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ABSTRACT OF THE DISSERTATION

The role of the A1 subunit in the activity of Shiga toxins

by DEBALEENA BASU

Dissertation Director:

Nilgun Tumer

Shiga toxin (Stx) producing E.coli infections can lead to life-threatening complications,
including hemorrhagic colitis and hemolytic uremic syndrome (HUS). Stx1 and Stx2 are
ABs toxins consisting of an enzymatically active A subunit and a pentamer of receptor
binding B subunits. Stx2-producing E.coli strains are more frequently associated with
HUS than Stx1-producing strains. The role of the A subunits in the increased potency of
Stx2 has not been fully investigated. This study using purified Al subunits, provide the
first direct evidence that the higher affinity for ribosomes in combination with higher
catalytic activity towards the SRL allows Stx2A1 to depurinate ribosomes, inhibit
translation and exhibit cytotoxicity at a significantly higher level than Stx1Al in yeast
and human cells. To determine if conserved arginines at the distal face of the active site
contribute to the higher affinity of Stx2A1 for the ribosome, Argl72, Argl76 and Argl79
in Stx1Al and Stx2Al are mutated. It is seen that Argl72 and Argl76 are more

important than Argl79 for depurination activity and toxicity of Stx1Al and Stx2Al.
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Mutation of at least two of the three arginines is required to significantly reduce
depurination by Stx2Al1 in vitro and in cells in yeast and mammalian cells. Conserved
arginines at the distal face of the active site are critical for interactions of Stx1Al and
Stx2A1 with the stalk, while a conserved arginine at the active site is critical for non-stalk
specific interactions with the ribosome. Mutations at conserved arginines at either site
reduced ribosome interactions of Stx1Al and Stx2Al similarly, indicating that they do
not contribute to the higher affinity of Stx2A1 for the ribosome. Interchanging residues
E60 and 61 in Stx1A1 and Y60 and Q61 in Stx2A1 that are located away from the active
site and ribosome stalk binding site, resulted in small but significant increase in
depurination level of E60Y/E61Q for Stx1Al and a decrease in depurination level of
Y60E/Q61E of Stx2A1 in vivo in yeast. A larger difference may be observed if more than
two residues are simultaneously altered to change the electrostatic charge distribution of

Stx1A1 and Stx2A1 sufficiently.
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CHAPTER 1: Introduction

RIBOSOME INACTIVATING PROTEINS

Ribosome inactivating proteins (RIPs) are a class of proteins that irreversibly
damage the ribosome -catalytically, by modifying the large rRNA and inhibiting
translation (Nielsen and Boston 2001, Stirpe 2004). RIPs are present throughout the plant
kingdom, including in cereals such as wheat and barley. These proteins are thought to be
produced for defense against invading pathogens (Peumans, Hao et al. 2001). They also
occur in certain fungi and bacteria (Nielsen and Boston 2001). The enzymatic activity of
RIPs involves N-glycosidation to remove a specific adenine corresponding to residue
Auy3zos in the 28S rRNA of the large ribosomal subunit (Nielsen and Boston 2001, Stirpe
2004). This adenine lies within a 14-nucleotide region that is known as the a-sarcin/ricin
loop (SRL) and is conserved in all kingdoms. A GAGA sequence, in which the first A is
the RIP substrate forms the core of a putative tetraloop surrounded by a short base-paired
stem. Irreversible modification of the target A residue blocks elongation factor (EF)-1-
and EF-2-dependent GTPase activities and renders the ribosome unable to bind EF-2,

thereby blocking translation (Nielsen and Boston 2001, Parente, Conforto et al. 2008).

CLASSIFICATION OF RIPs
The RIPs are divided into three types based on their physical properties. Type 1
RIPs such as pokeweed antiviral protein (PAP), trichosanthin and saporin are single

chain, highly basic monomeric enzymes approximately 30 kDa in size (Nielsen and



Boston 2001, Stirpe 2004, Chan, Chu et al. 2007). They are relatively non-toxic to cells
and animals although they inhibit cell-free protein translation. They are commonly found
in vegetables such as tomato, spinach and pumpkin as well as in stable crops like wheat,
barley and maize (Prestle, Schonfelder et al. 1992, Ishizaki, Megumi et al. 2002, Barbieri,
Polito et al. 2006). Type 2 RIPs on the other hand consist of an A chain and variable
number of B chains. The A chain, is the active chain, while the B chain can bind
receptors on the surface of eukaryotic cells and mediate retrograde transport of the A-
chain to the cytosol. Potent toxins like ricin, abrin and Shiga toxin fall into this category
(Nielsen and Boston 2001, Stirpe 2004). While ricin has a 32 kDa A chain and a 34 kDa
B chain, Shiga toxins have a 32 kDa A chain and five 7.7 kDa B chains. Type 3 RIPs are
synthesized as inactive precursors (proRIPs) that require proteolytic processing events to
occur between amino acids involved in formation of the active site. These RIPs are much
less prevalent than type 1 or type 2 RIPs. Such types of RIPs have been isolated from
maize and barley. Because of their potent and selective toxicity, RIPs have garnered

interest as biological weapons, and for use in antiviral and anticancer therapy (Nielsen

and Boston 2001, Stirpe 2004).

SHIGA TOXINS

Shiga toxin producing E.coli (STEC) strains such as E.coli O157:H7 as well as
other serotypes are the major causative agents of severe gastroenteritis, which can lead to
life-threating complications including hemorrhagic colitis (HC) and hemolytic uremic
syndrome (HUS) (Boerlin, McEwen et al. 1999, Scallan, Hoekstra et al. 2011). HUS is

the most common cause of renal failure in children in the US (Siegler and Oakes 2005).



The recent multi-state outbreak of E.coli O157:H7 in the US and a HUS outbreak in
Germany in 2011 highlight the public health impact of this pathogen (Bielaszewska,
Mellmann et al. 2011, Frank, Werber et al. 2011, Karch, Denamur et al. 2012, Kaper and
O'Brien 2014). STEC strains produce Shiga toxin 1 (Stx1) and/or Shiga toxin 2 (Stx2) or
variants of either toxin. E. Coli O157:H7 strains carrying Stx2 are more virulent and are
more frequently associated with HUS (Pickering, Obrig et al. 1994, Nataro and Kaper
1998, Manning, Motiwala et al. 2008). However the molecular basis for the higher
potency of Stx2 is unknown. Although extensive research is being undertaken to develop
effective vaccines and therapeutics to protect against HUS, there are no current therapies
available. In order to develop inhibitors against Shiga toxin, there is a need for better
understanding of their underlying mechanism of toxicity.

Shiga toxin (Stx) from Shigella dysenteriae and Stx1 (Stx1) and 2 (Stx2) from
Shiga toxin-producing Escherichia coli (STEC) are a family of structurally and
functionally related proteins (Bergan, Lingelem et al. 2012, Kaper and O'Brien 2014).
Stx, Stx1 and Stx2 are ribosome inactivating proteins (RIPs), a class of proteins that
irreversibly damage the ribosome catalytically by modifying the large rRNA and
inhibiting protein synthesis (Nielsen and Boston 2001, Stirpe 2004, Zhabokritsky, Kutky
et al. 2010, May, Yan et al. 2013, Stirpe 2013). RIPs are N-glycosidases that remove a
specific adenine from the highly conserved a-sarcin/ricin loop (SRL) in the 28S rRNA of
the large ribosomal subunit. Irreversible modification of the target adenine blocks
elongation factor (EF)-1- and EF-2-dependent GTPase activity and renders the ribosome
unable to bind EF-2, thereby blocking translation (Clementi, Chirkova et al. 2010, Shi,

Khade et al. 2012) .



STRUCTURE OF SHIGA TOXINS

Stx derives its name from the dysentery causing bacteria, Shigella dysenteriae,
which was first described by Kiyoshi Shiga in 1898. While Stx from S. dysenteriae
differs from Stx1 by one amino acid (Strockbine, Jackson et al. 1988, Johannes and
Romer 2010), Stx1 and Stx2 have only 56% amino acid similarity and are antigenically
distinct (Strockbine, Marques et al. 1986, Calderwood, Auclair et al. 1987, Jackson, Neill
et al. 1987). STEC can produce either one type of toxin or a combination of variants of
one or both types of toxin (Karch, Tarr et al. 2005). Stx]1 and Stx2, which are also
referred to as Stxla and Stx2a, are type II RIPs (Scheutz, Teel et al. 2012), which consist
of a catalytically active A chain associated with a pentamer of B subunits responsible for
the binding of the Shiga toxins to their common cellular receptor, globotriaosylceramide
(Gb3) (Stein, Boodhoo et al. 1992, Fraser, Chernaia et al. 1994). The B subunits (7.7 kDa
each) form a central pore which harbors the C-termini of the A subunit (Fraser, Fujinaga
et al. 2004). The crystal structure of the Stx1 B subunit pentamer, bound with Gb3 shows
that each B monomer contains three distinct binding sites for the glycan component of
Gb3, referred to as P* trisaccharide, a-D-Galp-(1-4)-p-D-Galp-(1-4)-p-D-Glcp-(1-O) for a
total of 15 sites (Ling, Boodhoo et al. 1998). Of these 3 binding sites (labeled 1-3), site 2
has the highest occupancy of electron density defining the position of the trisaccharide,
while site 1 has the lowest (Ling, Boodhoo et al. 1998, Shimizu, Sato et al. 2007). The
only known exception to this Gb3-dependence of Shiga toxins is for the Stx2 variant
Stx2e, which exhibits specific affinity for globotetraosylceramide (Gb4) (DeGrandis,
Law et al. 1989, Samuel, Perera et al. 1990), although Stx1 and Stx2 can bind to Gb4

weakly (Nakajima, Kiyokawa et al. 2001). Recently, the crystal structure of Stx2 bound



to a P derivative has been published. This structure showed that only two of three
previously identified binding sites on the Bspentamer was functional in Stx2, indicating
that there are differences in receptor binding between Stx1 and Stx2a (Jacobson, Yin et
al. 2014).

The A subunit of Shiga toxin consists of Al and A2 chains which are bound
together by a disulphide bond between C242 and C261 forming a loop (van Deurs and
Sandvig 1995). The X-ray crystal structures of Shigella Stx and Stx2 are highly similar
(Fraser, Chernaia et al. 1994, Fraser, Fujinaga et al. 2004). However, structural
differences have been identified between Stx1 and Stx2. In Stx1, part of the active site is
blocked by the A2 chain, while it is accessible in Stx2 (Fraser, Fujinaga et al. 2004). The
active site of Stx2 is accessible to the adenine substrate and Stx2 cleaves the adenine
when it is crystallized in the presence of adenosine (Fraser, Cherney et al. 2006). In the
crystal structure, the A subunit in Stx2 is in a different orientation with respect to the B
subunit, which may affect receptor affinity of Stx2. The C-terminus of Stx2 extends
through the pore formed by the B pentamer, which is thought to interfere with receptor
binding (Fraser, Fujinaga et al. 2004). However, it is not known if the A subunits
contribute to the interaction of the holotoxins with the receptor and whether the A subunit
interferes with Gb3 binding. Stx1 and ricin have been shown to interact with human
neutrophils, which do not express Gb3 or Gb4, through their A subunit without inducing
their internalization (Arfilli, Carnicelli et al. 2010). TLR4 has recently been identified as
the receptor that recognizes the A subunits of Stx1 and Stx2 in human neutrophils

(Brigotti, Carnicelli et al. 2013).



Once the toxins bind the globotriaosylceramide (Gb3) receptor, they are
endocytosed by a clathrin-dependent or independent pathway (Sandvig and van Deurs
2005, Bergan, Lingelem et al. 2012). They then undergo retrograde transport to the Golgi
apparatus and then to the endoplasmic reticulum (ER). The active Al subunit is cleaved
enzymatically from the A,-B5 complex (van Deurs and Sandvig 1995). The cleavage
occurs between R251 and M252 in Shiga toxin and Stx1 and between R250 and A251 in
Stx2 by the furin protease. After cleavage, the Al fragment remains bound to the A2
fragment through the disulphide bond. The Al chain is then released from the A2-Bs
complex by reduction of the disulfide bond in the ER and undergoes retrotranslocation
from the ER into the cytosol where it depurinates the ribosome and inhibits protein

synthesis (Sandvig and van Deurs 2005, Bergan, Lingelem et al. 2012).

CATALYTIC ACTIVITY AND CYTOTOXICITY OF STX1 AND STX2
Differences in cytotoxicity

An extensive review on the pathophysiology of Stx-related disease in different
animal models can be found in and is briefly described here (Mayer, Leibowitz et al.
2012). Epidemiological studies suggest that majority of the HUS-associated fatalities are
caused by E.coli O157:H7 strains carrying Stx2 (Pickering, Obrig et al. 1994, Nataro and
Kaper 1998, Manning, Motiwala et al. 2008). Previous studies using Shiga toxins have
shown that while Stx2 is more potent in animal models, Stx1 is more toxic to Vero cells
(Tesh, Burris et al. 1993, Siegler, Obrig et al. 2003). The 50% lethal dose for purified
Stx2 was 400-fold lower than for Stx1 in a mouse model, and only Stx2-treated mice

developed renal complications and death (Wadolkowski, Sung et al. 1990, Tesh, Burris et



al. 1993). However, animal models have limitations compared with the observations from
humans and do not replicate the disease in humans. Nonhuman primate models (Baboon)
showed renal damage consistent with HUS upon intravenous injection of the toxins.
Treatment of non-human primates with four doses of 25 ng/kg Stx2 caused HUS, while
an equal dose of Stx1 had no effect (Siegler, Obrig et al. 2003). In another study
comparison of the effects of the two toxins showed interesting differences, including
different proinflammatory responses and different timing with delayed organ injury after
Stx2 challenge (Stearns-Kurosawa, Collins et al. 2010). Baboons treated with Stxl
developed HUS within 2 to 3 days, while those with Stx2 took longer (3-5 days),
indicating the role of other factors in producing delayed renal injury upon challenge by
Stx2. Furthermore, Stx1 incited a stronger proinflammatory response earlier, while the
proinflammatory response induced by Stx2 was gradual and delayed by several days
(Stearns-Kurosawa, Collins et al. 2010). A subsequent study using baboon models
showed that both Stx1 and Stx2 could affect kidney function. Although Stx2 was found
to cause more severe damage to the kidney than Stx1, the damage inflicted on the kidney
by Stx1 was significant (Stearns-Kurosawa, Oh et al. 2013).

In comparison to animal models studies in Vero cells suggested that the
cytotoxicity of Stx1 is 10-fold greater than Stx2 (Tesh, Burris et al. 1993). The basis for
the differential toxicity of Stx1 and Stx2 in animal models versus mammalian cell lines is
unknown. Shiga toxins trigger endothelial damage in kidney and brain by targeting Gb3.
However, differences have been observed in the sensitivity of endothelial cells to Stx1
and Stx2. The current knowledge of endothelial cell damage caused by Stx1 and Stx2 is

reviewed in (Bauwens, Betz et al. 2013). Stx2 had a higher potency for human renal



microvascular endothelial cells (HRMEC) than to human umbilical vein endothelial cells
(HUVEC), where toxicity of Stx1 and Stx2 was similar (Louise and Obrig 1995). These
results indicated selective sensitivity of renal endothelial cells to Stx2 although the renal
endothelial cells possessed fewer Gb3 receptor binding sites for Stx2 than Stx1(Louise
and Obrig 1995). The Stx receptor distribution in the different renal cell populations and
the sensitivity of the different kidney cell types to Stx1 and Stx2 is reviewed in (Bergan,
Lingelem et al. 2012). Comparison of cellular injury induced by Stx1 and Stx2 in human
brain microvascular endothelial cells (HBMEC) and HUVEC derived EA.hy 926
macrovascular endothelial cells indicated that these cell lines had differential
susceptibility to the toxins. HBMEC cells were over 1000-fold more susceptible to Stx2,
while EA.hy 926 cells were around 10-fold more susceptible to Stx1 (Bauwens,
Bielaszewska et al. 2011). Stx1 caused both necrosis and apoptosis, while Stx2 induced
mainly apoptosis in both cell lines (Bauwens, Bielaszewska et al. 2011). The basis for the
differential susceptibility of endothelial cells to Stx1 and Stx2 is not well understood.
Holotoxin stability, enzymatic activity and receptor affinity were proposed as potential
factors contributing to the differential toxicity. In addition, the cytotoxicity comparisons
between Stx1 and Stx2 in animals and cells are critically dependent on the specific
batches of toxin used and can vary accordingly.

The B subunits of Stx1 and Stx2 have been hypothesized to play an important role
in mediating the differences in potency. The B subunits of Stx]1 and Stx2 display
differences in receptor recognition, as well as in the number of potential binding sites
(Flagler, Mahajan et al. 2010, Fuller, Pellino et al. 2011). Studies in Vero cells

demonstrated that Stx1 has a higher affinity for the Gb3 receptor (Head, Karmali et al.



1991, Tesh, Burris et al. 1993, Lingwood 1996, Zumbrun, Hanson et al. 2010). Using
purified Gb3, it was shown that Stx1 has a 10-fold higher affinity for Gb3 compared to
Stx2 (Head, Karmali et al. 1991). It has been suggested that Stx1 might bind to Gb3
variants in the lung, preventing it from reaching more susceptible organs such as the
kidneys, whereas Stx2 binds preferentially to Gb3 variants in kidney. As a result Stx1
shows decreased binding to kidney cells that are the main targets for lethality in mice
(Rutjes, Binnington et al. 2002). Analysis of binding kinetics to the glycolipid receptor
analog using surface plasmon resonance (SPR) showed that Stx1 bound to the receptor
analog better than Stx2 and had faster association and dissociation rates (Nakajima,
Kiyokawa et al. 2001). These results suggested that the differences in binding kinetics
and affinity of the B subunits for the Gb3 receptor might be responsible for the greater
toxicity of Stx1 to Vero cells.

The B subunits of Stx1 and Stx2 also display differences in structural stability
(Karve and Weiss 2014). The B pentamer of Stx1 was more stable than the B pentamer of
Stx2 and bound the receptor with higher affinity than the B pentamer of Stx2 (Karve and
Weiss 2014). Moreover, while Stx1B subunits were able to bind glycolipids only as a
stable pentamer, Stx2B subunits bound to glycolipids in lower oligomeric states (Karve
and Weiss 2014). These results suggested that differences in receptor affinity and
receptor binding preferences might contribute to the differential toxicity of Stx1 and Stx2
by affecting their targeting to susceptible tissues.

Stx A/B subunit chimeras, where the A and B subunits of the two toxins have been
interchanged, have been used to study the contribution of the individual A and B subunits

to toxicity (Head, Karmali et al. 1991). The holotoxin as well as the chimeric toxins were
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used in mouse and in Vero cells to differentiate the roles of the subunits in toxicity
(Head, Karmali et al. 1991, Tesh, Burris et al. 1993). However, the chimeric toxins were
usually found to be less stable than the holotoxins due to incorrect folding (Head,
Karmali et al. 1991) or showed equivalent cytotoxicity (Ito, Yutsudo et al. 1988).
Chimeric toxins, created by operon fusions displayed cytotoxicity intermediate to Stx1
and Stx2 (Shimizu, Sato et al. 2007) or did not produce a functional chimera (Weinstein,
Jackson et al. 1989). Therefore, clear conclusions regarding the role of each subunit in
toxicity could not be deduced from these studies. A recent study used the A, subunit
along with the B subunit to increase the stability of the chimeric toxin (Russo, Melton-
Celsa et al. 2014). The binding of the chimeric toxins to the Gb3 receptor and their
translocation through the monolayers of the polarized HCT-8 cells were dependent on the
origin of the B subunit, and the chimeric toxin with the Stx1B subunit had a higher
affinity for the receptor than the Stx2B chimera. The toxicity of the chimeric toxins to
Vero and HCT-8 cells indicated the importance of the origin of the B subunit although
the B subunit accounted for less than 50% of the differential toxicity for Vero cells
(Russo, Melton-Celsa et al. 2014). Perhaps, due to the instability of the chimeric toxins at
pH 3, the oral administration of the chimeric toxin where the A subunit was from Stx1 in
mice required at least 10 times more toxin as compared to native Stx2, while Stx1 or the
chimeric toxin where the A subunit was from Stx2 failed to show any mortality in mice,
even at a very high concentration. This study highlighted the importance of the B subunit
in the differential toxicity of Stx1 and 2. The differential lethality in mouse was thought
to take place at the level of toxicity to the kidney (Russo, Melton-Celsa et al. 2014).

However, although in vivo results indicate that the B subunits are involved in differences
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in the severity of the intoxication, they do not rule out a potential role for the A subunits
in the differential toxicity of Stx1 and Stx2. The critical question regarding why Stx2 is
more potent than Stx1 in vivo still remains unanswered.
Differences in catalytic activity

The A subunits of Shiga toxins and ricin play a critical role in the toxicity of each
toxin. They have the same catalytic activity and show conservation in amino acids at the
active site. Mutagenesis studies identified Glul67, Argl70, Tyr77, Tyrl14, Trp203 and
Arg205, which are critical for the catalytic activity and are conserved between Stx1 and
Stx2 (Hovde, Calderwood et al. 1988, Jackson, Deresiewicz et al. 1990, Yamasaki,
Furutani et al. 1991, Deresiewicz, Austin et al. 1993, Skinner and Jackson 1997, Di, Kyu
et al. 2011). Current knowledge about the mode of action of the A subunits is obtained
from studies with either cultured cell lines or in vitro systems. In vivo studies at the
molecular level or at the level of the whole organism are limited due to the extreme
cytotoxicity of these toxins and the lack of available model systems. Using the yeast,
Saccharomyces cerevisiae as a model, we identified the amino acids critical for the
cytotoxicity of Stx1A and Stx2A and showed that the activity of the A subunits can be
differentiated (Di, Kyu et al. 2011). The results showed that Asn75 and Tyr77 were more
critical for the depurination activity of Stx2A, while Argl76 was more critical for the
depurination activity of Stx1 A. Analysis of solvent accessible surface areas indicated that
Asn75 and Tyr77 were more exposed in Stx2A, while Argl76 was more exposed in
Stx1A (Di, Kyu et al. 2011). Argl76 was subsequently shown to be critical for ribosome
binding of Stx1A1 (McCluskey, Bolewska-Pedyczak et al. 2012), suggesting that there

may be differences in the ribosome binding of Stx1A1 and Stx2Al.
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Several studies used cell-free translation inhibition assays to compare the
enzymatic activity of the A subunits of Stx1 and Stx2 (Tesh, Burris et al. 1993, Siegler,
Obrig et al. 2003). The A subunits displayed similar translation inhibitory activities
(Head, Karmali et al. 1991, Tesh, Burris et al. 1993, Brigotti, Carnicelli et al. 1997),
leading to the conclusion that the enzymatic activities of the A subunits are not
responsible for the toxicity differences between Stx1 and Stx2. As a result the role of the
A subunit in the differential potency of Stx1 and Stx2 has not received much attention.
Since translation inhibition is a downstream effect of depurination, these assays did not
directly compare the catalytic activity of Stx1Al and Stx2A1 on the ribosome. Further,
while in some studies the holotoxin was used (Tesh, Burris et al. 1993), in others the
holotoxin was activated by digestion with trypsin to release the Al chain from the A2-Bs
complex and/or by chemical treatment with DTT to break the disulfide bond between the
Al and the A2 chains (Siegler, Obrig et al. 2003, Chiou, Li et al. 2011). These methods
frequently yield variable amounts of activated protein and can cause degradation,
preventing comparison of enzymatic activity directly (Chiou, Li et al. 2011). Therefore,
due to technical limitations, the role of the Al subunit in increased potency of Stx2 has
not been fully investigated and a direct comparison of the catalytic activity has not been
carried out.

The unanswered questions regarding the relative catalytic activity of RIPs highlight
the importance of quantitative assays, which allow direct comparisons of the depurination
activity. Our group developed a quantitative real-time PCR (qQRT-PCR) assay that can
directly measure the catalytic activity of the RIPs on ribosomes in vitro or in yeast and in

mammalian cells in vivo (Pierce, Kahn et al. 2011, May, Li et al. 2012). The qRT-PCR
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assay exhibited a much wider dynamic range than the previously used primer extension
assay and increased sensitivity (Pierce, Kahn et al. 2011). Sturm and Schramm described
a quantitative enzyme coupled luminescence assay to examine the kinetics of
depurination by RIPs. In this assay, adenine released by depurination is converted to
AMP by adenine phosphoribosyl transferase (APRTase) and then to ATP by pyruvate
orthophosphate dikinase (PPDK). The light generated by ATP via firefly luciferase is
detected using a luminometer (Sturm and Schramm 2009). The qRT-PCR and the
enzyme coupled luminescence assay have been used to examine the activity of the ricin
toxin A chain (RTA) and its mutants (Li, Kahn et al. 2013). A highly sensitive and
quantitative assay using SPR was developed by our group to examine the interactions
RIPs with ribosomes (Chiou, Li et al. 2008, Li, Chiou et al. 2009, Chiou, Li et al. 2011,
May, Yan et al. 2013). The development of these assays will allow direct comparisons of
the binding and depurination kinetics of the Al subunits of Shiga toxins and will help
determine whether the Al subunits of Stx1 and Stx2 have a significant role in their

differential toxicity.

RIBOSOME INTERACTIONS

Although the SRL is the primary substrate for all RIPs, ribosomal proteins play an
important role in of the depurination of intact ribosomes by RIPs. While the K,, of RTA
for rat ribosomes and naked 28S rRNA are similar, RTA depurinates ribosomes almost
10°-fold greater than the naked 28S RNA (Endo, Tsurugi et al. 1988), suggesting that not
only the target RNA sequence, but also the structure of the ribosome plays a significant

role in the catalytic activity of RIPs.
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Previous studies have shown the importance of the ribosomal phosphoproteins (P)
of the P-protein stalk for the depurination activity of the RIPs(Endo, Tsurugi et al. 1988,
Chiou, Li et al. 2008, McCluskey, Poon et al. 2008, Li, Chiou et al. 2009, Chiou, Li et al.
2011, McCluskey, Bolewska-Pedyczak et al. 2012). Ricin has been shown to crosslink to
the stalk protein PO and the ribosomal protein L9 (Vater, Bartle et al. 1995).
Trichosanthin (TCS), which is a type-1 RIP, has been shown to interact with PO, and P1
proteins of the ribosomal stalk using yeast-two hybrid analysis and by in vitro binding
assays (Chan, Hung et al. 2001). The last 11 residues of P2, which are conserved in PO,
P1 and P2 have been found to be critical for the interaction with trichosanthin (TCS)
(Chan, Chu et al. 2007). The crystal structure of TCS complexed to a peptide
corresponding to the C-terminal domain (CTD) of human P2, SDDDMGFGLFD, showed
that the conserved DDD motif at the N-terminal region of this peptide interacts with the
positively charged K173, R174, and K177 residues in TCS, while the C-terminal region
is inserted into a hydrophobic pocket (Too, Ma et al. 2009). Using yeast mutants deleted
in the stalk proteins (AP1 and AP2) and highly sensitive SPR and depurination assays,
our group provided the first evidence that the ribosomal stalk proteins are essential for the
cytotoxicity of RTA in vivo and that the ribosomal stalk is the main landing platform for
RTA on the ribosome. (Chiou, Li et al. 2008) We subsequently showed that multiple
copies of the stalk proteins accelerate the recruitment of RTA to the ribosome for
depurination (Li, Grela et al. 2010).

The ribosomal P-protein stalk is a lateral flexible protuberance of the large
ribosomal subunit, which recruits translational factors to the ribosome and participates in

the GTPase activation by EF-Tu and EF-G. The eukaryotic P protein stalk consists of 11
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kDa P1 and P2 proteins bound to a larger PO protein. P1 and P2 dimerize via their helical
N-terminal domains, whereas the highly conserved C-terminal tails of P1 and P2 interact
with the translational GTPases (tGTPases) (Bargis-Surgey, Lavergne et al. 1999).
Although the stalk is relatively conserved in eukaryotes there are some notable
differences between the stalk structure in mammals and in yeast. The human ribosomal
stalk contains two identical heterodimers of P1 and P2 bound to PO assembled into a
pentameric complex (Wool, Chan et al. 1991, Grela, Bernad¢ et al. 2008). In contrast the
yeast pentameric stalk consists of four different proteins Pla, P1B, P2a, P2 (Planta and
Mager 1998) which form two different heterodimers (Tchorzewski, Boguszewska et al.
2000), P1o-P2p and P2a-P1p, bound to PO (Hagiya, Naganuma et al. 2005, Krokowski,
Boguszewska et al. 2006). The human P1 has 40-47% sequence identity with Pla and
PIPB and human P2 has 53-56% sequence identity with P2a and P2f (Ballesta and
Remacha 1996, Grela, Krokowski et al. 2010). The prokaryotic equivalent of P1 and P2
are L12 proteins bound to a smaller PO equivalent L10 (Gonzalo and Reboud 2003). In
bacteria, the stalk structure can be a pentamer or heptamer (Diaconu, Kothe et al. 2005),
while in archaea the ribosomal stalk is a heptamer (Maki, Hashimoto et al. 2007).
Although the eukaryotic and prokaryotic stalk proteins are analogous in function, there is
no sequence homology between these related proteins (Wool, Chan et al. 1991, Grela,

Bernado et al. 2008).
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FIG 1.1. Model illustrating the interaction of Stx1A1 and Stx2A1 with the stalk
mutants in the presence of purified P1a/P2p in vitro. (A) Both Stx1Al and Stx2A1 are
able to interact with free P1a/P2f as well as ribosome bound P1o/P2f to depurinate the
ribosome. (B) In the POAAB mutant, as the binding sites for P1/P2 dimers are deleted,
free P1o/P2p proteins are not able to bind to the ribosomal stalk. Stx1A1 shows reduced
depurination activity indicating its dependence on the ribosomal stalk. Stx2A1 has little

or no effect on depurination suggesting that it is less dependent on P1/P2 than Stx1AT.

Using yeast-two-hybrid and pull-down experiments in HeLa cells, it was
demonstrated that the A1 chain of Stx1 interacts with the PO, P1 and P2 proteins of the P-
protein stalk (McCluskey, Poon et al. 2008). Removal of the last 17 amino acids of P1 or
P2, but not PO abolished the interaction between Stx1A1 and the human ribosomal stalk

proteins, suggesting that the conserved CTD of P1/P2 proteins allows Stx1 to access the
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SRL (McCluskey, Poon et al. 2008). To determine if Stx]1A and Stx2A require the
ribosomal stalk for depurination in vivo, we examined their depurination activity and
cytotoxicity in the yeast P protein deletion mutants (Chiou, Li et al. 2011). Our results
showed that ribosomal stalk is important for both toxins to depurinate the ribosome in
vivo. Cytoplasmic stalk proteins were critical for Stx1 A and Stx2A to access the SRL in
vivo (Fig. 1.1A). However, Stx1A and Stx2A differed in depurination activity towards
ribosomes when P1/P2 binding sites on PO were deleted. P1/P2 proteins facilitated
depurination by Stx1A only if their binding sites on PO were intact (Fig. 1.1B). In
contrast, Stx2A was less dependent on the stalk proteins for activity than Stx1A and
could depurinate the ribosomes with a defective stalk better than Stx1A. These results
suggested that cytosolic P1/P2 proteins deliver the toxins to the ribosome to create a toxin
pool near the SRL (Chiou, Li et al. 2011).

The Al chain of Stx1 was shown to interact with the ribosomal stalk proteins PO,
P1, and P2 via the conserved CTD of P2 through hydrophobic and cationic surfaces on
the toxin. Point mutations at arginines (Argl72, Argl76, Argl79, and Argl88) on
Stx1A1 perturbed the interaction between the toxin and the P2 peptide(McCluskey,
Bolewska-Pedyczak et al. 2012). Using a combination of SPR and yeast-two hybrid
analysis, these arginines were shown to be critical for the interaction of Stx1A1 with the
P2 peptide. The interactions with the P2 peptide were electrostatic and hydrophobic and
took place at a site that was distinct from the active site. Since these residues are
conserved between Stx1Al and Stx2Al, it was proposed that Stx2 interacts with the

ribosome in a similar manner (McCluskey, Bolewska-Pedyczak et al. 2012).
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The arginine residues, which were critical for binding to the stalk proteins in
Stx1A1 (McCluskey, Bolewska-Pedyczak et al. 2012) and RTA (Li, Kahn et al. 2013)
were on the opposite face of the active site, suggesting that both toxins interact with the
ribosome in a similar manner. Analysis of the interaction of RTA with wild type and
mutant yeast ribosomes deleted in stalk proteins by SPR showed that this interaction did
not fit the 1:1 interaction model (Li, Chiou et al. 2009). RTA interacted with wild type
ribosomes by electrostatic interactions, which followed a two-step binding model. The
two-step model is characterized by two different types of interactions with the ribosome,
a saturable stalk dependent interaction with rapid association and dissociation rates and a
much slower non-saturable stalk independent interaction with slower association and
dissociation rates. The faster stalk dependent interaction was stronger than the slower
stalk independent interaction. Further, the yeast mutant ribosomes lacking an intact stalk
interacted with RTA by a 1:1 interaction model, which mirrored the slower interaction
with wild type ribosomes (Li, Chiou et al. 2009). According to the two-step interaction
model shown schematically in Fig. 1.2, in the first step RTA/Stx1A1 molecules are first
concentrated on the surface of the ribosome via slow non-specific electrostatic
interactions and are guided to the stalk. In the second step, rapid, more specific
electrostatic interactions occur between the stalk-binding surface of RTA/Stx1A1 and the
CTD of the stalk proteins. In the third step, the ribosomal stalk delivers RTA/Stx1A1 to
the SRL by a conformational change of the flexible hinge region and allows RTA/Stx1A1
to depurinate the SRL at a very high rate. Consistent with this model, the interaction
between RTA and the isolated native pentameric stalk complex from yeast fit well with a

single step interaction model (Li, Grela et al. 2010).
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The enzyme coupled luminescence assay showed that the K,, values and catalytic
rates (kcat) Of the ribosome binding mutants of RTA for an SRL mimic RNA were similar
to wild type RTA, indicating that their catalytic activity was not altered (Li, Kahn et al.
2013). However, their K,, was higher and their k. was lower towards ribosomes,
indicating that the mutations affect ribosome binding and catalytic activity of RTA
towards ribosomes without affecting RNA binding or catalytic activity of RTA towards
naked RNA (Li, Kahn et al. 2013). Based on this data, we proposed that arginines located
on the opposite face of the active site of RTA bind to the flexible P-proteins of the
ribosomal stalk. Stalk binding stimulates the catalysis of depurination by orienting the
active site of RTA towards the SRL and thereby allows docking of the target adenine into
the active site (Li, Kahn et al. 2013). This model provided an explanation for why RTA
depurinates intact ribosomes much better than free rRNA and how RTA hydrolyzes a
single N-glycosidic bond on intact ribosomes from among the 4000 stem-loops in the

large rRNA.
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Eukaryotic Large Ribosomal Subunit

FIG 1.2. Model of how RTA/Stx1A1 access the a-sarcin/ricin loop (SRL). Eukaryotic
large ribosomal subunit was created using Protein Data Bank ID: 3US5I and Protein Data
Bank ID: 3USH (blue) using the PyMOL software (The PyMOL Molecular Graphics
System, Version 1.3 Schrodinger, LLC) with the SRL (green). The fitted cartoon
structure of PO fragment complexed with the N-terminal domain of P-proteins (Protein
Data Bank ID: 3A1Y) from archaea is depicted as yellow and green, respectively as
described. The flexible CTD domain of a P-protein is represented as a gray line. Ricin
toxin A chain (RTA) (Protein Data Bank ID: 1RTC) is colored in cyan, its active site is
shown in orange, RNA binding site in blue and the stalk binding site is shown in
magenta. In Step 1 RTA/Stx1A1 are concentrated on the ribosome surface by nonspecific
electrostatic interactions. In Step 2 RTA/Stx1Al interact with the C-terminal domain
(CTD) of P-proteins with their ribosome-binding surface, which is on the opposite side of

the surface that contains the active site. The flexible hinge of P-proteins orients the active
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site of RTA/Stx1A1 towards the SRL and in Step3 RTA/ Stx1A1 establish the specific

contacts necessary to hydrolyze a single N-glycosidic bond in the SRL.

Subsequent studies showed that the ability to interact with the stalk was conserved
in some RIPs, but not all RIPs (Ayub, Smulski et al. 2008). PAP, which is a type-1 RIP
active against ribosomes from all five kingdoms, interacts with ribosomal protein L3 to
depurinate the SRL (Hudak, Dinman et al. 1999). Since RTA, TCS and Stx1 were able to
interact with ribosomal stalk, was this ability to interact with the stalk a feature of an
ancestral RIP, which has been conserved in some RIPs like ricin, Shiga toxins and TCS
and lost in other RIPs like PAP? Phylogenetic analysis suggested that the ability to
interact with the CTD of the ribosomal stalk arose independently in different RIPs by
convergent evolution (Lapadula, Sanchez-Puerta et al. 2012). Further, the ability to
interact with stalk was considered an adaptive advantage and did not have strong
sequence constraints, which made it easy for different proteins to acquire this feature
(Lapadula, Sanchez-Puerta et al. 2012). Based on the wide distribution of RIPs in plants
and their presence in some bacteria, it has been postulated that bacteria acquired an
ancestral RIP domain present in plants by horizontal gene transfer. However, a recent
study presented evidence for the presence of RIP genes in Fungi and Metazoa and
proposed that the differential loss of paralogous genes accounted for the complex pattern
of RIP genes in extant species, rather than horizontal gene transfer (Lapadula, Puerta et
al. 2013).

Structural differences were shown between the structures of the CTD of bacterial

and eukaryotic stalk proteins. The CTD of bacterial L12 is globular (Bernado, Modig et
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al. 2010). In contrast, NMR spectroscopy showed that while the N-terminal domain of
eukaryotic P1/P2 dimer is structured, the CTD is flexible and can extend away from the
dimerization region (Lee, Yusa et al. 2013). It has been suggested that these structural
differences in the CTD may facilitate the domain specific recognition of elongation
factors. RTA is unable to depurinate intact E. coli ribosomes (Chan, Chu et al. 2007).
Similarly, TCS can only depurinate eukaryotic ribosomes, but not bacterial ribosomes.
However, TCS was able to depurinate hybrid ribosomes when the bacterial stalk proteins
were replaced with the eukaryotic stalk proteins (Lee, Yusa et al. 2013). These results
suggested that the CTD and the flexible linker of stalk proteins are responsible for
recruiting RIPs to the ribosome (Lee, Yusa et al. 2013). Therefore, RIPs like ricin and
TCS that can only depurinate eukaryotic ribosomes may have evolved to bind to the CTD
of eukaryotic stalk proteins, thereby hijacking the eukaryotic stalk proteins by binding to
their C-terminal consensus sequences (Choi, Wong et al. 2015).

However, some critical questions remain. Although the ribosome binding residues
identified in Stx1A1l are conserved in Stx2Al, it is not known if they interact similarly
with the ribosome. We have shown that there is a difference in the surface exposure of
residues between Stx1A and Stx2A (Di, Kyu et al. 2011). Argl76 is more exposed in
Stx1A and is more critical for the depurination activity of Stx1A than Stx2A (Di, Kyu et
al. 2011). Argl76 has been shown to be important for binding of Stx1A1 to the ribosome
(McCluskey, Bolewska-Pedyczak et al. 2012). It is not known if Argl76 has a similar
role in binding of Stx2Al1 to the ribosome. Although both Stx1A and Stx2A bind to the
stalk, Stx2A is less dependent on the stalk proteins than Stx1A for its depurination

activity (Chiou, Li et al. 2011). These results indicate that there are differences in the
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ribosome interactions of Stxl and Stx2, which may lead to differences in their
depurination activity.
Evidence for structural differences between Stx1 and Stx2 and their importance in
inactivation of the ribosome was obtained when Smith et al., demonstrated that
monoclonal antibody (MAb) 11E10, which neutralized both the cytotoxicity and lethality
of Stx2, but not Stx1, bound to three specific regions around the active site of Stx2A, but
failed to bind to Stx1A (Smith, Melton-Celsa et al. 2009). The sequence of the three
regions was the most divergent between Stx2 and Stx1, which explained why the
antibody specifically recognized Stx2 (Smith, Melton-Celsa et al. 2009). MAb 11E10
blocked the enzymatic activity of Stx2 in vitro and altered its intracellular trafficking
pattern, providing evidence that structural differences lead to differential effects on the
catalytic activity and trafficking of Stx1 and Stx2. Another MAb, S2C4, which was able
to neutralize Stx2, but not Stx1 (Jiao, Zeng et al. 2009), was predicted to bind to another
region that differed in sequence between Stx2 and Stx1. This region (residues 176-188)
was shown to be important for binding of Stx1Al to the ribosomal stalk (McCluskey,
Bolewska-Pedyczak et al. 2012), suggesting that structural differences between Stx1 and
Stx2 may affect ribosome binding differentially. These results highlight the importance of
identifying Stx2 residues, which are important in binding to the ribosome and the role of
these residues on ribosome binding and depurination activity of each toxin.

Finally, in order for the toxin to depurinate the SRL specifically, it has to interact
with the residues surrounding the SRL. Modeling analysis of the crystal structure of RTA
and a 29-mer oligonucleotide hairpin containing the conserved GAGA loop of the SRL

identified residues which may be involved in binding to the 29-mer (Olson and Cuff
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1999). The amino acids at the active site are conserved between Stx1 and Stx2. However,
there are conformational differences between the active sites of Stx1 and Stx2 and the
active site residues are more exposed in Stx2 than in Stx1 (Di, Kyu et al. 2011). Currently
it is not known if residues around the active site contribute to the catalytic activity of each
toxin similarly. Analysis of depurination kinetics will shed more light on the relative role

of these residues in binding to the SRL and in catalytic activity.

CONCLUSIONS

STEC are a serious cause of morbidity and mortality and a better understanding of
their mechanism of virulence is of high significance. /n vivo data indicate that the B
subunits are involved in differential toxicity of Stx1 and Stx2, but do not rule out a
potential role for the A subunit, suggesting that steps in addition to receptor binding and
trafficking likely contribute to the differential toxicity of Stx1 and Stx2. The role of the A
subunits in differential toxicity has not been fully examined. New discoveries indicate
that the A subunits of Stx] and Stx2 differ in their dependence on the ribosomal stalk
proteins, suggesting that the role of the A subunits in ribosome binding, depurination
activity and cytotoxicity may differ. Structural studies identified conformational
differences between the active sites of the A subunits of Stx1 and Stx2. Monoclonal
antibodies that selectively bind and neutralize Stx2 indicated important differences in
enzymatic action and intracellular trafficking. A better understanding of the interaction of
the A1 subunits of Stx1 and Stx2 with the ribosome and with the SRL, and comparative
analysis of the catalysis of ribosome depurination is necessary to fully understand the

factors that contribute to the higher association of Stx2 with HUS.
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CHAPTER 2: The Al subunit of Shiga toxin 2 has higher affinity for ribosomes and

higher catalytic activity than the A1 subunit Shiga toxin 1

ABSTRACT

Shiga toxin (Stx) producing E.coli (STEC) infections can lead to life-threatening
complications, including hemorrhagic colitis (HC) and hemolytic uremic syndrome
(HUS), which is the most common cause of acute renal failure in children in the US.
Stx1 and Stx2 are ABstoxins consisting of an enzymatically active A subunit associated
with a pentamer of receptor binding B subunits. Epidemiological evidence suggests that
Stx2-producing E.coli strains are more frequently associated with HUS than StxI-
producing strains. Several studies suggest that the B subunit plays a role in mediating
toxicity. However, the role of the A subunits in the increased potency of Stx2 has not
been fully investigated. Here using purified Al subunits, we show that Stx2Al has
higher affinity for yeast and mammalian ribosomes than Stx1Al. Biacore analysis
indicated that Stx2A1 has a faster association and dissociation pattern with ribosomes
than Stx1Al. Analysis of ribosome depurination kinetics demonstrated that Stx2A1
depurinates yeast and mammalian ribosomes and an RNA stem-loop mimic of the
sarcin/ricin loop (SRL) at a higher catalytic rate and is a more efficient enzyme than
Stx1A1. Stx2A1 depurinated ribosomes at a higher level in vivo and was more cytotoxic
than Stx1Al in yeast. Stx2Al depurinated ribosomes and inhibited translation at a
significantly higher level than Stx1A1l in human cells. These results provide the first

direct evidence that the higher affinity for ribosomes in combination with higher catalytic
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activity towards the SRL allows Stx2A1 to depurinate ribosomes, inhibit translation and

exhibit cytotoxicity at a significantly higher level than Stx1AT1.

INTRODUCTION

Shiga toxin-producing Escherichia coli (STEC) is an emerging food and water-
borne pathogen. STEC infections can lead to life-threatening complications including
hemorrhagic colitis (HC) and hemolytic uremic syndrome (HUS) with potentially lethal
consequences (Boerlin, McEwen et al. 1999). Due to very low infectious dose and ease of
person to person spread, STEC infection is the leading cause of death in children from
foodborne bacterial infection (Siegler and Oakes 2005). Presently there are no post
exposure therapeutics or vaccines available for STEC infection. Due to recent outbreaks
of E.coli O157:H7 in the US and the emergence of highly virulent new strains, such as F.
coli O104:H4, which caused the deadliest HUS outbreak in Germany in 2011, STEC
remains a major challenge for food safety and public health (Bielaszewska, Mellmann et
al. 2011, Frank, Werber et al. 2011, Karch, Denamur et al. 2012, Kaper and O'Brien

2014).

The primary virulence factors of STEC, Shiga toxin 1 (Stx1) and Shiga toxin 2
(Stx2), are ABs toxins consisting of an enzymatically active A subunit associated with a
pentamer of receptor binding B subunits and are known as type II ribosome inactivating
proteins (RIPs). The A subunits of Stx] and Stx2 consist of the catalytically active Al
(residues 1-251 in Stx1 and 1-250 in Stx2) and A, chains (residues 252-293 in Stx1 and
251-297 in Stx2), which are cleaved by the protease furin and kept together by a disulfide

bond (Bergan, Dyve Lingelem et al. 2012). The B subunits bind to a common receptor,
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globotriaosylceramide (Gb3 or CD77) and allow the toxin to enter mammalian cells by
endocytosis. Stx holotoxin traffics in a retrograde manner from the endosome to the
Golgi network and reaches the ER. The Al chain is released from the A,-Bs complex by
cleavage of the disulfide bond in the ER (Sandvig and van Deurs 2005). The Al chain is
proposed to be recognized as a misfolded protein by the ER chaperones and targeted for
retrotranslocation across the ER membrane (Yu and Haslam 2005). The Al chain is
thought to refold into an active conformation in the cytosol to exert its cytotoxic effects
(Sandvig and van Deurs 2005). The A1 chain of Shiga toxin (Stx) produced by Shigella
dysenteriae and the Al chains of Stx1 and Stx2 produced by STEC are N-glycosidases
that remove a specific adenine from the highly conserved a-sarcin/ricin loop (SRL) in the
large rTRNA (Endo, Tsurugi et al. 1988). Irreversible modification of the SRL blocks
elongation factor (EF)-1- and EF-2-dependent GTPase activity and renders the ribosome
unable to bind EF-2, thereby blocking translation (Clementi, Chirkova et al. 2010, Shi,
Khade et al. 2012).

Stx1 and Stx2 share only 55 % and 57 % amino acid sequence identity on the A
and B subunits, respectively, and are immunologically distinct (Tesh and O'Brien 1991).
The X-ray structures of Shiga toxin from Shigella, which differs from Stx1 in only one
residue and Stx2 showed structural differences (Fraser, Chernaia et al. 1994, Fraser,
Fujinaga et al. 2004, Fraser, Cherney et al. 2006). The active site of the A subunit is
blocked by the A, chain in the Shigella Stx holotoxin, while the active site is accessible
to a small substrate in the Stx2 holotoxin (Fraser, Chernaia et al. 1994, Fraser, Fujinaga et

al. 2004). The A subunit is in a different orientation with respect to the B subunit in Stx2
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compared to Stx (Fraser, Fujinaga et al. 2004). The structures of the A1 subunits without
the A, and B subunits have not been determined for Shigella Stx or E. coli Stx1 or Stx2.

Although the molecular structure and function of Stxl and Stx2 are similar, their
toxicities are different (Basu and Tumer 2015). STEC strains producing Stx2 are more
commonly associated with HUS than those producing Stx1 (Pickering, Obrig et al. 1994,
Nataro and Kaper 1998, Manning, Motiwala et al. 2008). A strong correlation is
observed between the presence of the Stx2 gene and the severity of disease for human
isolates from different serotypes (Boerlin, McEwen et al. 1999). Stx2 has one prototype
(Stx2a) and seven subtypes (Stx2b-Stx2h), which display high level of sequence
similarity, but significantly differ in toxicity (Fuller, Pellino et al. 2011, Scheutz, Teel et
al. 2012). STEC strains producing Stx2a, Stx2¢ or Stx2d are more commonly associated
with HUS in humans than those producing Stx1 (Fuller, Pellino et al. 2011, Scheutz, Teel
et al. 2012). The lethal dose of Stx2a (LDsp) is over 100-fold lower than that of Stx1 in
a mouse model (Head, Karmali et al. 1991, Tesh, Burris et al. 1993). However,
molecular basis for the higher potency of Stx2a is unknown. Although Stx2a was more
toxic in animal models, Stx1 was more toxic to Vero cells (Tesh, Burris et al. 1993).
Stx1 had a higher affinity for the Gb3 receptor in Vero cells (Head, Karmali et al. 1991,
Tesh, Burris et al. 1993). Surface plasmon resonance (SPR) analysis showed that Stx1
bound to the Gb3 receptor analog better than Stx2a and had faster association and
dissociation rates (Nakajima, Kiyokawa et al. 2001), suggesting that differences in cell
binding properties of the B subunits could account for the higher toxicity of Stx1 to Vero

cells (Flagler, Mahajan et al. 2010).
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To understand the contribution of the A and the B subunits to the higher toxicity of
Stx2a, chimeric toxins were created by interchanging the A and B subunits of the two
toxins (Head, Karmali et al. 1991). However, the chimeric toxins were usually found to
be less stable than the holotoxins due to incorrect folding (Head, Karmali et al. 1991). In
some cases they showed equivalent cytotoxicity (Ito, Yutsudo et al. 1988) or did not
produce a functional chimera (Weinstein, Jackson et al. 1989). Therefore, clear
conclusions regarding the role of each subunit in toxicity could not be deduced. A recent
study used the A, subunit along with the B subunit to increase the stability of the
chimeric toxin (Russo, Melton-Celsa et al. 2014). It was concluded that the toxicity of the
chimeric toxins to Vero and HCT-8 cells depended on the origin of the B subunit.
However, Vero or HCT-8 cell specific activities of the chimeric toxins differed by at least
50% (Russo, Melton-Celsa et al. 2014). Lethality to mice correlated with the B subunit
in one of the hybrids, but the other hybrid was not lethal potentially due to instability
(Russo, Melton-Celsa et al. 2014). This study highlighted the importance of the B
subunits in the differential toxicity of Stx1 and Stx2a. However, in none of the published
studies the B subunit alone accounted entirely for the differential toxicity. Therefore, the
role of the A1 subunit in the higher toxicity of Stx2a compared to Stx1 has not been ruled
out.

Previous studies have demonstrated the importance of the ribosomal proteins and
the P- protein stalk structure for the depurination activity of RIPs (Chan, Chu et al. 2007,
Chiou, Li et al. 2008, McCluskey, Poon et al. 2008, Li, Chiou et al. 2009, Too, Ma et al.
2009, McCluskey, Bolewska-Pedyczak et al. 2012). The P-protein stalk is a lateral

protuberance of the large subunit of the ribosome, which is responsible for recruitment of
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the translation factors to the ribosome and stimulation of GTP hydrolysis (Gonzalo and
Reboud 2003). The eukaryotic stalk consists of PO, which anchors two copies of P1/P2
heterodimers organized together in a pentameric structure (Tchorzewski 2002). All stalk
P-proteins contain a highly conserved motif at their C-termini, which is involved in
recruitment of external factors to the ribosome (Tchorzewski 2002). We showed that the
P-proteins of the ribosomal stalk are essential for the cytotoxicity of ricin A chain (RTA)
and that the ribosomal stalk is the docking site where RTA interacts with the ribosome
(Chiou, Li et al. 2008, Li, Chiou et al. 2009, Li, Grela et al. 2010). The catalytic Al
subunit of Stx1 was shown to interact with the conserved C-terminal motif of the P-
proteins (McCluskey, Bolewska-Pedyczak et al. 2012). The interaction of Stx1A1 with
the conserved peptide located at the C-terminus of all three eukaryotic ribosomal stalk
proteins is mediated by cationic and hydrophobic docking surfaces on the Al subunit
(McCluskey, Bolewska-Pedyczak et al. 2012).

Since the B subunit of the RIPs is required for endocytosis and retrograde
trafficking, it has not been possible to study the enzymatic activity of the A subunits in
the absence of the B subunits in vivo. Moreover, the role of the Al subunits in the
differential toxicity was not investigated further because Stx1 and Stx2a showed similar
translation inhibitory activity in a cell free system (Tesh, Burris et al. 1993). We have
developed the yeast, Saccharomyces cerevisiae as a powerful tool to examine the toxicity
and the ribosome interactions of the A subunits of Stx1 and Stx2a independent of the B
subunits in vivo and have identified amino acids critical for toxicity (Di, Kyu et al. 2011).
The depurination activity of the A subunits of Stx1 and Stx2a was reduced in the yeast P-

protein mutants and Stx1 and Stx2a differed in their requirements for the stalk proteins in
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vivo (Chiou, Li et al. 2011). The interaction of the Al subunits of Shiga toxins with
ribosomes or their catalytic activity on ribosomes has not been previously examined. In
this study, we examined the interaction of the Al subunits of Stx1 and Stx2a with yeast
and mammalian ribosomes and used a highly sensitive assay to measure the kinetics of
ribosome depurination. We compared the activity of the Al subunits in yeast and in
human cells. Our results provide the first direct evidence that Stx2A1 has higher affinity
for ribosomes and has higher catalytic activity than Stx1A1 and depurinates ribosomes

and inhibits translation to a greater extent than Stx2A1 in cells.

MATERIALS AND METHODS

Yeast Strains and Plasmids. S. cerevisiae strain W303 (MATa ade2-1 trpl-1 ura3-1
leu2-3,112 his-3-11, 15 canl-100) was grown either in YPD or minimal medium
supplemented with 2 % glucose. The mature Stx1A1 (K1 to R251) [NT1419] and Stx2A1
(R1 to R250) [NT1429] were first cloned into pYES2.1/V5-His-TOPO vector and then
cloned into a low copy vector, pRS416, containing the URA3 marker at the Notl-Xhol

sites with the V5 and a 6xHis epitopes at their C-termini.

Yeast cell viability assay. The W303 cells carrying Stx1Al (NT1419) and Stx2Al
(NT1429) under the GALI promoter were grown overnight at 30°C in SD-glucose
medium and then were transferred to SD-galactose medium. Cells were collected at 0 and
10 hour post induction and serial dilutions of 0.1 ODgyy were plated on SD-glucose plates.

The plates were then grown at 30°C for 2-3 days.
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Total protein extraction and immunoblot analysis. Yeast (W303) cells carrying
Stx]1Al and Stx2A1 were grown in SD-glucose medium at 30°C overnight with
continuous shaking and then was transferred to SD-galactose medium for StxAl
expression. Cells were collected at 2, 4 and 6 hours post induction. Total protein was
extracted from 5 ODgg yeast cells as described previously (Zhang, Lei et al. 2011) and
cells were resuspended in 2X Laemmli Buffer. Total protein was separated on a 12 %
SDS-PAGE and monoclonal antibodies against V5 (Invitrogen, Carlsbad, CA) were used
to detect Stx1Al and Stx2Al expression.  Monoclonal antibodies against 3-
phosphoglycerate kinase (Pgklp) (Life Technologies, Grand Island, NY) were used as a

loading control.

Purification of 10xHis-tagged and untagged Stx1A1 and Stx2Al. His-tagged and
untagged Stx1A1 and Stx2A1 proteins were purified by Dr. Karen Chave at the Northeast
Biodefense Center protein expression core facility using the IMPACT™ protein
expression system (New England Biolabs, Ipswich, MA). DNA encoding Stx1A1 (K1 to
R251) and Stx2A1 (R1 to R250) were PCR amplified using primers to incorporate a
10xHis-tag at their N-termini using the primers, pTXB1 His Stx1Al F (5’- ggtggt cat
atgcac cat cac cat cac cat cac cat cac cat aaggaatttaccttagac ttc-3’) and pTXB1 Stx1Al R
(5°-ggt ggttgctcttccgeatetggeaactegega tge-3°) to generate NT1570 (Stx1A1) and primers
pTXB1 His Stx2Al F (5’-ggt ggt cat atgcac cat cac cat cac cat cac cat cac cat cgg gag
tttacgatagacttt tcg-3”) and pTXB1_ Stx2A1 R (5’-ggt ggttgctcttccgecagegaacagaacgege cc-
3’) to generate NT1567 (Stx2A1). Ndel and Sapl restriction sites were incorporated into

the forward and reverse primers, respectively, to facilitate in-frame cloning of the PCR
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fragments into the polylinker of the pTXB1 vector (New England Biolabs, Ipswich, MA)
resulting in a C-terminal fusion of the Mycobacterium xenopi intein tag and a chitin
binding domain. For the untagged protein purification, pTXB1 Stx1Al F (5’- ggtggt cat
atg aaggaatttaccttagac ttc-3’) and pTXB1 Stx2Al F (5’-ggt ggt catatgcgg gag
tttacgatagacttt tcg-3’) were used. Restriction sites Ndel and Sapl were introduced to
clone untagged Stx1A1 [NT1576] and Stx2A1[NT1577] in frame into the polylinker of
the pTXB1 vector as previously described. Constructs were expressed in the E. coli
strain Rosetta2 (DE3) pLysS in 2xYT media, overnight at 16°C. The fusion proteins
were purified from E. coli lysates using chitin beads and thiol-induced cleavage of the

intein was used to release the target proteins from the chitin beads.

Analysis of depurination. Yeast cells containing Stx1Al and Stx2A1 plasmids were
grown in minimal media with 2 % glucose and then switched to minimal media with 2 %
galactose to induce the toxin expression. Cells were collected at 0, 1, 2 and 3 h after
induction. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA)
with on column DNase treatment and qRT-PCR assay was used to quantify depurination
(Pierce, Kahn et al. 2011). RNA was converted to cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Grand Island, NY) and
depurination was detected with a quantitative real time PCR method using the
StepOnePlus™ Real-Time PCR system (Applied Biosystems, Grand Island, NY). The
258 reference rRNA was measured using (5’-AGA CCG TCG CTT GCT ACA AT-3’and
5’- ATG ACG AGG CAT TTG GCT AC- 3’). The depurinated rRNA was detected using

the forward primer (5’- CTA TCG ATC CTT TAG TCC CTC-3’) and the reverse primer
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(5’- CCG AAT GAA CTG TTC CAC A-3’). The AACT method was used to calculate the
depurination levels and data were expressed as fold change of depurination in Stx-treated
RNA over depurination in control non-treated RNA as described (Pierce, Kahn et al.
2011).

Monomeric ribosomes (7 pmol) were incubated with different concentrations of
Stx1A1land Stx2A1 (0.08 nM, 0.25 nM and 0.75 nM) in a final volume of 100 pL in 1X
RIP buffer [60 mM KCI, 10 mM Tris-HCI (pH 7.4), 10 mM MgCl,] at 30°C for 5 min.
To this mixture 100 pL of 2X Extraction Buffer [120 mM NacCl, 25 mM Tris-HCI ( pH
8.8), 10 mM EDTA, 1% SDS] was added and vortexed. RNA was extracted from this
mixture (Li, Kahn et al. 2013) and depurination was determined using qRT-PCR (Pierce,
Kahn et al. 2011).

Total RNA was extracted from overnight cultures of yeast cells using the RNeasy
Mini Kit (Qiagen, Valencia, CA). Total RNA (1pg) was incubated with different
concentrations of Stx1A1l and Stx2A1 (62.5 nM, 125 nM and 250 nM) in a final volume
of 20 uL in 20 mM citrate buffer (pH 5) at 37°C for 15 min. RNA was purified (Li, Kahn
et al. 2013) and the depurination of rRNA was quantified using qRT-PCR assay (Pierce,
Kahn et al. 2011). The AACT method was used to calculate the depurination level and
data were expressed as fold change of depurination in Stx-treated RNA over depurination

in non-treated RNA as described (Chiou, Li et al. 2011, Pierce, Kahn et al. 2011).

Isolation of yeast monomeric ribosomes. Monomeric ribosomes were isolated from
W303 cells as described previously (Chiou, Li et al. 2011) with the following

modifications. The cell free supernatant was incubated with 1 % Triton X-100 for 30 min
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at 4°C with gentle shaking to increase the ribosome yield. The supernatant was loaded on
the Buffer C cushion to pellet the ribosome by centrifugation at 200,000 g for 2 h. The

following steps were as previously published (Chiou, Li et al. 2011).

Isolation of rat liver ribosomes. Livers were dissected rapidly after CO, knockdown
and decapitation of rats, rinsed in cold buffer A (20 mM HEPES-KOH pH 7.6, 5 mM
MgOAc, 50 mM KCl, 10 % glycerol) with 1 mM PMSF, 1 mM DTT, and protease
inhibitor cocktail for mammalian tissue culture (Sigma-Aldrich, St. Louis, MO) and
frozen in liquid N,. Thawed livers were homogenized disrupted by 10 strokes of a
Dounce homogenizer in cold Buffer A plus 1 mM PMSF, ImM DTT, and protease
inhibitor cocktail for mammalian tissue culture (Sigma-Aldrich, St. Louis, MO) and cell
debris removed at 20,000 g centrifugation for 20 min. Sodium deoxycholate was added to
1 %. After 10 min of stirring in ice ribosomes were sedimented at 150,000 g for 90 min.
The pellet was rinsed twice in Buffer B (20 mM HEPES-KOH, pH 7.6, 20 mM MgOAc,
0.5 M KCl, 10 % Glycerol) with 1 mM PMSF, 1 mM DTT, and stored overnight at 4°C
in a small amount of the same buffer. The ribosomes were resuspended with a Dounce
homogenizer in buffer B with | mM DTT and 1 mM PMSF and incubated 30 min at
30°C with 1 mM puromycin, 1 mM GTP. The supernatant was clarified by
centrifugation at 20,000 g for 15 min and layered over a cushion of buffer B with
glycerol raised to 25 %. Ribosomes were sedimented at 150,000 g for 2 h. The pellets
were rinsed in Buffer C (50 mM HEPES-KOH pH 7.6, 5 mM MgOAc, 50 mM NH4Cl,
0.1 mM DTT and 25% glycerol), resuspended in 5 ml Buffer C and stored -80 °C. A

further step of purification was performed on hydroxylapetite essentially as described by
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Hoffman and Ilan (Hoffman and Ilan 1974), except that a column was used rather than

batch elution.

Interaction of Stx1A1l and Stx2A1 with the ribosome and the ribosomal stalk
complex. The interactions were measured using a Biacore T200 (GE Healthcare Bio-
Sciences, Pittsburgh, PA) instrument using either untagged or 10xHis-tagged Al
subunits. The untagged toxins were immobilized on the CMS5 chip by amine coupling
and Biacore T200 monitored the amount of immobilized toxin in real time. The amount
immobilized was 1692 RU for the untagged Stx1Al and 1672 RU for the untagged
Stx2A1. Flow cell one was activated and blocked as the reference channel. Single cycle
kinetic method was used. Ribosomes at different concentrations were passed over the
surface at 40 pL/min for 2 min. Dissociation was for 5 min. Running buffer contained
10 mM Hepes pH 7.4, 150 mM NaCl and 5 mM MgOAc, 50 uM EDTA and 0.003 %
Surfactant P20. The surface was regenerated by two one-minute injections of 3 M NaCl.
The 10xHis-tagged Stx1Al and Stx2A1 captured on a NTA chip. The amount of
captured toxin monitored in real time by Biacore T200 was 2300 and 2230 RU for
10xHis-Stx1A1 and 10xHis-Stx2Al, respectively. Ribosomes were passed over each
surface at different concentrations. The interaction conditions were the same as for the
untagged Al subunits except the surface was fresh captured at each cycle. For the
interaction of the A1 subunits with the isolated ribosomal stalk pentamer, 10xHis-tagged
Stx1A1l and Stx2A1 were captured on a NTA chip at around 1000 RU and the same

amount of 10xHis-tagged EGFP was captured on the reference channel. Yeast stalk
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pentamer was passed over the surface at 70 pL/min for 5 min and the final dissociation

was for 10 min.

Ribosome depurination Kinetics assay. Yeast monomeric ribosomes were isolated as
previously described (Li, Chiou et al. 2009). Prior to use, the yeast ribosomes were
passed through a 0.5 mL Zeba™ spin desalting column (Life Technologies, Grand Island,
NY) to reduce AMP and ATP contamination as described (Sturm and Schramm 2009).
At the same step the buffer was changed to ribosome depurination buffer (20 mM Tris-
HCI, pH 7.4, 25 mM KCI, 5 mM MgCl,). Depurination was measured by the continuous
luminescence assay as described by Sturm and Schramm (Sturm and Schramm 2009).
Toxin concentrations used were 4 pM for Stx1Al and 3 pM for Stx2A1 when yeast
ribosomes were used as substrate and 4 pM for both StxIAl and Stx2A1 when rat
ribosomes were used as a substrate. The reaction was set up in a 96-well plate in a total
reaction volume of 50 pL. The reaction was started by adding toxin to the reaction
mixture and the luminescence intensity was recorded continuously for 30 min using a
BioTek Synergy 4 Microplate Reader (Winooski, VT, USA). The rates were determined
from the linear region of the luminescence intensity. The Stx independent rate of adenine
generation was subtracted. Adenine standards covering the range of depurination were
measured on the same plate and at the same time. The initial rate of adenine formation
was calculated by converting luminescent rate (lumens/s) to enzymatic rate (pmoles of
adenine/min/pmole of enzyme) using the adenine standard curve. Kinetic parameters (kcat
and K,,) were calculated by fitting initial rates to the Michaelis-Menten equation using

Sigma Enzyme Kinetics Module 1.3 (Systat Software, Inc., San Jose, CA 95110 USA).
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SRL depurination Kinetics assay. Stem-loop depurination was performed using a
synthetic 10-mer SRL oligonucleotide (5'-rCrGrCrGrArGrArGrCrG-3’) purchased from
Integrated DNA Technologies (San Diego, CA). The discontinuous luminescence assay
developed by Sturm and Schramm (Sturm and Schramm 2009) was used with
modification of both temperature and pH. Although linear depurination could be
achieved with ricin at 37°C and pH 4.0 (Li, Kahn et al. 2013) , these conditions rapidly
inactivated Stx1A1 and Stx2A1. Lowering the temperature to 20°C and raising the pH to
4.5 slowed both reaction and inactivation such that linearity could be achieved for at least
5 min. Dilutions of the stem loop RNA in 30 pL 10 mM potassium citrate-KOH and 1
mM EDTA were equilibrated at 20°C. Each Al subunit was preincubated at 2x final
concentration in the same buffer for 5 min at 20°C prior to the addition to RNA to start
the reaction. Samples (9 puL) were withdrawn at timed intervals up to 5 min and added
to 9 uL of 2x coupling buffer (Sturm and Schramm 2009) in a chilled 96 white
luminescence plate. At the termination of the assay the plate was warmed to 30°C for 10
min to initiate the coupled reaction. 35 pL of ATPlite™ (PerkinElmer, Waltham, MA)
reagent was added per well. Adenine standards of 0.5 to 2 pmol prepared in pH 4.5
buffer give a linear response under these conditions. Luminescence intensity was
measured using a BioTek Synergy 4 Microplate Reader (Winooski, VT, USA) at high
sensitivity after incubation of the plate for 10 min in the dark. Parameters were
calculated for Michaelis-Menten kinetics using the Sigma Enzyme Kinetics module 1.3

(Systat Software, Inc., San Jose, CA 95110 USA).
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Transfection of HEK293T cells with the Al subunits. The mature Stx1Al (K1 to
R251) [NT1776] and Stx2A1 (R1 to R250) [NT1777] constructs with V5 and a 10xHis-
tags were cloned into the mammalian expression vector pPCAGGS, at the Sacl-Xhol sites.
HEK 293-T cells were cotransfected with these constructs and an EGFP expression
plasmid, also in pCAGGS, using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Cells
were plated in DMEM medium (phenol red free) and 10 % fetal calf serum at 5x10* /ml
in black clear-bottom 96 well plates. After 24 h, with cells at approximately 90 %
confluence, the media was removed and replaced with 50 pL medium lacking calf serum
which had been preincubated 10 min with 50 ng of each DNA and 0.3 pL Lipofectamine.
After 2 h of incubation at 37 °C, 5 % CO,, the transfecting solution was removed and
replaced by 100 uL medium containing 10 % fetal calf serum. EGFP fluorescence was
read at 22 h post DNA exposure in a Biotek plate reader from the bottom of plate with
485/20 excitation filter and 530/25 emission filter. Assays were performed in
quadruplicate. Fluorescence measured in cells cotransfected with EGFP and empty
vector was considered as 100 % and fluorescence in controls lacking EGFP plasmid as

background (Redmann, Oresic et al. 2011).

Analysis of ribosome depurination in HEK293T cells. For the in vivo depurination,
HEK 293-T cells containing mature Stx1Al and Stx2A1 plasmids were first grown as
described above. Cell samples were collected at 23 h after DNA exposure. Total RNA
was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA) with on column DNase
treatment. QRT-PCR assay was used to quantify depurination (Jetzt, Cheng et al. 2012,

May, Li et al. 2012).
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Statistical analysis. Statistical analyses were conducted using SAS 9.4 (SAS Institute
Inc., Cary, NC). Statistical analysis of data in Figs. 2.1B, 2.6A, and 2.6B were performed
using PROC GLM (general linear models). Statistical analyses of data in Figs. 2.1D,
2.2C and 2.2D were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC). Data were
analyzed by generalized mixed linear models using PROC GLIMMIX to test for
statistical differences between treatments. PROC GLIMMIX permits the inclusion of a
random effect (PCR experiment as a block) into the generalized mixed linear model. All
treatments were considered fixed effects and blocks (separate qRT-PCR plates) were
considered random effects (Rieu and Powers 2009). Least square means were calculated
and specific preplanned contrasts (Steel and Torrie 1980) were computed to compare

treatment means between Stx1A1 and Stx2A1 for each treatment.

RESULTS:

Stx2A1 is more toxic and shows higher depurination than Stx1Al in yeast. To
compare the cytotoxicity of the Al subunits of Stxl and Stx2 in vivo, the mature Al
subunits were expressed in the yeast S. cerevisiae, with the V5 and 10xHis epitope tags
under the tightly controlled GALI promoter. Previous results indicated that the V5 and
10xHis epitope tags do not affect the activity of the A subunits (Chiou, Li et al. 2011, Di,
Kyu et al. 2011). Irreversible growth inhibition by Stx1A1l and Stx2A1 was determined
by plating cells on media containing 2% dextrose after galactose induction for the
indicated times in liquid media. Cells transformed with empty vector were used as a

control. As shown in Figs. 2.1A and B, Stx1A1l and Stx2A1 reduced viability of cells by
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10-fold and 100-fold, respectively comparing to vector control. Yeast cells expressing
Stx2A1 grew over 10-fold less than those expressing Stx1Al, indicating that Stx2Al1 is

more toxic than Stx1A1.
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FIG 2.1 (A) Viability and ribosome depurination in yeast expressing Stx1Al or
Stx2A1. Yeast cells transformed with a plasmid carrying Stx1A1 or Stx2A1l and yeast
cells carrying the empty vector (VC) were grown in SD medium supplemented with 2 %
glucose and then transferred to SD medium supplemented with 2 % galactose. At 0 and
10 hours post induction (hpi), a series of 10-fold dilutions were plated on media
containing 2 % glucose and grown at 30°C for 1-2 days. (B) Colony forming units per
ml (CFU/ml) were calculated at 10 hpi from at least 3 independent transformants.

Error bars represent S. E. where n=3 independent experiments. Means of Stx2A1 and

Stx1 A1 were significantly different using one tailed t-test (p< 0.001).

To examine the expression of the Al subunits in yeast, whole cell lysates were
analyzed by immunoblotting with monoclonal antibodies against the V5 epitope.
Monoclonal antibodies against phosphoglycerate kinase 1 (Pgkl) were used as a loading
control (Fig. 2.1C). Cells harboring Stx1Al and Stx2A1 showed a gradual increase in
expression with time. Stx1A1 was expressed at a higher level than Stx2A1. These results
were consistent with previous observations, which showed that the expression level of the
toxins is correlated inversely with their toxicity (Li, Kahn et al. 2013). A lower level of
protein expression was detected for Stx2A1 consistent with our finding that Stx2A1 was

more toxic than Stx1A1
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FIG 2.1 (C) Immunoblot analysis of yeast cells transformed with Stx1A1 and
Stx2A1, Total protein from 5 ODg cells isolated at 2, 4, 6 hpi was separated on SDS-

PAGE and probed with anti-V5. Anti-Pgkl was used as a loading control.

To determine if the higher toxicity of Stx2A1 over Stx1Al is due to higher level of
ribosome depurination in yeast, total RNA was isolated from yeast at different times after
induction and relative levels of depurination over time were quantified using qRT-PCR.
In this assay, two pairs of primers are used to amplify the target amplicon (depurinated
SRL) and the reference amplicon (25S rRNA), and the data are analyzed by the
comparative CT method (AACT) relative to yeast harboring the empty vector (Pierce,
Kahn et al. 2011). Data obtained using 3 independent colonies showed that cells
expressing Stx2A1 exhibited 1.7 to 2.4-fold higher levels of depurination compared to
cells expressing Stx1A1 (Fig. 2.1D). This difference was statistically significant using
PROC GLIMMIX (Steel and Torrie 1980), which permits the inclusion of a random

effect (separate QRT-PCR plates) into the generalized mixed linear model (Table 2.S1).
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Collectively these data indicate that Stx2A1 depurinates ribosomes at a higher level and

is more toxic to yeast than Stx1A1.
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FIG 2.1 (D) Depurination of ribosomes in yeast. Total RNA (375 ng) isolated from 1
ODggo cells expressing Stx1A1 (grey bars) or Stx2A1 (black bars) collected at 0, 1, 2 and
3 hpi was used to quantify the relative level of depurination using qRT-PCR. The
analysis was repeated three times and one representative experiment is shown. The y-axis
shows the fold change in depurination of toxin-treated samples over the control samples
without toxin (VC). Error bars represent S. E. where n=3 replicates. Means of Stx2A1
and Stx1A1 were significantly different using PROC GLIMMIX at 125 nM (**P< 0.01)

and 250 nM (****P<(0.0001).
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Stx2A1 depurinates yeast ribosomes and RNA at a higher level than Stx1Al. To
examine the ribosome depurination by Stx1A1l and Stx2Al in vitro, the 10xHis tagged
and untagged Stx1A1 and Stx2A1 were expressed in E. coli and purified to homogeneity.
Equal amounts of purified toxins were analyzed by SDS-PAGE (Fig. 2.2A) and by
immunoblot analysis (Fig. 2.2B). Each toxin migrated on SDS-PAGE as expected for its
size. The 10xHis-tagged proteins migrated slower on SDS-PAGE as expected (Fig.
2.2A) due to their larger size (28.9 kDa and 29.2 kDa for tagged Stx1Al and Stx2A1
respectively, compared to 27.6 kDa and 27.9 kDa for untagged Stx1Al and Stx2Al,
respectively). Protein thermal shift assay was used to examine the relative stability of
untagged Stx1Al and Stx2Al at pH 4, 5 and 7.4 and the results showed that purified

Stx1A1 is more stable than Stx2A1 at the tested pH conditions (Fig. 2.S1).

A
30kDa

——

Marker S1 S2 Marker S1 S2

Untagged 10His -Tagged
B
10HisTagged Untagged
S1 S2 S1 S2 S1  S2
30kDa]
T | — — | | — ——

Anti-Histidine  Anti-Stx1 Anti-Stx2




66

FIG 2.2 (A) Coomassie blue staining of purified 10xHis-tagged and untagged
Stx1A1 and Stx2A1. Equal amount (1 pg) of purified Stx1Al (S1) and Stx2A1 (S2)
were separated on a 12 % SDS-polyacrylamide gel and stained by coomassie blue. (B)
Immunoblot analysis of purified 10xHis-tagged and untagged Stx1A1l and Stx2Al.
Equal amount (100 ng) of purified Stx1 A1 (S1) and Stx2A1 (S2) were separated on a 12
% SDS-polyacrylamide gel. 10xHis-tagged Stx1A1 (S1) and Stx2A1 (S2) were detected
by monoclonal anti-His. Untagged Stx1A1 (S1) and Stx2Al (S2) were detected by

polyclonal anti-Stx1 or anti-Stx2.

Depurination activity of untagged Stx2A1 and Stx1Al on yeast ribosomes was
measured by qRT-PCR (Fig. 2.2C). Yeast ribosomes were treated with 0.08 nM to 0.75
nM Stx1Al and Stx2A1. Untreated ribosomes were used as a control. The experiment
was repeated at least three times. The depurination level of Stx2A1 was 1.4 to 1.9-fold
higher than the depurination level of Stx1Al at each toxin concentration tested. This

difference was statistically significant (Table 2.S2).
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FIG 2.2 (C) Depurination of yeast ribosomes by purified Stx1A1 and Stx2A1. Yeast
ribosomes (7 pmol) were incubated with different concentrations of Stx1A1 (grey bars)
or Stx2A1 (black bars) at 30°C for 5 min. The rRNA (375 ng) was used to quantify the
relative levels of depurination by qRT-PCR (Pierce, Kahn et al. 2011). The y-axis shows
the fold change in depurination of toxin-treated samples over the control samples without
toxin treatment (NT). The analysis was repeated three times and one representative
experiment is shown. Error bars represent S. E. where n=3 replicates. Means of Stx1A1
and Stx2A1 were significantly different using PROC GLIMMIX at 0.08 nM (***P<

0.001), 0.25 nM (****P< 0.0001) and 0.75 nM (****P< 0.0001).

Since ribosome depurination is determined by toxin-ribosome interaction and

catalytic activity once the toxin is bound, to determine whether the observed difference in
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ribosome depurination is due to difference in the catalytic activity, we compared the
depurination activity of Stx1A1l and Stx2A1 on free RNA. Total RNA from yeast cells
was isolated and treated with different concentrations (62.5, 125 and 250 nM) of Stx1A1
and Stx2A1. The relative levels of depurination were quantified using qRT-PCR. Stx2Al
depurinated RNA at a 1.6 to 4.3-fold higher level compared to Stx1A1 (Fig. 2.2D). This
difference was statistically significant (Table 2.S3). These results demonstrate that

Stx2A1 depurinates yeast ribosomes and RNA at a higher level than Stx1A1 in vitro.
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FIG 2.2 (D) Depurination of total RNA from yeast by purified Stx1A1 or Stx2Al.
Total RNA (1pg) was incubated with different amounts of Stx1A1 (grey bars) or Stx2A1
(black bars) at 37°C for 15 min. The relative levels of depurination were determined

using qRT-PCR (Pierce, Kahn et al. 2011). The y-axis shows the fold change in



69

depurination over the control samples without toxin treatment (NT). The analysis was
repeated three times. Error bars represent S. E. where n=3 replicates. Means of Stx2A1
and Stx1A1 were significantly different using PROC GLIMMIX at 125 nM (**P< 0.01)

and 250 nM (****P<(0.0001).

Stx2A1 has higher affinity for yeast and mammalian ribosomes than Stx1A1l. Since
ribosome binding is critical for ribosome depurination, we examined the direct interaction
of Al subunits with ribosomes using surface plasmon resonance with a Biacore. To
compare the interaction of Stx1Al and Stx2Al with the ribosome, the untagged Al
subunits were immobilized on a CMS5 chip of a Biacore T200 at 1692 RU and 1672 RU,
respectively using amine coupling and their interaction with yeast ribosomes was
measured using single cycle kinetic analysis by passing ribosomes over the surface at
different concentrations. Since the surface is not regenerated between injections in the
single-cycle analysis, multiple samples can be analyzed in a shorter period of time
allowing comparison of binding under identical conditions (Li, Grela et al. 2010). As
shown in Fig. 2.3A, the binding level of Stx2A1 was 12-fold higher than Stx1A1 when
yeast ribosomes were used at 2.5 nM and was 5-fold higher than Stx1A1l when yeast
ribosomes were used at 40 nM. Since binding did not reach equilibrium and did not fit
the 1:1 model, resonance units (RU), which show the level of binding at the end of each
ribosome concentration were used to calculate the dissociation constants (Kp) (Table 2.1).
The apparent Kp for untagged Stx2A1 for yeast ribosomes was 6.5-fold lower than the
apparent Kp for Stx1Al, and this difference was statistically significant. The binding

level of 10xHis tagged Stx2A1l to yeast ribosomes was 2.7 to 4-fold higher than the
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binding level of Stx1A1 (Fig. 2.3B). The 10xHis tagged Stx2A1 had 3-fold lower Ky, for
yeast ribosomes compared to 10xHis tagged Stx1Al (Table 2.1). However, this
difference did not achieve statistical significance. The major difference in the interaction
of Stx1A1 and Stx2A1 with ribosomes was in their interaction patterns. The untagged
and 10xHis tagged Stx2A1 had a much faster association and dissociation pattern
compared to Stx1Al (Fig. 2.3B). The Kp does not reflect this difference. The
association (ko) and dissociation (kofr) rates could not be accurately determined because

the interaction did not fit a 1:1 interaction model.
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FIG 2.3 (A) Interaction of Stx1A1l and Stx2A1 with yeast ribosomes.

Untagged

Stx1A1 (grey) and untagged Stx2A1 (black) were captured on a CMS5 chip at 1692 RU

and 1672 RU respectively. Different concentrations of ribosome were passed over the
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surface as analyte as shown. (B) Interaction of 10xHis tagged Stx1A1l and Stx2Al
with yeast ribosomes. 10xHis-Stx1A1 (grey) and 10xHis-Stx2A1 (black) were captured
on an NTA chip. Different concentrations of ribosome were passed over the surface as

analyte as shown.

TABLE 2.1. Apparent K, (M) of the interaction of the A1 subunits with ribosome”

Toxin Yeast Ribosome Rat Liver Ribosome
Stx1A1 16.8£0.6 X 10" 8.6+1.6X 10" ¢
-8b -8 d
Stx2A1 2.3+0.3X 10 2.8+0.4 X 10
10xHis-Stx1A1 4.6+22X10" ¢ 3.0+1.1X10° ¢
. 8 f 8 f
10xHis-Stx2A1 2.2+0.4X 10 3.6:1.0X 10

4 Letters indicate statistical comparisons, where means were significantly different
between a and b (P 0.01) and between ¢ and d (P 0.05) and means were not significantly

between e and f, as determined by using a one-tailed t test.

Previous studies showed that the P-proteins of the ribosomal stalk are important for
ribosome depurination by Stx1 and Stx2 (Chiou, Li et al. 2011). The Al chain of Stx1
interacts with the conserved C-termini of P-proteins (McCluskey, Poon et al. 2008,

McCluskey, Bolewska-Pedyczak et al. 2012). To determine if the higher level of binding
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of Stx2A1 to the ribosome is due to a higher level of binding to the ribosomal P-protein
stalk complex, we examined the interaction of the A1 subunits with the pentameric stalk
complex from yeast (Li, Grela et al. 2010). We captured the 10xHis-tagged Stx1A1 and
Stx2A1 on an NTA chip at the same level and passed the purified stalk pentamer complex
over the surface. As shown in Fig. 2.3C, the binding level of Stx2A1 was slightly higher
than Stx1Al. The interaction of the Al subunits with the stalk pentamer fit into a 1:1
interaction model (Table 2.2). 10xHis-tagged Stx2A1 showed slightly slower
dissociation and had slightly higher affinity for the stalk compared to 10xHis-tagged
Stx1A1 (Table 2.2). However the differences in the affinity (Kp) and the association (ko)
and dissociation (kofr) rates of Stx1Al and Stx2A1 for the stalk complex were not
significant. Therefore, the differences observed in the binding affinities of Stx1 A1 and
Stx2A1 for yeast ribosomes and the differences in ribosome depurination are not due to

differences in their binding to the P-protein stalk.
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FIG 2.3 (C) Interaction of Stx1A1l and Stx2A1 with the isolated yeast ribosomal
stalk pentamer. 10xHis-Stx1A1 (grey) or 10xHis- Stx2A1 (black) was captured on an
NTA chip at 1000 RU and the same amount of EGFP was captured on the reference
channel. Different concentrations of stalk pentamer were passed over the surface as

analyte as shown.

TABLE 2.2. Stalk interaction Parameters *!

Toxin K_(M's) K _(s) K, (M)

6 a -4 c -10 e
Stx1A1 1.6£0.6 X 10 4.1+1.7 X 10 3.042.2 X 10
Stx2A1 1.8£0.9x 10" " 2.241.0X 10" ¢ 1.621.4x10""

4 Letters indicate statistical comparisons, where means were not significantly different
between a and b, between ¢ and d, and between e and f, as determined by using a one-

tailed t test.

To examine the relative affinity of Stx2A1 and Stx1A1 for mammalian ribosomes,
the interaction of untagged Stx1Al and Stx2Al with rat liver ribosomes was analyzed
with a Biacore. The untagged Al chains were immobilized on a CM5 chip using amine
coupling at the same ligand level and rat liver ribosomes were passed over the surface at
different concentrations using single cycle kinetics. As shown in Fig. 2.4A, rat ribosomes

bound Stx2Al at a considerably higher level than Stx1A1. The binding level of Stx2A1
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was about 14-fold higher than Stx1A1 at 80 nM ribosome concentration. We calculated
the apparent Kp using the RU values at the end of the injection of each ribosome
concentration. The apparent Kp of Stx2A1 for rat liver ribosomes was significantly (3-
fold) lower than the apparent Kp of Stx1Al for rat liver ribosomes (Table 2.1).
Differences in binding level were observed when 10xHis tagged Stx1Al and Stx2A1l
were used (Fig. 2.4B). The apparent Kp of 10xHis tagged Stx2A1 for rat liver ribosome
was about 1.7-fold lower than the apparent Kp of 10xHis tagged Stx1Al for rat liver
ribosomes (Table 2.1), which was not statistically significant. These data indicate that

Stx2A1 has higher affinity for mammalian ribosomes than Stx1A1.

Stx2A1 has higher catalytic activity on yeast and mammalian ribosomes. To
examine the correlation between ribosome interaction and depurination, we measured the
depurination kinetics of Stx1Al and Stx2A1 towards monomeric yeast and rat liver
ribosomes using a continuous enzymatically coupled luminescence assay with sufficient
sensitivity to continuously measure single adenine release from nanomolar concentrations
of intact eukaryotic ribosomes (Sturm and Schramm 2009). This assay can detect
femtomoles of ricin in minutes using APRTase to convert adenine to AMP and then to
ATP with PPDK. ATP generates light via luciferase and the AMP regenerated is

converted to ATP by PPDK (Sturm and Schramm 2009).
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FIG 2.4 (A) Interaction of Stx1A1 and Stx2A1 with ribosomes from rat liver. The
same conditions as the interaction with yeast ribosomes were used. Different

concentrations of ribosome were passed over the surface as analyte as shown. (B)
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Interaction of 10xHis- Stx1A1 and 10xHis-Stx2A1 with ribosomes from rat liver.
10xHis- Stx1A1 (grey) and 10xHis-Stx2A1 (black) were captured on a NTA chip. The
same conditions as the interaction with yeast ribosomes were used. Different

concentrations of ribosome were passed over the surface as analyte as shown.

TABLE 2.3. Kinetic parameters of Al subunits with ribosomes and stem-loop RNA

Substrate Toxin K M) k_(min) kK (M's)

StxIAT  1.04+0.11 ° 22572202 < 3.6£0.1X10 °
Yeast

Stx2A1  1.10+0.14 ° 3406+ 133 * 52:05X10 '
Ribosome &

(S

Stx1A1l 0312003 ° 401131 ' 22+01X10
Rat

Stx2A1  0.36+0.03 " 1098+85.0 ' 5.1+0.7X10 '

Stx1A1l 093022 " 21.5+0.6 ° 4.0+09X10 °

Synthetic SRLC
n 5r
Stx2A1 2.46 + 0.55 62.6+223" 4.4+1.6X 10

4 Letters indicate statistical comparisons, where means were not significantly different
between a and b, between g and h, and between q and r; means were significantly
different between c and d, between i and j, and between m and n with a P value of 0.01;
and means were significantly different between e and f, between k and 1, and between o
and p with a P value of 0.05, as determined by using a one-tailed t test. © The ribosome
substrate was assayed in a continuous format. © The synthetic SRL was assayed in a

discontinuous format.
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As shown in Fig. 2.5A, the initial rates of Stx2A1 and Stx1 A1l were dependent on

the concentration of yeast ribosomes and were fitted to the Michaelis Menten equation.

Stx2A1 showed a ke, of 3406 min and catalytic efficiency (k../K») of 5.2 x 10'M's!,

while Stx1A1 showed a keo of 2257 min™ and ke/K,, of 3.6 x 10’ M's™ towards yeast

ribosomes. The differences in k.., and k../K,, between Stx1A1 and Stx2A1 towards yeast

ribosomes were statistically significant. However, Stx1 Al and Stx2A1 showed a similar

K, (about 1 puM) (Fig. 2.5A and Table 2.3). These results indicate that Stx2Al

depurinates yeast ribosomes at a significantly (1.5-fold) higher rate and significantly (1.4-

fold) more efficiently than Stx1A1,
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FIG 2.5 (A) Michaelis-Menten fits of yeast ribosome depurination performed with

the continuous luminescence assay. The Stx-independent rate of adenine generation
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was subtracted. Stx1Al was used at 4 pM (grey) and Stx2A1 was used at 3 pM (black).
Adenine standards covering the range of depurination were measured for each toxin.

Error bars represent S. E. where n=3 replicates.

To determine if Stx2Al has higher catalytic activity towards mammalian
ribosomes, the enzymatically coupled assay was used to examine the depurination
kinetics of Stx1Al and Stx2A1 using rat liver ribosomes. The purification of rat liver
ribosomes required an additional purification step compared to yeast ribosomes to reduce
the background in the enzymatically coupled assay. As shown in Fig. 2.5B, greater
differences were observed in the initial rate and catalytic efficiency compared to yeast
ribosomes. Stx2A1 had a k., of 1098 compared to a k., of 404 min™ for Stx1A1 towards
rat liver ribosomes. Stx2A1 depurinated rat liver ribosomes with a k../K,, of 5.1 x 10" M
'sh compared to 2.2 x 10" M™'s™ for Stx1A1 (Fig. 2.5B and Table 2.3). The differences
in ke and ke./Kn between Stx1Al and Stx2Al towards rat liver ribosomes were
statistically significant. There was no difference in the K,, for rat ribosomes (about 0.3
uM). These results demonstrated that Stx2A1l depurinated rat liver ribosomes at a
significantly (2.7-fold) higher rate and significantly (2.3-fold) more efficiently than

Stx1AT1,
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FIG 2.5 (B) Michaelis-Menten fits of rat liver ribosome depurination performed
with the continuous assay. The Stx-independent rate of adenine generation was
subtracted. Stx1A1l (grey) and Stx2Al (black) were used at 4 pM for depurination.
Adenine standards covering the range of depurination were measured for each toxin.

Error bars represent S. E. where n=3 replicates.

Since ribosome depurination requires interaction of toxin with the P-protein stalk
to reach the SRL, we measured the depurination kinetics towards a 10-mer stem-loop
RNA mimic of the SRL using a discontinuous luminescence assay (Sturm and Schramm
2009). Previous results indicated that RTA depurinates stem-loop RNA substrates at pH
4.0, but not pH 7.0 (Sturm and Schramm 2009). Similarly, the Al subunits of Shiga
toxins could not depurinate the stem-loop RNA at neutral pH, but depurinated it at pH

4.5. Since adenine to ATP conversion requires a neutral pH, the assay was done using
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the discontinuous format by quenching to neutral pH at timed intervals. The amount of
adenine released was determined by the luminescence assay. The results (Fig. 2.5C and
Table 2.3) showed that Stx2A1 depurinated the stem-loop RNA at a significantly higher
(3-fold) initial rate (k. of 62.6 nM) compared to Stx1Al (k. of 21.5). However,
Stx1A1 had a significantly lower K, (0.93 uM) for the stem loop RNA than Stx2Al
(2.46 uM). Consequently, there was no difference in the depurination efficiency of

Stx1A1 and Stx2A1 towards the stem loop RNA.
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FIG 2.5 (C) Michaelis-Menten fits of stem-loop RNA depurination performed with
the discontinuous luminescence assay. Stx1Al (grey) was used at 3 nM and Stx2Al
(black) was used at 2 nM. The Stx-independent rate of adenine generation was subtracted
for each. Adenine standards covering the range of depurination were measured for each

toxin. Error bars represent S. E. where n=3 replicates.
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Stx2A1 inhibits protein expression to a greater extent in human cells than Stx1A1l,
In order to examine the relative activity of Stx1Al and Stx2Al in mammalian cells,
independent of B chain influence, an EGFP transfection assay was used (Redmann,
Oresic et al. 2011, Jetzt, Cheng et al. 2012). Changes in ribosome depurination correlate
with the extent of inhibition of EGFP expression in this assay (Redmann, Oresic et al.
2011, Jetzt, Cheng et al. 2012). Human embryonic kidney cells (HEK293T) were
cotransfected with equal amounts of an EGFP reporter plasmid and Stx1A1l or Stx2Al
expression plasmid and EGFP signal was measured 22 h after transfection as readout of
translation activity. The base fluorescence in cells transfected with Stx1A1l and Stx2A1
without EGFP was about the same as the cells transfected with the empty vector. Stx2A1
showed significantly higher (40-fold) inhibition of EGFP expression in comparison with

Stx1A1 (Fig. 2.6A).
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FIG 2.6 (A) Translation inhibition and ribosome depurination in mammalian cells
expressing Stx1A1 or Stx2A1. HEK293T cells were cotransfected with Stx1Al (grey
bars) or Stx2A1 (black bars) and EGFP. Cells carrying the empty vector (VC) were used
as controls. EGFP fluorescence was read at 22 h post transfection. Fluorescence
measured in cells cotransfected with EGFP and empty vector was considered as 100 %
and fluorescence in controls lacking EGFP plasmid as background. Statistical analyses
were conducted using SAS 9.4 (SAS Institute Inc). Data were analyzed by general linear
models using PROC GLM to test for statistical differences between treatments and
Tukey’s test was used to perform pairwise comparisons (***P<(0.001, NS= Not

significant). Error bars represent S. E. where n=3 replicates.
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Since the expression of the Al subunits was below detection by immunoblot
analysis, mRNA levels were measured by qRT-PCR. Expression levels of Stx1A1l and
Stx2A1 were comparable after transfection (Fig. 2.S2). To determine if translation
inhibition by endogenously expressed Stx2Al correlated with depurination, total RNA
from HEK293T cells was analyzed by qRT-PCR (Jetzt, Cheng et al. 2012, May, Li et al.
2012). As shown in Fig. 2.6B, ribosomes were depurinated in cells transfected with
Stx1Al and Stx2Al relative to cells transfected with the empty vector (Fig. 2.6B),
indicating that both proteins were expressed. Stx2Al depurinated ribosomes at a
significantly higher (10-fold) level than Stx1Al in HEK293T cells. These results
demonstrate that Stx2A1 is significantly more active in depurinating ribosomes and

inhibiting translation than Stx1A1 in human cells.
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FIG 2.6 (B) Depurination of ribosomes from mammalian by Stx1A1 and Stx2Al.
Total RNA (375 ng) from mammalian cells expressing Stx1Al (grey bars) or Stx2Al
(black bars) collected at 23 hour post DNA exposure were used to quantify the relative
levels of depurination using qRT-PCR (Pierce, Kahn et al. 2011). The y-axis shows the
fold change in depurination over the control samples (VC). The table shows the fold
change in depurination levels in cells transfected with Stx1A1l and Stx2Al relative to
cells transfected with the empty vector. Data were analyzed with PROC GLM to test for
statistical differences between treatments and Tukey’s test was used to perform pairwise

comparisons (*P<0.05). Error bars represent S. E. where n=3 independent experiments.

DISCUSSION

The A1l subunit of Stx2 is more toxic and has higher activity in yeast and in
mammalian cells. We expressed the mature Al subunit of Stx1Aland Stx2Al in yeast
and in mammalian cells to compare their cytotoxicity and activity directly without the B
subunits. Our results showed that Stx2A1 is 10-fold more toxic to yeast than Stx1Al
(Figs. 2.1A and B). The expression level of Stx1A1 was higher than Stx2A1 at all-time
points (Fig 2.1C), consistent with our previous results, which showed that RTA mutants
with reduced toxicity are expressed at higher levels (Li, Kahn et al. 2013, Yan, Li et al.
2014). Using a highly sensitive qRT-PCR assay we showed that Stx2A1 depurinates
yeast ribosomes at a significantly higher level than Stx1A1 during the first 3 h of toxin
induction (Fig 2.1D). To confirm the in vivo results, we purified mature Stx1A1l and
Stx2A1 from E. coli and showed that Stx2A1 depurinated yeast ribosomes (Fig. 2.2C)

and yeast RNA (Fig 2.2D) at a significantly higher level than Stx1Al in vitro. Although
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the difference in the depurination level of Stx1A1 and Stx2A1 was 2 to 3-fold, it gave rise
to a 10-fold difference in toxicity, indicating that small changes in depurination activity
could have much larger consequences for toxicity in cells.

We demonstrated that Stx2A1 is significantly more active in depurinating
ribosomes and inhibiting protein synthesis than Stx1Al in human cells. Larger
differences were observed in the activity of Stx] Al and Stx2A1 in human cells than in
yeast. A 10-fold increase in depurination gave rise to 40-fold higher translation
inhibition by Stx2A1 compared to Stx1 Al in human cells. It is unlikely that the observed
differences were due to lower stability of Stx1Al since the purified Stx1Al was more
stable than Stx2A1l by protein thermal shift analysis (Fig. 2.S1) and since each
endogenously expressed Al subunit would be folded in the cytosol as the holotoxin
derived Al subunit after retrotranslocation from the ER to the cytosol. Although Al
subunits were expressed in human cells below detectable levels by immunoblot analysis,
Stx1A1 depurinated ribosomes in human cells at a 16-fold higher level relative to cells
transfected with the empty vector (Fig. 2.6B), indicating that it was expressed in the cell.

In previous studies differences were not observed in the protein synthesis inhibition
ability of Stx1 and Stx2 using cell free translation assays (Head, Karmali et al. 1991,
Tesh, Burris et al. 1993, Brigotti, Carnicelli et al. 1997). While in some of these studies,
the holotoxin was used (Tesh, Burris et al. 1993) in others the holotoxin was activated by
digestion with trypsin to release the Al chain from A,-Bs complex or by chemical
treatment with urea or DTT to break the disulfide bond between the A1 and the A, chains
(Head, Karmali et al. 1991, Kozlov, Chernaia et al. 1993, Tesh, Burris et al. 1993,

Siegler, Obrig et al. 2003). The amount of activated protein may vary after these
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treatments, precluding accurate comparison of the enzymatic activity of the trypsin and
DTT-activated toxins (Chiou, Li et al. 2011). Moreover, since translation inhibition is a
downstream effect of depurination, cell free translation assays measure toxin activity
indirectly and do not quantify the catalytic activity of Stx1Al and Stx2Al on the
ribosome. Consistent with previous reports, we did not see any difference between the
translation inhibitory activity of recombinant Stx1Al and Stx2A1 in the reticulocyte
lysate cell-free translation system. To understand the basis for the higher activity of
Stx2A1 over Stx1Al, we measured their depurination kinetics with an enzymatically
coupled luminescence assay using yeast, rat liver ribosomes, and RNA as substrates. The
results showed that Stx2A1 has a higher k., than Stx1A1 when either yeast or rat liver
ribosomes were used as a substrate. Similarly, Stx2A1 has a higher k., than Stx1A1
when RNA was used as a substrate. These results indicated that Stx2Al has higher
catalytic activity than Stx1 A1 and were consistent with the in vivo data.

Ribosomes were better substrates than the stem-loop RNA and were depurinated
optimally at physiological pH. However, Stx1Al and Stx2A1 could not depurinate the
stem-loop RNA at neutral pH. Even at acidic pH RNA was depurinated at a very low
rate. Stx1Al and Stx2A1l depurinated the stem-loop RNA at pH 4.5 with a catalytic
efficiency (kca/Kyn ), which was 55-fold and 110-fold slower, respectively than the SRL
on rat liver ribosomes at pH 7.4 (Table 2.3). The increase in catalytic efficiency was due
to an improvement in k., Previous results indicated that Shiga toxins bind to the P-
protein stalk to depurinate the SRL (McCluskey, Poon et al. 2008, Chiou, Li et al. 2011,

McCluskey, Bolewska-Pedyczak et al. 2012). Therefore interaction of the Al subunits
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with the stalk proteins and with other binding sites on the ribosome appears to have a

profound effect on the catalytic efficiency of Shiga toxins towards the SRL.

Structural differences result in the higher affinity of Stx2A1 towards the ribosome.
Previous results indicated that Stx1Al interacts with peptides corresponding to the
conserved C-termini of the ribosomal P- protein stalk (McCluskey, Poon et al. 2008,
McCluskey, Bolewska-Pedyczak et al. 2012). However, the interaction of Stx1 and Stx2
with either the ribosome or the ribosomal stalk complex has not been investigated. To
investigate the basis for the higher activity of Stx2A1, we compared the interaction of the
Al subunits with yeast ribosomes and with the isolated ribosomal P-protein stalk
pentamer from yeast (Li, Grela et al. 2010). Our previous results indicated that the
interaction of RTA with ribosomes did not fit a simple 1:1 interaction model (Li, Chiou et
al. 2009). We showed that the ribosomal P-protein stalk binding surface of RTA is on the
opposite face of the active site and proposed a model to explain how RTA depurinates
ribosomes (38). According to this model, electrostatic interactions between RTA and the
ribosome concentrate RTA molecules around the ribosome and allow their diffusion
towards the P-protein stalk. Specific electrostatic interactions with the P-protein stalk
stimulate the catalysis of ribosome depurination by orienting the active site of RTA
towards the SRL and deliver the properly oriented RTA to the SRL through a
conformational change of the hinge region of the P-proteins (38). As observed with
RTA, the interaction of Stx1A1l and Stx2A1 with either yeast or rat ribosomes did not fit
a simple 1:1 interaction model. The interaction had an initial fast association and

dissociation phase followed by a slow association and dissociation phase similar to the
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interaction of RTA with ribosomes (Li, Kahn et al. 2013). This biphasic interaction
curve was more obvious for the interaction of Stx2A1l with yeast and mammalian
ribosomes (Figs. 2.3 and 2.4). Due to the structural similarity between RTA and Shiga
toxins, the ribosome interaction model proposed for RTA may be applicable to Stx1A1
and Stx2Al.

Because of the size of the ribosome relative to the Al subunits, not every
interaction between Stx1A1l and Stx2A1 and the ribosome will result in depurination of
the SRL. Therefore, the on and off rates (kon and ko) are more important than the
affinity (Kp) since they determine how fast the depurination reaction will take place.
Although we could not determine the on and off rates of the interaction between the Al
subunits and ribosomes, Stx2A1 had a much faster association and dissociation pattern
compared to Stx1A1 (Figs. 2.3 and 2.4). We have previously shown that the fast on and
off rates reflect the interaction of RTA with the ribosomal P-protein stalk on yeast (Li,
Chiou et al. 2009) and human (May, Li et al. 2012) ribosomes. The interaction of RTA
with the ribosomal stalk is determined by the local concentration of RTA around the
ribosome (Li, Kahn et al. 2013). Since we did not observe a significant difference in the
interaction of the A1 subunits with the P-protein complex (Fig. 2.3C), but observed large
differences in their interaction with ribosomes, the differences in the interaction of
Stx]1Al and Stx2Al with ribosomes might be due to the differences in the toxin
concentration around the ribosome. The higher local concentration around the ribosome
should stimulate the interaction of Stx2A1 with the stalk complex on the ribosome, as
reflected by the initial fast association and dissociation phase of the interaction between

Stx2A1 and ribosomes (Figs. 2.3 and 2.4).
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Our results indicate that there is over 40-fold difference in the apparent Kp between
the interaction of the untagged and His-tagged Stx1Al with the ribosome. This
difference may be due to the differences in the way the two proteins are immobilized on
the sensor chip surface in the Biacore T200. The untagged toxins are immobilized on
the CM5 chip by amine coupling and thus are orientated randomly, while the His-tagged
toxins are captured through the N-terminal His-tag on the NTA chip and thus are in the
same orientation. When toxins are immobilized on the CM5 chip in random orientation,
the ability of each toxin to access the ribosome would be different. In contrast, when
they are immobilized on the NTA chip in the same orientation, their interaction with the
ribosome would be more even. Differences were observed in the Biacore interaction
patterns of RTA with yeast (Li, Chiou et al. 2009) or human (May, Li et al. 2012)
ribosomes. The results reported here indicate differences in the interaction pattern of
Stx1A1l and Stx2A1 with yeast or rat ribosomes. Further studies will address the basis
for these differences.

The Stx1A and Stx2A have 55% amino acid sequence identity. Although the
structures of Stx and Stx2 are similar, the sequence divergence between Stx2A1 and
Stx1A1 has some influence on the structure. In the published structure of holotoxins
some of the loops in the Al subunits were missing. We have reconstructed the missing
loops in the A1 subunits of Stx and Stx2 in the holotoxins as previously described (Di,
Kyu et al. 2011) and calculated the electrostatic surfaces with the Adaptive Poisson-
Boltzmann Solver (APBS) (Holst and Saied 1995, Baker, Sept et al. 2001).

The electrostatic surfaces of Stx1Al and Stx2A1 show a number of differences,

and the molecular surfaces, on which the electrostatic charges are shown, also have
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somewhat different shapes (Fig. 2.7). Stx1Al has a negatively charged crease running
diagonally across the front (Fig. 2.7A), which is missing in Stx2A1 (Fig. 2.7B). The
active site is masked by the left end of the crease in Stx1 Al and by the positive area that
extends up to this region in both proteins. The negatively charged crease in Stx1Al
would decrease the ability of the protein to interact initially with the negatively charged

surface of the ribosome.

A
Stx1A1
D
Active :
Site .
180
B Stx2A1

Active
Site

FIG 2.7 Crystallographic structure of Stx1Al and Stx2A1 showing electrostatic
charge distribution. The Al subunits of Shiga toxin and Shiga toxin 2 were modeled
from the Protein Data Bank ID: 1DMO [Shiga toxin] and 1R4P [Shiga toxin 2]) as

described earlier (Di, Kyu et al. 2011). The solvent accessible molecular surfaces are
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colored according to electrostatic charge, with blue indicating positive, red negative and
white neutral. (A) Stx1Al has a negatively charged (red) crease running diagonally
across the front of the active site. A rotation about the y-axis by approximately 180°
reveals a positive zone (blue) in Stx1A1 has which is considerably larger and more open
to the outside than Stx2A1. (B) The active site in Stx2A1 has little negative charge, most
of the surface being neutral. A rotation about the y-axis by approximately 180° reveals a

smaller positive (blue) zone at the center.

Rotation of the molecules by approximately 180 degrees along the y-axis (Figs.
2.7A and 2.7B) brings a large, intense positively charged zone into view. The Stx1Al
zone (Fig. 2.7A) is considerably larger and more open to the outside than in Stx2A1 (Fig.
2.7B). This positively charged region is on the opposite side of the molecule from the
active site. Its interaction with the negatively charged RNA may reduce the availability
of the active site residues to perform catalysis. Previous results showed that mutation of
residues at the active site of Stx1A and Stx2A affect the cytotoxicity and catalytic activity
differently (Di, Kyu et al. 2011). The residues previously shown to be involved in the
depurination reaction in Stx1 and Stx2 (E167 and R170) are more exposed in Stx2A1l
than in Stx1A1 (Di, Kyu et al. 2011). Further studies are needed to understand if these
differences are responsible for the affinity of the Shiga toxins towards the RNA and their

catalytic activity.

Stx2Al1 is catalytically more efficient than Stx1A1 due to higher catalytic activity

towards the SRL and higher affinity for the ribosome. Although Stx2A1 has higher
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apparent affinity for both yeast and rat ribosomes compared to Stx1Al, Stx1Al and
Stx2A1 have similar K,, towards yeast (1uM) and rat ribosomes (0.3 uM) (Table 2.3).
The similar K,, values for Stx1A1 and Stx2A1 indicate that while ribosome interaction is
a necessary step, it is not the only step in depurination. The K, values were higher than
the apparent Kp for both Stx1Al and Stx2A1 The high K,, value reflects multiple
interactions that occur between the Al subunits and the ribosome and suggests that
ribosome binds multiple A1 subunits to trigger depurination.

Since depurination of the stem-loop RNA measures the catalytic activity in the
absence of the ribosomal proteins, we examined the activity of Stx]1Al and Stx2A1 on
the stem-loop RNA. Stx2Al had 3-fold higher catalytic activity (k..;) towards the stem-
loop RNA than Stx1Al. But Stx1Al had a lower K,, towards the stem-loop RNA than
Stx2A1 resulting in similar catalytic efficiency for depurination of the SRL (Table 2.3).
The higher K,, reflects the lower affinity of Stx2A1 for the stem-loop RNA at lower pH.
However, Stx2A1 has higher affinity for the ribosome due to its interaction with the
ribosomal proteins at physiological pH. Therefore the higher affinity of Stx2A1 for the
ribosome, in combination with its higher catalytic activity towards the SRL allows
Stx2A1 to depurinate the ribosome more efficiently than Stx1A1.

We examine here the differences in the interaction of the Al subunits of Stx1 and
Stx2 with ribosomes, depurination of the SRL and the resulting translational arrest and
show for the first time that in the absence of the B subunits the catalytic subunits of Shiga
toxins interact differently with ribosomes, they depurinate the ribosome and the SRL with
different catalytic rates and cause different level of inhibition of translation in

mammalian cells. Our results indicate that small differences in depurination activity lead
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to much larger differences in translation inhibition and toxicity in cells and are likely to
lead to even larger differences in animals. The A subunit influences potency in animal
models (Sauter, Melton-Celsa et al. 2008, Stone, Thorpe et al. 2012, Russo, Melton-Celsa
et al. 2014). We conclude that differences in the Al subunits together with the
previously defined differences in the B subunits (Russo, Melton-Celsa et al. 2014)
contribute to the differential toxicity of Stx] and Stx2. Further investigations on the
importance of the Al subunit for the higher toxicity of Stx2 will identify mechanistic
differences in the action of Stxs on ribosomes and will provide a major step towards

understanding the mechanism of catalysis and how to block their activity.
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FIG 2. S1. Shiga toxin stability by protein thermal shift assay. To monitor protein

unfolding due to systematic increase in temperature, the Protein Thermal Shift"™ Dye Kit

(Applied Biosystems, Grand Island, NY) was used. The unfolding process resulted in

exposure of the hydrophobic region of proteins leading to a large increase in

fluorescence, which was used to monitor the protein-unfolding transition using

StepOnePlus™ Real-Time PCR system (Applied Biosystems,Grand Island, NY).1 uM of

purified untagged Stx1A1 or Stx2A1, 2.5 ul of 8X Protein Thermal Shift™ Dye, 2 ul of

200 pM (10X) phosphate buffer (pH 4,5 or 7.4), and 10 pl of 2X Protein Thermal Shift™

Buffer to a final volume of 20 ul each were added to the wells of the 96-well PCR plate.

The plate was heated from 25 to 99 °C with a heating rate of 1 °C/min. The data was

analyzed using Protein Thermal Shift™ Software (version).
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FIG 2. S2. Shiga toxin gene expression in mammalian by qPCR. Total RNA (375 ng)
isolated from mammalian cells expressing Stx1A1 (grey bars) or Stx2Al (black bars)
collected at 23 hour post DNA exposure were used to quantify the relative levels of
Shiga gene expression using QRT-PCR by the comparative CT method (CT). The Stx1Al
primers were Stxl qPCR F5’ aatgtcgcatagtggaacctca 3’ and Stxl qPCR R 5’
aacatcgctcttgccacagac3’,  while the Stx2  primers were  Stx2 qPCR _F5’
gtatacgatgacgcecgggag 3’ and Stx2 qPCR_R 5 attcgcccccagttcagagt 3°. B-actin was used
as internal control. The y-axis shows the fold change of toxin-gene carrying samples over
the control samples without toxin gene (VC). Results (means + standard errors of the

means [SEM]) represent 3 independent biological replicates.
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TABLE 2. S1. In vivo Depurination Statistical Significance of the Contrasts

Least Square Mean Estimates

Effect Label Estimate SE DF tValue Pr>[t]
Treatment Compare Stx1A:-0h with Stx2A-0h -408 2951 16 -14  0.1858
Treatment Compare Stx1A;-1h with Stx2A;-1h -877.8 2951 16 -2.9  0.0089
Treatment Compare Stx1A;-2h with Stx2A;-2h -1182.4 2951 16 4 0.001
Treatment Compare Stx1A;-3h with Stx2A;-3h -1044.4 2951 16 -3.5  0.0027

*To estimate and test the differences of treatment means, ProcGlimmix in SAS was used
to compute least square mean estimates for the pairwise comparisons between Stx1A1
and Stx2Al1 (for trait depurination, in vivo) at four time points (0, 1, 2 and 3 hpi). The
estimate term (for the given trait such as depurination, etc.) represents the least squared
mean difference between Stx1A1 and Stx2Alat a particular time point. Because the data
are balanced, the estimated standard errors for each pairwise comparison are identical.
The degrees of freedom (DF) are derived from the denominator degrees of freedom
calculated from the Type III Tests of Fixed Effects. The LSMESTIMATE statement in
PROC GLIMMIX produces a t test and corresponding p value for each LS-mean
difference comparison computed. Reported P values and standard errors were adjusted
using Tukey’s honestly significant difference to correct for multiple comparisons. There

are highly significant differences between Stx1 A1l and Stx2Alat most time points.
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TABLE 2. S2. Ribosome Depurination Statistical Significance of the Contrasts

Least Square Mean Estimates
Effect Label Estimate SE DF tValue Pr> [t]

Treatment Compare Stx1A;-0.08nM with Stx2A;-0.08nM  -3398.6 863.3 54 -39  0.0002
Treatment Compare Stx1A;-0.25nM with Stx2A;:-0.25nM  -4491.2 8633 54 -5.2 < 0.0001
Treatment Compare Stx1A:1-0.75nM with Stx2A;-0.75nM  -7763.2 863.3 54 -89 <0.0001

*To estimate and test the differences of treatment means, ProcGlimmix in SAS was used
to compute least square mean estimates for the pairwise comparisons between Stx1A1
and Stx2A1 (for trait depurination, in vitro) at three different concentrations of toxin
(0.08, 0.25 and 0.75 nM) as previously described. There are highly significant differences
between Stx1A1 and Stx2Al at all three toxin concentrations tested. At 0.08 nM the
difference between Stx1Al and Stx2Al is significant (p=0.0002) and at 0.25 and

0.75nM, the mean differences between the two toxins are significant (p<0.0001).
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TABLE 2. S3. RNA Depurination Statistical Significance of the Contrasts

Least Square Mean Estimates
Effect Label Estimate SE DF tValue Pr> [t]

Treatment Compare Stx1A1-62.5nM with Stx2A;-62.5nM -2221.4 11482 54 -1.9  0.0583
Treatment Compare Stx1A;-125nM with Stx2A;-125nM  -3829.7 11482 54 -33  0.0015
Treatment Compare Stx1A;-250nM with Stx2A;-250nM  -12237 11482 54 -10.7 <0.0001

*To estimate and test the differences of treatment means, ProcGlimmix in SAS was used
to compute least square mean estimates for the pairwise comparisons between Stx1Al
and Stx2A1 (for trait depurination, in vitro) at three different concentrations of toxin
(62.5, 125 and 250 nM) as previously described. There are highly significant differences
between Stx1Al and Stx2A1 at all three toxin concentrations tested. At 250 nM, the

mean differences between the two toxins are significant (p<0.0001).
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CHAPTER 3: The higher affinity of the A1l subunit of Shiga toxin 2
toward the ribosome compared to Shiga toxin 1 is not due to conserved

arginines at the P-protein stalk binding site or at the active site.

ABSTRACT

The Al subunit of Shiga toxin 1 (Stx1A1l) and Shiga toxin 2 (Stx2Al) interact with the
conserved C-terminal peptide of ribosomal stalk P-proteins to remove a specific adenine
from the sarcin/ricin loop. We previously showed that Stx2A1 has higher affinity for the
ribosome and higher catalytic activity than Stx1A1l. To determine if conserved arginines
at the distal face of the active site contribute to the higher affinity of Stx2Al for the
ribosome, we mutated Argl72, Argl76 and Argl79 in Stx1Al and Stx2Al. We show
that Argl72 and Argl76 are more important than Argl79 for depurination activity and
toxicity of Stx1 Al and Stx2A1. Mutation of at least two of the three arginines is required
to significantly reduce depurination by Stx2Al in vitro and in cells. R176A and
R172A/R176A mutations eliminated interaction of StxAl and Stx2A1l with ribosomes
and with the stalk, indicating that toxicity can be reduced by inhibiting ribosome
interactions of Stx1Al and Stx2A1l. Mutation of Argl70 at the active site reduced
binding affinity of Stx1Al and Stx2A1 for the ribosome, but not for the stalk. These
results demonstrate that conserved arginines at the distal face of the active site are critical
for interactions of Stx1 Al and Stx2A1 with the stalk, while a conserved arginine at the
active site is critical for non-stalk specific interactions with the ribosome. Mutations at

conserved arginines at either site reduced ribosome interactions of Stx1A1 and Stx2A1l
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similarly, indicating that they do not contribute to the higher affinity of Stx2A1 for the

ribosome.

INTRODUCTION

Shiga toxin (Stx) producing E. coli (STEC) is an emerging foodborne and waterborne
pathogen responsible for hemolytic uremic syndrome (HUS) and hemorrhagic colitis
(HC), which are the leading cause of acute renal failure and mortality in children in the
US (Siegler and Oakes (2005). STEC serotypes, such as E.coli O157:H7 are associated
with severe disease (Boerlin, McEwen et al. 1999). Antibiotics are known to exacerbate
the disease symptoms, and at the present there are no FDA approved vaccines or
therapeutics against STEC infection (Kimmitt, Harwood et al. 2000, Tarr, Gordon et al.
2005, McGannon, Fuller et al. 2010). STEC produces a family of structurally and
functionally related virulence factors called Shiga toxins, the most predominant ones
being Shiga toxin 1 (Stx1) and Shiga toxin 2 (Stx2) (Bergan, Lingelem et al. 2012). Stx2
and Stx1 have one prototype (Stxla and Stx2a) and several subtypes. Stxs are type II
ribosome-inactivating proteins (RIPs) with a catalytically active A subunit, attached to a
pentamer of B subunits. The B subunits facilitate the endocytosis of the toxins into the
cell by binding to a common receptor globotriasylceramide (GB3 or CD77). The toxin
travels in a retrograde manner from the endosome to the endoplasmic reticulum (ER) via
the Golgi network (Sandvig and van Deurs 2005). In order to intoxicate the cell the A
subunit is cleaved into the Al fragment and A2 fragment, which remain together by a
disulfide bond. After reduction of the disulfide bond, the A1 fragment is translocated into

the cytosol from the endoplasmic reticulum (ER), where it refolds into an active
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conformation, binds to the ribosome and removes a specific adenine (A43z4) from the
highly conserved sarcin/ricin loop (SRL) of the 28S rRNA (Endo, Tsurugi et al. 1988).
Depurination of the SRL prevents binding of elongation factor 1 (EF-1)-dependent
amino-acyl tRNA and EF-2, resulting in arrest of protein synthesis at the elongation step
(Clementi, Chirkova et al. 2010, Shi, Khade et al. 2012).

Stx1 as well as other structurally and functionally related RIPs, such as ricin and
trichosanthin (TCS) interact with the ribosomal P-protein stalk to depurinate the SRL
(Chan, Chu et al. 2007, Chiou, Li et al. 2008, McCluskey, Poon et al. 2008, Too, Ma et
al. 2009). The ribosomal stalk and the SRL are part of the GTPase Associated Center
(GAC) of the ribosome, which is involved in binding of elongation factors and
stimulation of translation factor-dependent GTP hydrolysis (Spahn, Jan et al. 2004,
Diaconu, Kothe et al. 2005). In eukaryotes, the stalk is organized as pentamer with
ribosomal uL10 protein (former name PO (Ban, Beckmann et al. 2014)) which constitutes
the base of the stalk and anchors two eukaryotic unique P1/P2 heterodimers (Gonzalo and
Reboud 2003). Lower eukaryotes, such as Saccharomyces cerevisiae, possess two P1/P2
protein forms, P1A, P1B, P2A and P2B, which form two dimers, PIA/P2B and P1B/P2A,
bound to two specific contiguous sites on the ul.10 protein (Krokowski, Boguszewska et
al. 2006). The most prominent feature of the eukaryotic stalk proteins is the highly
conserved motif present at the C-terminal part in the uL10 and P1/P2 proteins, consisting
of a stretch of highly acidic and hydrophobic amino acids, involved in interaction with
trGTPases and RIPs (Choi, Wong et al. 2015). We established that the ribosomal stalk is
the primary docking site for ricin A chain (RTA) on the ribosome (Chiou, Li et al. 2008)

and showed that multiplication of P-proteins is a critical factor accelerating the
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recruitment of RTA to the ribosome (Li, Grela et al. 2010). Using the yeast model we
showed that the two P1A/P2B and P1B/P2A stalk dimers on the ribosome do not
contribute equally to the interaction of ribosomes with RTA (Grela, Li et al. 2014).

The crystal structure of the P11 peptide [SDDDMGFGLFD] corresponding to the
conserved last 11 residues of P-proteins (P11) in a complex with TCS, a single chain RIP
showed that the acidic amino acids at the amino end of P11 [DDD] forms electrostatic
interactions with the positively charged Lys173, Argl74 and Lys177 of TCS, while the
LF motif in the hydrophobic carboxyl end of P11 [FGLF] is inserted into a hydrophobic
pocket at the C-terminal domain of TCS (Too, Ma et al. 2009). Stx1A1 has been shown
to interact with the P11 peptide using Argl72, Argl76 and Argl79 located on the distal
face of the active site (McCluskey, Poon et al. 2008, McCluskey, Bolewska-Pedyczak et
al. 2012). Since P-proteins exist as a pentameric complex on the ribosome, these studies
provided a valuable view, but did not address the interactions with P11 in the context of
the intact ribosome or the pentameric stalk complex. The interactions of Stx2A1 with P11
or with the ribosome were not investigated.

We previously showed that ribosomal P-protein stalk is required for ribosome
depurination and toxicity of the A subunits of Stx1 and Stx2 (Chiou, Li et al. 2011). The
depurination activity of Stx1A on the ribosome was greatly reduced if P1/P2 binding sites
on PO were deleted, while the depurination activity of Stx2A was not affected as much,
indicating that although stalk P-proteins were important for ribosome depurination by
both toxins, Stx2A was less dependent on the stalk proteins for depurination of the SRL
than Stx1A (Chiou, Li et al. 2011). We recently showed that Stx2A1 has a higher affinity

for the ribosome, higher catalytic activity and toxicity than Stx1Al in both yeast and



116

mammalian cells (Basu, Li et al. 2016). The interaction of RTA with the ribosome
depended on electrostatic interactions and followed a two-step binding model, where the
slower non-stalk dependent electrostatic interactions concentrated RTA molecules on the
ribosome and allowed the faster electrostatic interactions with the stalk P-proteins (Li,
Chiou et al. 2009, Li, Kahn et al. 2013). Analysis of the electrostatic surface of the Al
subunits revealed differences in charge distribution around the conserved active site and
on the distal face of the active site, in a region shown to be important for the interaction
of Stx1A1 with the P11 peptide (Basu, Li et al. 2016). In the present study, we mutated
the conserved arginines on the distal face of the active site and at the active site in both
Stx1Al and Stx2A1 to determine if they arginines contribute to the higher affinity of
Stx2A1 for the ribosome. Our results demonstrate for the first time that conserved
arginines at the distal face of the active site are critical for the interaction of Shiga toxins
with the ribosome and with the ribosomal stalk, their depurination activity and toxicity,
while a conserved arginine at the active site affects non-stalk specific interactions with
the ribosome. We show that conserved arginines in neither site contribute to the higher

affinity of Stx2A1 for the ribosome.

MATERIALS AND METHODS

Yeast Strains and Plasmids. Point mutations of arginines to alanines were introduced
into mature Stx1Al (NT1643) and Stx2A1 (NT1644) in pBluescript by site-directed
mutagenesis using the Q5® High-Fidelity DNA Polymerase kit (New England Biolabs,
Ipswich, MA). All mutations were confirmed by DNA sequencing. The wild type (WT)

Stx1A1 (K1 to R251) (NT1651) and Stx2A1 (R1 to R250) (NT1652) and the mutated
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genes for Stx1Al E167K (NT1660), R170A (NT1661), R172A (NT1704), R176A
(NT1706), R172A/R176A (NT1730) and for Stx2Al, E167K (NT1664), R170A
(NT1663), R172A (NT1696), R176A (NT1699), R172A/R176A (NT1731), were sub-
cloned into a yeast expression vector NT1617 carrying a URA3 marker and GALI
promoter with V5 and 10xHis epitope at their C-termini. S. cerevisiae strain W303
(MATa ade2-1 trpl-1 ura3-1 leu2-3,112 his-3-11, 15 canl-100) was transformed with

each of the constructs or the empty vector.

Yeast cell viability assay. The W303 cells containing Stx constructs were grown at
30°C in synthetic dropout (SD) medium supplemented with 2% glucose overnight and
toxin expression was induced by transferring them to SD medium with 2% galactose.
Cells were collected at 0 and 4 hours post induction and serial dilutions of 0.1 ODgoo were
plated on SD-URA plates containing 2% glucose. The plates were then grown at 30°C for

2-3 days.

Total protein extraction and immunoblot analysis. The W303 expressing WT and
mutant forms of Stxs were collected at 6 hours post induction and total protein was
extracted from 5 ODggo yeast cells as described previously (Zhang, Lei et al. 2011).
Stx1A1l and Stx2A1 expression were detected using monoclonal antibodies against V5
(Invitrogen, Carlsbad, CA). Monoclonal antibodies against 3-phosphoglycerate kinase

(Pgklp) (Life Technologies, Grand Island, NY) were used as a loading control.

Purification of 10xHis-tagged and untagged Stx1A1 and Stx2A1. 10xHis-tagged WT

(NT1570) and mutants R172A (NT1761), R176A (NT1741) and R172A/R176A
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(NT1765) in Stx1Al and WT (NT1567) and mutants R172A (NT1762), R176A
(NT1742) and R172A/R176A (NT1766) in Stx2A1 were purified by Dr. Karen Chave at
the Northeast Biodefense Center protein expression core facility using the IMPACT™
protein expression system (New England Biolabs, Ipswich, MA) as described previously
(Basu, Li et al. 2016). Briefly, forward and reverse primers with Ndel and Sapl restriction
sites were synthesized to enable in-frame cloning of the PCR fragments into the
polylinker of the pTXB1 vector (New England Biolabs, Ipswich, MA) resulting in a C-
terminal fusion of the Mycobacterium xenopi intein tag and a chitin binding domain. E.
coli strain Rosetta2 (DE3) pLysS, transformed with the constructs were grown in 2xYT
media, overnight at 16°C. The fusion proteins were purified from E. coli lysates using

chitin beads and the proteins were eluted by thiol-induced cleavage.

Analysis of depurination. W303 cells expressing WT and mutant forms of Stx1A1l and
Stx2A1 were collected at 1 hour post induction. RNeasy Mini Kit (Qiagen, Valencia, CA)
with on column DNase treatment was used to extract the total RNA. cDNA was obtained
from the RNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Grand Island, NY) and depurination was detected with a quantitative real
time PCR method using the StepOnePlus™ Real-Time PCR system (Applied
Biosystems, Grand Island, NY). The 25S reference primers were 5’-AGA CCG TCG
CTT GCT ACA AT-3’and 5’- ATG ACG AGG CAT TTG GCT AC- 3’ and the
depurination primers were 5’- CTA TCG ATC CTT TAG TCC CTC-3’ and 5’- CCG
AAT GAA CTG TTC CAC A-3’ respectively. The AACT method was used to calculate

the depurination levels and data were expressed as fold change of depurination in Stx-
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treated RNA over depurination in control non-treated RNA as described (Pierce, Kahn et
al. 2011).

Monomeric ribosomes were isolated as previously published (Basu, Li et al.
2016). InM of WT Stx1A1 and Stx2A1 and 3-fold dilutions of mutant proteins (R170A,
R176A, and R172A/R176A) (9 nM, 3 nM and 1 nM) were added to 1X RIP buffer (60
mM KCI, 10 mM Tris-HCI (pH 7.4), 10 mM MgCI2) in a final volume of 100 pL. The
reaction was started by adding 7 pmol of monomeric ribosomes and incubated at 30°C
for 10 min. 100 pL of 2X Extraction Buffer (120 mM NaCl, 25 mM Tris-HCI (pH 8.8),
10 mM EDTA, 1 % SDS) was added to stop the reaction. RNA was extracted with phenol
and then phenol/chloroform, and precipitated overnight with ethanol. Depurination was
determined using qQRT-PCR (Pierce, Kahn et al. 2011).

Total RNA (1pg) from yeast cells (RNeasy Mini Kit (Qiagen, Valencia, CA))
was incubated with 250 nM of WT and mutant Stx1A1l and Stx2A1 (R170A, R176A,
R172A/R176A) in a final volume of 20 pL in 20 mM citrate buffer (pH 5) at 37°C for 15
min. RNA was purified with phenol and then phenol/chloroform and the depurination of
rRNA was quantified using qRT-PCR assay. The AACT method was used to calculate the
depurination level and data were expressed as fold change of depurination in Stx-treated

RNA over depurination in non-treated RNA as described (Pierce, Kahn et al. 2011).

Interaction of Stx1A1 and Stx2A1 with yeast ribosomes and with the ribosomal stalk
pentamer. Biacore T200 (GE Healthcare Bio-Sciences, Pittsburgh, PA) was used to
study the interaction of 10xHis-tagged A1 subunits with the ribosome using an NTA
chip. The amount of captured toxin monitored in real time by Biacore T200 was 800 + 20

RU. Ribosomes at different concentrations were passed over the surface at 30 uL/min for
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2 min using the single injection kinetic method. Dissociation was for 5 min. Running
buffer contained 10 mM Hepes pH 7.4, 150 mM NaCl and 5 mM Mgcl,, 50 uM EDTA
and 0.003 % Surfactant P20. The surface was freshly captured at each cycle. Interaction
of the A1 subunits with the isolated ribosomal stalk pentamer was analyzed by capturing
1000 RU of 10xHis-tagged toxins on a NTA chip and the same amount of 10xHis-tagged
EGFP on the reference channel. Running buffer is the same as the ribosome interaction
buffer except it contained 10 mM MgCl,. Yeast stalk pentamer was passed over the
surface at different concentrations at 30 pL/min for 3 min and the final dissociation was

for 5 min.

Transfection of Vero cells with the A1 subunits. WT Stx1A1 (K1 to R251) (NT1776)
and Stx2A1 (R1 to R250) (NT1777) and Stx1Al variants, E167K (NT1796), R170A
(NT1784), R172A (NT1804), R176A (NT1774), R172A/R176A (NT1806) and Stx2Al
variants, E167K (NT1797), R170A (NT1785), R172A (NT1805), R176A (NT1775),
R172A/R176A (NT1807) with V5 and 10xHis-tags were cloned into the mammalian
expression vector pPCAGGs at the Sacl-Xhol sites and cotransfected into Vero cells with
an EGFP expression plasmid in pCAGGs using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) as previously described (Basu, Li et al. 2016). Biotek plate reader was
used to measure the EGFP fluorescence at 22 h post DNA exposure from the bottom of
the plate with 485/20 excitation filter and 530/25 emission filter. Assays were performed
in quadruplicate. Fluorescence measured in cells cotransfected with EGFP and empty
vector was considered as 100 % and fluorescence in controls lacking the EGFP plasmid

as background.
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Analysis of ribosome depurination in Vero cells. Vero cells containing WT Stx1A1
(K1 to R251) (NT1776) and Stx2A1 (R1 to R250) (NT1777) and Stx1Al variants,
E167K (NT1796), RI170A (NT1784), RI172A (NT1804), RI176A (NT1774),
R172A/R176A (NT1806) or Stx2Al variants, E167K (NT1797), R170A (NT1785),
R172A (NT1805), R176A (NT1775), R172A/R176A (NT1807) were grown as described
above. Cells were collected at 23 h after DNA exposure. Total RNA was extracted using
the RNeasy Mini Kit (Qiagen, Valencia, CA) with on column DNase treatment. qRT-

PCR assay was used to quantify depurination (Pierce, Kahn et al. 2011).

Isolation of rat liver ribosomes. Monomeric ribosomes were isolated from rat livers
were as previously described (Basu, Li et al. 2016). Briefly livers were dissected from
rats, rinsed in cold buffer A (20 mM HEPES-KOH pH 7.6, 5 mM MgOAc, 50 mM KClI,
10 % glycerol) with 1 mM PMSF, 1 mM DTT, and protease inhibitor cocktail for
mammalian tissue culture (Sigma-Aldrich, St. Louis, MO) and frozen in liquid No.
Thawed livers were homogenized in cold Buffer A plus 1 mM PMSF, 1mM DTT, and
protease inhibitor cocktail for mammalian tissue culture (Sigma-Aldrich, St. Louis, MO)
and centrifuged at 20,000 g for 20 min. The supernatant was treated with 1% sodium
deoxycholate for 10 min with constant stirring on ice and sedimented at 150,000 g for 90
min. The pellet was rinsed twice in Buffer B (20 mM HEPES-KOH, pH 7.6, 20 mM
MgOAc, 0.5 M KCI, 10% Glycerol) with 1 mM PMSF, 1 mM DTT, and stored overnight
at 4°C in a small amount of the same buffer. The ribosomes were resuspended with a
Dounce homogenizer in buffer B with 1 mM DTT and 1 mM PMSF and incubated 30
min at 30°C with 1 mM puromycin, 1 mM GTP. The supernatant was clarified by

centrifugation at 20,000 g for 15 min and layered over a cushion of buffer B with
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glycerol raised to 25 %. Ribosomes were sedimented at 150,000 g for 2 h. The pellets
were rinsed in Buffer C (50 mM HEPES-KOH pH 7.6, 5 mM MgOAc, 50 mM NH4Cl,

0.1 mM DTT and 25% glycerol), resuspended in 5 ml Buffer C and stored -80 °C.

Depurination of rat liver ribosomes. Depurination analysis of rat liver ribosomes was
performed as described for yeast. InM of WT Stx1A1 and Stx2A1 and 3-fold dilutions of
mutant proteins (R170A, R176A, R172A/R176A) (9 nM, 3 nM and 1 nM) were used in
the treatment of 7 pmol of rat ribosomes. Depurination was analyzed by qRT-PCR

(Pierce, Kahn et al. 2011).

Interaction of Stx1A1 and Stx2A1 with rat liver ribosomes. The interaction of 10xHis-
tagged WT and variant Stx1A1 and Stx2A1 with rat liver ribosomes was examined using
Biacore T200 (GE Healthcare Bio-Sciences, Pittsburgh, PA). The amount of toxin
captured on an NTA chip was monitored in real time was 1800 £ 50 RU. Ribosomes at
different concentrations were passed over the surface at 30 pL/min for 2 min using the
single injection kinetic method. Dissociation was for 5 min. Running buffer contained
10 mM Hepes pH 7.4, 150 mM NaCl and 5 mM Mgcl,, 50 uM EDTA and 0.01 %

Surfactant P20. The surface was freshly captured at each cycle.

Statistical analysis. Data for Fig. 1-5, 7 and 8 were analyzed by student’s two sample t-
test using Origin software (OriginLab v.8.0, Northampton, MA). Statistical analyses of
data in Fig. 6A and B were conducted by using SAS 9.4 (SAS Institute, Inc., Cary, NC).
Data were analyzed by generalized mixed linear models using PROC GLM (Procedure

for Generalized Linear Models) to test for statistical differences between treatments.
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Least square means were calculated, and specific preplanned contrasts (Steel, James et al.

1997) were computed to compare treatment means between Stx1A1 and Stx2A1 for each

treatment.
A
]
1
180°
Stx1A1
B

Stx2A1

FIG 3.1 Crystallographic structures have Stx1A1 and Stx2A1 showing the active site
and ribosome stalk binding mutants. Crystallographic structures of Stx1Al and
Stx2A1 showing the active site and the distal face of the active site. The Al subunits of
Shiga toxin and Shiga toxin 2 were modeled from the Protein Data Bank ID: 1DMO
(Shiga toxin) and 1R4P (Shiga toxin 2). Active site of Stx1Al (red) is more embedded
(A) than the active site of Stx2A1 (B). A rotation about the y-axis by approximately 180°

reveals the conserved arginines (blue) in Stx1A1 (A) and in Stx2A1 (B).
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RESULTS

Arginine R172 and R176 are more important than R179 in the cytotoxicity and
depurination activity of Stx1A1 and Stx2Al1 in yeast. Comparison of the
crystallographic structures of Stx1 Al and Stx2A1 (Fig. 1A and B) show that R172, R176
and R179, previously shown to be involved in the interaction of Stx1Al with pll
(McCluskey, Bolewska-Pedyczak et al. 2012), are more exposed in Stx1A1 than Stx2Al,
suggesting that R172, R176 and R179 might play a differential role in ribosome binding
in Stx1A1 and Stx2A1. We therefore mutated R172, R176 and R179 to alanine in Stx1A1
and Stx2A1. We included mutations in the active site residues Glul67 (E167K) and
Argl70 (R170A) (Fig 1A and B) as controls. The wild type (WT) and mutant forms of
Stx1A1 and Stx2A1 were expressed in yeast under the control of the GAL/ promoter, and
viability was determined by induction on galactose for 4 hours followed by plating serial
dilutions on media containing glucose. The colony forming units calculated based on the
viability assay are shown in Fig. 2A and Fig. SIA. WT Stx2A1 grew 2-fold slower than
WT Stx1A1 (Fig. 2A and S1A). While there was a significant increase in the viability of
R172A and R176A, R179A did not show a significant increase in viability compared to

WT and was not analyzed further (Fig. S1A).
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FIG 3.2 (A) Viability and ribosome depurination in yeast expressing wild type (WT)
or mutant Stx1A1 or Stx2A1l. Yeast cells transformed with plasmid carrying WT or
mutant Stx1Al or Stx2Al or the empty vector (VC) were grown in SD medium
supplemented with 2% glucose and then transferred to SD medium supplemented with
2% galactose. At 0 and 4 hours post induction (hpi), a series of 10-fold dilutions were
plated on media containing 2% glucose and grown at 30°C for 1-2 days. Colony forming

units per ml (CFU/ml) at 4 hpi were calculated from at least 3 independent transformants.
Error bars represent S. E. where n=3 independent experiments. Means of Stx1 A1l Stx2A1
and their variants were significantly different using two-sample t-test (*means compared

to respective WT; #means compared between Stx1A1 and Stx2A1. ***P< (0.001, ****pP<

0.0001, "P< 0.05).

To determine if mutation of more than one arginine would lead to a further

reduction in toxicity, we mutated two or three different arginines at the distal face of the
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active site to alanine simultaneously and compared their viability relative to WT (Fig.
S1A). The growth of double (R172A/R176A and RI172A/R179A) and triple
(R172A/R176A/R179A) arginine mutants was similar to the empty vector (Fig. S1A),
indicating that simultaneous mutation of two arginines reduced toxicity to a minimal
level in both toxins. These results showed that Argl79 is not as important as Argl72 and
Argl76, but has an effect in reducing the toxicity when combined with mutations at
nearby arginines (Fig. S1A). Since there were not discernible differences among the
growth of the double and the triple mutants (Fig. S1), R172A/R176A was selected for
further analysis. The E167K mutation led to a total loss of cytotoxicity, while R170A
mutation reduced toxicity of both Stx1A1 and Stx2A1 (Fig. 2A). Although Glul67 and
Argl70 play a critical role in the catalytic activity of Shiga toxins, the complete loss of
toxicity of E167K might be due to the drastic change from a negatively charged residue
to a positively charged residue. In contrast, R170A retains some toxicity, possibly
because the positive charge is replaced by a smaller neutral alanine (Fig. 2A).

The expression of arginine variants in yeast was analyzed by immunoblot analysis at 6
hpi with monoclonal antibodies against the V5 epitope (Fig. 2B). Monoclonal antibodies
against phosphoglycerate kinase 1 (PGK1) were used as a loading control. As observed
previously (Basu, Li et al. 2016), the expression level of the arginine variants correlated
inversely with their toxicity. All mutants were expressed at higher levels than WT,

consistent with their lower toxicity (Fig. 2B).
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FIG 3.2 (B) Immunoblot analysis of yeast cells transformed with wild type (WT) or
mutant Stx1A1l or Stx2A1l Stx1Al and Stx2A1l, Total protein from 5 ODgg cells
isolated at 6 hpi was separated on a 12% SDS-PAGE and probed with anti-V5. Anti-

phosphoglycerate kinase 1 (PGK1) was used as a loading control.

In order to determine if there is a correlation between the reduced cytotoxicity and
depurination activity in yeast, the depurination activity of the arginine variants was
examined using a previously described quantitative reverse transcriptase polymerase
chain reaction (QRT-PCR) assay (Pierce, Kahn et al. 2011). Total RNA was collected
from yeast cells at 1 hpi and depurination was determined relative to yeast harboring the
empty vector using the comparative CT method (AACT). All mutants showed a
significant reduction in the depurination level when compared to WT Stx1A1 and Stx2A1
except R179A (Fig. S1B). The E167K single mutation eliminated depurination consistent
with the viability assay (Fig. 2C). Stx2Al containing the single R170A, R172A or
R176A mutations depurinated ribosomes at a significantly higher level than Stx1A1l
containing the same mutations, while simultaneous mutations at Argl72 and Argl76

caused a similar reduction in depurination level of Stx1A1 and Stx2A1 (Fig. 2C and Fig.
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S1B). These results showed that conserved arginines play a critical role in the toxicity
and depurination activity of Stx]1 A1l and Stx2A1 in yeast. However, Argl70, Argl72 and

Argl76 are more critical for the depurination activity and toxicity of Stx1Al than

Stx2AL
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FIG 3.2 (C) Depurination of ribosomes in yeast. Total RNA (375 ng) isolated from 1
ODggp cells expressing WT or mutant Stx1A; (grey bars) or Stx2A1 (black bars) collected
at 1 hpi was used to quantify the relative level of depurination using qRT-PCR. The y-
axis shows the fold change in depurination of toxin-treated samples over the control
samples without toxin (VC). Error bars represent S. E. where n=3 replicates. Means of
WT Stx1A1, Stx2A1 and Stx1A1l and Stx2A1 variants were significantly different using
two-sample t-test (*means compared to respective WT; #means compared between
Stx1Al and Stx2A1. *P< 0.05, **P< 0.01, ***P< 0.001, “P< 0.05, P< 0.01, NS= Not

significant).
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Arginine variants depurinate yeast ribosomes at a reduced level, but depurinate
yeast RNA at a similar level as WT Stx1A1 and Stx2A1. To examine the depurination
activity of the arginine mutants, 10xHis-tagged WT and mutant forms of Stx1A; and
Stx2A; were expressed in E. coli and purified. The dramatic change from glutamic acid
to lysine likely affected folding and prevented purification of Stx1Al and Stx2A1l
containing E167K mutation. This mutant and Stx2A1 containing R172A mutation could
not be purified. Recombinant R170A, R176, R172A/R176A mutants and WT Stx1A1 and
Stx2A1 were analyzed by immunoblot analysis using monoclonal antibodies against
histidine (Qiagen, Valencia, CA). Each toxin migrated on SDS-PAGE as expected for its

size (Fig. 3A).

A WT R170A RI176A  RI72A/RI76A
S1 S2 S1 S2 S1 S2 S1 S2
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FIG 3.3 (A) Immunoblot analysis of purified 10xHis-tagged wild type (WT) or
mutant Stx1A1 and Stx2A1. Equal amount (1ug) of purified Stx1A1 (S1) and Stx2A1
(S2) were separated on a 12 % SDS-polyacrylamide gel. 10xHis-tagged Stx1A1 (S1) and

Stx2A1 (S2) were detected by monoclonal anti-His.

Depurination activity of recombinant Stx variants was examined using monomeric
yeast ribosomes (Fig. 3B and C). The ribosomes were treated with 3-fold higher doses of

the mutant toxins in order to ascertain the linear range of increase in depurination relative
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to toxin concentration. Depurination by RI170A variant was significantly reduced
compared to WT Stx1Al or Stx2A1 at all doses tested (Fig. 3B). Stx]1A1l R176A and
R172A/R176A had significantly lower depurination levels in comparison to WT even at
9 nM toxin concentration (Fig. 3C). In contrast, only Stx2A1 R172A/R176A had
significantly lower depurination levels in comparison to WT at 9 nM toxin concentration
(Fig. 3C). There was a highly significant reduction in depurination at the lower
concentrations of Stx2A1 R176A, but the reduction in depurination was not observed
when it was used at 9 nM (Fig. 3C). Stx2A1l variants containing single mutations
depurinated ribosomes at a significantly higher level than Stx1A1 variants (Fig. 3B and
C). The R172A/R176A double mutation resulted in a comparable level of depurination in
Stx1A1 and Stx2A1 (Fig. 3C), indicating that mutation of both arginines is necessary to

reduce the depurination activity of Stx2A1 to the same level as Stx1A1 (Fig. 3C).
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FIG 3.3 (B & C) Depurination of yeast ribosomes by purified wild type (WT),
R170A and R176A 10xHis-tagged Stx1A1 and Stx2A1l. Yeast ribosomes (7 pmol) were
incubated with different amounts of wild type (WT), R170A, R176A, R172A/R176A
10xHis-tagged Stx1A1 (grey bars) or Stx2A1 (black bars) at 30°C for 10 min. The rRNA
(375 ng) was used to quantify the relative levels of depurination by qRT-PCR. The y-
axis shows the fold change in depurination of toxin-treated samples over the control
samples without toxin treatment (NT). Error bars represent S. E. where n=3 replicates.
Means of WT Stx1A1, Stx2Al and their variants were significantly different using two-
sample t-test (*means compared to respective WT; #means compared between Stx1A1l

and Stx2A 1. **P< 0.01, ****P< 0.0001, “P< 0.01, "P< 0.0001 NS= Not significant).

When total yeast RNA was used as a substrate for depurination with purified toxins,

Stx1Al and Stx2A1 containing R176A and R172A/R176A mutations showed similar
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depurination activity as WT Stx1A1l and Stx2A1 (Fig. 3D and E). In contrast, R170A
showed no activity on RNA, since this mutation was at the active site (Fig. 3D). WT
Stx2A1 and Stx2A1 R176A and R172A/R176A depurinated RNA at a significantly
higher level than WT Stx1A1l and Stx1Al R176A and R172A/R176A, respectively,
indicating that WT Stx2A1 and Stx2A1 R176A and R172A/R176A were more active.
Therefore R176A and R172A/R176A mutations do not affect RNA binding or catalytic
activity, providing evidence that the reduction in ribosome depurination is not due to a
reduction in catalytic activity. In contrast, reduced catalytic activity is responsible for the

reduction in ribosome depurination by R170A (Fig. 3D).
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FIG 3.3 (D & E) Depurination of total RNA from yeast by purified Stx1Al or
Stx2A1. Total RNA (lpg) was incubated with different amounts of wild type (WT),
R170A, R176A, R172A/R176A 10xHis-tagged Stx1A1 (grey bars) or Stx2Al (black
bars) at 37°C for 15 min. The relative levels of depurination were determined using qRT-
PCR [38]. The y-axis shows the fold change in depurination over the control samples
without toxin treatment (NT). The analysis was repeated three times. Error bars
represent S. E. where n=3 replicates. Means of Stx1Al Stx2A1 and their variants were
significantly different using two-sample t-test (# means compared between Stx1Al and

Stx2A1. "P<0.05, *P< 0.01, NS= Not significant).

Arginine mutations affect the interaction of the Al subunits with the ribosome and
with the stalk pentamer in yeast. To determine if reduced depurination is due to
reduced interaction with the ribosome we examined the interaction of Stx variants with

intact yeast ribosomes and with the purified stalk pentamer from yeast by surface
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plasmon resonance (SPR) using Biacore. In order to detect binding, 10xHis-tagged WT
Stx1A1l, 10xHis-tagged WT Stx2A1 and 10xHis-tagged R176A and R172A/R176A
variants were captured on a NTA chip at 800 RU. The same amount of 10xHis-tagged
EGFP was captured on the reference channel as a control (Fig. 4A and B). We could not
detect binding of Stx1 A1l and Stx2A1 containing R176A or R172A/R176A mutations to
the ribosome at concentrations up to 40 nM (Fig. 4A and B). Binding was not detected
even when R176A or R172A/R176A were captured at 2500 RU. These results
highlighted the importance of these residues in the interaction with the ribosome. They
also showed that Stx2A1 bound ribosomes at a higher level than Stx1A1, consistent with

previous results (Basu, Li et al. 2016).
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FIG 3.4 (A & B) Interaction of wild type (WT), R176A and R172A/R176A 10xHis

tagged Stx1Al and Stx2A1 with yeast ribosomes. Wild type (WT) R176A and

R172A/R176A 10xHis-Stx1A1l (A) and 10xHis-Stx2A1 (B) were captured on an NTA

chip. Different concentrations of ribosome were passed over the surface as analyte as

shown.

TABLE 3.1. Apparent K, (M) of the interaction of A; subunits with ribosomes *

Mean Apparent KD (M)
Toxin
Yeast Ribosomes Rat Ribosomes
WT 8.47+0.15X 10%* 9.39+2.03 X 10
Stx1A1
R170A  9.37+0.23 X 103" 11.71+1.91 X 1081
WT 2.89+0.08 X 10 °¢ 4.39+0.15 X 1032
Stx2A1
R170A  3.45+0.22X10%4 5.06:0.83 X 10"
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4 Letters indicate statistical comparisons, where means were significantly different
between a and b (P<0.01), between ¢ and d (P<0.05), between b and d (P<0.001),
between e and f (P<0.05), g and h (P<0.05) and f and h (P<0.001) as determined using

two-sample t-test.

In order to examine the interaction of the Stx variants with the stalk pentamer,
10xHis-tagged WT Stx1Al and Stx2Al and 10xHis-tagged R176A and R172A/R176A
variants were captured on different channels of an NTA chip at 1000 RU and the purified
stalk pentamer from yeast was passed over the surface (Fig. 4C and D). The same amount
of 10xHis-tagged EGFP was captured on the reference channel as a control. R176 or
R172/R176 mutations eliminated the interaction of Stx1Al and Stx2A1 with the stalk

pentamer, even at 16.2 nM stalk pentamer concentration (Fig. 4C and D).
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FIG 3.4 (C & D) Interaction of wild type (WT), R176A and R172A/R176A 10xHis-
tagged Stx1A1 and Stx2A1 with the isolated yeast ribosomal stalk pentamer. Wild
type (WT), R176A and R172A/R176A 10xHis-Stx1A1 (C) or 10xHis- Stx2A1 (D) were
captured on an NTA chip at 1000 RU and the same amount of EGFP was captured on the
reference channel. Different concentrations of stalk pentamer were passed over the

surface as analyte as shown.

To determine if arginine to alanine conversion at the active site affected the
interaction of Stx1Al and Stx2A1 with the ribosome, we examined the interaction of
R170A with ribosomes and with the purified stalk pentamer. As shown in Fig. 5A and B,
Stx1A1 R170A interacted with ribosomes at a 1.7-fold lower level than WT, while
Stx2A1 R170A bound ribosomes at a 1.3-fold lower level than WT when 40 nM yeast

ribosomes were used. Since the interaction did not fit a 1:1 model, the association (k,,)
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and dissociation (k) rates could not be accurately determined. Instead binding level was
used to calculate the equilibrium dissociation constant (Kp) (Table 1). The apparent Kp
values of R170A variants were 1.2-fold higher than WT for Stx1A1 and Stx2A1 and this
difference was significant. These results indicate that a slight change in the overall charge
of the toxin molecule due to a mutation at the active site affects its interaction with the
ribosome (Fig. 5A and B). The apparent Kp values for WT Stx1A1l and Stx1A1 R170A
were 3-fold higher than the apparent Kp values for WT Stx2Al and Stx2A1 R170A,
respectively, indicating that WT Stx2A1 and Stx2A1 R170A have higher affinity for the

ribosome than WT Stx1A1 and Stx1A1 R170A, respectively.
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FIG 3.5 (A & B) Interaction of wild type (WT) and R170A 10xHis-tagged Stx1A1
and Stx2A1 with yeast ribosomes. Wild type (WT) and R170A 10xHis-tagged Stx1Al
(A) and Stx2A1 (B) were captured on a NTA chip at 800 RU. Different concentrations of

ribosome were passed over the surface as analyte as shown.

When the interaction of R170A variants was examined with the stalk pentamer, the
interaction fit into a 1:1 interaction model (Fig. 5C and D). Stx1Al R170A showed
slightly slower k,, and k. compared to WT Stx1A1, which led to a slightly higher Kp in
comparison to WT. Stx2A1 R170A, had slightly faster k,, and k5 but Kp was almost
identical to that of WT Stx2Al (Fig. 5C and D). The affinity and association and
dissociation rates of R170A variants for the stalk complex were not significantly different
than WT Stx1A1and Stx2A1 (Table 2). These results indicate that the lower affinity of
the R170A variants for the ribosome compared to WT Stx1A1l and Stx2A1 is not due to

their interaction with the stalk pentamer.
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TABLE 3.2. Stalk interaction Parameters !

Toxin k. M's™h ka (s Kp (M)

WT 1.53+0.76 X 10° 2.29+0.56 X 107 1.50+0.59 X 10~
Stx1A1
R170A  1.05+0.55 X 10° 2.04+0.23 X 10 1.89+0.52 X 10~

WT 1.2840.23 X 10° 2.34+0.45 X 10° 1.84+0.21 X 10
Stx2A1
R170A  1.39+0.08 X 10° 2.55+0.28 X 10° 1.83+0.31 X 10"

4 Letters indicate statistical comparisons, where means were not significantly different
between a and b, between ¢ and d, between e and f, between g and h, between i and j and

between k and I, as determined by using a two sample t test.
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FIG 3.5 (C & D) Interaction of wild type (WT) and R170A 10xHis-tagged Stx1A1
and Stx2A1 with the isolated yeast ribosomal stalk pentamer. Wild type (WT) and
R170A 10xHis-Stx1Al (C) or 10xHis- Stx2A1 (D) were captured on an NTA chip at
1000 RU and the same amount of EGFP was captured on the reference channel.
Different concentrations of stalk pentamer were passed over the surface as analyte as

shown.

Stx ribosome binding mutants affect protein expression and depurination in
mammalian cells. In order to determine the relative effect of the mutations in conserved
arginines in mammalian cells, an EGFP transfection assay (Fig. 6A) was used to measure
translation as previously described (Basu, Li et al. 2016). Vero cells were co-transfected
with plasmids carrying WT Stx1Al and Stx2A1 or their variants (E167K, R170A,
R172A, R176A, R172A/R176A) and EGFP on a separate plasmid. Cells transfected with

EGFP plasmid alone were used as control (Fig. 6A). Since protein levels of Stx1 A1l and
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Stx2A1 were too low to detect by immunoblotting, RNA expression was measured by
qRT-PCR (Basu, Li et al. 2016). The RNA expression levels of WT Stx1A1 and Stx2Al
and variants were not different in Vero cells (Fig. S2). E167K and R172A/R176A
variants showed significantly higher levels of EGFP fluorescence than WT Stx1A1 and
Stx2A1 (Fig. 6A and Table S2). The difference in EGFP fluorescence levels in R170A,
R172A and R176A variants relative to their respective WT did not achieve significance,
indicating that mammalian cells are more sensitive to the toxins in comparison to yeast

(Fig.6A).
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FIG 3.6 (A) Translation inhibition and ribosome depurination in mammalian cells
expressing wild type (WT) or mutant Stx1Al or Stx2Al. Vero cells were
cotransfected with WT or mutant forms of Stx1A1 (gray bars) or Stx2A1 (black bars) and
EGFP. Cells carrying the empty vector (VC) were used as controls. EGFP fluorescence

was measured at 22 h post transfection. Fluorescence measured in cells cotransfected
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with EGFP and empty vector was considered as 100 % and fluorescence in controls
lacking EGFP plasmid as background. Experiment was repeated at least three times. A
representative experiment is shown. Error bars represent S. E. where n=3 technical
replicates. Statistical significance of means for WT Stx2A1 and Stx1Al and variants
were determined by using PROC GLM. Only E167K and R172A/R176A variants were

significantly different from WT (P< 0.001).

Total RNA from Vero cells was analyzed to determine the in vivo depurination
levels. While there was some difference in depurination levels of the WT Stx1A1 and its
variants (Fig. 6B), they were too low to be statistically significant. For Stx2A1 the
depurination levels of all mutants were significantly reduced in comparison to WT (Fig.

6B and Table S2).
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FIG 3.6 (B) Depurination of ribosomes from mammalian cells expressing wild type

(WT) or mutant by Stx1A1 and Stx2Al. Total RNA (375 ng) from Vero cells
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expressing WT or mutant forms of Stx1 A1 (grey bars) or Stx2A1 (black bars) collected at
23 hour post DNA exposure was used to quantify the relative levels of depurination using
gRT-PCR. The y-axis shows the fold change in depurination over the control samples
(VC). The table shows the fold change in depurination levels in cells transfected with
Stx1A1 and Stx2Al1 relative to cells transfected with the empty vector. Experiment was
repeated at least three times. A representative experiment is shown. Error bars represent
S. E. where n=3 technical replicates. Statistical significance of means for WT Stx2A1 and
Stx1A1 and variants were determined by using PROC GLM. Means were significantly

different between WT Stx2A1 and Stx2A1 variants (P< 0.001).

When purified rat liver ribosomes were treated with recombinant WT Stx1A1 and
Stx2A1 and variants, Stx1Al exhibited significant depurination (Fig. 7A and B). As
observed with yeast ribosomes (Fig 3), all mutants showed a significant reduction in
depurination in comparison to WT at 1 and 3 nM (Fig. 7A and B). Stx1A1 and Stx2A1
R172A/R176A showed a similar level of reduction in depurination at the different
concentrations tested. Stx2A1 R172A/R176A had significantly lower depurination in
comparison to WT even at 9 nM. These results indicate that mutation of arginines at the
distal face of the active site reduce depurination of mammalian ribosomes by Stx1A1 and
Stx2A1. Both arginines need to be mutated to reduce the depurination of mammalian
ribosomes by Stx2A1 to the same level as Stx1Al. Collectively, this data show that
arginines at the distal face of the active site affect ribosome depurination and toxicity of

Stx1A1 and Stx2A1 in mammalian cells.
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FIG 3.7 (A & B) Depurination of rat liver ribosomes by purified wild type (WT),

R170A and R176A 10xHis-tagged Stx1A1land Stx2A1l. Rat liver ribosomes (7 pmol)
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were incubated with different concentrations of wild type (WT), R170A, R176A,
R172A/R176A 10xHis-tagged Stx1A1 (grey bars) or Stx2A1 (black bars) at 30°C for 10
min. Total rRNA (375 ng) was used to quantify the relative levels of depurination by
qRT-PCR. The y-axis shows the fold change in depurination of toxin-treated samples
over the control samples without toxin treatment (NT). Error bars represent S. E. where
n=3 replicates. Means of WT Stx1Al Stx2A1 and their variants were significantly
different using two-sample t-test (*means compared to respective WT; #means compared
between Stx1A1 and Stx2A1 **P< 0.01, ****¥P< 0.0001, *P< 0.01, “*P< 0.0001, NS=

Not significant).

Arginine mutations affect the interaction of the Al subunits with mammalian
ribosomes. In order to determine if reduced depurination is due to reduced binding to rat
liver ribosomes, the interaction of 10xHis-tagged WT Stx1Al and Stx2A1 and 10xHis-
tagged R176A and R172A/R176A variants with rat liver ribosomes was analyzed using
Biacore. The Al chains were captured on a NTA chip at 1800 RU, and rat liver
ribosomes were passed over the surface at different concentrations using single-cycle
kinetics. The same amount of 10xHis-tagged EGFP was captured on the reference
channel as a control (Fig. 8A and B). As observed with yeast ribosomes, R176A and

R172A/R176A variants failed to interact with rat liver ribosomes.
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FIG 3.8 (A & B) Interaction of rat liver ribosomes with 10xHis-tagged WT Stx1Al,

WT Stx2A1 and 10xHis-tagged R176A and R172A/R176A variants. WT Stx1Al, WT

Stx2A1, R176A and R172A/R176A variants were captured on an NTA chip at 1800 RU.

Different concentrations of rat liver ribosomes were passed over the surface as analyte.
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When interaction of 10xHis-tagged R170A variants was examined with rat liver
ribosomes, there was a 1.2 fold reduction in the binding levels of Stx1Al and Stx2A1
R170A in comparison to WT Stx1Al and Stx2A1 (Fig. 8C and D). This difference was
significant (Table 1). These results demonstrated that Argl70 is critical for interaction of
Stx1A1l and Stx2A1 with rat liver ribosomes and highlighted the importance of surface

charge in the interaction of the A1 subunits with mammalian ribosomes.
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FIG 3.8 (C & D) Interaction of rat liver ribosomes with 10xHis-tagged WT Stx1Al,
WT Stx2A1 and 10xHis-tagged R170A. 10xHis-Stx1A1, 10xHis-Stx2A1 and 10xHis-
R170A variants were captured on a NTA chip at 1800 RU. Different concentrations of rat

liver ribosomes were passed over the surface as analyte as shown.

DISCUSSION

Arginines on the distal face of the active site are critical for the depurination activity
and toxicity of Stx1Al1l and Stx2Al. Our recent results indicated that there are
differences in the biphasic interaction of Stx1A1l and Stx2A1 with the ribosome (Basu, Li
et al. 2016). Stx2A1 had a higher affinity for the ribosome and a higher catalytic activity
in comparison to Stx1Al in yeast and in mammalian cells. Examination of electrostatic
surfaces of Stx1Al and Stx2A1 indicated a number of differences (Basu, Li et al. 2016).
A ~180° rotation along the y-axis revealed the positively charged zone, which was

composed of several arginines and was larger and more exposed in Stx1Al than in
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Stx2A1 (Fig. 1) (Basu, Li et al. 2016). To determine if these differences contribute to the
higher affinity of Stx2A1 for the ribosome we mutated Argl72, Argl76 and Argl79
previously shown to be critical for the interaction of Stx1A1l with P11 (McCluskey,
Bolewska-Pedyczak et al. 2012) and examined the effect of these mutations on ribosome
binding, depurination activity and toxicity. Point mutations at Argl79 did not show any
obvious reduction in toxicity and depurination activity in either Stx1Al or Stx2Al in
yeast (Fig. SIA and B). In contrast, R172A and R176A mutations led to a significant
reduction in toxicity (Fig. 2A) and depurination activity (Fig. 2C). These results indicate
that the three different arginines have different roles in depurination activity and toxicity
of Stx1A1 and Stx2A1. Point mutations at Argl72 or Argl76 showed greater reduction in
Stx1A1l than Stx2A1 compared to their respective WT, indicating that they are more
critical for the depurination activity and toxicity of Stx1Al than Stx2Al. These results
demonstrate for the first time that arginines on the distal face of the active site are
important for the depurination activity and toxicity of Stx1A1 and Stx2A1.

While there was a significant difference in the depurination levels among the
Stx1A1 and Stx2A1 mutants in yeast, this difference was not apparent in the cytotoxicity
assay, indicating that the absolute level of depurination does often not correlate with
cytotoxicity (Yan, Li et al. 2012). In RTA at least two arginines had to be mutated in
order to perturb the interaction between the toxin and the stalk pentamer or the ribosome
before reduction toxicity was observed (Li, Kahn et al. 2013). Similarly in TCS, single
point mutations reduced the interaction with the P2 protein while a triple mutation
disrupted the interaction (Chan, Chu et al. 2007). The depurination levels of Stx2A1l

single mutants on yeast (Fig. 3B and C) and rat liver ribosomes (Fig. 7A and B) were
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consistently higher than Stx1A1 single mutants. Unlike the single mutations, the double
and triple arginine mutations had similar effects and caused a more drastic reduction in
Stx2A1 than Stx1A1 (Fig. S1 and Fig. 2).

The single arginine mutations were also effective in reducing translation
inhibition and depurination in mammalian cells (Fig. 6A and B). However, the double
arginine mutant led to a dramatic reduction in translation inhibition and depurination by
Stx1Al and Stx2A1 (Fig. 6A and B). We observed a very low level of depurination by
Stx1A1, which may be due to reduced stability of Stx1A1l in mammalian cells. A recent
study suggested that the truncation of more than 4-6 residues from the C-terminal end of
the A subunits of Stx1 and Stx2 affects the stability of Stx1A more than Stx2A and may
lead to a faster degradation in comparison to the WT in HeLa cells (Kymre, Simm et al.
2015). Since in our study A1 subunits are expressed without the A2 subunits, stability of
Stx1 Al may be affected. Our results indicate that mutation of more than one arginine is
required to cause a substantial reduction in the toxicity and depurination activity of
Stx2A1. A plausible reason might be that Stx2A1 has higher catalytic activity than
Stx1A1, since it depurinates naked RNA more efficiently than Stx1Al even in the
absence of ribosomal proteins (Fig. 3D and E) (Basu, Li et al. 2016). Further analysis is

required to fully understand the basis for this variation.

Conserved arginines on the distal face of the active site are critical for the
interaction of Stx1A1 and Stx2A1 with the ribosome and with the stalk pentamer.
We previously showed that the interaction of RTA with yeast ribosomes by SPR did not

fit 1:1 interaction model, but rather followed a two-step binding model (Li, Chiou et al.
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2009). We proposed that the non-stalk-specific electrostatic interactions with the
ribosome increase the local concentration of RTA on the ribosome and promote its
diffusion to the stalk. Electrostatic interactions with the P-protein stalk stimulate the
depurination activity of RTA by orienting RTA towards the SRL (Li, Kahn et al. 2013).
Stx1A1l and Stx2Al interactions with yeast (Fig. 4 and 5) or rat liver ribosomes (Fig. 8)
did not follow a 1:1 interaction model, instead fit a biphasic model with an initial fast
association-and-dissociation phase followed by a slower association-and-dissociation
phase. Stx2A1 had a faster association and dissociation pattern with ribosomes in
comparison to Stx1A1, but did not show a significant difference in its interaction with the
purified stalk pentamer compared to Stx1A1 (Fig. 4) (Basu, Li et al. 2016). These results
suggest that the differences in the interaction of Stx1A1l and Stx2A1 with the ribosome
are not due to differences in their interaction with the stalk pentamer.

The R176A and R172A/R176A variants failed to show any interaction with the
stalk pentamer or with ribosomes. Although R176A and R172A/R176A mutations
affected the depurination of ribosomes by Stx1Al and Stx2Al and abolished ribosome
binding, they had no effect on their depurination activity when RNA was used as a
substrate (Fig. 3D and E). Thus the reduction in depurination activity of the arginine
variants towards the ribosome is due to their inability to bind ribosomes and not due to
the loss of their catalytic activity. Although R176A and R172A/R176A mutations caused
a similar reduction in the affinity of Stx]1 A1 and Stx2A]1 for the ribosomal stalk, they had
a differential effect on their depurination activity. These results indicate that conserved
arginines at the distal face of the active site are critical for the interaction of Stx1A1 and

Stx2A1 with the P-protein stalk. However, the interaction of Stx1 A1l and Stx2A1 with the
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stalk is not responsible for the differences in the interaction of Stx1A1 and Stx2A1 with

the ribosome.

Mutation of an arginine at the active site affects binding affinity of Stx1A1 and
Stx2A1 for the ribosome, but not for the stalk pentamer. Early studies using the
holotoxins identified Glul67 and Argl70 of the Al subunits as important for catalytic
activity (Hovde, Calderwood et al. 1988, Deresiewicz, Calderwood et al. 1992, Cao,
Kurazono et al. 1994, Di, Kyu et al. 2011). The corresponding Argl80 in RTA is
proposed to promote cleavage of the adenine by protonating position N3 of the adenine
(Schlossman, Withers et al. 1989, Kim and Robertus 1992, Ho, Sturm et al. 2009), while
the corresponding Glul77 polarizes a surrounding water molecule to produce a hydroxide
ion that aids in the cleavage of adenine. In ricin, conversion of Glul77 to glutamine leads
to a 180-fold loss in activity, conversion to an aspartate leads to a 80-fold reduction,
while conversion to alanine leads to only a 20-fold loss (Schlossman, Withers et al. 1989,
Ready, Kim et al. 1991). It is proposed that the nearby Glu208 can access the SRL due to
the small size of the alanine side chain (Frankel, Welsh et al. 1990). The conversion of
Glul67 to aspartate only led to a 3-fold reduction in Stx1 (Hovde, Calderwood et al.
1988). However conversion to a positively charged lysine led to a total loss of toxicity.
Stx]1Al and Stx2Al containing the E167K mutation had viability and depurination
patterns similar to the empty vector. We were unable to purify this protein, probably as a
result of the drastic change in folding of the active site. Conversion of Argl70 to alanine
led to 16-fold reduction in the depurination activity of Stx1A1l and a 6-fold reduction in

the depurination activity of Stx2Al. Stx1A1l R170A had 4.9-fold lower depurination
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activity than Stx2A1 R170A (Fig. 2). We have reported that the region around the active
site of Stx2A1 is neutral in comparison to a negatively charged region around the active
site of Stx1A1 (Basu, Li et al. 2016). This difference in the surface charge may provide
better access of Stx2Al to the SRL, leading to the observed difference in depurination
activity. We examined the effect of the R170A mutation on the interaction of Stx1A1 and
Stx2A1 with yeast (Fig. SA and B) and rat liver ribosomes (Fig. 8C and D). The
association and dissociation patterns of this mutant were slightly lower than WT, and the
apparent Kp values of both toxins were significantly different than WT (Table 1). We did
not observe a significant effect of the R170A mutation on the interaction of either toxin
with the purified stalk pentamer (Table 2), but observed differences in their interaction
with the ribosome. These results indicate that a charge difference at a site away from the
ribosomal stalk binding region affects the binding affinity of the toxins for the ribosome,
but not the stalk pentamer, suggesting that Argl70 contributes to the accumulation of the
toxins on the ribosome.

In summary, we used site-directed mutagenesis to identify the roles of the
arginine residues on the distal face of the active site and at the active site in the
interaction of Stx1A1l and Stx2A1 with ribosomes. Our results indicate that mutation of
more than one arginine is required to reduce the toxicity and catalytic activity of Stx2A1
significantly in comparison to Stx1Al in both yeast and mammalian cells. Argl76 and
Argl72 play a role in the stalk-dependent interactions of Stx1Al and Stx2A1l with the
ribosome, while Argl70 enhances non-stalk specific interactions with the ribosome.
These results demonstrate that conserved arginines at the stalk binding site or at the

active site are critical for the interaction of Stx1A1 and Stx2A1 with the ribosome, their
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depurination activity and toxicity, but they do not contribute to the higher affinity of
Stx2A1 for the ribosome. Differences in surface charge residues in other protein regions
likely contribute to the higher affinity of Stx2A1 compared to Stx1A1l for the ribosome.
Our results demonstrate that depurination activity and toxicity of Stx1A1l and Stx2A1 are
reduced by inhibiting their interactions with the ribosome, identifying toxin-ribosome

interactions as a new target for inhibitor design against STEC infection.
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FIG 3. S1. (A) Viability and ribosome depurination in yeast expressing wild type
(WT) or mutant Stx1A1 or Stx2A1l. Yeast cells transformed with a plasmid carrying
wild type (WT) or mutant Stx1A1 or Stx2A1 and yeast cells carrying the empty vector
(VC) were grown in SD medium supplemented with 2 % glucose and then transferred to

SD medium supplemented with 2 % galactose. At 0 and 4 hours post induction (hpi), a
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series of 10-fold dilutions were plated on media containing 2 % glucose and grown at
30°C for 1-2 days. Colony forming units per ml (CFU/ml) were calculated at 4 hpi from
at least 3 independent transformants. Error bars represent S. E. where n=3 independent
experiments.  (B) Depurination of ribosomes in yeast. Total RNA (375 ng) isolated
from 1 ODgp cells expressing wild type (WT) or mutant Stx1A1 (grey bars) or Stx2A1
(black bars) collected at 1 hpi was used to quantify the relative level of depurination
using qRT-PCR. The y-axis shows the fold change in depurination of toxin-treated
samples over the control samples without toxin (VC). Error bars represent S. E. where

n=3 replicates.
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3. S2. Shiga toxin Gene Expression in Vero by qPCR. 375 ng of the total RNA
isolated from 6 wells of Vero cells expressing Stx1 A1 (grey bars) or Stx2A1 (black bars)
collected at 23 hour post DNA exposure were used to quantify the relative levels of
Shiga gene expression using qRT-PCR by the comparative CT method (CT). The Stx1A1
primers were Stxl qPCR F5’ aatgtcgcatagtggaacctca 3’ and Stxl qPCR R 5’
aacatcgctettgeccacagac  3°,  while the Stx2  primers were Stx2 qPCR _F5’
gtatacgatgacgccgggag 3° and Stx2 qPCR_R 5’ attcgcccccagttcagagt 3°. B-actin was used
as internal control. The y-axis shows the fold change of toxin-gene carrying samples over
the control samples without toxin gene (VC). Results (means + standard errors of the

means [SEM]) represent 2 independent biological replicates.



168

Table 3. S1. EGFP fluorescence Statistical Significance of the Contrasts

D Contrast Mean

Contrast valu Pr>F
F SS Square
192 2. <0.
Compare Stx1A1 E167K with WT 1 ? 6207 1926072.2 234 0 ;)00

Compare Stx1A1 R170A with WT 1 64729.9 64729.9 0.8 0.3764
Compare Stx1A1 R172A with WT 1 9268949 9268949 11.3 0.1009
Compare Stx1A1 R176A with WT 1 51003.4 51003.4 0.62 0.4322

tx1A1 R172A/R1 .
Compare S x. 72A/R176A 1 1119635 11196357 13.6  0.0003
with WT 7
4 . <0.
Compare Stx2A1 E167K with WT 1 532565 4538565.2 55.11 0 ;)00
Compare Stx2A1 R170A with WT 1 40687.8 40687.8 0.5  0.4829
Compare Stx2A1 R172A with WT 1 161.7 161.7 0 0.9647

Compare Stx2A1 R176A with WT 1 2072204 207220.4 2.5 0.1142
Compare Stx2A1 R172A/R176A

with WT 1 851309.2 851309.2 10.3 0.0015

*To test the differences of treatment means in data presented in Fig. 6B, PROC GLM in SAS was
used to compute contrasts for pairwise comparisons between each variant and their respective
WT in Stx1A; and Stx2A; (for trait EGFP Fluorescence, in cell). The Contrast statement in
PROC GLM produces contrast sums of square, mean square, F value, and corresponding p value
for each LS-mean difference comparison computed. Reported P values were adjusted for
multiple comparisons using the Tukey-Kramer option within PROC GLM. There are highly

significant differences between variant and their respective WT in Stx1A; and Stx2A;
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Table 3. S2. In cell depurination Statistical Significance of the Contrasts

Contrast DF Contrast  Mean F Pr>F
SS Square value

Compare Stx1A1 E167K with WT 1 1460.7 1460.7 0.2 0.6597

Compare Stx1A1 R170A with WT 1 572.5 572.5 0.08 0.7827

Compare Stx1A1 R172A with WT 1 565.9 565.9 0.08  0.7839

Compare Stx1A1 R176A with WT 1 157.2 157.2 0.02  0.8851

Compare Stx1A1 R172A/R176A with 1 4033 4033 0.5 0.8169

WT

Compare Stx2A1 E167K with WT 1 557806.8 557806.8 74.47 <0.0001

Compare Stx2A1 R170A with WT 1 3243825 324382.5 4331 <0.0001

Compare Stx2A1 R172A with WT 1  284548.8 284548.8 37.99 <0.0001

Compare Stx2A1 R176A with WT 1 87699.3 87699.3 11.71  0.0009
Compare Stx2A1 R172A/R176A with

597926.4 597926.4 79.83 <0.0001

WT

*To test the differences of treatment means in data presented in Fig. 6B, PROC GLM in

SAS was used to compute contrasts for pairwise comparisons between each variant and

their respective WT in Stx1A; and Stx2A; (for trait depurination, in cell). The Contrast

statement in PROC GLM produces contrast sums of square, mean square, F value, and

corresponding p value for each LS-mean difference comparison computed. Reported P

values were adjusted for multiple comparisons using the Tukey-Kramer option within

PROC GLM. There are highly significant differences between variant and their

respective WT in Stx2A ;.
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CHAPTER 4: Surface charge residues away from the ribosome stalk

binding site may play a role in Stx1A1 and Stx2A1 depurination.

RESULTS

Stx1 and Stx2 holotoxins have a 55% and 57% similarity in their A and B subunits
respectively and are immunologically distinct (Tesh and O'Brien 1991). Although the
active side amino acid residues and the ribosome stalk binding site residues are conserved
in both the toxins (Basu, Li et al. 2016), a number of differences are observed when the
crystallographic structures of the Al subunits of the toxins are compared (Fig 4.1).
Stx1A1 has a pronounced negatively charged knob near the top of the molecule. It is
composed primarily of glutamic acids 60 and 61 with a contribution from aspartic acid
58. There is no such knob in Stx2Al, as the corresponding residues are Y60 and Q61,
which occupy a nearly all white vertical band above and to the left of the positively

charged zone.
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FIG 4.1 Crystallographic structure of Stx1A1l and Stx2A1 showing electrostatic charge
distribution. The A1l subunits of Shiga toxin and Shiga toxin 2 were modeled from the
Protein Data Bank ID: 1DMO [Shiga toxin] and 1R4P [Shiga toxin 2]) as described
earlier. The surface charge difference between Stx1Al and Stx2A1 subunit is shown

(Red: negative charge; Blue: positive charge; White: neutral).

We were interested to see whether this negative charge on Stx1A1 contributes to its
inability to access the negatively charged ribosome and the RNA, in comparison to the
neutral charge on Stx2A1. We therefore interchanged the residues between Stx1Al and
Stx2A1, mutating the glutamic acids E60 and E61 in Stx1Al to Y and Q, and changing
the Y60 and Q61 in Stx2A1 to glutamic acids (E). The WT and mutant forms of Stx1A1
and Stx2A1 was then transformed in yeast under the control of GAL1 promoter, and their
viability was determined by inducing them in galactose containing liquid media for 4
hours and then plating serial dilutions on media containing glucose. The colony forming
unit/ul of each of the WT and mutant strains based on this viability assay is represented
in Fig. 4.2A. At 4 hours post induction, the wild type (WT) Stx1Al and Stx2Al are
significantly different from each other and Stx2A1 is less viable than Stx2A1. The WT as
well as the variants were still toxic in comparison to the empty vector. However, while
there is a reduction in viability for E60Y/E61Q mutant in Stx1Al and an increase in
viability for Y60EQG61E in Stx2Al, the difference was not statistically significant (Fig.

42A).
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FIG 4.2 (A) Viability in yeast expressing wild type (WT) or mutant Stx1Al or
Stx2A1. Yeast cells transformed with a plasmid carrying wild type (WT) or mutant
Stx1A1l or Stx2A1 and yeast cells carrying the empty vector (VC) were grown in SD
medium supplemented with 2 % glucose and then transferred to SD medium
supplemented with 2 % galactose. At 0 and 4 hours post induction (hpi), a series of 10-
fold dilutions were plated on media containing 2 % glucose and grown at 30°C for 1-2
days. Colony forming units per ml (CFU/ml) were calculated at 4 hpi from at least 3

independent transformants. Error bars represent S. E. where n=3 independent
experiments. Means of Stx1Al Stx2A1 and their variants were significantly different

using two-sample t-test (*P<0.05, **P< 0.01, NS= Not significant).

The expression of the WT Stx1Al and Stx2Al and their variants in yeast was
analyzed by immunoblot analysis at 6 hpi with monoclonal antibodies against the V5

epitope (Fig. 4.2B). Total protein was extracted and loaded on a 12% gel and monoclonal
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antibodies against phosphoglycerate kinase 1 (Pgkl) were used as a loading control. At 6
hour post induction both the WT and the mutants showed expression in comparison to the

empty vector (Fig. 4.2B).
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FIG 4.2 (B) Immunoblot analysis of yeast cells transformed with wild type (WT) or
mutant of Stx1A1 and Stx2A1, Total protein from 5 ODg cells isolated at 6 hpi was
separated on SDS-PAGE and probed with anti-V5. Anti-Pgkl was used as a loading

control.

The depurination in yeast cells of the WT and the variants was measured using a
previously described quantitative reverse transcriptase polymerase chain reaction (QRT-
PCR) assay (Pierce, Kahn et al. 2011). Total RNA was collected from yeast cells at 1 hpi
and their depurination was compared using the comparative CT method (AACT) relative
to yeast harboring the empty vector (Fig. 4.2C). Both the variants E60Y/E61Q mutant in
Stx1A1l and Y60EQG1E in Stx2A1, had a significant change in their depurination level in

comparison to their respective WT. There was an increase in the depurination level of
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E60Y/E61Q mutant in Stx1A1 in comparison to the WT (Fig. 4.2C). On the other hand,
there was a decrease in depurination activity of Y60EQG61E in Stx2A1. Collectively, this
data suggests that the negatively charged knob on Stx1A1 comprising of two glutamic

acids contributes to the lower depurination activities of Stx1 Al in comparison to Stx2Al

(Fig. 4.2C).
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FIG 4.2 (C) Depurination of ribosomes in yeast. Total RNA (375 ng) isolated from 1
ODgqp cells expressing wild type (WT) or mutant Stx1A1 (grey bars) or Stx2Al (black
bars) collected at 1 hpi was used to quantify the relative level of depurination using qRT-
PCR. The y-axis shows the fold change in depurination of toxin-treated samples over the
control samples without toxin (VC). Error bars represent S. E. where n=3 replicates.
Means of Stx1Al, Stx2Al and their variants were significantly different using two-

sample t-test (*P< 0.05, **P<0.01, NS= Not significant).
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DISCUSSION

Therapeutics effective at preventing and/or treating HUS caused by Stx1 and 2 are
currently unavailable and only supportive care is used in treatment (Kimmitt, Harwood et
al. 2000, Tarr, Gordon et al. 2005, McGannon, Fuller et al. 2010). Thus, a basic
understanding of how these toxins function to harm host cells is critical for preventing
illnesses following inadvertent or intentional exposure. Although the structures of Stx and
Stx2 are similar, the sequence divergence between Stx2A1 and Stx1Al has some
influence on the structure (Basu, Li et al. 2016). Previously we have shown that the Al
subunit of Stx2 is catalytically more active and depurinates both naked RNA as well as
ribosomes at a higher rate than the A1 subunit of Stx1A1 (Basu, Li et al. 2016). Stx2A1
also has a higher affinity for the ribosome than Stx1Al (Basu, Li et al. 2016). We have
also discussed (Chapter 3) although the active site residues (E167 and R170) and the
ribosome stalk binding site residues (R172, R176, R179) between the toxins are
conserved, their surface exposure and the surrounding residues may influence their
functions differently. R170A in Stx2A1 still depurinates at a higher level than R170A in
Stx1A1l, which may be responsible for the higher catalytic activity of Stx2A1 than
Stx1A1 as previously reported (Basu, Li et al. 2016). Further, mutations of more than one
arginine at the ribosome stalk binding site (R172A/R176A) is required for the reduction
of Stx2A1 in comparison to Stx1Al. We were interested to investigate the role of
residues away from the active site and ribosome stalk binding site in Stx1 A1 and Stx2A1
toxicity. In the published structure of holotoxins of Stx1 and Stx2, some of the loops in
the Al subunits were missing. We have reconstructed the missing loops in the Al

subunits of Stx and Stx2 in the holotoxins as previously described (Di, Kyu et al. 2011).
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We observe that the electrostatic surfaces of Stx1Al and Stx2A1 show a number of
differences. Stx1Al has a pronounced negatively charged knob near the top of the
molecule composed of E60 and E61, which is missing in Stx2A1, as the corresponding
residues are Y60 and Q61. Near the bottom of the structure on the left Stx2A1 has a
negatively charged group, E29, which Stx1A1 lacks, the residue at this position in the
Stx1A1 is Q29, which appears as a nearly neutral (white) protuberance. Stx2A1 also has
a negatively charged region at the very bottom of the molecule consisting of E215 and
D216. Stx1A1 has G215 and Q216 forming a neutral projection at the bottom.

In this study, we interchanged E60 and E61 in Stx1Al with Y60 and Q61 in
Stx2A1 to examine the effect of these mutations on depurination activity and toxicity of
Stx1A1l and Stx2A1 by expressing each mutant in yeast and analyzing their viability and
depurination activity. As can be seen in Fig. 4.1A, these mutants are still very toxic in
comparison to the empty vector. Further, we were unable to detect any significant
difference in viability between the E60Y/E61Q in Stx1A1l and Y60E/Q61E in Stx2A1l
and their corresponding WTs. However when we measured their depurination rate, there
was a significant increase in the depurination of E60Y/E61Q in Stx1 A1 and a significant
decrease in depurination of Y60E/Q61E in Stx2Al in comparison to their WT (Fig.
4.2C). Since depurination is an upstream event in comparison to cell death and viability,
and it is a more quantitative and sensitive assay in comparison to the viability assay it
brings forth the effects of surface charge modifications of Stx1Al and Stx2Al in
depurination. The negatively charged knob on Stx1Al plays a role in the depurination
activities of Stx1Al, probably by influencing the binding of the Stx1A1 toxin to the

negatively charged ribosome and the sarcin/ricin loop (SRL). By converting the glutamic
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acids at position 60 and 61 in StxIAl to neutral Y and Q, the negatively charged
ribosome becomes more accessible. This is further corroborated by the fact that the
depurination level of Stx2A1 is reduced when the neutral Y and Q at positions 60 and 61
is changed to the negative glutamic acids. The Stx2A1 mutant is now repelled by the
negatively charged ribosome and therefore shows lower depurination. These results
indicate that electrostatic interaction of the toxins with the ribosome is critical.

This is the first study that shows residues away from the active site and ribosome
stalk binding site, which are not conserved between Stx1A1l and Stx2A1 play a role in
Stx1A1 and Stx2A1 viability and depurination. Here we are mutating only 2 residues and
therefore the changes observed are small although they are significant. In order to
observe a larger difference, more than two residues need to be simultaneously altered in
order to change the electrostatic charge distribution sufficiently.

Future work includes purification of E60Y/E61Q and Y60E/Q61E mutants in
Stx1A1l and Stx2A1 respectively, and examining their depurination activity on purified
monomeric yeast ribosomes and naked RNA. We are also interested to see, how these
charge alteration affect the interaction of these toxins with ribosome as well as the stalk
pentamer through surface plasmon resonance assay. This will give us valuable
information on the role of residues other than those present in the ribosome stalk binding

site, in ribosome interactions.
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