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CHAPTER 1

INTRODUCTION TO PROTEIN
TRANSLOCATION IN THE THIRD DOMAIN
OF LIFE: INSIGHTS INTO THE
BACKGROUND AND THE OBJECTIVE OF
THE PRESENT STUDY
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Protein translocation is a key process in the maintenance of cellular life. Proteins are
sorted to various intracellular destinations or secreted into the extracellular space
from their sites of synthesis. Gunter Blobel and David Sabatini, in the early 1970s,
proposed the hypothesis of “molecular zip codes” in terms of intrinsic signal
sequences that drive the transport and localization of secretory proteins (Blobel &
Sabatini, 1971). In the following years, a series of publications by Blobel et al.
provided insight into a signal sequence binding factor - Signal Recognition Particle
(SRP). This discovery was a milestone in the molecular analysis of protein
translocation across cellular membranes, and as expected, fetched a Nobel Prize
(1999) for Gunter Blobel! However, the discovery of signal sequence and its binding
factor was the key to explaining the previous finding that secreted proteins must
cross the endoplasmic reticulum (ER) membrane readily after or during their
synthesis. These proteins are subsequently sequestered into vesicles and secreted in
the exterior environment. But how does that explain the event in prokaryotes? There
must be a similar mechanism at play in the bacterial membrane. That was the only

parallel concern until Carl Woese thought otherwise.
1.1 WHY ARCHAEA?

The world was at peace with the dichotomy of only two kinds of life forms,
prokaryotic and eukaryotic, before 1977. Later in that year, Carl Woese’s proposal of
Archaea as the third domain of life brought a huge paradigm shift in the scientific
community. Archaea, having differed in the small subunit rRNA sequence from that
of the Bacteria and Eukarya, showed specific features from both domains in its
cellular build-up (Woese & Fox, 1977; Woese et al., 1990). Evolution of domain-
specific and individual ribosomal RNA and proteins were found to be in tandem as
soon as the correlations between their signatures were established. This brought the
domain Archaea in a close evolutionary relationship with Eukarya, so much so that
the origin of eukaryotes, to date, is debated to have commenced from an ancestor
common to both domains or the fusion of an archaeon with a bacterium (Jarrell et al.,
2011). Nevertheless, archaea remained a true mosaic of biochemical and genomic

characteristics comprising the other two domains, while presenting unique cellular
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features of its own. The presence of glycoproteins in the archaeal cell wall S-layer,
ether-linked diphytanylglycerol molecules in the membrane bilayer, eukaryotic
ESCRT homologs involved in the archaeal cell division, unique cellular appendages,
and many other interesting features have contributed to their ability to survive in
extreme habitats as well as to exploit unique metabolic pathways (Jarrell et al., 2011).
Thus, archaea became an important tool to address fundamental questions about the

molecular evolution of the cell.
1.2 Sulfo lobus - A THERMOPHILIC ACIDOPHILE

Initially, during the time they were introduced to the scientific community, archaea
were largely represented by the methanogens. Within a few years, they were joined
by thermoacidophiles and extreme halophiles. Over time and with discoveries of
newer archaeal species from usual to extreme habitats, the Domain Archaea were
further divided into four phyla - Euryarchaeota, Crenarchaeota, Nanoarchaeota, and
Korarchaeota. Euryarchaeota includes methanogens and halophiles mostly, whereas
Crenarchaeota comprises most of the mesophiles and acidophilic
hyperthermophiles. Interestingly, these two phyla contain the best culturable

archaeal species.

Sulfolobus is a genus belonging to Crenarchaeota that can thrive in an extremely
acidic and hot environment. Usually, the phylum Crenarchaeota is more closely
related to eukaryotes concerning their genomic signatures. The very first member of
the Sulfolobus genus to be isolated from the Solfatara volcano is Sulfolobus solfataricus.
However, initial studies were based upon Thomas Brock’s experiments with
Sulfolobus acidocaldarius, isolated from the Yellowstone National Park (USA). S.
acidocaldarius is characterized by spherical cells (0.8-1.0 uM diameter) with an
irregular shape and frequent lobes. The optimal condition for cellular growth
includes 70-75 °C temperature and pH 3.0-4.0. This species is frequently used in
research since genetic manipulation is easier in this organism due to the availability

of a genetic toolbox (Leigh et al., 2011; Wagner et al., 2012).
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In the past decade, genetic techniques for archaeal research have undergone
revolutionary development. Such advancement results in an increased
understanding of the role of this group of organisms in different environmental
processes. In recent years, the research community has successfully established
genetic experimentations in at least four groups of related archaeal organisms,
namely, the methanogens, halophiles, Thermococcales, and Sulfolobales. The
euryarchaeota phylum contains many genetically tractable methanogens (including
members of the phylogenetically diverse Methanosarcinales, and Methanococcales),
several haloarchaea, and members of Thermococcales. Amongst members of
crenarchaeota, Sulfolobales (S. solfataricus, S. acidocaldarius, and S. islandicus) is the
only genetically accessible group, and as such, the genetic studies are currently
restricted to hyperthermoacidophilic crenarchaeota (Leigh et al., 2011; Wagner et al.,
2012).

1.3 SIGNAL RECOGNITION PARTICLE

The SRP, a ribonucleoprotein complex, plays an important role in executing protein
sorting and translocation in all three domains of life. It is a universally conserved
protein-targeting machine that binds to a specific peptide sequence at the N-
terminus of the nascent polypeptide chain and delivers it to the translocation system
for further processing (Halic et al., 2004; Grudnik et a., 2009). The SRP-ribosome-
nascent polypeptide complex (RNC) attaches to the cognate SRP receptor (SK)
located on the targeted membrane (Egea et al.,, 2004). The interaction between the
GTPase domains associated with both the SR and SRP allows the delivery of the
concerned protein into the adjacent protein conducting channel (PCC). The process
is empowered by GTP hydrolysis and the SRP is recycled for another round of
targeting process (Koch et al., 2003; Nagai et al., 2003).

In general, protein translocation occurs either in a co- or post-translational manner in
all three domains of life (Fig. 1.1). In eukaryotes, with few exceptions like fission
yeast, proteins are transported co-translationally into the lumen of the endoplasmic
reticulum (ER). In this mode, a signal peptide that emerges from the ribosome is

bound by SRP (Noriega et al., 2014). Binding of SRP to the signal peptide arrests the
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Figure 1.1. The Sec translocase can participate in both co-translational and post-translational
translocation of proteins. The main components of Sec translocase involved in co-translational
translocation are shown in archaea (a) bacteria (¢) and eukaryotes (d). Post-translational

translocation in bacteria is shown in (b).

protein translation and the entire RNC is targeted to the ER membrane, where this
complex interacts with the SRP receptors SRa and SRp. Finally, at ER membrane the
ribosome docks onto the protein translocation channel (Sec6lafy), and SRP is
released from the nascent polypeptide chain (Fig. 1.1c). In bacteria and archaea,
while membrane proteins are translocated in a co-translational manner, most of the
secreted proteins are translocated in a post-translational manner (Fig. 1.1). Bacterial
secretory proteins, after synthesis in the cytoplasm, are kept in a translocation-
competent state and targeted to the cell membrane with the help of cytosolic
chaperone, SecB. Upon arrival, these proteins are delivered to the peripheral
membrane protein SecA. SecA is a secretion family ATPase that provides the driving
force for the secretion process by pushing the secretory proteins into the
translocation channel (SecYEG) (Fig. 1.1). Bacterial membrane proteins however are
transported through SRP-mediated co-translational pathways like eukaryotes (Fig.
1.1b) (Bercovich-Kinori & Bibi, 2015; Gupta et al., 2016). In archaea, although both
co- and post-translational translocations have been reported, no SecB or SecA

homologs have yet been identified (Haney et al., 1999; Ortenberg & Mevarech, 2000;
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Irhimovitch & Eichler, 2003). The protein translocation in archaea, therefore, seems

solely dependent on the SRP machinery (Fig. 1.1a).

In different domains of life, the SRP shares similarities in its structural components
as well as its mode of action. In eukaryotes, the SRP consists of a 7S RNA and six
proteins, namely, SRP68, SRP72, SRP54, SRP19, SRP14, and SRP9 (Keenan et al.,
2001) (Fig. 1.2). On contrary, bacteria have only one protein, Ffh (an SRP54 homolog)
and a 4.55 RNA (Batey et al., 2000; Buskiewicz et al., 2005) (Fig. 1.2). Together they
constitute the functional SRP and function together with the bacterial SRP receptor
FtsY to incorporate the proteins into the plasma membrane (Ulbrandt et al., 1997).
The SRP in archaea is composed of a 7S RNA of about 300 nucleotide residues and
two protein components, e.g.,, SRP54 and SRP19 (Bhuiyan et al., 2000; Zwieb &
Eichler, 2002). These components highly resemble their eukaryotic homologs.
Nuclease treatment studies on SRP-complex reveal the presence of eukaryote-like
Alu domain and S domain in archaeal SRP-RNA; the Alu domain comprises helices
1-5 and the S domain comprises a small portion of helix 5 and helices 6-8. Of these
secondary RNA structures, helices 6-8 are bound by SRP19 and helix 8 is contacted
by SRP54 (Gupta et al., 2016) (Fig. 1.2). In general, SRP54 (bacterial homolog Ffh)
performs the main role by binding the nascent polypeptide and the SR (Romisch et
al., 1989). The SRP19 is believed to provide a minor regulatory function in archaea,
since, unlike the eukaryotic counterpart; it is easily dispensable in archaeal SRP
assembly and protein sorting (Diener & Wilson, 2000; Yurist et al., 2007). The
archaeal SRP is thus a true mosaic of eukaryotic and bacterial features along with

certain unique attributes exclusive to this domain.
1.3.1 SRP RNA

The archaeal SRP RNA forms secondary stem-loop structures that contain extensive
base pairing. These secondary structures include a prominent central helix flanked
by two stem-loop-containing domains: a large S domain and a small Alu domain
(Fig. 1.2). A helical section formed upon pairing of the 5" and 3’ termini of SRP RNA,
designated as Helix 1 is present only in archaeal and some bacterial (Bacillus, Listeria

and Staphylococcus) SRP RNAs (Fig. 1.2) (Kempf et al., 2014).



Chapter |
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Figure 1.2. Signal Recognition Particle (SRP) across the evolution. Schematic illustrations of
eukaryotic (human), archaeal (S. acidocaldarius), and bacterial (B. subtilis and E. coli) SRP complex

are presented. The numbered helices of SRP RNA are indicated.

The number of base pairs that constitute Helix 1 also varies from one organism to
another. For instance, Pyrodictium occultum SRP RNA Helix 1 contains only three
base pairs whereas, in the case of Methanococcus jannaschii, it is 13 base pairs. Since
this helical region holds the 5" and 3’ ends of the SRP RNA together, the most likely
function of this region could be protection against unfolding in response to extreme
environmental conditions (Zwieb & Bhuiyan, 2010). Another notable feature of
archaeal SRP RNA is the absence of helix 7 which is present only in eukaryotes (Fig.
1.2).

Helices 6 and 8 are the most prominent features of the SRP RNA (Fig. 1.2). These
helices are held in proximity via interactions at two distinct sites. The first site of
extensive base and backbone interactions comprises the tips of the helices, which
have conserved bases at their respective tetraloops. In helix 6 two looped out,

consecutive adenines, A176, and A177 interact with the base pairs in the asymmetric
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loop of helix 8 through an A-minor motif. In general, the A-minor motif involves the
insertion of the smooth, minor groove edges of adenines into the minor groove of
neighboring helices, preferentially at the C-G base pairs, where they form hydrogen
bonds with one or both 20 OHs of those pairs (Nissen et al., 2001). In the SRP RNA,
bases in the short strand of the asymmetric loop base-pair continuously, while base
stacking is interrupted in the long strand. Three unpaired nucleotides of this loop,
A195, C196, and C197, point towards the interior of the helix (Hainzl et al., 2005).
Helix 6 is exclusively present in eukaryotes and archaea. The apical tetraloop of this
region has a GNAR consensus sequence, where N is any nucleotide and R is a
purine. The SRP 19 mainly contacts the phosphoribosyl surface of this motif (Hainzl
et al., 2002; Wild et al., 2010). Helix 8 similarly contains a usual GNRA motif at its
tetraloop position. In M. jannaschii, GUAG tetraloop (helix 6) adopts a closed
conformation where the first and fourth bases (G163 & G166) form a direct
nucleotide interaction. It was also observed that the third and fourth bases (A165
and G166) of this tetraloop interact with the tetraloop A212-G209 pair and the
tetraloop-closing G213-C208 pair at the helix 8 minor groove (Hainzl et al., 2002).
Helix 8 is divided into sections 8a and 8b by an asymmetric loop. There is an atypical
invariant A-C pair and two highly conserved G-G and G-A pairs within section 8b.
Together they form a flattened minor groove to facilitate interaction with SRP54
(Batey et al., 2000). The RNA-M domain interaction alleviates the GTP hydrolysis by
the NG domain. As evident from the study in E. coli, domain IV of 4.55 RNA forms a
protein-interacting pocket in between an asymmetric and a symmetric internal loop.
The terminal loop of helix 8 has a GRRA motif, almost always starting with
guanosine and ending with highly conserved adenosine (Kuglstatter et al., 2002).
The two adenosines of the apical tetraloops of helices 6 and 8 are involved in

hydrogen bonding, as was first observed in M. jannaschii (Hainzl et al., 2005).

In hyperthermophilic crenarchaeon Thermoproteus tenax, the canonical SRP RNA
gene has not been identified, while all the other archaeal components of the SRP
complex (e.g., SRP19 and SRP54) are present in the genome (Plagens et al., 2015). It
has been shown recently that, the 50 - and 30 -termini of this SRP RNA are located

close to a functionally important loop present in all known SRP RNAs. These termini
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are ligated together by a tRNA splicing endonuclease to generate a circular SRP
RNA molecule that binds SRP54 and SRP19. The formation of such permuted
circular RNA has been proposed to provide an evolutionary advantage to this

thermophilic crenarchaeon (Plagens et al., 2015).

Since many archaea are characterized by higher optimal growth temperature (OGT),
marks of thermal adaptations are supposed to be evident at their molecular level.
Several studies have been made to instigate the level of thermal adaptation at the
transcriptomic and proteomic levels. Transcriptome analyses have established that
there is a positive correlation between the GC content of the double-stranded regions
of structural RNAs and the OGT of prokaryotes (Nakashima et al., 2003). Thus, an
increase in the GC content of nucleic acid stem results in the strengthening of the
stability of its secondary structures. Therefore, in organisms living in a habitat of
high-temperature natural selection would favor the increase in the GC content on the
stem regions. In a recent phylogenetic-independence contrast (PIC) analysis, which
is a comparative method for testing hypotheses of how organisms are adapted to
their environment (Groussin & Gouy, 2011), a strong positive correlation was
proposed between the stems GC content of archaeal SRP RNA and the OGT of
respective organisms (Miralles F, 2011). In general, however, the only correlation
that exists between OGT and the complete genome is in terms of the purine (A+G)

content.
1.3.2 SRP19

The SRP19 of archaea is similar to the eukaryotic homolog and absent in bacteria.
The NMR structure of SRP19 of Archaeoglobus fulgidus has been solved (Pakhomova
et al., 2002). In addition, the crystal structures of both RNA-bound and free SRP19
have been elucidated by various research groups (Hainzl et al., 2007; Wild et al.,
2010). Besides acting as an adapter to connect helices 6 and 8, through reconstitution
studies in A. fulgidus, SRP 19 has been shown to aid in the binding of SRP54 to helix
(Bhuiyan et al., 2000; Rose & Pohlschroder, 2002). The side-by-side alignment of the
two crucial RNA helices, 6 and 8, is induced by SRP19 and in effect, brings about the

conformational changes in the asymmetric loop of helix 8 necessary for SRP54
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binding. This was evident both in the case of archaea and mammals. However,
SRP19-independent tight binding has been presented in most of the other studies,
including one in Haloferax volcanii, which suggests that SRP19 is rather a dispensable
part of the archaeal SRP complex (Maeshima et al., 2001; Tozik et al., 2002). Egea et
al. solved the crystal structure of Pyrococcus furiosus SRP19 and reported a PBappa
fold adopted by the protein. A similar structure could be detected in the RNP
domains of various RNA-binding proteins including the anticodon-binding domains
of a few aminoacyl-tRNA synthetases (Egea et al., 2008). The reported structure also
contains two loops- L1 and L2 (Fig. 3a). The L1 region is rigid, well-defined, and acts
as the primary RNA binding surface. The SRP19 bridges the tetraloops of the helices
when bound to the RNA molecule. It binds to the distal minor groove on helix 8 and
the major groove at the tip of helix 6. In M. jannaschii, the helix 6 GNAR tetraloop has
an open-loop conformation formed by U164 (Hainzl et al., 2002). This surface-
exposed position is extensively stabilized by interactions with Metl, Tyr68, Asp67,
and Lys69 of SRP19 via pseudo-Watson-Crick interactions. The loop closing base
pair U162-G167 and the base of G163 are stabilized via extensive hydrogen bonding
with Lys19 and Lys72 of SRP19 (Hainzl et al., 2005). There are two conserved Pro54
and Lys51 in the M. jannaschii complexes that occupy important positions. The Pro54
-carbonyl contacts G215 and its side chain are forced between helices 6 and 8. On the
other hand, Lys51 makes hydrogen bonds with G209 which resides in the proposed
signal sequence binding interface in the helix 8 backbone (Batey et al., 2000; HainzI et
al., 2002). The relatively disordered L2 region refolds upon contacting the SRP RNA.
Such structural rearrangements induce the RNA to attain a conformation that
accepts SRP54. This observation supports the idea that SRP19 may act as a molecular
scaffold and a chaperone. It helps the SRP RNA in adopting the conformation
necessary for its interaction with SRP54 (Egea et al., 2008).

Further experiments with A. fulgidus SRP show that for a compact arrangement of
the SRP domain, the conserved adenosine in the GNAR tetraloop of helix 6, rather
than SRP19, is responsible (Yin et al., 2004). In H. volcanii deletion of SRP19 did not
affect protein translocation or membrane insertion (Yurist et al., 2007). Such SRP19-

independent binding of archaeal SRP-RNA and SRP54 suggests a highly stable SRP
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complex which may be required for growth under extreme environmental

conditions (Diener & Wilson, 2000).
1.3.3 SRP54

SRP54 is a highly conserved multi-domain protein present in all organisms (Fig. 3). It
is the most important component of the SRP complex. Deletion of SRP54 gene ffh
(fiftty-four homolog, as named to describe the similarities between the eukaryotic
SRP54 and its bacterial counterpart) in H. volcanii leads to cell death (Rose &
Pohlschroder, 2002; Yurist et al., 2007). SRP54/Ffh is employed, not only in the
interaction with SRP RNA but also in the binding of a signal peptide with the SRP
receptor. The high-resolution crystal structure of this protein has been elucidated in
various archaeal species, notably in M. jannaschii (Hainzl et al., 2007), P. furiosus
(Egea et al., 2008), and Sulfolobus solfataricus (Rosendal et al., 2003). These structural
insights revealed the presence of three domains in SRP54/Ffh - N domain, G
domain, and M domain (Fig. 3b). The acidic N-terminal (N) domain is composed of
four a-helices and is tightly associated with the central Ras-like GTPase (G) domain.
Together they form a structural and functional catalytic unit (NG domain). The NG
domain is connected to the C-terminal methionine-rich (M) domain via a flexible
linker. This flexible linker region has the consensus sequence RXLGXGD (Fig. 3b).
The conserved glycines within the linker region allow the RNA-bound SRP54 to
undergo conformational rearrangements upon binding to the signal sequence
(Rosendal et al., 2003). The glycine residues provide the articulation point between
the NG core and M domain. Although the residues at the tip of the N domain and
those in the M domain and its finger loop are reported to be in close interactions in
M. jannaschii and S. solfataricus (Rosendal et al., 2003; Hainzl et al., 2007), studies in P.
furiosus SRP54 showed no such interactions (Egea et al., 2008).

The G domain is homologous to the classical P-loop GTPase fold and contains an
additional I-box insertion domain (IBD) of fapa motif that can serve as a guanine
nucleotide exchange factor (GEF) and stabilize the nucleotide-free protein (Moser et
al., 1997). Inside IBD, an insertion loop contains multiple catalytic residues and

represents a probable switch II region as found in Ras-like GTPases (Freymann et al.,
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1997; Montoya et al.,, 1997). The interaction of nucleotide with the protein is
mediated via the intricate hydrogen bonding network between the residues in the
conserved motifs I, I, IV, and V. Just as in small GTPases, the P-loop or G1 region

forms intricate hydrogen bonding with the G3 region and with the IBD.

a) SRP19 L L2

0 40 60 80 100 120
| IR —J
Helix 6 Helix 8

b) SRP54 RXLGXCG linker

1 150 200 250 300 350 400 450
1 ] — 1
NG-domain Sigqal Helix 8
c) SRPR (FtsY) peptide
A domain ALLEADV motif I-box DARGG motif

ol (e

|
1 250 300 350 400 450 500 550 600 800
| )
NG-domain

[

Figure 1.3. Features of (a) SRP19, (b) SRP54, and the (c) SRP receptor (FtsY). Indicated are the N-
and C-termini. All the important and conserved residues are marked in the schematic
representation. Regions and sites which interact with other SRP components, or the signal

sequence, are marked with brackets below each panel.

In a study by Montoya et al., the nucleotide-binding site of Acidianus ambivalens-
SRP54 was shown to have hydrogen bonding between GIn107 in G1 and Arg138 in
IBD and weak interaction between Thr112 and Aspl87 (Montoya et al., 1997). One
single Thr112 to Ala mutation was shown to paralyze the GTP hydrolyzing ability of
the NG core. From the studies performed on S. solfataricus and A. ambivalens, it was
observed that the SRP54-NG domain of these organisms contains unique GY
dipeptide insertion in the switch II region (Montoya et al., 2000; Rosendal et al.,
2003). Such insertion is supposed to be present only in Crenarchaeota since T.
aquaticus Ffh structure did not show such motif (Freymann et al., 1997). In A.
ambivalens, this tyrosine (Tyr194) is engaged in a network of hydrogen bonds with
Val106, Gly108, and Thr110 in the P-loop. Following such interactions, it has been
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proposed that Tyr194 might be able to sense the conformational changes in the active
site and communicate with the G1, G4, and I-box regions (Montoya et al., 2000).
Eukaryotic SRP54 has a conserved threonine at the GTP binding site which is
missing in some archaeal SRP54 proteins. This hints at some unique mechanism of
GTP hydrolysis in the archaeal SRP system unlike that in the eukaryote. Though the
75.5 RNA is known to contact SRP54 at its M domain, contributions from the NG
domain also play a role. As for the fact, such association is supposed to stimulate the

SRP-SR dual GTPase activity.

The M domain has an all-helical fold and is composed of seven a-helices. Within the
SRP core, the M domain contacts the helix 8 of the SRP RNA and on the other hand,
interacts with the signal peptide via its C-terminal portion (Rosendal et al., 2003)
(Fig. 3b). Signal sequences engaging the SRP have, in general, a core of 8-12
hydrophobic residues that preferentially adopts a-helical structure (Gierasch LM,
1989; Grudnik et al., 2009). The signal sequence is accepted in a groove formed by a
finger-loop segment of the M domain that connects the al and a2 helices bordering
the bottom of the groove (Keenan et al., 1998; Janda et al., 2010). In Pfu SRP54, the
groove is covered by helices al0, all, and al4 (Egea et al., 2008) and in Ssol SRP54,
by aM1, aM2 and the C-terminal aM5 (Rosendal et al., 2003). The groove is lined by
flexible hydrophobic residues that contribute to the structural plasticity required to
bind signal peptides of different lengths and amino acid composition (Keenan et al.,
1998). Portions of the finger loop may adopt a-helical conformation to favor the
binding of a signal sequence by the M domain (Janda et al., 2010). N domain may
also influence signal sequence binding by the M domain since mutations in the
ALLEADV motif in the N domain severely impaired signal sequence binding
(Newitt & Bernstein, 1997).

1.4 SRP RECEPTOR

Unlike the eukaryotic SRP receptor, which is composed of SRa and SRp proteins, the
archaeal SRP receptor shares similarities with the bacterial SRP receptor FtsY, which
itself is a homolog of SRa (Miller et al., 1994) (Fig. 3c). Archaeal FtsY has a conserved
NG domain shared with NG of SRP54, including the I-box, and may or may not
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contain an N-terminal acidic (A) domain (Fig. 3c). The A domain may play a role in
recruiting SRP to the archaeal membrane as observed in H. volcanii (Lichi et al., 2004;
Haddad et al., 2005). However, proteolytic cleavage of the A domain from the NG
catalytic core does not affect receptor function (Herskovits et al., 2001). The N
domain of P. furiosus is elongated and lacks the N-terminal extension found in
bacterial FtsY. Instead, it is characterized by a long N-terminal helix aN1, which is
positively charged and might constitute the primary membrane interaction site. The
site supports the initial attachment of the targeting system to the membrane and
interaction with the translocon, as evident from the crystal structure analysis (Egea
et al., 2008). Besides, the N domain of Pfu-FtsY was found to be very rich in charged
residues (30 acidic and 25 basic amino acid residues), which contribute to the high
thermostability of the protein through an intricate meshwork of intra-molecular salt
bridges and hydrogen bonds stabilizing the N domain. The C-terminal end of helix

alN1 also contains extended ion-pair networks to further facilitate thermo-stability.

Both the SRP54 and FtsY possess a central GTPase domain. The classical GTPase
motifs I-IV (Bourne et al.,, 1991) are present in both SRP GTPases along with four
additional elements, the I-box domain, the closing loop, the DARGG motif, and the
ALLEADV motif for essential function (Keenan et al., 2001) (Fig. 3c). Contrary to the
classical GTPases, SRP GTPases interact directly to stimulate concomitant hydrolysis
of GTP and do not require a guanine nucleotide exchange factor for nucleotide
release (Powers & Walter, 1995; Jagath et al., 2000). The crystal structure of Pfu-FtsY
(Egea et al., 2008) reveals two nucleotide molecules, one at the catalytic site and the
other at the protein surface next to the IBD motif. The RNC-SRP complex is targeted
to the membrane through a dynamic GTP-dependent interaction between the NG
domains of SRP54 and FtsY. These two GTPases interact tightly through the so-
called “twinning” of their GTP substrates (Egea et al., 2004; Focia et al., 2004).
Following this reciprocal GTP hydrolysis, the SRP54-FtsY complex dissociates,

inducing the transfer of the ribosome-nascent chain complex to the translocon.

Another crystal structure consisting of E. coli Ffh-FtsY complex bound with 4.55

RNA from D. radiodurans explains how the different residues of the distal end of the
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RNA are contacted by the Ffh-FtsY NG heterodimer (Ataide et al., 2011). C86 of the
GUGCCG conserved motif in the distal portion of 4.55 RNA is contacted by Lys278
and Glu277 from Ffh-NG and Leul98 and Phel37 (IBD motif) of FtsY-NG. The M
domain of Ffh also interacts with the domain IV of RNA (Buskiewicz et al., 2005).
The tetraloop end of the RNA accelerates the initial assembly of the Ffh:FtsY
complex, while the distal end facilitates the GTPase activation. The extensive
interaction between FtsY and the distal end of the RNA is favored as part of the
GTP-activated twin complex but never in the free state of the SRP receptor. The cryo-
EM structure of the SRP-FtsY complex with a GTP analog in the presence of actively
translating ribosome (translating a signal sequence) from E. coli revealed a complex
interaction between the Ffh-M domain with the ribosome-nascent chain complexes
(RNC) and signal sequence (von Loeffelholz et al., 2015). Furthermore, the single-
molecule FRET and gold-labeling experiments showed that the NG domain contacts
the RNA tetraloop at the early state of the complex formation (Kuhn et al., 2015; von
Loeffelholz et al., 2015). In the activated state, however, the NG domain moves away

from the tetra loop towards the distal end of the RNA.

SRP-SR interaction exposes the translocation binding site in the ribosome while
associating with the RNC complex. In presence of SR in mammals, the S domain of
RNA rotates itself with respect to the 60S subunit. As a result, the S domain moves
closure to the ribosome and away from the peptide exit site (Luirink & Sinning,
2004). This is followed by the release of SRP-ribosome binding which exposes a site
composed of ribosomal proteins L23e and L35 (L23p and L29p in E. coli). This serves

as a major binding site for the translocon.
1.5 ARCHAEAL SEC TRANSLOCON

The three-dimensional structure of the M. jannaschii Sec translocon (SecYEG) has
been solved and has provided valuable insights into the protein translocation in
archaea (Van den Berg et al, 2004). Interestingly, archaeal Sec translocon
components have emerged to be a link between bacterial and eukaryotic
components. For example, in silico analysis of SecE of S. solfataricus revealed that it

has sequence similarity to eukaryotic Sec61y, which was previously considered to be
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a distinct protein as compared to SecE in prokaryotes (Hartmann et al., 1994). On
other hand, both bacterial and archaeal SecY shows similarity to Sec6a, with the
archaeal proteins more closely related to their eukaryotic counterpart (Rensing &
Maier, 1994). The complementation experiment with M. vanielii SecY homolog in the
temperature-sensitive mutant of E. coli revealed that the archaeal SecY could
functionally replace its bacterial counterpart even in the absence of the unique ether-
linked phospholipid environment (Auer et al., 1991). Unlike SecY (Sec6la) or SecE
(Sec6ly), the archaeal SecG shows little sequence similarity to its functional analogs
in other two domains of life and has been identified from in silico analysis (Matlack

et al., 1998; Cao & Saier, 2003).

Both in eukaryotes and bacteria, the Sec61afy/SecYEG translocon is associated with
accessory components. In eukaryotes, the Sec6lafy complex is associated with
TRAM (Gorlich et al., 1992) or the Sec62/Sec63 (Deshaies et al., 1991) complex. The
SecYEG complex in bacteria was detected in association with SecDFyajC (Duong &
Wickner, 1997) or YidC (Scotti et al., 2000; Seitl et al., 2014; Kumazaki et al., 2014). In
archaea, however, no auxiliary translocon components have yet been identified
(Pohlschroder et al., 2005; Calo & Eichler, 2011). In silico analyses have confirmed the
presence of genes encoding SecDF or YidC in archaea (Calo & Eichler, 2011).
However, their functional role remained elusive. In bacteria, SecDF has been
proposed to modulate the behavior of SecA, the ATPase that drives post-
translational translocation (Economou et al.,, 1995; Duong & Wickner, 1997). In
archaea, as no SecA has been identified, the function of SecDF remains an enigma
(Pohlschroder et al., 1997). Nonetheless, the involvement of archaeal SecDF in Sec-
mediated protein translocation has been verified by the generation of secDF deletion
in H.volcanii (Hand et al., 2006). The YidC protein has been shown to participate in
the membrane insertion of certain bacterial proteins (Samuelson et al., 2000). In silico
analysis has identified YidC (Oxa/Alb3) homologs in some archaea but no
functional confirmation is yet available for this protein in this domain (Luirink et al.,

2001; Zhang et al., 2009).
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One important question that arises, regarding the translocon, is how it interacts with
the SRP-RNC-SRP receptor complex and facilitates entry of the nascent polypeptide
chain. SecYEG is suggested to contact the L23 ribosomal protein and the signal
sequence in vivo and the unloading of cargo into the translocon happens after the
exquisitely timed event of concomitant GTP hydrolysis by SRP-SRP receptor
complex (Shen et al., 2012). It has recently been shown in a study on bacterial Fth-
FtsY system that the RNC-induced delay in GTPase activation in the SRP-FtsY
complex followed by the pause in the sliding over the RNA to the distal loop [99] is
completely taken care of by the SecYEG translocon. The translocon reverses the
cargo-induced pausing in vitro and restores efficient GTP hydrolysis. It never
displaces the RNC from the docking site but displaces the GTPase complex from the

proximal site and prolongs docking at the RNA distal site.

The mechanism of cargo loading from the SRP complex to the translocon has always
been of huge interest. Several studies have demonstrated that SRP delivers RNCs
directly to the FtsY, associated in a complex with the translocon. Recently, an in vitro
site-directed cross-linking study using Forster resonance energy transfer (FRET)
(Kuhn et al., 2015) indicated that the FtsY-SecY interaction is rather strong and GTP-
independent, however, requires the association of phospholipids. The conserved
lipid-binding helix of FtsY undergoes a random coil-to-helix transition upon
induction by anionic phospholipids (Stjepanovic et al.,, 2011). The interaction
between the A domain of FtsY with the membrane phospholipid as well as the
SecYEG translocon has also been demonstrated recently (Lakomek et al., 2016). A
domain of FtsY is shown to be highly flexible and intrinsically disordered. The
positively charged N-terminal region and the C-terminal membrane targeting region
of the A domain were shown to be in contact with the phospholipids in an alpha-
helical conformation. The negatively charged central region is, however, found to be
associated with the positively charged translocon non-specifically, suggesting that

electrostatic force might be the driving factor for SecY-FtsY interaction.

The nascent chain enters the translocon via the opening of a lateral gate following a

‘crack’ in the translocation channel. The cytoplasmic C-terminal helix of Pfu SecY
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seems likely to interact with the signal sequence in the nascent chain. This
interaction induces the cytosolic vestibule to widen up and the lateral gate is open,
without much conformational rearrangement (Egea & Stroud, 2010).
Transmembrane helices 1 and 2, present in the SecYE complex, form a central helical
plug and together with the ring region maintain a membrane seal that may act to
prevent ion and solute leakage (Egea & Stroud, 2010). SecE exerts a clamping effect
on the SecY subunit that is released upon lateral opening of SecY. The substrate then
enters the vestibule and gradually dislocates the central plug. Such a process also
allows interaction of the membrane phospholipids with the nascent chain within the

translocon channel.
1.6 FUTURE QUESTIONS

Over the years, several interesting features of archaeal SRP-mediated protein
translocation and membrane insertion have been elucidated. The SRPs of the
crenarchaeon A. ambivalens and euryarchaea A. fulgidus, P. furiosus, and H. volcanii
have been reconstituted, and the ability of the archaeal SRP54 to recognize and bind
signal sequence has been established (Moll et al., 1999; Maeshima et al., 2001; Tozik
et al., 2002). Besides, several crystal structures (SRP54, SRP19, FtsY, SecYEG, SRP54
with helix 8 of SRP RNA, SRP54 with a signal peptide, and SRP19 with 6th and 8th
SRP RNA helices) concerning archaeal SRP complex were solved (Gupta et al., 2016).
However, the lack of detailed biochemical analyses and limited availability of the
genetic and cell-biological tools have restricted our progress in understanding the in
vivo role of SRP in archaea. It remains unclear whether the translocation of secretory
and membrane proteins display similar relations to protein translation in archaea
and what role does SRP plays in these processes. Although the SRP is involved in the
translocation of both membrane and secreted proteins in eukaryotes, SRP seems
necessary for insertion of a sub-set of inner-membrane proteins in E.coli, and
possibly for targeting of some secreted proteins (Denks et al., 2014). In archaea,
evidence for both co-translational and post-translational protein translocation has

been furnished, but to what extent these findings are representative remains to be

18



Chapter |

investigated (Dale & Krebs, 1999; Ortenberg & Mevarech, 2000; Irihimovich &
Eichler, 2003).

The present work embarks on a journey to explore the biochemical basis underlying
the macromolecular interaction associated with archaeal protein targeting. Within
the limited frame of doctoral research, it tries to address a few basic questions, such
as, the role of 7S RNA in the functionality of SRP54, how the concomitant GTP
hydrolyses by SRP54 and FtsY is regulated, what factors govern the successful

assembly of a targeting complex and if the archaeal membrane has any role in that.
1.7 AIM OF THE STUDY

The present thesis is divided into three major objectives aiming to characterize the
signal recognition particle system in thermoacidophilic crenarchaea and to elucidate
the intricate nature of protein-RNA and protein-protein interaction that govern this

process.
1.7.1 Biochemical and biophysical characterization of the purified SRP components

Archaeal SRP is a ribonucleoprotein complex consisting of two proteins, SRP54 and
SRP19, and a 7S RNA. SRP19 contacts helices 6 and 8 in the smaller S domain of the
SRP RNA and possibly bring out specific conformational changes that widen the
minor groove of the helix 8. This widened groove serves as the binding pocket for
the M domain of SRP54. Lack of biochemical evidence has hindered our
understanding of the protein targeting system in archaea, hence we sought to
characterize the components of this pathway by biochemical as well as
computational means. The RNA-binding ability of the two proteins was investigated
by electrophoretic mobility shift assay and a computational model was also
generated to identify key residues participating in this interaction. Mutations were
introduced in the M domain of SRP54 based on that prediction and their effect on
RNA binding was further tested. The intrinsic GTPase activity of SRP54 was also
characterized considering the natural habitat of our model organism, Sulfolobus

acidocaldarius.
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1.7.2 Characterization of the functional targeting complex in archaea and the role of

SRP components in facilitating the event at high temperature

The targeting complex (TC) can be defined as the functional association between
SRP54 and its receptor FtsY that successfully mediates the process of cargo
unloading and GTP hydrolysis. TC has been extensively studied in bacterial SRP
systems and recently a detailed structural investigation into the Sulfolobus FtsY has
provided the necessary support to elucidate the same in the archaeal domain. By the
virtue of the FRET technique, we sought to characterize the role of SRP RNA in
facilitating the formation of archaeal TC. Kinetic analyses using sub-optimal
substrate concentration were employed to characterize the reciprocal GTP
hydrolyzing activity by the participating GTPases by generating a battery of G

domain mutants.

1.7.3 Role of archaeal membrane and the structural domains of the SRP receptor in

the activity of targeting complex at high temperature

The components of TC have an intrinsic affinity toward the membrane
phospholipid, especially the tetraether lipids in the archaeal plasma membrane.
Since archaeal FtsY lacks any membrane-spanning domain, the possible dynamics of
its membrane association remains elusive. Structural studies have implicated that
the N terminal alpha helices and the acidic A domain have major roles to play in
SRP54 association as well as membrane targeting. We, therefore, generated
differentially truncated versions of FtsY and investigated their role in membrane
association and SRP54 binding by using various biophysical techniques such as
FRET, circular dichroism, small-angle X-ray scattering, and molecular dynamic
simulation. The dual GTPase characteristic of the TC was also tested for the mutual

affinity of the participating proteins.
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CHAPTER 2

AN ACCOUNT OF REAGENTS, RESOURCES,
STRAINS, CLONES AND EXPERIMENTAL
METHODS USED IN THE STUDY
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2.1 MATERIALS

2.1.1 Bacterial strains used in the study
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Bacterial strains Relevant characteristics Source or
reference
E. coli recAl endA1l gyrA96 thi-1 hsdR17 supE44 Stratagene
XL1Blue relAl lac [F” proAB laclq ZAM15 Tn10
(Tet)]
E. coli B F-ompT hsdS(rB-mB-) dem+Tetr E. coli ~ Stratagene
BL21(DE3)-RIL gal A\ (DE3) endA Hte [argU ileY leuW
Cam?]
Sulfolobus acidocaldarius Hyper-thermoacidophilic crenarchaeon DSMZ
DSM639 which grows optimally at 80 °C and pH 2-
3
Haloferax volcanii H53 ApyrE2 AtrpA (background strain DS70) 72
Tetr, tetracycline-resistant; Camr, chloramphenicol resistant.
2.1.2 Primers used in the study
Primers Salient features Source or
reference
12 5-CCCCCGGTACCATGGTCAGGTAGGG-3’ Present
Forward primer for Saci_0095 with Kpnl cut site study
13 5-CCCCCAAGCTTGTCAGCTCCCCTATG-3 Present
Reverse primer for Saci_0095 with HindlIII cut site study
14 5-GGGGGAATTCGATGAGCITAAGAG-3 Present
Forward primer for Saci_0759 with EcoRI cut site study
15 5-GGGGGAAGCTTCTATTTATTCTTTTCTAATTC-3’ Present
Reverse primer for Saci_0759 with HindIII cut site study
16 5-CCCCCGGATCCGTTGTTAGATGGTCTAAG-3 Present
Forward primer for Saci_1310 with BamHI cut site study
17 5-CCCCCAAGCTTTTATTGATTACTTCCG-3 Present
Reverse primer for Saci_1310 with HindIII cut site study
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18 5- ATGCGTCCGGCGTAGAG-3 Present
Forward sequencing primer for MCS1 of pETDuet-1 study
19 5- GATTATGCGGCCGTGTACAA-3 Present
Reverse sequencing primer for MCS1 of pETDuet-1 study
20 5-TTIGTACACGGCCGCATAATC-3 Present
Forward sequencing primer for MCS2 of pETDuet-1 study
21 5- GCTAGTTATTGCTCAGCGG-3’ Present
Reverse sequencing primer for MCS2 of pETDuet-1 study
452  5- CCATGGGCATAATTTGTITTTGATAG-3 Present
Forward primer for Saci_1462 with Ncol cut site study
165  5'- GGGGGCTCGAGACTACTGAATATCCITTCTAC-3 Present
Reverse primer for Saci_1462 with Xhol cut site study
2.1.3 Plasmid used in the study
Plasmids Relevant characteristics Source or
reference
pET28a  Kanr, Bacterial expression vector with T7 promoter, Novagen
replicon ColE1 (pBR322), and one MCS.
pGEM-3Z Ampr, bacterial transcription vector with T7 RNA Promega
polymerase promoter, replicon ColE1 (pUC18), and
one MCS
pETDuetl Ampr, Bacterial expression vector with T7 promoter, Novagen
replicon ColE1 (pBR322), and two MCS
pAG3 Ampr, pETDuetl carrying N terminal His-tagged Present
Saci_1310 (SRP54) using restriction sites BamHI- study
HindIII
PAGS Kan', pGEM-3Z carrying Saci_0095 (7S SRP RNA) Present
using restriction sites Kpnl-HindIII study
pAG13  Ampt, pETDuetl carrying N terminal His-tagged Present
Saci_0759 (SRP19) using restriction sites Ndel-Xhol study
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pAG21  Kan', pGEMB3Z carrying 133-228 nucleotide of
Saci_0095 (S domain, SRP RNA) using Kpnl/HindIII
pAG351  Kant, pET28a carrying C terminal His-tagged Saci_1462

(FtsY) using restriction sites Ncol-Xhol

Present
study
Present

study

Kanr, kanamycin-resistant; Amp*, ampicillin-resistant

2.1.4 Growth medium used
2.1.4.1 Luria Bertini (LB) medium
Tryptone - 10 gm/lit

Yeast extract -5 gm/lit

Sodium chloride- 10 gm/lit

All components were dissolved, and volume made up to the desired amount. The

pH was adjusted to pH 7.0 by the addition of 5N NaOH before volume adjustment.

2.1.4.2 Sulfolobus acidocaldarius growth media

Trace elements Brock I Brock II (100X) Brock II1 Fe-Solution
(2000X) (1000X) (200X) (1000x)
MnClz, 4 H2O - CaClz, 2H2O (NHg)2SO4 - 130  KH2PO4 FeCl: or FeCl3,
3.6 gm/L -70gm/lit gm/L 6H20-20gm/L
NazB4O7, 10 MgSOys, 7H20 - Trace

H>O -9.0gm/L 25gm/L Elements

ZnSOy, 7 H2O - 1.5 ml H>SOyq - 1.5 ml

0.44 gm/L 1:1 H>SO4 - 1:1

CuCly, 2 H2O -

0.10 gm/L

NaMoQOyg, 2 H,O

-0.06 gm/L

VOSOy, 2 H2O -

0.06 gm/L
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CuSOs4, 7 H20 -
0.2gm/L

Final composition:

Components 1L culture
Brock I 1ml
Brock II 10 ml
Brock 111 5 ml
Fe 2+ 1ml
Trypton (20%) 10 ml
Sucrose (20%) 10 ml
Yeast (10%) 10 ml
Adjust pH to 3.5 with H2SO4
2.1.4.3 Haloferax volcanii growth medium
Salt 1L
NaCl 240 gm
MgCl,, 6H20 30 gm
MgSOs, 7H20 35 gm
KcCl 7 gm
CaClz, 2H>0 (added from 1 M stock) 5ml (0.5gm/L)
2.1.4.4 23% Modified Growth Medium
Components 1L
Saltwater 767 ml
Pure water 200 ml
Peptone 5gm
Yeast extract 1 gm
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2.1.5 Buffers and solutions

2.1.5.1 Competent cell preparation

MOPS buffer stock solution (pH 7.0) Aqueous solution of 1 M MOPS
MOPS buffer stock solution (pH 6.5) Aqueous solution of 1 M MOPS
Rubidium chloride stock solution 0.1 M aqueous solution

(RbClr)

Calcium chloride stock solution (CaCl2) 0.5 M aqueous solution

Solution I 0.5 ml MOPS (pH 7.0) +5 ml RbCl+ 44.5

ml autoclaved water

Solution II 1 ml MOPS (pH 6.5) +10 ml RbCl>+10

ml CaCl; +79 ml autoclaved water

Solution IIT 2 ml glycerol + 10 ml Solution III

2.1.5.2 Plasmid isolation by alkaline lysis

Solution I 50 mM glucose, 25 mM Tris-HCI (pH 8.0), 1
mM EDTA

Solution II 0.2 mM NaOH, 1% SDS

Solution III 3 M Sodium acetate, pH 4.8

RNase A 10 mg/ml

Phenol: chloroform: isoamyl A mixture of phenol, chloroform, isoamy]

alcohol alcohol in 25:24:1 ratio, saturated with Tris-
HCl (50 mM pH 8.0)

TE buffer 10 mM Tris-HCI (pH 8.0), 1 mM EDTA

2.1.5.3 SDS-polyacrylamide gel electrophoresis (PAGE) for protein

30:0.8 acrylamide: bis-acrylamide 30 gm acrylamide and 0.8 gm bis-
solution acrylamide dissolved in deionised
(100 ml) water
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Buffer for resolving gel

1.5 M Tris-HCl pH 8.8

Buffer for stacking gel

0.5 M Tris-HCl pH 6.8

5X Loading dye

0.0625 M Tris-HCl (pH 6.8), 15%
glycerol,

0.1% SDS, 1% B-mercaptoethanol,
0.001% bromophenol blue

5X running buffer

15 gm Tris, 72 gm glycine, and 5 gm
SDS dissolved in 1000 lit of water

Staining solution

0.1 % Coomassie blue R-250 dissolved
in 50: 10: 40 methanol, acetic acid, and

water solution

De-staining solution

methanol: acetic acid: water in 40:10:50

ratios

2.1.5.4 Agarose gel electrophoresis for nucleic acid

10X TBE (1 L)

108 gm Tris-base, 55 gm boric acid, 7.2
gm Na2EDTA, 2H>O

Agarose solution

The required amount of agarose was
suspended in 0.5X TBE, melted, and
cooled to 55 °C before pouring in the

casting block

Ethidium Bromide (EtBr) solution.

0.1 gm of EtBr was dissolved in 10 ml of

water

6X loading dye

0.5X TBE, 30% glycerol, 0.05%

bromophenol blue
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2.1.5.5 Native gel electrophoresis for protein-nucleic acid binding

50X TAE (1L)

242gm Tris-base, 57.1ml glacial acetic
acids and 37.2gm Na;EDTA, 2H-O.

30:0.8 acrylamide: bis-acrylamide

solution

As described in 2.1.5.x

10X Native gel loading dye

50% glycerol, 1mM EDTA, 0. 25%
bromophenol blue and 0. 25% xylene

cyanol.

Gel solution preparation

The required amount of stock solution
was taken in 1X TAE, additionally,
glycerol at a final of 5% concentration
was added. Volume was made up with
deionized water, degassed and TEMED
and APS were added to it.

2.1.5.6 Urea polyacrylamide gel electrophoresis (PAGE) for RNA

10X TBE

As described in 2.1.5.4

19:1 acrylamide: bis-acrylamide solution

19 gm acrylamide and 1 gm bis-
acrylamide dissolved in deionized

water and volume made up to 100 ml

2X RNA loading dye

80% (v/v) formamide, ImM EDTA (pH
8.0), 0.1% bromophenol blue and 0.1%

xylene cyanol.

Gel solution preparation

The required amount of stock
acrylamide solution was taken in 1X
TBE and the required amount of urea
was added so that the final
concentration becomes 8M urea. The

required amount of APS and TEMED
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was added after volume makeup with

deionized water.

2.1.5.7 Overexpression of protein

IPTG solution

1M (0.238 gm/ml) aqueous solution

Kanamycin solution

50 mg/ml aqueous solution

Chloramphenicol solution

35 mg/ml ethanol solution

Ampicillin solution

100 mg/ml aqueous solution

2.1.5.8 Purification of overexpressed protein

Lysozyme solution

10 mg/ml aqueous solution

PMSF solution

100 mM in isopropanaol

Imidazole solution

1 M aqueous solution pH 8.0

Cell resuspension buffer

50 mM Tris-Cl (pH 8.0), 150 mM KCl

Lysis buffer Cell resuspension buffer + 1 mM PMSF
+1 mM Lysozyme

Wash buffer I Cell resuspension buffer + 10 mM
imidazole

Wash buffer II Cell resuspension buffer + 20 mM
imidazole

Elution buffer I Cell resuspension buffer + 100 mM
imidazole

Elution buffer II Cell resuspension buffer + 200 mM
imidazole

Elution buffer III Cell resuspension buffer + 300 mM
imidazole

Elution buffer IV Cell resuspension buffer + 400 mM

imidazole
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Elution buffer V Cell resuspension buffer + 500 mM
imidazole
Dialysis buffer 50 mM Tris-Cl (pH 8.0), 150 mM KCl,

10% glycerol

2.1.6 Commonly used commercial reagents

2.1.6.1 Reagents for cloning

Reagents

Manufacturers

Ncol
Xhol
Kpnl
HindIII
BamHI
EcoRI
Tango buffer
T4 DNA Ligase
MgCl,
DMSO
dNTPs
Nuclease free water
Taq polymerase
Phusion polymerase

Pfu Polymerase

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Ambion

Invitrogen & TaKaRa

Thermo Scientific

Thermo Scientific

2.1.6.2 Reagents for in vitro transcription

Reagents

Manufacturers

T7 RNA polymerase

RNase inhibitor (RiboLock)

DNase I

Thermo Scientific
Thermo Scientific

Thermo Scientific
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5X Transcription buffer

Thermo Scientific

NTPs Thermo Scientific
a®?P-UTP BRITT
2.1.6.3 Additional reagents
Name of the reagent Manufacturers
IPTG Calbiochem
Kanamycin Calbiochem
Chloramphenicol Calbiochem
Tetracycline Calbiochem
Ampicillin Calbiochem
Bradford Reagent Bio-Rad

Bicinchoninic acid protein estimation kit

Ni-NTA Agarose
Coomassie brilliant blue r-250
Ethidium bromide
Methanol
Glacial acetic acid
Hydrochloric acid
Sodium Hydroxide
Potassium chloride
Tris Base
Glycine
Acrylamide
Bis-acrylamide

Diethyl pyrocarbonate (DEPC)

Thermo Scientific
Qiagen & TaKaRa
Sigma-Aldrich
HiMedia
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Merck Millipore
Bio-Rad
Bio-Rad
Sigma-Aldrich
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2.1.7 Instruments

Name of the instrument Manufacturers

Spectrophotometer (U-2900) Hitachi, Japan

Spectrophotometer (Halo XB-10) Dynamica, UK
Spectrofluorometer (FP-8500) Jasco, Japan
Circular Dichroism Spectrophotometer Jasco, Japan

(Jasco-150)
Cold Centrifuge (Sorvall ST8R) Thermo Scientific
Vertical Gel electrophoresis system (Mini Bio-Rad

Protean tetra cell)

Horizontal gel electrophoresis system Bio-Rad
Gel documentation system Bio-Rad
Polymerase chain reaction (PCR) machine Applied Biosystem
FPLC (AKTA Start) GE Healthcare
2.1.8 Software used in the study
Name of the software Developers
SigmaPlot Systat Software Inc.

Microsoft office Microsoft Corporation

Adobe Photoshop Adobe, Inc.
CorelDRAW Corel
Image] National Institute of Health, USA
Quantity One Bio-Rad
Igor Pro Wave Metrics, Portland, USA
Chimera Resource for Biocomputing, Visualization,
and Informatics (RBVI), UCSF
Pymol Schrodinger, Inc.
BESTSEL Micsonai et al

Clone manager

Sci-Ed Software
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GENTtle Manske M, Germany

2.2 METHODS
2.2.1 Competent Cell preparation
A. Preparation of bacterial culture

A single colony of bacteria was inoculated into 10 ml of LB media and incubated
overnight at 37 °C as a starter culture. 2 ml of the starter culture was used to inoculate
200 ml of LB media as a growth culture. The growth culture was incubated at 37 °C
until the OD600 reaches 0.6. Everything after this point was performed in a cold

environment with pre-chilled supplies.
B. Treatment of bacterial cells

Bacterial cells were pelleted down by centrifuging at 6000 rpm for 10 mins at 4 °C.
Pellets were resuspended in 50 ml solution I followed by centrifugation at 7500 rpm
for 7 mins at 4 °C. Pellets were resuspended in 80 ml solution II and kept on ice for 30
mins. Cells were further pelleted down by centrifuging at 7500 rpm for 7 mins at 4 °C.

Finally, pellets were resuspended in 12 ml of Solution III.
C. Freezing and storage of competent cells

Competent cells were distributed in 100 pL aliquots in small microcentrifuge tubes.

Liquid nitrogen was used to snap freeze the cells before storing them at - 80 °C freezer.
2.2.2 Transformation

Competent cells were thawed on ice and desired plasmid (50-100 ng) was added into
the cells and gently mixed. This mixture was incubated on ice for 30 mins. Heat shock
was applied by incubating cells at 42 °C for 90 secs. After heat shock, the mixture was
further incubated on ice for another 5 mins. 500 pL of LB media was added into the
mixture as recovery and incubation were carried out for 45 mins at 37 °C. After
incubation, 50-100 pL of the mixture was spread on a LA plate containing desired

antibiotics. The spread plate was incubated overnight at 37 °C.
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2.2.3 Plasmid isolation

A single colony of transformed bacteria containing the desired plasmid was
inoculated into 5 ml of LB media with appropriate antibiotic and incubated overnight
at 37 °C. The next day, cells were pelleted down by centrifugation at 6000 rpm for 6
mins. The pellet was resuspended in 100 pL solution 1 and kept on ice for 5 mins. 200
uL of freshly prepared solution II was added into the cell suspension and mixed
thoroughly by inversion before incubating at room temperature for 5 mins. 150 pL of
solution III was added into the solution and mixed properly followed by another 15
mins of incubation on ice. After incubation, centrifugation was carried out at 10000
rpm for 15 mins and the supernatant was transferred carefully into a fresh
microcentrifuge tube. RNase A was added into the solution with a final concentration
of 2 mg/ml and incubation was carried out for 15 mins at 37°C. An equal volume of
phenol: chloroform: isoamyl alcohol (25:24:1) mixture was added into the solution and
mixed by using a vortex. The resulting aqueous and the organic phase was separated
by centrifugation at 10000 rpm for 3 mins. The aqueous phase was transferred into a
fresh tube and plasmid DNA was precipitated by adding 2.5 volumes of absolute
ethanol. The tube was kept at -20 °C for 30 mins to allow complete precipitation.
Centrifugation was carried out at 12000 rpm for 15 mins at 4 °C and the DNA pellet
was washed twice with 70 % ethanol. Finally, the DNA was vacuum dried and

resuspended in 50 pL of TE buffer.
2.2.4 Overexpression of recombinant protein

10 pL of required antibiotic [kanamycin (50 mg/ml) or ampicillin (100 mg/ml)] was
added into 10 ml of LB medium and a single transformed colony was transferred into
the medium. Then it was incubated at 37 °C under shaking conditions for 16 hours. 10
ml of this primary culture was then added into 1 lit of LB medium, containing 1 ml of
the same antibiotic solution previously used and incubated at 37 °C under shaking

condition until the ODgoo reaches 0.6.

500 puL IPTG (1 M Stock) was added into the culture for induction and incubated at
37°C (for SRP54, SRP19) or 16°C (for FtsY) for 16 hours under shaking conditions.
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Induction was checked by lysing the cell and then running the cell lysate on an SDS

page. A cell lysate of uninduced culture was used as the control.
2.2.5 Protein purification by affinity chromatography

After 16 hours of incubation of the induced culture centrifugation was carried out at
6000 rpm for 8 mins to pellet down the cells. The cell pellet was dissolved in cell
resuspension buffer and followed by the addition of 1 mM lysozyme and 1 mM PMSF
into it. The Cell was lysed using a sonicator (Soniprep 150). Pulses of 30 secs were used
to lyse the cells with a 1 min break between two pulses. Pulses were continued until
the cell suspension became clear indicating lysis of cells. Then centrifugation was
performed at 15000 rpm for 30 mins to separate cell debris and the supernatant was
collected in a sterile centrifuge tube. This supernatant was incubated at 65 °C using a
hot water bath to remove all the bacterial proteins. It was then subjected to the same
centrifugation cycle of 15000 rpm for 30 mins and the supernatant was collected and

placed in ice.

The FPLC system was equilibrated with filtered and degassed water and resuspension
buffer (see 2.1.5.8). Prepacked Ni-NTA agarose column was assembled and washed
with 20 column volume (cv) of water followed by equilibration with resuspension
buffer. Beads were further washed with 10 cv of wash buffer I (see 2.1.5.8). The
collected cell lysate was loaded upon the column and the flow-through was collected.
The affinity column was washed with a 20 column volume of wash buffer I and wash
buffer II to remove nonspecific proteins. The protein of interest was eluted in a
stepwise manner by adding elution buffers (I to V) with increasing concentration of

imidazole, at a flow rate of 1 ml/min.

All the washed and eluted fractions along with the lysate and the flow-through were
analyzed by running an SDS-PAGE. Eluted fractions with considerable purity were

selected for dialysis.
2.2.6 Buffer exchange

A dialysis bag with either 3 kDa or 12 kDa cut off (depending on the size of the protein)

was boiled in distilled water containing 1 mM EDTA for 10 mins. Then it was rinsed
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with distilled water and again boiled for 10 mins without EDTA. A final rinsing was
done with cold distilled water before adding protein into it. After securing both ends
of the dialysis bag with a dialysis clip, it was placed into a beaker containing the
dialysis buffer. Dialysis was continued for 3 hours followed by replacing the old buffer
with a fresh one. After the addition of the fresh buffer, dialysis was continued

overnight.

A spin column with an appropriate cut-off was used to increase the protein
concentration when needed. The spin column was first equilibrated with dialysis
buffer before the addition of the protein. Centrifugation was performed at 5000g for
15 mins to concentrate the protein. This step was continued until the desired
concentration was achieved. Protein concentration was measured using either

Bradford or BCA method.
2.2.7 Protein purification by size exclusion chromatography

To achieve further purification size exclusion chromatography was performed. For
this purification, at first, buffer and water were filtered and degassed. Then the gel
filtration column (Sephacryl S-300 HR) was washed with water at a 0.5 ml/min flow
rate either in an FPLC machine (AKTA Start) or using a peristaltic pump, followed by
washing with the buffer (same as the dialysis buffer) at the same flow rate. After that
protein was loaded into the column and ran at a 0.5 ml/min flow rate. Fractions were
collected in microcentrifuge tubes and absorption at 280 nm was measured to select
protein-containing fractions. An SDS-PAGE was run to analyze the fractions and
protein concentration of the desired fractions was measured by either Bradford or
BCA methods. Protein was then concentrated using a spin column until the desired

concentration was achieved.

For long-term storage of the purified protein, it was distributed in small aliquots in
microcentrifuge tubes. Liquid nitrogen was used to snap freeze the protein to avoid

ice crystal formation before storing the aliquots in a - 80 °C freezer.
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2.2.8 Synthesis and purification of the RNA transcript
2.2.8.1 Preparation of RNA transcript by run-off transcription

Run-off transcription reaction was set up for small-scale production of radiolabeled
RNA using T7 RNA polymerase. The following components were added in order of

their occurrence and the reaction was incubated for 3 hrs at room temperature.

Transcription buffer (5X) 1X final concentration
Linearized template DNA 1pg
ATP, GTP, CTP 2 mM each (for unlabeled RNA) or,
0.5 mM each (for labeled RNA)
UTP 2 mM (for unlabeled RNA) or,
12 uM (for labeled RNA)
a®P-UTP 10 pCi (for radiolabeled RNA)
RNase Inhibitor 20U
T7 RNA polymerase 20U
2.2.8.2 Elution of RNA

Radiolabeled RNA was separated in denaturing polyacrylamide gel. The RNA was
located by autoradiography (30sec) and the band was excised. RNA was eluted from
the excised gel slice into 0.4ml RNA elution buffer by incubating at room temperature
overnight in a vertical cyclo-mixture. Elution was centrifuged and the supernatant
was collected. RNA was extracted with phenol and ethanol precipitated from the

supernatant.
2.2.8.3 Purification of in vitro transcribed RNA

To the IVT reaction mix, 3 M sodium acetate solution (pH 5.0) was added to the final
concentration of 0.3 M. the rest of the volume was made up of DEPC-treated water.
An equal volume of phenol-chloroform-isoamyl alcohol (25:24:1) solution was added
to the reaction tube and mixed gently. The content was centrifuged at 10,000 rpm for

5 mins and the upper aqueous layer was separated. An equal volume of chloroform
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was added to this layer and centrifuged at 10,000 rpm for 5 mins; the upper aqueous
layer is collected and separated. Ethanol (100%) was added as three times the volume
of the aqueous layer, mixed thoroughly, and kept at - 20 °C for overnight. On the
following day, the tube was centrifuged at 15,000 rpm for 40 mins, the supernatant
was discarded, and the pellet was washed with 500 pl of ethanol (70%). The sample
was further centrifuged at 15,000 rpm for 20 mins and the pellet was dried using

vacuum centrifugation or by incubating at 45 °C for 15 mins.
2.2.9 SDS-polyacrylamide discontinuous gel

The required concentration of polyacrylamide gel was prepared according to
Laemmlie's protocol (1970) taking polyacrylamide bis-acrylamide solution (30:0.8),
1.5M Tris-HCl (pH 8.8), 10% SDS, and water. The required amount of TEMED and
30ug/ml APS was added to it for polymerization and poured into the casting
chamber. For stacking gel 1M Tris-HCl (6.8) was used instead of 1.5M Tris-HCI, pH
8.8. The protein sample is suspended in an SDS-sample buffer, boiled in the water bath
for 3min and loaded in gel. The gel was run in an SDS-PAGE running buffer at a
constant 2 mA/lane until bromophenol blue dye reached the bottom. The gel was
fixed in fixing solution, stained with 0.1% Coomassie Blue and distained with a de-

staining solution.
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CHAPTER 3

BIOCHEMICAL AND BIOPHYSICAL
CHARACTERIZATION OF THE PURIFIED SRP
COMPONENTS
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3.1 INTRODUCTION

In all three domains of life, three ribonucleoprotein complexes are universally
conserved. These are the RNase P, ribosome, and the signal recognition particle
(SRP). SRP plays a critical role, both in prokaryotes and eukaryotes, to facilitate the
co-translational protein targeting across the plasma membrane and ER membrane
(Grudnik et al., 2009; Akopian et al., 2013). The signal sequence located at the N
terminus of the newly synthesized protein, emerging from the ribosome, is
recognized by SRP. The whole ribosome-nascent-chain complex (RNC) is transferred
to the protein conducting channel by the interaction of SRP with its cognate receptor;
SR in eukaryotes, FtsY in prokaryotes (Pohlschroder et al., 2003; Halic et al., 2006).
SRP is an ensemble of non-coding RNA and one or more proteins. The bacterial SRP
consists of only one protein, Ffh, and a 4.55 SRP RNA (Poritz et al., 1990; Batey et al.,
2000) whereas the eukaryotic SRP employs a 7S RNA molecule associated with six
proteins - SRP68, SRP72, SRP54, SRP19, SRP14 and SRP9 (Keenan et al., 2001).
Interestingly, archaeal SRP retains the 7S RNA despite its robustness and two
proteins from the eukaryotic line-up - SRP54 and SRP19 (Gupta et al., 2016).

Several features of archaeal SRP RNA distinguish it from that of the other two
domains, most notably the helical arrangements in its secondary structure (Zwieb &
Bhuiyan, 2010). Helix 1 of the SRP RNA is typically present in all archaea and a few
bacteria, whereas helix 7 is only found in archaea, but none of them are ever found
in eukaryotes (Kempf et al., 2014). Though, the presence of helix 6 is shared among
archaea and eukaryotes. This is because SRP19 is present in both domains which
contact the SRP RNA at helices 6 and 8 (Hainzl et al., 2005; Gupta et al., 2016). SRP54
(Fth in bacteria) associates with the RNA at the helix 8 via its C terminal M domain.
The SRP RNA acts as a scaffold that undergoes structural rearrangements to favor
the binding of other constituent proteins that helps in the overall function of SRP.
Crystal structure analyses of the SRP19-bound 7S RNA from M. jannaschii reveal the
conformational changes in the RNA induced by the interaction with SRP19. When
compared with the solution structure of 75.5 RNA (S domain of 7S RNA consisting
of helices 6 and 8), the binding of SRP19 at the tips of two helices shows substantial
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restructuring in the helix 6. The tetraloop bases of this helical region are looped-out
and reoriented to facilitate an increase in the fraction of surface-exposed bases in the
distal asymmetric loop of helix 8 (Hainzl et al., 2005). In the absence of any protein,
the unpaired bases of this loop are directed toward the helical axis but the binding of
SRP19 inverts the loop backbone and the bases now face the outside of the RNA
helix. Such profound conformational changes enhance the affinity of SRPP54 for the
RNA, a fact that was also supported by biochemical study (Hainzl et al., 2005) and
free-state characterization of an SRP54-SRP19-SRP RNA complex crystal structure
(Hainzl et al., 2007). The binding of the SRP54-M domain not only reorients the helix
8 but also displaces the nucleotides at the G domain binding site. The intricate
intermolecular interface, including base-specific interactions, that mediates the M
domain recognition is not present in the NG domain-RNA interface. Nevertheless,
the RNA contacts the NG domain via its sugar-phosphate backbone (Hainzl et al.,
2007). Similar structural studies with SRP54 from S. solfataricus reveal that the
flexible hinge region in the G-M domain interface may play a critical role in the
necessary conformational rearrangements (Rosendal et al., 2003). The signal peptide
binding to the M domain finger-loop region induces the repositioning of the G
domain (Hainzl et al., 2007; Janda et al., 2010) which contains conserved Ras-like
classical P-loop GTPase motifs. Therefore, RNA binding may directly influence the
GTPase activity of SRP54 in the complex. Evidence from biochemical studies on the
E. coli Fth-GTPase activity in the presence and absence of 4.55 RNA provides direct
confirmation of this hypothesis. The bacterial SRP RNA has been found to increase
the enzymatic GTP hydrolysis rate of the Ffh alone by a few folds but by more than
100 folds when measured in combination with the SRP-receptor, FtsY (Powers &
Walter, 1995; Peluso et al., 2000; Peluso et al., 2001). More recent studies have
established that the RNA tetraloop mediated Ffh-FtsY assembly relocates to the
distal end of the RNA, induced by a defined bend in the RNA backbone. This
repositioning of the GTPase complex is crucial for the concomitant GTP hydrolysis
at the end of the protein targeting process (Shen et al., 2013; Voights-Hoffmann et al.,
2013).
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Although a plethora of experimental findings help us to understand the molecular
mechanism underlying the bacterial SRP assembly and its precise role in the protein
targeting process, such biochemical evidence is lacking in archaeal SRP research. An
initial analysis of the RNA-binding and the GTPase activity of SRP54 from the
hyperthermophilic archaeon A. ambivalens (Moll et al., 1999), followed by a thorough
reconstitution experiment with the mesophilic H. volcanii SRP assembly (Tozik et al.,
2002) provide necessary information regarding the archaeal SRP system. Another
hyperthermophilic, sulfate-reducing archaeon, Archaeoglobus fulgidus has been
studied to establish the precise role of SRP19 in facilitating the SRP54-7S RNA
interaction (Diener & Wilson, 2000). Together these data comprise a nominal
representation of the co-translational translocation machinery in the vast milieu of
the archaeal diversity. Thus, the very first objective of this study is to elucidate the
nature of intramolecular interactions within the SRP assembly in the
thermoacidophilic crenarchaeon Sulfolobus acidocaldarius. With the help of both
biochemical and biophysical tools, the different components of the functional SRP
complex have been cloned, expressed, purified, and studied for their intrinsic
activities. Members of the genus Sulfolobus thrive at extremely high temperatures of
70-80 °C and acidic pH of 2-3. Their natural habitats include hot solfataric springs
where the conditions are highly fluctuating due to volcanic activity. Sulfolobus
requires unique strategies to survive in such extremely adverse conditions and
therefore is a very suitable candidate for studying molecular mechanisms
considering evolution and stress response. The broader aim of this dissertation has
therefore been directed to unravel any mechanistic detail that contributes to the
evolutionary importance of the archaeal domain in the prokaryotic to eukaryotic

transition.
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3.2 MATERIALS & METHODS
3.2.1 Construction of overexpression vectors for wild type and mutant proteins

To enable expression of SRP54 and SRP19 with an N-terminal histidine tag, srp54
gene (saci_1310) and srp19 gene (saci_0759) was amplified by PCR from genomic
DNA of S. acidocaldarius DSM639 using primers listed in Table 2.2, digested, and
ligated into pET Duetl vector yielding plasmid pAG3 and pAG13 for SRP54 and
SRP19 respectively. For expression analysis, the required vector was transformed
into Escherichia coli BL21 (DE3) cells containing the RIL Camr plasmid (Stratagene).
All the strains, primers, and constructs used for cloning wild-type SRP54 and SRP19
are listed in Tables 2.1.1, 2.1.2, and 2.1.3, respectively. The single point mutations
were introduced in the pAG3 backbone, individually, by the site-directed
mutagenesis protocol using KOD Hotstart polymerase (Novagen). Primers used for

this purpose and the final constructs generated are listed in Table 4.1.

Table 3.1 Primers and plasmids used to construct SRP54-G domain mutants

Plasmids Primers Relevant characteristics Reference
pAG45 158 5-AAGCCAGGATGAGGGCAATAGCAAAAG- Present
3" Forward primer for SRP54R400A study
159 5-CAGCTCCTTTTGCTATTGCCCTCATC-3’ Present
Reverse primer for SRP54R400A study
pAG56 438 5-ATGAATTCAATGGCATATAAAG-3 Present
Forward primer for SRP545381A study
439 5-AATTCTTTATATGCCATTGAATTC-3’ Present
Reverse primer for SRP5453814 study
pAG57 440 5-CAATGACATATGCAGAATTAGATAAC-3*  Present
Forward primer for SRP5413834 study
441 5-TTATCTAATTCTGCATATGTCATTG-3’ Present
Reverse primer for SRP54T383A study

3.2.2 Expression of recombinant proteins in E. coli

A total volume of 10 ml of an overnight culture of E. coli BL21(DE3)-RIL cells
containing the RIL Camr plasmid and pAG3 or pAG13 was used to inoculate 1 L of
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Luria-Bertani medium containing ampicillin (100 pg/ml) and chloramphenicol (34
pg/ml). Cells were grown at 37 °C until OD600 of 0.6 was reached when 500 pM
IPTG (isopropyl p-D-thiogalactopyranoside) was added. The temperature was
reduced to 16 °C, and growth was continued overnight to reduce inclusion body
formation. The cells were collected by centrifugation, resuspended in lysis buffer
[50mM Tris-Cl (pH 8.0), 150mM KCl, and 10% glycerol] containing the complete
EDTA-free protease inhibitor cocktail (1 tablet/50 ml of lysate; Roche), frozen in

liquid nitrogen and stored at - 80 °C.
3.2.3 Purification of recombinant SRP54 and SRP19

Before purification, frozen resuspended cell pellets were thawed on ice. One mM
lysozyme was added separately to the lysis buffer. After incubation on ice for 30
min, cells were lysed by sonication with Soniprep150 (DJB Labcare, UK). Cell debris
was removed by centrifugation at 15000 rpm for 30 min (rotor SA-300; Sorval RC6+
Thermo Scientific). For the purification of histidine-tagged proteins, the supernatant
was applied to a Ni?*-NTA affinity column (Qiagen). Bound proteins were washed
gradually with lysis buffer containing 10 mM and 20 mM imidazole, respectively.
The bound protein fraction was eluted in a lysis buffer containing 100 mM of
imidazole. The eluted fraction was monitored by running reducing SDS-PAGE. The

fraction containing the desired protein was dialyzed overnight in a lysis buffer.
3.2.4 Cloning, transcription, and purification of SRP RNA

The full-length 7S RNA (saci_0095) and the S domain of 7S RNA (7S.S) were cloned
from the S. acidocaldarius DSM639 genomic DNA using primers and vectors listed in
Table 2.2 and 2.3. RNA was synthesized using in vitro transcription (Thermo
Scientific) with T7 RNA polymerase (see 2.2.8.1). The synthesized product was

purified using the solvent-separation protocol (see 2.2.8.3).
3.2.5 Homology modeling and docking

The three-dimensional structure of SRP54 and SRP19 was homology modeled using
the RNA-bound structure of SRP54 and SRP19 from Sulfolobus solfataricus (1QZW
and 3KTW, respectively) as the template. Swiss-Model webserver (Guex et al., 2009;
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Waterhouse et al., 2018; Studer et al., 2020) was used to perform the homology
modeling.  Molecular  docking  was  performed  with HADDOCK
(High Ambiguity Driven protein-protein DOCKing) webserver (van Zundert et al.,
2015; Honorato et al., 2021) using the homology modeled structure of SaciSRP54,
SaciSRP RNA, and SaciSRP19 as the macromolecular templates. HADDOCK encodes
information from identified or predicted protein interfaces in ambiguous interaction
restraints (AIRs) to drive the docking process. For water refinement, a solvent shell
was built around the complex and, subsequently, a series of short MD simulations
were performed according to the default parameters, all atoms except the side-chain
atoms at the interface were restrained to their original position. Next, 1250 MD steps
were performed at 300 K with position restraints for heavy atoms which are not part
of the PPI (residues not involved in intermolecular contacts within 5 A). Finally, the
system is cooled down (1000 MD steps at 300, 200, and 100 K) with position
restraints on the backbone atoms of the protein complex, excluding the interface
atoms. The result was obtained in multiple clusters based on the FCC method with a
cut-off of 0.6 for complex clustering. Only the model showing the closest
resemblance (lowest RMSD) with the crystal structure and the lowest energy was

selected in each case.
3.2.6 Secondary structure prediction of SRP RNA

The secondary structures of S. acidocaldarius 7S RNA and 75.5 RNA were built using
MXfold2 webserver using a deep neural network integrated with Turner’s nearest-
neighbor free energy parameters (Sato et al., 2021). The model is trained using the
max-margin framework with thermodynamic regularization to ensure that folding

scores and the calculated free energy are as close as possible.
3.2.7 GTP hydrolysis assay and kinetic analysis

For estimating GTPase activity, the proteins were maintained in the binding buffer
[50 mM Tris (pH 8.0), 150 mM KCI and 10% glycerol]. The same composition was
used for the assay buffer with 5 mM MgCl. Fixed concentrations (2 pM) of proteins
were pre-incubated for 5 mins and then incubated with 100 uM GTP at 75 °C for 15

min. The reaction was stopped by freezing in liquid nitrogen. To determine the
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activity of SRP54 as a function of temperature, pH, nucleotides, and divalent cations,
the assay was performed at different temperatures, in different buffers [50 mM
citrate (pH 3.0-5.5), MES (pH 6.0-6.5), HEPES (pH 7.0-7.5) or Tris/HCl (pH 8.0-9.5)],
with different NTPs (5 mM of ATP, GTP, CTP or UTP), and in the absence of or with
different divalent cations (5 mM of Na-EDTA, NiCl,, MgCl;, MnCl, or CaCly,)
respectively (Ghosh et al., 2011). For the Michaelis-Menten kinetic analyses, 0.05-2
mM of GTP was used as the substrate and 2 uM of SRP54 was assayed for the
GTPase activity for 20 mins, in the presence and/or absence of 7S RNA. An aliquot
of 20 pl from each sample was mixed with 200 pl of Malachite Green reagent and the
absorbance was measured at 620 nm spectrophotometrically (Ghosh et al., 2011). The
data were corrected for non-enzymatic GTP hydrolysis. The amount of GTP
hydrolyzed per minute per pmoles of SRP54 was determined as a function of
substrate concentration, and the resulting data were fitted to the following equation:
Vo=V x —L0TPl
max * g+ [GTP]
where Vj is the observed reaction rate at a specific substrate concentration, Vmax is
the maximal rate with saturating substrate, and Kwm is the substrate (GTP)

concentration that provides half the maximal velocity.
3.2.8 Electrophoretic mobility shift assay

The protein-SRP RNA complex formation was monitored on native PAGE following
standard protocol. Complex formation was induced by mixing radiolabelled 7S RNA
(10* CPM) with SRP54 (0.005-0.4 pM) or SRP19 (0.01-0.5 pM) in binding buffer [50
mM Tris (pH 8.0), 150 mM KCl] with 5 mM MgClz and then incubated at 75 °C for 10
min followed by snap chilling in ice. A competitive reaction mixture was also
prepared where the reaction with maximum protein concentration (0.4 uM) was
doped with an excess of non-radiolabelled 7S RNA (2 uM). Total reaction mixtures
were analyzed on 4% native PAGE at room temperature using 1X TAE buffer. The
gel was further dried, and the radiation was measured by Typhoon Phospho-imager
(GE Healthcare). The data were analyzed by Image] software and the curve fitting

was done with the aid of SigmaPlot12.0 software.
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3.3 RESULTS

3.3.1 Purification and enzymatic characterization of archaeal SRP proteins

Sulfolobus acidocaldarius is a thermoacidophilic organism that thrives at temperatures
as high as 70-80 °C and has an external pH of around 2-3. Due to the exposure to this
extreme habitat, the cellular machinery within the organism is adapted to perform in
such conditions. This feature has been successfully employed in the purification of
recombinant archaeal protein to exclude the load of bacterial protein impurity. The
overnight grown, IPTG-induced cells were precipitated and solubilized using lysis
buffer (binding buffer + lysozyme) and sonicated to obtain the cellular fraction. This
fraction was incubated at 60 °C in a water bath that ensured aggregation of all
bacterial proteins (Ghosh et al., 2011). Following centrifugation, the soluble fraction
was obtained which primarily contained the recombinant archaeal protein. The
lysate was loaded into a Ni-NTA agarose column, and the proteins were eluted
using increasing concentrations of imidazole. The computed molecular weights of
SRP54 and SRP19 were calculated to be 49.65 kDa and 11 kDa, which were
visualized in SDS-PAGE following the migration of 50 kDa and 10 kDa marker,

respectively.
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Figure 3.1. Purification of recombinant SRP proteins. Proteins were purified using affinity
chromatography and the column was washed with 10 mM imidazole (Wash 1) and 20 mM
imidazole (Wash 2), and the proteins were eluted using 100-400 mM imidazole (Elution 1-4). SRP54
migrated below 50 kDa marker (a) and SRP19 migrated above 11 kDa (b). Both proteins were

eluted at a 100 mM imidazole fraction.
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SRP GTPases (SRP54 and FtsY) belong to the SIMIBI class of GTP hydrolyzing
enzymes that contain the classical P-loop GTPase motifs (G1-G5) which provide a
binding pocket for the nucleotide and Mg?* ion (Leipe et al., 2002). Additionally, the
SRP-G domain contains an insertion loop inside the IBD that probably represents the
switch II region found in Ras-like GTPases (Freymann et al., 1997; Montoya et al,,
1997). A unique GY dipeptide sequence is found in this region inside the
crenarchaeal SRP54 (Montoya et al., 2000; Rosendal et al., 2003). The IBD motif is
supposed to stabilize the nucleotide-free protein as there is no known guanine
nucleotide exchange factor present for SRP GTPases. The enzymatic ability of SRP54
has been investigated in bacteria as well as in higher eukaryotes and both were
found to have a weak basal hydrolyzing activity (Connolly & Gilmore, 1993; Dong et
al., 2006). Although crenarchaeal SRP54 structure has been analyzed to point out key
residues possibly involved in its GTP hydrolyzing ability, no concrete biochemical
characterization has ever been attempted. In the present study, recombinant SRP54,
purified from S. acidocaldarius (SaciSRP54) was analyzed for its ability for optimal
GTP hydrolysis (Supplementary Material, Gupta et al, 2021). Surprisingly,
SaciSRP54 showed a similar affinity toward CTP and GTP, when tested for its
nucleotide specificity (Fig. 2a). It showed a considerable, yet lower, specificity
toward ATP but could not hydrolyze UTP at all. Different divalent cations were
used to measure the specificity of the protein for its cofactor. Structural data suggest
that SRP54 binds GTP in an Mg?*-dependent manner and the biochemical evidence
corroborated that fact. The highest GTPase activity was recorded in presence of Mg?*
and almost similar activity was also found in presence of another divalent cation,
Mn?* (Fig. 2b). For the maximal GTP hydrolysis, the optimum pH was found to be
between 6 and 7 and the optimum temperature was around 80 °C, which were in
direct agreement with the natural environment of S. acidocaldarius which maintains

the cellular pH at around 6.5 and thrives at 75-80 °C (Fig. 2c-d).
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Figure 3.2. GTPase activity of SRP54 under different optimal conditions. The specific activity of
the enzyme was calculated as nanomoles of inorganic phosphate produced per minute per
milligram of protein. Total Pi released upon GTP (NTP) hydrolysis was measured using the
Malachite Green assay. (a) Analysis of optimal substrate for hydrolysis. NTPs were added to a
final concentration of 5 mM. (b) Preference for optimal divalent metal ion as a cofactor in GTPase
activity. The final concentration of SRP54 used in the assays was 1 pM and the final concentration
of metal ions was 5mM. (c) Influence of pH on SRP54 GTPase activity. (d) Influence of
temperature on SRP54 GTPase activity (Supplementary Material, Gupta et al., 2021).

3.3.2 RNA-protein interaction within the archaeal SRP ensemble

Inside the ribonucleoprotein complex, SRP, the 7S RNA binds SRP19 and SRP54 via
its larger S domain. SRP19 contacts the major groove of helix 6 tetraloop and the
minor groove of helix 8 tetraloop via its L1 and L2 loop regions. The interaction
widens the major groove of the RNA at helix 8 which facilitates the binding of SRP54
(Gupta et al., 2016). The RNA-protein interaction has been studied extensively in
bacterial SRP systems, where Ffh from Mycobacterium tuberculosis was shown to
associate specifically with the 4.55 SRP RNA (Palaniyandi et al., 2012). In the

archaeal community, 7S RNA from Sulfolobus solfataricus was found to be recognized
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by SRP54 from Acidianus ambivalens (Moll et al., 1999) which shows that the residues

involved in the interaction are conserved among organisms.
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Figure 3.3. Secondary structure prediction for RNA. SRP RNA from Sulfolobus acidocaldarius was
modeled for a probable secondary structure with standard thermodynamic constraints used by
MXfold2. The structure of full-length 7S RNA (a) and 7S.S RNA (b) are marked by structural
motifs; loops, bulges, helices, and tips are colored by brown, pink, green, and blue respectively.
The energy dot plots for all the possible predictions are shown in the inset. The final AG for the
shown structures of 7S and 75.S RNA were -144.93 and -44.6, respectively.

The S domain of SRP RNA (7S.S) from Archaeoglobus fulgidus bound full-length
SRP54 and its M-domain with an intrinsic high affinity. The AfuSRP19 was also
found to bind the SRP RNA with similar affinity (Diener & Wilson, 2000). Another
study by Christian Zwieb (1994) showed that a similar association exists between
human 7S RNA and SRP19 through base-specific interactions. To assess the
structural motifs and interactive domains of 7S RNA in S. acidocaldarius, a sequence-
based secondary structure was predicted using an MXfold2 webserver that builds
secondary structures of non-coding RNAs from scratch, using thermodynamic
energy calculations. Figure 3.3a depicts the predicted secondary structure of Saci7S
RNA with the highest free energy (AG = -144.93) where all the structural motifs,

specific to archaeal 7S RNA, have been addressed. Helix 1 is unique to archaea that
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are formed upon pairing of the 5" and 3" termini of the RNA. There are two loops in
the stem of helix 8 right below the apical tetraloop region - the asymmetric and the
symmetric loops. The symmetric loop has four non-Watson-Crick base pairing (GA,
GG, AC, CA) that is conserved among archaea, bacteria, and humans (Nagai et al.,
2003). When the SRP54-M domain contacts the symmetric loop, the asymmetric loop
becomes well-ordered and the bases of the ACC trinucleotide present in that loop
become continuously stacked to form a platform for SRP54 interaction. The apical
tetraloop region of helix 8 contains the consensus sequence GNRA instead of GNAR
in the tetraloop of helix 6. A part of the S domain of the RNA has been mapped
using the same constraints (Fig. 3.3b, AG = -44.6) where the helices 6 and 8 are
prominent. This is the smallest functional domain of eukaryotic and archaeal SRP

RNA that has been employed in several biophysical and biochemical analyses.

Next, the 7S RNA was synthesized in vitro in presence of a®?P-UTP, and the purified
product was used in the protein binding assay. The mixture of cognate protein and
the RNA was incubated at 70 °C and then loaded into native polyacrylamide gel. A
range of increasing concentration of SRP54 (5-400 nM) and SRP19 (10-500 nM) was
visualized by the shift in the mobility of the RNA-protein complex (Fig. 3.4a-b); the
last lane in the RN A-SRP54 binding reaction contained an excess of unlabelled RNA
which competitively bound to the protein, replacing the labeled RNA (Fig. 3.4a). The
gel image was analyzed using Image] software to calculate the relative density of the
radiation spots. A comparative analysis between the free RNA and the bound RNA
spots resulted in a percentage of the bound fraction that was plotted against the
concentration of the protein. The resulting graph was fitted using the protein-ligand
binding equation and the Kq4 of the association was determined in each case. SRP19
bound the RNA with a stronger affinity (Fig. 3.4d) as denoted by the K4 of 139.62 +
18 nM, whereas the RNA-SRP54 binding was characterized by a K4 value of 39.32 + 7
nM (Table 3.2). This was in agreement with the available structural data which
implies that SRP19 binds the SRP RNA via base-specific interactions at both helices
(6 and 8) but SRP54 contacts the RNA only at helix 8. The stronger RNA-binding
property of SRP19 may have conferred to it the ability to stack two helices closer for

an effective reorientation that favors SRP54 binding.
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Figure 3.4. RNA-protein interaction among archaeal SRP components. The EMSA for 7S RNA-
SRP54 (a) and 7S RNA-SRP19 (b) binding were run using a 4% native PAGE in 1X TAE buffer. For
the SRP54 binding assay, the last lane was supplemented with excess unlabelled 7S RNA which
competitively replaced the bound labeled RNA. The densitometric calculations were plotted using
the protein-ligand function and the apparent K4 was calculated to be 139.62 + 18 nM for SRP54 (c)
and 39.32 + 7 nM for SRP19 (d).

3.3.3 Role of SRP RNA in the GTPase activity of SRP54

SRP RNA has been implicated to induce important conformational reorientations in
SRP54, both in bacteria and archaea (Rosendal et al., 2003; Hainzl et al., 2005). In E.
coli, the presence of 4.5 RNA was shown to be a key factor for faster association
between Ffh and FsY (Peluso et al., 2000). Also, the Ffh-4.55-FtsY complex was found
to dissociate at a much faster rate compared to the Ffh-FtsY complex (Peluso et al.,
2000) which revealed that the SRP RNA may have stabilized a transition state for the
binding reaction, lowering the energy barrier separating free and complexed
components. Since the two SRP GTPases reciprocally activate each other, their
enhanced association directly translates into better enzymatic hydrolysis of the

bound GTP (Shen et al., 2013). Although bacterial SRP RNA has been shown to exert
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little effect on the basal GTPase activity of Ffh (Peluso et al., 2001; Zhang et al., 2008),
the overall catalytic role of the RNA has been quite evident. Presently in this study,
the SaciSRP54 has been investigated for its enzymatic efficiency and whether the
association of the 7S RNA moiety has any significant role in it. To address these
questions, hydrolytic activity of SRP54 was measured, with or without 7S RNA, in
presence of varying concentrations of GTP (0.05-2 uM). The amount of inorganic
phosphate released was measured spectrophotometrically by Malachite-Molybdate
reagent and the specific activity was calculated as the total nanomoles of phosphate
released per minute per pmoles of protein used. This was plotted against the
increasing concentrations of GTP and the resulting graph was fitted using the
classical Michaelis-Menten kinetic equation to obtain an understanding of the
enzymatic efficiency. The affinity of SRP54 for the nucleotide substrate was reflected
in the apparent Ky, calculated as the substrate concentration required to attend half
the maximum velocity (Vmax). Though the overall Vimax of the reaction was only
slightly increased in presence of 7S RNA (Fig. 3.5b) than in the absence of it (Fig.
3.5a), the affinity for GTP remained almost unchanged (Table 3.2).
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Figure 3.5. Effect of 7S RNA on the basal enzymatic activity of SRP54. The Amount of GTP
hydrolyzed by the protein was measured using the Malachite-Molybdate reagent. The specific
activity of SRP54 was calculated as nmoles of phosphate released minute! umole? of protein used.
The reaction was carried out with (a) SRP54 alone and (b) in complex with 7S RNA, and the
affinity for GTP was found to be 131 uM (a) and 139 uM (b) respectively.
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Table 3.2. Kinetic features of SRP-GTPase and RNA-binding activity

Sample Vmax Km Kq
SRP54 102 nmoles min! pmole! 131 uM -
SRP54+7S RNA 125 nmoles min! pmole-! 139 uM -
SRP54-7S RNA - - 139.62 £ 18 nM
SRP19-7S RNA - - 39.32 £ 7 nM

The measured nucleotide affinity of SRP54 depicts that the effect of SRP RNA upon
the basal enzymatic activity of the protein is not significant. This perfectly

corroborates with the data available from studies in the bacterial SRP system.
3.3.4 Computational analysis of structural features of SRP components

To date, many structural analyses regarding the ribonucleoprotein complex of SRP
have been performed across all the domains of life. Few have addressed the SRP19-
RNA interactions in humans as well as in archaea (Oubridge et al., 2002; Wild et al.,
2009), whereas some have investigated the nature of the interaction between
Fth/SRP54 and SRP RNA (Batey et al., 2000; Kuglstatter et al., 2002; Rosendal et al.,
2003). Overall, SRP19 is said to induce the side-by-side alignment of the two helices
of the S domain of SRP RNA, which in turn favors the conformational changes in the
asymmetric loop of the helix 8 necessary to bind SRP54. Though, reports are
confirming tight binding of RNA by SRP54 even in the absence of SRP19 (Maeshima
et al.,, 2001; Tozik et al., 2002) which hint at the possible key role of the apical
tetraloops of the two RNA helices, rather than SRP19 itself. The asymmetric and the
symmetric loop of helix 8 contact the M domain of SRP54 and such binding induces
a compact rearrangement around the IBD of the G domain (Rosendal et al., 2003;
Nagai et al., 2003). Crystal structures of SRP54 alone or in combination with helix 8
and that of SRP19 complexed with 7S.S RNA have been solved in S. solfataricus, A.
ambivalens, and M. jannaschii (Montoya et al., 2000; Rosendal et al., 2003; Hainzl et al.,
2007) but such detailed structural information is absent in S. acidocaldarius. Therefore,
the present work sought to identify the protein-RNA interaction interface and the

important residues involved by computational designing and homology modeling.
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Figure 3.6. Structure prediction by sequence-based homology modeling. The structure of (a) SRP54
and (b) SRP19 from S. acidocaldarius was modeled using the solved crystal structures of
homologous proteins in S. solfataricus (1QZW, 3KTW respectively). The different domains of
SRP54 have been marked as - red for N domain, yellow for G domain, teal for M domain, and blue
for G-M linker. The structure of the S domain of SRP RNA (c) from S. acidocaldarius was modeled
using 3KTW (C and D chains) as the template.

The tertiary structures of the proteins were generated using the SWISS-MODEL web
server and that of the 7S.S RNA was built by using the 3dRNA webserver. The
characteristic domain arrangements of SRP54/Fth were observed in the modeled
structure as well. It consisted of the N-terminal N domain, closely followed by the G
domain. Together they build the catalytic NG domain which binds and hydrolyses
GTP and interacts with the NG domain of FtsY. The C-terminal M domain is linked
to the G domain via a flexible linker region with consensus sequence ‘RXLGXGD’,
present in S. acidocaldarius as ‘RLLGLGD’ (Fig. 3.6a, blue region). The conserved
glycine residues in this region may allow possible conformational rearrangements
within SRP54 upon binding with RNA or signal sequence. Figure 3.6b shows the
structure of SRP19 with its four characteristic loops. The L1 is a rigid, well-defined
region that acts as the primary surface for the protein-RNA interaction (Hainzl et al.,
2005). The L2 region remains relatively disordered in free protein but refolds upon
contacting the SRP RNA (Wild et al., 2010) and establishes base-specific hydrogen
bonds with the RNA backbone. The tertiary structure of the S domain of 7S RNA
clearly shows the helices 6 and 8 (Fig. 3.6c), generated by the 3dRNA webserver that

built the RNA model based on its secondary structure alignment with experimental
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templates (Wang et al., 2019). In case of non-availability of the template, a distance-
geometry-based loop building method is used to build segments of the secondary
structure and the final model is optimized by the Simulated Annealing Monte Carlo
method. The resulting structure aligned considerably well (RMSD = 3.792) with the
available structure of Sulfolobus 75.5 RNA (B3KTW). The asymmetric loop in the helix
8 was reoriented in the model which can be observed upon SRP54 binding. In
Methanococcus jannaschii, free 75.5 RNA has its ACC trinucleotide (195-197) of the
asymmetric loop pointing toward the interior of the RNA helix. These bases become
stably stacked, upon contacting the SRP54-M domain, causing an upward movement
of the bulged backbone that brings both the symmetryic and symmetric loops closer
(Hainzl et al., 2007). An effective RNA-protein interaction similarly induces the M
domain to undergo conformational rearrangements that favor signal sequence
binding. Here, a structural model of SaciSRP54 was created using a novel machine
learning approach called AlphaFold2 (Jumper et al., 2021). The AlphaFold network
takes advantage of the primary amino acid sequence and aligned sequences of
homologs as inputs to directly predict the 3D coordinates of all heavy atoms for a
given protein. The prediction is viewed as a graph interface in three-dimensional
space where the edges are defined by the proximal residues. The predicted accuracy
of these network-based models is represented as a per-residue confidence score
(pLDDT) that ranges between 0 to 100. The structure of SaciSRP54 predicted by
AlphaFold showed an overall confident scoring (90 > pLDDT > 70) with some areas,
comprising part of the catalytic domain and the RNA-binding residues of M domain,
showing very high confidence (pLDDT > 90) and few unstructured or loop region
residues scoring low (pLDDT < 70). When the AlphaFold predicted structure was
aligned with the sequence-homology-driven structure of SaciSRP54, a marked
difference in conformation was observed around the M domain (Fig. 3.7a). The M
domain has a unique all-helical conformation that consists of seven alpha helices -
aML, aM1, aM1b and aM2-aM5 (Gupta et al., 2016). A detailed observation into the
aligned M domains from the two predictions provided an important insight - within
the AlphaFold prediction, the overall orientation of the M domain has been shifted

to the other side of a rotational axis placed at the G-M linker region. Interestingly,
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the most prominent stretch to score the lowest confidence (67 > pLDDT > 54) in the
AlphaFold prediction comprises a short helical turn (GIn349-Val360) which forms
part of the signal sequence binding finger-loop groove in homology driven model
(Pro352-Leu367) as well as in SsolSRP54 crystal structure. The finger-loop is located
between aMlb and aM2 and the formation is lined by aM1l, aM2, and aM5
(Rosendal et al., 2003) before being induced by SRP RNA. The aM5 and the primary
RNA-binding helix aM4 were shifted by approximately 25 A in the AlphaFold

prediction from their respective positions in the homology-driven model (Fig. 3.7b).

(b)

Finger loop | \‘1

Figure 3.7. Structural alignment of predicted models of SRP54. The overall structures of SRP54
were aligned using PyMOL; the AlphaFold predicted model is shown in teal blue and the
homology driven model is shown in red (a). M domains from respective models were aligned
along a fixed rotational axis (b) and regions of interest were marked. The prominent finger loop
region (yellow) belonged to the homology-driven model. The terminal helices aM4’ and aM5’ in
AlphaFold prediction were found to be 25 A and 26 A apart from the respective helices aM4 and

aM5 in homology driven model.

Such observations strongly suggest that in presence of SRP RNA, the M domain of
SRP54 reorients its constituting alpha-helices to fit the minor groove of the helix 8. In
doing so, the short unstructured region between the aMlb and aM2 takes a
conformation favorable to accommodate signal peptides. AlphaFold derives the
structure of a given protein by sequence and pairwise alignment and then trains the
network with the produced feed. In absence of any nucleic acid partner, the network

delivered the conformation best attained by the protein in its native state.
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3.3.5 Contact analysis in the RNA-protein interaction

The association of 7S RNA with either SRP54 or SRP19 is driven by strong, residue-
specific interactions. The residues involved in RNA binding in SsolSRP54 were
found to be distributed among aM2, aM3, and aM4 helices (Rosendal et al., 2003)
whereas, in MjanSRP19, the RNA-binding amino acids could be located in the L1
and L2 loops (Oubridge et al., 2002; Hainzl et al., 2002). To address the issue in the
Sulfolobus acidocaldarius SRP system, the predicted structural model of SRP RNA was
docked with SRP54 and SRP19, separately, using HADDOCK, and the most
probable residues involved in the interaction were mapped across the RNA and the

protein backbone, based on their permissible proximity for bond formation (Table

3.3).
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Figure 3.8. Residues involved in the base-specific interaction with 7S RNA. The 3dRNA derived
structure of SaciSRP RNA was used to dock the SaciSRP54 (a) and SaciSRP19 (b). The color codes
were maintained as in Fig. 3.6 and the interacting helices have been marked. A detailed
observational analysis of the protein-RNA contact surface identified amino acid residues of SRP54
(c) and SRP19 (d) that were involved in direct interaction with either the bases or the backbone of

the RNA shown in blue (c) or cyan (d).
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Table 3.3 Residues involved in the RN A-protein interaction
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SRP54 7S RNA Distance SRP19 7S RNA Distance
GIn380 A220 3.0A Tyrl7 G166 3.7 A
Ser381 A219 26 A Arg23 U158 32A
Thr383 C222 32 A Glu24 C156 1.6 A
Ala396 C197 27 A Lys58 G209 3.6 A
Arg400 A195 1.8 A Pro61 C207 42 A
Lys403 C218 1.6 A Arg62 G167 2.6 A
Alad05 A203 25A Lys73 G164 2.6 A
Lys77 A165 2.7 A
His78 U162 0.6 A
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Figure 3.9. Purification and characterization of SRP54 mutants. Proteins were overexpressed using

IPTG and purified via affinity chromatography and loaded on different polyacrylamide gels to
obtain specific separation for (a) SRP54531A, (b) SRP5473834, and (c) SRP54R400A, Radiolabelled 7S

RNA was incubated with 1 uM of each of the mutant proteins and separated via native-PAGE.
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The selected residues from the SRP54-M domain showed probable extensive pairing
with the bases in both the symmetric and the asymmetric loops of the helix 8. Three
residues, Ser381, Thr383, and Arg400, were selected for biochemical characterization
for their possible role in the interaction with the RNA. The resultant mutant proteins
were successfully purified (Fig. 3.9a-c) and tested for their RNA binding ability (Fig.
3.9d). RNA binding was found to be completely abrogated in SRP54R400A but
retained in residual strength by SRP5453814 and SRP5471383A, The selected serine and
threonine residues lie close to adenine and cytosine at 219t and 222nd position
respectively in the widened helix 8 minor groove. The arginine at 400t position, on
the other hand, possibly makes a contact with the 195t base adenine, lying in the
asymmetric loop. Since SRP54 contacts 7S RNA at the minor groove of its helix 8,
Ser381 and Thr383 probably establish a strong contact with the RNA. The A195 in
the asymmetric loop is highly conserved and therefore its interacting partner in the
protein, Arg400, may be important for RNA binding to a large extent. These data
indicate the importance of the predicted residues in maintaining the necessary RNA-

protein interaction in the SRP ribonucleoprotein system.

3.4 DISCUSSION

Signal recognition particle in archaea consists of SRP19, SRP54, and 7S RNA where
the RNA acts as a scaffold for the proteins to optimally rearrange their conformation.
Several structural studies have elucidated the possible role of SRP RNA in
facilitating a stable conformational intermediate of the trimolecular complex.
Biochemical characterization of bacterial Ffh or mammalian SRP54 GTPase activity
has been pivotal to map the thermodynamic as well cell biological understanding of
the system, whereas such evidence in the archaeal domain has been scarce. SRP54
from A. ambivalens, showed an optimal GTP hydrolysis at 81 °C at neutral pH, with
an affinity for the nucleotide measuring 13.7 uM (Moll et al., 1999) and bound the 75
RNA from S. solfataricus with high affinity. On the other hand, SRP54 from both A.
fulgidus and M. jannaschii bound 7S RNA with high affinity which was enhanced in
the presence of SRP19 (Diener & Wilson, 2000; Hainzl et al., 2005). The present study
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investigated specific enzymatic and RNA-binding features of SaciSRP54 and SRP19
which enlightened the basic understanding of the ribonucleoprotein complex

adjusting the protein targeting process.

SRP54 from S. acidocaldarius was found to be enzymatically most active at 75-80 °C
and a near-neutral pH in an Mg?* ion-dependent way, with an almost equal affinity
for both GTP and CTP. The optimal temperature and pH of the enzymatic property
of SRP54 correspond to the natural habitat ecology of S. acidocaldarius. SRP54 and
SRP19 both bound the 7S RNA with considerable affinity but the binding between
SRP19 and RNA seemed stronger as reflected by the corresponding K4 values (Table
3.2). Rosendal et al. (2003) and Hainzl et al. (2007) depicted the conformational
changes brought by the SRP RNA upon the SRP54-M domain, mostly regarding the
signal sequence binding. Signal peptides are recognized by SRP54 using its finger-
loop region and our computational data strongly corroborate the idea that such a
fold is induced by the binding of 7S RNA. It was evident from the model predicted
by AlphaFold2 that the addition of RNA completely reorients the SRP54-M domain
that possibly brings a shift of ~25 A in the corresponding arrangement of M domain
helices, contrary to the observed 10 A shift in SsolSRP54 crystal structure (Rosendal
et al., 2003). RNA-M domain interaction also favors an association between the RNA
and the catalytic NG domain of SRP54 (Hainzl et al., 2007) which strongly affects the
GTPase activity of the protein. This was further substantiated by the data obtained
from the Michaelis-Menten kinetics of SaciSRP54 GTPase which showed a clear
improvement in the affinity toward the substrate in presence of 7S RNA (Table 3.2).
Thus, the importance of SRP RNA in the active crenarchaeal SRP assembly can be
established beyond just being a mere scaffold. The possible catalytic role of 7S RNA
fuelled the quest for unraveling the molecular players involved in the RNA-protein
interaction. Docking experiment between homology driven models of SRP54/SRP19
and 7S RNA revealed a battery of important residues on both sides, involved in
specific interaction In SRP54, these residues are distributed across the aM3 and aM4
helices. Three such residues - Ser381, Thr383, and Arg400 - were selected for
mutational substitution with alanine. Subsequent mutant proteins - SRP5453814,

SRP547383A, and SRP54R400A — were purified and checked for their ability to bind 75
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RNA. SRP54R40A was found to have severely impaired RNA-binding function,
whereas the other two mutations resulted in reduced binding compared to the wild
type. These residues, therefore, serve as binding hotspots that can be manipulated to

gain further insights into the mechanistic detail of the interaction.

3.5 CONCLUSION

Taken together, the results established the first critical characterization of the SRP
components in the thermoacidophilic crenarchaeal system. The molecular
adaptations corresponding to the natural habitat of the organism were substantiated
through analyses of the enzymatic ability of SaciSRP54. Furthermore, the binding of
7S RNA to both SRP54 and SRP19 was characterized to the molecular extent and the
nature of a heterotrimeric assembly was investigated by the computational and
mutational study. The results give a holistic projection of this trimolecular

interaction as depicted below -

Figure 3.10. Structural depiction of the active SRP ribonucleoprotein assembly in S. acidocaldarius.
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CHAPTER 4

CHARACTERIZATION OF THE FUNCTIONAL
TARGETING COMPLEX IN ARCHAEA AND THE
ROLE OF SRP COMPONENTS IN FACILITATING
THE EVENT AT HIGH TEMPERATURE
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4.1 INTRODUCTION

The signal recognition particle (SRP) and its receptor constitute essential cellular
machinery required to execute co-translational translocation of nascent polypeptides
across the membranes in all three domains of life. The signal sequence at the N-
terminus of the nascent polypeptide chain is recognized and bound by SRP. After
that, it forms a complex with a cognate receptor (SR, in eukaryotes; FtsY, in
prokaryotes) located on the target membrane. Such interaction is followed by a
series of conformational rearrangements in the SRP-FtsY complex that leads to the
delivery of the ribosome-nascent chain complex (RNC) to the nearby translocon
(SecYEG). Once the RNC is released, the SRP-FtsY complex dissociates through
concomitant GTP hydrolysis by both the proteins (Gupta et al., 2016). The SRP shares
its structural and functional similarities across different domains of life. Mammalian
SRP consists of six proteins (SRP54, SRP19, SRP68, SRP72, SRP9, and SRP14) and a
7S RNA (Keenan et al., 2001), whereas the bacterial counterpart consists of only one
protein (Fth, SRP54 homolog) and a 4.55 RNA (Batey et al., 2000; Buskiewicz et al.,
2005). The ribonucleoprotein complex's functional core comprises the RNA and
SRP54 protein that performs signal recognition, receptor interaction, and GTP
hydrolysis (Akopian et al., 2013). Archaea, being a true mosaic of eukaryotic and
prokaryotic features, shares the similarities of mammalian SRP54, SRP19, and 7S
RNA and the bacterial SRP receptor (Zwieb & Eichler, 2002; Grudnik et al., 2009).
The 7S RNA and GTP, the key regulators in the evolutionarily conserved targeting
process, are bound by the M domain and NG domain in SRP54, respectively. The
catalytic NG domain is also the interacting domain for both SRP54 and FtsY, and the
G domain shares the motifs of the classic P-loop GTPases (Leipe et al., 2002; Gupta et
al., 2021). The classical GTPase motifs I-IV (Bourne et al., 1991) are present in both
SRP GTPases along with four additional elements, the I-box domain, the closing
loop, the DARGG motif, and the ALLEADV motif for essential function (Keenan et
al.,, 2001). Contrary to the classical GTPases, SRP GTPases interact directly to
stimulate concomitant hydrolysis of GTP and do not require a guanine nucleotide
exchange factor for nucleotide release (Powers & Walter, 1995; Jagath et al., 2000).
SRP19 contacts the helices 6 and 8 of the 7S RNA and induce the side-by-side
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alignment of these two helices, which supposedly favors the conformational
rearrangements in the asymmetric loop of helix 8 necessary for SRP54 binding (Rose
& Pohlschroder, 2002; Hainzl et al.,, 2005; Hainzl et al., 2007). However, SRP19-
independent SRP54-7S RNA binding has been shown in Haloferax volcanii, where the
cells could grow normally even after the deletion of the SRP19 gene implying the
dispensable nature of SRP19 (Yurist et al., 2007).

SRP RNA is crucial to signal sequence recognition and binding as it provides the
conformational scaffold for the effective positioning of the SRP54-M domain and
induces the finger-loop formation that accepts the signal peptide (Keenan et al., 1998;
Rosendal et al., 2003). The M domain of the SRP54 is connected to the catalytic NG
domain via a flexible linker region (Rosendal et al., 2003), and signal peptide binding
influences the repositioning of this domain so that it binds the GTP more effectively
(Hainzl et al., 2007; Janda et al., 2010). Since the two SRP GTPases, SRP54 and SRP
receptor (SR/FtsY), interact via their NG domains, the SRP RNA plays a vital role in
the interaction of the two GTPases in bacteria evidently (Shen & Shan, 2009; Voights-
Hoffmann et al., 2013). Kinetic analyses have shown that bacterial 4.5S RNA does not
affect the basal GTPase activity of Ffh but is required for a successful association
with FtsY (Powers & Walter, 1995; Peluso et al., 2001). Though the stable assembly of
the two proteins is GTP-dependent, it is initiated by an early GTP-independent
complex which is significantly stabilized by 4.5S RNA (Zhang et al., 2008). The rate
of the Ffh-FtsY association is accelerated by almost 400-folds in the presence of 4.5S
RNA (Stroud & Walter, 1999; Peluso et al., 2000), which probably provides a longer
lifetime to the transient intermediate required to rearrange to the stable final
assembly. On the contrary, GTP hydrolysis by the active targeting complex is
enhanced only by 8-fold in the presence of SRP RNA (Peluso et al., 2001). Mutational
analyses have shown that blocking GTPase activation, but not the SRP-FtsY
assembly, severely compromises translocation of the nascent polypeptide (Shan et
al., 2007). Thus, a series of discrete conformational changes happen during SRP-SR
association in bacteria that culminate in their reciprocal GTP hydrolysis, ultimately
driving the cargo unloading and successful translocation (Shan et al., 2007; Zhang et

al., 2009).
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Interestingly, the role of archaeal SRP RNA towards the stable association and
GTPase activities of SRP54 and FtsY remains elusive. It remains unclear whether the
archaeal 7S RNA contributes to the stable complexation of SRP54 and FtsY. Several
crystal structures of the individual components of SRP-mediated protein
translocation in archaea are available from Sulfolobus solfataricus, Pyrococcus furiosus,
Methanococcus jannaschii, and Archaeoglobus fulgidus (Hainzl et al., 2002; Pakhomova
et al., 2002; Rosendal et al., 2003; Egea et al., 2008). However, the mechanistic details
of the involvement of 7S RNA in SRP54 and FtsY interaction have been largely

unexplored.

Here we have characterized the interaction between the two SRP GTPases, SRP54
and FtsY, and established the role of archaeal 7S RNA in the stable in vitro SRP54-
FtsY assembly in a thermoacidophilic crenarchaeon Sulfolobus acidocaldarius. Our
results show that archaeal 7S RNA does not influence the GTPase activity of SRP54
alone or in combination with FtsY, but it enhances the association between the two
proteins in a GTP-dependent manner. To further investigate the catalytic
contribution of the P-loop motifs, we identified key residues in the SRP54-G domain
and their contribution to the GTP-binding ability of the wild-type protein. The
presence of archaeal SRP19, on the other hand, increases the overall reaction rate of

GTP hydrolysis, particularly in combination with the S domain of SRP RNA.

4.2 MATERIALS AND METHODS
4.2.1 Construction of overexpression vectors

Construction of pAG3 and pAGI13, expressing wild type SRP54 and SRP19
respectively, were achieved following the protocol listed in 3.2.1. The single point
mutations were introduced in the pAG3 backbone, individually, by the site-directed
mutagenesis protocol using KOD Hotstart polymerase (Novagen). Primers used for
this purpose and the final constructs generated are listed in Table 4.1. To enable
expression of FtsY with a C-terminal histidine tag, the ftsy gene (saci_1462) was
amplified by PCR from genomic DNA of S. acidocaldarius DSM639 using primers
listed in Table 2.2, digested, and ligated into pET28a vector yielding plasmid
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pAG351. For expression analysis, the required vector was transformed into
Escherichia coli BL21 (DE3) cells containing the RIL Cam* plasmid (Stratagene). All
the strains used in the present study are listed in Table 2.1.1. The primers and
constructs used for the expression of wild-type proteins are listed in Table 2.1.2 and

2.1.3, respectively.

Table 4.1 Primers and plasmids used to construct SRP54-G domain mutants

Primers, Relevant characteristics Reference
plasmids
374 5-ACAGGGAAGTGGTGCGACTACAAC-3 Present
Forward primer for SRP54K108A study
375 5-TGCCAGAAGTTGTAGTCGCACCACTTCC-3’ Present
Reverse primer for SRP54K108A study
376 5-CAGGGAAGTGGTAAGGCTACAAC-3 Present
Forward primer for SRP54T1094 study
377 5-TGCCAGAAGTTGTAGCCTTACCACTTCC-¥ Present
Reverse primer for SRP54T109A study
378 5-TAAAGTAGGTTTAGTTGCTGCTGCTATATATCG-3"  Present
Forward primer for SRP54P1324 study
379 5-ATGCAGCAGGACGATATATAGCAGCAGCAACT  Present
AAAC-3 Reverse primer for SRP54DP1324 study
380 5-TTGCTGCTGATATATATGCTCCTGCTGCATATG-3"  Present
Forward primer for SRP54R1354 study
381 5-GCTCATATGCAGCAGGAGCATATATATCAG-3’ Present
Reverse primer for SRP54R1354 study
384 5-GTAATAATTGACACAGCCAAAAGGCACGGTT Present
AC-3" Forward primer for SRP54G187K study
385 5'-CCCCGTAACCGTGCCTTTTGGCTGTG-3 Present
Reverse primer for SRP54G187K study
386 5-GGTTCATTAATAGTGTCAGCGATGGACG-3’ Present
Forward primer for SRP54K2454 study
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387

388

389

390

391

392

393

394

395

pAG61

pAG62

pAG63

pAG64

pAG66

pAG67

5-TTCGCTGTTCCGTCCATCGCTGACAC-3’

Reverse primer for SRP54K245A
5-AATAGTGTCAAAGATGGCCGGAACAG-3" Forward
primer for SRP54D2474
5-CTCCTCCTTTCGCTGTTCCGGCCATC-3’

Reverse primer for SRP54D247A
5-CTCAGATAAAGTTCATAGGTGCAGGAG-3
Forward primer for SRP54T271A
5-CATCCAATTTTTCTCCTGCACCTATG-3’

Reverse primer for SRP54T271A
5-AAAGTTCATAGGTACAGGAGCAAAATTGG-3’
Forward primer for SRP54E273A
5-CTTCCAATTCATCCAATTTTGCTCCTGTACC-3’
Reverse primer for SRP54E273A
5-GCTGCTGATATATATCGTGCTGCTGCATATG-3
Forward primer for SRP54P136A
5-GCTCATATGCAGCAGCACGATATATATCAG-3
Reverse primer for SRP54P136A

pETDuetl carrying N terminal His-tagged Saci 1310
(SRP54) with K108A substitution

pETDuetl carrying N terminal His-tagged Saci_1310
(SRP54) with T109A substitution

pETDuetl carrying N terminal His-tagged Saci_1310
(SRP54) with D132A substitution

pETDuetl carrying N terminal His-tagged Saci_1310
(SRP54) with R135A substitution

pETDuetl carrying N terminal His-tagged Saci_1310
(SRP54) with G187K substitution

pETDuetl carrying N terminal His-tagged Saci_1310
(SRP54) with K245A substitution

Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present
study
Present

study
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PAG68 pETDuetl carrying N terminal His-tagged Saci 1310 Present
(SRP54) with D247A substitution study
PAG69 pETDuetl carrying N terminal His-tagged Saci_1310 Present
(SRP54) with T271A substitution study
pAG70 pETDuetl carrying N terminal His-tagged Saci_1310 Present
(SRP54) with D273 A substitution study
pAG71 pETDuetl carrying N terminal His-tagged Saci_1310 Present
(SRP54) with P136A substitution study

4.2.2 Expression of recombinant proteins in E. coli

A total volume of 10 ml of an overnight culture of E. coli BL21(DE3)-RIL cells
containing the RIL Cam’ plasmid, and the recombinant plasmid were used to
inoculate 1 L of Luria-Bertani medium containing kanamycin (50 pg/ml) (for
PAG351) or ampicillin (for pAG61-71) and chloramphenicol (34 pg/ml). Cells were
grown at 37 °C until OD600 of 0.6 was reached when 500 pM IPTG (isopropyl -D-
thiogalactopyranoside) was added. The temperature was reduced to 16 °C, and
growth was continued overnight to reduce inclusion body formation. The cells were
collected by centrifugation, resuspended in lysis buffer [50mM Tris-Cl (pH 8.0),
150mM KCl, and 10% glycerol] containing the complete EDTA-free protease
inhibitor cocktail (1 tablet/50 ml of lysate; Roche), frozen in liquid nitrogen and
stored at - 80 °C.

4.2.3 Purification of recombinant proteins

Before purification, frozen resuspended cell pellets were thawed on ice. One mM
lysozyme was added separately to the lysis buffer. After incubation on ice for 30
min, cells were lysed by sonication with Soniprep150 (DJB Labcare, UK). Cell debris
was removed by centrifugation at 15000 rpm for 30 min (rotor SA-300; Sorval RC6+
Thermo Scientific). For the purification of histidine-tagged proteins, the supernatant
was applied to a Ni?*-NTA affinity column (Qiagen). Bound proteins were washed
gradually with lysis buffer containing 10 mM and 20 mM imidazole, respectively.

The bound protein fraction was eluted in a lysis buffer containing 100 mM of

81



Chapter 1V

imidazole. The eluted fraction was monitored by running reducing SDS-PAGE. The

fraction containing the desired protein was dialyzed overnight in a lysis buffer.
4.2.4 GTPase assay and kinetic analyses

For estimating GTPase activity, the proteins were first dialyzed into a Tris-Cl buffer
[50 mM Tris (pH 8.0), 150 mM KCl and 10% glycerol]. The same composition was
used for the assay buffer with 5 mM MgCl.. Fixed concentrations (2 uM) of proteins
were pre-incubated for 5 mins and then incubated with 100 uM GTP at 75 °C for 15
min. The reaction was stopped by freezing in liquid nitrogen. To determine the
activity of SRP54 as a function of temperature, pH, nucleotides, and divalent cations,
the assay was performed at different temperatures, in different buffers [50 mM
citrate (pH 3.0-5.5), MES (pH 6.0-6.5), HEPES (pH 7.0-7.5) or Tris/HCl (pH 8.0-9.5)],
with different NTPs (5 mM of ATP, GTP, CTP or UTP), and in the absence of or with
different divalent cations (5 mM of Na-EDTA, NiCl;, MgCl,, MnClx or CaCly,)
respectively (Ghosh et al., 2011). For the kinetic analyses, 1-10 pM of protein was
assayed for the GTPase activity over a range of 5-30 mins. An aliquot of 20 pl from
each sample was mixed with 200 pl of Malachite Green reagent and the absorbance
was measured at 620 nm spectrophotometrically. The data were corrected for non-
enzymatic GTP hydrolysis. The amount of GTP hydrolyzed by individual
concentrations of the protein was determined as a function of time, and the resulting

data were fitted to the following equation:
[GTP]hydrolysed = A x (1 —e~*t)

where t is the time (min) of incubation, A is the amount of GTP hydrolyzed at each

turnover (uM), and k is the reaction rate, measured in min-1.

The affinity of the proteins for GTP can be calculated from the dependence of the

observed reaction rate on protein concentration using the following equation:

[Protein]
cat X ,
K,, + [Protein]

kopsa =k

where kobsd is the observed rate constant at a specific protein concentration, keat is the
maximal rate constant with saturating protein, and K is the protein concentration

that provides half the maximal rate.
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4.2.5 Tagging of proteins with fluorescent probes

Purified recombinant SRP54 and FtsY were conjugated with FITC and TRITC
fluorescent probes, respectively, as described by the manufacturer (Sigma-Aldrich,
USA). Briefly, SRP54 (50 pM) and FtsY (75 uM) in 50 mM Na-Phosphate buffer
supplemented with 100 mM Sodium Bicarbonate (pH 9.0) were mixed either with
FITC or TRITC fluorescent probes. A stock solution of FITC or TRITC was prepared
in anhydrous DMSO at 600 pg/ml concentration. For labeling protein samples, 50 pl
of FITC or TRITC fluorescent probe was taken from the stock solution and added
very slowly to 1 ml of the protein with gentle and continuous stirring of the protein
sample for 2 h at room temperature. Bio-Gel A column was used to separate the
labeled protein from the free probe. The fraction, which contained the labeled SRP54
or FtsY, was collected and dialyzed against 50 mM phosphate buffer (pH 7.2) for 24
h at room temperature. The amount of protein labeled with FITC or TRITC was
estimated by measuring the absorbance at 280 nm and 495 nm (for FITC) or 542 nm
(for TRITC) of the proteins and respective fluorescence probes. Finally, tagging of
the protein was assessed by running an SDS PAGE followed by scanning in a

Typhoon scanner (GE Healthcare, Sweden).
4.2.6 Fluorescence resonance energy transfer (FRET)

The fluorescence resonance energy transfer (FRET) technique was used to determine
the interaction between the two proteins, SRP54 and FtsY. The donor FITC-labelled
SRP54 (100 nM) was incubated for 15 min at 60°C in 50 mM phosphate buffer (pH
7.2) with or without 100 uM of non-hydrolyzable GTP analog (GppNHp) and with
or without 7S RNA (100 nM) and then sequentially titrated with TRITC-labelled FtsY
(25-400 nM). The reaction mixture was excited at 495 nm and the fluorescence
emission spectra were taken from 505-625 nm at 60°C using a Hitachi f-700
spectrophotometer (Hitachi, Japan). The emission intensity of FITC at 520 nm was
measured separately at different titration and was used to calculate the dissociation
rate constant (Kq4) from the following equation:

FO - Ft [FtSY]
= X—
F, K, + [FtsY]
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where F is the fluorescence intensity at 520 nm at different FtsY concentrations, and
Fo is the fluorescent intensity at [FtsY] = 0; Kq is the dissociation rate constant, B is

the maximum intensity achieved at saturation of binding.
4.2.7 Preparation of archaeosome

The archaeal membrane was used to prepare archaeosome to test the interaction of
SRP54-FtsY complex with membrane lipids. To make an archaeosome, S.
acidocaldarius cells were grown aerobically in Brock medium at a pH of 3 and 76°C,
and the membranes were isolated following the Bligh-Dyer method. Initially, the
solvent for extraction was prepared by mixing chloroform with methanol (2:1). 3.75
ml of this extraction solvent was then added to 1 ml of cell suspension, followed by
mixing in a vortex for 10 mins. Further, 1.25 ml of chloroform was added to it
followed by mixing by vortex again for 1 min. Finally, 1.25 ml of water was added to
the mixture and centrifuged at 1000 rpm for 10 mins. The organic layer was
collected, and the chloroform was evaporated in a Turbovap LV concentration
evaporator (Biotage, Sweden) under nitrogen gas pressure at 65°C. The membrane
was then resuspended in 50 mM phosphate buffer (pH 8.0) preheated at 60°C. The
resuspended membrane was then snap-frozen in liquid N followed by thawing in a
water bath at 60°C. Archaeosome was prepared from isolated membranes by
sonicating the solution in a Soniprep 150 sonicator for 5 min (10 cycles x 30 sec).
Stewart assay was used to quantify lipid concentration in the archaeosome

preparation which was found to be 1.32 mg/ml.
4.2.8 Homology based modeling and docking

The three-dimensional structure of SRP54 was homology modeled using the RNA-
bound structure of SRP54 from Sulfolobus solfataricus (1QZW) as the template. Swiss-
Model webserver (Guex et al., 2009; Waterhouse et al., 2018; Studer et al., 2020) was
used to perform the homology modeling. Molecular docking was performed with
Autodock Vina (Trott & Olson, 2010) using the homology modeled structure of
Saci_Srp54 as the protein template. The 3D structure of GTP was generated using

Corina (Sadowski et al., 1994) and used for docking after energy minimization.
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4.3 RESULTS
4.3.1 Purification and enzymatic characterization of archaeal FtsY

The wild-type SRP receptor of S. acidocaldarius, FtsY, and the G-domain mutants of
SRP54 was purified following the same protocol as described earlier (3.3.1). On
separation in SDS-PAGE, FtsY migrated at 48 kDa and the mutants migrated at 49.65
kDa, as same as the wild type SRP54 (Fig. 4.1).
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Figure 4.1. Purification of FtsY and mutant-SRP54 proteins. Proteins were purified using affinity
chromatography and the column was washed with 10 mM imidazole (Wash 1) and 20 mM
imidazole (Wash 2), and the proteins were eluted using 100-200 mM imidazole (Elution 1-2). FtsY
migrated below 50 kDa marker (a); purified fractions of wild-type and mutant proteins were run

separately (b). All mutant proteins were eluted at 100 mM imidazole fraction.

SRP receptors (SR/FtsY) belong to the SIMIBI class of GTP hydrolyzing enzymes
containing the classical P-loop GTPase motifs (G1-G5), as same as found in SRP54
(Leipe et al., 2002). Additionally, the presence of an insertion box domain (IBD)
within the SR-G domain probably represents the switch II region found in Ras-like
GTPases (Freymann et al., 1997; Montoya et al., 1997). The IBD motif is supposed to
stabilize the nucleotide-free protein as there is no known guanine nucleotide
exchange factor present for SRP GTPases. The enzymatic ability of FtsY has been
investigated in bacteria and found to have a weak basal hydrolyzing activity
(Powers & Walter, 1995; Peluso et al., 2000). Although crenarchaeal FtsY structure
has been analyzed to point out key residues possibly involved in its GTP

hydrolyzing ability (Wild et al., 2016), no concrete biochemical characterization has

85




Chapter 1V

ever been attempted. In the present study, recombinant FtsY, purified from S.
acidocaldarius (SaciFtsY) was first analyzed for its GTP hydrolyzing ability in a
concentration-dependent manner. Since the two SRP-GTPases undergo reciprocal
activation of their enzymatic ability (Powers & Walter, 1995; Gupta et al., 2021), the
effect of SRP54-FtsY association on GTP hydrolysis was also tested. Finally, the
addition of 7S RNA was found to exert a positive effect on this combinatorial activity
(Fig. 4.2a). FtsY alone showed a very weak basal GTPase activity even in comparison
with SRP54. Activity at the lowest concentration of SRP54 did not differ much,
whether tested alone or in combination with FtsY and/or 7S RNA. Whereas the
highest concentration of the protein showed an almost two-fold increase in the
activity of SRP54-RNA-FtsY complex than that of SRP54 alone. The presence of the

SRP RNA surely increased the overall GTPase activity to a significant extent in all

conditions.
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Figure 4.2. Comparative GTP hydrolysis by SRP and SR GTPase. (a) Proteins were used in three
consecutive concentrations, 0.5, 1, and 2 uM, and 7S RNA was administered at 250 nM
concentration. The combinatorial activity of SRP54-RNA-FTsY at the highest concentration gave
the maximum hydrolytic output. (b) The increasing concentration of GTP was plotted against
specific activities of FtsY (open circle) and SRP54-FtsY (closed circle). All reactions were incubated

for 15 minutes at 70 °C and then measured by Malachite-Molybdate reagent.

To investigate the effect of SRP54 upon the nucleotide-binding affinity of FtsY, the
specific activity of the protein was measured alone or in combination with SRP54, in

presence of an increasing concentration of GIP (0.5-2.5 mM). The resultant graph
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was fit using the standard Michaelis-Menten equation for enzyme kinetics (Fig. 4.2b)
and the respective Vmax and Km were calculated accordingly (Table 4.2). The weaker
basal GTPase activity of FtsY could be attributed to a much lower affinity toward
GTP, explained from the higher value of Km as compared to SRP54 (table 3.1). the
complex of FtsY-SRP54, on the other hand, showed the highest affinity toward the
nucleotide substrate. Such findings directly hint at the reciprocal activation of GTP

hydrolysis, evident from the structural and biochemical studies in bacteria (Gupta et

al, 2016).

Table 4.2 Kinetic features of GTP hydrolysis by FtsY

Sample Vmax Km
FtsY 750 + 82.3 nmoles min-! pmole! 333 + 144 uM
FtsY-SRP54 853 + 28.6 nmoles minl umole! 66 +15 uM

4.3.2 Role of RNA and guanine nucleotide in SRP54-FtsY association

The SRP and SR GTPases associate together through a nucleotide-independent early
intermediate and the GTP-bound stable complex. After successful cargo transfer,
they dissociate following a concomitant GTP hydrolysis (Lichi et al., 2004; Shen &
Shan 2009). The bacterial 4.55 RNA was shown to facilitate the early GTP-
independent intermediate formed by Ffh and FtsY, where the association of the two
proteins was found to accelerate by 400 folds (Peluso et al., 2001). In archaea, the
effect of 7S RNA on the complexation between SRP54 and FtsY remains unknown.
The present study demonstrated that the archaeal 7S RNA facilitates the formation
of the core of the targeting complex (TC) (Table 4.3). The fluorescence resonance
energy transfer between differentially labeled SRP54 and FtsY was measured for
each of the conditions listed in Table 4.3. In the absence of any of the listed effectors,
the association between the two GTPases was the weakest (Kq = 146.8 £ 37.2 nM)
(Fig. 4.3a). The addition of both non-hydrolyzable GTP analog (GppNHp) and 75
RNA accelerated the association by almost four folds (K4 = 40.5 + 10.8 nM) (Fig.
4.3c). Such an observation further supports the idea that the SRP RNA facilitates the
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complex formation between the two GTPases. On the other hand, GppNHp alone

reduced the dissociation constant by two folds, up to 84.4 + 15.6 nM (Fig. 4.3b).
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Figure 4.3. SRP54-FtsY complex formation is affected by the 7S RNA and nucleotide. FRET
between FITC-tagged SRP54 (100 nM) and TRITC-tagged FtsY (50-400 nM) in absence of any RNA

and nucleotide (a), in presence of 100 uyM GppNHp alone (b), in presence of both 100 uM GppNHp
and 0.5 uM 7S RNA (c) and presence of 100 uM GppNHp, 1 uM 7S RNA and archaeosome fraction

(d). The reaction was carried out at Agx = 495 nm and data were recorded at Agm = 520 nm.

Table 4.3. The measure of the SRPP54-FtsY association under different conditions

GMPPNP RNA Archaeosome Kaq
- - 146.8 £ 37.2 nM
- - 84.4+15.6 nM
+ - 40.5+10.8 nM
+ + 40.5+13.7nM
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Unlike GTP, GppNHp allows capturing the stable targeting complex that would not
dissociate following the nucleotide's hydrolysis. Since FtsY is membrane-associated,
a proper biochemical investigation was needed to know whether archaeal membrane
lipid can influence the association process. In bacteria, the positive charges at the N-
terminal A domain of the FtsY facilitate the binding of FtsY to the anionic
phospholipid of the plasma membrane (Moll R.G., 2003). Archaeal liposome
(archaeosome) was prepared from S. acidocaldarius by the Bligh-Dyer method (Roy et
al., 2018) and incubated the reaction mixture with the liposomal fraction before the
fluorescence titration experiment. However, it did not confer any additional
advantage to the complex formation event since the K4 (~ 40.5 £ 13.7 nM) remained
the same for the association without the archaeosome (Fig. 4.3d). To this end, our
results from the FRET analyses suggested that membrane lipids do not affect the
association of SRP54 and FtsY in S. acidocaldarius. However, the affinity of the

targeting complex toward membrane lipids is yet to be investigated.
4.3.3 Effect of RNA on the basal GTP hydrolysis following SRP-FtsY complexation

Multiple studies have established SRP RNA's role in the GTPase cycle of the SRP
system in bacteria where the 4.55 RNA in E. coli was shown to enhance the combined
GTPase activity of Fth and FtsY (Peluso et al., 2001; Zhang et al., 2008). The RNA
tetraloop facilitates the initial binding between the two GTPases and re-localizes the
complex to its distal end, crucial for efficient GTPase activation and cargo transfer
(Shen et al., 2013). In the present study, we evaluated the kinetic parameters of the
GTP hydrolyzing activity of S. acidocaldarius SRP54 in the presence and absence of 7S
RNA. The basal GTP hydrolyses by SRP54 and FtsY were measured, individually or
in combination, for a temporal range of 0-30 minutes and in a concentration range of
1-10 uM. The observed rate constant, kobsd, for each concentration was plotted and
used to calculate kinetic values, thereby providing an insight into the trimolecular

interaction between 7S RNA, SRP54, and FtsY (Table 4.4, Fig. 4.4).

While the presence of 7S RNA slightly influenced the basal GTPase rate (kcat) of
SRP54, the overall catalytic efficiency (kcat/Km) of the protein remained unchanged
both in the absence and presence of RNA (0.47 £ 0.04 x 10¢ M1 min and 0.43 + 0.03
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x 106 M1 min’, respectively) (Table 4.4, Fig. 4.4a). The affinity of SRP54 for the
nucleotide (0.73 + 0.12 pM), as reflected by Km, was not affected by the presence of
SRP RNA (0.97 £ 0.2 uM), although it was significantly higher than that of FtsY (6.73
+0.12 uM) (Table 4.4, Fig. 4.4). Based on similar studies with bacterial SRP (Peluso et
al., 2001; Akopian et al., 2013), the slower basal reaction rate and weaker affinity for
GTP in both the proteins suggested that the nucleotide hydrolysis, not the binding, is
rate-limiting for the entire reaction. Therefore, the maximal rate constant, keat, equals
the GTP hydrolysis rate from the protein-GTP complex, and K represents the GTP
dissociation constant of the protein. Thus, kect/Km equals the association rate

constant between SRP54 and FtsY, where the complex formation precedes GTP

hydrolysis.
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Figure 4.4. Basal GTPase reactions of SRP54 and FtsY were affected by 7S RNA. The reactions were
carried out in a series of 0-30 minutes, in the presence of 100 pyM GTP. The amount of released
phosphate was measured using Malachite-Molybdate reagent and plotted against the time of
incubation to generate kobsa. (@) Basal GTP hydrolysis of SRP54 in the presence (-0-) and absence (--
e--) of 7S RNA. (b) Basal GTPase activity of FtsY alone (:--¥---) and in combination with SRP54,
either in the presence (-0-) or absence (--o--) of 7S RNA.

FtsY showed the slightest affinity for the nucleotide when tested individually (Fig.
4.4b). However, when the concentration dependence of the activity upon complex
formation was assessed by measuring the observed rate constants for increasing

concentrations (1-10 pM) of FtsY against a fixed concentration (2 pM) of SRP54, the

affinity of the association complex for GTP was increased by six-fold (Table 4.4). The
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affinity was further increased in the presence of RNA, confirming a possible role of
the 7S RNA in the SRP54-FtsY complex formation (Table 4.4, Fig. 4.4b). This was
further supported by the association rate constants of the two GTPases, where an
increase by three folds from 0.18 x 106 M1 min to 0.54 x 10¢ M1 min! was recorded
in the presence of the 7S RNA. A previous study in E. coli demonstrated that 4.55
RNA directly enhances the rate of GTP hydrolysis by the GTPeFfh-FtsYeGTP
complex (from 0.12 s to 0.72 s, in the presence of the SRP RNA) (Peluso et al.,
2001). Furthermore, the 4.5S RNA facilitates complexation between GTPeFfh and
FtsY ¢ GTP. On the contrary, we observed that archaeal 7S RNA doesn't influence the

combined GTP hydrolysis rate by the targeting complex but facilitates the formation

of the targeting complex comprising SRP54 and FtsY.

Table 4.4. Summary of catalytic rate constants in dual GTPase cycle

Protein 7S RNA  Kkcat Km Keat/Km
(min-?) (xM) (106 M1 min-1)
SRP54 - 0.34 £ 0.01 0.73+£0.12 0.47 £ 0.04
SRP54 + 0.413 £ 0.02 097 +0.2 0.43 +£0.03
FtsY - 0.3+0.02 6.73 £0.12 0.045 + 0.001
SRP54-FtsY - 0.31£0.01 1.76 £0.2 0.18 £0.01
SRP54-FtsY + 0.25+0.01 0.48 £0.12 0.54 £0.07
SRP54-SRP19 + 0.32+£0.01 0.45 £ 0.16 0.77 £0.15
SRP54-SRP19 +75.5 1.25 £ 0.05 0.42 £0.12 3.13+0.46
SRP54-SRP19- + 0.49 £ 0.02 0.37£0.12 1.42 £0.25
FtsY
SRP54-SRP19- +75.5 0.28 £ 0.002 0.27 £0.02 1.04 £ 0.04
FtsY
SRP54K108A _FtsY  + 0.3+0.04 512+1.5 0.06 £ 0.006
SRP54GI87K _FtsY  + 0.05 + 0.002 27%0.23 0.02 £ 0.001
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434 Role of SRP19 and 7S RNA in the concomitant GTP hydrolysis by
GTP +SRP54-FtsY « GTP complex

Unlike bacteria, the archaeal SRP complex contains an SRP19 homolog along with
SRP54 and 7S RNA. Archaeal SRP19 is reminiscent of its eukaryotic counterpart. It
binds the 7S RNA at the helices 6 and 8 in the S domain (Diener et al., 2000; Wild et
al., 2010). Interestingly, SRP19 was reported to be a dispensable SRP component in
halophilic euryarchaeon H. volcanii (Yurist et al., 2007). We, therefore, sought to
investigate the importance of SRP19 of thermoacidophilic crenarchaeon S.
acidocaldarius on concomitant GTP hydrolysis by GTP ¢SRP54-FtsY ¢ GTP complex in
the presence of full-length and S domain of SRP RNA. The S domain of archaeal 75
RNA (75.S RNA), the smallest functional unit, comprises helices 6 and 8 and part of
helix 5 and ensures correct binding of all the proteins. Various concentrations of
SRP54 were incubated with small, fixed concentrations of 7S or 75.S RNA and SRP19
before the addition of GTP. Subsequent hydrolysis rate constants were plotted
against the protein concentrations to obtain the maximal rate constants 0.32 + 0.01
min' and 1.25 £ 0.05 min, in the presence of 7S RNA and 75.S RNA, respectively
(Fig. 4.5a). The result indicated that the S domain could increase the basal GTPase
rate of SRP54 by four-fold, but its affinity for the nucleotide remained unchanged
(0.45+0.16 pM and 0.42 + 0.12 uM) (Table 4.4).
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Figure 4.5. Basal GTPase reactions of SRP54 and FtsY were affected by SRP19. (a) Basal GTPase
activity of SRP19-SRP54 complex in presence of 75.S RNA (-o-) and 7S RNA (--e--). (b) Basal GTP
hydrolysis of SRP9-SRP54-FtsY complex in presence of 7S.S RNA (-0-) and 7S RNA (--e--).
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In the following experiment, the role of SRP19 and SRP RNA in the concomitant GTP
hydrolysis by the GTP*SRP54-FtsY *GTP complex was estimated. Surprisingly, a
higher ket value was obtained upon the addition of full-length SRP RNA/SRP19
(0.49 £ 0.02 min!) than in the presence of 7S.S RNA/SRP19 (0.28 £ 0.002 min) (Table
4.5). However, the equilibrium affinity was not affected to a significant extent (0.37 +
0.12 pM and 0.27 + 0.02 uM) (Fig. 4.5b). Such an observation strongly suggests that in
the presence of SRP19 and 7S RNA, conformational rearrangement stabilizes the
complex formation between the two GTPases. Together, we believe that the full-
length SRP RNA and SRP19 facilitate concomitant GTP hydrolysis by stabilizing the
TC complex.

4.3.5 SRP54-G domain is essential for GTPase function

The G domain of the SRP GTPase comprises classical G elements and specific
sequence motifs. The five distinct G elements contain all the residues necessary for
the GTP binding and hydrolyzing function. These residues, along with the SRP
GTPase specific "ALLEADV," "DARGG," "RILGMGD," and I-box motifs, are highly
conserved across all three domains of life (Gupta et al., 2016; Wild et al., 2016). We
have generated a homology-based model of the SaciSRP54 bound to GTP, taking the
cue from the published SsolSRP54 crystal structures (PDB 5L3S and 5L3V) (Wild et
al., 2016). The aligned amino acid sequences of SRP54 from S. solfataricus and S.
acidocaldarius revealed maximum homology, where the (n)-th residue of the former is
corresponded by the (n-1)-th residue from the latter. Based on these structural and
sequence-based details, we identified residues potentially involved in the nucleotide
interaction and possible targets for generating a battery of mutants (Table 4.5). The
residues were selected in a manner so that the mutations would cover all the
classical and SRP-specific motifs present in the G domain of SRP54 (Fig. 4.6). These
mutations include K108A and T109A in G1, D132A, and R135A in G2, P136A as part
of the IBD, G187K within G3, K245A and D247A within G4 and T271A and E273A
within G5 element (Table 4.5). All these mutants were expressed and purified from

E. coli (Fig. 4.1b).
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Figure 4.6. Homology-based model of SRP54°*GTP complex in S. acidocaldarius, generated using

Chimera 2.0 and Autodock Vina. Important amino acid residues from all the classical G-domain

motifs were selected for mutational analysis, as marked throughout the structure.

Table 4.5. Summary of mutations in the SRP54-G domain

G domain Conserved SRP54 mutations Probable function
motifs sequence
Gl GVQGSGKT K108A Mg?* ion coordination
T109A Mg?* ion coordination
G2 DIYR D132A Mg?* ion coordination
R135A Binding y-phosphate of GTP
IBD DIYRP P136A Loop stabilization
G3 DTAGR G187K GTP  dependent  hinge
formation
G4 SKMD K245A GTP binding pocket
D247A Specificity  for  guanine
nucleotide
G5 GTGE T271A GTP binding pocket
E273A GTP binding pocket
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Figure 4.7. Kinetic analysis of G-domain mutants of SRP54. (a) The measure of GTP hydrolysis by
wild-type SRP54 and mutants in the presence (grey) and absence (black) of 7S RNA. Each reaction
contained 1 uM of protein and was incubated for 15 minutes at 70 °C. (b) Basal GTPase activity of
the SRP54K108A_FtsY (--e--) and SRP54GI87K_FtsY (-o-) complexes.

The purified wild-type SRP54 of S. acidocaldarius showed a basal GTPase activity
(Fig. 4.4a), which was mildly augmented by 7S RNA (Fig. 4.4a and 4.5b). All the G-
element mutants of SRP54 showed reduced activity compared to the wild type (Fig.
4.7a) and two G-element mutants, SRP54K18A and SRP54C187K, were completely
inactive (Fig. 4.6b). These results identified several residues essential for the GTPase
activity of SaciSRP54, of which K108 and G187 seemed to be the most crucial.
Subsequently, we were interested in finding out if GTP hydrolysis by both
participating SRP GTPases is necessary for an effective targeting complex (TC). GTP
hydrolysis rates of SRP54K108A and SRP54G187K were measured in the presence of
increasing concentrations of FtsY which gave estimated kcat values of 0.3 + 0.04 min-!
and 0.05 £ 0.002 min-!, respectively (Table 4.4, Fig. 4.7b). Interestingly, introducing a
mutation at G187 residue resulted in a considerable reduction of enzymatic activity
rate compared with the wild-type targeting complex (0.25 £ 0.01 min?). Such an
observation further confirms the importance of this residue in forming the
nucleotide-dependent hinge to facilitate effective GIP hydrolysis (Wild et al., 2016).
The corresponding high K values (5.12 + 1.5 uM and 2.7 + 0.23 pM) indicate weaker
affinities towards GTP for both the mutants (Table 4.4). The K108 A mutation did not
affect the basal GTPase rate, but the affinity towards GTP was nevertheless

weakened. Together, our results confirmed a considerable reduction in GTP affinity
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for mutants K108A and G187K of SaciSRP54. We further believe that these residues
are essential for the necessary nucleotide-dependent conformational rearrangements

required in the formation of TC.

4.4 DISCUSSION

In co-translational protein targeting, an interaction between the signal-recognition
particle (SRP) and its receptor (SR) plays an essential role by forming the targeting
complex (TC) (Grudnik et al., 2009). SRP and SR interact through their core GTPase
domains and four-helix bundles at the N-terminus (Grudnik et al., 2009). In bacteria,
SRP RNA has been shown to stimulate complexation between bacterial Fth and FtsY
to form the targeting complex (TC) (Akopian et al., 2013). However, a thorough
biochemical investigation on the role of SRP RNA in the formation of a core of the
targeting complex (TC) between SRP54 and FtsY/SR remains elusive in the other
two domains of life. The present work sought to characterize these structural
elements biochemically and bridge the gap in understanding the role of SRP RNA

and SRP19 in protein translocation in archaea.

SRP RNA has been extensively shown to enhance the association between Ffth and
FtsY in E. coli which leads to an overall increment in the GTPase rate of the targeting
complex (Zhang et al, 2008). The 4.55 RNA speeds both the association and
disassociation of the Ffh-FtsY complex by around 200 folds (Walter et al., 2000). The
initial assembly of the two GTPases is facilitated by the RNA tetraloop and the
targeting complex successfully relocalizes to the distal end of the SRP RNA (Shen et
al., 2013). This conformational reorientation is crucial for enzymatic activation and
cargo transfer. Mutations in the conserved IBD region of Ffth and FtsY completely
blocked the process of translocation (Shan et al., 2007), which was indicative of the
importance of the G-domain in cargo unload. In the present study, 7S RNA from
Sulfolobus acidocaldarius was found to facilitate the formation of the SRP54-FtsY
targeting complex and accelerate their reciprocal GTPase activity. The addition of
SRP RNA and GTP lowered the Kq of the associating complex from 146.8 + 37.2 nM
to 40.5 £ 10.8 nM (Table 4.3). A previous study with Acidianus ambivalens SRP54 and
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FtsY showed that the two proteins have an intrinsic affinity towards the tetraether
lipids (Moll R.G., 2003; Lichi et al., 2004). This coordinated affinity was proposed to
be responsible for pulling the targeting complex to the archaeal plasma membrane.
Interestingly, both the bacterial and archaeal FtsY share structural similarities with
the eukaryotic SRa subunit, but the integral membrane binding SRp is not present in
any of them. Such absence of membrane-spanning domain in archaeal FtsY
corroborates well with its intrinsic affinity towards tetraether lipids. The FRET
analyses investigating the targeting complex association found no effect of the
archaeosome extracted from S. acidocaldarius (Table 4.3, Fig. 4.3d). Subsequently, the
catalytic rate and the affinity to nucleotide for FtsY was found to be enhanced
greatly in presence of SRP54, by Michaelis constant (Table 4.2, Fig. 4.2b) and catalytic
rate constant (Table 4.4, Fig. 4.4b) respectively, which corroborated with the

reciprocal nature of activation of SRP-GTPases.

In the previous chapter, computational evidence pointed to a substantial role of
SRP19 in the SRP54-7S RNA association, which has been investigated biochemically
in detail in this section. In M. jannaschii, the presence of SRP19 was shown to
strengthen the SRP54-SRP RNA binding (Hainzl et al., 2005) and various
crystallographic studies in archaeal SRP system have predicted the possible role of
SRP19 in reorienting the asymmetric loop in helix 8 of 7S RNA so that the binding of
SRP54-M domain is favored (Hainzl et al., 2002; Rosendal et al., 2003; Wild et al.,
2010). SaciSRP19 showed a profound effect on the catalytic efficiency of SRP54-
GTPase as well as SRP54-FtsY dual GTPase (Table 4.4, Fig. 4.5). Interestingly, the
addition of 75.5 RNA augmented the catalytic efficiency but decreased the mutual
affinity between the components of the targeting complex. This implies that the full-
length 7S RNA may induce conformational reorientation in SRP54 that facilitates its

association with FtsY.

The crystal structure of the targeting complex of Sulfolobus solfataricus provided a
clear understanding of the conformational arrangement of the two archaeal GTPases
in their GTP-bound heterodimeric form (de Leeuw et al., 2000). On a general note,

the composite active site in a TC, shaped by the two half-sites consisting of
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corresponding G elements, holds two GTP molecules arranged in a 'head-to-tail
manner (Wild et al., 2016). The G1 element (GxXGxGKT, where x is any amino acid
and X is any of a few conserved amino acids) is the classical Walker-A motif (Leipe
et al.,, 2002) that forms an anion hole for the B-phosphate, the G2 element (DT®R,
where @ is any aromatic amino acid) assists in magnesium ion coordination and also
marks the start of the IBD, the G3 (DTAGR) completes the IBD along with forming a
GTP-dependent hinge, the G4 (TKxD) establishes the specificity for guanine
nucleotides and the final element, G5 (GxGE), creates the GTP binding pocket. We,
therefore, sought to investigate key residues with each of these domains that
contribute to the G-domain functionality. The site-directed mutagenesis approach
generated a battery of mutant SRPP54, of which many were non-functional in terms of
catalytic activity. In S. solfataricus, amino acid residue G188 has been shown to form
a hinge for efficient nucleotide-binding (Wild et al., 2016). Mutation in the
corresponding amino acid residue G187 (G187K) in SaciSRP54 resulted in the
complete inactivation of the GTPase. Such an observation further suggests its critical
role in forming the hinge region and, thereby, in the nucleotide-dependent
conformational rearrangement. As evident from the homology-based model,
residues K108, T109, and D132 in the G1 and G2 motifs of the SaciSRP54 probably
coordinate with the cofactor Mg?* of SRP54 (Fig. 3a). Among these residues, a
mutation in K108 (K108A) resulted in a complete loss of activity. Since the G1
element comprises the classical Walker A motif (Leipe et al., 2002), we propose that a
change in this highly conserved GTPase motif is critical for its GTP hydrolyzing
activity. Together, these results provide an insight into factors governing the

formation of an active archaeal TC.

4.5 CONCLUSION

In the present study, mechanistic analyses of the effects of 7S RNA on the GTPase
cycle and the association of the SRP-SR complex have elucidated the role of SRP
RNA in the SRP-mediated targeting process. The kinetic measurements of the rate-

limiting hydrolysis step in a multi-turnover reaction have provided valuable
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information to establish SRP RNA as a critical regulatory factor in the association
between SRP54¢GTP and FtsYeGTP. The mutations introduced in the SRP54-G
domain help us to find out residues crucial for successful hydrolytic function. The
crystal structure of the SRP54-FtsY and SRP54-7S RNA complex in archaea provided
a basic framework of the checkpoints of their interaction. This study also provides
the first biochemical insight into the role of SRP19 and SRP RNA in stable TC
formation and concomitant GTP hydrolysis in the archaeal SRP system which can be

culminated into a simple diagrammatic model as below -
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Figure 4.8. Schematic representation of active TC formation catalyzed by SRP RNA in crenarchaea.
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5.1 INTRODUCTION

Archaeal SRP receptor shares structural similarity with the bacterial counterpart,
FtsY, which itself is a homolog of the alpha subunit of eukaryotic SRP receptor (SRa)
(Miller et al., 1994). It has an N-terminal A domain consisting of acidic (negatively
charged) residues, followed by a conserved NG domain, the same as the one shared
by SRP54 (Gupta et al., 2016). The classical GTPase motifs (I-V) are also shared by
the two SRP GTPases, along with the IBD and other signature motifs (Keenan et al.,
2001; Leipe et al., 2002) but contrary to the classical P-loop GTPases, they do not
employ a guanine nucleotide exchange factor and directly interact with each other to
stimulate the concomitant hydrolysis of GTP (Powers & Walter, 1995; Jagath et al.,
2000). Membrane targeting by the RNC-SRP complex is facilitated via multiple
conformational changes brought about by the dynamic interaction between NG
domains of the SRP GTPases (Shan et al., 2007; Zhang et al., 2009). This interaction
was found to be strengthened by the helix 8 tetraloop of the SRP RNA where the
SRP*GTP-GTP*SR complex initially assembles and then relocalizes to the distal end
where the GTP hydrolysis is stimulated (Ataide et al., 2011; Shen et al., 2012; Shen et
al., 2013). The “twinned” hydrolyses of the bound GTPs promote the dissociation of
the Ffh-FtsY targeting complex and thus the cargo is unloaded upon the translocon

(Egea et al., 2004; Shan et al., 2004).

Structural analyses of the Ffh-FtsY complex have established the contribution of NG
domains of the two proteins in their mutual interaction. The heterodimeric complex
from Thermus aquaticus revealed that the primary interactive interface exists between
the G domains, accompanied by the interaction between N domains, comprising
extensively of hydrogen bonds and van der Waals contacts (Egea et al., 2004).
Individual mutagenesis of the residues along the interaction surface of FtsY in E. coli
severely depleted the reciprocally stimulated GTP hydrolysis by Ffh-FtsY but the
basal GTPase activity of FtsY was unaffected (Egea et al., 2004). The association of
the targeting complex and its dual GTPase activity depended extensively on the full-
length SRP RNA both in bacteria and in archaea (Zhang et al., 2008; Gupta et al.,

2021). Crystal structure of the bacterial TC showed profound domain rearrangement
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of Fth upon binding the 4.5S RNA at the tetraloop region via the M domain leading
to the movement of the NG domain to the distal region of helix 5 (Ataide et al.,
2011). This was further substantiated by the binding analyses between NG and M
domains of Ffh and FtsY in the presence or absence of SRP RNA (Buskiewicz et al.,
2005). The binding of FtsY-NG with the SRP54/Ffh-NG is facilitated due to this
positional reorientation in the latter and enhanced greatly by the presence of GTP
(Jagath et al., 2000; Gupta et al., 2021). Together, the two reoriented NG domains
form a composite active center of the TC that binds and hydrolyses GTP, and finally,
the activated TC complexed with the RNC interacts with the membrane-bound
translocon SecYEG via FtsY (Draycheva et al., 2016).

Although the Ffh-associating NG domain of FtsY is quite conserved, the
unstructured A domain varies among different homologs of the prokaryotic SRP
receptor (Bibi et al., 2001). The eukaryotic homolog SRa, which carries out similar
functions as FtsY, remains associated with its integral membrane-bound component
SRP (Walter & Johnson, 1994). The absence of such membrane-spanning counterpart
and the evidence of FtsY being distributed between the cytoplasm and the
membrane have confirmed the soluble nature of the receptor in bacteria (Luirink et
al.,, 1994). Therefore, it was suggested that the A domain may have a role in
membrane association (Powers & Walter, 1997; Zelazny et al., 1997), though both A
and NG domains of bacterial FtsY have been shown to have an affinity toward
membrane phospholipid (de Leeuw et al., 2000). However, the A domain in E. coli
was shown to be necessary for targeting the NG domain to the membrane and
carrying out efficient translocation (Powers & Walter, 1997). Functional replacement
of this domain with an unrelated integral membrane polypeptide proved the
importance of the acidic domain in membrane association (Zelazny et al., 1997).
Surprisingly, deletion of the A domain (1-195 residues) from EcoliFtsY, termed
NG+1, did not affect its cellular functions significantly, but deletion of a single
residue (Phel96) lead to a completely inactive NG construct (Bahari et al., 2007;
Draycheva et al., 2016). FtsY-NG retained its in vitro basal GTPase and Ffh-binding
activities and accumulated in the plasma membrane along with SRP-RNC, indicating

that release of the complex from the membrane was indeed defective (Bahari et al.,
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2007). This led the researchers to believe that the interaction with lipid is not
essential for either membrane targeting or receptor docking, rather for efficient
release of the complex upon cargo unloading. This was further confirmed by the
finding that anionic phospholipid induced conformational changes in FtsY which
stimulated its basal GTPase activity (de Leeuw et al., 2000; Lam et al., 2010) and
facilitated the formation of the GTP dependent intermediate of TC (Lam et al., 2010).
The N-terminal alpha-helices in both proteins play major roles in complex assembly
and function, in fact, deletion of aN1 of FtsY greatly enhanced the complex
formation and the basal GTPase activity as seen in the presence of phospholipid
(Stjepanovic et al., 2011). Thus, phospholipid may induce the conformational change

in the alN1 helix that is part of the proposed membrane targeting sequence (MTS).

In the haloarchaeal SRP system, the in vivo functionality of the FtsY was found to be
similar both in the presence and absence of the A domain (Haddad et al., 2005).
Structural studies involving the FtsY from Pyrococcus furiosus (Egea et al., 2008) and
Sulfolobus acidocaldarius (Wild et al., 2016) have contributed considerably to the
otherwise scarce pool of knowledge about archaeal SRP receptors. The PfuFtsY
showed an elongated aN1 helix instead of the unfolded A domain commonly found
in bacteria whereas SaciFtsY had a shorter aN1 and the contacting residues between
SRP54 and FtsY were mapped along the aN1-N3 helices. Interestingly, the crystal
structure did not employ the initial 20 amino acids at the N-terminus into account -
a region rich in negatively charged residues. Such observation led us to investigate
the contribution of each of the three participating helices (alN1-3) in terms of
membrane association and functional TC formation. Lack of proper biochemical
evidence and an in-depth understanding of the minimal functional MTS and its
mechanism of membrane targeting in archaea have been the major driving factor for
this work. By utilizing a vast array of biophysical techniques such as fluorescence
resonance energy transfer, circular dichroism, anisotropy, and biochemical
characterization of the reciprocal GTPase activity, we sought to elucidate the

protein-protein and lipid-protein interactions controlling the archaeal TC assembly.
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5.2 MATERIALS & METHODS
5.2.1 Construction of overexpression vectors

Construction of pAG3 and pAG351, expressing wild type SRP54 and FtsY
respectively, was achieved following the protocol listed in 3.2.1. The deletion
mutants were generated using the pAG351 backbone (Section 4.2.1). Primers used
for this purpose and the final constructs generated are listed in Table 5.1. For
expression analysis, the required vector was transformed into Escherichia coli BL21
(DE3) cells containing the RIL Cam* plasmid (Stratagene). All the strains used in the
present study are listed in Table 2.1.1. The primers and constructs used for the
expression of wild-type proteins are listed in Table 2.1.2 and 2.1.3, respectively.

Table 5.1 Primers and plasmids used to construct FtsYAaN mutants

Plasmids Primers Relevant characteristics Reference
pAG352 535 5-CCATGGGCTATAAAACGATAAAAGAG-3  Present
Forward primer for FtsYAaN1 study
pAG353 536 5-CCATGGGCTCTGATGTATCTTATGAAG-3  Present
Forward primer for FtsYAalN2 study
pAG354 537 5-CCATGGGCATGCTGAAGAAAAATAAC-3"  Present
Forward primer for FtsYAaN3 study
165 5-CTCGAGACTACTGAATATCCTTTCTAC-3*  Present
Reverse primer for FtsY study

5.2.2 Expression of recombinant proteins in E. coli

A total volume of 10 ml of an overnight culture of E. coli BL21(DE3)-RIL cells
containing the RIL Cam’ plasmid, and the recombinant plasmid were used to
inoculate 1 L of Luria-Bertani medium containing kanamycin (50 pg/ml) (for
pAG351) or ampicillin (for pAG61-71) and chloramphenicol (34 pg/ml). Cells were
grown at 37 °C until OD600 of 0.6 was reached when 500 pM IPTG (isopropyl p-D-
thiogalactopyranoside) was added. The temperature was reduced to 16 °C, and
growth was continued overnight to reduce inclusion body formation. The cells were
collected by centrifugation, resuspended in lysis buffer [50mM Tris-Cl (pH 8.0),
150mM KCI, and 10% glycerol] containing the complete EDTA-free protease
inhibitor cocktail (1 tablet/50 ml of lysate; Roche), frozen in liquid nitrogen and
stored at - 80 °C.

109



Chapter V

5.2.3 Purification of recombinant proteins

Before purification, frozen resuspended cell pellets were thawed on ice. One mM
lysozyme was added separately to the lysis buffer. After incubation on ice for 30
min, cells were lysed by sonication with Soniprep150 (DJB Labcare, UK). Cell debris
was removed by centrifugation at 15000 rpm for 30 min (rotor SA-300; Sorval RC6+
Thermo Scientific). For the purification of histidine-tagged proteins, the supernatant
was applied to a Ni**-NTA affinity column (Qiagen). Bound proteins were washed
gradually with lysis buffer containing 10 mM and 20 mM imidazole, respectively.
The bound protein fraction was eluted in lysis buffer containing 100 mM and 200
mM of imidazole. The eluted fraction was monitored by running reducing SDS-

PAGE. The fraction containing the desired protein was dialyzed overnight in a lysis
buffer.

5.2.4 Preparation of archaeosome

Archaeosome preparation from Sulfolobus acidocaldarius was carried out by the
previously described protocol (Section 4.2.7).

5.2.5 GTPase assay and kinetic analyses

The basal GTPase activity and the kinetics of dual GTP hydrolysis were measured
following the protocol discussed in Section 4.2.4.

5.2.6 Tagging of proteins with fluorescent probes

Tagging the proteins with fluorescent probes was achieved by the protocol listed in
Section 4.2.5. SRP54 (50 uM) was tagged with FITC and the FtsYAaN constructs were
tagged with TRITC.

5.2.7 Fluorescence resonance energy transfer (FRET)

Fluorescent titration experiments were designed following the protocol described in
Section 4.2.6. All the reactions were carried out in presence of 100 nM 7S RNA and
100 uM GMPPNP (non-hydrolyzable GTP analog).

5.2.8 Membrane fluidity measurement

Membrane fluidity was monitored by the fluorescence anisotropy assay established
in the laboratory (Roy et al., 2018). Briefly, a 10 mM solution of DPH (1,6-Diphenyl-
1,3,5-hexatriene) (Sigma) was prepared in DMSO. It was then added to a 100-fold
diluted sample of archaeosome with the final DPH concentration being 3 pM. This
was followed by incubation at 16 °C for 10 min. Anisotropy of DPH was then
measured in a JASCO fluorimeter (Jasco, Japan) at 35°C. Changes in anisotropy of
DPH were monitored with archaeosome mixed either with 10 pM of wildtype and
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mutant FtsY with or without 10 pM of SRP54. Anisotropy percentage was calculated
by considering the anisotropy of the archaeosome as 100% and plotted against each
of the additions using Sigma plot 12.0.

5.2.9 Protein secondary structure analysis

Far-UV Circular dichroism spectra of wild-type FtsY and its deletion mutants were
collected from 200 to 250 nm using a quartz cell with a 1 mm path length in a CD-
spectropolarimeter (JASCO, Japan). Data were collected with a pitch of 1 nm and a
scan rate of 50 nm/s. The far-UV spectra were recorded after incubating FtsY or
FtsYAaN1 or FtsYAaN2 either in presence of archaeosome or SRP54 and
archaeosome. The reported spectra for far-UV are the mean of three scans.

5.2.10 Small-angle X-ray scattering

Purified FtsY was analyzed on SAXS (BM29- ESRF, Grenoble). A concentration series
(0.5-3 mg/ml) was used for their scattering behavior. Individual scattering curves
were normalized to the incident beam intensity, corrected for background, and
radially averaged. Rg (radius of gyration) was calculated from the small-angle

scattering data using the Guinier equation -
_q2 R;

InI(q) =In I, X 3

where, Ip is the zero-angle scattering, determined by protein concentration and
molecular weight, and q is the scattering vector for a scattering angle of 26. The
equation defines the quality of the sample, and no aggregation of the particle was
observed in the merged scattering intensities at low angles. Theoretical scattering of
the crystal structure (PDB: 5L3W) was fitted to the solution scattering using Crysol.
The P(r) intensities are plotted against the diameter of the scattering vectors and the
maximum dimension of the macromolecule, Dmax, was calculated from the plot. All
the data were analyzed using the ATSAS package and the structural model was
prepared using PyMol.

5.2.11 Structural modeling

Molecular dynamic simulations have been performed on four Sulfolobus
acidocaldarius SRP54 bound to FtsY receptor protein complexes; (i) the wild-type
variant: full-length FtsY receptor in complex with full-length SRP54, (ii) the N1
variant: Y87-5369 fragment of the FtsY receptor in complex with the full-length
SRP54, (iii) the N2 variant: 5109-5369 fragment of the FtsY receptor in complex with
the full-length SRP54, and (iv) the N3 variant: G129-5369 fragment of the FtsY
receptor in complex with the full-length SRP54. Due to the unavailability of
experimentally reported structures, ColabFold notebook (Mirdita et al., 2022) has
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been used to take advantage of the AlphaFold-Multimer model for the building of
the initial complexes. The predicted models are in good agreement with the
experimentally reported archaeal complex of SRP54-FtsY (PDB: 5L3S). The estimated
RMSDs considering the common domains of the built complexes with the archaeal
complex are ~1.75 A for wild type model, ~1.21 A for the N1 variant, ~1.75 A for N2
variant, and ~1.9 A for the N3 variant. In the experimentally reported complex
structure, though the FtsY receptor was obtained from Sulfolobus acidocaldarius, it
was missing the initial M1-L85 fragment. In the AlphoFold predicted wild-type
complex, the FtsY unit displayed an RMSD of ~1.44 A from the experimentally
solved FtsY receptor. All the systems were then solvated in a water box of OPC
water models (Izadi et al., 2014) where on each side of the protein complex padding
of at least ~12 A of water is maintained. The overall charges of the systems were
further neutralized by the addition of an adequate number of Na* ions, and then
excess Na* and Cl- ions were added to top-up the salt concentration to 0.15 M.

5.2.12 Molecular dynamic simulation

MD simulations were performed using the Amber ff19SB force field parameters
(Tian et al., 2020) for the protein molecules. First, all the systems were subjected to
minimization to overcome potential inter-and intra-molecular steric clashes. Then,
the systems were equilibrated for 200 ps each while imposing positional restraints of
200 kJ/mol. A2 on the protein backbone to relax water molecules and ions around
the complexes.

Finally, the backbone restraints were removed and each of the four systems was
simulated for 30 ns in 3 replicas each, accumulating ~120 ns of total sampling. All
simulations were performed under NPT ensemble by keeping the temperature at
300K using the Langevin thermostat,!> with a collision frequency y = 1 ps?, and
pressure at 1 atm using the Monte Carlo barostat (Aqvist et al., 2004). The integration
time step of 2 fs has been used after constraining all bonds involving Hydrogen
atoms to their equilibrium bond lengths with the SHAKE algorithm (Ryckaert et al.,
19770. For all these simulations, short-range nonbonded interactions were calculated
using cutoff at 12 A, whereas the long-range electrostatic interactions were
computed using the Particle Mesh Ewald method (Darden et al., 1993). All the
simulations were performed using the Making it Rain (Arantes et al., 2021) Google
Colab framework that utilizes OpenMM toolkit to run simulations (Eastman et al.,
2017).

5.2.13 Calculation of Binding Free Energy

For the comparison of binding free energies between the studied complexes,
molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) method
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(Kollman et al., 2000) has been employed in each of the simulated ensembles. In this
post-processing method, representative snapshots or conformations from an
ensemble are used to calculate the free energy change between the bound and free
states of a receptor and ligand. Free energy changes of complexation are calculated
by combining the gas-phase energy contributions as well as the solvation free energy
components (electrostatic and hydrophobic contributions) calculated from an
implicit solvent model for each of the units undergoing complexation. Here, we have
calculated the free energies from the last 2 ns of each of the replicas simulated in this
investigation by selecting snapshots at 20 ps intervals. All analyses were performed
with the MMPBSA.py script included in the AmberTools package (Miller et al.,
2012). Entropic contributions to free energy have not been estimated in the present
study because of the significant computational cost involved in such calculation for
large systems like ours. So, the results are only comparable on a qualitative aspect
between systems of interest.

5.3 RESULTS

5.3.1 Purification and characterization of deletion mutants

The previously solved crystal structure of the crenarchaeal FtsY (5L3W) provided a
composite view of the NG domain heterodimer formed by SRP54 and FtsY where
the alN1 helix of the receptor was shown to be detached from the core of archaeal TC
(Wild et al., 2016). It was found that the extensive electrostatic interaction between
the two GTPases is established mostly along the aN2 and aN3 helices (Fig. 5.1a).
Surprisingly, when we modeled the TC in S. acidocaldarius without any bound
nucleotide, with the help of AlphaFold2, the initial Met1-GIn71 region (excluded in
the crystal structure) adopted a helix-turn-helix conformation, which was predicted
to include an otherwise disordered acidic domain (Fig. 5.1b). This raised a vital
question regarding the involvement of the acidic domain as well as the alN1 domain
in the formation of TC. We, therefore, sought to resolve the issue by investigating the
effect of these domains upon SRP54-FtsY interaction. Three different deletion
constructs were designed - FtsYAaN1 (Tyr87-Ser369), FtsYAaN2 (Ser109-Ser369),
and FtsYAaN3 (Gly129-Ser369) - which were purified using affinity chromatography
and separated in SDS-PAGE following approximate molecular weights 38 kDa, 35
kDa, and 32 kDa, respectively (Fig. 5.1c). Since the aN1 deletion removed a
considerable portion from the N-terminus of the protein, we tested the structural
integrity of our construct before moving to functional TC analyses.
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Figure 5.1. Modeling of archaeal FtsY and purification of its variants. (a) The targeting complex in
Sulfolobus acidocaldarius was modeled using AlphaFold2 Multimer; SRP54 (yellow) and FtsY
(green) are shown in the ribbon diagram. N-terminal motifs are marked in FtsY (A domain, red;
aN1, magenta; aN2, cyan; aN3, blue). (b) AlphaFold2 prediction of full length FtsY (colour)
aligned with 5L3W (colour) (RMSD = 3.299). (c) Purification pattern of aN1, aN2, and aN3 deletion
variants, as run on SDS-PAGE.

5.3.2 Conformational analysis of the solution structure of FtsY

Small-angle X-ray scattering (SAXS) was used to study the molecular shape and size
of the alN1 deletion variant of the archaeal SRP receptor. A concentration-dependent
study of the apparent radius of gyration was done from concentrations ranging from
0.5-3 mg/ml in the small-angle region. No protein aggregation or association was
observed in this range. The experimental value for the radius of gyration, Rg = 22.4 +
0.08 A, is in good agreement with that calculated from the crystal structure, Ry =
25.02. The chi-square (x?) value from Crysol for crystal structure and solution
scattering was estimated to be 1.24, which signifies that the protein has similar
architecture (no flexibility) in both crystalline and solution states. The Dmax defines
the maximum diameter present in solution which was about 80 + 5 A and agreed
with the value from the crystal structure, ~ 88.7 A.
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Figure 5.2. Solution structure analysis by SAXS. (a) The cumulative (merged) scattering measured
profile (red line) of all scattered intensities, which is plotted in a log Intensity vs scattering angle.
(b) P(r) distribution of the 1D merged solution scattering using pair distribution function and
GNOM algorithm.

5.3.3 Role of N-terminal alpha-helices in SRP54-FtsY association

Energy transfer due to fluorescence resonance is an important tool that has been
employed to assess protein-protein interaction in several assays. The addition of
GTP and Fth was shown to impart an increment and blue shift in the intrinsic
tryptophan fluorescence of FtsY (Jagath et al., 2000) which was a direct measure of
their association kinetics. Inter-domain interaction, as observed between NG and M
domains of Ffh upon FtsY or 4.55 RNA addition, could be followed to saturation
using different fluorophore labels (Buskiewicz et al., 2005). The present experiment
employed FITC-labelled SaciSRP54 and TRITC-labelled variants of FtsY, and it was
observed that with each N-terminal alpha-helix deletion, the association between the
two proteins was gradually abrogated (Table 5.2). Since twinning of the nucleotide
substrate and SRP RNA binding were found to be decisive in a strong interaction
between SRP54/Fth and FtsY (Egea et al., 2004; Zhang et al.,, 2008), saturating
concentrations of archaeal 7S RNA and non-hydrolyzable GTP analog, GMPPNP,
were used in all assays. Unlike GTP, GMPPNP allows capturing the stable targeting
complex that would not dissociate following the nucleotide's hydrolysis. The
bacterial and crenarchaeal targeting complexes were previously found to harbor
strong electrostatic interactions across the N-terminal alpha-helices in both
participating SRP-GTPases (Egea et al., 2004; Ataide et al., 2011; Wild et al., 2016).
Deletion of those helices consequently affected the association between the two
proteins. The Association of the wildtype TC in S. acidocaldarius was recorded
previously by a similar FRET experiment (Gupta et al., 2021) which was found to be
40.5 £10.8 nM (Table 4.3, Fig. 4.3c-d). Deletion of 1-72 residues (aN1) augmented the
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equilibrium dissociation constant for SRP54-binding by almost two folds (Ka = 75 +
5.4 nM). Subsequent deletions of 1-86 residues (alN2) and 1-108 residues (alN3) raised
the K4 value to 114.14 + 24.5 nM and 272.18 + 47.5 nM, respectively. The highly
increased value of the equilibrium dissociation constant possibly indicates that the
SRP54-FtsYAaN3 complex may not be a functional association at all, a consideration
that needed to be checked in light of the inherent enzymatic activity of the targeting

complex.
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Figure 5.3 Targeting complex association is governed by N-terminal alpha-helices in FtsY. FRET
between FITC-tagged SRP54 (100 nM) and TRITC-tagged FtsY variants (50-400 nM) was carried out
in presence of both 100 uM GppNHp and 0.5 uM 7S RNA. The reaction was carried out at A\gx = 495
nm and data were recorded at Agm = 520 nm for FtsYAaN1 (a), FtsYAaN2 (b), and FtsYAaN3 (c).

Table 5.2 Summary of binding and catalytic constants of TC variants

Targeting Kq Keat Km Kcat/Km
complex variant . .
(nM) (min1) (uM) (106 M1 min-?)
SRP54-FtsYAaN1 75+5.4 0.183+0.005  0.248 +0.08 0.79+£0.14

SRP54-FtsYAaN2  114.14 £24.5 0.33 £ 0.02 1.43+042 0.242 £ 0.03

SRP54-FtsYAaN3 27218 £47.5 0.082 £ 0.014 0.96 £ 0.01 0.085 £ 0.01
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5.3.4 Reciprocal GTPase activity affected by deletion variants of FtsY

The SRP GTPases are known to reciprocally activate the GTP hydrolyzing ability of
each other - an event that is catalyzed by SRP RNA and facilitated by the proper
association of the two proteins (Shan et al., 2004; Zhang et al., 2008; Gupta et al,,
2021). Several structural studies with both bacterial and archaeal SRP systems have
shown that dual interaction of SRP54-M domain and NG domain with the proximal
and distal helices of SRP RNA, respectively, reorient the SRP54 protein in a certain
conformation that favors a functional NG-heterodimeric association between
SRP54/Fth and FtsY (Rosendal et al., 2003; Hainzl et al., 2007; Ataide et al., 2011;
Voights-Hoffmann et al.,, 2013). Considering the abrupt changes in the binding
phenomenon of the two GTPases because of N-terminal alpha-helix deletions in
FtsY, the present experiment sought to characterize the TC variants for their basal
GTPase activity. The reactions were set up following the protocol described earlier
(Section 4.2.4) where a fixed concentration (2.5 pM) of SRP54 was combined with
varying concentrations (1-15 uM) of FtsY for assessing the rate of GTP hydrolysis
through 0-30 minutes. The resultant rate constants were fit in a modified ligand
binding equation and the kecat and Km were calculated accordingly (Table 5.2). The
maximum hydrolytic capacity of the SRP54-FtsYAaN1 complex was calculated to be
0.183 + 0.005 min-!, which was lower than that of wildtype SRP54-FtsY complex (0.25
+ 0.01 min’, Table 4.4). But surprisingly, its affinity for the nucleotide (0.248 + 0.08
uM), as well as the catalytic efficiency (0.79 £ 0.14 x 10® M1 min) became a little
improved compared to the wildtype complex which has a K of 0.48 + 0.12 uM and
Keat/Km of 0.54 £ 0.07 x 106 M1 min?! (Table 4.4). The crystal structure of the
crenarchaeal FtsY has shown that the aN1 helix is excluded from NG heterodimer in
its crystalline state (Wild et al., 2016). This could probably be the reason for the
efficient catalytic activity presented by the aN1-deletion variant. The SRP54-
FtsYAaN2 complex showed a lower affinity toward GTP (1.43 + 0.42 uM) and
subsequently a much lower catalytic efficiency (0.242 £+ 0.03 x 10® M1 min) which
directly connects to the fact that aN2 helix is directly involved in the interaction
between the two GTPases (Wild et al., 2016). The final TC variant, SRP54-FtsYAaN3,
scored the lowest in terms of catalytic activity (0.085 + 0.01 x 10® M1 min) though
its substrate affinity (0.96 + 0.01 pM) was comparable to the SRP54-FtsYAaN2
variant. It was obvious since both alN2 and alN3 helices were deleted in this variant,
the overall binding with SRP54 would be largely affected.
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Figure 5.4 Dual GTPase activity of the targeting complex variants. The reactions were carried out
in a series of 0-30 minutes, in the presence of 2.5 uM SRP54. The amount of released phosphate
was measured using Malachite-Molybdate reagent and plotted against the time of incubation to
generate Kobsa. Each reaction was carried out through a fixed concentration range (1-15 uM) for
FtsYAaNT1 (a), FtsYAaN2 (b), and FtsYAaN3 (c).

5.3.5 Thermodynamic stabilization of targeting complex variants

The consecutive experiments assessing the ability of functional targeting complex
formation have projected the alN3-deletion mutant as the least functional FtsY
variant. It was evident from the facts that the apparent complexation of this variant
with SRP54 was hugely affected in a way that the basal GTPase activity of the
complex largely deteriorated. To investigate the probable dynamicity of these TC
associations in silico, molecular dynamics simulation was carried out. The binding
free energy of the protein-protein interaction with Amber-ff19SB was calculated
using the standard MM/PBSA technique in three independent runs for each system.
The experimental binding energy was calculated as AG = RT In K;, where Kgq is the
equilibrium dissociation constant (Table 5.2). It can be noted that the binding energy
predicted by the standard MM/PBSA was much stronger than the experimental
energy (Fig. 5.5), with the value for AaN3 variant being positive (AG = 5.62 + 0.47
kcal/mole). This may be attributed to the exclusion of any entropic contribution
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though, however, studies have shown previously that introducing entropy does not
guarantee an obvious improvement in prediction (Sun et al., 2018; Wang et al., 2019).
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Figure 5.5 Comparison of the binding profile of targeting complex variants. Each variant was
modeled using the AlphaFold2-multimer program and simulated under the Amber-ff19SB force
field. The resultant models were processed in PyMol as a complex of SRP54 (yellow) with (a)
FtsYAaN1, (b) FtsYAaN2, and (c¢) FtsYAaN3 (all shown in green). The N-terminal helices are
marked as indicated in Fig. 5.1. (d) Overall comparison of the binding free energy of wildtype and
mutants obtained from experimental (black) and MM/PBSA calculation (grey).

The N-terminal acidic domain of FtsY (Metl-Leu85) that was excluded in the X-ray
diffraction analysis (Wild et al., 2016), took a short alpha-helical confirmation
following an initial disordered region in the AlphaFold2 model (Fig. 5.1a).
Consequently, this full-length FtsY variant, complexed with SRP54, showed huge
conformational variability in MD simulation which could have contributed to the
much stronger binding free energy, AG = -30.34 + 0.74 kcal mole-!, compared to the
experimental estimation of -10.094 + 0.094 kcal molel. Though the experimental
energy estimation for AaN1 and AaN2 variants (-9.716 + 0.025 and -9.475 + 0.075 kcal
mole?) lied close to that of the wildtype, their simulated free energy calculations
were hugely varying (-14.23 + 0.62 and -5.22 + 0.48 kcal mole). Deletion of all three
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N-terminal helices has been shown to abrogate the formation of a functional
targeting complex and thereafter its activity (Fig. 5.2 and 5.3). Thus, positive binding
energy possibly hints at the loss of association between SRP54 and FtsYAaN3 as
evident from the much higher K4 value of their binding interaction (Table 5.2).
Overall, the simulation experiment suggests that the functional association between
SRP54 and FtsY is not permitted beyond the deletion of the aN1 and alN2 helices;
also, together the aN1 and the acidic domain may contribute largely to favor the

association.

Table 5.3 Summary of the experimental and estimated binding free energy

Targeting complex Ka AGExp AGEst
variant
(nM) (kcal/mole) (kcal/mole)
SRP54-FtsY 40.5+10.8 -10.094 £ 0.094 -30.34 £ 0.74
SRP54-FtsYAaN1 75+54 -9.716 £ 0.025 -14.23 £ 0.62
SRP54-FtsYAaN2 114.14 £24.5 -9.475 £ 0.075 -5.22+0.48
SRP54-FtsYAaN3 272.18 £47.5 -8.957 £ 0.061 5.62 +0.47

5.3.6 Effect of membrane lipid on the conformation of TC variants

Studies in E. coli SRP system have shown that the highly charged acidic domain
(initial 196 residues) in FtsY is involved in successful membrane targeting (de Leeuw
et al., 1997, Zelazny et al., 1997). The otherwise cytosolically distributed bacterial
SRP receptor was found to associate strongly with anionic phospholipids, thus
proving the importance of negatively charged A domain (de Leeuw et al., 2000; Lam
et al., 2010). However, deletion of this domain, but one amino acid, retained most of
the functionalities of FtsY in E. coli (Stjepanovic et al., 2011; Draycheva et al., 2016).
The effect of membrane lipid on the secondary structure of individual peptide
segments representing different parts of the membrane targeting sequence (MTS) of
bacterial FtsY was assessed by circular dichroism analysis (Stjepanovic et al., 2011)
which revealed induction of alpha-helix formation with increasing concentrations of
anionic phospholipid. Here, the AalN variants of crenarchaeal FtsY were investigated

for any change in their apparent secondary structure in presence of archaeosome
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isolated from S. acidocaldarius. The far-UV CD spectra recorded for the wildtype FtsY
and both AaN variants, in the presence and absence of SRP54 and archaeosome,
were presented as a plot of mean residue ellipticity (MRE) versus wavelength (Fig.
5.6a-c), after subtracting the background signal and the spectrum for SRP54 alone.
Based on the previous observations, FtsYAaN3 was excluded from any further
experiment. A decrease in the alpha-helical content of FtsY was evident only after
the addition of SRP54 alone or with lipid (Fig. 5.6a), classically depicted by the
decrease in the negative value of MRE at 208 nm and 222 nm (Greenfield NJ, 2007).
A similar pattern was observed for FtsYAaN1 after SRP54 and archaeosome addition
but to a lower extent, though the MRE was slightly reduced after initial addition of
archaeosome alone (Fig. 5.6b). When the MRE at 222 nm (0222) was plotted against
the varying reaction conditions (Fig. 5.6d), FtsYAaN1 showed a steady decrease in its
alpha-helical content, comparable to the pattern found in wildtype receptor. The
most dramatic change was observed for FtsYAaN2 as it underwent a sharp
increment in its alpha-helical content upon the addition of SRP54. But an incubation
with archaeosome and SRP54 reduced the signal to a value similar to the one found
in FtsYAaN2 and FtsY after the addition of archaeosome alone (Fig. 5.6¢c-d).
Interaction with SRP54 is maintained along the N-terminal alpha-helices, aN2 and
alN3, in FtsY. In absence of aN2, aN3 probably attains a more rigid conformation
around SRP54 which might result in the apparent increase in the MRE. The exclusion
of aN1 from the core NG heterodimer probably attributes to the slight change in its
alpha-helical conformation. FtsY, on the other hand, has the full-length A domain
along with the alN1 helix. Structural modeling of the wildtype TC showed the aN1
region to be randomly coiled, as opposed to a helix (Fig. 5.1a, magenta region). MD
simulation also observed a highly dynamic nature of this region in targeting
complex formation, which may include the opening of short helices, leading to the

observed decrease in MRE for FtsY.
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Figure 5.6 Lipids induce change in helical content of the TC variants. The wildtype, AaN1, and
AaN2 variants of FtsY were analyzed in presence of archaeosome, SRP54, and both SRP54 and
archaeosome. The spectrum was recorded at 200-250 nm range and 35 °C for FtsY (a), FtsYAaN1 (b),
and FtsYAaN2 (c) and represented as mean residue ellipticity. (d) The overall transition of the

secondary structure for the variants was shown as a function of the reaction conditions.

5.3.7 SRP receptor influences membrane fluidity

A close correlation has been observed between the lipid association of membrane
targeting proteins and membrane fluidity (Kremer et al., 2001; Roy et al., 2018). To
determine if FtsY interacts with membrane phospholipids via an integral domain,
we tested the effect of the receptor and its AaN variants on archaeosome formed of
lipids extracted from S. acidocaldarius cells. To assess membrane fluidity, the
lipophilic probe DPH was tagged to the archaeosome preparation. The steady-state

fluorescence anisotropy of this probe is inversely related to the fluidity of the
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membrane and thus used to monitor the dynamic properties of the membrane. Since
DPH attaches to the hydrophobic core of the lipid bilayer, its motional order within
the core affects its inherent fluorescence property. The current experiment presents a
comparative account of the anisotropy measurement taken in presence of different
variants of SRP receptor and the targeting complex (Fig. 5.7). The anisotropy of the
labeled archaeosome (R = 0.0598 + 0.003) was taken as 100% and the rest of the
values were normalized accordingly. It showed that the addition of FtsY and SRP54-
FtsY complex decreased the anisotropy value by ~25%, whereas any of the AaN
variants, alone or in complex with SRP54, did not alter the DPH anisotropy to any
significant extent. The reduced anisotropy values were measures of increased
fluidity of the bilayer in presence of the wildtype receptor and targeting complex,
proving that initial N-terminal domains of the A-aN1 region may be critical for

membrane association.
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Figure 5.7 Membrane fluidity is affected by functional targeting complex. Changes in the
membrane fluidity of isolated archaeosome fraction upon addition of different protein
assemblies were evaluated by measuring the alteration in DPH anisotropy. Individual
measurements were taken for FtsY, FtsYAaN1, FtsYAaN2, SRP54-FtsY, SRP54-FtsYAaN1
and SRP54-FtsYAaN2 at Agc = 350 nm and Agm = 430 nm.
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5.4 DISCUSSION

The signal recognition particle system across all domains of life employs two special
GTPases - SRP54/Ffh and SR/FtsY. Bypassing the need for an external guanine
nucleotide exchange factor, these two proteins make use of the unique insertion box
domain present in their classical GTPase motifs, that acts as an internal tool to
control the exchange of GDP and GTP (Moser et al., 1997), and reciprocally activate
each other (Egea et al., 2004; Focia et al.,, 2004). For a successful turnover of this
reciprocal activation, the two GTPases need to associate together to form a functional
targeting complex with a composite catalytic core formed by electrostatic interaction
between their respective NG domains (Gupta et al., 2016). Studies with crystal
structures of SRP receptors in bacterial and archaeal domains have identified the N-
terminal alpha-helices in the NG domains of both proteins to be the key players in
mediating this extensive interaction (Ataide et al., 2011; Wild et al., 2016), though
concrete biochemical evidence is absent in archaeal SRP system. Apart from the C-
terminal NG domain, FtsY has a highly acidic N-terminal A domain that has always
been hypothesized to be randomly disordered in solution. Although its importance
in targeting complex association has not been clear, with some groups reporting
proper cellular functioning in absence of A domain (Haddad et al., 2005) while some
others showing abrogated SRP activity (Zelazny et al., 1997), the involvement of this
domain in membrane targeting has been thoroughly established in bacteria (Lam et

al., 2010; Draycheva et al., 2018).

The present work sought to establish the biochemical basis of the structural
contribution of the FtsY-N domain motifs in the functional association of the
crenarchaeal targeting complex. The three-terminal helices, aN1, aN2, and aN3,
were sequentially deleted to construct three subsequent deletion variants -
FtsYAalN1, FtsYAalN2, and FtsYAalN3. These three variants were tested for their
ability to bind SRP54 and catalyze dual GTP hydrolysis in complex and their
probable association with archaeal membrane lipids were also checked to identify
the probable membrane-targeting domain in FtsY. The formation of NG heterodimer

between SRP and its receptor is thought to reorient the G domains to form a

124



Chapter V

composite active site at the dimer interface (Shan & Walter, 2005; Egea et al., 2008)
that facilitates the reciprocal GTP hydrolysis. Wild et al. (2016) have shown that the
alN1 helix of the crenarchaeal FtsY is excluded from the targeting complex
association in its crystalline state and the maximum interaction is intensified in the
alN2 and alN3 helices. To establish our system to be in total agreement with the
already published data, we solved the solution structure of FtsY by small-angle X-
ray scattering analysis. SAXS data were fit into the corresponding GNOM plot and
the resulting x? value of 1.24 indicated a very well match of the solution and crystal
structure data. The binding of SRP54 with different AaN variants was assessed using
the FRET tool and the maximally affected variant was found to be FtsYAaN3. The
apparent K4 values of the other two variants indicated that SRP54-binding was
moderately compromised for FtsYAaN2, whereas the AaN1 variant bound SRP54
like SRP54-FtsY binding in absence of RNA. The combinatorial GTPase activity of
the SRP54-FtsY complex and its AaN variants further showed that the SRP54-
FtsYAaN3 complex was highly non-functional (kcat/ Km = 0.085 + 0.01 x 106 M- min-1)
in terms of GTP hydrolysis, whereas the SRP54-FtsYAaN1 complex showed a
slightly higher catalytic efficiency (0.79 + 0.14 x 10® M-l min) as compared to the
wildtype TC. Since aN1 helix was shown to be excluded from the functional
association of crenarchaeal targeting complex (Wild et al.,, 2016), deletion of this
specific segment probably could not affect the functionality of the targeting complex.
The evident dynamic nature of this association led us to investigate the
thermodynamic behavior of these complexes in silico by MD simulation using Open
MM protocol. The resultant binding free energy values and the dynamic model
corresponding to each complex were surprisingly indicative of a huge
conformational rearrangement around the aN1 helix and the A domain preceding it.
The SRP54-FtsY complex modeled by the AlphaFold2 Multimer program had the N-
terminal 1-85 residues arranged in a helix-turn-helix motif, which was excluded
from the previously solved crystal structure (5L3W, 5L3S) and proposed to be
disordered in the A domain (1-71 residues) region. The simulated model showed
very high conformational variations in the wildtype TC model, thus leading to a

higher value of binding free energy (AG). SRP54-FtsYAaN3 showed a positive value
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for AG, drastically opposite to the experimental finding. This may be due to the
severely affected binding interaction or the exclusion of interaction entropy from the
calculation. However, deletion of all the alN helices together clearly seemed

detrimental to the functional TC formation.

Bacterial FtsY has been studied extensively to pin the translocon binding and
membrane targeting function on its A domain (de Leeuw et al., 2000; Draycheva et
al., 2016) and to establish the minimal targeting sequence necessary for that function
(Lam et al., 2010; Fu et al., 2017). Bacterial FtsY has been shown to prefer anionic
phospholipids which tend to aggregate in presence of the receptor (de Leeuw et al.,
2000). Although membrane interaction could be achieved by both A and NG
domains (Draycheva et al., 2016), the dynamics of the interaction may be different.
The native conformation of the A domain was found to be unfolded in solution
which undergoes a random coil-helix transition in presence of anionic phospholipids
(Stjepanovic et al., 2011) and this interaction is further strengthened when the
receptor attains a stable complex with SRP-RNC (Lam et al., 2010; Fu et al., 2017),
mostly mediated by the aN1 helix. In the present work, we sought to follow the
changes, if any, incurred by the archaeal membrane lipid upon the different TC
variants constructed on purpose. To identify changes in the secondary structure of
the protein far-UV CD spectrum was obtained, with or without archaeosome, for
receptor variants alone and in complex with SRP54. The alpha-helical contents of the
wildtype and mutant TCs were found to decrease in presence of lipids, with the
maximum effect in the wildtype complex with full-length FtsY. This observation
clearly showed that unfolding of the initial A-aN1 region is triggered by
archaeosome, contrary to the findings in bacterial FtsY. Similar observation could be
obtained from the membrane stabilization assay where the fluidity of the lipid
bilayer is measured by changes in steady-state fluorescence anisotropy of a bilayer-
binding probe, DPH. A ~25% reduction in anisotropy only in presence of wildtype
SRP receptor and receptor-SRP54 complex clearly hinted at the possible involvement

of the A-aN1 region in membrane interaction.
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5.5 CONCLUSION

The present work sought to identify the minimal domain of FtsY required to
associate with SRP54 and archaeal cell membrane functionally. Deletion of the N-
terminal alpha-helices resulted in truncated FtsY variants that bound to SRP54 with
differing capacities. Also, the reciprocal GTPase activity by the complexes
comprising SRP54 and FtsYAaN variants was severely affected. The pattern of these
observations suggested that deletion of all three helices is detrimental to native
functions of FtsY, but deletion of the alN1 helix could retain considerable activities.
The binding free energy of the wildtype and mutant targeting complexes were
computationally calculated by MD simulation and compared with the experimental
values, which further established the functionality of aN1 helix and the region
preceding it (A domain) in the stabilization of targeting complex. Finally, the mutual
influence of archaeal membrane and targeting complexes was analyzed by far-UV
CD and DPH anisotropy. Both techniques successfully established that lipid
interaction in archaea employs the N-terminal A-aN1 region of FtsY which probably

gets relaxed of its helical constraints while associating with the membrane.
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Archaea are unicellular life forms that constitute a separate domain of life other than
bacteria and eukaryotes. From the evolutionary viewpoint, archaea represent a
variety of interesting molecular features that usually combine homologous traits
from the other two domains of life. Protein translocation is a critical process in the
maintenance of cellular life. The translocation process has been critically addressed
in eukaryotes and bacteria. However, little information is available regarding protein
translocation across archaeal membranes. The Signal Recognition Particle (SRP), the
ribonucleoprotein complex that plays an important role in the process of
translocation, is a protein targeting machine conserved across all species that binds
the signal peptide at the N-terminus of the nascent polypeptide chain. The archaeal
SRP machinery bears high similarity with its eukaryotic counterpart with the
proteins SRP54 and SRP19 primarily binding the 7S SRP RNA. Together this
complex recognizes the signal peptide and binds the RNC, and then interacts with
the membrane-associated receptor, FtsY, a homolog of its bacterial counterpart.
Concomitant GTP hydrolysis by SRP and FtsY then delivers the polypeptide to the
adjacent protein conducting channel. With very limited knowledge in hand, a proper
elucidation of the protein-protein and protein-RNA interactions became a

requirement to understand archaeal protein translocation.

The first objective of this study addresses the basics of the SRP system in Sulfolobus
acidocaldarius, a thermoacidophilic crenarchaeon. To bridge the gap between the few
available structural understandings and the actual biochemical details, the key
components comprising the pathway were first cloned, expressed in Escherichia coli
overexpression system, and purified to obtain recombinant SRP54 and SRP19
protein and 7S RNA. The binding of these proteins with SRP RNA was investigated
using electrophoretic mobility shift assay and their affinity for the RNA was
calculated. Since SRP54 possesses the classical motifs of a GTPase, its capacity for
hydrolyzing GTP was assessed in lights of different reaction conditions, which
included nucleotide specificity, optimal temperature, pH, specificity for divalent
cations, etc. Computational modeling of SRP54 hinted at the possible changes in the
conformation of the M domain of the protein upon binding the 7S RNA and

predicted a battery of residues possibly involved in the RNA-protein interaction.
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Mutational analyses of two such residues showed compromised RNA-binding

ability, proving the importance of the M domain.

In the second objective, the functional association between SRP54 and FtsY was
studied by using the fluorescence resonance energy transfer technique. The complex
formation was found to be greatly enhanced in presence of 7S RNA and a non-
hydrolyzable GTP analog. Furthermore, the reciprocal GTPase activity of the
complex, carried out concomitantly by the two proteins, was characterized to kinetic
details, and 7S RNA was proved to be facilitating the reaction. The addition of SRP19
hugely enhanced the overall kinetics of the dual GTPase activity, whereas full-length
7S RNA, instead of its minimum functional domain, seemed to be more effective.
Together, it could be said that the formation of a functional targeting complex is
catalyzed by the presence of full-length SRP RNA and SRP19, probably because the
SRP54-RNA-SRP19 complex imparts huge conformational rearrangements in SRP54
that favors FtsY binding.

Powered by these arsenals of newer findings, the present work finally aimed to
elucidate the structural motifs of FtsY required to interact with SRP54 and archaeal
membrane lipids. The N-terminal acidic domain and subsequent aN helices have
long been hailed to maintain such interactions in bacterial FtsY. We found that
deletion of these domains greatly affected the functional targeting complex
formation, as well as reciprocal GTPase action. Small-angle X-ray scattering analysis
proved the structural integrity of the protein in solution which was then modeled in
complex with SRP54. The model was further simulated using standard MD
simulation protocol and incorporating various mutant FtsY lacking subsequent aN
helices. The free energy of binding calculated from each simulation provided a clear
understanding of the comparative stability of these FtsYAaN variants. Effect of
archaeal membrane lipids was tested by monitoring changes in protein’s secondary
structure and membrane fluidity by CD absorbance and anisotropy respectively.
Cumulative findings suggest that the key functionalities of archaeal FtsY are

maintained via the A domain and alN1 helix.
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Abstract The signal recognition particle (SRP) and its
receptor constitute universally conserved and essential
cellular machinery that controls the proper membrane
localization of nascent polypeptides with the transmem-
brane domain. In the past decade, there has been an
immense advancement in our understanding of this tar-
geting machine in all three domains of life. A significant
portion of such progress came from the structural analysis
of archaeal SRP components. Despite the availability of
structural insights from different archaeal SRP compo-
nents, little is known about protein translocation in this
domain of life compared to either bacteria or eukaryotes.
One of the primary reasons being limited availability of the
genetic and cell biological tools in archaea. In the present
review, an attempt has been made to explore the structural
information available for archaeal SRP components to gain
insights into the protein translocation mechanism of this
group of organisms. Besides, many exciting avenues of
archaeal research possible using the recently developed
genetic and cell biological tools for some species have been
identified.

Introduction
Protein translocation is a critical process in the mainte-

nance of cellular life. Proteins are sorted to various intra-
cellular destinations or secreted into the extracellular space
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from their sites of synthesis. A ribonucleoprotein complex,
known as signal recognition particle (SRP), plays a sig-
nificant role in executing protein sorting and translocation
in all three domains of life. The SRP is a universally
conserved protein-targeting machine that binds to the par-
ticular peptide sequence at the N-terminus of the nascent
polypeptide chain and delivers it to the translocation sys-
tem for further processing [31, 37]. The SRP-ribosome-
nascent polypeptide complex (RNC) attaches to the cog-
nate SRP receptor (SR) located on the targeted membrane
[23]. The interaction between the GTPase domains asso-
ciated with both the SR and SRP allows the delivery of the
concerned protein into the adjacent protein-conducting
channel (PCC). GTP hydrolysis empowers the process, and
the SRP is available for another round of targeting process
[51, 71] (Fig. 1).

In general, protein translocation occurs either in co- or
post-translational manner in all three domains of life
(Fig. 1). In eukaryotes, with few exceptions like fission
yeast, proteins are transported co-translationally into the
lumen of endoplasmic reticulum (ER). In this mode, a
signal peptide that emerges from the ribosome is bound by
SRP [75]. It has been shown recently that SRP typically
binds the protein-ribosome complex after synthesis of
initial 40-55 amino acids. Upon binding, the protein
translation from the entire ternary complex RNC remains
arrested until this complex interacts with the SRP receptor.
The dynamicity of SRP-stalled RNC interaction has been
recently demonstrated where it was shown that SRP bound
RNCs expose signal peptide in multiple interconvertible
conformations, each with a specific kinetic property [76].
The entire SRP-stalled RNC complex interacts with the
SRP receptors SRa and SR on the ER membrane. Finally,
at the ER membrane, ribosome docks onto the protein
translocation channel (Sec61afy) and SRP is released from
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Ni(II) and Cu(Il) complexes of a tridentate Schiff base ligand, N-(2-hydroxyphenyl)-3-methoxy-salicylide-
neamine (H,L) have been synthesized and characterized by IR, NMR, UV-Vis spectroscopy and elemental
analysis. The solid state structures of complexes have been determined by single crystal X-ray diffraction
analyses. The molecular structures shows the formation of mononuclear complexes [(NiL(1Me-Im)] (1),
[(CuL(1Me-Im)] (2) and [(NiL(PPhs3)] (3) (1Me-Im = 1-methylimidazole and PPhj; = triphenylphosphine).
The Ni(II) or Cu(Il) ion is situated in a square planar environment and coordinated by the NO, donors
of the Schiff base ligand and 1Me-Im (1-2) or PPh; (3). The interactions of complexes 1-3 with DNA have
been investigated by EtBr displacement experiments and spectroscopic titrations. The MTT assay showed
no significant toxicity of 1, 3 and increasing toxicity of 2 at lower concentration.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, the study of the interaction of DNA with metal
complexes has been tremendously appreciated in chemical and
biological science [1,2]. It explores the possibility of designing
effective anticancer drugs and chemotherapeutic agents. Metal
complexes bind DNA through both covalent and non-covalent
interactions such as electrostatic interactions, intercalation as well
as direct coordination bond formation [3]. Initially, platinum based
compounds which binds the DNA covalently, have been used for
the treatment of cancers [4]|. However, their intense side effects
bound their applications [5]. Therefore, a tremendous attention is
being paid for the synthesis of new less-toxic, more effective and
target specific metal-based anticancer drugs as an alternative of
platinum drugs. Many metal complexes have been synthesized
and screened as a potential DNA binding agent [6,7]. First-row
transition metal complexes containing bio-essential metal ions
such as Ni(II), Cu(Il) and Zn(II) have been proven to be an effective
DNA binding agent with potential cytotoxic activity [8-11]. Of
course, the organic ligands play important role to determine
favourable interactions and activities between metal complexes
and DNA. A variety of polydentate organic ligands have been used
[12]. In this context, metal complexes of Schiff base ligands have
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been investigated extensively [13-15]. Metal complexes with sali-
cylidene Schiff base ligands showed effective interactions with
DNA [16,17]. However, planar ligands or metal complexes prefer
intercalative DNA binding whereas non-planar compounds prefer
groove binding. In this context, square planner metal complexes
of Schiff base ligand has attracted enormous attention. For
instance, Ni(Il) and Co(II) complexes of (2-hydroxyl-benzylidene)
hydrazide has been synthesized and their interactions with DNA
have been reported [ 18]. Metal complexes based on amino-alcohol,
amino acids and thiosemicarbazones derived Schiff base ligands
were synthesized and their cytotoxic effect on cancerous cell line
and interactions with DNA were investigated [19-21]. Highly cyto-
toxic DNA binding Cu(Il) complexes of various Schiff base have
recently been documented [22]. Several Ni(Il) complexes of Schiff
base ligands containing meso-1,2-diphenylethylenediamine moi-
ety exhibited excellent interactions with a tetramolecular DNA
quadruplex [23]. Square planar NI(II) complexes of 1-phenyl-3-
((2-(piperidin-4-yl)ethyl)imino)but-1-en-1-ol and 4-((2-(piper-
azin-1-yl)ethyl)imino)pent-2-en-2-ol have been synthesized and
their DNA binding abilities have been investigated [24].
Persisting our study on the syntheses of metal complexes using
the ONO and N,0, donor ligands we have recently reported homo
or heteronuclear metal complexes with interesting magnetic prop-
erties and biological activities [25-27]. Here, we report the results
obtained by the reaction of a Schiff-base ligand N-(2-hydrox-
yphenyl)-3-methoxy-salicylideneamine (H,L) with hydrated Ni
(I) and Cu(ll) salts in the presence of an ancillary ligand,
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Summary

Metacaspases primarily associate with induction and
execution of programmed cell death in protozoa,
fungi and plants. In the recent past, several studies
have also demonstrated cellular functions of meta-
caspases other than cell death in different organisms
including yeast and protozoa. This study shows simi-
lar dual function for the only metacaspase of a biotro-
phic phytopathogen, Ustilago maydis. In addition to
a conventional role in the induction of cell death,
Mcal has been demonstrated to play a key role in
maintaining the quality of the cellular proteome. On
one hand, Mcal could be shown to bring about
apoptosis-like phenotypic changes in U. maydis on
exposure to oxidative stress, on the other hand, the
protein was found to regulate cellular protein quality
control. U. maydis metacaspase has been found to
remain closely associated with the insoluble intracel-
lular protein aggregates, generated during an event
of stress exposure to the fungus. The study, there-
fore, provides direct evidence for a role of U. maydis
metacaspase in the clearance of the stress-induced
intracellular insoluble protein aggregates. Further-
more, host infection assays with mca1 deletion strain
also revealed a role of the protein in the virulence of
the fungus.
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Introduction

Metacaspases are a class of cysteine proteases that
cleave their substrates after an arginine/lysine residue at
P, position (Vercammen et al., 2007). These are found
in plants, fungi and protozoa (Uren et al., 2000). Like
caspases, metacaspases also possess a conserved
cysteine-histidine catalytic dyad that is required for catal-
ysis by cysteine proteases (Uren et al., 2000). Metacas-
pases play diverse functions across the kingdoms. For
instance in plants, they have been found to be involved
in more conventional functions associated with metacas-
pases or caspases, namely regulation or execution of
cell death pathways (Coll et al., 2010). Trypanosomatid
metacaspases, however, lack a role in cell death regula-
tion (Proto et al., 2013) and exhibit unconventional func-
tions like the generation of membrane-associated
pseudopeptidase virulence factors (Proto et al., 2011).
Likewise, Trypanosoma brucei metacaspases have been
demonstrated to be essential for the survival of blood-
stream forms of the parasite (Helms et al., 2006). Evi-
dence of non-cell death roles of metacaspases is also
available in the fungal homologs of the protein in litera-
ture. For instance, yeast metacaspase Yca1l functions in
both the induction of programmed cell death in response
to oxidative stress (Madeo et al., 2002, Khan et al.,
2005), and in clearance of insoluble protein aggregates
in logarithmically growing cells (Lee et al, 2010).
Besides Saccharomyces cerevisiae, functions of meta-
caspases have also been explored in certain other fungi
like Candida albicans (Jung and Kim, 2014), Aspergillus
flavus (Wang et al., 2014) and Podospora anserine
(Hamann et al., 2007; Strobel and Osiewacz, 2013). In
most of these cases, however, metacaspase function
has been found to be associated with either stress
induced or age-induced apoptosis. In this study, we
investigate the function of the only metacaspase Mca1
of a biotrophic fungal pathogen, Ustilago maydis that
causes smut disease of maize. To our knowledge, this
is the first report of the functional characterization of a
metacaspase gene from a phytopathogenic fungus.
Unlike most of the fungal metacaspases, Mca1l
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Small heat shock proteins (sHsps) are a ubiquitous family of molecular chaperones that rescue misfolded pro-
teins from irreversible aggregation during cellular stress. Many such sHsps exist as large polydisperse species in
solution, and a rapid dynamic subunit exchange between oligomeric and dissociated forms modulates their
function under a variety of stress conditions. Here, we investigated the structural and functional properties of
Hsp20 from thermoacidophilic crenarchaeon Sulfolobus acidocaldarius. To provide a framework for investigating
the structure-function relationship of Hsp20 and understanding its dynamic nature, we employed several bio-
physical and biochemical techniques. Our data suggested the existence of a ~24-mer of Hsp20 at room tem-
perature (25 °C) and a higher oligomeric form at higher temperature (50 °C-70 °C) and lower pH (3.0-5.0). To
our surprise, we identified a dimeric form of protein as the functional conformation in the presence of ag-
gregating substrate proteins. The hydrophobic microenvironment mainly regulates the oligomeric plasticity of
Hsp20, and it plays a key role in the protection of stress-induced protein aggregation. In Sulfolobus sp., Hsp20,
despite being a non-secreted protein, has been reported to be present in secretory vesicles and it is still unclear
whether it stabilizes substrate proteins or membrane lipids within the secreted vesicles. To address such an issue,
we tested the ability of Hsp20 to interact with membrane lipids along with its ability to modulate membrane
fluidity. Our data revealed that Hsp20 interacts with membrane lipids via a hydrophobic interaction and it

lowers the propensity of in vitro phase transition of bacterial and archaeal lipids.

1. Introduction

During the process of evolution, a network of proteins emanated to
protect cells against stress conditions (e.g., heat, cold, oxidative, pH,
etc.) [1]. A predominant group of such stress response proteins is the
molecular chaperones, which include different classes based on their
molecular mass and evolutionary history [2]. Small heat shock proteins
(sHsps) are one of the least conserved and least understood among these
molecular chaperones [3,4]. The importance of sHsps is manifested by
their almost ubiquitous expression in all three domains of life (archaea,
bacteria, and eukaryotes) and their dramatic up-regulation in response
to various signals including protein aggregation [5]. The present view
of the mode of action of sHsp is that they bind to unfolding ‘substrate’
proteins in the cells and prevent their irreversible aggregation [6,7].
Most sHsps form large molecular assemblies with variable quaternary
structure and the reversible dissociation of their oligomers has been
reported to be important for their enhanced chaperone activity at ele-
vated temperatures [8-11]. The common characteristic feature of sHsps
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is the presence of a conserved ‘a-crystallin domain’ (ACD) that consists
of two fB-sheets at the center, flanked by a C-terminal segment and
preceded by a highly variable N-terminal region [4]. Several studies
revealed that the ACD is involved in the formation of large oligomeric
ensembles of mass ranging from 200 to 800 kDa and is highly important
for oligomerization via an interaction with a conserved IXI motif in the
C-terminal domain of neighboring subunits through a hydrophobic in-
teraction [12]. The oligomeric plasticity of sHsps and its importance in
the activity of these chaperones, however, remains poorly understood.

Thermal stress in living cells induces multiple changes that ulti-
mately affect membrane structure and function by altering the mem-
brane fluidity and denaturing membrane proteins. It has been shown
that heat shock and ethanol stress could exert membrane-disruptive
effects as well as promote denaturation of membrane proteins resulting
in changes in the plasma membrane protein composition [13]. Some
sHsps have been shown to bring about distinct alterations in certain
characteristics of the membrane lipids, such as fluidity and perme-
ability, and can thereby assist in the maintenance of membrane stability
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1 | INTRODUCTION

T2 ribonucleases are widely distributed across kingdoms and exhibit
nucleolytic activities in the pH range of 4-5 (Irie, 1999). These ribonu-
cleases, therefore, localise mostly within acidic cellular compartments
like vacuoles and lysosomes (Deshpande & Shankar, 2002). Some of
the T2 ribonucleases also exhibit secretory properties and hence con-
fine within the extracellular milieu. An array of different biological
functions has been found associated with T2 ribonucleases (Luhtala &
Parker, 2010). Scavenging of RNA as a source of the nutrient is one of
the tasks of T2 ribonucleases that have been observed quite often
mostly in plants (Abel, Nurnberger, Ahnert, Krauss, & Glund, 2000;
Bariola et al., 1994; Kock, Stenzel, & Zimmer, 2006; Nurnberger, Abel,
Jost, & Glund, 1990). Secreted ribonucleases belonging to different
families have also been reported in many of the fungal phytopatho-
Antoniw, & Hammond-Kosack, 2012;

et al., 2010). Most interestingly the expression of these ribonucleases

gens (Brown, Espino
is found to be induced several folds upon infection when compared to
that in the axenic culture. This indicate important role of these ribonu-

cleases during in-planta growth of the pathogen. Like for instance in

| Abhrajyoti Ghosh? © |

Ustilago maydis genome codes for many secreted ribonucleases. The contribution of
two among these belonging to the T2 family (Nuc1 and Nuc2) in the pathogen viru-
lence, has been assessed in this study. The nucl and nuc2 deletion mutants showed
not only reduced pathogenicity compared to the SG200 WT strain but also exhibited
significant delay in the completion of the pathogenic lifecycle. Both the proteins were
also tested for their nucleolytic activities towards RNA substrates from maize and
yeast. This also yielded valuable insights into the ability of the ribonucleases to utilise
extracellular RNA as a nutrient source. Our study therefore established a role of two
T2 type secreted ribonucleases of a phytopathogen in the acquisition of nutrient for
the first time. This study also provides evidence that maize apoplast contains RNA,

which can be utilised as a substrate by both Nuc1 and Nuc2.

effector proteins, extracellular RNA, T2 ribonucleases, Ustilago maydis, Zea mays

Zymoseptoria tritici a small secreted RNase belonging to N1/T1 class,
Zt6 has recently been shown to exhibit cytotoxic activities against bac-
teria, yeast, tobacco and even wheat cells (Kettles et al., 2018). It is
hypothesised that Zt6 provides selective growth advantage to Z. tritici
during infection of wheat. It is also hypothesised that an antitoxin yet
to be identified probably also exists that might inhibit Zt6 activity
against Z. tritici itself. In another instance a ribonuclease like secreted
effector protein from Blumeria graminis, CSEPO064/BEC1054 has been
shown to inhibit host cell death through its interaction with host ribo-
somes. CSEPO064/BEC1054 binds to host ribosome thereby inhibiting
the action of plant ribosome inhibiting proteins that otherwise lead to
host cell death (Pennington et al., 2019). This study also investigates the
biological function of two secreted T2 type ribonucleases, Nucl and
Nuc2 from Ustilago maydis. In U. maydis these two ribonucleases are
found to be involved in scavenging nutrients from plant apoplastic RNA
sources. Both the proteins are found to be efficiently secreted by the
pathogen during infection and can act upon maize extracellular RNA.
Moreover, each of the two proteins is also essential for the survival of
U. maydis in-planta as their absence is associated with reduced virulence

of the fungus.

Cellular Microbiology. 2020;22:€13256.
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The signal recognition particle (SRP) plays an essential role in protein translocation across biological
membranes. Stable complexation of two GTPases in the signal recognition particle (SRP) and its receptor
(SR) control the delivery of nascent polypeptide to the membrane translocon. In archaea, protein tar-

geting is mediated by the SRP54/SRP19/7S RNA ribonucleoprotein complex (SRP) and the FtsY protein

Keywords:
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Archaea

SRP RNA

Targeting complex (TC)
SRP54
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(SR). In the present study, using fluorescence resonance energy transfer (FRET), we demonstrate that
archaeal 7S RNA stabilizes the SRP54-FtsY targeting complex (TC). Moreover, we show that archaeal
SRP19 further assists 7S RNA in stabilizing the targeting complex (TC). These results suggest that archaeal
7S RNA and SRP19 modulate the conformation of the targeting complex and thereby reinforce TC to
execute protein translocation via concomitant GTP hydrolysis.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

The signal recognition particle (SRP) and its receptor constitute
essential cellular machinery required to execute cotranslational
translocation of nascent polypeptides across the membranes in all
three domains of life. The signal sequence at the N-terminus of the
nascent polypeptide chain is recognized and bound by SRP. After
that, it forms a complex with a cognate receptor (SR, in eukaryotes;
FtsY, in prokaryotes) located on the target membrane. Such inter-
action is followed by a series of conformational rearrangements in
the SRP-FtsY complex that leads to the delivery of the ribosome-
nascent chain complex (RNC) to the nearby translocon (SecYEG).
Once the RNC is released, the SRP-FtsY complex dissociates through
concomitant GTP hydrolysis by both the proteins [1]. The SRP
shares its structural and functional similarity across different do-
mains of life. Mammalian SRP consists of six proteins (SRP54,
SRP19, SRP68, SRP72, SRP9, and SRP14) and a 7S RNA, whereas the
bacterial counterpart consists of only one protein (Ffh, SRP54 ho-
molog) and a 4.5S RNA [1]. The ribonucleoprotein complex's
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functional core comprises the RNA and SRP54 protein that per-
forms signal recognition, receptor interaction, and GTP hydrolysis.
Archaea, being a true mosaic of eukaryotic and prokaryotic features,
shares the similarities of mammalian SRP54, SRP19, and 7S RNA
and the bacterial SRP receptor [2,3]. The 7S RNA and GTP, the key
regulators in the evolutionarily conserved targeting process, are
bound by the M domain and NG domain in SRP54, respectively. The
catalytic NG domain is also the interacting domain for both SRP54
and FtsY, and the G domain shares the motifs of the classic P-loop
GTPases [1]. SRP19 contacts the helices 6 and 8 of the 7S RNA and
induce the side-by-side alignment of these two helices, which
supposedly favors the conformational rearrangements in the
asymmetric loop of helix 8 necessary for SRP54 binding [1]. How-
ever, SRP19-independent SRP54-7S RNA binding has been shown in
Haloferax volcanii, where the cells could grow normally even after
the deletion of the srp19 gene implying the dispensable nature of
SRP19 [4]. SRP RNA is crucial to signal sequence recognition and
binding and plays a vital role in the interaction of the two GTPases
in bacteria. Kinetic analyses have shown that bacterial 4.5S RNA
does not affect the basal GTPase activity of Ffh but is required for a
successful association with FtsY [5]. Though the stable assembly of
the two proteins is GTP-dependent, it is initiated by an early GTP-
independent complex which is significantly stabilized by 4.5S
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Heat shock proteins maintain protein homeostasis and facilitate the sur-
vival of an organism under stress. Archaeal heat shock machinery usually
consists of only sHsps, Hsp70, and Hsp60. Moreover, Hsp70 is absent in
thermophilic and hyperthermophilic archaea. In the absence of Hsp70, how
aggregating protein substrates are transferred to Hsp60 for refolding
remains elusive. Here, we investigated the crosstalk in the heat shock
response pathway of thermoacidophilic crenarchaeon Sulfolobus acidocal-
darius. In the present study, we biophysically and biochemically character-
ized one of the small heat shock proteins, Hspl4, of S. acidocaldarius.
Moreover, we investigated its ability to interact with Hsp20 and Hsp60 to
facilitate the substrate proteins’ folding under stress conditions. Like
Hsp20, we demonstrated that the dimer is the active form of Hspl4, and it
forms an oligomeric storage form at a higher temperature. More impor-
tantly, the dynamics of the Hspl4 oligomer are maintained by rapid sub-
unit exchange between the dimeric states, and the rate of subunit exchange
increases with increasing temperature. We also tested the ability of Hspl4
to form hetero-oligomers via subunit exchange with Hsp20. We observed
hetero-oligomer formation only at higher temperatures (50 °C-70 °C). Fur-
thermore, experiments were performed to investigate the interaction
between small heat shock proteins and Hsp60. We demonstrated an
enthalpy-driven direct physical interaction between Hspl4 and Hsp60. Our
results revealed that Hsp14 could transfer sHsp-captured substrate proteins
to Hsp60, which then refolds them back to their active form.

Introduction

A living cell often suffers abrupt changes in its sur-
roundings, putting the cell under stress. The ability to
cope with such environmental stresses is crucial for the
survival of any organism. One of the significant effects
of stress is the denaturation of protein, followed by
aggregation. Protein aggregates are toxic and could be

Abbreviations

fatal for the cells if not adequately dealt with [1-4]. A
group of proteins known as heat shock proteins or
chaperones has evolved mainly to prevent aggregate
formation by unfolded proteins [5]. Heat shock proteins
can be classified into five major classes depending on
their molecular weight, such as Hsp100, Hsp90, Hsp70,

ANS, 8-anilino-1-naphthalenesulfonic acid; CIP, calf intestinal phosphatase; DLS, dynamic light scattering; FITC, fluorescein isothiocyanate;
Hsp, heat shock protein; ITC, isothermal titration calorimetry; LDH, lactate dehydrogenase; pNP, para-nitrophenol; pNPP, para-nitropheny!
phosphate; sHsp, small heat shock protein; TRITC, tetramethylrhodamine-5-isothiocyanate.
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