codon bias
MtTatC sequence with
Aquifex Tail to avoid
free GFP
6 EcBC EcTatC + EcTatB | C-term 6- pACYC E.coli Tat E.coli TatB and TatC
His EcTatC membrane complex | receptor complex
structure
determination
7 DmsD EcDmsD No-tag pACYC E.coli Tat Tat chaperon to be
Tetrameric complex | complexed with DmsA
signal sequence
8 DNI1 EcDmsASignal + | C-term 6His | pET33b E.coli Tat Tat signal sequence
GFP Tetrameric complex | ss5-50DmsA+GFP

5.2.2 Expression of Mt TatC constructs

Many variations of MtTatC had been tested for expression by shuffling various
transmembrane domains and loops and alternately by forming chimeric fusion of MtTatC and
AaTatC in various combinations (Fig 5.1). Finally, it was found out that the swapping of the

C-terminal region with a stable tail i.e. of Aquifex stabilized MtTatC [5].

Deepanjan Ghosh Page 132



Ph.D. Thesis Chapter V

Mt TatC Mt TatC
S S ST /ote%e
ST KRR TR SR
10His ~
10His
Mt TatC Mt TatC
SRS S/ 9le’stv 9] & S
s Sk TR e
b A.aeolicus-Tail o
=

NIOMA D) VN 10His

Fig 5.1 Constructs tested for expression of M¢TatC N10MT (n-terminal 10-histag +
MtTatC); NIOMTA (n-terminal 10histag + MtTatCwith AaTail); DM(C-terminal His
tagged DrewGFP + MtTatC) and DMA (C-terminal His tagged DrewGFP + MtTatC with
AaTail).

Expression analysis was performed four different constructs of MtTatC namely N10M
(n-terminal 10histag+MtTatC); NIOMA (n-terminal 10histag+ MtTatCwith AaTail); DM(C-
terminal His tagged DrewGFP+MtTatC) and DMA(C-terminal His tagged DrewGFP +
MtTatC with AaTail). These four constructs were tested for expression using different cell
types (B121*, pLEMO, C41 and BL21G DTat), growth media (2xYT, LB and TB) and
induction temperatures (16°C and 37°C).

5.2.3 Expression, Purification and detergent testing of DMA

DMA was expressed in BL21* and Bl21gold DTat cells in 1L cultures of 2xYT using
0.5mM IPTG induction after growth at 37 °C till 0.4 OD(600) and then grown overnight at
16°C. After that the cells were pelleted down at 4500 rpm (Bekman Coulter JLAS8.1000 rotor)

for 10min at 4 °C and all further steps were carried out in 4 °C. Then the pellets were re-
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suspended in resuspension buffer (300 mM NaCl, 50 mM TRIS, 10% glycerol, 2 mM PMSF
and PIC; pH 7.4) in 10% w/v and then cells were ruptured using a microfluidizer at 15000 psi
for 15min. after that the lysate was pelleted down at 180000Xg for 1hour. The pellet obtained
was resuspended for detergent exchange after resuspension using a hand homogenizer in
TSG300 bufter (300 mM NaCl, 50 mM TRIS, 10% glycerol, 2 mM PMSF and PIC; pH 7.4
and 1% w/v detergent). Initially DDM was used but later on LDAO was used in this step for
stabling DMA post Ni-NTA. After overnight exchange the solution was again spun down at
180000xg for lhour during this step the lipids get pelleted down and the extracted membrane
proteins stay in the supernatant. The supernatant was incubated for binding with Invitrogen Ni-
NTA resin for 1hour. Then the mixture was passed through a gravity flow column and washed
with 10CV of wash buffer (100 mM NaCl, 50 mM TRIS, 10% v/v glycerol, 30 mM Imidazole,
2 mM PMSF and PIC; pH 7.4 and 0.03% w/v DDM/ 0.1% w/v DM/ 0.1% w/v LDAO). After
that the protein was eluted using 300 mM Imidazole containing elution buffer (100 mM NacCl,
50 mM TRIS, 10% v/v glycerol, 300 mM Imidazole; pH 7.4 and 0.03% w/v DDM/ 0.1% w/v
DM / 0.1% w/v LDAO). The elution fractions were concentrated using a 30kDa cutoff filter
and concentrated until 250ul. This was loaded into a size exclusion column (BioradSec650)
equilibrated with TSG100 buffer (100 mM NaCl, 50 mM TRIS, 10% v/v glycerol; pH 7.4)
containing 0.1% w/v LDAO. 250 pl of protein was injected and passed at 0.35ml/min.

5.2.4 Crystallization of DMA

The DMA was concentrated using a 30kDa concentrator about 5 mg/ml protein and set up for
crystallization. It was screened against several commercially available crystallization screens
including, MemFac Hampton Research Corp.), Index (Hampton Research Corp.), Nextal
PACT (Qiagen), Nextal Protein Complex Suite (Qiagen) and JCSG plus (Molecular
Dimensions) by vapour diffusion method in 96 well MRC2 sitting drop plates Hampton MRC-
SD2 plates with multiple protein to screen ratios of 1:1 and 2:1 in 400ul sitting drops using the
Mosquito robot(TTP Labtech) and incubated at 20°C.
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5.2.5 Cloning and expression of BrilMtA (BMTA)

5.2.5.1 Amplification of MTA

MtTatC construct with AaTtail protein (MTA) with an N-terminal Bril was designed
The MTA part of the protein was extracted from the DMA construct and inserted into a pET28a
Bril-NDC3 vector such that there is an N-terminal his-tag followed by Bril and MtTatC with
AaTail (BMTA) (Fig5.2).

FigS.2. BMTA construct, N-terminal 6-His tag followed by Bril and M¢TatC with AaTail
C-Terminal Tail

MtTatC with Aquifex tail (MTA) was amplified from the DMA plasmid by gene specific

primers. Forward primer NtBRIL MTtatC Fwd BamHI 5-
CAGTCGGATCCATGGGGTCTCTCGTAGACC-3’ and reverse primer
NtBRIL MTtatC Rev HindIII 5’-

CAGTCAAGCTTTTAAGCCTTCTGAATCTCCTTCTTTTTGC-3’. The restriction sites are
highlighted. The PCR was carried out in a thermal cycler (AB-life technology, USA) under the
following conditions: 1 cycle of pre-denaturation at 94 °C (2 min) followed by 28 cycles of
denaturation at 94 °C (25 s), primer annealing at 64 °C (3 s) and extension at 72 °C (1 min), a
final extension at 72 °C (10 min), and then cooled to 4 °C using Amplitaq Gold360

(Invitrogen). The PCR amplified products were analysed on 1% w/v agarose gel.
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5.2.5.2 Restriction digestion of plasmid (pET28BrNDC3) vector and PCR product

The vector pET28BrNDC3 with Thrombin (Fig. 2.1) and the amplified PCR product
were digested with appropriate restriction enzymes (BamHI /Hind III). Both reactions were
carried out at 37 °C with NEB CutSmart buffer for 4 hr. After restriction digestion the products
were loaded on to a 1.0 % agarose gel. The digested vector and PCR product bands were
carefully sliced from the gel and purified using Takara gel extraction kit. The double digested
DNA products were quantified by a Nanodrop (Thermo-scientific).

5.2.5.3 Ligation

Approximately 1:10 ratio of vector to insert was incubated with T4 DNA Ligase from NEB
with suitable buffer at 16 °C overnight.

2.2.5.4 Transformation of cloned plasmid (pET28aBrNDC3+MTA) and colony PCR

Cloned plasmid was transformed in DH5a and plated on the LB agar plates containing
50mg/ml Kanymicin and incubated at 37 °C overnight. Single colonies were picked up and
colony PCR was performed using T7 promoter and terminator primers to confirm the MTA
gene insert in the cloned plasmid. Positive colonies were sequenced for confirmation of

sequence and to check for unwanted mutations.
2.2.5.5 Confirmation of BMTA expression by western blotting

DMA was expressed in BL21* and BL21goldDTat cells in 1L cultures of 2xYT using
0.5 mM IPTG induction after growth at 37 °C till 0.4 OD(600) and then grown overnight at
16°C. Then the pellets were re-suspended in resuspension buffer TSG300 (300 mM NacCl, 50
mM TRIS, 10% glycerol, 2 mM PMSF and PIC; pH 7.4) in 10%w/v and then cells were
ruptured using a microfluidizer at 15000Psi for 15min. The lysate was pelleted down at
180000Xg for lhour. Pellet obtained was resuspended for detergent exchange using a hand
homogenizer in TSG100 buffer (100 mM NaCl, 50 mM TRIS, 10% glycerol, 2 mM PMSF and
PIC; pH 7.4 and 1% LDAO). After overnight exchange the solution was again spun down at
180000xg for 1hour. The supernatant was kept for binding with Invitrogen Ni-NTA resin for

lhour. Then the mixture was passed through a gravity flow column and washed with 10CV of
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Wash buffer (100mM NaCl, 50mM TRIS, 10% glycerol, 30mM Imidazole, 2mM PMSF and
PIC; pH7.4 and 0.1%LDAOQO). After that the protein was eluted using 300 mM Imidazole
containing elution buffer (100 mM NaCl, 50 mM TRIS, 10% glycerol, 300 mM Imidazole; pH
7.4 and 0.1%LDAO).

Western blot was performed to confirm the expression of the protein by electro-blotting
on to a PVDF membrane. PVDF membrane was blocked with 5% bovine skim milk in 1X PBS
for overnight followed by 3 washes of PBST (PBS+ Tween 20) buffer in the 5 minute interval.
The PVDF membrane was incubated with primary anti-penta-his (Quiagen) mouse antibody
at 1:3000 dilutions for 2 hours. Three washes with PBST were given to remove any unbound
antibody. Further the membrane was incubated with secondary anti-mouse IgG (Fc-region
specific) hrp conjugated antibody at 1:2000 dilutions for the 1 hour followed by three PBST

washes. For visualizing the bands, the membrane was incubated with substrate (DAB).

5.2.6 Sequence analysis and Modelling of MtTatC

M. tuberculosis (strain ATCC 25618 / H37Rv) TatC sequence POWG97 used for
sequence analysis and structure prediction was downloaded from Uniprot. Other TatC
sequences were also downloaded from Uniprot. Multiple sequence analysis was done in
ClustalOmega using ClustalW. MtTatC was modelled in MODELLER ver.9.17 [6] using A.
aelocious TatC (4HTS) [7] as template. The model with the lowest discrete optimized protein
energy (DOEP) scores was selected. The generated model was refined in the GalaxyWEB web
server (Computational Biology Lab, Department of Chemistry, Seoul National University) [8].

5.2.7 Expression of E.coli Tat membrane complex

EcTatBC assembly in pACYC was over expressed in BL21gold DTat cells in 1L
cultures of 2xYT using 0.5 mM IPTG induction after growth at 37 °C till 0.4 OD(600) and
then grown overnight at 16 °C. Purification was similar to DMA purification as in section
5.2.3.The elution fractions were concentrated using a 100 kDa cutoff filter and concentrated.

250 puL of protein was injected into a GE superdexS200 increase10/300 size exclusion column
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equilibrated with TSG100 buffer (100 mM NaCl, 50 mM TRIS, 10% glycerol, pH7.4 and
0.03%DDM). The EcTatBC complex obtained was used for negative staining. DmsD without
6-His tag (pACYC) and DN1 (DmsD signal sequence+GFP+6-His pET33b+) were also co-
expressed in B121gold DTat cells. They were grown in 1L culture of LB using 0.5 mM IPTG
induction after growth at 37 °C till 0.4 OD (600) and then grown for 4 hours at 37 °C. After
induction, cells were harvested by centrifugation at 4500 rpm for 10minutes. Harvested
bacterial cells were resuspended in lysis buffer (50 mM Tris pH 8, 100 mM NaCl, 2 mM -
ME), followed by sonication for 5 minutes with 5 sec on/off pulse and 45% amplitude. After
the cell disruption, the lysate was centrifuged for 30 minutes at 12000 rpm. The supernatant
was collected and subjected to Ni-NTA affinity chromatography as in section 5.3.2 in the
absence of any detergent. The purified EcTatBC complex from Size exclusion chromatography
was mixed in in 1:1 ratio for complex formation and injected into a GE superdexS200
increase10/300 size exclusion column equilibrated with a buffer containing 100 mM NacCl, 50
mM TRIS, 10% v/v glycerol, pH7.4 and 0.03% w/v DDM. The tetrameric protein complex

peak was used for negative staining.

5.2.8 Negative staining of E.coli Tat Membrane complex

The negative staining of the EcTatBC complex and EcTatBC+DmsD+DN1 complex
was performed by loading 5 pl of protein sample onto a Formavar-coated 300-mesh copper
grids (Electron Microscopy Sciences) and allowed to adsorb for 2 min. Then the sample was
blotted off using a filter paper. 5 ul of negative stain solution (2% uranyl acetate) was loaded
onto the grid immediately and incubated for 2 min, the rest of the stain was blotted off with a
filter paper and the grid was air-dried [9]. The grids were visualized in FEI Tecnai TF20 in a
high resolution Transmission Electron Microscope (TEM) equipped with a FEG source at an

accelerating voltage of 200 KV. The images were recorded with a 4K x 4K Eagle CCD Camera.
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5.3 Results

5.3.1 Expression of Mt TatC constructs

Many variations of MtTatC had were tested for expression forming chimeric fusion of

MtTatC, GFP and AaTatC cytoplasmic Tail in various combinations. Finally it was found out

that the swapping of the C-terminal tail with a stable tail i.e. of Aquifex TatC C-terminal

cytoplasmic tail stabilized MtTatC. These four constructs were tested for expression using

different cell types, media and induction temperatures as shown in Table5.2.

TableS.2. Expression studies of MtTaC constructs: - indicates no expression, +indicates
low levels of expression and ++ indicates good expression

Expression cell

N10M

N10MA

DM

DMA

Temperature

37°C

16°C

Media
BL21*
PLEMO

C41

BL21G DTat
BL21*
PLEMO

C41

BL21G DTat
BL21*
PLEMO

C41

BL21G DTat
BL21*
PLEMO

C41

BL21G DTat

2xYT

LB

B

2xYT

LB

TB
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Expression was obtained only in case of DMA. The expressed DMA was loaded beside
native GFP on 12% w/v SDS-PAGE to confirm expression of full length DMA. This was done
since no band was observed in the gel when the DMA sample was heated and loaded, this may
be protein aggregation and did not move into resolving gel. It was observed that there was

some free GFP along with DMA. The protein was confirmed by western blot (Fig 5.3).
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Fig.5.3. Confirmation of DMA expression and comparison with free GFP in heated and
non-heated condition SDS-PAGE (A) Visualization under UV (B) Comassie Stained
SDS-PAGE (C) Western blot using Anti-His Antibody

5.3.2 Purification of DMA and detergent testing

Further expression and purification was carried out in BI21* which gave the maximum
yield. Initially DDM was used for solubilization of membrane and protein extraction, but it
was observed that the purified protein after Ni-NTA would precipitate within a few hours of
purification. Later DM and LDAO were used for extraction and purification (Fig5.4). It was
observed that the protein stayed stable in solution when extraction was done with LDAO and

Ni-NTA purification was carried out with 0.1% LDAO.
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DMA

Fig5.4. Ni-NTA Purification of DMA in LDAO

The Ni-NTA elution fractions were concentrated using a 30KDa cutoff filter. 250l
protein was injected into a Bio-rad Sec650 size exclusion column equilibrated with a buffer
containing 100mM NaCl, 50mM TRIS, 10% v/v glycerol, pH7.4 and 0.1% w/v LDAO. The
eluted protein fractions were run on 12% w/v SDS-PAGE (Fig5.5).

..............

Volume (ml)

Fig5.5. (A) Size exclusion chromatogram of DMA in SEC650 (B) Different fractions
obtained after size exclusion in 12% SDS-PAGE
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5.3.3 Crystallization of DMA

The DMA peak was obtained at 12.5ml Figl1(b) and the fractions were concentrated
using a 30KDa concentrator till about 5mg/ml and set up for crystallization. Several
commercially available crystallization screens including, MemFac Hampton Research Corp.),
Index (Hampton Research Corp.), Nextal PACT (Qiagen), Nextal Protein Complex Suite
(Qiagen) and JCSG plus (Molecular Dimensions) by vapour diffusion method in 400nl sitting
drops using the Mosquito robot (TTP Labtech). No Crystal hits were obtained.

5.3.4 Cloning of BrilMtA(BMTA)

The inbuilt problem of GFP attached MtTatC (DMA) is the presence of free GFP by
cleavage of GFP from the MtTatC portion. This creates problem in proper purification and also
the presence of GFP in crystal setup may cause the formation of just GFP crystals; thus not
providing any details of MtTatC structure. Also the absence of any crystal hit urged us to
produce another MtTatC with AaTtail protein (MTA) with another tag namely Bril. The MTA
part of the protein was extracted from the DMA construct and inserted into a pET28a Bril-
NDC3 a Bril-NDC vector such that there is an N-terminal his-tag followed by Bril and MtTatC
with AaTail (BMTA). The positive colonies were screened by colony PCR using T7 Promoter
and T7Terminator Primers. Out of 20 colonies screened on Kanamycin plates 9 were positive

for the insert. Sequencing was done for confirmation of sequence. (Fig5.6).
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Fig5.6. Cloning of MTA from DMA A) amplified gene fragment B) colony PCR for

positive colonies

5.3.5 Expression of BrilMtA(BMTA)

Protein expression was confirmed by Western blot using quiagen Penta Anti-His antibodies
(Fig5.7). The expression of BMTA was obtained in both BI21G and B121DTat sells at 16°C
overnight induction using 0.5mM IPTG. Purification process was same as that of DMA and
LDAO was used to extract protein from the membrane. The expression of BMTA caused
excessive cell death after induction, leading to as little as 1gram cell pellet after overnight
induction at 16°C or even 37°C for 4hours. This made it impossible to get sufficient amount

of protein for further studies.
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BMTA

2. BMTABI21G DelTat.
3. BMTABI21G

Fig5.7. Western blot confirmation of BMTA using Anti-His antibodies in DTat and
BI21Gold cells

5.3.6 Sequence analysis and Modelling of MtTatC

M. tuberculosis (strain ATCC 25618 / H37Rv) TatC sequence POWG97 was
downloaded from uniprot and aligned to other TatC using ClustalW. The predicted
transmembrane(TM) regions were marked for MtTatC based on prediction from Uniprot.
Important Tat residues are marked on the multiple sequence alignment (MSA) based on

Aquifex TatC numbering (Fig 5.8) and tabulated (Table 5.3) [7][10].

Deepanjan Ghosh Page 144



Ph.D. Thesis Chapter V

$p|POWGIT|TATC_MYCTUA-308
p|067305TATC_AQUAE/-240
50|PE9423{TATC_ECOLIN-258
ti7GCOA7GCO3 MYCS2A1-317
$p|005523]TATCY._ BACSUA-254
5p|P42252{TATCO_ BACSUA-242
S|GORWBITATC_DEIRAA-270
PIGOZMSOITATC_HELPY1-249
QOHUB3QIHUB3_PSEAEA-267
pIQISNVEITATC_ARATHA-340 1-
Sp|D4GZDOITATCO_HALVDVI-441 1

Consevation
Quality
Consensus
————————————————————————————————— e s —
VADEERDAGLS AADDE TDASDDTDORS S DGDADDAD + 1575+ 77+ 7+ +VIPRDE TVIHGEDDDASAD ++ 77T+ 717G+ +rDTD++P+ 77 DSATDS ++ 5+ +E++ LLADDENT
! . . 180 190
sp| POWGET|TATC._MYCTUA-308 - . - RNRRSRMNPBATHS

5p|067305(TATC_AQUAE/A-240
50|P69423TATC_ECOLIN-258
MI7GCO3I7GCO3_MYCS24-317
5p|005523TATCY_BACSUA-254
50|P42252|TATCO_BACSUA-242
Sp|QORWB3|TATC_ DEIRAA-270
S0|QOZMSSITATC_HELPY1-249

11QOHUB3|QOHUB3_PSEAEN-267 - - - -MS- ADKPEQ] E
5p|QESIVO|TATC_ARATH/1-340 RYSV- TQRRSK.F VSALNDDDS| TETT iSAVEDRPPDSSE -
80| D4GZDOITATCO_HALVD/1-441 TYDDSSDESADDVDPDAA- ADBASPAL - EDEMBBVAPSSVSAEDADFDDEDVBGL VBE ARE
Conservation
--------------------------------------------------------------------- 0000041 43 1 -54 6467/5006/5415//1522=-======
ouaty e Sl et W
Consensus

SHVPEG+Y++S+++++ 44+ +P++AL+D++SP+M+TPG+++MK+L+PP++S+ED+++++++++RLR+E+P++D+EMPLVDHLEELR+RLL+SVAA+LVIF+++FYFAKILNALVDT

paz ‘W85 F87 PO0L92 E96 5107
e 60 370 : 2 30 3t

Sp|POWGRTITATC_MYCTUA-308 58 HS | FBI
$p|067305|TATC_AQUAEA-240 4

5p|PBO423TATC_ECOLI-258 40
tMI7GCDAITGCD3 MYCS2A-37 58
pI005523|TATCY_BACSUA-254 42 -
p|P42262TATCD_BACSUA-242 39 -
SIQORWBATATC_DEIRA/-270 55 -
SpIQOZMBGITATC_HELPY1-249 36 -
IMQOHUB3IQIHUBI_PSEAEA-267 48 -
SpIQSSIVIITATC_ARATHA-340 144
splDAGZDOITATCO_HALVD/-441 228 QAAFBVHIBSAT

S RHPMCALPQSARAD | SADBECR) R - 166
Y| KEPILK- --8Y. E-

D

S

D

Q

N

K

D

DI

Consenvation

............ 195275114232
Cualty P S

Consensus

5 75668673 82 523

H++FG+HIPSA+D| IE+LKEFL++LF+SARAL|+P+G++RLIATAPAERF+++LK++FAAG+VLASPYILYQLWAF | APGLYK+ERRVALPFVPGS+LLFLAGAAFAYFVV+P+A

E165 D205

$p|POWGY7|TATC_MYCTUA-308 - A KAKRE 278
5p|067305[TATC_AQUAEA-240 -

5p|PBO42ATATC_ECOLIA-258 -
MI7GCDAITGCD3_ MYCS2/1-317 - - KARRA 278
50|005523[TATCY_BACSU/1-25¢ - - - AQKSS 244
5p|P42252\TATCO_BACSU/-242 5 5

| QORWSITATC. DEIRA/-270
50|QOZMSSITATC_HELPY1-249 - - .
1QOHUB3QOHUB3_PSEAE/-267 M Y - - EHPD 252
SpIQOSIVS|TATC_ARATH/-340 - -
$p|D4GZDO[TATCO_ HALVD/1-441

Conservation

746545212000100

Quality

Gonsensus.
L+FL+TVGS+VVV++T+LS [D+YF+FVLNLL+AFGV+FEMPVLIVLLTR+GIVTPERL+KIRRY+|+GAFVVLAAL I TFGPDPFSOTLLA+PLLVLYEI+ILISRLY+RKK++RE

Deepanjan Ghosh Page 145



Ph.D. Thesis Chapter V

470 480 490
! f i
Sp|POWGS7ITATC_MYCTU/1-308 279 A- A|PDDEASV | DRRSEVRARSV IGSH- - - - - - - - DDVT 308
S|067305TATC_AQUAEA-240 238 KA~ == == = = = = = m s mmmmmmmmemmme e e e e 240
5|PB9423TATC_ECOLI/{-258 245 EENDAEAESEKTEE - - = = = = == w e moeemnnnnos 268
tMI7GCOB)/7GCO3_MYCS2/1-317 278 AMEVPEDEAAD | BSVER | EBRABVSETTABRATVDDDAT 317
Sp|005523TATCY_BACSU/1-254 245 AADRDVSSEBO- - - - - - - - - - - - oo oo oo mmoiia oo o 254
5p|P42252|TATCO_ BACSUA-242 238 TARAA - — - -~ - - - o oo 242
SOIQORWB3TATC_DEIRA/1-270 264 ERBABMS - - - - - - oo oo 270
Sp|QOZMBOTATC_HELP#1-249 235 NDHENDAKEHTKSES - - - - = - = < = == === oo oo o 249
1QOHUB3|QOHUBI_PSEAEA-267 253 DOPASDBDOPPATRQ- - - - - - - < = <= <o oo o e oo 267

SOIQOSIVIITATC_ARATHA-340 === ===~ == === s saosaosocaoiioaoiioioooo
SDIDIGZDOTATCOHALVOA-441 == == o= e e m e oo oo oo

Conserval tion

O e

Consensus
T L . T T T oY e ST T
AA+APD+EA++ | +tE++P+++P++++++TAGRATVDDD+T

Fig5.8. Multiple Sequence alignment of the MtTatC with other TatC. The important
aquifex residues were marked with arrows having Aquifex numbering.

TableS.3. MtTatC residue conservation numbered based on Aquifex Residue

Sr. No. Residue (Aquifex numbering) MtTatC
1 Glul65 +
2 Ser107 (Ala)
3 Tyr85 +
4 Glu96 +
5 Pro42 +
6 Phe87 +
7 Pro90 +
8 Leu92 +
9 D205 +

10 Y30 +

A. aeolicus Glul65, which is exposed at the center of the concave face and thus places
an ionizable group in the hydrophobic interior of the bilayer [7][11], was conserved. This forms
hydrogen-bond networks with Ser107 and Tyr85 [11]. Ser107 is replaced with an Ala just like
in Bacillus subtilis TatCd which also has a hydrophobic Lys preceded by a Proline residue and
Tyr85 is conserved. This might be due to the difference in membrane properties. Glu96 is
another critical residue for Tat transport was conserved. The residues involved in signal

binding in Aquifex Pro42, Phe87, Pro90 and Leu92 residues were conserved [7][12]. Residues
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involved in TatC dimerization and interaction with other Tat pathway membrane components

Asp205 was conserved and Tyr30 residue was present almost at the same location [13].

MtTatC was modelled in MODELLER ver.9.17 [6] using A. aelocious TatC (4HTS) as
template. Due to the unavailability of template for MtTatC residues 1-20 and 282-308 the final
model was generated for MtTatC 21-281. The model was refined in Galaxy web server. The
final model had Ramachandran statistics[14] of Residues in most favoured regions [A,B,L]
221 94.8%, Residues in additional allowed regions [a,b,L,p] 10 4.3%, Residues in generously
allowed regions [~a,~b,~l,~p] 0 0.0% and residues in disallowed regions 2 0.9% (Fig 5.9.).
The RMSD of the MtTatC structure with AalHTS was 1.3 [15].

Fig.5.9. MtTatC model generated by homology modelling based on 4HTS A) Surface
View B) Cartoon Representation C) Ramachandran plot

The N-terminal transmembrane starts after 30 amino acids from the cytoplasmic side
with TM1 (His30-Ser59) going in perpendicular to the membrane, and continuing as an
amphipathic helix -AM1 (Leu66-Asp88) arching under TM2 (Aspl00-Tyr134) and
constituting a large part of the periplasmic face of TatC (Figures 1 A—1C). The first periplasmic
loop (Perl) continues to TM2, which at the periplasmic end is angled relative to TM1 till the
conserved Pro119 (Ec85/4a78) residue generates a kink and the rest of the cytoplasmic part is
parallel to TM1. The short cytoplasmic loop (Cytl) connects TM2 to TM3. TM3 (Argl38-
Thr172) is angled steeply and contacts to TM2, TM4, and TM6 from behind. Periplasmic loop
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(Per2) connecting TM3 and TM4 is below TMS5 and TM6. TM4 (Gly184-Ala214) is parallel
to TM2, is conserved proline kink Pro205 (Ec172/4al167) is conserved. The highly conserved
glycine199 (Ec166/4Aal61) of TM4 and Gly155 (Ec121/4a114) in TM3 forms a tight interface.
TM4 is connected to TMS5 via a short loop (Cyt2), TMS (Try219-Phy240) moves out from the
core of the protein with a steep angle and then contacts to TM4 by kinking sharply. Periplasmic
loop (Per3) post TMS5 has a highly conserved Pro242 turn that lies in the hydrophobic core of
the bilayer. TM6 (Pro246 — Asp271) has is slightly angled and contacts to TM3, TM4, and
TMS5 on the back. The C terminus of the protein extends into the cytoplasm till Tyr308

Fig.5.10. Cartoon diagram of MtTatC viewed in the plane of the membrane color-ramped
from the N to the C terminus (blue to red) from the front and rotated 90°. TM1 (His30-
Ser59), AM1 (Leu66-Asp88), TM2 (Asp100-Tyr134), TM3 (Argl138-Thr172), TM4
(Gly184-Ala214), TMS (Try219-Phy240) and TM6 (Pro246 — Asp271)

Electrostatic surface potential was mapped for MtTatC (Fig 5.11) and compared to
AaTatC. This analysis a number of charged patches that are buried in the membrane region of
MtTatC (Fig5.11A). The charge distribution on the frontal face of MtTatC and AaTatC was
similar but there is difference in charge distibution in the periplasmic cap region of the protein.
There is a large positive patch on MtTatC (Fig5.11.C) whereas AaTatC has a negative patch
(Fig5.11.D). The cytoplasmic cap had similar charge distribution for both the proteins.
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AaTatC ) Periplasm
D Periplasm Face

MtTatC

AaTatC

Fig.5.11. Electrostatic surface potential of MtTatC from negative (red) to positive (blue)
for MtTatC and AaTatC A)MtTatC from front B) AaTatC from front C) MtTatC
Periplasmic face and D) AaTatC Periplasmic face

5.3.7 Expression of E.coli Tat membrane complex

The wide variation in the sizes of the Tat Substrates causes TatA forms a pore according
to the size of the substrate. The mechanism of the formation of this dynamic pore and protein
translocation is not known. For structural insigts into the dynamics of this membrane complex
the Cro-EM approach was also considered and the Purification of E.Coli Tat membrane

complex was undertaken.

EcTatBC assembly in pACYC was over expressed in Bl21gold DTat cells. DmsD
without 6-His tag (pACYC) and DN1 (DmsD signal sequence+GFP+6-His pET33b+) were
also co-expressed in BI21gold DTat cells. Ni-NTA purification was performed for both the
complexes (Fig5.12).
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Fig5.12 Ni-NTA purification of (A) co-expressed DmsD + DN1 (DmsD signal sequence +
GFP + 6-His pET33b+) and (B) EcTatBC assembly in pACYC

After Ni-NTA purification (Fig5.12) the elution fractions of EcBC were concentrated
using a 100KDa cutoff filter. 250uL of protein was injected into a GE superdexS200
increase10/300 size exclusion column equilibrated with TSG100 buffer (100mM NaCl, 50mM
TRIS, 10% v/v glycerol, pH7.4 and 0.03% w/v DDM). The EcTatBC complex was obtained
at 10.8ml corresponding to ~347KDa (Figl5.13).

. : ® Log MW
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~347kDa TatB+TatC Complex(E.coli)

Fig5.13 EcTatBC size exclusion chromatography in Superdex S200 increase (10/300)
column. EcTatBC complex was obtained at 10.8ml corresponding to ~347KDa.
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Ni-NTA affinity chromatography purified DmsD + DNI1 complex (Fig5.12) was
concentrated using a 30K Da cutoff filter and buffer exchanged to 100mM NaCl, 50mM TRIS,
10% v/v glycerol and pH7.4. The purified EcTatBC complex from Size exclusion
chromatography was mixed in in 1:1 ratio with DmsD + DNI1 complex for quaternary
membrane pore complex formation. This was injected into a GE superdexS200 increase10/300
size exclusion column equilibrated with a buffer containing 100mM NaCl, 50mM TRIS, 10%
v/v glycerol, pH7.4 and 0.03%DDM). The tetrameric protein complex peak at 13.05ml
corresponded to ~124KDa complex (Fig.15.14). These EcBC and EcBC+DmsD+DNI

complex were used for negative staining.
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~124 kDa TatB+TatC +DmsDHDN1Complex(E. coli)

Fig5.14. EcTatBC +DmsD +DN1 size exclusion chromatography in Superdex S200
increase (10/300) column. EcTatBC +DmsD +DN1 complex was obtained at 13.05ml
corresponding to ~124KDa.

5.3.8 Negative staining of E.coli Tat Membrane complex

The negative staining of the EcTatBC complex and EcTatBC+DmsD+DN1 complex
was performed by uranyl acetate staining in an FEI Tecnai TF20 in a high resolution
Transmission Electron Microscope (TEM) equipped with a FEG source. Before grid
preparation the glycerol concentration of buffer was made to 0% by buffer exchange with

TS100 buffer containing 100 mM NaCl, 50 mM TRIS, pH 7.4 and 0.03% w/v DDM using a

Deepanjan Ghosh Page 151



Ph.D. Thesis Chapter V

100 kDa cutoff membrane filter, this was to be as close to conditions for Cryo-EM as glycerol
is a cryo-protectant and hinders proper flash freezing. Protein samples were loaded onto a
Formavar-coated 300-mesh copper grids (Electron Microscopy Sciences) and stained using
2% uranyl acetate solution. The grids were visualized in at an accelerating voltage of 200 Kev.
The images were recorded at 50,000x magnification at three different positions. EcTatBC
complex (Fig 5.15) showed heterogeneous particles and patches of aggregates. The
aggregation was probably due to the delay in making of grids due to transport delay.

1 2 3
Fig5.15. Negative Stain images of EcTatBC at 50,000x magnification
Negative stain of EcTatBC+DmsD+DN1 complex (Fig 5.16) also showed

heterogeneity and aggregates but had better contrast than EcTatBC. Both these complexes can
be further taken ahead for structural investigation using Cryo-EM.

1 2 3

Fig5.16. Negative Stain images of EcTatBC +DmsD+DN1 complex at 50,000x
magnification
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To investigate the effect of glycerol removal on EcTatBC complex and its stability, Ni-

NTA purified complex extracted using DDM was loaded onto SuperdexS200 5/150 size

exclusion chromatography column in the presence of 10% glycerol and absence of glycerol

(Fig 5.17). The protein elution pattern for the EcTatBC peak in both conditions was identical

thus making it ideal for cryo-EM studies.
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Fig5.17.EcTatBC complex SuperdexS200 5/150 size exclusion chromatography column

in (A) presence of 10% glycerol and (B) absence of glycerol

5.4 Discussions

The intrinsic problem of heterologous expression of MtTatC in E.coli is a major bottle

neck in structure determination. Swapping of the cytoplasmic Tail to a more stable Aquifex

tail improved the expression but only in the case where it was expressed with a GFP which has
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very stable structure. The presence of free GFP made us design a new BrilMTA construct but
it cause intrinsic bacterial cell death on expression. The difference between the plasma
membrane of Mycobacterium and E.coli is a major factor for the low and unstable expression
of TatC which is a 6-Transmembrane protein. It is logical to shift to the M.smegmatis based
expression system which uses the mc?4517 strain and coupling it with the pYUB1602 Lac
operon based plasmid. The structure of E.coli Tat membrane complex and receptor bound
complex is a good target for Single particle cryo-EM structure determination and will provide
us with great insight into the dynamics and functioning of the Tat Translocation complex
having the flexible pore size. Negative Staining TEM of EcTatBC complex and
EcTatBC+DmsD+DNI1 complex shows the sustainability of the system to be studied further in
Cryo-EM. 1t is necessary to decrease the time gap between Protein purification and grid
preparation. Also studies emphasize the need the extraction of homogeneous Tat membrane
complex and more stable complex. The use of GDN a synthetic alternate to Digitonin which
can extract homogeneous EcTatABC complex right from Membrane extraction step should be
considered. E. coli TatB mutation F13Y forms stable interaction between TatC and TatB which
should also be considered. The importance of Phosphatidylethanolamine lipids in Tat activity
makes it important to screen complexes with those lipids. The modelled MtTatC structure
based on AaTatC structure |HTS showed the overall structural conservation of TatC fold with
the typical transmembrane proline kinks. There is conservation of all important functional
residues. The key difference lies in the presence of longer N-terminal and C-terminal
cytoplasmic domains and in the periplasmic cap. The MtTatC ampipathc helix is longer than
that of AaTatC and surface electrostatic analysis show the presence of positively charged
surface on the MtTaC when compared to AaTatC. The determination of MtTatC structure and
the EcTat membrane complex will be a breakthrough for development of peptide inhibitors

and also for fine tuning of the Tat pathway for therapeutic protein expression etc.
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Chapter VI — Summary and conclusion

The Twin arginine translocase components have been studied in this work. This
pathway transports folded proteins across the membrane and its study is of significant interest
for therapeutic as well as industrial applications. The main objectives of our study were
understanding the interaction between the Tat signal sequence and REMP chaperon,
determining a minimal Tat signal peptide necessary for transport, development of a Novel
High-throughput Twin Arginine Translocase Assay in E. coli for inhibitor screening,
determining the atomic resolution structure of MtTatC and E. coli Tat membrane complex. A
detailed and comprehensive analysis of the Haloarchaeal Tat pathway was also undertaken to
get insights into its diversity in Haloarchaea, which almost exclusively use the tat pathway for

protein secretion.

The Tat signal chaperon interaction was studied for the E. coli Tat substrate DmsA and
DmsD. The interaction of this complex with the Tat membrane receptor TatBC was tested.
This work revealed that DmsD binds to the N-terminal signal peptide of ssDmsA and forms
two distinct populations. The equilibrium of these forms can be modulated by either DmsD
concentration or N-terminal truncation. N- and C-terminal truncation of the ssDmsA yielded
the minimum DmsA signal peptide for formation of signal chaperon complex consist of 29
amino acids. These truncations also revealed that the C-terminal part of the ssDmsA is more
directly involved in DmsD binding. The kinetic analysis from SPR suggested that this peptide
has the faster association rate (Ka = 10.7 X 104 Ms-1) compare to all other mutant and wild
type, and the affinity is very close to the wild type signal peptide Kp = 56.5 nM. The sequence
comparisons of all Tat signal, which are having binding chaperons reveals some region are
more. Alanine scanning mutations of the 29 residues suggest that twin arginine motif is not
essential for chaperone recognition. Further in vitro analysis for identifying the regions
responsible for this interaction between TatBC with DmsD, ssDmsA and ssDmsA/DmsD
complex showed that the N-terminal of the signal peptide is mainly involved in the TatBC
recognition, which includes the Tat motif. The deletion of the N-terminal upstream of the Tat
motif still formed complex with TatBC, but the association was weak and formed a different

type of complex. The C-terminal of the signal peptide did not have affect binding. Among
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monomeric and dimeric types of ssDmsA/DmsD complex, only the monomeric population
interacts with TatBC and forms the tetrameric complex. The DmsD concentration depended
binding towards signal peptide has been observed. Crystallization of the DDF chimeric
ssDmsA-DmsD yield non diffracting crystals. This suggest that the disorder of the DmsA
signal sequence is possibly a major factor of non-diffraction. The DMSD + DDF Dimer with

a high melting temperature is a good candidate for further crystallization trials.

The Tat pathway is very significant for virulence of various pathogens. Moreover, the
Tat pathway is specific to bacteria and transports virulence factors in pathogenic bacteria, thus
making it an attractive target to screen for inhibitors to design novel drugs in human healthcare.
In this context, it can be deemed necessary to develop an efficient assay that could enable the
specific analysis of Tat function and mode of protein translocation. Colanic acid (CA) is an
extracellular capsular polysaccharide produced by most E. coli strains as well as by other
Enterobacteriaceae. It contains units of L-fucose, D-glucuronic acid, D-glucose, D-galactose,
and pyruvate, and forms a mucoid matrix on the cell surface. Colanic acid biosynthase (WcaM)
is an essential enzyme involved in the colanic acid biosynthesis pathway and is also
translocated to the periplasm via the Tat pathway. The activity of the Tat pathway was
measured by quantifying L-fucose one of the monomers of Colanic acid using L-Fucose. The
spectrometric assay was standardized for large sample sizes and made compatible with a 96-
well format microtiter plate. The use of colonic acid biosynthesis native to E. coli as a reporter
of Tat export makes available a quantitative and Tat-specific method that can be used to probe
Tat pathway function, and scout for new Tat inhibitors. As extraction of Colanic acid after cell
growth can be performed using a very simple procedure as there is no need of heterologous
expression of a reporter protein, enabling easy and swift quantification of Tat export in the
different organisms where heterologous expression is not straight forward. This assay could
essentially serve as a simple yet efficient indicator of Tat pathway export and function,
including checking the effect of mutations in the Tat component proteins. Also to differentiate
inhibitors specific for the Tat pathway against general growth inhibitors, the cell growth curve
with colonic acid concentration has to be observed. In conclusion, the assay described in this
study offers an easy and robust analysis system in E. coli for experiments concerning Tat
pathway function and a screen for identification of new Tat substrates and inhibitors in

gastrointestinal pathogens. It combines the advantages of a single-step extraction procedure
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and the specificity for Tat pathway, paving the way for the development of an economical high

throughput assay for Tat screening.

The evolution of the Tat pathway itself suggests that there may be a fundamental
conflict between the substrates transported and the Sec export mechanism in organisms such
as haloarchaea that live in extreme habitats. The diversity and multiple unique topologies of
the TatC receptor in haloarchaea indicate that they may exist specifically for transport of large
numbers and a wide variety of Tat substrates. The high intracellular salt concentrations cause
rapid folding of proteins and the quality of protein folding is a major concern for these
organisms. This is positively facilitated by the sophisticated Tat pathway components and
almost the entire secretome is exported by the Tat pathway. The presence of unique TatC
topologies and universal presence of two different homologs was reported with some
organisms having multiple homologs of TatA. The Tat sequence analysis of TatC revealed that
the 14TM TatC has two copies of TatC and present in haloarchaea along with other homologs.
Conservation in the N-terminal region of TatA homologs to that of E.coli implies similar
mechanism of transport but diversity in the C-terminal region could be useful in interaction
with the wide range of substrates. Based on this the substrates of 20 Haloarchaea with complete
proteome were analyzed. Unlike in other systems, many substrate groups are present here
based on the class of receptor required for the translocation. This may be necessary for
differential translocation dynamics and to ensure the stringent folding quality. Further in-vivo
and in-vitro studies are required for dissecting the dynamics of the Tat pathway in haloarchaea.
The Haloarchaeal Tat protein proofreading chaperons identified were similar to the bacterial

Tat chaperons.

The Mycobacterium tuberculosis Tat pathway exported proteins, including virulence
factors of periplasmic substrate-binding proteins of ABC transporters and Lactamases but is
not essential for survival. Thus developing a MtTat inhibitor would ideally provide a drug that
will make the organism non-virulent, at the same time there is no survival pressure diminishing
the possibility of resistance. Heterologous expression of MtTatC was achieved in E.coli by
swapping of the c-terminal cytoplasmic tail with an Aquifex TatC tail. Expression was obtained

in DMA where MtTatc with AaTail was fused with GFP. This was probably due to the very
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stable structure of GFP which stabilized the protein. But the presence of free GFP made us
design a new BrilMTA construct but it caused intrinsic bacterial cell death of E.coli after
induction. Absence of crystal hits due to low quality and limited protein yield is the bottleneck.
MtTatC structure was modelled using the AaTatC structure for analysis. The modelled MtTatC
structure based on AaTatC structure IHTS showed the overall structural conservation of TatC
fold with the typical transmembrane proline kinks. There is conservation of all important
functional residues. The key difference lies in the presence of longer N-terminal and C-
terminal cytoplasmic domains and in the periplasmic cap. The MtTatC ampipathc helix is
longer than that of AaTatC and surface electrostatic analysis show the presence of positively
charged surface on the MtTaC when compared to AaTatC. The difference between the plasma
membrane of Mycobacterium and E.coli is a major factor for the low and unstable expression
of TatC. It is best to shift to the M. smegmatis based expression system which uses the mc24517
strain and coupling it with the pYUB1602 Lac operon based plasmid.

The E.coli Tat membrane complex and receptor bound complex is a good target for
Single particle cryo-EM structure determination and will provide us with great insight into the
dynamics and functioning of the Tat Translocation complex having the flexible pore size.
Negative Staining TEM of EcTatBC complex and EcTatBC+DmsD+DN1 complex shows the
sustainability of the system to be studied further in Cryo-EM. The presence of aggregates due
to slide preparation delay suggests the necessity to decrease the time gap between Protein
purification and grid preparation. The study also emphasize the need the extraction of
homogeneous Tat membrane complex and more stable complex. The use of GDN a synthetic
alternate to Digitonin which can extract homogeneous EcTatABC complex right from
Membrane extraction step should be considered. E. coli TatB mutation F13Y forms stable
interaction between TatC and TatB which should also be considered. The importance of
Phosphatidylethanolamine lipids in Tat activity makes it important to screen complexes with
those lipids. The determination of MtTatC structure and the EcTat membrane complex will be
a breakthrough for development of peptide inhibitors and also for fine tuning of the Tat

pathway for therapeutic protein expression etc.

The Tat pathway is a major virulence determinant in a growing number of pathogenic

bacteria including P. aeruginosa, E. coli, Salmonella typhi, Bacillus anthracis and many plant
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pathogens. Since mammals lack the Tat system, it represents a major new class of antibacterial
drug target, which is of interest to drug companies. In addition there is considerable potential
for exploiting the rare ability of the Tat system to transport folded proteins by the
biotechnology industry for heterologous protein production. Detailed knowledge of the range
of substrates using the Tat system and their functional characterization would benefit both
these major industries. In addition Tat pathway investigation will generate important
fundamental results that will impact upon two mains areas of microbiology: traffic across the
bacterial envelope and microbial pathogenesis. Advances in these areas will open up new
perspectives in fundamental microbiology and may advance the development of new

therapeutic agents.
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