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Chapter 1

1. Introduction

SEM Image of Yersinia enterocolitica. Adapted from- Yersinia enterocolitica infection by HEALTH JADE TEAM.
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1.1.The Genus Yersinia:

The genus Yersinia is a gram-negative bacterium that belongs to the family of
Enterobacteriaceae. The genus Yersinia was proposed by Van Loghem in 1944 to
accommodate Yersinia pestis and Yersinia pseudotuberculosis which was previously put into
the genus Pasteurella [1]. These are Gram-negative, coccobacilli bacteria, a few micrometres
long and less than a micrometre in diameter, and are primarily a facultative anaerobe.
Currently, this genus consists of truly 11 species [2] out of which only three are reported
pathogenic to humans. The three species pathogenic to humans are Yersinia enterocolitica,
Yersinia pseudotuberculosis, and Yersinia pestis. Human pathogenic Yersinia causes
diseases ranging from gastroenteritis for Yersinia enterocolitica and Yersinia
pseudotuberculosis (who are primarily entero-pathogen), to bubonic plague caused by
Yersinia pestis [3]. All these three species differ in their pathogenicity, Yersinia pestis is the
deadliest among all and primarily a rodent pathogen infecting human through the bite of an
infected flea, while, Yersinia enterocolitica and Yersinia pseudotuberculosis are zoonotic
food-borne pathogens having broad host range including humans, swine, dogs, rodents,
birds, and wild animals [4] [5]. All the three Yersinia species carry a 70- kb virulence
plasmid which they require during infection to the lymph tissues as well as to overcome host
defence mechanism [3] [6] [7]. Based on recent development in whole-genome sequence
analysis, the genus Yersiniae has been regarded as a model genus to study rapid evolution
among bacterial pathogens [7].

1.2.Evolution of Yersinia species:
During evolution, Yersinia enterocolitica and Yersinia pseudotuberculosis are

supposed to have emerge within the last 200 million years and Yersinia pestis is relatively
has emerged recently within the last 1500- 20000 years [7-9]. Based on 16S rDNA analysis,
Figure 1.1 represents the intrageneric phylogenetic relationship among Yersinia species and
the position of the Yersinia genus within the family of Enterobacteriaceae. It clearly shows
a coherent cluster of all Yersinia strains with sequence similarities ranging from 96.9%-
99.8%. It also suggests the clonal diversity among strains of Y. enterocolitica and the close
relation between Y. pestis and Y. pseudotuberculosis during evolution [10].

Yersinia enterocolitica diverged from Yersinia pseudotuberculosis and evolved into
a genetically and biochemically heterogeneous group of organisms and has been classified
into six biotypes differentiated by biochemical tests (A, 1B, 2, 3, 4 and 5) [11]. These in vitro
biotypes can further can be differentiated based on their pathogenic potential: High
pathogenic (biogroup 1B); nonpathogenic (biogroup 1A); and weakly pathogenic (biogroup
2, 3, 4, and5) based on the mouse infection model [11-13] (Figure 1.2). Biogroup 1A lacks
the presence of virulence plasmid pVY and is suggested to be distantly related to other
biogroups
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Figure 1.1: intrageneric phylogenetic relationships of Yersinia species and position of the genus Yersinia
within the family Enterobacteriaceae, based upon 16S rDNA analysis. The bar represents 1% sequence
divergence. (Adapted from Ibrahim, A., Goebel, B. M., Liesack, W., Griffiths, M., & Stackebrandt, E.
(1993). The phylogeny of the genus Yersinia is based on 16S rDNA sequences. FEMS microbiology

letters, 114(2), 173-177.).

[10]. Biogroup 1B (highly pathogenic) frequently isolated in North America is a
geographically isolated group also known as so-called ‘New world’ Strains and biogroups
2- 5 (weakly pathogenic) predominantly isolated in Europe and Japan are known as ‘Old
world’ strains. Based on variations in the O- antigen of its lipopolysaccharide (LPS) Yersinia
pseudotuberculosis is classified into 21 different serological groups, while all Yersinia pestis
strains are unable to express the O- antigen [7].
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Figure 1.2: A basic model describing the evolution of the pathogenic Yersinia (adapted from (Wren 2003)
THE GENUS YERSINIA: From Genomics to Function 2007 Springer Science Business Media, LLC).

1.3.Pathogenicity of Yersinia species:

Three important human pathogens: Yersinia pestis, Yersinia enterocolitica, and
Yersinia pseudotuberculosis belong to the genus Yersinia. They cause zoonotic infections
such as Yersiniosis (a Diarrheal disease) and plague (Bubonic and Pneumonic). In healthy
but immunocompromised individuals, yersiniosis symptoms range from mild, self-limiting
diarrhea to mesenteric lymphadenitis [14]. After ingestion of contaminated food and water,
the enteropathogenic bacteria (Yersinia enterocolitica and Yersinia pseudotuberculosis) pass
into the small intestine and translocate across the intestinal epithelium through Peyer’s
patches. Following the translocation, they migrate to the lymph node and subsequently to the
liver and spleen to carry out replication externally to the host cell [15] (Figure 1.3). However,
Yersinia pestis spreads across animals and occasionally to humans through infected fleas
(which act as a mammalian reservoir) and reaches lymph nodes causing Bacteremia
(popularly known as Bubonic plague). When this infection reaches the lungs, it results in
fatal Pneumonic plague [7].

Plasmid acquisition by the Lateral gene transfer method by Yersinia species seems
the major key resulting in virulence acquisition (see the figure below). For example, very
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recently Yersinia pestis made an evolutionary jump by acquiring plasmids to become a flea-
based systemic pathogen. A close analysis of the genomes of all Yersinia species suggests
common virulence plasmids namely Plasmid-encoding murine toxin (pMT1), Plasminogen-
activating plasmid (pPla), and, Yersinia virulent plasmid (pYV) present among all
pathogenic Yersinia species which contributes to a wider host range and improves their
ability to beat the host defense mechanisms [7] (Figure 1.4).

Among these plasmids, plasmid pY'V is of particular interest as it plays a crucial role
in the virulence of Yersinia species. pYV encodes several virulence determining factors
including a specialized secretion system known as Type Three Secretion System (T3SS).
This T3SS helps Yersinia to overcome the immune defense system of the host and helps
Yersinia to establish the infection (refer to the Table 1.1 below).

Table 1.1| Plasmids important in the virulence of pathogenic yersiniae

Plasmid name Other Size Virulence determinants Role in disease
designations (kb)

Yersinia virulence plasmid,  pCD 70.3  Several YOPs, type I Avoidance of the immune
pYV secretion system system, toxicity
Plasmid-encoding murine ~ pFra 96.2  Murine toxin (phospholipase),  Bacterial transmission by fleas
toxin, pMT1 F1 capsule-like antigen
Plasminogen-activating ~ pPCP1,pPst 9.6 Plasminogen activator Dissemination from intra-dermal
plasmid, pPla site of infection

Table 1.1: Plasmids important in virulence of pathogenic yersiniae. (Adapted from- The Yersiniae — a model
genus to study the rapid evolution of bacterial pathogens).

1.4.Secretion Systems in gram-negative bacteria:

Yersinia species harbors many different secretion systems for their growth and
survival. They use these secretion systems for a different array of processes. Secretion
systems are used to transport proteins of interest out of the cell into the bacterial environment
or inside the host cell directly. In other cases, they use it especially for manipulating the host
and a replicative niche. Different classes of bacterial secretion systems have been classified
based on their mode of mechanism, whether they secrete protein substrate across a single
membrane, double-membrane, or even three membranes including the host membrane. Due
to the specificity of these secretion systems, few of them are present only in the pathogenic
form of Yersinia only. Such secretion systems are a target for antimicrobials development.
A brief description of the secretion systems in Yersinia species involved in virulence is given
below.
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Figure 1.3: Steps in the transmission of the pathogenic yersiniae in humans. Y. pestis has a rodent reservoir. The
rodent’s fleas acquire Y. pestis from a meal of infected blood, and transmit the bacterium primarily to other rodents,
or occasionally to humans — causing bubonic plague in humans. Human-to-human transmission can occur through
human fleas. Pneumonic plague is transmitted from human to human through respiratory droplets, or possibly by
artificially generated Y. pestis aerosols. Y. enterocolitica and Y. pseudotuberculosis are ingested, and in contrast to Y.

pestis, enter the lymphatic system through the M cells of the small intestine. (Adapted from- The Yersiniae — a model
genus to study the rapid evolution of bacterial pathogens).
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Figure 1.4 | Simplified model of Yersinia species evolution based on present knowledge of genome
data. The non-pathogenic yersiniae gain the virulence plasmid pYV to form the predecessor of pathogenic
Yersiniae. Y. enterocolitica diverges from Y. pseudotuberculosis and forms three lineages: 1A, Old World
and New World. Y. pseudotuberculosis gains the ability to parasitize insects and form biofilms in hosts
before evolving into Y. pestis through the acquisition of the plasmids pPla and pMT1, genome mixing and
decay. Hms, haemin storage; HPI and HPI*, high-pathogenicity islands; IS, insertion sequence. (Adapted
from- The Yersiniae — a model genus to study the rapid evolution of bacterial pathogens).

1.4.1.The Sec Secretion Pathway:

The general Secretory [9] pathway is ubiquitous and universal export machinery for
most of the proteins being transported across the bacterial membranes along with the twin-
arginine translocation [16] pathway. Both these pathways are most highly conserved
among the secretion pathways across different domains of life i.e., bacteria, archaea, and
eukarya [17, 18]. In the Src-dependent pathway, the protein being secreted is synthesized
as a pre-protein containing a cleavable terminal signal peptide. The Sec pathway translocate
its substrate proteins primarily in their unfolded state. The Sec Secretion pathway is a system
that consists of three major components: a protein targeting component, a motor protein, and
a trans-membrane integrated conducting channel component (known as SecYEG
translocase) [17]. Many proteins secreted through Sec Pathway serve different purposes,
whereas many others play role in promoting the virulence of bacterial pathogens. Gram-
negative bacteria like Yersinia use Sec dependent pathway to secrete virulence determining
factors across the cytoplasmic membranes [19]. A 20 amino acid hydrophobic, N-terminal
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signal sequence is required for a protein to undergo Sec dependent secretion pathway. The
hydrophobic signal sequence consists of three regions: a positively charged amino terminal,
a hydrophobic core, and a polar carboxy-terminal. Proteins containing Sec-B specific signal
sequence are destined to be secreted outside the cell by the Sec pathway and proteins
containing signal recognition particle (SRP) specific signal sequence will be destined to
remain in the inner membrane [17]. The sec-dependent pathway operates in basically three
distinct steps: Sorting and targeting, translocation, and maturation. The targeting of protein
substrates operates in both co-translational and post-translational modes. The energy for this
secretion pathway is provided by ATP hydrolysis by motor protein SecA and by Proton
Motive Force (PMF). A general Sec-dependent pathway is depicted in Figure 1.5. For a
detailed review of this system refer to [20].

Export stage ‘l} Sorting and targeting ‘ I (2) Translocation | | (3) Maturation I

SecDF-YajC

SecYEG
y |

Co-translational

Chaperone-
dependent

c Fihap’eilone

Signal peptide O independent
Sec

Trigger g

factor *j

Post-translational

Figure 1.5: Sec-pathway-dependent export stages. Sorting and targeting (step 1): unfolded proteins (orange) that
contain signal peptides and plasma membrane proteins are co-translationally sorted and targeted to the
transmembrane SecYEG channel (yellow) by the signal recognition particle (SRP; purple) and its membrane
receptor FtsY11 (pink), or, post-translationally, by SecA (blue)12. Chaperones aid post-translational targeting:
trigger factor (dark green)22,24 and the ATPase motor SecA12,14 bind to pre-proteins on the ribosome or in the
cytoplasm; the chaperone SecB binds to them in the cytoplasm?2. Pre-proteins may be targeted to the SecYEG—
SecA translocase in a chaperone-independent manner. Translocation (step 2): pre-proteins translocate through
SecYEG to the periplasm or into the plasma membrane2, the process of which is powered by repeated cycles of
ATP binding and hydrolysis by SecA16,144 and the proton motive force (PMF)16. The auxiliary components
SecDF-Y3ajC6 and YidC11 (light orange) enhance translocation efficiency. Maturation and release (step 3):
signal peptidases (SPases; pale pink) cleave signal peptides and the mature domain is released into the
periplasm21. Adapted from Tsirigotaki et.al., (2017). Protein export through the bacterial Sec pathway. Nature
Reviews Microbiology, 15(1), 21-36.
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1.4.2.The Tat Secretion Pathway:
Unlike the Sec secretion pathway, a functional Twin-arginine translocation [16]

secretion pathway secretes proteins in the folded state across bacterial membranes [18]. The
Tat pathway consists of two to three components: TatA, TatB, and TatC. In gram-negative
bacteria like E. coli, TatB and TatC bind to the signal peptide of proteins to be secreted by
Tat-Pathway and recruit TatA, present as the membrane-spanning channel. A pair of "twin"*
arginines in the motif S-R-R is present at the N-terminus of the folded proteins which acts
as a signal sequence for Tat secretion pathway [21]. The energy for translocation of substrates
by Tat Secretion is provided by Proton Motive Force (PMF) [18]. Normal physiology and
survivability of pathogenic and nonpathogenic bacteria require Tat pathway. While in the
case of Pseudomonas aeruginosa, Yersinia pseudotuberculosis, E. coli they require a
functional Tat pathway for full virulence in animal models. [22-24]. A very good example is
Phospholipase C- a Tat secreted enzyme that cleaves phospholipids immediately resulting in
suppression of immune cell activity and promoting intracellular survival of the pathogenic
bacteria. Figure 1.6 provided below represent a general secretion mechanism involving Tat

pathway.
X 7& TatB
TatB
) TatC }
Cytoplasm = TatC
J‘ |
Periplasm L-J

Figure 1.6: Secretion through the Tat pathway- Bacteria secrete folded protein}ross the cytoplasmic
membrane using the Tat secretion pathway. This pathway consists of 2-3 components (TatA, TatB, and
TatC). In Gram-negative bacteria, TatB and TatC bind a specific N-terminal signal peptide containing a “twin”
arginine motif on folded Tat secretion substrates. TatB and TatC then recruit TatA to the cytoplasmic
membrane, where it forms a channel. Folded proteins are then translocated across the channel and into the
periplasm. Adapted from (Green, E. R., & Mecsas, J. (2016). Bacterial secretion systems: an
overview. Microbiology spectrum, 4(1), 4-1.).

1.4.3.The Type | Secretion System:
T1SS are widely present among gram-negative bacteria and serve a variety of

purposes from nutrient acquisition to bacterial virulence. This is a secretion system involving
one-step translocation of proteins across both inner and outer bacterial membranes. T1SS
closely resembles the ATP-binding cassette (ABC) transporter family of proteins which are
involved in the export of small molecules such as antibiotics and toxins out of the cell [25].
Various substrates like digestive enzymes, such as proteases and lipases, adhesins, heme-
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binding proteins, and proteins carrying repeats-in-toxins (RTX) motifs are translocated by
T1SS generally in a Sec-independent manner. Such substrates usually carry a C-terminal
non-cleavable signal sequence which is recognized by T1SS. The major component of T1SS
is an ABC transporter protein present in the inner membrane, an outer membrane factor
(OMF) in the outer membrane, and an inner membrane-embedded membrane fusion protein
(MFP) associating both two components inside the periplasm [26]. In addition, the
cytoplasmic side i.e., the N-terminal side of the MFP plays role in substrate selection [27,
28]. The energy for T1SS is provided by the associated ABC transporter. After substrate
recognition by MFP cytoplasmic N-terminal domain, OMF generates a pore in the outer
membrane through which unfolded substrate passes to the outside of the cell. The multi-
purpose TolC (which is a member of the outer membrane efflux protein (OEP) family) is
recruited by T1SS as their OMF component after substrate recognition by MFP and ABC
transporter. Substrates secreted through T1SS contribute to virulence in many pathogenic
bacteria. One widely studied example is HylA hemolysin protein of E. Coli (belonging to the
RTX-family of proteins) which inserts into membranes of both erythrocytes and nucleated
eukaryotic cells and rupture them [29]. Figure 1.7 below represents T1SS in pathogenic
bacteria.
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Figure 1.7: Schematic representation of the Type 1 secretion system. The tripartite system is shown
schematically with the inner membrane ATPase Binding Cassette (ABC) protein shown in green, the
membrane fusion protein (MFP) in brown, and the outer membrane factor (OMF) in blue. A ribbon
representation of the full-length ABC exporter structure Sav1688 from S. aureus is shown in the inset green.
Also shown is a ribbon representation of the proton antiporter AcrB from E. coli (PDB: 1IWG) in green. The
crystal structure of AcrA from E. coli, an MFP from the analogous drug efflux pump system, is shown on the
side inset in brown. The representative OMF crystal structure of E. coli TolC is also shown in blue. PDB codes
are indicated. Adapted from (Durand, E., Verger, D., Régo, A. T., Chandran, V., Meng, G., Fronzes, R., &
Waksman, G. (2009). Structural biology of bacterial secretion systems in Gram-negative pathogens-potential
for new drug targets. Infectious Disorders-Drug Targets (Formerly Current Drug Targets-Infectious
Disorders), 9(5), 518-547.).
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1.4.4.The Type Il Secretion System:
Gram-negative pathogenic bacteria use the Type Two Secretion System (T2SS) to

secrete folded protein from the periplasm into the extracellular environment. Proteins
secreted by T2SS must be present in periplasm before being transported to the extracellular
matrix by T2SS present only in the outer membrane of bacteria [19]. It is the terminal step
in the General Secretory pathway (Gsp) [30] which secretes proteins secreted through Sec
and Tat pathway. T2SS secretes a variety of substrates including toxins required for
virulence, single protein, enzymes, proteases, lipases, phosphatases, and several proteins that
are required for carbohydrate metabolism in different bacterial species. The T2SS is
composed of 12-15 different types of proteins encoded by a single operon. The T2SS can be
further subclassified into four different sub-assemblies namely the outer membrane complex
composed of secretin (which serves as a channel for translocation of folded substrates from
the periplasm to the extracellular space), the inner membrane platform- embedded in the
inner membrane, and extending toward the periplasm which plays a crucial role in
communicating between the outer membrane secretin complex and the secretion ATPase
during the secretion process, the pseudo pilus (fibrous periplasmic structure which is
supposed to push the substrates outside the outer membrane complex like a piston), and a
tightly associated secretion ATPase (located in the cytoplasm which acts as energy provider
for the T2SS process). [19] (Figure 1.8).
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Figure 1.8: A possible mode of action of the T2SS. The hypothetical mechanism of action for the type 1l
secretion system (T2SS) is based on numerous biochemical and structural studies. General secretory pathway
(Gsp) proteins are labeled with their capital-letter identifiers (the Gsp prefix and the species-specific names are
omitted). The secretion ATPase (GspE) is in orange, the inner-membrane platform proteins are in green, the
trimeric tip of the pseudo pilus (GspKIJ) is in silver, the major pseudopilin (GspG) is in pink and the outer-
membrane secretin (GspD) channel is in blue, cyan and purple. Also please refer to Korotkov, K. et. al, (2012).
The type Il secretion system: biogenesis, molecular architecture, and mechanism. Nature Reviews
Microbiology for complete detail of the figure presented here. The possible architecture of the T2SS before
binding an exoprotein is shown on the left. The second structure shows the T2SS with an exoprotein (in this
case, the AB5 cholera toxin) in the periplasmic vestibule of the T2SS secretin. Adapted from Korotkov, K. et.
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al, (2012). The type Il secretion system: biogenesis, molecular architecture, and mechanism. Nature Reviews
Microbiology.

1.4.5.The Type Il Secretion System:
A pathogenic bacterium uses a unique multi-protein complex structure known as the

Type Three Secretion System (T3SS) to manipulate its host cell physiology by secreting
effector toxins directly into the host cell cytoplasm crossing three layers of membranes.
These bacterial effectors interfere with the host cellular pathways to promote attachment to
the host cell and help the bacteria for intracellular survival and replication or prevent host
cell defense. The T3SS resembles a complex nano syringe-like structure generally referred
to as Injectisome [31-34]. In all T3SS among different bacteria, it shares highly conserved
nearly eight of its core components which are also evolutionary related to the flagellar system
[35]. More than 25 different proteins are involved in the core architecture of T3SS complex
formation however it has been classified into three different parts namely a double
membrane-spanning basal body complex composed of stacked rings, a needle complex
filament structure protruding away from the bacterial surface into the extracellular space and
Translocon [36]. The needle complex is a =60nm multi-ring elongated tube structure with a
base diameter of ~26nm and a narrow channel of =~20A for transport of the effectors [37].
The narrow channel of the secretion needle allows only unfolded substrates to pass through
it. Also associated with the basal body inside the cytoplasm a complex dynamic component
structure called C-ring complex is present including hexameric ATPase ring complex which
provides energy for assembly, efficient unfolding, and transport of effectors through T3SS
injectisome [38]. The Tip complex present at the end of the needle complex helps in sensing
contact with the host cells and regulation of secretion of effectors and also is required for
insertion of the translocon to the host membrane. After the tip complex establishes contact
with the host cell membrane the tip complex forms a pore in the host membrane for delivery
of the effectors [39-41]. A pathogenic bacteria may secrete effectors, based secretion signal
embedded within its N-terminal end, or in many cases the effectors are guided by their
respective chaperones which guide them to be secreted by T3SS in an ATP-dependent
manner in their unfolded state [31]. A general T3SS model is represented in Figure 1.9. For
a more detailed review of T3SS please refer to the review of literature section.

1.4.6.The Type IV Secretion System
Type Four Secretion System (T4SS) has been reported in both Gram-positive as well

as in Gram-negative bacteria. T4SS is related to the ancestral DNA conjugation process
including DNA uptake and transfer. They contain a channel for translocation of protein-DNA
complexes and traverse the cell envelope of the bacteria. In Gram-negative bacteria, T4SS
are used to transport virulence factors into the host cell. Based on their broad function T4SS
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can be divided into major three classes. The first type is T4SS used to transfer DNA from
one bacterial cell to another in a contact-dependent manner. The second type includes
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Figure 1.9: Structure and function of the T3SS injectisome. A. Bacteria utilize T3SS to inject bacterial
effector proteins into eukaryotic host cells. B. Structure of the T3SS indicating the different structural units
(color-coded) and the individual components. Protein names are given in C. C. Nomenclature of T3SS
components. The unified nomenclature (Uni) according to Hueck (1998) is shown on the left, the nomenclature
of the T3SS encoded by Salmonella pathogenicity island 1 (SPI-1) is shown on the right. The nomenclature of
the most commonly studied systems in Yersiniaand pathogenic Escherichia coli follows the unified
nomenclature with Ysc and Esc, respectively, instead of Sct. Abbreviations: IM, inner membrane; OM, outer
membrane. Adapted from Wagner, S., Grin, l., Malmsheimer, S., Singh, N., Torres-Vargas, C. E., &
Westerhausen, S. (2018). Bacterial type Il secretion systems: a complex device for the delivery of bacterial
effector proteins into eukaryotic host cells. FEMS microbiology letters, 365(19), fny201.

T4SS involved in DNA uptake and release in the extracellular environment. The third type
of T4ASS is involved in protein or protein complex secretion into their host cell. Most of the
pathogenic gram-negative bacteria contain this type [42]. T4SS has been well characterized
in the case of Agrobacterium tumeficans and is commonly known as the VirB/D system. A.
tumeficans utilizes T4SS for the transfer of Ti-plasmid into the eukaryotic plant host cell.
TA4SS contains approximately 12 proteins namely VirB1- VirB11 and VirD4 [43, 44]. VirB4,
VirB11, and VirD4 are ATPases and remain associated with the inner membrane and provide
energy for T4SS functioning. VirD4 also acts as a coupling agent by interacting with protein
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substrates before secretion. Bacteria like Helicobacter pylori have been reported to uptake
extracellular DNA from the environment to the bacterial cytoplasm. Recently it has also been
suggested that T4SS is involved in reducing competition between rival bacteria by injecting
toxic effectors into them [45]. The versatility and non-specificity of T4SS function provide
bacteria additional adaptability to their survival in different environmental conditions. T4SS
plays a wide range of functions such as providing antibiotic resistance by DNA uptake,
remodeling of the host cell architecture by secreting toxins into them, promoting
environmental adaptability, and helping in virulence gene acquisition. A general model
representation of T4SS is provided below in Figure 1.10.
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Figure 1.10. The overall organization of the T4S system. VirD4 (in pink), VirB11 (in blue), VirB4 (in gold)
ATPases, polytopic VirB6 (in purple), bitopic VirB8 (in light green) and VirB3 (in orange) form the cytoplasmic
IM part of the complex. VirB7 (in brown), VirB9 (in green), and VirB10 (in blue) compose the periplasmic part
of the secretion system. VirB2 and VirB5 constitute the outer part of the secretion system. The red dot indicates
the path of the substrate through the machinery. The stoichiometry of the various components in a native, fully
assembled, T4S system is unknown. Adapted from Waksman, G., et.al (2014).

1.4.7.The Type V Secretion System:
Type V Secretion systems (T5SS) present in gram-negative bacteria are unique

secretion processes where a substrate along with its transporter is synthesized as a single
polypeptide and is secreted independently by themselves into the extracellular environment.
Hence, they are also known as autotransporter systems. A membrane channel component,
known as ‘translocator’ and its specific substrate, known as ‘passenger’ domain fused as a
single polypeptide remain present in the periplasm of bacteria in a partially unfolded state
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with help of the periplasmic chaperones (Figure 1.11). T5SS is functional in the outer
membrane only and hence its components must be secreted to the periplasm by the Sec
apparatus. For its secretion by Sec apparatus, T5SS proteins must carry an N terminal Sec
signal sequence which is cleaved in the periplasm. The translocator inserts into the membrane
forming a B-barrel and enabling secretion of the passenger domain through it [46-48]. Energy
for this process is provided by the folding of the substrate at the exit of the pore [49]. The
passenger domain secreted in many cases is auto processed and cleaved following its release
into the extracellular environment, whereas in other cases the passenger domain secreted is
not auto processed and remains anchored to its translocator domain and usually functions as
adhesins [48].

type Va type Vb type Ve type Vd type Ve

Figure 1.11. Structures and topology models. (a) Topology models of the different type V secretion systems.
The translocation domain is displayed in brown, linker/Tps regions in light green, passenger domains in dark
green and periplasmic domains in orange. POTRA domains are labeled (P). For clarification of the topology,
N- and C-termini are indicated. Adapted from Leo, J. C., et.al. (2012).

1.4.8.The Type VI Secretion System
Type VI secretion systems (T6SSs) are the most recently discovered bacterial

secretion systems and their structure and functions are still unknown. The transport of
proteins via T6SS occurs from a donor cell to the recipient cell during interbacterial
interaction in a contact-dependent mode. T6SS is widely distributed in the genomes and is
composed of 13 conserved proteins along with a variable complement of accessory elements.
The donor bacteria secret effectors toxic to other bacteria and to protect themselves from
self-intoxication by these effectors they also encode an immunity protein adjacent to a gene
encoding these effectors. These effectors are crucial for interbacterial competition for
specific host niches. These effectors are single domain or multi-domain proteins and usually
target bacterial cell walls (peptidoglycan) and cell membranes by phospholipases [50].
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T6SS nanomachine is basically made of three major components namely the membrane
complex (which is located in the inner membrane and its components are similar to the
T4SS), the tail complex (which is evolutionarily related to the Phage's contractile tails), and
the baseplate complex (which serves as a platform, used during assembly of the tube structure
and activates the contraction of the sheath) (Figure 1.12). T6SS play role in interbacterial
antagonism, cellular signaling between isogenic cells, and virulence [51].
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Figure 1.12: (A) The T6SS is composed of a membrane complex, a baseplate, and a tail complex. TssJ-TssL-TssM
makes the membrane complex and is connected to the TssB—TssC tail sheath and the hemolysin co-regulated protein
(Hcp) inner tube through the baseplate (composed of TssK, TssE, and VgrG). Effectors are recruited to the spike—
tube complex through the extension domains of VgrG and/or PAAR-repeat proteins and through incorporation into
the Hcp tube. An unknown extracellular signal triggers sheath contraction, which leads to the ejection of the spike—
tube complex across the target membrane, thereby delivering effector proteins into the cell. The ATPase ClpV
disassembles the contracted TssB—TssC sheath, which enables a new T6SS complex to be reassembled from the
released subunits. Adapted from Russell, A. B., Peterson, S. B., & Mougous, J. D. (2014). Type VI secretion system
effectors: poisons with a purpose. Nature reviews microbiology, 12(2), 137-148.
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1.5.  Nomenclature of Yersinia enterocolitica:

Taxonomic Hierarchy

Kingdom Bacteria
Subkingdom Negibacteria
Phylum Proteobacteria
Class Gammaproteobacteria
Order Enterobacteriales
Family Enterobacteriaceae

Genus Yersinia

Species Yersinia enterocolitica

Subspecies Yersinia enterocolitica enterocolitica

Reference: Retrieved [05/23/2022], from the Integrated Taxonomic Information System (ITIS) online database,
www.itis.gov, CCO (https://doi.org/10.5066/F7TKHOKBK)
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1.6.0verview of the Thesis:
The preceding introduction gives a background on different secretion systems present

in Yersinia species and their role in virulence. The present study focuses on the regulation of
the Type Three Secretion system (T3SS) in Yersinia enterocolitica. The T3SS system in Y.
enterocolitica and other pathogenic bacteria is energized by both, Proton Motive Force (PMF)
and by a highly conserved AAA+-ATPase present at the base of T3SS in bacterial cytosol.
The highly dynamic nature of the cytosolic C-ring complex has resulted in a lack of
understanding of how it regulates the T3SS. These ATPases also interact with the effector
chaperone complex in the cytosol and are supposed to mediate the unfolding and translocation
of the effector through the T3SS injectisome complex. In the present study, YsaN (a putative
T3SS ATPase of Y. enterocolitica) and YsaL (a negative regulator of YsaN) were chosen and
their structural, biochemical, and biophysical characterization was conducted unveiling the
exact mechanism of activation and regulation of Y. enterocolitica T3SS by YsaN. A brief
work on purification and crystallization of YopE-SycE (effector-chaperone system) was also
conducted.

Chapter 1 (Review of Literature section) of this thesis critically analyses the literature present
to date regarding the assembly and mechanism of function of the T3SS. It also describes
different components of the T3SS injectisome and the role of each component in T3SS
regulation. Also, a brief description of effector-substrate system in Yersinia species is given.

Chapter 2 (General methodology section) represents the general materials and methods used
in this study.

Chapter 3 represents the findings based on actual purification and in-vitro enzymatic
characterization of YsaN (a T3SS ATPase of Y. enterocolitica) and various deletion constructs
of YsaN. Various biophysical methods like enzyme kinetics, DLS, and negative TEM were
used with an emphasis on characterizing YsaN oligomerization and activation.

Chapter 4 covers the study involving the purification and characterization of YopE and SycE,
a T3SS effector-chaperone protein of Y. enterocolitica. Also, crystallization of SycE (a
cognate chaperone of effector YopE) was done and its structure was solved to 2A resolution
using the X-Ray diffraction method.

Chapter 5 the conclusion section at the end discusses the advancement in the knowledge about
the activation and regulation of T3SS ATPases to date. It also discusses the difficulties faced
during the conduct of this study and its shortcomings and the future perspective of this study
has also been discussed at the end of this section.
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Chapter 2

2. Review of Literature

translocon

sorting platform sorting platform sorting platform

Schematic model of the export apparatus in the context of a fully assembled injectisome structure and the different bacterial envelope
elements. AR1 and AR2, membrane proximal (AR1) and distal (AR2) cytoplasmic rings of InvA; IM, bacterial inner membrane; IR1
and IR2, inner rings 1 and 2 of the T3SS needle complex; OM, bacterial outer membrane; PM, target host cell plasma membrane.
Adapted from Butan, C., Lara-Tejero, M., Li, W., Liu, J., & Galan, J. E. (2019). High-resolution view of the type Il secretion export
apparatus in situ reveals membrane remodeling and a secretion pathway. Proceedings of the National Academy of Sciences, 116(49),
24786-24795.
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Review of Literature

A number of pathogenic Gram-negative bacteria utilize a membrane-embedded complex
nanomachine popularly known as T3SS for the secretion of effectors directly into the host cell
cytoplasm [32, 52]. Pathogenic bacteria like enteropathogenic E. coli, Shigella, Salmonella, and
Yersinia enterocolitica have been shown to cause myriad diseases utilizing T3SS. Blocking or
mutating any of T3SS components results in reduced or loss of virulence among these bacteria
[52]. This membrane-localized supramolecular nanomachine of approximately 6MDa is
supposed to be evolved from self-assembling flagellar T3SS [53]. Although the flagellar needle
is structurally different from the T3SS needle, the cytoplasmic component of both systems is
structurally and functionally similar [54].

T3SS has been discovered gradually over a period of over 30 years and was observed in the
case of Yersinia growth defects under low calcium response, linked to virulence and secretion
of effectors in the supernatant [55]. T3SS was first discovered as a novel secretion system in
Yersinia by Michiels et al. 1990 [56]. After the discovery of a similar secretion system in other
bacteria Salmond and Reeves named this system ‘Type three secretion system’ in 1993. The
naming of similar T3SS component proteins across different bacteria was done on an individual
species basis. Now over time and currently, a unified nomenclature system has been proposed
to reduce the confusion.

2.1.Introduction to the unified T3SS injectisome nomenclature system
The first attempt for unified nomenclature for T3SS injectisome proteins was suggested by

Christoph Hueck in 1998 [57] who coined “Sct’ (Secretion and cellular translocation) names
for T3SS proteins. In the year 2016, at a meeting on T3SS in Tibingen, Germany voting was
done for unifying the nomenclature of T3SS homolog proteins, and since then this nomenclature
system has been used by many authors in different reviews on T3SS. Table 2.1 represents the
Sct names of different T3SS proteins and species-specific names of all the T3SS proteins [55].

2.2.T3SS biogenesis and assembly:
The T3SS is a complex structure and is made up of approximately 20 different proteins.

Despite the similarity in the structural organization of T3SS injectisome among different
bacterial species, the genes coding different T3SS components are organized differently in
operons (Figure 2.1) [58]. T3SS assembly occurs in three different steps starting from the (1)
Assembly of the basal body, (2) assembly of the needle complex proteins, and (3) the transport
and positioning of the translocon forming proteins at the tip of the needle involved in host cell
membrane integration [58]. The expression of the appropriate T3SS gene is achieved by multiple
control elements present in different pathogens. Most of these elements ultimately involve a
central transcriptional activator system that belongs to the AraC/XylS family of regulators. T3SS
gene expression depend on the lifestyle of the pathogen and different transcriptional, post-
transcriptional, and post-translational regulations.
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Formation of T3SS needle complex involves many factors like environmental signals which act
through Two-component system. One important post-transcriptional factor controlling
activation of T3SS gene in Yersinia is the temperature sensing mechanism by cellular RNA
(IcrFivirF mRNA), also known as RNA thermometer sensing. The building of a T3SS
injectisome is a result of expression of over 300 single copies of more than 15 different highly
conserved proteins. It can be divided into three basic parts namely the basal body complex
spanning the inner and outer bacterial membrane, the extracellular needle component, a hollow
nano tube-like structure projecting away from the bacterial outer membrane and remains
associated with the basal body complex, and the cytoplasmic complex associated with the base
of T3SS injectisome in the bacterial cytoplasm. A brief detail of each T3SS component is given
below.

[virg \
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Yersinia pestis
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Figure 2.1: Organization of T3SS Operons in different bacterial species only operons containing transcriptional
regulators, basal body, and needle formation genes are shown. Strains include Yersinia pestis CO29 (NC_003143),
P. aeruginosa PAO1 (NC_002516), S. flexneri 301 (NC_004851), Salmonella enterica serovar Typhimurium LT2
(NC_003197), and E. coli (enteropathogenic) O127:H6 E2348/69 (NC_011601). Homologous genes are highlighted
in the same color. Adapted from lzore, T. et al, (2011). Biogenesis, regulation, and targeting of the type 1l secretion
system. Structure, 19(5), 603-612.).

2.2.1.The basal body:
The basal body of the injectisome complex, consists of two co-axial homomeric protein
complex rings and the core of the basal body complex is made up of a few proteins. The basal
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body of T3SS is composed of multiple copies of SctC (where 12-15 SctC forms the outer
membrane ring and belongs to the secretin family), SctD, and SctJ (which forms the inner
membrane ring). An export apparatus remains associated within the center of the basal body
inner ring complex and is formed by five different proteins namely SctV, SctR, SctS, SctT, and
SctU [59-63]. These export complex proteins are involved in needle complex assembly. It has
been also shown that SctR and SctT can assemble independently forming stable complexes [63].
Assembly of SctR, SctS, SctT, SctU and SctV are found in a 5:4:1:1:9 stoichiometry forming
the needle complex core [64]. Previous TEM studies suggest that SctR forms a pentameric ring
similar to a doughnut shape in association with SctT. The presence of a 15 A wide pore suggests
that this might be the entrance to the secretion channel [65]. These proteins also interact with the
needle adaptor protein Sctl [66].

2.2.2.The extracellular needle component:

This extracellular segment of the T3SS comprises the needle filament and a translocator
pore. The needle is a hollow tube made up of multiple copies of filamentous protein SctF. The
outer diameter of the needle tube is ~8 nm whereas the inner diameter of the lumen is ~1.5 nm
[67]. The filament is ~50 nm long, formed by the helical assembly of needle protomers. The
needle proteins are highly conserved in their primary sequence. T3SS assembly is a highly
coordinated process, starting with the self-organization of the basal body complex. The whole
event can be classified in early, middle, and late secretion processes. The process of needle
filament assembly is considered an early substrate. The formation of the needle adaptor (Sctl)
inside the basal body acts as a template on which the needle extends [68]. Initiation and
efficiency of the secretion process depend on the length of the needle [69]. There are two
hypotheses suggesting needle length regulation. One is the *Molecular ruler' [70]. In Yersinia
spp. a protein SctP acts as a needle length regulator by probing the degree of elongation of the
needle. Once the needle grows to a suitable length SctP senses it and triggers substrate switching.
Whereas, according to another study on Salmonella by Galan et al.,[71] suggest an alternative
hypothesis where stepwise assembly of needle protein leads a conformational change in the
needle adapter assembly at the level of the base which triggers substrate switching. SctP is
required for proper assembly of needle adapter [68, 71] and is indirectly involved in needle
length regulation. In some bacteria, the secretion of the T3SS needle components involve
dedicated chaperones which regulate premature filament formation inside bacterial cytosol [72-
75].

Synthesis of the needle of correct length induces substrate specificity switch which
results in secretion of hydrophilic needle tip protein (SctA- a hydrophilic translocator protein),
which eventually attaches to the distal end of the needle [76-78]. This hydrophilic needle tip
complex is usually present in pentameric oligomer and acts as a scaffold for the pore formation
in the host membrane. Tip complex formation also halts the needle elongation [79]. Host cell
sensing results in the breaking of the pause after the formation of the hydrophilic tip complex.
This pause in secretion involves a protein plug (SctW- gatekeeper protein) at the cytosolic face
of the injectisome. Then, substrate switching takes place resulting in the secretion of another two
hydrophobic translocator proteins (SctE and SctB) which are supposed to form a pore in the
host membrane [40, 80-84]. Recently it has been suggested that host cell contact triggers the
secretion of effectors by breaking the interaction of Scil (inner rod protein) and SctW (gatekeeper
protein) [85].
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2.2.3.The cytosolic complex:

The T3SS secretion process is a highly coordinated and regulated process and secretion
occurs in a hierarchical process. The whole secretion process is usually classified into the
secretion of the early substrates (composed of structural proteins required for needle complex-
forming assembly), middle substrates (composed of needle tip and translocon forming proteins),
and late substrates (composed of all the repertoire of effectors). The hierarchical order of
secretion is maintained by a cytosolic complex structure (also known as a sorting platform).
The cytosolic complex is a high molecular weight complex structure consisting of SctO [86]
(having limited sequence similarity with the flagellar C-ring apparatus protein) in complex with
the soluble cytosolic proteins SctK, SctL and SctN (ATPase) constituting a sorting platform.
SctO (supposed as a positive regulator of ATPase) is present in association with the cytosolic
complex. SctQ is present as 24 copies per sorting platform whereas, SctK (~6 copies), SctL (~
12 copies), and SctN (~ 6 copies) are their stoichiometry relative to SctQ (Figure 2.2).

The dynamic association of the cytosolic complex with the needle complex results in the
lack of its in-situ structural analysis. However, advancements in the Cryo-EM technique coupled
with the exploitation of bacterial mini-cells have resulted in high-resolution in-situ visualization
of the whole T3SS complex (see Figure 2.3 below) including the associated sorting complex
[87]. SctK is present in close association with the inner membrane ring (IR2) of the needle
complex base. SctQ forms a major part of the C-ring complex where SctL remains associated
with SctQ at one end and with the hexameric ATPase ring at the central hub. SctL acts as spokes
of the wheel by interacting with the SctQ and SctN ATPase. The C-terminal side of the ATPase
ring faces towards the membrane side (facing the C-terminus of the export apparatus component
SctV) and which has been also predicted as a substrate docking site before its secretion [88, 89].
SctO is present between SctN and SctV suggesting its role in T3SS regulation.

(@ o (b) | _
o
- ‘>
Bottom View

Figure 2.2: 3D representation of the cage-like structure of the type 111 secretion system sorting platform. A
side view (a) and bottom view (b) of the sorting platform. (c) Schematic representation of one of the six pods that
integrate the sorting platform. Adapted from Book Bacterial Type Il Protein Secretion Systems 2020, VVolume 427
ISBN: 978-3-030-52122-6 Andreas Diepold.

Assembly of sorting complex requires association with the needle component protein
SctD [87]. However, during in-vivo imaging studies it has been found that a significant
proportion of pre-assembled sorting complex is present in bacterial cytoplasm. This suggest that
pre-assembled complex formed in cytosol is engaged with the T3SS needle complex for its
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function. Also, in-vivo experiments in live bacteria suggest that the sorting complex remains in
association and dissociation cycle with the needle complex [90, 91]. The exact mechanism of
secretion and engagement of substrates by sorting complex is still debatable. The actual
component within the cytosolic complex which acts as a receptor of different T3SS substrates
prior to secretion is still unknown. However, many studies strongly speculate SctN ATPase is
the most probable candidate as receptor for substrates. In previous studies, it has been shown
that the ATPase (SctN) physically interacts with the chaperone-substrate complex and releases
the substrate in the medium by unfolding them using ATP as an energy source [92]. The presence
of hexameric ATPase has been observed during high-resolution in-situ cryo-EM studies. The C-
terminal face of the ATPase is involved in chaperone-substrate docking, where the C-terminal
face of the ATPase is oriented toward the membrane side [89]. The docked substrate is unfolded
by the ATPase and is secreted through the channel formed by SctV and other components of the
export apparatus. More experiments are required to further establish the exact mechanism of
T3SS secretion.

Figure 2.3: Molecular architecture of the sorting platform in the intact injectisome a. A central section of the
sub tomogram average of the Salmonella injectisome as observed by cryo-ET. b Schematic representation of the
type I11 secretion system with the different components labeled. Adapted from Book Bacterial Type Il Protein
Secretion Systems 2020, Volume 427 ISBN: 978-3-030-52122-6 Andreas Diepold.

2.3.The effector-chaperone system in Yersinia:
Yersinia harbors different secretion systems for effector translocation out of which majority

of them are secreted by the T3SS. Pathogenic Yersinia uses a virulent plasmid encoded T3SS for
secretion of Yops effector. Besides this, it also harbors chromosome encoded Ysa T3SS for Ysps
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effector secretion (see Figure 2.4). The Yop secretion require specific cytosolic chaperones
belonging to a family known as Syc proteins (specific Yop chaperones) [93, 94]. All Yops have
their specific binding partner Syc chaperone. Syc proteins are encoded by a gene located beside
their specific substrate with which they bind. It has also been suggested that Syc chaperones bind
to their specific substrate and keep them in secretion competent state [95]. The Syc chaperones
have only ~14% sequence similarity however, they are remarkably similar in their structure
suggesting a common mechanism of action [96-101].

2.3.1.Yop effectors in Yersinia:
Yersinia spp. secretes different types of Yersinia Outer Proteins (Yop proteins) using a

T3SS, encoded by a 70-kb virulence plasmid pYV. These Yops are encoded by the same virulent
plasmid [102]. Pathogenic Yersinia secretes commonly six different types of Yop effectors
(YopE, YopH, YopO, YopM YopJ/P and YopT) (Table 2.2). These effectors target different
host immune response and help the pathogen to survive [103]. These toxic Yop effectors are
capable of modifying the eukaryotic host cellular processes. For example, YopE which bears a
GTPase-activating domain and downregulates the Rho activity which results in actin
depolymerization and helps yersinia to overcome phagocytosis by macrophages [104-107]. The
secretion of these Yops is supposed to be induced and triggered by host cell contact. However,
low Ca?* ions (known as a low Ca?* response) in the medium also trigger Yop secretion in the
culture medium. It has been also shown that the YopE protein is secreted by the Ysa T3SS
apparatus under low temperature and high salt (LTHS) condition [108]. An N-terminal signal
sequence is required for Yop secretion [109, 110]. In the case of YopE, the first 15 amino acids
act as a signal sequence. Also, its efficient secretion requires a specific cytoplasmic chaperone
SycE [93, 94].

2.3.2.Ysp effectors in Y. enterocolitica:
Besides Ysc T3SS Y. enterocolitica 8081 species utilize additional Ysa T3SS to deliver their

virulence factors inside the host cell encoded by Ysa pathogenicity island (Ysa-PI) located on
the chromosome. Effectors secreted by Ysa T3SS is required for gastrointestinal phase of
infection. These effectors are known as Ysps (Yersinia secretory proteins). Pathogenic Y.
enterocolitica secretes eight known Ysp effectors (YspA, YspE, YspF, Yspl, YspK, YspL,
YspM, and YspP) (Table 2.2) through Ysa T3SS. Few of the Ysa effectors (YopE, YopN and
YopJ/P) are also secreted through Ysa T3SS (see Table 2.2) [108, 111]. The genes encoding Ysa
T3SS effectors are widely dispersed throughout the chromosome [112]. The lack of ysp gene
colocalization suggest that Y. enterocolitica biovar 1B has undergone multiple horizontal gene
transfer event under selective pressure to maintain the Ysa T3SS. Ysp effectors are predicted
form their conserved domains and regions having particular function. Many of Ysp effectors are
predicted but their functions are still not clear [103].
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Y. enterocolitica
Biovar 1B

spK
yopT
yopP, yopM
yopO
yopN
Ysc

yopE
yopH

Figure 2.4: Genes of Y. enterocolitica Biovar 1B that encode effectors translocated into host cells by the Ysa T3SS are
dispersed in the genome. Depicted is the chromosome with labels indicating the relative locations of effector-encoding ysp
genes and the location of the YSA-PI encoding the Ysa T3SS. The Ysa-PI is within a region of the chromosome rich with
other genes implicated in virulence called the plasticity zone (PZ). Plasmid pYV carries genes encoding the Ysc T3SS
(Ysc) and the effector Yops. A similar plasmid is present in Y. pestis and Y. pseudotuberculosis (Reference: adapted from
Matsumoto, H., et al. (2009). Translocated effectors of Yersinia. Current opinion in microbiology, 12(1), 94-100).
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2.3.3. SycE- Specific chaperone for YopE:
The Syc (Specific Yop chaperones) chaperones are required for efficient secretion of Yops

and are small acidic proteins having leucine repeats in its C-terminal moiety. SycE, is the specific
chaperone for YopE and binds with the 15 to 50 residues (chaperone binding domain) of YopE.
This YopE-SycE interaction is necessary to prevent degradation of YopE within the cytoplasm
[113, 114]. The chaperone binding domain is not required for its secretion. Secretion of YopE
also takes place in the absence of its chaperone binding suggesting that SycE is dispensable for
YopE secretion [115]. However, it has also been suggested that the chaperone binding region
acts as second signal sequence which is required for targeting YopE into the host cytoplasm
[106, 116]. YopE (~23kDa protein), binds to homo-dimer of SycE(~14.6kDa) in an extended
fashion through its chaperone binding domain (Cb domain). This interaction results in secondary
structure formation in YopE Cb domain which is unstructured or absent in YopE alone. This
YopE interaction with SycE dimer is also suggested to act as three-dimensional translocation
signal which is recognized by the sorting complex [117].

2.4. T3SS-present model mechanism:

The T3SS is able to secrete greater diversity of proteins inside a host cell in a contact-
dependent manner [118]. The secreted effector proteins serve the purpose of suppressing the host
immune response to protect the bacteria by interfering with different host cell processes. They
have been reported to prevent phagocytosis (as in the case of yersinia), the killing of the
macrophages (as in the case of Salmonella), and acquisition of nutrients (as in the case of
Chlamydia and Salmonella) [119]. Transport of effectors through T3SS is a highly regulated
process. Several models have been proposed regarding how effectors are being secreted. Energy
for secretion is provided by both the Proton Motive Force (PMF) and from the ATPase ring
complex associated with the injectisome. The whole process of T3SS secretion can be divided
in the following steps. (1) Substrate recognition by the cytoplasmic sorting complex. (2)
Translocation of the substrate across the bacterial inner membrane; and, (3) Translocation of
substrate further beyond the bacterial inner membrane. It has been suggested that energy for
substrate translocation through inner membrane is mainly provided by the PMF [120, 121] while,
the associated ATPase complex is required for substrate recruitment and unfolding prior to
translocation through the injectisome pore [16, 38]. Once the contact with the host has been
established, the secretion process begins. The secreted effectors contain an N-terminal secretion
signal and are often present in bacterial cytosol in complex with their cognate chaperone for their
targeting to the needle complex for secretion. Secretion of all the effectors is done in an unfolded
state through the translocon pore of the T3SS needle in one step secretion mechanism. Energy
for this process is provided by a highly conserved ATPase present at the base of the export
apparatus in the cytosol and also from the PMF [122]. The ATPase is present as a hexamer ring
complex and remains associated with the needle complex with the help of SctL as spokes. The
C-terminal face of the ATPase complex lies towards the membrane side. The substrate docks to
the C-terminal side of the ATPase ring complex prior to secretion. Unfolding of the substrate is
done by the ATPase using energy by ATP hydrolysis. The presence of the hexamer ATPase has
been also observed in in-situ cryoEM study by Hu, B., et al 2017 [87]. However, the exact role
of ATPase in secretion process is still not understood properly.
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Chapter 3

3. Materials and Methodology
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3.1.General materials:

3.1.1. List of common reagents and buffer stocks

1.

Acrylamide mix 30%(w/v)
Dissolve 145 g of Acrylamide crystals (SRL 3x crystal Cat. No-61346) and 5 g of N,

N-Methylene Bisacrylamide crystals (SRL 3X crystal Cat. No- 38516) in ddH20.

Adjust the volume to 500ml

Ammonium sulfate 90%(w/v)

Dissolve 90 g of Ammonium sulfate crystals (Sigma Cat. No- A4418) in 100 ml of
ddH20.

Heat to dissolve the crystals completely.

Store at room temperature.

APS 20% (w/v)
Dissolve 0.3 g of Ammonium Persulphate (SRL Cat. No- 65553) in 1.5ml of ddH20.

DNA gel loading dye (5X)- 10ml

Add 25mg bromophenol blue (Sigma Cat. No- B5525) in 6.7ml of MilliQ.
Add 25mg Xylene Cynol FF (Sigma Cat. No- X4126) and mix.

Add to this 3.3ml of glycerol.

Store at -20°C in small aliquots.

DTT (0.5 mM)
Dissolve 0.7 g of 1,4-dithiothreitol crystals in 10 ml of ddH20.
Store in small aliquot at -20°C.

EDTA pH8.0 0.5M

Dissolve 186 g of EDTA (SRL Cat. No- 40088) crystals in 800ml of ddH-O.
Adjust the pH using Conc. HCI.

Adjust the volume to 1liter.

EtBr (10mg/ml stock)
Ethidium bromide solution was purchased from Sigma (Cat. No- E1510) as a
10mg/ml stock solution.

Imidazole (pH 8.0) 2.5M
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Dissolve 170 g of Imidazole (SRL Cat. No-32822) crystals in 800ml of ddH-0.
Adjust the pH using Conc. HCI.
Adjust the volume to 1liter.

LB media

Dissolve 15 g of Luria Bertani Broth, Miller powder, Himedia (Cat. No-M1245) in
600ml of ddH:0.

Autoclave to sterilize before use.

. Tris (pH 8.0) 1M

Dissolve 1219 Trizma Base (sigma-Cat. N0-93352) into 800ml of autoclaved ddH20.
Adjust pH using conc. HCI.

Adjust volume to 1 liter.

Filter sterilize, if necessary.

Store at 4°C.

. NaCl (5M)

Dissolve 292 g of sodium chloride (Sigma-Cat.No.- S9888) in autoclaved ddH:O.
Add ddH20 to 1 liter.

. NaOH (10M)

Dissolve 200 g of sodium hydroxide pellets (Merck Cat. No- 106462) in 450ml
autoclaved ddH20.
Adjust the volume to 500ml.

. PMSF (200 mM)

Dissolve 0.35 g phenylmethylsulphonyl fluoride crystals (Sigma Cat. No- PMSF-
RO) in autoclaved ddH20.
Make up the volume to 10 ml.

. Protein loading dye (6X)

Add 28ml of stacking buffer at (250mM Tris pH 6.8).
Add 15 ml of glycerol at 40% (v/v).

Add SDS at 10% (w/v).

Add DTT at 100 mM.

Add Bromophenol blue at 0.5% (w/v) maximum.
Adjust the volume up to 50ml.
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15. SDS gel running buffer (10X)

e Dissolve 144 g of Glycine crystals (SRL, Cat. No-25853) in 1 liter of ddH-O.
e Add and dissolve 30 g of Tris Base (SRL Cat. No-71033).

e Add and dissolve 11 g of SDS powder (SRL Cat. No- 54468).

16. TAE (50X)

e Dissolve 242 g of Tris base (SRL Cat. No-71033) in 700 ml ddH20.
e Add 57.1 ml of Glacial Acetic acid (SRL, Cat. No-A6283).

e Adjust the volume to 1 liter.

e No need to adjust the pH of the solution.

17. SDS 10% (w/v)

e Dissolve 10 g SDS (sodium dodecyl sulfate or sodium lauryl sulfate SRL Cat. No-
54468) in autoclaved ddH20 to 100.

¢ Note that if the powder did not dissolve completely heating can be done.

18. Urea-Tris-Cl buffer (8 M)

e Dissolve 24 g of Urea crystals (SRL Cat. No- 21113) into buffer containing 50 mM
Tris pH 8.0, 5% glycerol, and 100 mM NacCl.

e Adjust the volume to 50 ml using the same buffer.

e This solution should not be stored for a longer time. Make a fresh solution each time.
19. Antibiotics used

e Alist of antibiotics used is given in Table 3.1.

Table 3.1: List of antibiotics used.

S.No. | Name Lab stock | Recommended | Source
concentration working
concentration
1 Ampicillin 200 mg/ml 100 pg/ml Gold Biotech
USA
2 Kanamycin 50 mg/ml 50 pg/mi Gold Biotech
USA
3 Chloramphenicol | 34 mg/ml (dissolved | 34 pg/ml Calbiochem
in 100%EtOH)
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3.2.General methodology:

3.2.1.Genomic DNA isolation:
The genomic DNA isolation of Yersinia enterocolitica was done according to the

miniprep protocol of genomic DNA isolation by Kate Wilson [123].

3.2.2.Cloning and DNA manipulation methods:
A detailed list of plasmid vectors used is provided in Table 3.2. Also, a list of bacterial

strains used is provided in Table 3.3. The required plasmid vector was isolated from E. Coli
DH5a cells by manual alkaline lysis method [124] or using Qiagen miniprep Kit following
manufacturers protocol. The respective gene was PCR amplified from Yersinia
enterocolitica genomic DNA by PCR using Phusion™ High-Fidelity DNA Polymerase
(Thermo Scientific) and was inserted into the respective cloning vectors. The PCR amplified
product was purified using a Qiagen PCR purification kit following the manufacturer’s
protocol. The PCR product was inserted into the cloning vector by Double digestion protocol
using restriction enzymes from Thermo Scientific™. A list of Restriction Enzyme used is
provided in Table 3.4. The digested products (vector and insert) were purified by Qiagen
Gel Extraction protocol and ligated into the desired vector using T4 DNA ligase (Thermo
Scientific). The ligated sample was transformed into chemically competent E. coli DH5a/
Topl0 cells and spread onto an LB agar plate (with respective antibiotics). 4-to 6 colonies
were selected and screened for positive clones by Double digestion and colony PCR.

Table 3.2: List of commercial vectors used.

S.No | Name Promoter | Antibiotic Tag Source
resistance

pET-28a T7 Kanamycin N-terminal His- | Novagen
(+) tag/thrombin/T7-Tag, an

optional C-terminal His-tag

sequence.
pET- T7 Ampicillin N- Terminal His-tag (MCS | Novagen
Duetl 1), and C Terminal S-tag

(MCS 2).
pACYC- T7 Chloramphenicol | N- Terminal His-tag (MCS | Novagen
Duetl 1), and C Terminal S-tag

(MCS 2).
PET-22b T7 Ampicillin A pelB leader sequence, C- | Novagen
(+) Terminal His-tag.
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Table 3.3: List of bacterial strains used.

S.No | Name Details Source
1 Yersinia A human enteropathogen. ATCC
enterocolitic
a 8081
2 E. coli DH5a | They are used as cloning Host. They contain three | Invitroge
mutations: recAl, endAl, and lacZAM15. n
3 E. coli Topl10 | They are also used as Cloning Host and contain | Invitroge
mutations: F- mcrA, ®80lacZAM15, AlacX74, deoR, | n
recAl, araD139A, endAl, and nupG.
4 E. coli BL21 | Used as expression host. They contain mutations: F- | Novagen
ompT, hsdsb, and (rb-mb-) gal dcm (DE3)

Table 3.4: List of restriction enzymes used.

S.No. | Name Restriction sequence Source

1 BamH1 |5 GYGATCC3 Thermo Scientific
2 Bgl2 5> AYGATCT 3’ Thermo Scientific
3 Hind3 5> AYAGCTT 3’ Thermo Scientific
4 Ncol 5> CYCATGG 3’ Thermo Scientific
5 Ndel 5> CAYTATG 3’ Thermo Scientific
6 Sall 5> GYTCGAC 3’ Thermo Scientific
7 Xhol 5> CYTCGAG 3’ Thermo Scientific
Note: Cut site marked by the down arrow (V).

3.2.3. Agarose gel electrophoresis:
To visualize DNA and plasmids agarose gel electrophoresis was used. Different gel

percentage gel was used according to the size of the DNA fragment. Table 3.5 represents the
gel percentage and size of DNA separated. Approximately 0.2-0.5ug/ml of EtBr, working
concentration was used and added to the gel. The gel was visualized on a Trans-UV
apparatus.

Table 3.5: Agarose gel percentage Vs size of DNA table.

Percentage of Agarose gel (w/v) Size of DNA (kb)
0.5% 1-30 kb
0.7% 0.8-12 kb
1.0% 0.5-10 kb
1.2% 0.4- 7 kb
1.5% 0.2-3 kb
2.0% 0.05-2 kb
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3.2.4. Transformation:

3.2.4.1.Competent cell preparation:
All the cells were made competent by the chemical competent cell method using Calcium

chloride and Magnesium Chloride. Briefly, a Sml primary culture of E. coli DH50/ BL21
cell was given by picking a single colony from an agar plate and grown overnight. A 100ml
of secondary culture at 37°C was given from this primary culture till the OD (@600nm)
reached 0.4. The culture was transferred to 4°C to cool and was harvested at 6000rpm at 4°C.
The pellet was resuspended by prechilled sterile 200mM MgCl: solution and incubated at
4°C or on ice for 15-20 minutes. Centrifugation was done pellet down the cells at 3000rpm
at 4°C. The cells were again resuspended by adding prechilled 100mM CacClz solution and
incubated at 4°C or on ice for another 15-20 minutes. Centrifugation was done at 2500rpm
for 15 minutes to pellet down the cells and the pellet was resuspended by prechilled buffer
containing 85mM CaCl2 and 15% glycerol. Centrifugation was done to pellet down the cells.
The cells were again resuspended in 2-4 ml of buffer containing 85mM CaCl2 and 15%
glycerol. Small aliquots were made to store the competent cells and immediately stored at -
80°C.

3.2.4.2 Transformation of chemically competent cells:
Transformation of the plasmid into the chemically competent cell was done by heat shock

method. Briefly approximately 1- 2ul of miniprep plasmid was added to 50ul of competent
cell (thawed on ice) and incubated at ice for 10 minutes. Heat shock was given for 90 seconds
at 42°C and the sample was snap chilled again on ice for another 10 minutes. 1 ml LB
(without antibiotic) was added to the sample and incubated at 37°C for 1 hour. Then cells
were pelleted down by centrifugation at 6000rpm and media was decanted. Cells were
resuspended in remaining media and spread on to desired antibiotic agar plate and incubated
overnight at 37°C.

3.2.5. Protein expression and purification methods:
The positive clone plasmid was transformed into BL21 cells for recombinant expression

of desired proteins. The transformed BL21 cells were tested for protein expression. BL21
cells positive for protein expression were chosen and a large-scale culture was given for
large-scale protein preparation. The overnight induced (induction was done by adding 0.5-
1mM IPTG working concentration) culture was harvested and stored at -80°C or freshly
purified by one of the following methods.

3.2.5.1.Induction and solubility test:
A 5ml primary culture at 37°C was given from a single colony overnight. Another 10ml

of secondary culture was given at 37°C till OD (@600) reaches 0.4-0.6. 1ml of uninduced
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culture was collected from this culture and IPTG at 1mM working concentration was added
to the culture and the culture was incubated at 37°C for another 3 hours in a shaker incubator.
1ml of uninduced culture was collected and the rest was harvested at 6000rpm at 4°C. The
cells were resuspended in 5ml of sonication buffer. Sonication was done using a pulse
sonicator. The sonicated sample was centrifuged at 12000rpm for 30 minutes and supernatant
and pellet fractions were collected. All the samples were analysed on SDS gel electrophoresis
for protein expression and solubility.

3.2.5.2.Immobilized Metal Affinity Chromatography (IMAC):
Purification of proteins containing N-terminal or C-terminal His-tag was done as the

first step by this method of affinity purification. The clear supernatant from a lysed-induced
bacterial cell obtained after sonication and high-speed centrifugation was loaded onto pre-
equilibrated Nickel beads (GE Healthcare) gravity-flow column. Incubation was done at 4°C
or cold room for 30 minutes to 1 hour followed by passing the flow-through. Washing was
done with wash buffer usually in 2 steps. To elute the protein elution buffer was used. A
typical IMAC purification buffer table is given in Table 3.6.

Table 3.6: IMAC buffer chart.
S.No. | Buffer name Tris pH | NaCl Glycerol | Imidazole
8.0
1 Equilibration buffer 50mM 100mM | 5% (v/v) | 5-10mM
2 Sonication buffer 50mM 100mM | 5% (v/v) | 5-10mM
3 Wash buffer 50mM 100mM | 5% (v/v) | 30-40mM
4 Elution buffer 50mM 100mM | 5% (v/v) | 200- 300mM

3.2.5.3.Size-exclusion Chromatography:
This step is the polishing step in the protein purification method. Proteins purified

through IMAC and/or the lon-Exchange method were subjected to this method. For large-
scale protein preparation, Superdex 200 16/600 prep-garde chromatography columns and for
analytical purposes Superdex 200 10/300 HR chromatography columns (GE Healthcare)
were used. The column was preequilibrated with Gel-filtration buffer (20mM Tris pH 8.0,
100mM NacCl, and 2% glycerol).

3.2.6. Protein estimation:

3.2.6.1.Protein concentration estimation:
The concentration of purified proteins was estimated by the Folin Lowrey method as

described in the protocol given by Waterborg, J. H. et. al. (1994) [125]. Also, absorbance at
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280nm was done to estimate the concentration of protein samples. Briefly, 2ul of
concentrated protein sample was added to 998ul of the buffer. Absorbance was read at
280nm in a spectrophotometer. Concentration was estimated by the equation given below-

c A D 10°
= — ¥ E3
el /

Where-

C= Concentration of protein in uM

A= Absorbance at 280nm

€= Molar absorption coefficient of protein
I= Path length (1cm here in all cases)

Df= dilution factor (here 200 in all cases)

3.2.6.2.Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE):
To check the purity and molecular weight estimation SDS PAGE technique was used. A

typical SDS gel consists of two parts, one is a stacking gel at the top and at the bottom a
separating gel or resolving gel. Different gel percentage is used to separate different sizes of
proteins. Various components used to prepare SDS gel are given in Table 3.8. Table 3.9
represents the gel percentage used to separate different sizes of proteins. The SDS gel was
run at a typical 16 ampere current and 100 Volt. To view the protein bands on the gel the gel
is stained in staining solution and de-staining was done to remove excess stain by de-stain
solution. Table 3.10 represents a correlation chart of SDS gel percentage with the size of

protein.
Table 3.8: SDS gel casting (resolving gel) buffer system.
S.No. Components Resolving Gel composition
8% 10% 12% 15% 20%
1 ddH:0O 3.86ml |333ml |28ml 2ml 1.66
ml
2 30% Polyacrylamide mix | 2.14ml |2.67ml |3.2ml 4 ml 5.34
ml
3 1.5M Tris pH 8.8 (0.4% | 2 ml 2ml 2ml 2ml 2ml
SDS added)
4 20% APS 30ul 30pl 30pl 30pl 30ul
5 TEMED 18ul 18ul 18ul 18ul 18ul
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Table3.9: SDS gel casting (Stacking gel) buffer system.

S.No. Components Stacking Gel Composition
5%

1 ddH20 1.112 ml

2 30% Polyacrylamide mix 200 pl

3 05M Tris pH 6.8 (04% SDS 187 ul

added)
4 20% APS 6 pl
5 TEMED 6 pl

Table 3.10: SDS gel percentage vs size of protein.

Percentage of SDS PAGE gel Size of Protein (kDa)
20% 4-40
15% 12-45
12.5% 10-70
10% 15-100
8% 25-200

3.2.7. Glutaraldehyde Chemical Crosslinking:
A chemical crosslinking experiment was performed using glutaraldehyde (0.03- 2% (v/v)

Fischer Scientific) at room temperature. Prior to glutaraldehyde treatment, all the protein
samples were given buffer exchange in phosphate buffer or HEPES buffer. The reaction was
terminated by adding 5X protein loading dye followed by heat denaturation by boiling the
samples. All the samples were analysed by the SDS gel electrophoresis method.
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Chapter 4

4. YsaN- Function and regulation in Yersinia enterocolitica
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4.1. Introduction
Three species of the genus Yersinia: Y. enterocolitica, Y. pseudotuberculosis, and Y.

pestis are pathogenic to rodents and humans. They primarily use Ysc-Yop type three
secretion system (T3SS) encoded by a ~70kb virulent plasmid. Beside this pathogenic Y.
enterocolitica strains also harbours another chromosomally encoded Ysa-Ysp T3SS. The
ysa locus is absent in low virulence strains of Y. enterocolitica [126]. The extra virulence
of Y. enterocolitica is due the presence of Ysa-Ysp T3SS and is primarily required during
gastrointestinal phase of infection [127, 128]. Similar to other T3SS the Ysa-Ysp T3SS also
requires the ATPase complex for efficient unfolding and translocation of substrates. The
ATPase complex is composed of YsaN, YsalL, YsaO and YsaQ. YsaN is the highly
conserved molecular ATPase and requires Mg?* for its functioning. Whereas, YsaL is the
negative regulator of YsaN [129]. YsaN exists in different oligomeric forms (monomer and
probable dodecamer) where the higher order oligomer, probable dodecamer is the most
active form[129]. Presence if higher order oligomer as the most active form and the process
of oligomer formation of YsaN and homologue ATPases is poorly understood.

In the present study we focus on the formation of relevant functional YsaN oligomer and
describes the mechanism of oligomer formation. We have also developed a system for
soluble expression of untagged YsaN and various YsaN deletion mutants followed by their
biochemical characterization. Structural visualization of the oligomer was also done using
TEM. Beside that cloning and expression of untagged YsaL and co expression and
purification of YsalL-YsaN-His complex was done.

4.2 .Materials and methods:

4.2.1. Cloning, expression and purification:
Different YsaN construct used in the study is given in Table 4.1 and represented in

Figure 4.1. Classical cloning method was used for cloning all the constructs and are
mentioned in material and method section. For untagged, soluble expression of YsaN and
YsaN deletion constructs, pET22bACPD vector was used (represented as CPD vector from
now onwards). YsaN was PCR amplified from Y. enterocolitica 8081 genomic DNA.
Primers used are given in Table 4.2. Cloning of YsaN in CPD vector resulted in soluble
expression of YsaN deletion constructs. BL21 cells were used for recombinant expression
of proteins. Induction was done using IPTG (at 0.5mM) after the OD (at 600nm) reaches
0.6 for approximately 12-14hrs at 25°C. Cells were harvested and resuspended in
sonication buffer and PMSF was added to the solution at 1mM concentration just prior to
cell lysis. Lysed solution was given high speed in ultracentrifuge at 13000rpm at 4°C for
~1lhr. The clear supernatant was loaded onto the gravity flow column containing
preequilibrated Ni2+ beads. Protein purification was done according to CPD purification
protocol [130] with slight modification. The sample was incubated for ~1hr at 4°C (or in a
cold room). Unbound fraction was discarded followed by adding 2 column volume (CV)
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wash buffer. Then 6-8ml of CPD buffer (50mM Tris pH 8.0, 100mM NaCl, 5% glycerol,
and 100uM of Inositol-6-phosphate (Ins-6-P/ Phytic Acid-Sodium salt) was added to the
column and mixed gently followed by incubation for ~1hr at 4°C. The Flow through
containing untagged YsaN of protein of interest was collected in a fresh tube. This sample
was further injected immediately into the size exclusion chromatography system (AKTA
Prime) to separate leached CPD domain. The incubation time needs to be optimized for
different constructs. In our case incubation time, more than ~1hr was strictly avoided to
stop degradation of target protein by CPD itself. Further immediate size exclusion
chromatography was necessary to separate the leached CPD domain. The respective peak
containing the target protein was collected and was analysed by SDS gel. This pure sample
was further used in all downstream processes. Fresh culture was done and protein was
purified freshly every time for each experiment.

Table 4.1: List of clones/ vectors used in this study

Vectors /Plasmid Details Protein size Reference(s)/ Source

construct name (~MW)

pET22bASOCPD*  |Vibrio cholerac MARTX toxin cysteine protease domain with C|  23.1kDa  |Gifted by Matthew Bogyo, Department off
terminal His Tag in pET22b. Pathology, Stanford School of Medicine,

Stanford, California.

YsaN YsaN wild type full length (430 amino acids cloned in| 47.87kDa [This Study.
PET22bAS0CPD vector).
[YsaNA83 [N terminal 1- 83 amino acid deletion of YsaN (347 amino acids| 38.6kDa [This Study.

cloned in pET22bAS0CPD vector)

Y saNAC-term IC terminal 357- 430 amino acid deletion of YsaN (349 amino| 39.2kDa [This Study.

acids cloned in pET22bAS0CPD vector)

[Y'saNAN-term N terminal 1- 140 amino acid deletion of YsaN (290 amino acids 32 kDa This Study.

cloned in pET22bAS0CPD vector)

[YsaN K166> A [The lysine at the 166" position is mutated to alanine. It is a non-| 49kDa [This study.
functional mutant of YsaN. (430 amino acid cloned in pET22b

rector with C-terminal his tag.)

*) Note: A represents deletion in all cases.
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Figure 4.1: Representation of YsaN constructs used in this study.

Table 4.2: List of primers used in this study

Gene/ construct name Forward (5- 3°) Reverse (5'- 3%) Reference(s)/ Source

YsaNCPD GGGAATTCCATATGAATCICTTTG | CGGGATCCGAGTTTGCCAGC IDT Technologies/ This study
ATAGCTGT TC
YsaNA83CPD GGGAATTCCATATGATGGGAGAA | CGGGATCCGAGTTTGCCAGC GCC Biotech/ IDT Technologies

CATCTG

TC

/ This study

YsaNANTerm CPD

GGAATTCCATATGGGGGTCAGGG
CAATTG

CGGGATCCGAGTTTGCCAGC
TC

GCC Biotech/ This study

YsaNACTerm CPD

GGGAATTCCATATGAATCTCTTTG
ATAGCTGT

CGGGATCCGAAGTCACTTTCGA
AAAC

GCC Biotech/ This study

YsaN K166> A

GCGGCCGGTAGCGGCGCAACCTCC
CTGATGAGC

GCTCATCAGGGAGGITGCGCCGC
TACCGGCCGC

GCC Biotech/ This study

*Note- Restriction site highlighted n bold letters.

4.2.2. Site-directed mutation:
A non-functional point mutation in Walker A motif was done according to [131] in

YsaN pET22bAS0CPD construct. Sequencing was done to verify positive clone. The
positive clone was transformed into BL21 for its recombinant expression. Primers used is
given in Table 4.2.

4.2.3. Malachite green ATPase assay:
ATPase assay was performed to check the ATP hydrolysis activity by Malachite

green ATPase assay method with slight modification. In brief, aal the reagents were
prepared sufficiently before performing the experiment according to Dey et. al: 2018.
Reagents and buffers used in assay method is given in Table 4.3. Purified protein was
incubated in the assay buffer at least ~1hr before the experiment. Other chemical reagents
were filtered thorough 0.22um filter just before use. A varying ATP concentration stock
was prepared (0-2400uM). Two millilitre of reaction mixture with varying ATP
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concentration was prepared by mixing 5uM of YsaN and 10uM of YsaNA83 protein at
final working concentration in assay buffer. From this reaction mixture 100ul of sample
was collected at four different time points and added to a 96 well microplate containing
50pl of malachite green-ammonium molybdate mixture and mixed by horizontal shaking.
The plate was kept for incubation for at least 10 minutes at room temperature. Further, to
stop colour development in the reaction mixture 100pl of 34% (v/v) citric acid was added
and mixed by horizontal shaking and incubated for another ~30minutes. The absorbance
was finally measured at 660nm in Hidex-Sense 96 well plate reader. The experiment was
performed in triplicates separately for YsaN and YsaNAS83 enzyme kinetics. Further a
relative ATPase assay was performed to compare the activity of YsaN deletion constructs
with the wild type using SuM for YsaN, YsaN K166—A, and YsaNACterm whereas, 10uM
for YsaNA83 and YsaNANterm respectively. For relative assay a standard 2mM working
concentration of ATP was used. For this 2ml (final volume) of reaction mixture was
prepared form which 100pl of reaction sample was taken at regular time interval up to 40
minutes and added to 96 well plate containing 50 pl of Malachite green-ammonium
molybdate mixture. similar protocol was used as mentioned earlier for enzyme kinetics. In
a similar way relative activity was also performed in presence of 2mM EDTA and 5mM
NaF as a control experiment. Relative activity assay was performed in duplicates
independently. A separate blank was performed for each experiment and the values were
subtracted from the experimental result. Phosphate standard curve was generated using
Sodium phosphate monobasic (NaH2PO4) (Figure 4.2). The Knaf and Vmax values were
calculated by plotting the kinetics data in GarphPad prism software. Other graph was
plotted by fitting the experimental values in GraphPad and Origin software.

Table 4.3: Malachite green ATPase reagents and buffer.

S.No. | Buffer/reagent name Composition/Protocol

1 Assay buffer 20mM Tris-cl pH 8.0, 100mM KCI, 100mM NaCl, 10mM Mgcl2,
1mM DTT, 0.025% BSA, and 5% glycerol.

2 Malachite green 60ml of Conc. H,SO4 was slowly added to 300ml of MilliQ and
cooled down to room temperature. 0.44gm of Malachite green
crystals were added to this solution and dissolved. The resulting
orange color solution was stable at room temperature for ~1 year.

3 Ammonium molybdate | 7% (w/v) in 4N H,SO. solution.

4 Malachite green- Add 2.5ml of 7.5% ammonium molybdate in 10ml of Malachite
ammonium molybdate | green solution. Add 200pl of 11% Tween 20. Prepare fresh for each
mixture set of experiment at least ~1hr before the start of experiment. Filter

through 0.22um, just before use.

5 Tween 20 11% (v/v) in MilliQ).

6 Citric acid solution 34% (w/v) in MilliQ.

7 Sodium phosphate 10mM stock.
monobasic (NaH2POa4)
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Figure 4.2: Phosphate standard curve for Malachite green assay- Inorganic phosphate standard curve was calculated
from the phosphate standard stock prepared using NaH2PO4 (Sodium phosphate monobasic, Sigma) solution.
Absorbance was read at 660nm.

4.2.4. Dynamic Light Scattering study:
Dynamic Light Scattering (DLS) analysis was performed to study its monodispersity

and oligomerization behaviour in absence and presence of different substrates (like ATP,
ADP, AMPPNP, and ADP.AIFX). DLS was performed using Zetasizer Nano ZS (Malvern
instruments, UK) in DLS buffer (20mM Tris pH8.0, 100mM NaCl, 4mMMgcl2, 5%
glycerol and 1mM DTT). 100l of reaction sample was prepared in microcentrifuge tube
in absence and presence of substrate and 50ul of the reaction sample was loaded in to DLS
cuvette Ultra-Micro Cell ZEN2112 (Malvern, UK), and size intensity distribution was
observed. Substrates were used in the concentration range of 1-3mM. All the DLS
experiments were repeated more than three times in an independent experiment.

4.2.5. Analytical size-exclusion chromatography:
For the estimation of apparent molecular weight of different YsaN oligomeric

complexes analytical size exclusion chromatography was performed. Oligomer formation
was done using ADP.AIFX (a non-hydrolysable ATP to ADP transition state analogue)
and was adapted from Rappas et al., (2005) [132] with minor changes. To a 500ul of ~10
MM of purified YsaN and YsaNA83, 1.5mM ADP was added and incubated for 5-10
minutes at room temperature. To this sample 1.5mM of AICI3 was added and mixed
thoroughly followed by incubation for ~20 minutes at room temperature. This sample was
injected into the AKTA system with Superdex 200 HR 10/30 analytical column (GE
Healthcare), pre-equilibrated with equilibration buffer (50mM Tris pH 8.0, 100mM KCl,
4mM MgClz, 5mM NaF, ImM DTT and 5% glycerol). Sodium Fluoride (NaF) was
required for maintenance of AIFX complex [132]. It was also tested that whether NaF has
any effect on the activity of YsaN. It was observed that YsaN activity was not affected by
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NaF (Figure 4.12). The flow rate was kept at 0.5ml/minutes at room temperature. All the
fraction of peaks were collected, concentrated and analysed on SDS gel.

4.2.6. Negative- Transmission Electron Microscopy:
Visualization of YsaN higher order oligomer to higher resolution was done by

negative Transmission Electron Microscopy (Negative-TEM). The sample was prepared
by using 100ul of 0.6-0.8uM protein sample (YsaN and YsaNA83) was incubated with
1.5mM ADP for 10 minutes at room temperature. To this sample 1mM of AICI3 was added
and mixed thoroughly and incubated at room temperature for ~15minutes. Three microliter
of this sample was loaded onto a freshly glow discharged Carbon coated copper 300 mesh
grid and left for ~30 seconds. The excess sample was bloated gently using blotting paper.
Precaution was taken not to dry the grid completely. Then staining was done using ~5pl of
1% Urany!| acetate solution followed by incubation of ~10 seconds. Excess of the stain was
removed through bloating. Staining process was repeated three times. Finally, the grid was
kept for air dry at room temperature. Visualization was done at room temperature using
TALOS L 120C electron microscope (Thermo Fisher). The instrument was operated at a
voltage of 120kV and a bottom mounted Flucam and Ceta 16M (35-910 kX magnification
range) camera was used to capture the images.

4.3.Results:

4.3.1. Bioinformatic analysis of YsaN- Nature of N-terminal domain:
Domain prediction using Pfam (Figure 4.3) suggest the presence of three domains:

an N-terminal domain ~140 amino acid residues, a central ATPase domain ~140-349
amino acid residues, and a C-terminal domain ~356 to 427 amino acid residues. The N-
terminal domain of such ATPase is considered as the regulatory domain and is required for
its oligomerization and activation [133]. In a previous study it has been shown that YsaN
is Magnesium dependent putative ATPase of Ysa-Ysp T3SS of Y. enterocolitica [129].
Further, a Multiple Sequence Alignment (MSA) using Clustal Omega [134] with few of
known T3SS ATPase (see Table 4.4 and Figure 4.4), suggest that the N-terminal domain
is least conserved as compared with other two domains(Figure 4.4 and (Table 4.5 and
4.6. Secondary structure prediction from YsaN sequence in PSIPRED 4.0 [135] suggest
that the N-terminal domain consist of primarily of B-strands. Further Kyte-Doolittle's
hydrophobicity in Protscale [136] result suggest that the N-terminal is primarily
hydrophobic in nature (Figure 4.5 A-B). A YsaN homology model was also predicted
using Phyre2 server [137]. Phyre2 could generate a YsaN model for only 78-430 residues
only. Further to generate a full length YsaN model we used Flil-FliH crystal structure (PDB
ID 5B00) for homology modelling using MODELLER 9v.11.43 software [138]. Flil is
flagellar T3SS ATPase of E. coli and shows 38.28% sequence identity with YsaN (see next
section for details of model generation). Aligning the Phyre2 predicted YsaN model with
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the YsaN model generated through MODELLER software shows an RMSD value of 1.2A
(Figure 45 C).

Pfam
Domain Prediction
1 140 349 356 427 430
v v vV vvY
YsaN | | l _]
ATPase Domain C-terminal domain

[1 ATPase Domain- ATP synthase Alpha/Beta family, nucleotide binding domain
Cordinates- 140- 349 (alignment region)

I C-terminal Domain- T3SS EscN ATPase C-terminal domain
Cordinates- 356- 427 (alignment region)

Figure 4.3: Pfam domain analysis of YsaN representing different predicted domains.
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Figure 4.4: Multiple sequence alignment of YsaN and homologs (also refer to Supplementary Tables S2—-S4
for details). The vertical black line represents the domain partition (i.e., N-terminal and C-terminal domains)
of YsaN sequence based on Pfam domain analysis.
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Table 4.4: List of Proteins used for Multiple Sequence alignment

Name of Source Percentage PDB ID
Identity with
protein YsaN
YsaN Yersinia enterocolitica subsp. enterocoliticd 100 % NA*
8081
YscN Yersinia enterocolitica subsp. enterocolitica 43.60 % NA*
8081
Mitochondrial | Bovine Mitochondrial F1-Atpase chain F 30.85 % 1BMF_F
F1-Atpase
Flil flagellum-specific ~ ATP  synthase  Fli| 38.28 % 5B00
[Salmonella enterica subsp. enterica seroval
Typhi]
Spad7 (plasmid) [Shigella flexneri] 42.46 % 5SWJ
EscN [Escherichia coli] 45.26 % 20BL
HrcN [Pseudomonas syringae pv. syringae] 44.38 % NA*

(NA*) — X-Ray structure not available.

Table 4.5: Percent Identity For N-terminal alignment sequence
YsaN [Y. YscN [Y. ChainF Flil [S. Spa47 HrcN EscN
enterocolitica] enterocolitica] [Mitochondrial | enterica] | [Shigella | [Pseudomonas [Escherichia
F1-Atpase] flexneri] | syringae] coli]
YsaN [Y. 0
enterocolitica]
YscN [Y. 21.66 0
enterocolitica]
ChainF 11.54 12.93 0
[Mitochondrial
F1-Atpase]
Flil [S. 16.17 24.24 15.48 0
enterica]
Spa47 [Shigella | 36.36 22.08 12.24 17.18 0
flexneri]
HrcN 16.46 28.85 16.56 23.81 17.09 0
[Pseudomonas
syringae]
EscN 14.88 22.42 15.95 20.69 16.17 18.29 0
[Escherichia
coli]
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Table 4.6: Percent Identity For C-terminal alignment sequence

YsaN [Y.
enterocolitica)

YscN [Y.
enterocolitica)

ChainF

[Mitochondrial
F1-Atpase]

Flil [S.
enterica)

Spad7
[Shigella
flexneri]

HrcN
[Pseudomonas
syringae]

EscN
[Escherichia
coli]

YsaN [Y.
enterocolitica]

YscN [Y.
enterocolitica]

32.10

ChainF
[Mitochondrial
F1-Atpase]

13.01

13.82

Flil [S.
enterica]

21.69

24.10

12.20

Spad7
[Shigella
flexneri]

30.86

24.69

9.76

24.10 0

HrcN
[Pseudomonas
syringae]

31.76

36.47

15.32

24.71 21.18 0

EscN
[Escherichia
coli]

27.16

38.27

17.07

25.30 27.16 31.76 0
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Figure 4.5: Bioinformatic analysis of YsaN- A.- Protscale Kyte & Doolittle hydrophobicity analysis suggesting the N-
terminal region as primarily hydrophobic in nature. B.- Secondary structure prediction using PSIPRED shows the N-

terminal region primarily as a beta-strand. C- Representation of aligned structures generated by MODELLER software
and Phyre2 server. The alignment was done in PyMOL software.
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4.3.2. Functional analysis of YsaN constructs reveals role of its N-terminal domain:
In the pursuit to obtain only the soluble and monomeric form of YsaN, many deletion

constructs (a random 20 amino acid deletion) were cloned along with the deletion based of
the Pfam domain prediction (see Figure 4.1). Table 4.1 and Figure 4.1 represents various
constructs used to conduct this study. All the His tagged deletion constructs of YsaN results
in insoluble expression hence, we cloned all the YsaN and deletions in CPD vector. The
benefit of using CPD vector was that the final product was soluble and untagged [130] and
they are expressed as primarily monomeric form. A typical size exclusion chromatography
curve for each construct is represented in Figure 4.6 A-D and Figure 4.6 E represents the
SDS profiles of the respective peaks. Further, it was also explored that whether the
presence of CPD results in observed monomeric peak of protein, we compared the size
exclusion profiles of YsaN C-terminal His tag (cloned in pET22b vector) with the YsaN-
CPD His tag protein. It was observed that both YsaN elutes at same elution volume (Figure
4.7).
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Figure 4.6: Purification and characterization of YsaN- (A-D)—Typical size exclusion chromatography profile
of YsaN, YsaNAS83, YsaNANterm, and YsaNACterm respectively using Superdex 16,600 columns. Respective
collected peaks are delimited by crossed sections of the chromatograms. E- SDS gel profile of collected peaks
from gel filtration (Lane M-Marker, Lanel- Peak from (D), Lane2- Peak from (C), Lane3- Peak from (B), and
Lane4- Peak from (A). F-Log molecular weight standard curve for Superdex 16/ 60 column: Figure representing
elution profiles of all YsaN constructs used in this study on the molecular weight standard curve. Molecular
weight standards are represented on the curve as (TG= Thyroglobulin- 669 kDa, AF= Apoferritin 443 kDa, B-
AM= - Amylase- 200 kDa, AL= Albumin- 66 kDa, CA= Carbonic anhydrase- 29 kDa). Adapted from Kumar,
R., et. al. (2022). Delineating specific regions of N-terminal domain of T3SS ATPase YsaN of Yersinia
enterocolitica governing its different oligomerization states. Frontiers in Molecular Biosciences, 9.
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Further, ATP hydrolysis activity was estimated through Malachite green ATPase
assay. Untagged YsaN has enzyme Kkinetic parameters of Vmax value of 9.07%
0.72pmol/min/mg, Knaif value of 758.7 + 84.35uM, and a Hill coefficient value of h =2.09
+0.31 (Figure 4.8 A) which is comparable to the previous study on YsaN (N-terminal His-
tag) [129]. Whereas YsaNAS83 has reduced activity with enzyme kinetic value of Vmax of
3.19 £ 0.09, Knaif value of 467.3 £ 30.15, and a hill coefficient value of h = 1.20 + 0.06 (see
Figure 4.8 B). YsaNACterm has activity comparable to YsaN whereas, in the case of
YsaNANterm, ATPase activity was barely detectable (Figure 4.8 C-D). These results
suggest that ATPase activity of YsaN depends on the N-terminal domain while YsaNA83
bears cooperativity and reduced ATPase activity.

—YsalN C term His ] YsaN dimer
Y¥saN CPD construct 1

.-

15% SDS gel

Absorbance (AU)
N
H

30 a0 50 60 70 80 20 100
Elution vol.(ml)

Figure 4.7: A comparison of C- terminal His tagged YsaN with the YsaN no tag obtained after CPD tag removal. C-
terminal CPD fusion of YsaN does not alter the oligomeric status of YsaN in solution.
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Figure 4.8: A- Standard enzyme assay curve of purified YsaN measuring pmols of phosphate released per minutes per milligrams of
protein using the malachite green method for inorganic phosphate estimation, inset showing Vmax, Khalf, and Hill coefficient values.
B- Standard enzyme curve for YsaNA83 in terms of pmols of phosphate released per minute per milligrams of protein, inset showing
Vmax, Khalf, and Hill coefficient values. C- Comparison of relative ATPase activity of purified YsaN to YsaNAS83, YsaN to
YsaNANterm, YsaN to YsaNACterm. Error bars indicate standard deviation in all cases. Statistically significant differences by unpaired
Student’s t-test are indicated with asterisks (‘“***’ means p < 0.001; “**’p > 0.01; “ns” means nonsignificant). D- Linear curve
representation of relative ATPase activity.
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4.3.3. DLS study and substrate dependency of YsaN:
Specificity for different substrates of YsaN was checked concerning its

oligomerization behaviour and was studied through DLS. ADP (product), ATP (substrate),
AMPPNP (non-hydrolysable ATP analog) and ADP.AIFX (ATP to ADP transition state
analog) was tested as substrate and oligomerization behaviour was observed. Significant
monodispersity change was observed as a result of oligomerization only in the case of ATP
and ADP.AIFX (Figure 4.9). However, in the case of ADP and AMPPNP, both were
incapable to promote oligomerization. ADP.AIFX has been reported to mimic the ATP to
ADP transition state analogue and has been used to mimic ATP to ADP hydrolysis of y-
phosphate transition state analogue [139, 140]. Binding of ADP.AIFX to YsaN resulted in
a change in monodispersity similar to that of

Percent (Intensity)

18.6 | YsaN _
124L ATP (Figure 4.9). Also, further to check the
6.2:- dependency of protein concentration on
0.0 i oligomerization behaviour of YsaN, we
1 10 100 1000 . .
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YsaN + ADP , . . .
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Figure 4.9: Dynamic light scattering study of YsaN oligomerization is the result of active
oligomerization- Representation of size intensity profile of  catalysis and not just ATP binding. To
YsaN and in the presence of substrates like 2mMADP evaluate this, we cloned a Walker-A Iysin
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to ADP + Pi transition state analogue). ATP but is unable to hydrolyze it. Loss of
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activity was tested by ATPase assay see Figure 4.12), and observed its oligomerization
behaviour by DLS in a similar way (Figure 4.10 F). Simultaneously in another experiment,
YsaN was treated with 2 mM EDTA (during its purification) to quench the Mg?* ion, to
prevent Mg?* dependent catalysis of ATP. It was observed that even in presence of 3 mM
ATP, YsaN-EDTA treated sample was unable to oligomerize (Figure 4.10 E). The
observation from both the experiment clearly indicate that YsaN oligomerization requires
active catalysis and not just ATP binding. Collectively, YsaN oligomerization and its
activity depend on the N-terminal domain and occurs in an ATP concentration-dependent
manner, and also it requires active catalysis of ATP to ADP and Pi.
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Figure 4.10: Substrate (ATP) concentration-dependent oligomerization of A- YsaN, B-YsaNA83, and C-YsaNANterm
respectively demonstrating the role of YsaN N- terminal domains in YsaN oligomerization. D- Protein concentration-
dependent DLS study of YsaN. E- Size intensity profile of YsaN in presence of 2 mMMEDTA demonstrating the role of
Mg2+ dependent catalysis of ATP to ADP + Pi and its role in oligomerization. F- Size intensity profile of YsaN Walker-
A lysine mutant YsaN K166—A in the absence and presence of 2 mM ATP. Adapted from Kumar, R., et. al. (2022).
Delineating specific regions of N-terminal domain of T3SS ATPase YsaN of Yersinia enterocolitica
governing its different oligomerization states. Frontiers in Molecular Biosciences, 9.

4.3.4. Analytical size exclusion chromatography of YsaN oligomers:
During many studies it has been found that such AAA+ ATPases like YsaN is capable

of forming different oligomeric complexes like hexamer, dodecamer, and higher-order
aggregates [87, 141-143]. So far, the hexameric complex has been speculated as the most
stable structure which has been also observed in many in-vitro and in-situ experiments [87,
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89]. In case of YsaN we have seen that YsanA83 a N-terminal construct of YsaN is
functionally active but with lesser strength. Also, the activity of YsaN is highly dependent
on the active catalysis of ATP. So, the activity of YsaN and its oligomerization is linked to
its N-terminal domain. Hence, the formation of the oligomer and its characterization was
further studied through estimation of the apparent molecular weight of oligomeric complex
formed through analytical size exclusion chromatography. Size exclusion chromatography
was performed in absence and in the presence of ATP analogue ADP.AIFX. Apparent
molecular weight estimation was done by comparing the elution profiles of the peaks with
the molecular weight standard curve represented in Figure 4.11-C. YsaN-ADP.AIFX
eluted at ~14mml and ~10ml corresponding to an equivalent molecular weight of ~288kDa
(hexamer) and ~576kDa (probably dodecamer) respectively. A similar experiment with
YsaN83-ADP.AIFX complex shows a complex equivalent to hexamer (molecular weight
of ~234kDa) See Figure 4.11A-B and D-E. All the peaks collected were analysed by SDS
gel electrophoresis (Figure 4.11-F).
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Figure 4.11: Analytical size exclusion chromatography profile of YsaN and YsaNAS83 using Superdex 10/30 column-
(A) and (B)- size-exclusion profile of purified monomeric YsaN and YsaNA83 respectively. (C)- molecular weight
standard curve for Superdex 10/30 column representing elution profiles of possible oligomeric forms of YsaN and
YsaNA83. (TG = Thyroglobulin- 669 kDa, AF = Apoferritin 443 kDa, 3-AM = - Amylase- 200 kDa, AD = Alcohol
dehydrogenase- 150 kDa, AL = Albumin- 66 kDa, CA = Carbonic anhydrase- 29 kDa). (D) and (E)- size-exclusion
profile of YsaN and YsaNAS83 in presence of 1.5 mM ADP.AIFX in the buffer containing 5 mM NaF, inset showing
peaks corresponding to probable dodecamer and hexamer respectively in the zoomed image delimited by crossed section
in the full chromatogram. (F)- SDS gel profile of the purified sample and peaks collected during size exclusion
chromatography steps. Lane 1 and Lane 3 represent purified YsaNA83 and YsaN form Superdex 200 16/ 600 size
exclusion chromatography column resp ctively. Lane 2 (YsaNAS83) and Lane 4 (YsaN) correspond to peak 2 of (B) and
peak 1 of (A) respectively. Lane 3 represents the marker, and Lane 5 and 6 represent the peak 6 and peak 5 in (E)
respectively. Lane 7 and 8 represent peak 3 and peak 4 in (D) respectively. Adapted from Kumar, R., et. al. (2022).
Delineating specific regions of N-terminal domain of T3SS ATPase YsaN of Yersinia enterocolitica
governing its different oligomerization states. Frontiers in Molecular Biosciences, 9.
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Figure 4.12: Relative activity assay: A.- Relative activity plot of all YsaN construct used in this study given as pmol
of inorganic phosphate (Pi) released per milligrams of protein. B.- Relative activity of YsaN, YsaN K—166A, YsaN in
presence of 5mM NaF, and YsaN in presence of 2mM EDTA in the assay buffer.

4.3.5. TEM visualization of YsaN and YsaNAS83 oligomer:
The presence of catalytic activity in YsaN as well as in YsaNAS83 and their tendency

to form oligomers prompted us to visualize the formation of oligomers to higher resolution.
For this we used Negative Transmission Electroscopic (negative TEM) method. Similar
experimental conditions with DLS and size exclusion chromatography were chosen here
for the sample preparation. YsaN and YsaNA83 was viewed in absence and in presence of
ATP and ADP.AIFX. While viewing YsaN and YsaNA83 oligomers in negative-TEM
using ATP and ADP.AIFX, we were able to get better images of oligomer in the presence
of ADP.AIFX as compared to ATP. In previous study it has been shown that ADP.AIFX
stabilize the oligomer structure of similar ATPase and has been utilized to obtain a high-
resolution structure [89]. In the case of YsaNAS83, the presence of particle size of ~10nm
representing a hexamer formation with clear sixfold symmetry was observed (Figure 4.13-
A and C). The particle size (10nm) of the hexamer as observed in TEM images are in line
with the reported size of 10nm among the three-dimensional structures of hexameric
ATPases. Whereas, in the case of YsaN the particle size of the oligomer observed was
greater than 10nm and was observed as ~ 15-20nm structure in different orientations
(Figure 4.13-B). The presence of particle size greater than 10nm indicates the presence of
a higher oligomeric form in the YsaN complex as compared to YsaNAS83.

4.3.6. YsaN homology modelling:
Biochemical studies suggest that YsaN is the T3SS ATPase of Y. enterocolitica.

There is no structure of YsaN available till date. Hence, to generate a full-length structure
of YsaN we used homology modelling software MODELLER [138]. We chose crystal
structure of Flil-FliH (PDB ID 5B00), chain-D having sequence identity of 38.28% with
YsaN. Alignment of both sequences i.e., Flil (template) and YsaN (target) was done using
Clustal Omega [134]. Few of the manual improvement in the alignment files were done in
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build python script followed by improvement of the PDB files using Coot software [144].
MODELLER generated five best models out of which the best model was chosen based on

A.

YsaNAS83
YsaN

YsaNAS83
YsaN

Figure 4.13: Negative TEM image of YsaN and YsaNA83 oligomer in presence of ADP. AIFX. (A) YsaNA83 oligomer.
The Zoomed image represents an approximately 10 nm hexamer ring assembly of particles marked by the red circle in a
different orientation. (B) The YsaN higher-order oligomer complex. The zoomed image represents particles marked by
the red circle in a different orientation having a size of approximately 15-20 nm in different orientations representing
probable dodecamer. The prepared sample grids were stained with 1% uranyl acetate. The white color scale bar represents
10 nmin all cases. C-YsaNA83 oligomers in presence of 1.5mM ADP.AIFX appears as approximately 10nm particle.D-
YsaN oligomers in presence of 1.5mM ADP.AIFX. Many of the oligomers appear as approximately 15-20nm particles.
The red circle represents nonspecific aggregates (Figure 4.12-D).

their Discrete Optimized Protein Energy (DOPE score) (see Figure 4.14 and Table 4.7).
Final YsaN monomer model was visualized in PyMOL [145]. Again, few manual
improvements were done in the PDB text file and clashes were removed using Coot
software by rotating side chains to a non-clashing rotamer position. Structure validation
was done using various bioinformatic tools like RAMPAGE, ERRAT, and Verify3D.
Molecular docking tool Auto Dock [146] was used for binding of small molecule ligand
(ATP) to YsaN (receptor protein). The predicted domains of YsaN are coloured differently
and are represented by a linear map (Figure 4.15 A-B). Subsequently from this monomeric
YsaN model a hexameric form was generated by fitting the monomeric structure in the
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hexamer of F1 ATPase (PDB ID 4XD7) in PyMOL. The hexameric PDB text file was
manually edited to remove unnecessary text which hindered in visualization of the structure
in VMD or PyMOL. From this hexameric text file a dodecamer model of YsaN (N-terminal
20 residue removed) was generated by using CluPro server [147, 148] in three steps: 1)
rigid body docking, 2) RMSD based clustering to generate the lowest energy structures,
and 3) the energy minimization step for removal of steric clashes. Docking studies with
each energy parameter set generated ten models defined by centres of highly populated
clusters of low energy docked structures which were further used for final model
generation.

Figure 4.14: Representation of all five models aligned structures generated by MODELLER software with the template
Flil. Image generated in PyMOL.

Table 4.7: Table represents the variance in the DOPE score of MODELLER
generated YsaN models and the RMSD of aligned models with the template Flil.
Model Name DOPE score | RMSD compared to Chain D of Flil-
FliH structure (PDB 1D-5B00)

YsaN Model 1 -42719.90625 0.123

YsaN Model 2 -42222.11328 0.128

YsaN Model 3 -43239.66797 0.115

YsaN Model 4 -42660.85938 0.121

YsaN Model 5 -43316.37500 0.122

Note: The alignment was done in PyMOL software.
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The involvement of the N-terminal in YsaN activity, and absence of higher order
oligomer in the case of YsaN83 construct guided us to generate a dodecamer model by
stacking two hexamers through its N-terminal faces. The double ring dodecamer structure
modelled has size of ~15nm height and ~10nm diameter along each hexameric rings. Also,
a clear pore of ~1.5nm can be seen from the top of the dodecameric ring structure (see
Figure 4.16). Following a similar protocol YsaNA83 homology model was also built from
Flil as template using MODELLER. The best model based on DOPE score was chosen and
was utilized to generate a hexamer model of YsaNA83 using PyYMOL (see Figure 4.17).

N- Terminal N- Terminal Central C- Terminal
Domain oligomerization Domain ATPase Domain Domain

[ Il I 1
ATPase O [ M | R

Domain

Walker A, B t
Higher order oligomerization
YsaLbinding ~ (probable dodecamer)  Hexamerization ATPase domain Chaperone- substrate complex

region region region (141- 349 amino acids) binding region
C- Terminal (1-20 amino acids) (21- 83 amino acids) (84- 140 amino acids) (350- 430 amino acids)
Domain

Figure 4.16: Model of probable dodecamer build by stacking two homo-hexamers through their N terminal
faces following docking study. A- top view, B- side view.



Page |63

N-terminal

C-terminal

Top view Side view
YsaNA83 monomer YsaNA83 hexamer
Figure 4.17: Homology model of YsaNA83 monomer and hexamer. A. YsaNA83 monomer. B-C.

YsaNA83 hexamer, Top view and Side view respectively.

Hydrophobicity

N termgal face C terminal face

e

Figures 4.18: Surface map of YsaN hexameric complex- A.- Hydrophobic surface map of N terminal face
and C terminal face respectively of YsaN hexamer complex model (red indicates hydrophobic residue and
white indicates hydrophilic residues exposed). B - Surface map of N terminal and C terminal face of YsaN
hexamer complex based on charge (red indicate negatively charged amino acid residues and blue represents
positively charged amino acid residues.
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4.4.Discussion:
Pathogenic bacteria use T3SS to deliver their effector toxins directly into host cell in

single step mechanism [32, 52]. To perform this task the effectors must be unfolded first
to cross the needle structure. The unfolding and translocation require a highly conserved
ATPase complex which actively interacts with the effector-chaperone complex inside the
bacterial cytoplasm [92]. The most functional form of such ATPase is higher order
oligomer which is present at the sorting platform. Previous studies suggested that these
ATPases can form hexamers and dodecamers [142, 149, 150] as the most active form. Y.
enterocolitica harbours two T3SS where YscN (Ysc-Yop T3SS ATPase) is an
oligomerization activated ATPase and forms hexamer [151] while YsaN (Ysa-Ysp T3SS
ATPase) has been suggested to form probable dodecamer which is the most active form
[129]. Hexamer form is the most stable and well characterized functional form of such
ATPase. However, the exact nature of oligomer formation and regulation is still poorly
understood. In this study we addressed the question regarding the exact nature of activation
of YsaN and its oligomer formation and its correlation with the N-terminal region. We also
captured the hexameric form of YsaN in a deletion construct of YsaN (YsaNA83), which
is observed for the first time ever.

Domain analysis based on YsaN sequence and multiple sequence alignment (MSA)
with another homolog ATPase suggest that YsaN is a T3SS associated ATPase of Y.
enterocolitica. In previous study recombinant expression of N-terminal His tag YsaN
resulted in YsaN mixed population and mainly higher order oligomer form [129]. Also,
any terminal deletion of YsaN results in insoluble expression rendering it unusable (data
not shown). To overcome the problem of solubility we have developed an CPD-vector
based expression system for YsaN and its various deletion constructs. Also, the use of CPD
vector resulted in purifying the target protein in untagged and monomeric form which was
a crucial step in this study. Ability to purify the untagged protein is this form allows us to
capture the real time oligomerization behaviour of YsaN (i.e., transition from monomer to
hexamer and hexamer to higher-order oligomer as stable oligomer) based on its different
N-terminal regions. Untagged YsaN shows a Vmax value of 9.07+0.72 which is comparable
to the previous report [129]. Further enzyme kinetics data reveal that the ATPase activity
of YsaN depends on its N-terminal region (140 residues). Whereas it is also remarkable
that YsaNAS83 (an N-terminal deletion variant of YsaN) shows ATPase activity however
reduced as compared to YsaN. This finding has been observed for the first time in any
T3SS ATPase and it breaches the canonical idea of loss of ATPase activity of N-terminal
deletion variant (up to ~79 residues) [150]. The presence of the cooperativity in YsaNA83
(h =1.20 + 0.06) also hints towards a two-step cooperative behaviour of YsaN activation.
This also suggest that YsaN complete activation require both of N-terminal regions namely
1-83 and 84-140 amino acid residues in an independent manner.
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In another study involving DLS YsaN shows a shift in the peak as a result of
oligomerization upon substrate (ATP) binding which was absent in the case of ADP
(product). It was observed that in presence of AMPPNP (non-hydrolysable ATP analog),
no oligomerization was observed whereas YsaN, in presence of ADP.AIFX (non-
hydrolysable ATP to ADP transition state analog) shows oligomerization similar to that in
presence of ATP. This difference in behaviour of YsaN indicates that YsaN
oligomerization and its activation may be a result of active catalysis and not just ATP
binding. To evaluate this further we used a Walker-A lysin mutant of YsaN
(YsaN166K—>A- a non-functional mutant of YsaN can bind to ATP but is unable to
hydrolyze it) and treated it with ATP in similar way and observed in DLS. It was observed
that YsaN166K->A was unable to oligomerize. Also, in another experiment removing
Mg2+ ions from the reaction media result in loss of ATP hydrolysis activity of YsaN. Both
of these experiments confirms that YsaN activation as a result of oligomerization require
active catalysis of ATP to ADP and Pi. The loss of ATPase activity in each case was studied
through ATPase assay (see Figure 4.12). This is similar to the finding in the case of F1FO-
ATPase suggesting a universal mode of mechanism among different AAA+ molecular
motors across their diverse roles inside the cell [152]. YsaN in the presence of increasing
concentration of ATP shows a substrate concentration dependent oligomerization property
while, in previous study it was suggested that the oligomer formation in case of Spa47
(T3SS ATPase of Shigella) depends on protein concentration [149]. To check this, we also
did DLS study in protein concentration dependent manner. Surprisingly, increasing YsaN
concentration did not results in oligomerization of YsaN. Conclusively YsaN
oligomerization is primarily a substrate (ATP) concentration dependent process and
requires active catalysis of ATP.

Since, YsaN and YsaNAS83 activation and oligomer formation are linked we further
extended our work to estimate the size of the oligomer formed through analytical size
exclusion chromatography (Figure 4.11). YsaN-ADP.AIFX shows formation of two
oligomer complex: Peak3 (~576kDa) and Peak4 (~288kDa) corresponding to probable
dodecamer and hexamer respectively. Whereas in the case of YsaNA83-ADP.AIFX single
oligomer formation was observed: Peak5 (~234kDa) corresponding to the hexameric form.
In another experiment we perform negative-TEM analysis of the oligomers of YsaN and
YsaNAS83 to visualize the oligomers to high resolution. In TEM the YsaN oligomer was
seen as particles of size ranging from ~15-20nm (Figure 4.13 B and D) while, YsaN83 the
particle size appears as ~10nm hexamer ring (Figure 4.13 A and C). TEM study reveals
that YsaNAS83 is capable of forming a hexamer ring of six-fold symmetry which has been
observed for the first time. The presence of higher size of particles in the case of YsaN
suggest that the oligomer formed here is larger than the usual observed hexamer which we
suggest as probable dodecamer. In many attempts of TEM sample preparation of YsaN
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oligomer complex, few particles greater than 20nm was also observed which is definitely
a non-specific aggregate (Figure 4.13 D). It must be noted here that it seems very difficult
to control YsaN oligomer formation controlling the formation of non-specific aggregates
in-vitro. However, decreasing the protein concentration limits the formation of aggregates
which also resulted in fewer particles observed in TEM images. The 10nm observed size
of YsaN83 hexamer reported here is also similar to the previous studies suggesting
hexamer formation of T3SS ATPase in E. coli [89]. Hence, YsaN higher order oligomer
formation depends on the presence of 1-83 N-terminal residues while, the hexamer
formation is independent to this region and 84-140 N-terminal residues are sufficient for
its formation. It should be also noted that 1-20 N-terminal residues of YsaN is required for
YsaL binding [129].

The formation of higher order oligomer in case of YsaN and its absence in the case
of YsaNA83 guided us to build a dodecamer model of YsaN as probable higher order
oligomer. Also, the dodecamer model was built by stacking two hexamers through its N-
terminal face (Figure 4.16). The dodecamer ring of YsaN has a height of ~15nm and width
of ~10nm (as of a hexamer ring). A clear pore through the two hexameric rings stacked, of
~1-1.5nm can be seen. The bioinformatic study show hydrophobic nature of the N-terminal
residues which has been represented in surface topographic map of YsaN hexamer (Figure
4.18). Hence, it is suggested here that YsaN higher order oligomer formation may occur
through stacking of two hexamer rings through their N-terminal faces where the
hydrophobic interaction among the N-terminal surface of the hexamer rings may stabilize
the dodecamer complex. Here we also suggest that the formation of higher order oligomer
(probable dodecamer) occurs in two distinct steps: 1) formation of hexamer and then 2)
formation of dodecamer by N to N-terminal stacking of two hexamers dependent on ATP
concentration.

Significant knowledge about the structure and function of T3SS ATPase has been
attained, however the exact role of ATPase in T3SS regulation and their mechanism is still
poorly understood. No study has been able to answer the exact mechanism of oligomer
formation and activation of ATPases. The hexamer model of ATPase is the most widely
accepted and has been also observed in in-situ cryo-EM structure. The existence of
dodecamer/higher order oligomer (greater that the hexamer) in many ATPases, where the
dodecamer/higher order oligomer is the most active form in-vitro creates ambiguity and
confusion about their role at the sorting complex. Also, how these ATPases perform the
unfolding of substrates and their translocation in not completely understood. In the present
study we tried to address the problem of understanding the exact mechanism of formation
of different oligomers and activation of T3SS ATPase YsaN from Y. enterocolitica.
According to one hypothesis suggested by Akeda and Galan (2005) [92], an appealing
model mechanism of these ATPases similar to other AAA+ ATPases may be that the



Page |67

effector chaperone complex docks to the ATPase ring complex, unfolding the effector
while threading it through the ATPase ring pore. The effector docking site is present toward
the C-terminal side of the ATPase ring where the C terminal side faces towards the
membrane side away from the cytosol [88, 89]. These results create a great confusion of
how these ATPases perform their function at the sorting platform. According to the
hexamer model, when a hexamer ATPase ring complex is associated with the sorting
platform the docking of effector-chaperone complex may result in possible steric hindrance
for proper docking towards the buried C-terminal side of the ATPase ring complex. Instead,
if the ATPase ring complex be a dodecamer (as suggested in this study) then the possibility
of steric hindrance will be zero as the effector chaperone complex may dock to the free C-
terminal side of the dodecamer in the cytosol. Also, the buried C-terminal side of ATPase
ring will be accessible to the positive regulator SctO according to the literature [89, 153,
154].

Another aspect of the proposed stacked dodecamer ATPase ring model will also
provide the possibility of passing an unfolded effector through the narrow pore of the
ATPase ring complex during the secretion process like other AAA + protein translocases
[92]. It should be noted that the presence of higher order oligomer (probable dodecamer)
at the export gate of T3SS has not been found in any in-situ experiment till date. Also, it is
debatable that whether unfolded effector passes through the T3SS ATPase pore or not. The
absence of the probable dodecamer ATPase ring complex observed in in-situ Cryo-EM
structures suggests the possibility that it may be required only during engagement with the
effector chaperone complex representing the secretion competent phase of T3SS.

The T3SS ATPases in pathogenic bacteria are one of the most highly conserved
proteins and are very crucial for their virulence hence they are a vey good drug target. Also,
understanding the structure and function of these ATPase and how they regulate T3SS is
necessary in this regard. The study presented here involving actual purification and
characterization of oligomer formation and activation of a T3SS ATPase YsaN will
provides a template for expanding our knowledge to understand T3SS regulation by these
ATPases. Higher order oligomer of YsaN is the most active form and its formation can be
summed up as a two-step kinetic process. However, we could not establish the exact nature
of YsaN higher-order oligomer in this study. Eventually, further future experiments are
also necessary to explore in depth about the true mechanism of oligomeric ATPase ring
complexes in T3SS regulation in Y. enterocolitica and other pathogenic bacteria.
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Chapter 5

5. The effector-chaperone system of Yersinia enterocolitica-
case of YopE-SycE

Figure of crystal structure of SycE representing its hydrophobic surface. The area highlighted by yellow
dashed circle shows the hydrophobic pocket made up of beta sheet structure. This hydrophobic pocket is
required by YopE to bind to SycE in extended fashion.
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5.1.Introduction
Gram-negative pathogen like Yersinia species secrete effectors into the host macrophage

cell to overcome their immune response. These effectors are presented to the secretion
apparatus as protein-chaperone complexes. Few examples include YopE-SycE, YopH-
SycH and YopT-SycT [57, 155]. YopE (a Rho GTPase activator-RhoGAP) protein [156]
acts by disrupting the actin cytoskeleton [107, 157]. YopE has been suggested to interact
and regulate via Racl and RhoA in-vivo. YopE translocation can also autoregulate its
expression during infection [158]. In another study it has been suggested that GAP activity
of YopE is also required during pore formation [159]. YopE plays a crucial role in virulence
in association with its specific chaperone SycE [104, 156, 160]. Residue 54 to 75 of YopE
comprises the Membrane Localization Domain (MLD). The MLD region of YopE has
been suggested as a critical component and is required for proper intracellular localization
within the host cell necessary for virulence of these effectors [161]. The MLD remains
associated to the SycE hydrophobic region which is required for YopE interaction. The
residues 96 to 219 of YopE comprise the catalytic Rho GAP domain while, the first 15
amino acids of YopE present at the N-terminal, acts as a non-cleavable signal sequence
[162, 163]. In Y. pseudotuberculosis, YopE (~23kDa protein), binds to SycE(~14.6kDa)
homo-dimer in an extended fashion through its chaperone binding domain (Cb domain:
23-78 amino acid residues). This interaction results in secondary structure formation in
YopECb domain which is unstructured or absent when Y opE is present alone in the solution.
This YopE interaction with SycE dimer is also suggested to act as three-dimensional
translocation signal recognized by the T3SS sorting complex [117].

SycE belongs to a large family of proteins whose sequence are not conserved however;
they are structurally similar. Also, they have common physical property i.e., they have small
size and are acidic in nature [94]. T3SS effectors have their specific chaperone inside
bacterial cell and they help in efficient translocation of their respective effectors. SycE exist
as a global dimer structure and physically interacts with the YopE [96, 97] inside bacterial
cytosol and they help secretion of YopE while they are not translocated into the host cell
[115, 116]. SycE binds only to YopE containing the chaperone binding domain (Cb-domian)
[106, 113, 164] which is different from the GAP domain (Ef- domain). The structure of
SycE from Y. pseudotuberculosis [96] and Y. pestis [97] and Y. enterocolitica [100] has
been already solved revealing its global dimeric structure in asymmetric unit of each crystal.
Also, the crystal structure of SycE bound to the chaperone binding domain of YopE in Y.
pseudotuberculosis (YopE-Cb) has been solved [95]. However, the physiological
significance of this interaction between YopE and SycE is not yet understood clearly. How
the three-dimensional signal which is structurally conserved plays its role is also not clear.
Answers to such questions can be given only through visualizing its atomic structures.
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The present chapter describes and characterize real time purification of YopE, SycE,
and YopE-SycE complex of Y. enterocolitica. This chapter also present a 2A X-Ray crystal
structure of SycE as its monomer unit in the unit cell and another SycE crystal structure
2.7A resolution representing its dimeric state in the unit cell giving its structural insight.

5.2.Materials and methods:

5.2.1.Designing of the recombinant expression vectors:

A comprehensive list of different gene construct used in this study is given in Table
5.1. In brief, YopE and SycE gene were PCR amplified from the plasmid isolated from Y.
enterocolitica and cloned using conventional cloning method given in materials and method
section. For co-expression of YopE and SycE complex, first we cloned a YopE C-terminal
His construct. This construct was cloned in two steps: 1) cloning of YopE C-terminal in
pET22b vector and, 2) PCR amplifying the YopE C-terminal His fragment from first
construct and cloning it in pETDuetl vector. SycE no tag was cloned in pACYC Duetl
vector. Then, SyckE no tag PACYC Duetl construct and YopE C-terminal His pET Duetl
constructs were co-transformed in BL21 for co-expression. Primers used are listed in Table
5.2.

Table 5.1: List of clones/ vectors used in this study

Vectors /Plasmid Details Protein size | Reference(s)/
construct name (Appx. MW) Source

'YopE C-terminal |YopE wild type cloned in pET22b with Ndel/BamH1] 26 kDa This Study.
His tag pET22b  [restriction site containing C-terminal His Tag.

SycE N-terminal [SycE wild type cloned in pET28a with Ndel/Xhol 17 kDa This Study.
His tag pET28a  [restriction site containing N-terminal His Tag with
thrombin cut site.

'YopE C-terminal |YopE C-terminal His tag fragment PCR amplified from 26 kDa This Study.
His tag pETDuetl [YopE C-terminal His tag pET22b construct containing
C-terminal His Tag cloned in pETDuetl with
Ncol1/Bgl2 restriction site.

SycE no tag No tag SycE wild type cloned in pACYCDuetl with 15 kDa This Study.
PACYCDuetl Ndel/Xhol restriction site in MCS2.

'YopE no tag No tag YopE wild type cloned in pACYCDuetl with 23 kDa This Study.
PACYCDuetl Ncol/Sall restriction site in MCSL1.

'YopE Cb C- 'YopE chaperone binding domain cloned in pETDuetl 15kDa This study.
terminal Histag  |with Ndel/BamH1 restriction site containing C-

pETDuetl terminal His Tag cloned in similar way like wild type

'YopE C-terminal His tag in pETDuet1.
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Table 5.1: List of primers used in this study
Gene/ Forward (5’- 3°) Reverse (5°- 3%) Reference(s)/ Source
construct

name
'YopE C- GGAATTCCATATGAAAATATC|CGGGATCCGACATCAATG |[IDT Technologies/ GCC
|termina| His JATCATTTATTTCTACATCACTGACAGTAATTGATGCATCTG |[Biotech/ This study
tag pET22b |CCC TTG
SycE N- GGAATTCCATATGTATTCATT |[CCGCTCGAGTTATCAACTA |IDT Technologies/ This
|termina| His [TGAACAAGCTATCAC AATGACCGTG study
tag pET28a
'YopE C- TATACCATGGGCATGAAAAT |[CCGAGATCTTTAGTGGTGG |GCC Biotech/ This
terminal His |[ATCATCATTTATTTCTAC TGGTG study
tag pETDuetl
SycEnotag |[GGAATTCCATATGTATTCATT |[CCGCTCGAGTTATCAACTA|IDT Technologies/ This
pACYCDuetl |[TGAACAAGCTATCAC IAATGACCGTG study
YopE notag |TATACCATGGGCATGAAAAT |[CCCGTCGACTTATCACATC |IDT Technologies/ This
pACYCDuetl |ATCATCATTTATTTCTAC AATGACAGTAATTGATGCA [study

TCTGTTG

YOpE Cb C- |GGAATTCCATATGAAAATATC|GAGGATCCGATTTGATAAA|IDT Technologies/ This
terminal His |ATCATTTATTTCTACATCACTG [TTCAATCGCAGAG study
tag pETDuetl |CCC

*Note- Restriction site highlighted in bold letters.

5.2.2.Expression and purification of YopE, SycE and YopE-SycE complex:
Expression constructs containing YopE C-terminal His Tag and SycE N-terminal His tag

was transformed into BL21 cells for recombinant expression of individual proteins. Briefly, a
large-scale culture (600ml LB culture) was given from a Sml overnight culture at 37°C in a
shaker. Induction was given when the OD of the culture reaches at ~0.6 using IPTG (0.5mM
working concentration) and the culture was kept for shaking (~180 rpm) for ~12-14 hours at
25°C. The induced cells were harvested at 4°C in centrifuge at 6000 rpm for 10 minutes. The
pellet was resuspended in Sonication buffer (see Table 3.6). Cells were lysed by ultrasonication
method. Debris was removed by centrifugation and the clear supernatant was loaded onto pre-
equilibrated gravity flow Nickel column and incubated for ~1 hour. Flow through was passed
by opening the cap at bottom and the beads were washed twice using the wash buffer (see Table
3.6). Then elution buffer (see Table 3.6) was added to the beads and incubated for ~30 minutes.
Eluted protein was collected in a fresh tube and the elution was subjected to size exclusion
chromatography column for further purification. Peak respective to the protein was collected
and concentrated using concentrating column (10kDa cutoff). Purity of the purified sample was
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checked on SDS gel. For co-expression of YopE-SycE complex, YopE C-terminal His tag
plasmid and SycE no tag plasmid was co-transformed into BL21 cell. Also, in other case of
complex co-expression YopE no tag plasmid and SycE N-terminal His tag plasmid was co-
transformed into BL21 cell for recombinant expression. Similar cloning method was applied
for co-expression of YopE Cb C-terminal His-SycE. Similar purification strategy was used in
all cases. Figure 5.2 shows a typical size exclusion profile of respective proteins. Figure 5.4
represents SDS profile of respective peaks of proteins from figure 5.1.

5.2.3. Native mass spectroscopy analysis of SycE:
MALDI-TOF mass analysis of purified SycE was done using Applied Biosystems - 4700

Proteomics Analyzer. Freshly purified SycE N-terminal His tag was subjected to gel filtration
chromatography for further purification of sample. Respective peak was collected and further
subjected to HiPrep 26/10 desalting column for removing excess salt from the sample. The
respective peak was collected and concentrated to ~1mg/ml. Figure 5.3 shows the peak observed
during MALDI-TOF analysis. The molecular weight of the sample was calculated according to
the equation given below:

p=m/z

pl=Mr+z1)/z1
p2=|Mr+(z1-1)]/(z1-1)
Where:
p= a peak in the mass spectrum
m= total mass of an ion
z= total charge

M= average mass of the protein

5.2.4. Glutaraldehyde chemical crosslinking:
To determine the nature of complex formation between YopE and SycE and YopE Cb and

SycE glutaraldehyde crosslinking was performed as mentioned in materials and method section.
Briefly the purified sample was treated with 0.3- 0.5% (v/v) glutaraldehyde and incubated at
room temperature for ten minutes. Crosslinking reaction was stopped by adding 1X SDS gel
loading dye. Samples were run on SDS gel (Figure 5.4)

5.3. Results

5.3.1. In-silico study and domain analysis of YopE:
Outer membrane virulence protein of Y. enterocolitica containing 218 amino acids has two

predicted domains: first is its N-terminal domain (1-126 residues) and, second is the GTPase
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activator domain (GAP domain). The first 19 residues of the N-terminal contain a signal
sequence while, residues from 22-78 is suggested as chaperone binding domain and residues
127-195 contains its catalytic GAP domain. Also, residues 1-58 is disordered region [165] (see
Figure 5.1).
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Figure 5.1: A.- Linear representation of domain prediction of YopE using interpro domain analyser. B.-C.-
prediction of disorder regions in YopE using PrDOS.

5.3.2.YopE-SycE interaction and complex formation:
YopE is known to form a heterotrimeric complex with SycE chaperone in Y.

pseudotuberculosis and Y. pestis. Expression of YopE alone resulted in formation of soluble
aggregate (Figure 5.2A) while, SycE was highly soluble and remains as dimer in solution (see
Figure 5.2B and Figure 5.3.). Hence, we tried co-expression of the YopE-SycE complex for
their purification. Co-expression resulted in formation of heterotrimeric complex of YopE:SycE
.. 1:2. Both, YopE C-terminal His and YopE no tag binds to SycE resulting in formation of
YOopE-SycE heterotrimeric complex (Figure 5.2 C and D). Like this YopE Cb C-terminal His
(YopE containing only the chaperone binding domain) also interacts with SycE resulting in
formation of the heterotrimeric complex (Figure 5.2 E). The peaks collected respective of each
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Figure 5.2: Size Exclusion profile of YopE, SycE and YopE-SycE complexes. A. Size exclusion curve of YopE C-
terminal His. B. Curve representing profile of SycE. C. & D. size exclusion profile of YopE C-terminal His-SycE
no tag and YopE no tag- SycE N-terminal His tag complex respectively. E. Curve representing size exclusion profile
of YopE Cb C-terminal His- SycE complex. Size exclusion was performed using Superdex 200 16-60 column (GE
Healthcare) at room temperature. Flow rate was kept at Iml/minutes. All the respective peaks are delimited by cross
sections of the chromatograms
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Figure 5.3: MALDI-TOF analysis profile of SycE. Different peaks representing differentially charged ions. The
estimated molecular weight calculated from this peak is 33796.87 Dalton representing dimer state of SycE.
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complex was analysed on SDS gel (Figure 5.4). This purified sample was further used for
downstream experiments.
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Figure 5.4: SDS profile of YopE, SycE proteins peaks collected from size exclusion chromatography column. A.
Lane 2, 3, and 4 represents Peak 5, Peak 4, and Peak 3 respectively from figure 5.2. B. Glutaraldehyde crosslinking
profile of YopE Cb-SycE his complex peak collected from figure 5.2 E. C. SDS profile of peaks from figure 5.2 A.
D. Glutaraldehyde crosslinking profile of YopE C-terminal His-SycE no tag complex peak collected from figure 5.2
C and D. The heterotrimeric complex is indicated by arrow.

5.3.3. Crystallization trials of YopE-SycE complex and structure solving of SycE:
Crystallization trials and screening was conducted for YopE-SycE complex, YopE Ch-SycE complex, and

SycE in vapour diffusion sitting drop method. Crystallization of YopE-SycE complex was unsuccessful
because of degradation of YopE, while in few cases setting crystallization tray with commercial screen resulted
in SycE crystals after some time. Similar observation was observed in the case of crystallization trials of YopE
Cb-SycE complex. Crystallization of SycE (20mg/ml) resulted in diffraction quality crystals in more than one
condition having similar morphology with commercial screen Rigaku Wizard 1, 2. We optimized a condition
for SycE crystallization. SycE was purified in buffer containing 100mM Tris pH 8.0, 100mM NaCl, 2%
glycerol. SycE (30mg/ml) was finally crystallized in crystallization buffer- 2000mM MES pH 6.0- 6.5, 50-
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80mM Na-Citrate, 5-10% PEG 3350, 100mM NaCl at 20°C using vapour diffusion sitting method. Crystals
appear in drop ratio was kept 1:1 with the reservoir solution within 2 weeks. In another crystallization trials of
SycE we also tried additive screening method using screen from Hampton Research (USA). Larger size
crystals of different morphology were observed within two weeks in two conditions. We optimized one
condition containing 1M Potassium Sodium tartrate tetrahydrate. The final crystallization condition was
100mM MES pH 6.0- 6.5, 50-80mM Na-Citrate, 5-10% PEG 3350, 100mM NaCl and 1M Potassium Sodium
tartrate tetrahydrate.

Preliminary screening of unit cell was done by mounting single crystal soaked in paratone-N (Hampton
Research). The crystal diffracted well at ~2A resolution. Full data collection was done at home X-ray source
Bruker D8 venture using PHOTON Il CCD detector. Data set collected were processed using PROTEUMS3
data processing software suit. Table 5.3 and Table 5.4 represents the details of the data collection and
processing. SycE N-terminal his was crystallized in the first condition (see Figure 5.5 C) PDB ID:7EVA
contains a monomer unit in the asymmetric unit while in the other second condition containing 1M Sodium
Potassium tartrate SycE crystallized as a dimer in the asymmetric unit cell (see Figure 5.5 F). In both the case
the structure was determined using molecular replacement method using SycE crystal structure (PDB ID
1n5b) as template. Phasing was done using in built programme PHASER in PHENIX followed by refinement
using PHENIX refine [166]. Model building and density adjustment was done using Coot software. The SycE
structure containing monomer unit in the asymmetric unit has been submitted to PDB (PDB ID:7EVA) while
the other SycE dimer structure is still unpublished.

A. B. —

SycE monomer
(PDB ID: 7EVA)

SycE dimer

{unpublished)
Figure 5.5: Crystallization of SycE. A. Crystals of SycE N-terminal his in buffer containing 2000mM MES pH 6.0-
6.5, 50-80mM Na-Citrate, 5-10% PEG 3350, and 100mM NacCl at 20°C. B. Diffraction spot of crystal shown in A. C.
Asymmetric unit cell containing SycE monomer. D. Crystals of SycE N-terminal his in buffer containing 200mM MES
pH 6.0- 6.5, 50-80mM Na-Citrate, 5-10% PEG 3350, 100mM NaCl and 1M sodium potassium tartrate at 20°C. E.
Diffraction spot of crystal shown in D. F. Asymmetric unit cell containing SycE dimer.
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PDB ID: 7EVA
(Biological assembly)

Figure 5.6: Crystals of SycE N-terminal his (PDB ID: 7EVA), obtained in buffer containing 100mM MES pH 6.0-
6.5, 50-80mM Na-Citrate, 5-10% PEG 3350, and 100mM NaCl at 20°C. The crystal contains SycE monomer in the
asymmetric unit. Figure here represents the biological assembly of SycE dimer. Structure was visualized in Chimera

software.



Table 5.3. Data collection and refinement statistics for Syc (PDB ID: 7TEVA)

X-ray Wavelength
Detector Type
Space Group
Resolution Range
Unit cell - a, b, c,
a, B,y
Number of unique reflections
Completeness (%)
Mean I/sigma(l)
Rwork
Riree
Rmerge
Clashscore (%0)
Ramachandran Favored (%)
Ramachandran Outliers (%)

Refinement program used

1.54 A
CCD
P43212
25.94 - 2.08
58.00A, 58.00A, 77.00A
90.00, 90.00, 90.00
8304
99.8 (25.94-2.08)
1.51
0.1995
0.2345
0.20
5.39
94.78
0.87
PHENIX 1.15.2-3472-000
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Unpublished
(Biological assembly)

Figure 5.7: Crystals of SycE N-terminal his (unpublished), obtained in buffer containing 1200mM MES pH 6.0- 6.5,
50-80mM Na-Citrate, 5-10% PEG 3350, 100mM NaCl and 1M sodium potassium tartrate at 20°C. The crystal contains
SycE dimer in the asymmetric unit. Figure here represents the biological assembly of SycE dimer. Structure

visualization was done in Chimera software.



Table 5.4. Data collection and refinement statistics for SycE (unpublished).
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X-ray Wavelength
Detector Type
Space Group
Resolution Range
Unit cell - a, b, c,
o, B,y
Number of unique reflections
Completeness (%0)
Mean I/sigma(l)
Rwork
Rfree
Clashscore (%0)
Ramachandran Favored (%)

Ramachandran Outliers (%0)

Refinement program used

1.54 A
CCD
P43212
26.613 - 2.789
87.00A, 87.00A, 105.00A
90.00, 90.00, 90.00
10505
99.82 (26.6 - 2.7)
4.34
0.2069
0.2668
6.40
96.08
0.34
PHENIX 1.15.2-3472-000
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5.3. Discussion:
YopE in Y. pestis and Y. pseudotuberculosis is a GTPase activator protein and regulates the

host cellular pathway after being secreted inside the host cell. YopE in association with its cognate
chaperone SycE is required for virulence [104, 156, 160]. Different distinct regions on YopE are
required for different function. In the case of Y. enterocolitica the first 19 residues of its N-terminal
domain contain the signal sequence. Residues 22 to 78 is the chaperone binding domain of YopE
and is required for SycE interaction. YopE Cb C-terminal his can bind to SycE forming a
heterotrimeric complex (see Figure 5.2 and Figure 5.4). YopE when expressed in the absence of
SycE form soluble aggregate and its major fraction elutes in void volume during size exclusion
chromatography. YopE in presence of SycE during co-expression results in formation of
heterotrimeric complex. This suggest that SycE is indispensable for YopE stabilization. Similar to
this has been suggested for YopE in other Yersinia species. Whereas, SycE when expressed alone is
highly soluble and form dimer in solution.

Crystallization set up trial for complex crystallization was extensively performed using
commercially available crystal screens such as Rigaku wizard screen and Hampton crystal screen.
The degrading nature of YopE resulted in failure of complex crystallization trials. Similar
observation was seen for YopE Cb his-SycE crystallization. After some time, crystals of SycE
appears in the tray set up with the YopE- SycE complex. Whereas SycE shows a high tendency for
crystallization. Crystals of SycE appears within 1-2 weeks in more than one condition. SycE being
a homodimer in solution however in low salt condition, SycE form crystals with monomer in
asymmetric unit (see SycE crystal Figure 5.5, PDB ID:7EVA). Whereas in one condition with high
salt (i.e., 1M sodium potassium tartrate) SycE form crystal with different morphology but similar
space group (P 43 21 1) containing its homodimer in the asymmetric unit. When both the SycE
structures were aligned with each other they bear minor differences (RMSD value 0.344; see Figure
5.8). This suggest that SycE has highly stable structure.

In previous studies it has been suggested that SycE plays role in YopE binding and the keeping
the YopE in soluble and secretion competent state [92]. This interaction is necessary for formation
of three-dimensional secretion signal which required for docking to the export apparatus. However,
how the YopE-SycE interaction plays role in secretion is still not understood properly. Indeed, future
work is required to reveal necessary requirement for YopE-SycE complex formation and regulation
of secretion through its structural motif.
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RMSD= 0.344

Figure 5.8: Structure alignment between 7EVA dimer and SycE dimer (unpublished).
The alignment and visualization were done in PyMOL.



Page |83

Chapter 6

6. Concluding remarks
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Concluding remarks:

T3SS is required by many gram-negative pathogens and has been established as a major
component, playing a crucial role in their virulence. In almost all the T3SS among different
pathogenic bacteria the major structural component remains conserved, primarily the basal body
components. All T3SS required a highly conserved AAA+ ATPase family protein for their function.
Also, the same ATPase complex is present at the export gate plays a crucial role in effector unfolding
and translocation by physically interacting with the effector-chaperone complex. Another factor
adding to the virulence of these pathogens are the large repertoire of the effectors and their specific
chaperones. These chaperones play a role in efficient secretion of these effectors by keeping them
in secretion competent state. The work presented in this thesis primarily focuses on understanding
the regulation of T3SS in Yersinia enterocolitica. As Y. enterocolitica harbours two distinctly
regulated T3SS: one is chromosomal based Ysa-Ysp T3SS and the second is Ysc-Yop T3SS encoded
by a ~70kb virulent plasmid.

YsaN is the conserved ATPase of Ysa-Ysp T3SS, however the mechanism of its activation
remains elusive. Chapter 4 of this thesis represents the study involving actual purification and
characterization of YsaN, and its different deletion and mutation construct revealing the insight into
the mechanism of its activation and oligomerization. The role of its N-terminal region of YsaN in
its activity was also revealed. The challenges during conduct of this study include insolubility of
YsaN deletion which was overcome using a specialized vector (pET22bA50CPD vector) system
mentioned in detail in chapter 4. Using this vector also results in mostly monomeric population of
target proteins which was a crucial step in this study. During TEM, visualization of the higher-order
oligomer of YsaN was one of the challenging tasks as YsaN has a great tendency to form non-
specific aggregates in-vitro. This was partially overcome reducing the protein concentration in
micromolar to nanomolar range, which results in fewer oligomer particles observed in TEM images.
Presence of hexamer of ATPase in a deletion variant of YsaN (YsaNAS83) suggest that YsaN can
form hexamer in the absence of its 83 N-terminal residues which is unique to such ATPase and
observed for the first time. Reduced ATP hydrolysis activity and formation of hexamer in the case
of YsaNAS83 suggest that the hexamer may not be the fully functional form of ATPase ring present
at the export gate of T3SS during secretion phase. The ATP concentration dependence of YsaN
oligomerization suggest that such ATPases can form its fully functional oligomeric state (probable
dodecamer state in case of YsaN) at the export gate only when a sufficient ATP threshold has been
achieved, suggesting that secretion of effectors is a high energy consuming process. Similar to other
AAA+ ATPases, YsaN also has a tendency to oligomerize only after the active catalysis of
phosphodiester bond of ATP. The study presented here overall suggest that such T3SS ATPase
function like other AAA+- ATPases hence, suggest a universal mechanism among such family of
proteins.
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Prior to secretion of effectors through the effector-chaperone complex interacts with the
ATPase ring complex. Y. enterocolitica bears two distinctly operating T3SS. Few of the known
effectors of Ysc-Yop T3SS has been identified to be secreted through Ysa-Ysp T3SS such as YopE.
Before getting secreted the YopE-SycE complex must interact with YsaN ATPase for unfolding and
secretion through the T3SS needle complex. It has been suggested that a three-dimensional secretion
signal formed only when YopE remain associated with SycE through its chaperone binding domain.
YopE when expressed alone results in soluble aggregate. SycE interaction with the YopE is required
to maintain YopE in secretion competent state. Hence, we tried co-expression of YopE and SycE
together. YopE co-expression results in soluble heterotrimeric complex (YopE:SycE :: 1:2).
However, this complex was not sufficient to protect YopE degradation after purification in our case.
This stability issue hindered crystallization of YopE-SycE complex. Even the chaperone binding
region of YopE forming a heterotrimeric complex (YopECDb-SycE) was also not stable. Setting
crystal tray with YopECDb-SycE purified protein resulted in SycE crystal after some time due to
degradation of YopEChb. However, we were able to crystalize SycE in two different conditions. SycE
exist as a dimer in solution however in one crystallization condition the unit cell contains SycE
monomer. Generating the symmetry mates shows the dimeric nature of Syck. In other crystallization
condition presence of high salt resulted in crystallization of SycE with dimer in unit cell. In both the
case of SycE crystallization the space group remains same.

Significant understanding of T3SS regulation by the soluble cytosolic components has been
known. The dynamic nature of the association of cytosolic components to the injectisome restricts
in-situ studies. However, recent cryo-EM studies at high resolution have provided detail information
of the cytoplasmic complex associated still the exact role of ATPase in T3SS regulation is not
understood. This work will provide a template to explore the possibility of ATPase higher order
complexes in regulating type three secretion. It should be noted here that presence of dodecamer
complex of ATPase has not been observed in any in-situ studies till date whereas presence of
hexamer has been observed in recent in-situ Cryo-EM study. Future studies are certainly required to
get a better picture of how these ATPase complexes regulate T3SS and secretion of effectors.
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Delineating specific regions of N-
terminal domain of T3SS ATPase
YsaN of Yersinia enterocolitica
governing its different
oligomerization states

Rajeev Kumar, Chittran Roy and Saumen Datta*

Structural Biology and Bioinformatics Division, Council of Scientific and Industrial Research—Indian
Institute of Chemical Biology, Kolkata, West Bengal, India

Oligomerization of YsaN, a putative T3SS-ATPase is a necessary and crucial
event for T3SS functioning in Y. enterocolitica. Different oligomeric states have
been proposed for similar ATPases, yet, the true nature of its activation and
formation of different oligomers is still poorly understood. In-vitro studies of
YsaN reveal that its activation and oligomerization depend on its N-terminal
region and occur as a result of active catalysis of ATP in an ATP concentration-
dependent manner following two-step cooperative kinetics. Also, the
N-terminal 83 amino acid residues of YsaN are crucial for higher-order
oligomer formation while YsaNA83 is capable of hexamer formation upon
oligomerization. Enzyme kinetics study shows reduced ATPase activity of
YsaNA83 (3.19 + 0.09 umol/min/mg) in comparison to YsaN (9.076 +
0.72 umol/min/mg). Negative-TEM study of YsaN and YsaNA83 oligomer
suggests that the formation of higher-order oligomer (probably dodecamer)
occurs by stacking of two hexamers through their N-terminal faces involving
N-terminal 83 amino acid residues which have been further supported by the
docking of two hexamers during the in-silico study. These results suggest that
YsaN is an oligomerization-activated T3SS ATPase, where distinct regions of its
N-terminal domain regulate its different oligomeric nature and is essential for its
activation.

KEYWORDS

T3SS, ATPases, hexamer, dodecamer, negative-TEM

Abbreviations: AAA + ATPases, ATPase associated with various cellular activities; ADP- AlFX, ADP
aluminum fluoride complex; AMPPNP, Adenylyl- imidodiphosphate, CPD, cysteine protease domain;
DTT, Dithiothreitol; EDTA, Ethylenediaminetetraacetic acid; IPTG, Isopropyl p- d-1,
thiogalactopyranoside; NaF, Sodium fluoride; PDB, Protein data bank; PMF, Proton Motive Force;
RMSD, Root mean square deviation; RPM, rotation per minute; SDS, Sodium dodecyl sulphate.
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1 Introduction

The type three secretion system (T3SS) has been regarded as
major virulence determining factor in numerous plants and animal
pathogenic bacteria (Coburn et al., 2007; Buttner, 2012). A broad
spectrum of diseases is caused by pathogenic bacteria such as
enteric infections caused by enteropathogenic E. coli, Shigella,
and Y.
pathogens use T3SS to inject effector toxins directly inside the

Salmonella, enterocolitica containing T3SS. These
host cell to manipulate host cellular processes. Mutations,
deletions, or blocking of the T3SS apparatus components result
in reduced virulence and disease manifestations in mouse model
experiments (Coburn et al., 2007). T3SS has been predicted to be
evolved from flagellar T3SS (fI'3SS) through horizontal gene
transfer and both of them share a common ancestor. Both
T3SS and fT3SS share many structurally similar components at
their core (Gophna et al, 2003; Diepold and Armitage, 2015).
Bacterial T3SS is a complex structure composed of approximately
20 different proteins and broadly can be divided into three basic
parts namely the basal body, needle complex, and a large cytosolic
component known as the sorting platform or the C- ring complex.
The basal body consists of two co-axial homomeric protein
complex rings across the inner and outer plasma membrane
including the peptidoglycan layer. The needle is present in
association with the outer ring projecting away from the
1.5-2.5nm
conduit for translocation of unfolded effectors. Tip complex

bacterial membrane providing approximately
protein associated with the needle helps the bacteria to
integrate with the host plasma membrane. Once the association
with the host membrane is established, the export apparatus helps
in the translocation of effectors through the needle to the host cell
cytoplasm (Kubori et al., 1998; Ghosh, 2004; Diepold and Wagner,
2014). Previous structural studies involving Cryo-Electron
microscopy have revealed the global structure of T3SS
Injectisome. However, the precise details of the cytoplasmic
components are largely undetermined because of their dynamic
nature of association with the injectisome.

Energy for unfolding and translocation of effectors is
provided by both, Proton Motive Force (PMF) (Wilharm
et al, 2004) and ATP hydrolysis by a highly conserved
ATPase ring complex which remains in close association with
the active needle complex at the sorting platform (Lee and
Rietsch, 2015). These ATPases also have structural and
functional similarities with the Fy- F; ATPase—an AAA +
ATPase (ATPase associated with various cellular activities)
(Akeda and Galan, 2005; Yoshida et al.,, 2014). Structural and
functional similarity between T3SS ATPases and the AAA +
enzymes suggest the possibility of a universal model of
mechanism among such molecular motors.

Based on the results from Electron microscopy, high-
resolution Cryo-electron tomography, and biochemical studies,
it has already been suggested that T3SS ATPases function as
homo-oligomers namely hexamer (Hu et al., 2017; Halder et al.,
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2019) and dodecamer (Pozidis et al., 2003; Muller et al., 2006)
which are located at the central pore of the T3SS apparatus on the
cytoplasmic side. Besides, previous studies have also shown that
during effector unfolding and translocation through the needle
complex, the effector chaperone complex docks to the C-
terminal side of the ATPase ring complex at the export gate.
Also, the C-terminal side of this ATPase ring complex faces the
pore of the needle complex (Akeda and Galan, 2005; Allison
et al., 2014; Majewski et al., 2019).

Y. enterocolitica uses contact-dependent T3SS (Abrusci et al.,
2013) for the delivery of anti-host effector proteins directly into
the eukaryotic host cell (Cornelis, 2002; Edgren et al., 2012; Bent
et al.,, 2013). In addition to fT3SS, Y. enterocolitica maintains two
distinct, independently regulated T3SSs. The first one is Ysa- Ysp
T3SS encoded by Ysa Pathogenicity Islands located on the
chromosome and another one is Ysc- Yop T3SS which is
encoded by =70Kb virulent plasmid pYV/pCD1 (Cornelis
et al, 1998; Foultier et al, 2002). The Ysa- Ysp T3SS is
required for the gastrointestinal phase of infection and
intracellular survival of Y. enterocolitica within macrophages
(Bent et al., 2015) and is important in virulence (Haller et al.,
2000). In our previous study, it was shown that YsaN, a T3SS
ATPase in Y. enterocolitica encoded by Ysa- Ysp T3SS is a
magnesium-dependent ATPase and the probable dodecamer
state is the most active form of YsaN. Moreover, it was also
shown that the N- terminal 1-20 amino acid residues of YsaN is
crucial for YsaL binding (a negative regulator of YsaN ATPase)
(Chatterjee et al., 2013).

In the present study, we have performed the in-vitro
characterization of untagged YsaN and various deletion
constructs. Another focus of this study is the characterization
of the formation of different functionally relevant higher-order
oligomers based on its N- terminal region i.e., partially active
hexamer and the most active higher-order oligomer forms of
YsaN. The present study indicates the involvement of distinct
regions on the N- terminal domain of YsaN in the formation of
hexamer and its higher-order oligomer. It has also been shown
that the transition to a higher oligomer state of YsaN is an ATP
concentration-dependent event following two-step kinetics. The
existence of the hexamer as well as the higher-order oligomer
complex has also been observed in negative TEM which suggest
that the formation of higher-order oligomer occurs by stacking of
two homo- hexamers through their N- terminal faces which are
also supported by perfect docking between two hexamer rings
during in-silico studies.

2 Materials and methods
2.1 Cloning expression and purification

Plasmid vectors and constructs used in this study are given in
Table 1. Genomic DNA was isolated from Y. enterocolitica
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8081 culture according to (Wilson, 2001). YsaN wild-type gene
was PCR amplified from this purified genomic DNA using Pfu
DNA polymerase Thermo Scientific™ and cloned into
PET22bA50CPD vector containing C- terminal His- tagged
CPD vector) with
Ndel and BamHI1 restriction sites. Similarly, other YsaN

cysteine protease domain (hereafter
deletions (based on Pfam domain analysis, refer to Figure 1B)
CPD domain in the
PET22bA50CPD vector. Primers used in this study are listed
in Supplementary Table SI. Cloning in CPD vector resulted in

were cloned in fusion with the

soluble expression of all YsaN deletions which were usually not
soluble when expressed alone (data not shown) (Shen et al,
2009). DH5a was used as a cloning host in all cases. For
recombinant expression of the protein, the plasmid constructs
were transformed into BL21 DE3 chemically competent cells.
IPTG (at 0.5 mM working concentration) was added after OD
600 reached 0.6 and kept for constant shaking for approximately
12-14 h at 298 K. Induced cells were harvested at 5,000 g at 277 K
for 10 min. Cells were lysed in sonication buffer (50 mM Tris
pH 8.0, 100 mM NaCl, 5% glycerol, and 5 mM imidazole) by
ultrasonication method using a sonicator (Q-Sonica 125).
Protease inhibitor PMSF at 1 mM working concentration was
added to the resuspended pellet just before sonication.
Centrifugation was done to remove the cellular debris at
18,000 g at 277K for approximately 60 min. Protein was
purified according to the CPD purification protocol (Shen
et al,, 2009) with few modifications. All the purification steps
were carried out at 277 K in a cold room. Briefly, the clear
supernatant was loaded onto a pre-equilibrated gravity-flow
beads (Nickel
Sepharose™ Fast Flow, GE Healthcare) followed by incubation

purification  column, containing Nickel
of approximately 60 min. The beads were washed with two
column volumes (CV) of wash buffer (50 mM Tris pH 8.0,
100 mM NaCl, 5% glycerol, and 35 mM imidazole). Then, the
beads were mixed and incubated with CPD buffer (50 mM Tris
pH 8.0, 100 mM NaCl, 5% glycerol) added with 100 pM
(working) Inositol-6- phosphate (Phytic acid sodium salt
hydrate, sigma) for approximately 60 min for CPD-His-tag
removal. The incubated sample (containing untagged YsaN
and other deletion proteins) was collected in a fresh collection
tube and immediately injected into the gel filtration system
AKTA prime plus (GE Healthcare). CPD buffer incubation
time for more than 60 min was strictly avoided in our case to
reduce the degradation of YsaN and other YsaN deletion proteins
by CPD itself. Gel filtration was done to further purify the protein
using the Hi-load Superdex 200 16/60 gel filtration column (GE
Healthcare). Immediate gel filtration was necessary in this case to
avoid further degradation of target proteins due to leached CPD
from the nickel beads which was separated only after gel
filtration. 250 mM Imidazole in elution buffer was used to
bound to the beads. The
corresponding peak in size exclusion respective to YsaN and

elute the residual proteins

its deletions were collected and analyzed by SDS gel
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electrophoresis. This purified protein sample was used for all
downstream experiments. Freshly purified samples were used in

all experiments each time.

2.2 Site-directed mutation

To create a non-functional Walker-A lysine to alanine
mutant of YsaN ie., YsaN K166—A, site-directed mutation
was performed according to (Ho et al, 1989) in YsaN
pET22bA50CPD construct. Primers used for mutation studies
are mentioned in Supplementary Table S1. The positive clones
were verified by sequencing. The positive clone plasmid was
further transformed into BL21 for further purification. ATPase
assay was performed to verify its loss of activity (Supplementary
Figure S5B).

2.3 ATPase assay

To check the functional activity of all the constructs,
malachite- green ATPase assay was performed according to
(Lanzetta et al, 1979; Baykov et al, 1988) with slight
modification. Briefly, protein in assay buffer (20 mM Tris
pHS8.0, 100 mM NaCl, 10 mM Mgcl,, 1 mM DTT, 0.025%
BSA, and 5% glycerol) was prepared sufficiently before
performing the experiment. Malachite green- ammonium
molybdate reagent mixture was prepared according to (Dey
et al, 2018). All the reagents and buffers were filtered using a
0.22 pm syringe filter every time just before use. Varying ATP
concentration stock was prepared (0-2,400 uM). Two milliliter of
the reaction mixture was prepared by mixing protein at final
working concentration of 5uM for YsaN, and 10uM for
YsaNA83 in the with
concentrations. 100 pl of reaction sample was taken at four

assay  buffer varying ATP
different time points and added to 96 well plate containing
50 ul of the malachite green reaction mixture and incubated
for 10-20 min. To stop further change in color development,
100 pl of 34% citric acid (Merck) solution was added to the
reaction and incubated for another 30 min at 300 K. Finally, the
absorbance was read at 660 nm in Hidex- sense 96 well plate
reader. Separate independent experiments were performed in
triplicates for YsaN and YsaNA83 enzyme kinetics. To further
compare the activity of different YsaN constructs relative ATPase
activity graph was obtained by using a final working
concentration of 5uM for YsaN, YsaN KI166—A, and
YsaNACterm whereas 10 pM for YsaNA83 and YsaNANterm
respectively (Figure 2H, Supplementary Figure S5). Briefly, in all
cases, a standard 2 mM ATP (working) was incubated for up to
40 min in a total of 2 ml reaction volume and 100 ul of reaction
sample was taken at eight different time intervals (from 5 to
40 min) and added to 96 well plate containing 50 pl of malachite
green- ammonium molybdate reagent mixture as mentioned
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TABLE 1 List of clones/vectors used in this study.

Vectors/Plasmid
construct name

Details

Protein size
(approximate molecular

weight)

10.3389/fmolb.2022.967974

Reference(s)/source

pET22bA50CPD* Vibrio cholerae MARTX toxin cysteine protease domain ~ 23.1 kDa Gifted by Matthew Bogyo, Department of
with C terminal His Tag in pET22b Pathology, Stanford School of Medicine,
Stanford, California
YsaN YsaN wild type full length (430 amino acids cloned in ~ 47.87 kDa This Study
pET22bA50CPD vector)
YsaNA83 N terminal 1-83 amino acid deletion of YsaN 38.6 kDa This Study
(347 amino acids cloned in pET22bA50CPD vector)
YsaNAC-term C terminal 357-430 amino acid deletion of YsaN 39.2 kDa This Study
(349 amino acids cloned in pET22bA50CPD vector)
YsaNAN-term N terminal 1-140 amino acid deletion of YsaN 32 kDa This Study
(290 amino acids cloned in pET22bA50CPD vector)
YsaN K166— A The lysine at the 166th position is mutated to alanine. It 49 kDa This study
is a non-functional mutant of YsaN. (430 amino acid
cloned in pET22b vector with C-terminal his tag.)
A represents deletion in all cases.
Pfam
A YsaN (1-430 aa B Domain Prediction
= € 1 140 349 356 427 430
YsaNA83 (84-430 aa e T Ao A
N- -c YsaN| I [ I

N-

N YsaNAC term i1-350 aa‘
YsaN K166—A

N- __- -C

ATPase Domain C-terminal domain

YsaNAN term ‘141 -430 aaI &

[ ATPase Domain- ATP synthase Alpha/Beta family, nucleotide binding domain

c Cordinates- 140- 349 (alignment region)

[ C-terminal Domain- T3SS EscN ATPase C-terminal domain
Cordinates- 356- 427 (alignment region)

N terminal Domain

10 20 30 40 50 60 70 80 2 100 110 120 130 140 150 160 170 180
ChainFf ======-ccccccccccacax] IVAVIGAV PPILNALEVQ: IRI. IMNVIGEPIDERGP--IKTKQ-~~FAAI-~-~-HAEAPEFVEMSVEQEILVTEIKV
Flil - OLPLGATCIT] TLPGAR L TTPPENPLQRTET)
YsaN JFDSCAHPSRI! 'IGEICLIERDLCQPEVIAKAQ VI---RPTGQPF AGKT FTTLC
Spad7  FPNRISGPILETSLSDVSIGEICNIQAGIESNEIVARAQVVGFHDEKTILSLIGNSRGLSRQTLI---KP' HTY ILY. I KV
EscN  MI PRI( ITNIGGTII! IGAFYKI! QRLAEVIAT) TSGMYC )GEEFKI! ITAP! )VIDQPFTLEVRA
HreN RL I ILLECRI  TVGFTQEC QVGAPT IG----VDDSLLGCVL RA
YseN  -----] MLSLDQIP----~~ TRHGIVGSRLIQI! QY IGELCYL SLQAEVI I NTEV---SPTGT QVLDGLGQ)] [PEPAAWYPV---YQDAPAPMSRKLITTPLSLIZIRV

Central ATPase Domain
190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350 360
Walker A motif Walker B motif
ChainF VDLL I IMELT HEMIESGVT 'FRDQEGQDVLLFIDNIFRF IPSAVGYQ! ITT-TKK-GSITSVQAIYVPADDL
FliI INALLT' MMARY -~-TRADVIV ENIL g I - LIMDSL  IALAT PSVFAKLPALVERAGNGIHGGGSITAFYTVLTEGDDQ
YsaN  IDGLL T ICVI HELQTS-====~] OTI FRDQ-GKDVLLF EL PASVF -LQH-GSITAF
Spad7 IDSLLIC I IYVIGLIGERGREVTETVDYLKNS-~~---] NAAYIATAIAEF! T
EscN IDGLLTCGIGQRIGI IC] IIVLAL ALLPQ! AEFFRDQ-( PK] ITAI
HreN IDSAIL DVI I ~GQKVLLLL IGIi ITALYTVLIEQDSM
YscN  IDGLL ASLT  IAEYFRDQ-GKRV] I -SSK-GST!
C Terminal Domain

370 380 390 400 410 420 430 440 450 500 510 520 530 540 550 560
ChainF JIAELGIY MDPNIVGSEHYDVARGVQKILQDYKSLODIIAILGMDEL IQRF IKGFQQILA YMVGPI AEEHS-
F1lil QDPIADSARAILDGHIVLSRRLAEAGHYPAIDIEASISRAMT-ALITEQHYARVRLFKQLLSSFQRNRDLI. I’ LQ--~ )GI IFPTV--
YsaN SDPIGDEIRSIIDGHIYLSAQLAGRGHYPAIDILHSI: DHR AQIQLYLD-LGEY( TEGFLQ: AN-
Spa47 ADPLAEEVRSILDGHIYLSRNLAQKGQFPAIDSLKSISRVFT-QVVDEKHRIMAAAFRELLSEIEELRTIID-FGEYKI DDKIYNKISVVESE QDYRLGF IGETIR----
EscN NDPIGDEVRSILDGHI IDIGL ’KSEHLRAAAECKKLIATYKNIELLIR-I! JIKNRKAIQSFIQ: )STKDISSYEKTIESLFKVVA----
HrcN  NDPVADEVRSLLDGHIVLSRKLAERGHYPAIDVSASISR{I! A AVQLNEAT] QLTSQLPE
YscN TEPVADETRSILDGHIILSRKLAAANHYPAT RRLL LQ-IGEYQKG( QATERMGAIRGWLC: et
FIGURE 1

Bioinformatic analysis of YsaN- (A), Linear representation of the YsaN constructs used in this study (based on domain analysis of YsaN using
Pfam, also refer to Table 1 for complete details) Different color shading represents respective domains of YsaN, Red- represents N terminal domain,
Gray- represents a central domain, and green- represents C-terminal domain. The red star shows site-directed mutation site on the central domain.
(B), Pfam Domain analysis of YsaN sequence. (C), Multiple sequence alignment of YsaN and homologs (also refer to Supplementary Tables

S2-54 for details).

domain analysis.
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The vertical black line represents the domain partition (i.e., N-terminal and C-terminal domains) of YsaN sequence based on Pfam
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FIGURE 2

Purification and characterization of YsaN- (A—D)—Typical size exclusion chromatography profile of YsaN, YsaNA83, YsaNANterm, and
YsaNACterm respectively using Superdex 16,600 columns. Respective collected peaks are delimited by crossed sections of the chromatograms. (E)
SDS gel profile of collected peaks from gel filtration (Lane M-Marker, Lanel- Peak from (D), Lane2- Peak from (C), Lane3- Peak from (B), and Lane4-
Peak from (A). (F)- Standard enzyme assay curve of purified YsaN measuring umols of phosphate released per minutes per milligrams of protein
using the malachite green method for inorganic phosphate estimation, inset showing Vimax, Knair, and Hill coefficient values. (G)- Standard enzyme
curve for YsaNA83 in terms of pmols of phosphate released per minute per milligrams of protein, inset showing Vimax, Knair, and Hill coefficient values.
(H)- Comparison of relative ATPase activity of purified YsaN to YsaNA83, YsaN to YsaNANterm, YsaN to YsaNACterm (also please see Supplementary
Figure S5A,B for further details of enzyme kinetics of YsaNA83 and YsaN K166—A and relative assay). Error bars indicate standard deviationin all cases.
Statistically significant differences by unpaired Student’s t-test are indicated with asterisks ("% % %" means p < 0.001; "% % “p > 0.01; "ns” means non-

significant).

above. Following a similar assay protocol relative assay was also
performed in an assay buffer containing 2 mM EDTA and with
the assay buffer containing 5 mM NaF as a control experiment to
test the effect of NaF on YsaN activity (Supplementary Figure
S5B). Relative ATPase activity experiments were performed in
duplicate in an independent experiment. A separate blank for
each experiment was generated using assay buffer and ATP
(respective concentration) with no protein and the values
were subtracted from the experimental results. Inorganic
phosphate released was calculated from the phosphate
standard curve generated (Supplementary Figure S4) using
NaH,PO, (Sodium phosphate monobasic, Sigma). The Ky
Vmax, and Hill coefficients were observed by plotting the non-
linear regression plot in GraphPad prism8 software. The graph

was plotted using Origin8 and GraphPad prism 8 software.
2.4 Dynamic light scattering experiment

Dynamic light scattering (DLS) was performed using
Zetasizer Nano ZS (Malvern Instruments, United Kingdom)
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with the samples to check mono-dispersity of samples in the
presence and absence of various concentrations of ATP in DLS
buffer (20 mM Tris pH8.0, 100 mM NaCl, 4mM Mgcl,, 5%
glycerol and 1 mM DTT). 100ul of 10-100 uM protein
samples with varying ATP concentrations were mixed and
incubated for 2-5min at 298 K. 50 ul of this sample was
added in Ultra-Micro Cell ZEN2112 (Malvern Panalytical,
United Kingdom), and size intensity distribution was
observed. Substrates like ADP, AMP-PNP, and ADP. AIFX
(1-3.0 mM range) was also used in the DLS experiment. All
the DLS experiments were performed more than three times in all
cases with freshly purified samples in independent experiments.

2.5 Size exclusion chromatography

Further, the analytical size exclusion chromatography (or gel
filtration) method was performed to characterize the oligomeric
behavior of YsaN. We used ADP.AIFX (a non-hydrolyzable ATP
to ADP transition state analog, refer to Figure 4), to mimic ATP.
YsaN-ADP.AIFX and YsaNA83-ADP.AIFX complex formation
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was done according to Rappas et al. (2005) with slight
modification. Briefly, 500 pl of approximately 10 pM purified
YsaN and YsaNA83 protein was incubated with 1.5 mM of ADP
for 5-10 min at room temperature. To this pre-incubated sample,
1.5 mM AICl; (working concentration) was added and mixed
thoroughly followed by incubation for another 20 min at room
temperature. This sample was injected into gel filtration system
with pre-equilibrated Superdex 200 H R 10/30 analytical column
(GE Healthcare) with 50 mM Tris pH 8.0, 100 mM KCl, 4 mM
MgCl,, 5mM NaF, 1mM DTT and 5% glycerol. NaF in gel
filtration buffer was required for maintenance of the AIFX
complex (Rappas et al, 2005). The flow rate was kept at
0.5 ml/min at room temperature. All the respective peaks were
collected, concentrated, and analyzed by SDS gel electrophoresis
(Figure 4F).

2.6 Transmission electron microscopy

Negative TEM was performed to visualize YsaN and
YsaNA83
approximately 0.6-0.8 uM of purified YsaN and YsaNA83 was
incubated with 1.5 mM ADP for 10 min at room temperature. To

oligomers to a higher resolution. Briefly,

this sample 1 mM (working concentration) of AlCl; was added
and incubated for another 15 min at room temperature. 3 ul of
this sample was loaded onto a freshly glow discharged carbon-
coated copper 300 mesh grid and left for 30s. Excess of the
sample was blotted gently using blotting paper. The precaution
was taken not to dry the grid completely. Then 5 pl of 1% uranyl
acetate solution (Cornelis et al., 1998) was loaded onto the grid
and left for 10 s. Excess stain was blotted gently using blotting
paper. The staining process was repeated three times. The stained
grids were left to air dry at room temperature and stored for
viewing purposes. The negatively stained samples were visualized
at room temperature using a TALOS L 120C electron microscope
(Thermo Fisher). The instrument was operated at 120 kV and the
images were captured using a bottom-mounted Flucam and Ceta
16M Camera (35-910 kX magnification range).

3 Results
3.1 In- silico study of YsaN

T3SS ATPase family proteins contain three predicted
domains: an N-terminal domain ~with 100 residues involved
in oligomerization and stabilization of the ATPase ring complex,
a central ATPase domain, and a C-terminal domain for effector-
chaperone complex interaction. In our previous study, we have
shown that YsaN is the putative ATPase of Ysa T3SS in Y.
enterocolitica 8081 (26). To investigate it further we did various
in-silico studies mentioned here to analyze the YsaN sequence
and the nature of its N-terminal domain. Multiple sequence
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alignment (MSA) of YsaN was conducted using Clustal Omega
(Sievers et al., 2011) with the homolog proteins mentioned in
Supplementary Table S2. The MSA (refer to Figure 1C;
Supplementary Tables S3, S4) shows that the N-terminal
domain is less conserved unlike the central domain and the
C-terminal domain among different homologs. Further, domain
analysis of YsaN using Pfam (Bateman et al., 2000) suggests the
probable presence of ATP synthase alpha and beta subunits
signatures at 139-349 amino acids with a bit score of
246.8 and E-value score equals 1.9e-76 (Figure 1B). Secondary
structure prediction using PSIPRED 4.0 with YsaN sequence
(Jones, 1999) (Supplementary Figure S1B) suggests that the N
terminal region primarily consists of  strands. Also, Kyte &
Doolittle’s hydrophobicity result in ProtScale (Gasteiger et al.,
2005) suggests that the N- terminal region (up to 80 amino acids)
is primarily hydrophobic (Supplementary Figure S1A). Further a
YsaN model was generated using Phyre2 server (Kelley et al,
2015). Phyre2 could generate a YsaN model for 78-430 amino
acids only. To generate the full length YsaN homology structure
we used MODELLER 9v.11.43 software and for template we used
chain D of FliI-FliH crystal structure (PDB ID 5B00). FliI is
fT3SS ATPase in E. coli and has 38.28% sequence identity with
YsaN (details of model generation process is provided in Section
3.5). Also, using PyMOL both the structures were aligned. The
aligned structure has a RMSD value of 1.2A (Supplementary
Figure S10).

3.2 Purification and characterization of
untagged YsaN

In pursuit of obtaining monomeric soluble YsaN, we tried
different YsaN deletions (a random 20 amino acid N-terminal
deletion constructs were cloned along with the deletions based on
Pfam domain prediction; Figure 1B), out of which only the
constructs mentioned in Table 1 and represented in Figure 1A
were used in this study. Since all the YsaN His tagged deletion
constructs were insoluble during recombinant expression (data
not shown) hence, we cloned YsaN and various deletions in the
CPD vector (Table 1) for their soluble expression. One benefit of
this CPD fusion was getting untagged protein in soluble form. A
typical size-exclusion profile of all the constructs used in this
study is shown in (Figures 2A-D) followed by their molecular
weight analysis by SDS gel (Figure 2E). Also, to check whether
CPD fusion resulted in any change or had any effect on
oligomeric behaviour of YsaN in solution we compared the
size exclusion profiles of C- terminal His tagged YsaN (cloned
in pET22b vector) with untagged YsaN obtained after removal of
C- terminal CPD-His tag. Both YsaN- His and YsaN (untagged)
elute at the same elution volume (Supplementary Figure S3). To
estimate the functional efficiency of different constructs
concerning YsaN enzyme kinetics their ATPase activity was
studied by the Malachite green ATPase assay method. YsaN
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(untagged) shows kinetic parameters-V,,,, value of 9.07 +
0.72 pmol/min/mg, K¢ value of 758.7 + 84.35 uM, and Hill
coefficient value of h = 2.09 + 0.31 (Figure 2F), comparable to our
previous study on YsaN (N-terminal His-tag) (Chatterjee et al.,
2013). YsaNA83 shows reduced ATPase activity whereas, in the
case of YsaNANterm, the activity was barely detectable and
YsaNACterm (a C terminal deletion variant of YsaN), shows
ATPase activity comparable to YsaN (refer to Figure 2H,
Supplementary Figure S5A). These observations suggest that
the ATPase activity of YsaN is controlled by its N terminal
region. Further to investigate the cooperative nature of
YsaNA83 we perform enzyme kinetics for YsaNA83 (at 10 uM
working concentration, also refer to Figure 2G). YsaNA83 has a
reduced V. 0f 3.19 + 0.09, K}, ¢ value of 467.3 + 30.15, and a hill
coefficient value of 4 = 1.20 £ 0.06. The hill coefficient value
obtained for YsaNA83 suggest that YsaNA83 bears cooperative

nature.

3.3 Oligomerization behaviour of YsaN
and YsaNA83

The cooperative nature of YsaN and YsaNA83 prompted us
to check the substrate-dependent oligomerization nature of YsaN
and YsaNA83. ATP (substrate), ADP (product)) AMP-PNP
(non-hydrolysable ATP analog), and ADP.AIFX (ATP to ADP
transition state analog) were tested for their role in the
oligomerization behaviour of YsaN and was studied by DLS,
represented in Figure 3. Figure 3A shows the oligomerization
behaviour of YsaN where a single monodisperse peak of is visible
for YsaN only, YsaN in presence of 2mM ADP, and YsaN in
presence of 2 mM AMP-PNP. However, the peak got shifted
toward right indicating formation of higher order oligomer in the
case of YsaN incubated with 2 mM ATP and 1.5 mM ADP.AIFX.
Further DLS was also performed in an ATP concentration-
dependent and protein concentration-dependent manner to
evaluate the oligomeric behaviour of YsaN. Figure 3E shows
that increasing protein concentration does not have any effect on
YsaN oligomerization whereas increasing ATP concentration has
a significant role in its oligomerization (Figure 3B). Similar
substrate-dependent behaviour was also observed in the case
of YaNA83 (a partially active construct of YsaN) (Figure 3C)
while the oligomerization behaviour was absent in the case of
YsaNANterm (a non-functional YsaN construct) (Figure 3D).
From Figure 3A it was also observed that AMP-PNP (an ATP
analog) was unable to promote oligomerization of YsaN while
ADP.AIFX [also an ATP analog, which mimics ATP to ADP
transition state (Schumacher et al., 2004; Chen et al., 2007)] was
capable of inducing oligomerization. To investigate this
behaviour of YsaN we ask the question that whether ATP
binding is the key to induce YsaN oligomerization or YsaN
oligomerization is a result of the active catalysis of ATP. To
evaluate this, we created a Walker-A lysin mutant YsaN
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K166—A which is a non-functional mutant (Supplementary
Figure S5B) of YsaN, and observed its oligomerization
behaviour by DLS in a similar way (Figure 3G). In another
experiment, we treated YsaN with 2 mM EDTA (during its
purification) to quench the Mg®" ion, to prevent Mg*
dependent ATP hydrolysis. YsaN EDTA treated sample was
unable to oligomerize even in presence of 3mM ATP
(Figure 3F). In
oligomerization

both experiments it was observed that YsaN
requires active catalysis. Collectively, YsaN
oligomerization and its activity depend on the N terminal
domain and is an ATP concentration-dependent event and

requires active catalysis of ATP to ADP and Pi.

3.4 Formation of YsaN higher-order
oligomer by YsaN and YsaNA83

In the previous section, we observed and identified
YsaNA83 a YsaN construct that is functionally active but,
with lesser strength. It is also observed that the formation of
YsaN oligomers is very much dependent on the active catalysis of
ATP. So, active catalysis and oligomer formation are very much
controlled by a specific region of the N-terminal part of YsaN.
From the literature, we know that AAA + ATPase like YsaN is
capable of forming various higher-order oligomers like hexamer,
dodecamer, and higher-order aggregates. So far, the hexamer is
the most stable variant of such ATPase complex which has been
observed in various in-situ studies.

The role of the N-terminal region in YsaN oligomerization
and its ATPase activity was further studied through estimation of
the apparent molecular weight by analytical size exclusion
chromatography (Superdex 200 HR 10/30 column) of the
oligomeric complexes of YsaN and YsaNA83 in the absence
(Figures 4A,B respectively) and in presence of ADP.AIFX
4D,E
estimation was done by comparing the elution profiles with

(Figures respectively). Apparent molecular weight
the molecular weight standard curve represented in Figure 4C.
YsaN-ADP.AIFX, complex eluted at =14 ml and =10 ml which
corresponds to the molecular weight of =288 kDa (hexamer), and
=576 kDa (probably dodecamer)
experiment was performed with YsaNA83-ADP.AIFX a peak
corresponding to hexamer (molecular weight of =234 kDa)
4B.E
were

respectively. A similar

along with an un-oligomerized peak
observed. The

collected and analyzed by SDS gel electrophoresis (Figure 4F).

(Figures
respectively) was respective  peaks

Following the previous sections, YsaN and YsaNA83 have
catalytic activity and they can form functional oligomeric
structures in solution, we extended our work to visualize these
oligomers in greater detail. We used negative-TEM imaging
techniques to visualize these oligomers. Similar experimental
conditions were chosen for these imaging studies which have
been used in DLS and gel filtration studies. YsaN and
YsaNA83 was viewed in absence and in presence of ATP and
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FIGURE 3

Dynamic light scattering study of YsaN oligomerization—(A)- Representation of size intensity profile of YsaN and in the presence of substrates

like 2 MM ADP (product), 2 mM ATP (substrate), 2 mM AMPPNP (a non-hydrolyzable ATP analog), and 1.5 mM ADP.ALFX (an ATP to ADP + Pi transition
state analogue). (B—D)- Substrate (ATP) concentration-dependent oligomerization of YsaN, YsaNA83, and YsaNANterm respectively demonstrating
the role of YsaN N- terminal domains in YsaN oligomerization. (E)- Protein concentration-dependent DLS study of YsaN. (F)- Size intensity
profile of YsaN in presence of 2 mM EDTA demonstrating the role of Mg?* dependent catalysis of ATP to ADP + Pi and its role in oligomerization. (G)-
Size intensity profile of YsaN Walker-A lysine mutant YsaN K166—A in the absence and presence of 2 mM ATP.

ADP.AIFX. While viewing YsaN and YsaNA83 oligomers in
negative-TEM using ATP and ADP.AIFX, we were able to get
better images of oligomer in the presence of ADP.AIFX as
compared to ATP. In the case of YsaNA83, we were able to
visualize the hexameric ring structure of YsaNA83. It should be
noted here that ADP.AIFX has been reported to stabilize the
oligomeric structure of similar ATPase in earlier studies and has
been used extensively to obtain high-resolution TEM and Cryo-
EM structures (Majewski et al., 2019). In the case of YsaNA83-
ADP.AIFX, the observed particle size of ~10 nm representing a
hexamer formation with clear sixfold symmetry was observed
(Figure 5A). The particle size (10 nm) of the hexamer as observed
in TEM images are similar to the previously reported size of
10 nm among the three-dimensional structures of hexameric
ATPases. Whereas, in the case of YsaN-ADP.AIFX the particle
size of the oligomer observed was greater than 10 nm and was

observed as = a 15-20 nm structure in different orientations
(Figure 5B). The presence of particle size greater than 10 nm
indicates the presence of a higher oligomeric form in the YsaN

complex as compared to YsaNAS83.
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The presence of particles having more than 10 nm in size
indicates the presence of a higher oligomeric form in the YsaN
complex, as compared to YsaNA83. We assume this higher-order
oligomeric form to be probable YsaN dodecamer. It is also
notable that the presence of a few other intermediate
oligomers in the YsaNA83-ADP.AIFX in TEM image suggests
that the formation of the hexamer complex was weak which may
be a result of the deletion of the N-terminal 83 residues which
may be required for stable hexamer ring formation post
oligomerization. Collectively YsaNA83 is capable of hexamer
formation independent of 83 N-terminal residues.

3.5 Homology model structure of YsaN
oligomer

Since the only full-length crystal structure of FliI (fT3SS
ATPase) is present to date, hence, to generate the monomeric
homology model, Chain D was chosen (having sequence identity
of 3828% with YsaN) from the crystallographic structure of
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FIGURE 4

Analytical size exclusion chromatography profile of YsaN and YsaNA83 using Superdex 10/30 column- (A) and (B)- size-exclusion profile of
purified monomeric YsaN and YsaNA83 respectively. (C)- molecular weight standard curve for Superdex 10/30 column representing elution profiles
of possible oligomeric forms of YsaN and YsaNA83. (TG = Thyroglobulin- 669 kDa, AF = Apoferritin 443 kDa, p-AM = - Amylase- 200 kDa, AD =
Alcohol dehydrogenase- 150 kDa, AL = Albumin- 66 kDa, CA = Carbonic anhydrase- 29 kDa). (D) and (E)- size-exclusion profile of YsaN and
YsaNA83 in presence of 1.5 mM ADP.AIFX in the buffer containing 5 mM NaF, inset showing peaks corresponding to probable dodecamer and
hexamer respectively in the zoomed image delimited by crossed section in the full chromatogram. (F)- SDS gel profile of the purified sample and
peaks collected during size exclusion chromatography steps. Lane 1 and Lane 3 represent purified YsaNA83 and YsaN form Superdex 200 16/
600 size exclusion chromatography column respectively. Lane 2 (YsaNA83) and Lane 4 (YsaN) correspond to peak 2 of (B) and peak 1 of (A)
respectively. Lane 3 represents the marker, and Lane 5 and 6 represent the peak 6 and peak 5 in (E) respectively. Lane 7 and 8 represent peak 3 and

peak 4 in (D) respectively.

FliI-FliH complex (PDB Id: 5B00). The 3D-structure prediction
of YsaN was done using the homology modeling software package
MODELLER 9v.11.43 (Webb and Sali, 2014). Alignment between
template and target was performed by Clustal Omega (https://
www.ebi.ac.uk) (Sievers et al., 2011). A few manual improvements
were done in alignment files and an in-build python script. These
manual improvements of PDB files was done using Coot software
(Emsley et al, 2010) to remove the clashes. Finally, at least five
models were taken from each modeling procedure. The best model
was then selected based on the Discrete Optimized Protein Energy
(DOPE) score (Supplementary Figure S9; Supplementary Table
S5). The different predicted domains of YsaN were represented by
a linear map in (Figure 6A). The final model generated was viewed
using PyMOL software (DelLano, 1874) (Figure 6B) and
subsequently, the hexameric form was built by fitting the
monomeric structure into the hexamer of the F1 ATPase (PDB
Id: 4XD7) by the use of PyMOL software. Again, some manual
improvement of a hexameric text file was done. After generating
the model some unnecessary text appears in the PDB text file,
which breaks chain continuity and cause a problem during
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visualization in softwares like vmd, PyMOL etc. To solve this
problem, we have to manually delete such kinds of unnecessary
text from PDB text file. Using this hexameric text file the
dodecameric form of the YsaN (N terminal 20 amino acids
deleted) structure was generated by the ClusPro server
(Kozakov et al.,, 2013; Kozakov et al, 2017). Also, Coot was
used manually to remove the clashes caused by close contacts
of amino acid side chain. These clashes were removed by rotating
side chains to a non-clashing rotamer. Structural evaluation and
stereochemical analysis of modeled protein were checked by
various bioinformatics tools and software packages such as
RAMPAGE, ERRAT, and Verify3D. Molecular docking was
performed by an automated docking tool, Auto Dock (Trott
and Olson, 2010). The software was used for the binding of
small molecules (ATP) with a structural model of its known
three-dimensional receptor protein (YsaN). It uses the genetic
algorithm for conformational search and it is regarded as a popular
method to study docking. The technique combines simulated
annealing for conformation searching with a rapid grid-based
method of energy evaluation. During the docking simulations, the
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FIGURE 5

Negative TEM image of YsaN and YsaNA83 oligomer in
presence of ADP. AIFX. (A) YsaNA83 oligomer. The Zoomed image
represents an approximately 10 nm hexamer ring assembly of
particles marked by the red circle in a different orientation. (B)

The YsaN higher-order oligomer complex. The zoomed image
represents particles marked by the red circle in a different
orientation having a size of approximately 15-20 nm in different
orientations representing probable dodecamer. The prepared
sample grids were stained with 1% uranyl acetate. The white color
scale bar represents 10 nm in all cases.

inhibitors were regarded as flexible and subjected to energy
minimization and scoring system based on force-field energy
scoring function. By the use of PyMOL, the hexameric
structure of YsaN was generated by fitting into F1 ATPase
(PDB Id: 4XD7). Some manual improvements were done in the
hexameric form of YsaN to generate a dodecameric structure. The
dodecameric structure was built using the ClusPro server
(Kozakov et al, 2017) via three computational steps: 1) rigid-
body docking, 2) RMSD based clustering of the lowest energy
structures, and 3) the removal of steric clashes by energy
minimization. Docking with each energy parameter set results
in ten models defined by centers of highly populated clusters of low
energy docked structures which were picked up for final model
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generation. Based on the above study, the YsaN hexamer- hexamer
docked model was generated to represent the pre assumed
dodecameric double-ring structure. The double ring structure
was modeled by docking the N- Terminal residue faces of two
hexamers (Figures 6C,D). The dodecamer model of YsaN has
approximately 15 nm length along with the stacked interface and
approximately 10 nm diameter along each hexameric ring. A clear
approximately 1.5nm pore is visible from the top of the
dodecamer  structure.  Following a  similar  protocol,
YsaNA83 homology model was built from FlI template using
MODELLER software. Based on their DOPE score, five models
were chosen. The best model was utilized to construct a
YsaN83 hexameric structure. YsaN83 hexamer was constructed
using PyMOL software by fitting YsaN83 into the F1 -ATPase

(PDB ID 4XD7) hexamer structure (Supplementary Figure S11).

4 Discussion

T3SSs are complex nano-syringe-like structures used by many
pathogenic bacteria to inject effector toxins directly into the host cell
cytoplasm (Coburn et al., 2007; Buttner, 2012). Efficient unfolding
and translocation of an effector require active interaction of the
effector-chaperone complex with the highly conserved T3SS
ATPases inside (Akeda and Galan, 2005) bacterial cytoplasm.
The oligomeric form of these ATPases is the most active form
present at the export gate. In previous studies, hexamer and
dodecamer have been reported as functional oligomeric forms of
these ATPases (Pozidis et al., 2003; Andrade et al., 2007; Burgess
et al, 2016). In Y. enterocolitica, YscN (a putative energizer of ysc-
yop T3SS for Yop secretion) has been suggested to be activated
through oligomerization and work as a hexamer (Woestyn et al,
1994). However, the true nature of the activation and formation of
the different oligomers is still poorly understood. Here, we report
the existence of a higher-order oligomer (probable dodecamer) as
well as a hexamer, as the functional oligomeric form of ATPase
YsaN from Y. enterocolitica ysa-ysp T3SS. In our previous in-vitro
study, the possible dodecamer has been identified as the most active
form of YsaN over the weakly active monomeric form (Chatterjee
et al, 2013). Based on different biochemical and biophysical
methods, the present study analyzes the mechanism of formation
of different functional oligomers of YsaN and its correlation with the
N-terminal region.

Pfam domain analysis of YsaN protein sequence and its
sequence homology with the identified and well characterized
T3SS ATPase from Shigella flexineri (Spa47), E. coli (EscN),
Pseudomonas syringae (HrcN), flagellar ATPase Flil and with
the B-subunit of F;-F, ATPase suggest that YsaN is also an T3SS
associated ATPase of Y. enterocolitica. Recombinant expression
of YsaN N-terminal His resulted in mixed YsaN population
predominantly higher oligomeric form. Also, any deletion of
YsaN render it insoluble and difficult to purify (Chatterjee et al,
2013). We have developed an expression system which allowed
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FIGURE 6

Structure modeling of YsaN and YsaN dodecamer complex- (A)- Linear representation of different predicted domains in YsaN. (B)- The model
structure of YsaN is constructed on basis of Flil- FliH crystal structure (flagella T3SS ATPase structure PDB ID 5B00O). (C,D)- Model of probable
dodecamer build by stacking two homo-hexamers through their N terminal faces following docking study. C- top view, (D)- side view.

expression of untagged YsaN and soluble expression of any YsaN
deletion construct in its native monomeric form. The ability to
purify all the YsaN deletion construct in soluble monomeric form
resulting from CPD fusion using CPD-vector has been crucial for
this study (Shen et al., 2009). This allows us to capture the real-
time oligomerization behaviour of YsaN (i.e., transition from
monomer to hexamer and hexamer to higher-order oligomer as
stable oligomeric form) and the involvement of its N-terminal
region. Enzyme kinetics study of YsaN (untagged) obtained here
are comparable to previous studies and other homologs
(Andrade et al., 2007; Chatterjee et al., 2013; Case and
Dickenson, 2018). Also, similar ATPase activity observed for
YsaN and YsaNACterm suggests that YsaN ATPase activity is
independent of its C-terminal domain. Whereas, the absence of
ATPase activity in YsaNANterm and the presence of activity in
YsaNA83 (however reduced as compared to YsaN) suggest that
YsaN activity depends
(1-140 residues). Also, the presence of activity in YsaNA83
breaches the
canonical thinking of loss of activity of N-terminal deletions

on its N-terminal domain

(an N-terminal deletion variant of YsaN)
(up to =79 residues) variants of homolog ATPases (Burgess et al.,

2016). The presence of the cooperative nature of YsaNA83 (h =
1.20 £ 0.06) also reveals the two-step cooperative behaviour of
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YsaN activation. This indicates that the ATPase activity of YsaN
requires both N-terminal regions: 1-83 and 84-140 residues in
an independent manner. Hence, we propose that the complete
activation of YsaN requires both of its N terminal regions
including 1-83 and 84-140 amino acid residues.

DLS study suggests that YsaN changes its form upon ATP
binding as a result of its oligomerization. YsaN in presence of
AMPPNP and ADP.AIFX (both of which are ATP analog), shows
different oligomerization behaviour in the DLS study. This
difference in oligomerization behaviour may be a result of the
requirement of active catalysis of ATP for YsaN oligomerization
and not just ATP binding. This hypothesis was supported by
YsaN 166K—A site-directed mutation study. In another
experiment, removing Mg®* ions to stop magnesium-
dependent hydrolysis of ATP by using EDTA also resulted in
the loss of oligomerization and activity of YsaN. Hence, we
propose that the binding of ATP to YsaN is not the prime
factor responsible for its oligomerization. Instead, the active
catalysis of ATP to ADP + P; may be the prime factor for
YsaN oligomerization. This is similar to the observation in the
case of F;F,- ATPase suggesting the idea of a universal
mechanism in these molecular AAA + ATPases across their
diverse roles inside the cell (Martin et al., 2014).
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From Figures 3B,C, it was observed that both YsaN and
YsaNA83 have the oligomerization tendency dependent on
increasing ATP concentration. Also, the estimated size of the
oligomer in the case of YsaN is larger than the oligomer
formed in the case of YsaNA83. Oligomerization of T3SS
ATPase of Shigella, Spa47 has been shown to be dependent on
protein concentration (Andrade et al, 2007), whereas YsaN
oligomerization occurs in an ATP (substrate) concentration-
dependent manner. To investigate this, we have performed DLS
of YsaN in a concentration-dependent manner. It was observed
that by increasing the concentration of YsaN, the formation of
higher-order oligomers was absent (Figure 3E). Conclusively,
YsaN oligomerization is a substrate (ATP) concentration-
dependent event and requires active catalysis of ATP to ADP +
Pi. It is also proposed that YsaNA83 bears the oligomerization
behavior upon ATP binding and hydrolysis unlike, other homolog
ATPases N-terminal deletion variants, which was previously
considered non-functional. Further, to estimate the apparent
molecular weight of the oligomeric complexes we performed
analytical size exclusion chromatography (Figure 4). YsaN
treated ADP.AIFX shows the presence of two complex forms
corresponding to YsaN oligomer equivalent to probable
dodecamer and hexamer corresponding to a molecular weight
of approximately 576 and 288 kDa respectively. Whereas,
ADP.AIFX treated YsaNA83 shows only a single complex of
approximately 234 kDa corresponding to hexameric form along
with an un-oligomerized peak. Also, we observed the oligomers in
negative-TEM. In TEM study the observed size of YsaN and
YsaNA83 oligomer was seen as =15-20 nm (Figure 6B) and
6A) sixfold
symmetry of the YsaNA83 hexamer in TEM suggests that YsaN

=10nm (Figure respectively. The observed
is capable of forming hexamer independent of N terminal
1-83 amino acid residues when bound to ADP.AIFX. This
property of hexamer formation in T3SS ATPase with N-
terminal 83 residues deleted has been observed for the first
time. While in the case of YsaN, the higher observed size of the
particles suggests the presence of a higher-order oligomeric form
greater than hexamer which we propose as the YsaN probable
dodecamer. In many attempts, during TEM sample preparation of
YsaN oligomer, few of the particles greater than 20 nm were also
observed which is certainly non-specific aggregates resulting from
binding of ADP.AIFX (Supplementary Figure S6) which was
absent in the case of YsaNA83 (Supplementary Figure S7). It
seems difficult to control the in-vitro oligomerization, avoiding the
formation of non-specific aggregates for YsaN. It is to mention that
decreasing protein concentration limits the formation of
aggregates resulting in fewer particles observed in TEM images.
The 10 nm size of the YsaNA83 hexamer reported here is similar to
the observed size of 10 nm for the homo hexameric T3SS ATPase
in E. coli (Majewski et al., 2019). Conclusively, the N- terminal
1-83 residue of YsaN is crucial for higher-order oligomer
formation while the formation of hexamer is independent of
this region and requires 84-140 residues. The N-terminal
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1-20 residues of YsaN are required for Ysal interaction
(Chatterjee et al, 2013). The formation of higher-order
oligomer was absent in the case of YsaNA83. Also, it has been
observed that the YsaNANterm is incapable to form oligomer. The
above observed results guided us to build a dodecamer model by
stacking two hexamers through their N terminal faces (Figures
6CD). A clear pore of about =1-15nm can be easily seen
confirming the possibility of N-to-N terminal stacking between
two hexamers. Also, bioinformatic sequence analysis of YsaN
shows the hydrophobic nature of the predicted beta-strand of
the N-terminal domain primarily from 21 to 83 amino acid
residues (Supplementary Figure S1). The hydrophobic nature of
the predicted beta-strand of the N terminal domain of YsaN might
play a crucial role in higher-order oligomer formation as shown in
our model of YsaN hexameric complex surface topology map
(Supplementary Figure S8). Hence, there exists the possibility that
the formation of the higher-order oligomer (possible dodecamer)
may take place by stacking two homo-hexamers by their N-
terminal faces. Also, the dodecamer complex might be
stabilized primarily by the hydrophobic interaction between
N-terminal faces of two independent hexamers. We also
propose that the formation of the most active form of YsaN
oligomer proceeds in two distinct steps i.e., beginning with the
formation of hexamer followed by the formation of higher-order
oligomer depending on the ATP concentration.

Significant advancement in the knowledge has been achieved
to date about the structure and mechanism of functionally least
active monomeric and most active oligomeric form (hexamer or
dodecamer) of T3SS ATPases. Yet, no study has been able to
answer exactly which active oligomeric structure is required for
substrate unfolding and translocation through the T3SS needle
complex. The presence of hexamer ATPase ring complex at the
T3SS export gate is widely accepted, and also has been observed
in in-situ cryo-EM structures available to date. Whereas existence
of hexamer and dodecamer ATPase complex during in-vivo and
in-vitro studies (where the dodecameric form shows maximum
activity) creates ambiguity and confusion about their role. Also,
there is lacking of study addressing the exact mechanism of
oligomerization among these highly conserved proteins. In the
present study, we demonstrate the mechanism of formation of
oligomers giving insight into the oligomeric nature of such T3SS
ATPase, YsaN as an example. However, the exact mechanism of
how these ATPases perform the unfolding and translocation of
effectors is still not known. According to Akeda and Galan
(2005), an appealing model mechanism among these T3SS
ATPases similar to other AAA + ATPases is that the effector
chaperone complex docks to such ATPase ring complex while
unfolding the effector by threading them through the pore of the
ATPase ring complex. The effector docking C- terminal side of
the ATPase ring complex faces away from the cytosol towards the
needle complex (Imada et al., 2016; Majewski et al., 2019). The
hexamer model of ATPase at the export gate may result in
possible steric hindrance for proper and free docking of the
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chaperone effector complex to the C-terminal end of the ATPase
ring complex. Instead, the proposed probable dodecameric
ATPase ring complex, if present at the active T3SS removes
the possibility of steric hindrance and allows free access for
docking of chaperone effector complex to the ATPase ring
complex towards the cytosolic C- terminal side. The other
C-terminal side would be freely accessible for interacting with
the positive regulator (SctO) linking it to the membrane
component SctV towards the membrane side as has been
reported in earlier studies (Zarivach et al., 2007; Kato et al,
2015; Majewski et al, 2019). Another aspect of the proposed
dodecamer ATPase model also allows the possibility that
unfolded effectors can pass through the narrow pore of the
ATPase ring complex during the secretion process similar to
the other AAA + protein translocases (Akeda and Galan, 2005). It
is worth mentioning that the presence of higher order oligomer
(probable dodecamer) at the export gate of T3SS has not been
found in any in-situ experiment till date. While the presence of
hexamer ATPase ring complex has been observed in recent in-
situ Cryo-EM structure of Salmonella T3SS by Hu et al. (2017).
The absence of the probable dodecamer ATPase ring complex
observed in in-situ Cryo-EM structures suggests the possibility
that it may be required only during engagement with the effector
chaperone complex representing the secretion competent phase
of T3SS. It may be noted that whether unfolded effector passes
through the ATPase pore or not is still a matter of debate.

These highly conserved T3SS ATPases plays a crucial role in
effector secretion and may be a significant target for drug
development. To reveal the exact functioning of T3SS it is
necessary to understand the role of such ATPases in T3SS
regulation. The work reported in this study involving
characterization of nature of YsaN oligomerization will
provides a foundation for expanding our knowledge to
understand T3SS regulation by these ATPases. Overall, the
present study suggest that YsaN is an oligomerization
activated T3SS ATPase in Y. enterocolitica. Also, formation of
YsaN oligomer depend on active catalysis of ATP and the whole
process of YsaN oligomerization and activation can be summed
up as a two-step cooperative kinetic process involving formation
of YsaN hexamer followed by formation of higher order
oligomer. However, we could not establish the exact
oligomeric nature of the most active form of YsaN higher
order oligomer in the present study. Eventually, further
experiments are necessary to explore the true mechanism of
oligomeric ATPase ring complexes in T3SS regulation in Yersinia
enterocolitica and other pathogenic bacteria.
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Abstract

In enteropathogen, Yersinia enterocolitica, the genes encoding phage shock proteins are organized in an operon (pspA-E),
which is activated at the various types of cellular stress (i.e., extracytoplasmic or envelop stress) whereas, PspA negatively
regulates PspF, a transcriptional activator of pspA-E and pspG, and is also involved in other cellular machinery maintenance
processes. The exact mechanism of association and dissociation of PspA and PspF during the stress response is not entirely
clear. In this concern, we address conformational change of PspA in different pH conditions using various in-silico and
biophysical methods. At the near-neutral pH, CD and FTIR measurements reveal a 3-like conformational change of PspA;
however, AFM measurement indicates the lower oligomeric form at the above-mentioned pH. Additionally, the results of
the MD simulation also support the conformational changes which indicate salt-bridge strength takes an intermediate posi-
tion compared to other pHs. Furthermore, the bio-layer interferometry study confirms the stable complex formation that
takes place between PspA and PspF at the near-neutral pH. It, thus, appears that PspA conformational change in adverse
pH conditions abandons PspF from having a stable complex with it, and thus, the latter can act as a trans-activator. Taken
together, it seems that PspA alone can transduce adverse signals by changing its conformation.

Keywords Phage shock protein A - pH - Intermediate helix (3/10-helix) - Salt-bridge

Abbreviations 1 Introduction

PspA Phage shock protein A

PspF  Phage shock protein F The phage shock protein (psp), operon (pspA-E), system
CD Circular dichrorism protects the cell from a variety of physical and chemical
FTIR Fourier transform infrared spectroscopy shocks across the cytoplasmic membrane. The adaptor
BLI  Bio-layer interferometry protein, PspA of the PspA/IM30 family, is a ubiquitous
SB Salt-bridge and conserved member of this system. PspA regulates

pspA-E and pspG at their transcription level with the help
of PspF (an AAA + ATPase), a partner protein in the cyto-
plasm [1-4]. PapA also interacts with membrane-bound
PspBC proteins in a cellular stress condition [1, 5]. Based
on extracellular environment (normal or stressed) and
interaction with partner proteins, it has been observed
that PspA interacts with different cellular components
Chittran Roy and Rajeev Kumar have contributed equally to this in various locations of the cell such as at the inner or
work. peripheral membrane and in the cytosol [1, 6, 7]. PspA
54 Saumen Datta typically consists of three to four coiled-coil domains. The
saumen_datta@iicb.res.in N-terminal coiled-coil domain of PspA (144 residues) is
involved in interaction with PspF [1, 4]. The membrane
Structural Biology and Bioinformatics Division, Council interaction and oligomerization domains follow this

of Scientific and Industrial Research — Indian Institute . . . . .
of Chemical Biology, 4, Raja S. C. Mullick Road, Jadavpur, PspF interaction domain [1]. The lower oligomeric form
Kolkata, West Bengal 700032, India of PspA interacts with PspF while, PspA forms a higher
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oligomeric structure during membrane interaction [4, 6,
8]. Although this PSP system has been extensively studied
in E. coli, it works similarly in Y. enterocolitica and Sal-
monella enterica [9-11]. The genes for the PSP system in
Y. enterocolitica are located at two unlinked loci arranged
as pspF-pspABCDycjXF and pspG [9]. The conserved
pspFABC gene regulates the physiological function of
the cell. It has been reported earlier in Y. enterocolitica
that the association of PspA with membrane via PspBC
depends on the monomer or pore-forming multimer state
of secretin5 [12—14]. The location of PspA inside the cell
depends on its interaction with partner proteins [15]. It
has been shown in previous studies that PspA deletion is
associated with different kinds of physiological defects
such as—a defect in prolonging stationary phase at highly
alkaline pH or reduced PMF due to proton leakage across
the cytoplasmic membrane and increased stored curvature
elastic (SCE) stress [11, 16, 17]. However, what regulates
the interaction of PspA with different partner proteins in
different subcellular locations in response to various physi-
ological conditions of the cell is still not clear. It is also
a matter of concern regarding the effect of change in the
cell pH value as a result of proton leakage on the structure
of PspA. Although PspA of Y. enterocolitica is similar to
E. coli (identity ~ 78 %), its structural information is still
a matter of future research and examination. PspA has at
least three coiled-coil sequence stretches present within
1-181 residues which has a heptad repeat. Leu and Ala
are highly abundant in this repeat along with the polar and
charged residues which are almost equally predominant
[18]. Again, Leu, Ala (hydrophobic), charged residues
(except Asp), and Gln (polar) have high helix-propensity
that further supports the helical structure of the coiled-
coil [19]. It is worth mentioning that the C-terminal part
(beyond 181 residues) of the PspA sequence needs further
investigation. Since there is no Tyr and only a Trp, PspA
is an ideal system for intrinsic fluorescence-based char-
acterization [20]. Since PspA is rich in titratable amino
acid side chains, it is relevant to know how a change in pH
value affects the conformation of the protein.

The present study focuses on the research and investiga-
tion of the issues mentioned above. In this study, a detailed
characterization of the acidic, neutral and alkaline states of
PspA by different biophysical methods has been described.
Besides, the focus is also given on the effects of different
pH states of PspA governing its interaction with PspF.
Further, a description of the differential structural features
including specific electrostatic strength of the end-states
from the pH-dependent molecular dynamic simulation
is also presented. We believe that the insights we have
received from this study to transduce pH-dependent sig-
nals will shed light on the characteristic function of PspA.

@ Springer

2 Materials and Methods

2.1 Sequence Retrieval, Generation of PspA
and PspF Model

The amino acid sequence of PspA and PspF from Y. enter-
ocolitica were retrieved from the UniProt public protein
database (http://www.uniprot.org) and using the FASTA
file, the secondary structure was predicted using the
SOPMA web tool [21]. The model of PspA and PspF were
generated by the I-Tasser server [22]. In this methodology,
both the protein sequences were loaded in FASTA format
to I-Tasser as the input file. Additional restrain or tem-
plates were not assigned by the user. The threading pro-
grams of [-Tasser assigned the top 10 threading templates.
From the output files, the best model was represented in
the VMD molecular graphic system [23]. The PDB file of
the best model of both the proteins generated by I-Tasser
was again run by the NAMD simulation package [24] in
presence of an explicit water box. The minimization was
performed and the best frame with the lowest potential
energy was selected. The water box and added hydrogen
atoms were removed and the coordinate was normalized
and finally saved in PDB format. Structural evaluation and
stereochemical analysis of both modeled proteins were
analyzed by various bioinformatics tools and software
packages such as RAMPAGE, and ERRAT (Table S1).

2.2 Cloning, Expression, and Purification of PspA
and PspF

pspA (untagged) gene was PCR amplified from Y. entero-
colitica genomic DNA using a set of primers for pspA
gene: Forward:(GATCAGATCTCATGGGTATTTTTT
CTCGTTTTG) and Reverse: (TCGACTCGAGTTATT
GCGCTGAATTCATTTTTG). The 666 bp PCR amplified
fragment was then cloned in pET Duetl vector (Novagen)
with Bgl2 and Xhol restriction sites in MCS 2. Clon-
ing of pspF was done using forward primer- GGGAAT
TCCATATGAGTGAGCAATTAGAAAATC and reverse
primer- CGGGATCCGATTGTGGATCATTCTCAC in
vector pET22b (+) for C terminal His-tagged expression.
Expression of both no-tagged PspA and His-tagged PspF
was carried out in E. coli BL21 (DE3). Cells were grown
at 37 °C at 180 rpm until it has reached an optical den-
sity of 0.6 to 0.8. Protein expression was induced using
IPTG with a concentration of 0.5 mM and the culture was
further grown for 4 h at 37 °C for PspA and 10 h at 200C
for PspF. After that cell were harvested by centrifugation
at 6000 rpm for 10 min at 4°C. Cell pellets were lysed
using ultrasonication with the addition of 1 mM phenyl
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methyl sulfonyl fluoride (PMSF). Cell debris was pel-
let down by centrifugation at 10,000 rpm for 45 min at
40C. PspA (untagged) was purified further by the Ion-
Exchange method. The clear supernatant was loaded into
a pre-equilibrated anion exchanger column (Hi-Trap QFF)
and a flow rate of 0.5 ml/min was maintained throughout
the chromatography. To increase the purity further, gel
filtration was performed using Superdex 200 16/60 pg (GE
Healthcare) column. Gel filtration was done in gel filtra-
tion buffer containing 10 mM MES (pH 6.3), 40 mM NaCl,
and 1% glycerol v/v. Most of the PspA was eluted in void
showing its higher-order oligomer and a small amount of
protein was also eluted in the monomeric form (Fig. 1b).
Whereas, refolding was performed for PspF due to the
insoluble nature of PspF (N-terminal His tagged) during
expression. The lysed cell pellet obtained after centrifuga-
tion containing the inclusion was treated with buffer con-
taining chaotropic agents (such as 8 M Urea). After that,
dialysis with buffer (10 mM Tris pH8.0, 60 mM NaCl, 1%
glycerol) was used to remove the chaotropic agents from
the protein solution. To achieve better purity of the protein

solution, Gel filtration in Superdex 200 10/30 pg column
was performed using a buffer containing 10 mM Tris pH
8.0, 60 mM NaCl, and 1% Glycerol buffer (Fig. 1d). To
check the purity of both the proteins, eluted proteins were
analyzed on 15% w/v SDS-PAGE (Fig. lc, e).

2.3 CD Spectra

Circular dichroism [25, 26] measurements of PspA and PspF
were performed using a Jasco J-815 spectrophotometer at
250C for far-UV CD experiments with a scanning speed
of 50 nm/min, and spectra were recorded over the wave-
length range 190-240 nm (Fig. 3). Far UV CD spectra were
performed at a protein concentration of 20 uM (working)
using a 0.2 cm path-length cuvette. Far-UV CD spectra were
recorded with a step size of 1 nm and bandwidth of 1 nm.
Buffer contribution was subtracted from each of the protein
spectra to eliminate the background effect. The experiments
were performed in triplicates and the final spectra were gen-
erated by averaging three scans. The mean residual ellipticity
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Fig.1 Assessment of the oligomeric and monomeric states of PspA
and PspF. a Ion-exchange chromatography of PspA shows, maximum
elution of PspA came out in flow-through (arrow mark). b Size exclu-
sion chromatography separates oligomeric (peak 1) and monomeric

(peak 2) states of PspA. ¢ Purity checked by SDS-PAGE. d Size
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(MRE) was calculated using a mean residual weight (MRW)
of 114 for the PspA as per the following expression:

0 = MRW Z
Ohres = ¥ 10%d*c

here 6, is the observed ellipticity at wavelength A, d is the
path length (cm), and c is the concentration (g/mL) [27].

Experimental data were analyzed in the K2D2 server [28]
to calculate the percentage of different secondary structure
content of PspA protein(Table S2).

Near-UV CD was done at 25 °C with a scanning speed of
50 nm/min for tertiary structure identification, and spectra
were acquired over the wavelength range of 250-350 nm
using a Jasco J-815 spectrophotometer. PspA, PspF, and the
PspA-PspF complex had working protein concentrations of
20 uM, 20 uM, and 20 pM, respectively. Figure S1 shows
the near-UV CD results.

2.4 FTIR Spectra

Conformational changes of PspA at different pH values were
recorded using Bruker Tensor 27 FTIR spectrometer. Before
the experiment, the protein was incubated at various pH con-
ditions overnight. 20 uM protein concentrations were used
for the FTIR experiment. Samples were ten drop-cast onto
FTIR substrate and allowed for reading. Buffer baseline sub-
tractions were done before taking each spectrum. The decon-
volution of raw spectra in the amide I region (1600 cm™! to
1700 cm™') was performed by curve fitting shape by Prism
software. The assignment of peck value was taken using the
criteria proposed by Chirgadze & Nevskaya [29] and Krimm
& Bandekar [30].

2.5 AFM Experiment

AFM in dry mode using a mica chip was performed using a
5 uM purified protein sample which was incubated for 1 min
and diluted at least 100-fold in 0.22 m filtered milliQ, and
2 pl of this sample was loaded onto the center of MUSCO-
VITE MICA, 20 mm diameter chip (Electron Microscopy
Sciences, Hatfield, PA). The sample was left to air dry at
room temperature. Acoustic alternative current (AAC) mode
was performed on a Pico plus 5500 AFM instrument (Agi-
lent Technologies, USA). Microfabricated silicon cantilevers
of 225 pm in length with a nominal spring force constant of
21-98 N/m were used using Nanosensors (PPP-NCL). The
cantilever scanned the surface with a speed of 0.8- 1.2 pm/s
and a resonance frequency of 168.4 kHz. Micrographs show-
ing the surface topology of the protein samples were cap-
tured after scanning each sample several times and images
were processed using Pico View 1.10.1 software (Agilent
Technologies, USA) and Pico image advanced software for

@ Springer

3D rendering process and height profile analysis. All AFM
experiments were repeated at least three times with freshly
purified samples each time.

2.6 Weak Force Estimation of PspA

Weak forces such as hydrogen bond, electrostatic (r-cation,
m-anion, ion-pair, salt-bridge, etc.) interaction, hydrophobic
(m—m, m—o0, m—amide, n—alkyl, alkyl-alkyl) interaction were
extracted using BIOVIA Discovery Studio 2020 with the
default parameters for distance and angle.

2.7 Molecular Dynamics and Salt-Bridge Energy
Calculation of PspA at Different pH

Protonated states were induced in PspA at different pH val-
ues using a freely available PropKa server (https://server.
poissonboltzmann.org) to calculate the pK value. The gener-
ated protonation states for PspA were used for MD simula-
tion at the pH of 5.3, 7.3, and 9.3 (simulation protocols are
described in Supplementary materials). In most of the pH
conditions, the two-alpha helix of PspA remains in the coil-
coil conformation whereas, at pH 7.3 shows a significant
change. The isolated pair method has been used earlier for
the extraction of isolated-pair salt-bridge energy terms using
the PDB2PQR [31] and APBS [32] programs [33-35]. The
energy terms for NU salt-bridge were extracted using the
NUM method, since, unlike IP, NU is made up of more than
two salt-bridge partners [33, 36]. The net energy of a salt
bridge is the sum of the component energy terms. Average
accessibility was determined using the NACCESS program
[33, 36, 37].

2.8 Biolayer Interferometry

Biolayer interferometry (BLI) experiments were done using
the OctetRED96e with Ni-NTA coated biosensor tips. Ana-
lyte (PspA) of 6 different concentrations (2.5, 5, 10, 30, 50,
and 70 pM) were overnight incubated in three different pH
(5.3, 7.3, and 9.3) conditions. During the experiment, a
sample volume of 200 pL was used in 96 well plates and
kept agitated. The Ni-NTA biosensor tips were hydrated
in a buffer containing 60 mM Tris pH 8.0, 60 mM NacCl,
and 1% glycerol throughout all the experiments. Baseline
adjustments were done with the biosensor tips dipped in
buffer solution without any analyte. After the baseline
adjustment with a buffer solution containing tris-buffer (pH
8), the biosensor tips were incubated in the well containing
ligand (PspF) with a concentration of 40 uM for 300 s for
binding of the ligands to the biosensor tips. Ligand bound
biosensor tips were then dipped into the buffer solution for
60 s to remove any excess ligand bound to the biosensor tips
followed by incubating the biosensor tips for 120 s in the
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wells containing different concentrations of the untagged
analyte (PspA) in an increasing order ranging from 2.5 to
70 pM. In the last step, the tips were again dipped in the
buffer solution for 180 s to analyze the dissociation step. The
Biolayer interferometry experiments used His-tagged PspF
as the analyte, binding 40 uM of the protein to Ni-NTA
biosensor tips. Then the tips were transferred to solutions
with PspA at different concentrations at the studied pH val-
ues. Though the binding affinity of His-tags to Ni-NTA is
pH-dependent yet, there is no significant dissociation pattern
observed (Fig. S5).

3 Results

3.1 Physicochemical Analysis and Structure
Prediction of PspA and PspF

In the protein sequence, the code of the 3D structure and
interaction are intertwined [38]. Thus, to understand the
distinguishing features of the PspA and PspF sequence, we
have compared their physicochemical properties. The aver-
age hydrophobicity and hydrophilicity of PspA are much
lower and higher than PspF respectively (Fig. 2a, b). Again,
in PspA, although, hydrophobic residues (HB) are somewhat

compromised due to the predominance of charged residues
(CR) compared to PspF (Fig. 2¢). The 90-110 region of
the sequence carries a strong hydrophobic character (Fig.
S3A). On the other hand, a large region (~ 100 residues)
in the middle of the sequence of PspF has strong hydro-
phobic characters (Fig. S4B). Overall, the PspA sequence
has more (18.6%) strong disorder forming residues (S, E, R,
and P) than PspF (13%), which is due to its C-terminal end
(Fig. 2d). The results of the secondary structure prediction of
these two proteins are different. The major part of the PspA
secondary structure is made up of helix (~95%), and in the
case of PspF, it is much more consistent (Fig. 2e).

Since, PspA and PspF of Y. enterocolitica have no struc-
ture in the protein structure database, we have determined
their structure using the ab-initio method [22]. Both PspA
and PspF structures are based on their entire sequence. It
is to be mentioned that these model structures also quali-
fied by authentic validation procedures (Table S1). Interest-
ingly, the PspA structure is largely composed of the helix
as was found in secondary structure prediction where the
N-terminal helices (from residue 24 to residue 144) produce
two prominent characteristic coiled-coil domain structures.
It is worth noting here that the same structure can be seen in
case of E Coli. Significantly, the sequence from the residue,
144 to the end of the C-terminal region shows fragments
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of short secondary structures, but this region is in disarray
(Fig. 2g). PspF, which is an enhancer-binding protein (EBP),
on the other hand, distinctly owns at least two domains, the
C-terminal domain with helix and turns and the N-terminal
domain including the central domain with helix and beta
structure (i.e., o/ domain). It was discovered that this pro-
tein interacts with DNA via the C-terminal domain (helical-
domain). The N-terminal and central domains are responsi-
ble for interaction with ATP for its hydrolysis and activation
of the N-terminal bound RNAP-654 holoenzyme. The cleft
of the ATP interaction region is also highlighted (Fig. 2f).
Here, the two highly conserved loops namely; loop-1 and
loop-2 of the N-terminal domain are noteworthy. Sequence-
motif of the tip of loop-1, GAFTGA, and motif-sequence of
loop-2, VGGSNP interact with RNAP-654 complex. Con-
clusively, it can be said that in our two model structures of
PspA and PspF of Y. enterocolitica, the characteristic fea-
tures found in the case of other species are well revealed.
Below we show the influence of pH on the structure and
structural elements.

3.2 The Conformation of PspA Secondary Structure
Depends on the Environmental pH

The secondary structure can be considered as the determi-
nant of protein topology and conformation, which can be
probed accurately using circular dichroism and FTIR spec-
troscopy. We asked a question about whether a change in
the environment pH affects the PspA confirmation or not.
To check this, we recorded CD spectra at various pH values
(Fig. 3al). The far-UV CD spectra of PspA at pH 5.3, 6.3,
8.3, and 9.3 show minima at 208 nm and 224 nm which
characteristic of a-helix structure. But, in the case of pH 7.3,
it is much different (Fig. 3a). The difference between this
pH form and other pHs is much clear in the ellipticity ratio
(CD222:CD208) (Fig. 3b). Notably, at pH7.3, a minima on
at around 214 nm, and a prominent maxima at 200 nm are
observed (Fig. 3a), implying helix to coil transition. Apart
from the above observation, there are also slightly negative
minima present between 210-220 nm across all pH values,
which may indicate a p-like conformer. Such conformation
is most prominently visible at pH 7.3 (Fig. 3c). Furthermore,
at the pH of 6.3, a single minima was also observed at the
position near 200 nm (Fig. 3al), suggesting its disorderliness
[39]. The CD spectra collected at several pH values were
further analyzed using the K2D2 online web server (Sup-
plementary materials Table S2).

The secondary structure of PspA at various pH values
was further explored by FTIR spectroscopy, represented in
Table S3. The FTIR outcome substantiates the CD results.
The FTIR spectra of PspA at different pH values within
the range of 1600-1700 cm-1 probe the vibrational fre-
quency of different amide bonds of the main protein chain
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Fig.4 Comparison of FTIR spectral characteristics of PspA at differ-
ent pH. Spectra showing conformation of secondary structure where,
a-helix, intermediate helix (3/10-helix), pB-turn, and f-sheet con-
former denoted as an asterisk (*). Spectra of PspA at pH 7.3 (cyan)
shows B-turn P-sheet and intermediate of a-helical conformation
(3/10-helix where, at the pH of 5.3 (red) and 9.3 (blue) shows abun-
dance of a-helix

related to the secondary structure are shown in Fig. 4.
At pH 5.3 and 9.3, the secondary structure of PspA has
likely a-helical conformation (both having a wavelength
of 1653 cm-1 and 1651 cm-1 respectively). The intermedi-
ate helix (3/10-helix) at 1647 cm-1 is also faintly visible
at pH 7.3, but noticeable changes have been observed at
pH 7.3 (Fig. 4), where, the protein has a little tendency
for combining extended p-strand (1660 cm-1, 1696 cm-1)
and p-turn (1680 cm-1) like conformation. We wanted
to know how PspA changes its oligomeric state, which
helps it respond to external stress during pH changes. To
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visualise the oligomers, we performed a pH-dependent
AFM experiment.

3.3 PspA Oligomerization may be Aided
by Conformational Changes at Certain pH
Levels

PspA oligomeric state depends on its cellular location, inter-
action, and function [40]. We know that lower oligomeric
form interacts with PspF in the cytosol and higher oligo-
meric form interacts with the PspB-PspC complex at the
membrane [41]. What has pH got to do with pspA oligo-
meric association and dissociation equilibria? To check this
out, we've performed the results of the pH-dependent AFM
experiment. It is found that the lower oligo-form prevails
more at neutral pH than in acidic and alkaline pH condi-
tions (Fig. 5). Furthermore, as a chain of adhering beads
at acidic and basic pH values. That means the structure of
PspA at neutral pH is most likely the ideal form for interac-
tion with PspF. Following the above study, prompted us to
understand the week-force interaction of a modelled PspA
structure at various pH levels using an in-silico technique. Is
there any variation of weak force stability with pH changes?
To understand this, we investigate specific electrostatic and
other weak interactions.

3.4 Salt-Bridge Helps to Maintain the Overall
Tertiary Structure of Various Structural
Conformers at Different pH Conditions of PspA

To find out the effect of pH on PspA confirmation, we have
done pH-dependent MDS. The result of which is presented
in Fig. 6. Several points are noteworthy. First, the N-terminal
coiled-coil interacts with PspF. This coiled-coil structure of
24 to 144 residues shows pH-dependent bending, extending
from residue 58 to 110 at pH 7.3. Although, this character-
istic bending is present at all pH values, the residue expan-
sion of the bend region and bend-curvature show a wide

a. Amplitude Trace-Main-Flaten:3rd order b.

Amplitude Trace-Main-Flaten:3rd order C.

variation. Judging by these criteria, it can be said that this
bending in the case of pH 7.3 proves to be more flexible in
comparison to other pH values (Fig. 6all). However, 61%,
65%, and 68% of the helix are present at pH 5.3, pH 7.3, and
pH 9.3 respectively. These analyses were performed using
the Stride web server [42]. At Neutral pH values, the pres-
ence of an anti-parallel f-like structure is another contrasting
characteristic as compared to other pH values (Fig. 6bI).
Second, we see the change of conformation with the
change in pH values. How does this change in conforma-
tion affect the salt-bridge and its energetics? Salt-bridges
are generally of two types namely IP and NU types. With
the change of pH, there is a wide variation in the frequency
of IP and NU types of salt-bridge shown in Table 1. Nota-
ble, the specificity of the salt-bridge is altered due to the
change in the pH-dependent conformation. The overall fre-
quency of salt-bridge at pH values of 5.3, 7.3, and 9.3 is
19, 16, and 18, respectively. In other words, the changes
in salt-bridge frequency with the change of pH supports
the alteration of conformation of PspA. With the change
in specificity, the change in the location (core or surface)
of the salt-bridge is also significant. The pH 5.3 form has
some NU types of salt-bridge in the core, whereas the pH 7.3
and pH 9.3 have all the IP and NU type salt-bridges at the
surface (Table S5-S10). Although at pH 7.3 salt-bridge fre-
quency is minimal, per-salt-bridge stability point is highest
(Table 1). Similarly, the analysis of other weak interactions
shows some variations where the hydrogen bonds are the
most followed by hydrophobic and electrostatic interactions
(Table S11). Third, to find out the conformational difference
of PspA in alkaline and acidic with compared to neutral pH,
we have superposed the structures of pH 5.3 and pH 9.3 with
pH 7.3. The RMSD of structures at pH 7.3 vs. pH 5.3 and pH
7.3vs.pH9.3 are 9.1 Aand8.7 A, respectively. This proves
that the conformation of the structures of acidic and alkaline
conditions deviates significantly from the structure at neu-
tral pH. Now, the question arises, which of these structures

Amplitude Trace-Main-Flaten:3rd order

0.8
pH7.3

Fig.5 Levels of oligomerization of PspA at different pH. Compared to pH 7.3 (b), the level of oligomerization in pH 5.3 (a) and 9.3 (c) is vis-
ible. In pH 5.3 and 9.3 PspA look higher order chain like oligomers whereas less/scattered oligomeric nature observed in pH 7.3
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Fig.6 Superimposition of
different pH forms of PspA. a
Combined superimposition of
PspA structure at pH 5.3 (red),
pH 7.3 (cyan), and pH 9.3
(blue) models with an enlarged
view of part of c-terminal (AI)

X .

and bend junction (AII) regions. (aa120-150)
b Similar presentation of super-
position of pH-models after
180° rotation with the highlight
of specific C-terminal regions
(Color figure online)
180° rotation
RN
bl (sa187:202)
[t e o i
| D
5 5
e mihs - NP3
Table 1 pH—dep endent IP and Protein  IPpair  NUpair  Total pair  IPenergy @ NUenergy  Totalenergy  Energy/SB
NU salt-bridge frequency,
overall and per-salt-bridge ph53 6 13 19 -249 - 5791 - 82.81 — 435842
energetic ph7.3 10 6 16 -53.79 - 3221 - 86 - 5375
ph9.3 13 18 —68.42 - 15.79 —84.21 —4.67833

IP isolated pair, NU network unit

binds most strongly with PspF. To understand this, we have
performed the binding experiment (see below).

3.5 The Binding Stability of PspA with PspF
is Regulated by pH

Interaction between PspA and PspF was monitored at dif-
ferent pH conditions using the optical analytical technique,
bio-layer interferometry (Fig. 7). The dissociation constant
of PspA and PspF in pH 5.3 is very high i.e., fast dissocia-
tion. In this respect, if we move the pH towards neutral i.e.,
7.3, the average dissociation constant is the lowest, meaning
that the interaction affinity of PspA and PspF is the highest
(1.55 uM). Interestingly, at the alkaline pH (pH 9.3), the
interaction efficiency of these two proteins reduces. Taken
together it can be said that the affinity of the interaction
between PspA and PspF is highest at near-neutral pH and
has maximum and moderate deviation in acidic and alka-
line conditions, respectively. The best fit model of PspA and
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pspF interaction data shows that their binding stoichiometry
is 2: 1 that is, one mole of PspF interacts with two moles of
PspA (Table S4).

4 Discussion

The structure, function, and metabolic state of the cell are
normal if the components of the environment in which the
cell is functional are in order. When stress emerges in the
environment, the cell may change its normal metabolic
state to protect itself from it. In gram-negative bacteria, a
multimeric secretin complex is needed to trade the protein
and other cellular materials across the cell membrane. In Y.
enterocolitica secretin mislocalization results in activation
of the PSP system [14]. PspA acts as a major player by miti-
gating the stress of the cell by freeing its negative control
partner, PspF which also enhances the impact of the innate
response system [6]. In the absence of stress, PspA remains
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Fig.7 Overview of interaction between PspF and PspA at different
pH. Binding affinity of PspF with PspA at various pH, determined by
binding kinetics assay of bio-layer interferometry. The affinity of the
interaction between PspA and PspF is highest at pH 7.3 (cyan), which
shows the maximum and moderate deviation in acidic (pH 5.3) and

in association with its cytosolic partner PspF while during
stress conditions PspA is released from PspF and localizes
to the membrane. Since Y. enterocolitica is a pathogen that
causes many infections and deaths every year. So, the under-
standing of the PSP system seems to be useful for basic and
application purposes.

Hydrophilicity and hydrophobicity in the PspA sequence
are largely region-specific, which can probably help main-
tain its interaction and specificity with multiple partners.
Again, it is natural that the conformation of PspA is related
to a change in the environmental pH, as it has a higher pro-
portion of charged residues. Extracellular stress is accompa-
nied by protrusion of cell protons, which can be particularly
sensitive to the structure of PspA and its conformation. For
all these reasons, we undertook the study of pH-dependent
conformational change of PspA and its binding strength with
PspF.

The codes of the structure of a protein are embedded in
the protein sequence. Due to the lack of available structure
of PspA and PspF in the structure database, an ab-initio
procedure was used to generate the structures. The N-ter-
minal of PspA is composed of a coiled-coil domain while
its C-terminal domain is often disordered. Although all the
basic weak forces are important in this structure, their nor-
malized frequency shows some differences in different pH
with the highest count of hydrogen bonds. Such interac-
tion of the inter-helix interface is also possible with other
incoming helices in the unoccupied coiled-coil interface.
Thus, it appears that a coiled-coil motif is helpful in pro-
tein—protein interaction and oligomerization to form a much
higher order coiled-coil structure. Again, the intrinsically
disordered region of the C-terminal part of PspA can act as
a determinant of specificity in this interaction. It has been
shown earlier that disorder proteins achieve their appropriate

tim e(s)

T T
200 300 100 200 300
tim e(s)

alkaline (pH 9.3) conditions, respectively. The best fit model repre-
senting PspA-PspF complex formation shows that their binding stoi-
chiometry is 2:1 that is, one mole of PspF interacts with two moles of
PspA

geometry and orientation only after interaction with their
partner proteins [43].

Apart from specific-electrostatic (salt-bridge or ion-
pairs) interaction, other interaction like pi-cation, pi-anion,
pi-alkyl, etc., although having low or negligible frequency,
appear to act as determinants of specificity. It has been
shown that pi—pi interaction, in general, has abundance at
the core of a typical protein. While in the case of PspA, the
absence of pi—pi interaction suggests the importance of the
weak forces described above. It is especially important in
the structure of PspA at pH 7.3 that has the highest stability
from a small number of pairs. These interactions help to
maintain more stability at pH 7.3 as compared to at pH 5.3
and pH 9.3.

In addition, the bending and the nature of flexibility at
bend-junction of PspA coiled-coil at pH 7.3 are also dif-
ferent from other pH. Such bending is suitable for docking
of a partner protein. From this, it can be inferred that the
interactivity of this pH form is higher than others. In fact,
the Kd value of PspA interaction with PspF, was found
to be the support the above-mentioned contention. The
interaction between PspA and PspF, which prefers a low
oligomeric state [41], is favorable at pH 7.3. This means,
that at pH (pH 7.3), PspA has a role to play in the equilib-
rium states. Needless to say, the sub-cellular location of
interaction partner-protein, and oligomerization states of
PspA are different [16]. While the interaction of PspA and
PspF favors the lower oligomeric form of PspA. The inter-
action of PspA and PspBC favors the higher oligomeric
form. The change in conformation of PspA with environ-
ment pH has also been observed in molecular dynamic
data. Circular dichroism and FTIR spectroscopy seem to
be closely related to the orientation, and geometry of the
backbone. The observed binding ratio during PspA-PspF
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complex formation in case of E. coli is 6:6 [4], however, in
PspA-PspF complex formation in Y. enterocloitica suggest
a 2:1 binding ratio. Similar observation has been found
earlier by Heidrich et al.[44]. The exact cause of this slight
decline is unknown, but the solution state of PspA points
to the variation of its interactivity. The fact that the inter-
action of PspA with PspF and stabilization of PspA-PspF
complex structure at near-neutral pH is greater than the
other pH. This interaction does not depend solely on the
helix of the N-terminal part of PspA because the protein
at the near neutral pH has an anti-parallel § like struc-
ture in the C-terminal region, which is missing from the
structure at other pH. Also, the C-terminal region is more
disordered so the appearance of this structure at neutral pH
seems to be a result of the coil to p transition.

Finally, PspA is said to be a protective protein against
cell stress that can transduce various types of stress into its
conformation change. Broadly, this conformation change
works like a binary switch, which controls PspF mediated
transactivation of RNAP-654. Now if this PspA binds to
PspF in cytosol it means the normal metabolic state of the
cell. In other words, PspA negatively regulates PspF. In
this case, PspA has a low oligomeric state. If extra-cellular
stress occurs in the cell membrane, the oligomeric state
of the PspA changes. As a result, this oligomer of PspA
interacts with PspBC in the membrane, while PspF is freed
from PspA and begins the work of the above-mentioned
transactivation. In this context, our study demonstrates
that acidic and alkaline pH environment may act as a stress
signal for PSP system activation via PspA. Since the pre-
dominance of a charged residue is inherently higher in the
sequence of PspA, the variation of pH affects the titration
state of the side chain of these residues. In addition, the
salt-bridges that are in a stable form in near-neutral pH
(pH 7.3) are also affected by this pH variation. As a result,
the overall stability of a protein varies with the alteration
of pH, which may affect the proteins global conformation.
We believe that this PspA in neutral pH is a negative regu-
lator of PspF and at acidic or alkaline pH, it adopts very
useful higher oligomeric form that interact with PspBC on
the membrane. Further, it may be that in the in vivo situ-
ation, the state of PspA that exists in the cytosol or mem-
brane associated can be mimicked by the change of pH in
the in vitro condition. We think that it will be possible to
shed light on the mechanism of stress signal transduction
by PspA via its pH-dependent conformational change.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10930-022-10061-w.
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1 | INTRODUCTION
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Abstract

Salt-bridges play a unique role in the structural and functional stability of proteins,
especially under harsh environments. How these salt-bridges contribute to the overall
thermodynamic stability of protein structure and function across different domains of
life is elusive still date. To address the issue, statistical analyses on the energies of salt-
bridges, involved in proteins' structure and function, are performed across three
domains of life, that is, archaea, eubacteria, and eukarya. Results show that although
the majority of salt-bridges are stable and conserved, yet the stability of archaeal pro-
teins (AAGt = —5.06 + 3.8) is much more than that of eubacteria (AAGpet = —3.7
+ 2.9) and eukarya (AAG,e: = —3.54 £ 3.1). Unlike earlier study with archaea, in eukarya
and eubacteria, not all buried salt-bridge in our dataset are stable. Buried salt-bridges
play surprising role in protein stability, whose variations are clearly observed among
these domains. Greater desolvation penalty of buried salt-bridges is compensated by
stable network of salt-bridges apart from equal contribution of bridge and background
energy terms. On the basis proteins' secondary structure, topology, and evolution, our
observation shows that salt-bridges when present closer to each other in sequence
tend to form a greater number. Overall, our comparative study provides insight into
the role of specific electrostatic interactions in proteins from different domains of life,

which we hope, would be useful for protein engineering and bioinformatics study.

KEYWORDS
accessible surface area, ion-pair, PDB, PDB2PQR, salt-bridge

protein surface increases protein stabilization in the tertiary struc-
ture.’® So, engineered salt-bridge on the protein surface may contrib-

Proteins maintain an intricate balance between rigidity and flexibility
for function. The majority of charged residues of protein that form
salt-bridges are present on proteins' surface, reducing excess protein
hydration and making it less hydrophobic and more flexible. It also
helps to overcome the deleterious effect of salt by promoting non-
specific electrostatic interaction with salts in solution.*? So, ion-pair
or salt-bridge is one of the major contributors to the stability of pro-
tein structure and function.®® It is much more visible when the pro-
teins are adapted in the extremes of physical and chemical
environments such as high salt and high temperature.®? It has been

demonstrated that by inserting a single salt-bridge by mutation in the

ute to the excess of stability.

The energy of salt-bridge can be subdivided into three components,
that is, columbic attraction between opposite charge, bridge interactions
(AAGpyg), their desolvation (AAGgg), and background (AAGy) interac-
tions. Columbic attraction is always contributing in tertiary structure of
proteins and other two terms could be either contributing or costly. The
favorable charge-charge attraction within a salt-bridge is often opposed
by unfavorable desolvation of charges and is further modulated by
charge-dipole interaction as well as by the ionization behavior of nearest
charged group.!! Thus, net ion-pair energy distribution could either be

12-15 11,16,17 t 18

stabilizing or destabilizing or insignifican

Proteins. 2020;88:865-873.
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Computational study based on Poisson-Boltzmann-Equation
(PBE), a theoretical analysis, was carried out on the crystal structure
of ferredoxin and malate dehydrogenase from Haloarcula marismortui
and glutamate dehydrogenase from thermophlilic Pyrococcus furiosus
and mesophilic from Clostridium symbiosum for understanding contri-
bution of salt and pH on classical electrostatic stability.*”?° Calcula-
tion of net energy of salt-bridge is easily possible by the use of PBE. It
is an ideal electrostatic descriptor for bimolecular system and Del-
phi® 1114152122 3nq APBS?® are most popular solver.

Here we analyze the distribution, energy terms, and contribution
of salt-bridges to the overall stability of proteins using a dataset of
24 high resolution (<1.5 A) crystal structure from three domains of life
(eukarya, eubacteria, and archaea). Comparative analysis and under-
standing of the differences in salt-bridge and its energetics in archaea
relative to others are the main highlights of this study. This compara-
tive study with salt-bridge seems to have potential applications in the

understanding of protein adaptation in extreme environments.

2 | MATERIALS AND METHODS

21 | Salt-bridge dataset

We obtain salt-bridge from 24 high resolution with Debye-Waller B-factor
or temperature factor (atomic mean square displacement from a solved
crystal structure), whose Enzyme Commission (EC) number is 3 and
are available in protein data bank (PDB)2* The three-dimensional
(3D) structure of this protein has a resolution better than or equal to 1.5 A
with R factor of not greater than 0.25 and sequence identity of ~30%.
The PDB code of these proteins are: 117m, 2bjd, 3g91, 3wr0, 4e19, 5dhd,
5fot, 5j8n, 1is9, 1kg2, 1nz0, 2c71, 2pof, 2pgx, 2vng, 4b1m, 4qi3, 5a67,
5b8d, 5jig, 5ugé, 5wif, 6avx, and 6dg4 (Supporting Information Table S1).

2.2 | Extraction and categorization of salt-bridge

In 3D protein structure, ion-pair forms due to interaction of side
chains of oppositely charged residues (Asp or Glu pair with Lys or Arg
or His) and an ion-pair is defined as a salt-bridge if it fulfills the
criteria: (a) the centroid of the side chain charged groups in two oppo-
sitely charged residues lying within 4.0 A%> and (b) at least one pair
carboxyl oxygen atom of Asp or Glu side chain and nitrogen atom of
Lys, Arg, or His side chain are within 4.0 A distance.’>?' Of the
observed salt-bridges, we calculated the percentage of individual
acidic and basic residue involves in salt-bridge. We also categorize the
salt-bridge based on hydrogen bonded or nonhydrogen bonded, bur-
ied or solvent accessible and network or isolated.

2.3 | Sequence enrichment

Within secondary structure of protein, the side chain-side chain con-

tacts were included: between i — i+4,i — i+3,i+2, and i+ 1

(Supporting Information Figure S1) for inter- or intra-helical/strand/
coil or inter-helical/strand/coil. Analysis of all possible salt-bridge

interaction study was done by SBION2.2¢

24 | Protein-energy minimization

The 3D protein structure was subjected for refinement via conju-
gate gradient energy minimization by NAMD simulation package?’
in presence of explicit water box. The minimization was performed
for 5000 steps with a collection of frames at the interval of
200 steps and thus a total of 25 frames were collected. Each frame
potential energy was judged by NAMD analyses plug-in in VEGAZZ
protein visualizing interface.?® The best frame with lowest potential
energy was selected. The water box and added hydrogen atoms
were removed and coordinate was normalized and finally saved in
PDB format.

2.5 | Salt-bridge electrostatic energy contribution
by computational approaches

Using an APBS methodology, we can analyze the electrostatic interac-
tion of protein by computational approaches. APBS calculates free
energy based on the distribution of electrostatic potential within the

atomic charge, according to the equation:
1
Gelec = EZQI‘/’I"

where, g; and ¢; are the charges and electrostatic potential at each
grid point, respectively. PBE is a successful description of electro-
statics in 3D structure of a protein. In this method, dielectric con-
stant inside the protein is relatively low. So, the charges of ionizable
groups and the partial charges of permanent dipole are assigned to
the corresponding atoms according to the 3D structure of proteins.
The solvent is represented as higher dielectric medium, which corre-
lates with a higher ability of the solvent to dissolve salts. APBS

d?® and Delphi software package”1141521.22 of PBE calcula-

metho
tion are popularly used for finding salt-bridge energy. Salt-bridge
energy calculation by computational approaches was observed by
experimental method.'”?° We have followed the former procedure
as constructed by Hendsch and Tidor (1994) along with ADSBET2.%°
The total electrostatic free energy (AAG,et) can be decomposed into
three energy terms: (a) AAGyg, is the energy difference caused by
desolvation of charged residues forming salt-bridge in the folded
state of protein. It is an unfavorable term. (b) AAG,, is the energy
difference due to background interaction of charge with permanent
dipole of the peptide backbone of helices or nonionizable polar side
chain. (c) AAGy,q is the favorable bridge-energy term that represents
the interaction among various charge residue pairs constituting the
network. So, total electrostatic energy is the sum of AAGgg.,
AAGpt, and AAGpg.
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AAGpet = AAGyqy + AAGprt + AAGpq.

Based on the APBS method, PBE is solved on a cubic grid box
with finer grid spacing (0.5 A per grid step) using iterative finite-
difference method.?>3! Box size is determined based on the size of
protein. To define molecular surface, 1.4 A radius is used as solvent
probe. The internal protein dielectric constant and external solvent
dielectric constant are 4 and 76, respectively. The 0.2 M NaCl is used

for ionic strength at neutral pH.

3 | RESULTS
3.1 | General characterization of salt-bridge
forming residues among three domains of life

Salt-bridge is the specific electrostatic interaction between the side
chains of positive and negative charge residues that contribute to
the overall stability of proteins. It can be either isolated or

networked. Salt-bridge can also be formed either in core or at the

TABLE 1 Absolute and normalize frequency of total and
salt-bridge forming acidic and basic residues of archaeal proteins
(total residues: 1596)

Residues i 4 in% it .l in% fuR in%
Glu 131 8.20 68 4.26 51.90
Asp 94 5.88 34 2.13 36.17
Lys 113 7.08 34 2.13 30.08
Arg 95 5.95 59 3.69 62.10
His 25 1.56 9 0.56 36.00
Total 458 28.69 204 12.78 44.54

Note: f;: amino acid absolute frequency in total protein chain. f; in%: percent
frequency w.r.t. total residues. f.,™: residues salt-bridge absolute frequency.
f.,7 in%: percent salt-bridge frequency w.r.t. total frequency. " in%: percent
salt-bridge frequency w.r.t corresponding salt-bridge forming residues.

Total values are bold.

TABLE 2 Absolute and normalize frequency of total and
salt-bridge forming acidic and basic residues of eubacterial proteins
(total residues: 1704)

Residues fd fd in% e fp? in% R in%
Glu 86 5.04 41 2.40 47.67
Asp 105 6.16 59 3.46 56.19
Lys 108 6.33 34 1.99 31.48
Arg 94 5.51 50 2.93 53.19
His 31 1.81 16 0.93 51.61
Total 424 24.88 200 11.73 47.16

Note: f;: amino acid absolute frequency in total protein chain. f; in%: percent
frequency w.r.t. total residues. f.,% residues salt-bridge absolute frequency.
f., in%: percent salt-bridge frequency w.r.t. total frequency. fy,X in%: percent
salt-bridge frequency w.r.t. corresponding salt-bridge forming residues.

Total values are bold.

surface of proteins. To check the preferences for the formation of
salt-bridges, we have computed normalized frequency of acidic and
basic residues from eight unique chains of eight crystal structures
from each domain and presented in Tables 1-3. Although the nor-
malized frequency of basic and acidic amino acid residues is
almost equal, percentile salt-bridge frequency with respect to
corresponding salt-bridge forming residues of basic amino acids are
higher than acidic amino acid residues. In archaea, the percentile
basic residues (ftd in% of Lys, Arg, and His are 113, 95, and
25, respectively) are higher than as compared to other two domains.
In particular, Glu and Arg have higher salt-bridge forming tendency
in archaea (f,,? in% of Glu and Arg are 4.26 and 3.69, respectively)
(Table 1) whereas Asp, Arg, and His frequency are higher in case of

eubacteria and eukarya, respectively.

3.2 | Frequency of salt-bridge against intervening
residues and possible pair

To test the location of salt-bridging partners in the sequence of
proteins, we have created 10 intermediate group frequency distri-
bution plots and the same is depicted in Figure 1. In this plot, we
have distributed first 100 residues of 8 proteins from each domain,
with an interval of 10 residues each. It is seen in the plot that the
frequency of salt-bridge formation decreases with increase in inter-
vening non-salt-bridge forming amino acid residues. In case of
archaea, there are tendencies of salt-bridge formation with higher
(~40-50 and ~50-60) intervening residues (Figure 1). Based on all
six possible combinations viz Arg-Glu, Lys-Glu, Arg-Asp, His-Glu,
Lys-Asp, and His-Asp, involved in forming salt-bridge that are pre-
sent in all three domains have been shown in Figure 2. Here ques-
tions may arise about the preference for any chosen specificity in
these pairs within different domains of life. Notably, a distinguish-
able higher specificity is observed for Arg-Glu and Lys-Glu pairs in
archaea, Arg-Asp and Lys-Asp pairs in eubacteria and His-Asp pair
in eukarya (Figure 2).

TABLE 3 Absolute and normalize frequency of total and
salt-bridge forming acidic and basic residues of eukaryotic proteins
(total residues: 1439)

Residues fid fd in% i food in% fopX in%
Glu 95 6.60 32 2.22 33.68
Asp 79 5.48 37 2.57 46.83
Lys 84 5.83 25 1.73 29.76
Arg 85 5.90 32 2.22 37.64
His 47 3.26 12 0.83 25.53
Total 390 27.10 138 9.58 35.38

Note: f%: amino acid absolute frequency in total protein chain. fi in%: percent
frequency w.r.t. total residues. f,,*: residues salt-bridge absolute frequency.
f.,? in%: percent salt-bridge frequency w.r.t. total frequency. fy," in%: percent
salt-bridge frequency w.r.t. corresponding salt-bridge forming residues.

Total values are bold.
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FIGURE 2 A, Histogram showing the frequency of salt-bridges formed by each of six possible pairs among three domains of life. B, Schematic
representation of six possible ion-pairs [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Buried and exposed salt-bridges among three radius of 1.4 A 32 If the average accessible surface area (ASA) is less
domains than or equal to 20% it indicates salt-bridge is present in protein core

otherwise exposed to higher ASA cutoff values. Here, we have
The location of a salt-bridge within protein structure depends on the divided the salt-bridge into buried and exposed categories based on

average accessibility of candidate salt-bridge partner using a probe computational method (Table 4). By computational study, we can see
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that in eukarya 27% of salt-bridge are located in the core, but in
archaea and eubacteria normally it stands at 26% and 23%, respec-
tively (Table 4).

However, unlike earlier study, in eukarya and eubacteria, not all
buried salt-bridge in our dataset are stable. In archaea, all buried-
networked salt-bridges are stable as earlier,’ whereas only 36% and
72% of these salt-bridges are stable in eubacteria and eukarya,
respectively (Supporting Information Table S4). In Figure 3, we see
that the desolvation energy of salt-bridge in protein core is much
higher than other types of salt-bridge. However, the sum of bridge
term and background energy term may compensate the effect of des-
olvation energy term and thus, giving the overall protein stability. In
general, bridge energy term is always favorable (AAGy,4 < 0) but back-
ground or microenvironment could be either favorable or unfavorable.
Our study shows that background energy play an important role in
proteins' core. The role of microenvironment in proteins' core within
archaea is much more prominent than that in the eubacteria and
eukarya (Supporting Information Table S2). On the other hand, micro-
environment in proteins' exposed area plays more or less similar role
in the domains of archaea eubacteria and eukarya (Supporting
Information Table S3).

TABLE 4 Percentile calculation of various salt-bridges among
three domains

3.4 | Comparison of the electrostatic contribution
of salt-bridge

Like other noncovalent interaction, salt-bridge plays a significant role
in the stability of protein structure and function. In addition to amino
acid-amino acid interactions that provide stability to proteins' core
and side chains within protein structure, ionic bonds within these sub-
units can help in stabilizing proteins, which may lead to a higher melt-
ing temperature.?’ Here, we used APBS method?® along with
ADSBET2%° for calculation of all three associated energy term
(AAGqqy: desolvation; AAGp: background, and AAGy,4: bridge) for
finding net salt-bridge energy (AAG,e:: sum of above three-
component terms). Both, AAGg4q, and AAG, are indirect and pH-
independent energy terms,?® where AAGgg, is unfavorable term due
to desolvation of charges during folding and AAGy,; could be favor-
able or unfavorable that largely depends on the composition of micro-
environment. AAGy4 is always favorable due to interaction of
opposite charges in folded state conformation of protein structure.
With a view that statistical analysis might affect, due to heterogeneity
of the database®' we chose homogeneous datasets from three
domains. Our observations suggest that archaea utilize more of spe-
cific electrostatic interactions than that of eubacteria and eukarya.
Figure 3 shows that although the total (AAG, ) average network
energy is much higher than the isolated types in all three domains,

Archaea Eubacteria Eukarya total (AAG,y) salt-bridge energy is much more (2-3 times) in archaea
Stable 89 (88%) 82 (78%) 50 (67%) than eubacteria and eukarya. Overall energy for buried but stable
y— 12 (12%) 23 (22%) 24 (33%) type salt-bridges also shows similar tendency. Figure 3 also tells us
Network 57 (56%) 35 (33%) 31 (41%) the overall stability of salt-bridge is much higher in archaea
AAGpet = —5.06 £ 3.8) than eubacteria (AAGpet = —3.7 £2.9) and
Isolated 44 (44%) 70 (67%) 43 (59%) (AAGhet ) ( et T )
eukarya (AAGpet = —3.54 £ 3.1). More detailed distribution of salt-
Buried/core 26 (26%) 24 (23%) 20 (27%) ) o o
bridge energy from all three domains is shown in Figure 4 and
0 0, 0,
Exposed 7= ) L (724 S Supporting Information Figures S2 and S3. Although, symmetric
Energy term in Kcal per mol.[archaea] Energy term in Kcal per mol.[eubacteria]
Salt-Bridgeclass AAGdslv AAGbrd AAGprot AAGnet Salt-Bridgeclass AAGdslv AAGbrd AAGprot AAGnet
Networked 7.11+4.1 -7.18+46 -6.35#55 -6.41+4.1 Networked 6.93+3.0 -5.31+3.9 -5.33+#3.5 -3.72+#44
Isolated 5.01+4.0 -5.69+3.4 -0.506+1.7 -1.23+2.7 Isolated 6.01+4.1 -6.37£3.8 -1.39:28 -1./5+28
Stable 5.93+3.9 -6.62+4.0 -4.37+5.2 -5.06+3.8 Stable 6.10+3.6 -6.61+3.6 -3.25+3.9 -3.76x2.9
Unstable 7.87+5.9 -5.95#5.0 0.21+0.7 2.13+1.6 Unstable 7.37+4.1 -4.20+4.2 -1.28+1.7 1.88+1.5
Buried 11.844.0 -7.81+55 -6.82+6.7 -6.23+5.9 Buried 10.1+4.3 -7.60+6.4 -4.52+5.4 -2.01+5.0
Exposed 4.27:2.0 -4.92:12.2 -2.763x4.0 -3.41x35 Exposed SLAPESD =BEvERLS SLaEgly) =) Sirealil
Energy term in Kcal per mol.[ eukarya) .
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» 3 )
| ) ﬁ 3 sed RLY: e
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Stable 5.63+3.4 -6.31+3.5 -2.86+4.1 -3.54%3.1 %Vg f
Unstable 7.09+45 -3.60:3.7 0.68+1.8 4.17+4.3 e A
Buried 9.75+3.7 -7.42454 -3.14+6.3 -0.81+8.4 @ Network Isolated
Exposed 4.75+2.9 -4.86+2.7 -1.37+2.6 -1.48+3.0

FIGURE 3 Comparison of average energy term in different salt-bridge categories among three domains of life. Stability of network forming
salt-bridge in archaea is comparatively higher than the other domain. Whereas salt-bridge stability in bacterial protein core is relatively lower from
archaea and higher than eukaryotic protein [Color figure can be viewed at wileyonlinelibrary.com]
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distribution of AAG, ¢ term containing both stable and unstable salt-
bridges, majority of which are falling in stabilizing zone (AAGet < 0)
(Figure 4 and Supporting Information Figures S2 and S3). How much
of the population of salt-bridges contribute to the stability of these
three domains is yet to be unclear. Remarkably, it is seen that almost
90% of salt-bridges contribute to the stability in archaea whereas
78% in eubacteria and 67% give stability in eukarya, respectively. The
profile also tell us that distribution of bridging energy term (Figure 4
and Supporting Information Figures S2C and S3C) and desolvation
energy term (Figure 4 and Supporting Information Figures S2D and
S3D) occupying stabilizing and destabilizing zone, respectively, while
background terms (Figure 4 and Supporting Information Figures S2B
and S3B) possesses both stabilizing and destabilizing population of
salt-bridge.

3.5 | The relationship among different energy
terms with average ASA

In Figure 5 and Supporting Information Figures S4 and S5, the cor-
relation plot between ASA with energy term has been shown

for three domains. During the time of protein folding, salt-bridge's
(AAGdsIv) is
relationship with ASA. The relationship could be express in the

desolvation energy linear and has negative

equation of:

Log (AAGgqy) = —0.01ASA,, +1.3.

Correlation coefficient (AAGqs, Vs ASA,,) of the fitted line is
0.46, 0.34 and 0.38, 0.62 in archaea, eubacteria, and eukarya,
respectively. The linear correlation between AAGyg, and ASA,, with
negative slope indicates that the transfer of salt-bridge into the core
of protein involves greater desolvation penalty. Figure 5 and
Supporting Information Figures S4 and S5 show that AAGg, is neg-
atively correlated whereas AAG,,: and AAGy,q are positively corre-
lated with ASA,,. Distribution of salt-bridge forming residues is very
high below the average value of ASA,, (<20%) in archaea and
eukarya than eubacteria. But average total stability of buried salt-
bridge is very high in archaea than eubacteria whereas salt-bridge
stability is very low in the case of eukarya as compared to archaea
and eubacteria (Figure 3), despite being more than one salt-bridge

present in protein core.
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for 101 salt-bridges from archaeal hydrolase [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | Network and isolated salt-bridge

Salt-bridge confers stability to the tertiary structure of protein.2®
However, the stability of the salt-bridge depends on its location,
geometry, and the side-chain interaction within protein structure.®®
Isolated salt-bridge provides marginal stabilization and network salt-
bridge causes cooperative stabilization. It is seen that 56% salt-bridges
forming network salt-bridge and rest 44% are isolated type in archaea.
While, 33% and 41% forming network salt-bridge in eubacteria and
eukarya, respectively and rest are forming isolated type salt-bridge
(Table 4).

4 | DISCUSSION
While the PBE and its solver method®® is reliable for the computation
of direct and indirect component energy terms and hence the net

614 it is an approximate method. Computation

energetics of ion-pairs,
either at low pH (<1.0) or without mobile ion concentration may pro-
duce erroneous results due to high charge density situations within
protein molecules.*® The latter effect would be more prominent in the
case of halophilic protein like 4E19.pdb, which has been a representa-
tive in our archaeal dataset. Although we consider linear PBE in APBS

5,14,23

using finite size of ions approximation as earlier, all of our com-

putations were performed at neutral pH (pH 7.0) in the presence of
univalent (Na* and CI7) mobile ions (each at 0.2 M) to lessen the

above-mentioned error-prone situations.*®

Despite the similarity in topology, protein folding may be differ-
ent for different domains. Apart from intrinsic codes, protein folding
also depends on the surrounding environment. Notably in these
domains of life, both intrinsic and extrinsic factors show wide varia-
tions in our homologous sets of protein. Like other noncovalent inter-
actions, salt-bridge plays significant role in the stabilization of native
protein. Secondary structure, which determines protein topology, is
more conserved in evolution. Our observation in this context suggests
that local salt-bridges of proteins tend to occupy much higher fre-
qguency for all domains. However and interestingly, higher frequency
of long-range salt-bridges in archaea is indicative of a new design.

It is also interesting to note that the stability and propensity of
salt-bridges are highly variable among domains of life. While 88%
(AAGnet = —5.06 * 3.8) of salt-bridges are highly stable in archaea,
78% (AAGnet = =3.7 £ 2.9) and 67% (AAGnet = —3.54 + 3.1) of salt-
bridges in eubacteria and eukarya have been stabilizing type. The
higher stability in the former seems to be due to preference for spe-
cific pair types of salt-bridge. The rest salt-bridge is destabilizing type.
The instability of this salt-bridge population is coming due to weaker
contribution of background and bridge energy. In different salt-bridge
categories, while least variation is notable in the case of bridge energy,
for background energy such observation has been dramatic. Notably,
background energy is more sensitive to microenvironment of protein
among all component terms and thus the best representative of intrin-
sic codes of protein. In this context, excessive charges and dipole con-
stitute local environment around individual salt-bridge partners, which

determine the magnitude of their contribution to net stability.
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Unlike bridge and background energy terms, desolvation is nega-
tively correlated with the average ASA. It is not at all surprising as des-
olvation process is thermodynamically uphill toward the core of
protein.s’14 Further, within buried boundary (ie, ASA < 20%), local
environmental effects seem to supersede the linear gradient of dielec-
tric constant and charge screening on protein surface (dielectric con-
stant = 76) and interior (dielectric constant = 4).1° Strong background
energy over bridge energy in archaea, as well as large spread of indi-
vidual salt-bridge energy of these terms against ASA,, (Figure 5),
might indicate the involvement of additional nonlinear factor.”

However, in our observation, not all buried salt-bridge are stable
in protein core. While majority of (100%) buried salt-bridges are stable
in archaea. Where, eubacteria and eukarya show comparatively lower
population of stable buried salt-bridge (ie, 36 and 72, respectively).
Now the question is how buried salt-bridge overcomes the deso-
Ivation penalty and gain net stability of salt-bridge. Due to large deso-
Ivation penalty, buried salt-bridge suffers very much and entropic cost
is minimum whereas in local salt-bridge interaction gives favorable
conditions on enthalpy terms. In our data set out of 13 buried salt-
bridges, 13 (100) formed network salt-bridge in archaea, whereas, 4
(36%) of 11 and 8 (72%) of 11 buried salt-bridges in case of eubacteria
and eukarya, respectively. In this context, it appears that the recruit-
ment of excess network salt-bridges is related to overcoming the des-
olvation penalty and thus, to gain average net stability with respect to
buried salt-bridge in archaea (Supporting Information Table S4). Over-
all based on the energy perspective, we can say that network salt-
bridge stability is more than that of isolated salt-bridge (Figure 3). In
archaea, network salt-bridge contributes higher stability and promotes
cooperative interaction among charge residues within protein struc-
ture for stabilization at adverse environment.

Taken together, we have shown that the contribution of salt-
bridges is more prominent in archaea than eubacteria and eukarya.
Overall, our comparative analyses of salt-bridges and their energy
terms give us a new insight into the constancy of protein tertiary

structure among domains of life.
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