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Abstract

Diarrheal diseases are one of the leading causes of death in the world. Almost half of the
diarrhea cases each year are caused by the bacterial pathogens Vibrio cholerae and
enterotoxigenic Escherichia coli (ETEC). After reaching the host intestine via contaminated
food or water, these pathogens release two closely related toxins responsible for severe
diarrhea: the cholera toxin (CT) and the heat-labile enterotoxin (LT), respectively. Both toxins
have a similar ABs structure, characterized by one catalytically active Al subunit (CTA1, LTA1),
an A2 linker and a pentamer of cell-binding B subunits (CTB, LTB). To become active, the Al
subunit must be separated from the rest of the toxin. This is known to be mediated by the
protein disulfide isomerase (PDI) in the endoplasmic reticulum of the host and has been
shown to be a physical rather than an enzymatic process. Although the interaction between
PDI and CT/LT has been investigated by various biophysical methods, the mechanism of toxin
disassembly is not yet completely understood at the structural level. Better insight into this
important step of the intoxication process could be exploited for development of potential
therapeutics. The aim of this thesis was to gain structural insight into the interaction of CT
with PDI by Small-Angle X-ray Scattering (SAXS). This technique was chosen as it is suitable to
study highly dynamic systems, such as the CT/LT-PDI. Since the combination of SAXS with
Small-Angle Neutron Scattering (SANS) would be useful for the characterization of the CT-PDI
interaction, preliminary deuteration work for SANS was also pursued in this thesis.

This work focused initially on producing milli-gram amounts of pure proteins for SAXS and
SANS. We developed a novel, simple, and cost-efficient protocol to produce CT and the
porcine heat-labile enterotoxin (pLT) in Vibrio natriegens. The new protocol increased the
yield of CT by at least 10-fold compared to expression in E. coli. PDI was successfully produced
following an already established protocol that we slightly modified to improve protein purity.
Moreover, a preliminary protocol for production of deuterated PDI was developed,
nevertheless, further optimization is required as the yields were too low for SANS studies.
Formation of a complex between CT and PDI was studied by size-exclusion chromatography
(SEC) and SAXS under different temperatures, pH, reducing agents and specific treatments to
inhibit PDI and potentially stabilize its interaction with CT, however, no interaction was
observed in any of the conditions tested. Despite not obtaining a CT-PDI complex, this work
made important progress in establishing efficient protocols for protein production, identified
conditions were the CT-PDI interaction does not take place, and discussed the possible
reasons for the lack of interaction, paving the way for future studies.
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1 Introduction

1.1 Infectious diseases

Until the end of the twentieth century, infectious diseases were the main cause of premature
death and disability™™l. Although the mortality levels have decreased considerably over the
years due to increased vaccination and availability of antibiotics, infectious diseases continue
to be a major global burden!?. A good example is the ongoing coronavirus pandemic (COVID-
19), a severe acute respiratory disease that has not only taken millions of lives worldwide but
has had a serious economic and social impact!®.. Prior to COVID-19, infectious diseases were
already among the leading causes of death, especially in low-income countries (Figure 1.)1),
These include infections of the lower respiratory tract as well as diarrheal diseases (Figure
1.B).

Leading causes of death globally Leading causes of death in low-income countries
2000 2019 2000 2019
1. Ischaemic heart disease 1. Neonatal conditions
o )
2. Stroke 2. Lower respiratory infections
@
3. Chronic obstructive pulmonary disease 3. Ischaemic heart disease
4. Lower respiratory infections 4. Stroke
5. Neonatal conditions 5. Diarrhoeal diseases
® @ D
6. Trachea, bronchus, lung cancers 6. Malaria
®,
7. Alzheimer's disease and other dementias 7. Road injury
8. Diarrhoeal diseases 8. Tuberculosis
L 2 8 —_— O
9. Diabetes mellitus 9. HIV/AIDS )
O
10. Kidney diseases 10. Cirrhosis of the liver
0 2 4 6 8 10 0 200 000 400 000 600 000
Number of deaths (in millions) Number of deaths
Noncommunicable @ Communicable . Injuries Noncommunicable @ Communicable . Injuries

Source: WHO Global Health Estimates. Source: WHO Global Health Estimates. Note: World Bank 2020 income classification.

Figure 1. Top ten leading causes of death globally (a) and in low-income countries (b). World Health
Organization, 2019. Communicable disease: lliness caused by an infectious agent. It can be passed
from one person to another. Non-communicable disease: Disease that is non-transmissible between
people.

1.1.1 Diarrheal diseases: cholera and traveler’s diarrhea
Diarrheal diseases are the fifth leading cause of death in low-income countries and among

the ten leading killers globally!®. They are especially deadly among children under five years
old, killing more than half a million children every year!.

Diarrhea can be produced by infectious microorganisms including bacteria, viruses and
parasites, which spread through contaminated food or drinking water or from person to



person due to poor sanitary conditionsP®). One of the most severe diarrheal diseases is
cholera, an infection caused by the bacterium Vibrio cholerae. A similar, but less severe
disease is caused by enterotoxigenic Escherichia coli (ETEC). These two infections are
responsible for the majority of diarrhea episodes in the world!®.

Cholera

Cholera is a severe diarrheal disease produced by the Gram-negative bacterium V. cholerae.
This bacterium is naturally present in agueous environment, usually attached to crustaceans
and planktonll. Infections occur by ingestion of water or food contaminated with V.
cholerae®. It is estimated that between 1 to 4 million cases of cholera occur each year,
leading to hundred thousand deaths!®l. The Yemen cholera outbreak in 2016 increased the
number of diarrhea-related deaths to the point that it became the third most common cause
of death worldwide that year[*?l. If not treated quickly, cholera can lead to death in a matter
of hours. Rehydration therapy is the most effective treatment, and in the most severe cases,
antibiotics are also provided!®.. Cholera vaccines are available; however, they offer only short-
term protection, and a booster dose is usually required*!],

V. cholerae can be classified by serogroup!, serotype? (Ogawa, Inaba, Hikojima) and
biotype3(classical and El Tor). Out of more than 200 serogroups, only two of them have been
associated with epidemics: 01 and 0139112131, The 01 serogroup contains the Classical and El
Tor biotypes, which have been responsible for the majority of outbreaks!*3. One of the main
differences between these biotypes is that they produce different variants of the cholera
toxin (CT), the main virulence factor responsible for the severe diarrhea*. Although since
1960s El Tor strains became the major causative agent of cholera, a hybrid biotype took over
in the beginning of the 2000s, which has characteristics of El Tor but produces a classical
CT*516] The 0139 serogroup was discovered in 1992 as the cause of an epidemic in South
East Asia, but only few cases have been reported after its initial outbreak!”].

ETEC: Traveler’s diarrhea

ETEC, another type of Gram-negative bacterium, is also a major cause of diarrhea in young
children in developing countries as well as travelers to these areas!*®l. It is transmitted in the
same way as V. cholerae and causes similar symptoms, although ETEC diarrhea is usually
milder!*®], ETEC strains are characterized by their ability to produce heat-labile (LT) and/or
heat-stable toxins (ST), which stimulate the massive secretion of fluids from epithelial cells
that eventually lead to diarrheal??l. While STs are small peptides stable up to 100 °Cl?Y], LT is
a protein that can be inactivated at 60 °C 221, The high toxicity and low immunogenicity of ST

! Serogroup: group of bacteria that share a common cell surface antigen.

2 Serotype: group of bacteria that exhibit same type and number of antigens.
3 Biotype: organisms that share a specific variation in biological behavior.



makes them less attractive vaccine antigens!?>?4, In contrast, heat-labile toxins have drawn
more interest as vaccine adjuvants due to their ability to enhance immune responses!?%. In
fact, both non-toxic LT mutants as well as LTB subunits* have been used as adjuvants for
several vaccine candidates?%2>261, |t is worth mentioning that Dukoral®, one of the approved
cholera vaccines, also offers cross-protection against diarrhea caused by ETEC!*Y?7], This oral
vaccine contains a mixture of CTB® and killed V. cholerae strains, but since LT cross-reacts with
CT, protection against ETEC is also achieved™Y,

As opposed to cholera, ETEC can infect both humans and animals[?®l. LT toxins can be classified
in two groups: LT-1 and LT-111?%, The former (referred here simply as LT) is a close homologue
of the cholera toxin , sharing 82% sequence identity?®). It exists as two variants: one that
infects humans, known as hLT; and one that infects pigs, referred to as pLT?%l. The following
section will explain in more detail some of the characteristics of these bacterial toxins.

1.2 Bacterial toxins

Pathogenic bacteria produce a wide range of biomolecules that enable them to invade and
colonize the host, cause disease and escape the host’s immune defenses!?®!. These molecules
are known as virulence factors and include adhesins, toxins, enzymes, iron-acquisition factors,
etcBY, Toxins play a fundamental role during infection because they can manipulate host cell
functions and cause damage to tissues!®!l. A large family of bacterial toxins comprises the AB-
toxins. They are composed of two parts: the B component that binds to receptors on the
surface of target cells, and the active A component that usually translocates to the host
cytoplasm and carries out an enzymatic function on a specific cytosol targeti?. Some
examples include diphtheria toxin33, pertussis toxin®*, exotoxin A from Pseudomonas
aeruginosa®®®, the cholera toxin and the heat-labile enterotoxin?®l.

1.2.1 Cholera toxin (CT)

The genes that code for the cholera toxin were acquired from a filamentous phage that infects
V. cholerae. They are encoded as an operon (ctxAB), within the genome from the lysogenic
bacteriophage CTX® 14, The toxin subunits are translated from polycistronic mRNA and then
translocated to the periplasm by the Sec system, where they are assembled and finally
transported to the outer membrane by the type Il secretion system (T2SS)[43¢l, The secretion
signal lies on the B pentamer and has been suggested to be a structural motif, since no linear
primary sequence has been identified®”).

The structure of CT was initially solved in 1991 by X-ray crystallography 38, however the
model had poor geometry. The structure was later redetermined in 2004 by another group

4 LTB: The cell-binding B subunit of the heat-labile enterotoxin. See section 1.2.2.
5 CTB: The cell-binding B subunit of cholera toxin. See section 1.2.1.



and refined to a resolution of 1.9 AB%.CT is an ABs toxin, consisting of a catalytically active A
subunit (CTA; ~28 kDa) and five copies of the cell-binding B subunit (CTB; 11.6 kDa). The B
subunits are arranged in a doughnut-shaped ring (Figure 2.A) and are held together by non-
covalent interactions including hydrogen bonds and salt bridges. The A subunit is produced
as a single polypeptide chain that is proteolytically cleaved by V. cholerae proteases between
Argis; and Serio3!%%). This results in two peptides, the toxic Al fragment (~22 kDa) and the A2
fragment (~6 kDa) which remain connected by a disulfide bridge!?®. CTA1 exhibits ADP-
ribosyltransferase activity (in its active form) and adopts a loosely packed structure with two
globular domains containing two f-sheets and several small helices (Figure 2.A). CTA2 forms
a long helix stacked under CTA1 and a C-terminal tail inserted into the pore of the B-pentamer.
It maintains several non-covalent interactions with CTB, and therefore acts as a linker
between the CTA1 and B subunits. CTA2 ends in a short helix and a KDEL motif that protrudes
from the B-pentamer and helps in the transport of the toxin to the endoplasmic reticulum
(ER)H01,

Figure 2. Crystal structures of cholera toxin (a; PDB:1SS5EY) and heat-labile enterotoxin
(b; PDB:1LTS %), CTA1: light blue, CTA2: gray, CTB: purple. LTA1: green, LTA2: light green, LTB: dark
green. Structures were generated on PyMOL 2.4.0 (Schrodinger, Inc).

1.2.2 Heat-labile enterotoxin (LT)

The heat-labile enterotoxin (LT) is a close homologue of CT produced by ETEC, sharing 82 %
sequence identity?®l. In contrast to CT, LT is usually encoded in a plasmid*¥. After the
individual subunits are assembled in the periplasm, they are either secreted by the T2SS or
through outer membrane vesicles (OMVs) released by ETECR943] Although the crystal
structure of the LT that infects humans (hLT) has not yet been obtained, the structure of the
LT that infects pigs (pLT) was obtained in 1991 and was in fact the first structure known of an



ABs toxin (Figure 2.b) 2, LT has a very similar three-dimensional structure to CT, however,
the latter is more toxic to cells and results in more severe symptoms compared to LT
intoxication?®!, The A subunit of LT (LTA) is also produced as a single polypeptide chain, but
is cleaved into LTA1 and LTA2 by intestinal trypsin and not by the bacterial proteases!**l. One
of the most important structural differences with CT lies on the A2 fragment, which forms a
more acute angle with respect to the B-pentamer in LT (39° in LT compared to 50° in CT)"4,
It has been recently suggested that this difference could be a determinant factor during toxin
activation by PDI, which could explain the difference in toxicities between LT and CT“4),
however, structural data supporting this hypothesis are currently missing.

1.3 Cholera toxin and heat-labile enterotoxin intracellular activation

Upon secretion, both LT and CT attach via their B subunits to intestinal epithelial cells through
binding to their primary receptor, the monosialoganglioside GM14>!, After endocytosis and
retrograde vesicular transport to the endoplasmic reticulum (ER), the CTA1/CTA2 disulfide
bond is reduced and CTA1 dissociates from the rest of the toxin with assistance of the
chaperone protein disulfide isomerase (PDI)“®471 (Figure 3). This step is crucial in the
intoxication process, since PDI-deficient cells are resistant to CT*®]. However, the molecular
interactions mediating toxin disassembly are not well understood.

Once free, CTA1 unfolds naturally at the physiological temperature and is recognized by the
ER-associated degradation (ERAD) pathway!*®. However, it escapes ubiquitin-mediated
degradation mainly due to the few number of lysine residues in its structure®, With the help
of the chaperones Hsp90 and Hsc70%%2 CTA1 is extracted from the ER and refolded®®?. In
the cytosol, CTA1 can then interact with a host ADP-ribosylation factor (ARF-6) to activate the
G protein stimulatory a-subunit (Gg,) through ADP-ribosylation®>>4, The modified G,
remains in its GTP-bound state, which keeps it constitutively active and in turn activates
adenylyl cyclasel>>°®], a protein that catalyzes the conversion of ATP to cAMP. cAMP activates
the protein kinase A (PKA), an activator of the membrane chloride channel cystic fibrosis
transmembrane conductance regulator (CFTR). Upon phosphorylation, CFTR secretes
chloride ions to the intestinal lumenl®’). Increased levels of cAMP ultimately result in
increased efflux of ions, disturbing the electrolytic balance across the epithelial membrane.
The increased salt concentration converts the intestine into a hypertonic medium, forcing
large amounts of water to move out of the cell. This results in the severe watery diarrhea
characteristic of cholera. LT follows the same intoxication mechanism as CTP8°9,



1.4 The role of host chaperones in toxin activation

In the crowded cellular environment, proteins are at risk of forming aberrant structures that
can become toxic. To surpass this challenge, cells produce proteins known as chaperones that
help other proteins to fold®%. Interestingly, bacteria have found ways to exploit the host
chaperones’ abilities to activate their toxins and facilitate their translocation. This is the case
for the cholera and heat-labile enterotoxin, as briefly mentioned in the previous section, but
it has also been observed for toxins from other organisms including ricin!®%, diphtheria®?,
shiga toxin!®3],

Despite the key role of human chaperones in the activation of CT and LT, very little is known
about how these toxins interact with the chaperones. Of particular interest is the cholera
toxin disassembly by PDI, which is essential for intoxication since PDI deficient cells are
resistant to CT8. The following two sections will provide more details about PDI and its
interactions with the cholera toxin.
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Figure 3. Intracellular activation and intoxication mechanism of the Cholera toxin. After binding to
GM1 on epithelial cells, CT is endocytosed and retro-translocated to the ER, where the CTA1 subunit
is separated from the rest of the toxin by PDI. On its own, CTA1 rapidly unfolds and is transported back
into the cytosol by chaperones like HSP90, which also help to refold the toxin. CTA1 further interacts
with ARF6 and activates G, resulting in increased levels of cAMP and ultimately large efflux of ions.
This leads to a massive loss of water that cause the severe diarrhea typical of cholera. lllustration
created with BioRender.com.



1.4.1 Protein disulfide isomerase (PDI)

PDI is a protein localized mainly in the ER, that helps other proteins to fold by catalyzing the
formation and rearrangement of disulfide bonds!®*. PDI forms a U-shaped structure with four
thioredoxin-like domains organized in an abb’xa’ topology (Figure 4.A)%. The a and a’
domains are located at either end of the U and contain -CGHC active motifs that oxidize thiols
and reduce and isomerize disulfide bonds. The b and b’ domains are substrate-binding
domains located at the base of the U and are not catalytically active. b’ and a’ are connected
by the x-linker, which confers remarkable flexibility to PDI. The C-terminal part of the protein
has a short flexible tail with a KDEL motif that helps in the localization of PDI to the ER[®®!,

PDI cycles between a “closed conformation” when the protein is reduced, and an “open
conformation” when it is oxidized ®” (Figure 4.A and 4.B). In the oxidized form of PDI, all
domains are in the same plane. In contrast, reduced PDI has domains a, b and b’ in the same
plane, while domain a’ is twisted 45° out of the plane, resulting in a smaller distance between
the two active sites in domains a and a’ (Figure 4.B). This redox-dependent conformation
affects PDI ability to bind to substrates!®®, as will be discussed later for CT disassembly.

A
a b b’ X a’ C-tail

B Oxidized PDI C Reduced PDI

a’ Twisted ~45°

x-linker

Figure 4. Domain organization (A) and crystal structures of oxidized (B; PDB: 4EL1) and reduced (C;
PDB: 4EKZ) PDI. Individual domains are shown in different colors and the cysteine residues are
displayed as yellow spheres. The distance between the active sites is indicated.

Apart from its oxidorectucase activity, PDI can also act as a chaperone by binding to proteins
and helping them to fold by themselves!®®7%, Recently, PDI itself was found to be able to
unfold and refold upon interaction with specific substrates, acting as a “disaggregase””%. This
activity has been associated with the reversal of a-synuclein fibrils aggregation, an amyloid-
forming protein involved in Alzheimer and Parkinson’s diseasel’%. It has been suggested that



the cholera toxin disassembly by PDI follows the same- but yet poorly understood-
disaggregase mechanism!{’%,

The ability of PDI to displace the Al subunit of the cholera toxin from the rest of the toxin is
unique, since other PDI family members like ERp57 and ERp72 are not able to disassemble
CT2l, Even though PDI can reduce the disulfide bond that connects CTA1 to CTA2[73), this can
also happen in the redox environment of the ER and does not lead to disassembly of the toxin,
as the subunits stay together through several non-covalent interactions!”%.. The main role of
PDI in this process is the physical displacement of CTA1. It was initially thought that PDI-
mediated holotoxin disassembly by unfolding the CTA1 subunit’®. However, it has been
demonstrated that CTA1 unfolds naturally at the physiological temperature of 37 °Cl®,
Interestingly, PDI partially unfolds upon binding to CT"2l. It has been hypothesized that the
resulting increase in PDI’s hydrodynamic radius helps the chaperone to act as a “wedge” to
push away the CTA1 subunit from CTA2/CTB (Figure 5)72!. The oxidoreductase activity of PDI
does not seem to be required for holotoxin disassembly, as PDI treated with bacitracin, a
redox inhibitor, was still able to disassemble CT’2. In contrast, PDI locked in a folded
conformation by treatment with an intramolecular cross-linker was able to bind, but not to
disassemble CTU2, The next section will present a more detailed explanation of the
experiments that support the physical model of PDI-driven CT disassembly, which is central
for this thesis.

Unfolded CTA1

Thermal
unfolding
—_—

Refolded PDI

@
Figure 5. Wedge model of PDI-driven CT disassembly. PDI partially unfolds upon binding to the CT
holotoxin. The increased size of PDI allows it to act as a wedge and push CTA1 away from the rest of

the toxin'’®. Free CTA1 unfolds naturally at the physiological temperature and is released by PDI. After
dissociating from CTA1, PDI regains its folded conformation!’?. Created with BioRender.com

1.5 Biophysical studies providing the foundations of CT and PDI
interaction

The interaction between CT and PDI has been demonstrated by Surface Plasmon Resonance
(SPR) as well as enzyme-linked immunosorbent assay (ELISA)®#&7¢]. These two techniques
immobilize the toxin on a solid surface and detect changes in the signal after the addition of
PDI and protein-specific antibodies (a theoretical explanation of how these techniques work
will be provided in Section 1.6.4). Both experiments have shown that only reduced PDI is able



to bind and disassemble CT, and that a molecular excess of the chaperone over the toxin is
required for efficient disassembly at neutral pH!"“&76l,

The SPR experiments in particular demonstrate that PDI-driven CT disassembly can occur at
both pH 7.0 and 6.5 as well as at different temperatures (37 °C, 10 °C and 4 °C)“®! (Figure 6).
Similar SPR experiments were used to investigate the interaction between PDland CTA1 alone
and showed that this interaction at pH 7.0 is temperature-dependent: it is stronger at 10 °C,
weaker at 25 °C and no interaction was detected at 37 °C "?)(Figure 7). Since the isolated CTA1
subunit is an unstable protein with a disordered structure at 37 °C 487778 the fact that no
interaction was detected at the physiological temperature indicates that PDI does not interact
with unfolded CTA1. Unfolding of this subunit only occurs when it is free (not associated to

CTA2/CTB)“877] which explains why the interaction between the CT holotoxin and PDI occurs
at 37 °C.
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Figure 6. SPR experiments showing CT disassembly by reduced PDI at different temperatures and
pH values. A-C In the SPR experiment CT is appended to a GM1-coated sensor slide and records this
as the baseline signal. Since the signal is sensitive to the mass of the molecules bound to the sensor,
binding of PDI to the holotoxin is observed as an increase in the signal, which then drops below the
baseline level after PDI is no longer perfused (indicated by the red arrow). Sequential addition of
antibodies is demarked by the black arrows. If only PDI was lost, the signal would have returned to
the baseline level. Instead, it drops to a negative value indicating that also a portion of the holotoxin
had been released from the sensor slide. The addition of the anti-CTA antibody did not lead to a signal
increase, indicating that CTA1 is absent from the slide. This would have been the result of PDI
displacing CTA1 from the holotoxin. Figure adapted from Taylor et al 1%,

(|
g

AR

T T
0 200 400 600 80 1,000
Time (sec)

2,000

Although SPR has the advantage of monitoring CT disassembly in real-time, it is not possible
to determine the relative concentrations of CT and PDI in the assay because the amount of
CT bound to the sensor surface cannot be calculated®l. However, with an ELISA-based
experiment, the Teter group (University of Central Florida, UCF) showed that at least a ~2.8-
fold molar excess of PDI is required to disassemble 50 % of CT!"®l. The SPR experiment used
an even higher excess of PDI in the perfusion buffer and disassembly appears to be more
efficient than with the ELISA assay. This could possibly be due to the flow of PDI in the
perfusion buffer, which could provide an additional “push” for displacing CTA1. Disassembly

efficiency is also dependent on the temperature: it is faster at 37 °C than at 20°C 7®! and very
slow at 4 °C 48],
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Figure 7. SPR experiment showing the interaction between PDI and CTA1 at different temperatures
when the pHis 7.0. CTA1 is immobilized to an anti-CTA-coated SPR sensor. Figure adapted from Taylor
et al 148,

The initial foundations for understanding the molecular mechanism of PDI-driven CT
disassembly have been provided by Isotope-edited Fourier Transform Infrared Spectroscopy
(FTIR) and Circular Dichroism (CD)®. Both experiments are carried out in solution and provide
information about changes in the secondary structure of PDI upon interaction with CT or only
CTA172!, The CD spectra of reduced PDI and CTA1 at 10 °C and 1:1 molar ratio indicated that
the interaction between CTA1 and PDI resulted in conformational changes of either one of
the proteins or both. FTIR resolved this ambiguity. In this technique, one of the proteins must
be labeled with 3C. The conformation of the protein is not altered by the labeling, however,
the increased mass of the 13C isotope causes a downshift of the amide | band that allows to
distinguish between the FTIR spectrum of the 3C-labeled protein from the spectrum of the
same unlabeled protein!”>2%, The recorded FTIR spectrum is used to manually model the
contribution of secondary structure elements. These experiments show that reduced PDI
partially unfolds in the presence of an equimolar ratio of CTA1 at 10°C 2, In contrast, PDI
did not unfold at 37 °C, which confirmed the previous observation that PDI can only bind to
folded CTA11&72],

Ellipticity (millidegrees)

150 260 2;0 250 2éO 240 2é0
Wavelength (nm)
Figure 8. Far-UV CD spectra of CTA1 (blue), PDI (green) and a mixture of both proteins at a 1:1 molar
ratio (red). The black dotted line corresponds to the subtraction of individual CTA1 and PDI spectra
from the spectrum of the protein mixture. Figure taken from Taylor et al.

® For a theoretical explanation on how these techniques work see Barth[*®” and Ismail et a/l*6}] ,
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The secondary structure of PDI was also monitored by FTIR in the presence of the CT
holotoxin!’?. Interestingly, it was observed that PDI had started to unfold already after 1
minute of mixing the proteins at 1:1 molar ratio and 37 °C, suggesting that the interaction
under these conditions is a very fast process, contrary to the results obtained by ELISA using
an immobilized toxin. Within 25 minutes of exposure to CT, the chaperone exhibited an
increase in its secondary structure, which was interpreted as PDI starting to refold after
displacing CTA1 from the toxin!”?.

Additional SPR and FTIR experiments using either an intra-crosslinked or inhibited PDI showed
that the chaperone can bind to CT, but is unable to disassemble itl’281], With both treatments,
PDI assumes a more rigid conformation’282 that blocks its ability to unfold and thus
disassemble CT.

These studies have shed light onto the conditions required for the interaction between PDI
and CT or CTA1 (e.g., PDI redox state, temperature, pH) as well as the changes in the PDI
secondary structure when the toxin is present (summarized in Table 1). However, many
guestions regarding the disassembly mechanism remain unsolved: which domain(s) of PDI
bind to CT? What is the role of PDI redox state on binding and disassembly? Which domain
(s) are directly responsible for CTA1 displacement? Which domains of PDI unfold? The Teter
group at the University of Central Florida (UCF) has recently carried out preliminary ELISA and
SPR experiments with PDI deletion constructs (personal communication), which have
provided insight into the role of individual PDI domains on CT binding and disassembly. These
results show that the ab domains alone can disassemble CT, which occurs only when the a
domain is reduced but not when it is oxidized. In contrast, the bb’x domains are sufficient for
binding but cannot disassemble CT. Interestingly, the a’ domain unfolds upon contact with
CTA1 but is not required for CTA1 binding or CT disassembly.
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Table 1. Summary of conditions that have been explored in previous interaction studies
involving CT, CTA1 and PDI. Experiments that used CTA1 are highlighted in blue; experiments
with CT in white.

Observation Conditions
Lo CcT Molar ratio | Specific Method
Binding . Temperature pH
Disassembly CT:PDI treatments
SPR[48'72],
37 °C 7.0 PDI excess None -
ELISAL®!
37°C,10°C,4°C | 7.0
30°C 7.4 PDI excess | GSH SPR[7276]
X X 37°C 6.5
37°C, 20°C 7.4 1:2.8 GSH/DTT ELISAL®!
10°C 7.0
X 1:1 GSH FTIRI2
37°C 6.5
X X 37°C 7.0 1:1 GSH FTIR2
37°C 7.0
X 37°C 6.5 1:1 GSH+EDC FTIRI2
10°C 7.0
37°C 7.0 PDI excess | GSH+Q3R SPREY
X
20 °C 7.0 1:1 GSH+Q3R FTIREY
X 37°C 7.0 PDI excess | GSH+Q3R SPREY

1.6 Theory background
1.6.1 Protein X-ray Crystallography

X-ray crystallography is the traditional technique to determine three-dimensional structures
of molecules, and has almost no size restriction. It relies on the interaction of X-rays
(electromagnetic waves in the range of angstroms) with electrons, which diffract the X-ray
beam!®3l. Since this interaction is weak, millions of copies of the molecule of interest
organized within a crystal are used to magnify the signal.

Crystals are obtained from a solution of highly concentrated pure protein (in general >95%
pure on SDS-PAGE) that is placed under conditions that significantly reduce its solubility. If
this happens too fast, precipitation occurs, but if it is done slowly under the right conditions,
crystals will grow!®. This is achieved by mixing the protein with a crystallization solution,
which often contains precipitants like salts and polymers that reduce protein solubility. The
most common method for protein crystallization is vapor diffusion, which exists in two
formats: sitting-drop and hanging-drop!®!. Briefly, a drop containing a mixture of the protein
sample and crystallization solution is placed in a sealed well containing a liquid reservoir of
the crystallization solution. The drop can be placed either on a plateau above the reservoir
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(sitting-drop) or on a surface inverted above the well (hanging-drop). Since the drop contains
a lower concentration of the crystallization solution than the reservoir, water evaporates and
transfers from the drop to the reservoir until equilibrium is reached. As water leaves, the
protein and precipitant concentration in the drop increases, which may lead to formation of
crystals(®l, Crystallization depends on many variables, including the temperature, pH, buffer,
protein concentration, type of precipitant, presence of additives, etc. Although automation
has made it possible to screen hundreds of conditions at a time, crystallization is not a
predictable and controllable task yet, and it continuous to be a trial and error process!®®l.

Crystallization of proteins bound to small molecules is also possible. This is usually carried out
by two methods: soaking and co-crystallization®”). In the former, an existing protein crystal
is soaked with a high concentration of ligand solution. The ligand can diffuse into the crystal
lattice due to the solvent channels and bind to the protein if the binding sites are accessible
(e.g., not part of crystal contacts). An alternative approach is co-crystallization, where the
protein and ligand solution are mixed and then crystallization screens are set-up®”),

Once crystals are obtained, they are exposed to a monochromatic X-ray beam either in home
X-ray sources or at synchrotrons. The latter uses high intensity X-rays that have the advantage
of reducing exposure times and provide high signal to noise ratios, making synchrotrons the
preferred X-ray source for protein crystallographers®. When X-rays strike the protein crystal,
they are scattered by the electrons giving rise to a diffraction pattern. The amplitudes of the
waves are obtained from the intensities of the diffracted X-rays; however, the information of
the phases is lost, that is, the origin of each wave with respect to each other. Without the
phases, the position of the atoms in the structure cannot be determined. This is known as the
phase problem in X-ray crystallography, and albeit challenging, can be solved by different
methods®8. One of them is molecular replacement, which uses the phases of another
molecule whose structure is known and resembles the protein of interest. If no similar
structure is known, the phases can be obtained experimentally by several methods that
usually involve introducing heavy atoms in the protein structure’®, Once the phases are
found, they are summed in all directions to generate an electron density distribution of the
molecules. A chemical model can be fitted into this density, providing a first model of the 3D
structure of the protein. This model is improved by moving the position of the atoms such
that they fit the experimental data as good as possible in a process known as refinement
(Figure 9)3. This is done in several rounds (iterative process) until a good fit is obtained.

7 Nowadays, a common approach is to replace methionine with selenomethionine in the protein. Selenium does
not perturb the structure of the protein, but it is an effective anomalous scatter. Anomalous scattering occurs
when the wavelength of the incident X-rays is close to the transition between different electron shells in the
atom. At this point, the scattering changes rapidly and results in a change of both the amplitude and the
phase!””), which can be used to derive the position of the atoms in the molecule.
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Figure 9. X-ray crystallography workflow. When an X-ray beam strikes a protein crystal, X-rays are
scattered and detected as a diffraction pattern. This pattern only contains information of the
amplitudes of the waves but not the phases. Once the phases are determined (either experimentally
or computationally), they are combined to generate an electron density map of the protein in the
crystal. An atomic model is fitted into the electron density, and after several rounds of refinement, a
3D structure of the protein is obtained. Images of the protein crystal and diffraction pattern kindly
provided by Henrik Vinther Sgrensen, University of Oslo.

The main bottleneck of this technique is obtaining protein crystals, since large amounts of
highly pure protein are required and there is no guarantee that the protein will crystallize,
e.g., if the protein is too flexible. In addition, X-ray diffraction depends on the crystal
architecture, so imperfections in the crystal result in poor diffraction. Nevertheless, this
technique usually provides the highest resolution structures and remains the gold standard
in structural biology.

1.6.2 Single particle cryogenic-electron microscopy (Cryo-EM)

Cryo-EM is an imaging technique used for investigating three-dimensional structures of
frozen samples near their native state®®. This technique comes in two main flavors: cryo-
electron tomography (cryo-ET), to visualize whole cells and organelles, and single particle
cryo—electron microscopy (SP cryo-EM) to visualize macromolecules®ll. Unlike X-ray
crystallography, single particle cryo-EM does not require crystals, and only very small
amounts of protein are needed (microgram range). The number of structures determined by
this technique have increased exponentially in the recent years, and notable improvements
in both instrumentation and imagining processing have allowed to reach atomic resolution,
like in the case of Apoferritin!92%3],

Cryo-EM samples are prepared by placing a few microliters of the pure protein on a support
grid made of a conductive material (e.g., Cu or Au) and coated with a carbon film. Grids are
blotted to remove excess liquid and then vitrified by plunging them into liquid ethanel®®. This
freezes the sample fast enough to prevent water molecules from forming ice crystals,
preserving the specimen in a close to native state that protects it from radiation damage!®*.
The grid is placed in a transmission-electron microscope (TEM), where an electron beam is
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focused at the sample by electromagnetic lenses. When the electrons interact with the atoms
of the sample, they are scattered and detected, forming a two-dimensional image. Hundreds
to thousands of short movies are recorded, which after correction of specimen movements,
result in images. These images are sorted according to their orientations and then combined
to reconstruct a three-dimensional structure of the protein®. In contrast to X-ray
crystallography, the phases of the scattered waves are not lost, and a structure of the protein
can be directly determined after a thorough computational analysis.

The radiation sensitivity and low signal-to-noise ratio of macromolecules in vitreous ice,
makes the visualization of specimens <200 kDa difficult®®; however, size limits are
continuously challenged and several structures of macromolecules below 200 kDa have been
determined®’~%%, the smallest being the SAM-IV riboswitch (39 kDa)*0!,

In many cases, the quality of the sample is assessed prior to cryo-EM by a technique known
as negative stain electron microscopy. After adsorbing the sample on an EM grid, an electron
dense compound is added (e.g., uranyl acetate or formate) to stain the background, but not
the particles, which appear as lighter areas in the image compared to the surrounding
solvent!®l, This technique allows to visualize the distribution of the particles (is the sample
too crowded or can individual particles be clearly identified?), determine
homogeneity/heterogeneity of the sample (are the proteins in different states or forming
larger structures?), and evaluate formation of complexes or large assemblies. In this way, the
samples can be optimized before starting cryo-EM experiments.

Besides the fact that no crystals are required, the increase in resolution and decrease in
sample size limits have made this technique very attractive for studying 3D structures of a
wide range of proteins.

1.6.3 Small-Angle X-ray and Neutron Scattering (SAXS/SANS)

Small angle X-ray and neutron scattering are techniques that offer low resolution structures
of molecules in solution (nanometer scale)'%?, They are especially useful for studying multi-
domain and flexible proteins which are difficult to investigate by other methods like X-ray
crystallography*3. In a typical experiment, a sample is placed in a capillary and exposed to a
beam of X-rays (SAXS) or neutrons (SANS) (Figure 10). The incident radiation is elastically
scattered by the sample and measured at low angles (0.1 to 5 deg). The scattering is analyzed
and provides information on the size, shape and oligomeric state of the molecules*??, It is
also possible to generate a 3D representation of the molecule or “envelope”. This can be
achieved either by ab initio methods, where no previous information of the structure of the
molecule is known, or by modeling the X-ray, NMR or EM structure if it has been solved for
the macromolecule!*®¥,
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Figure 10. Schematic representation of a typical small angle scattering experiment. An X-ray or
neutron beam is shot at a sample, and the scattered radiation is detected at low angles. Created in
Biorender.com

In this thesis, only a brief explanation of how SAS works is presented. An advanced
explanation of the physics behind these techniques can be found in Feigin and Svergun(t%°
and Svergun et af [108],

The scattering intensity, I, depends on the scattering angle (26) and is related to the structure
of the molecules in solution by the following expression:

@) =5@ ) @V R@] (M

Where q is the scattering vector and relates to the scattering angle through A (wavelength of
incident radiation) as shown in (2) :

41rsing
q=—"7" (2)

The relationship in (1) indicates that the intensity of scattered radiation is the sum of the
scattering from each particle in the sample, i, within the illuminated sample volume. The
scattering intensity depends on several variables, including the volume squared of each
particle V;%; the contrast square Ap;?, which is the difference in the scattering density of the
macromolecules and the solvent; the structure factor S (q), which gives information
regarding the interactions between particles; and the form factor P;(q), that contains
information about the size and shape of the particles. Due to the random orientation of
molecules in solution, the resulting scattering is isotropic and is radially averaged™®’l. This
results in a one-dimensional scattering curve that is usually plotted as I (q) vs q, which gives
information about the intramolecular distances of the protein but not their spatial
orientation.

As all atoms scatter radiation, all the species present in the sample contribute to the
measured scattering. To obtain accurate structural information of individual macromolecules
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or complexes, the sample must be homogeneous and not affected by interparticle
interactions (S (q) = 1). Under these conditions, (1) can be simplified to

I1(q) = N(&pV)?P(q) (3)
Where N is the number of homogeneous particles in the sample.

The success of SAXS and SANS experiments relies on the production of monodisperse and
highly pure samples. Since the scattering intensity increases with the squared volume of the
particles as shown in (1), if large impurities or aggregates are present —even at low
concentrations— they can lead to alterations on the scattering curves'%107] making the
calculation of 3D spatial models very difficult.

Another important factor for an accurate SAS analysis is the correction of the scattering from
background contributions. The buffer used in the sample must match exactly the one used to
measure the background scattering, so that the subtraction of both measurements gives rise
to the scattering of the macromolecule%7],

The overall size of the macromolecules is derived from the Guinier analysis, which provides
the Radius of gyration (Rg), a measure of the intramolecular distances with respect to the
center of the electron density of the molecule!'®l. R, is obtained from the slope of the
“Guinier region®” of the plot n(I) vs q% , where In(I) = In(1(0)) — %quz. The Y-intercept,
1(0), is the scattering intensity at g = 0 and provides an estimation of the molecular mass.
Furthermore, the hydrated volume of the macromolecule can be determined by Porod’s law
and the maximal intramolecular distance (Dmax) can be estimated by an inverse Fourier
transformation® of the intensity, known as the pair distance distribution function P (r) 109,
This function represents the probability distribution of distances r between any two atoms in
the macromolecule, resulting in a curve with peaks where the most probable distances in the
molecule arel®®, The overall particle shape can be estimated from this curve: globular
molecules display a symmetric bell-shaped plot, while unfolded particles display an extended
line(**Y] (Figure 11.A). Another presentation of the SAXS data is the Kratky plot, I(q)q? vs q,
which gives information about the flexibility and degree of unfolding of the proteint!2],
Molecules with different shapes display characteristic curve shapes in the Kratky plot as
shown in Figure 11.B.

8 The Guinier region corresponds to the low-q portion of the data.
9 A Fourier transformation is a mathematical tool that allows to convert signals from the time domain to the
frequency domain. An inverse Fourier function does the opposite.
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Figure 11. Typical pair distance distribution plots (left) and Kratky plots (right) for proteins. Shown
are the P(r) curves for a sphere (blue), dumbbell (yellow) and rod (green). Typical Kratky plots for a
globular protein (blue), unfolded protein (black), partially flexible protein (pink dashed-line) and
multidomain protein (yellow). Image generated in Biorender.com.

While X-rays are scattered by electrons, neutrons are mainly scattered by the atomic
nucleil’®3, This fundamental difference between SAXS and SANS makes the combination of
these two techniques especially useful for studying multi-component samples like protein-
protein complexes. Neutron scattering depends on the isotopic composition of a
macromolecule and the solvent and can be either positive or negative. Particularly interesting
is the fact that hydrogen and its isotope deuterium have dramatically different scattering
lengths*13], and this difference can be exploited to enable contrast variation. By varying the
ratio of H,O and D;0 of the solvent, it is possible to find conditions where one component of
the complex has the same scattering as that of the solvent. Under these conditions, the
“matched” component becomes invisible to SANS, allowing the visualization of only the other
component in the complex!*% (Figure 12). For most proteins, the matching point is between
40-45% D,0, while for DNA/RNA it is 60-70%*3. In the case of complexes consisting of two
proteins, one of them must be partially deuterated to obtain different match points,
otherwise both will be matched simultaneously, or they will contribute equally to the
scattering. Deuterated proteins are obtained through production in cell cultures grown in
D,0-based media with a deuterated carbon source (e.g., glycerol or glucose)*'4, Efficient
protocols for the production of deuterated proteins have been developed for bacteria
(Escherichia coli) and yeast (Pichia pastoris)™**4,

SANS is significantly more demanding than SAXS, as it requires higher amounts of protein
(200-500 uL of the sample at 5-10 mg/mL for a single measurement)!° due to the relatively
low flux of neutron sources!!®l. In addition, the large incoherent scattering of hydrogen
makes measurements in H,O-based solvents problematic, as it contributes to a significant

10 The amount of protein depends on the size (the larger the protein, the more it scatters) as well as the neutron
source. Decent data can be obtained with concentrations as low as 1.5-2 mg/mL for a 50 kDa protein (PhD thesis
of Henrik Vinther Sgrensen, UiO).
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amount of noise in the SANS data. Nevertheless, this is a powerful technique that can give
valuable structural information.

0% D,0 ~40% D,0 100% D0

Figure 12. Contrast-matching for a protein-protein complex. At 0% D,0, both proteins in the complex
are visible. At the match-point of the hydrogenated protein component (e.g., 40% D,0), only the
deuterated protein is visible, while at 100 % D,0 only the hydrogenated component is visible.

1.6.4 Methods for studying protein-protein interactions

Surface Plasmon Resonance (SPR)

SPR is one of the most widely used techniques for monitoring binding between two or more
molecules in real timel'®], SPR allows to determine both the binding affinity and
association/dissociation kinetics of an interaction, based on changes in the refractive index of
the medium when molecules bind to the surface of a sensor slide!**¢l. The slide is made of
gold or silver and is placed at the interface of two dielectric (poor conductive) media with
different refractive indices. When polarized light is focused on the surface, it interacts with
surface plasmons — excited free electrons oscillating along the surface, which resonate with
the electric field of incident light!*'”). The oscillations are highly sensitive to changes in the
surrounding, such as adsorption of molecules.
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Figure 13. Experimental SPR set-up (A) and typical sensorgram (B). When polarized light is shot on a
metal film, the reflected light is detected and analyzed. Image generated with Biorender.com.
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In a typical SPR experiment, a molecule (called the ligand) is immobilized on a metal surface,
followed by injection of the binding partner, called the analyte (Figure 13.A). As the refractive
index is proportional to the mass on the sensor slide, if a binding event occurs, the refractive
index increases. This is observed as a change in the resonance angle of refracted light, which
is converted to resonance units (RU). The change in RU signal over time generates a curve
known as sensorgram (Figure 13.B), where different stages of the binding event can be
evaluated. A baseline signal is initially recorded, which corresponds to the RUs when the
ligand is bound to the surface. Then, the analyte is added and an increase in the RU signal is
observed if it binds to the ligand (association phase). After a certain time, the number of
association and dissociation events are the same and equilibrium is reached. Injection of the
analyte is then stopped, causing the analyte molecules to dissociate which leads to a decrease
in RUs. Complete removal of the analyte occurs during the regeneration step until the
baseline is reached again. The curve can be used to calculate the binding affinity (Ka).

Micro-scale thermophoresis (MST)

MST is another useful technique for studying interactions between biomolecules!!®8l, It
measures changes in the mobility of fluorescent molecules under microscopic temperature
gradients, known as thermophoresis!®®). When the buffer is kept constant, the
thermophoresis only depends on changes in the charge, size and hydration shell of the
molecules18120] |f an interaction between two molecules occurs, at least one of these
properties changes, resulting in a different thermophoretic movement compared to that of
the unbound molecule*?!],

In MST, a fluorescent protein (either labeled or intrinsically fluorescent) is titrated with a non-
fluorescent molecule and loaded into a glass capillary. A temperature gradient is induced by
an infrared laser, and the thermophoretic movement is measured as the fluorescence
distribution inside the capillary. The change in thermophoresis of the fluorescent molecule
can be used to calculate an equilibrium binding constant!*?%), Compared to other methods,
MST has the advantage that no immobilization of the biomolecules is required and that very
small amounts of protein are needed (few microliters of samples in nM range)2%],

Isothermal titration calorimetry (ITC)

ITC is the standard method for determining thermodynamic parameters of biomolecular
interactions in solution by measuring the heat that is absorbed or released during a binding
event!*??, As no immobilization or labeling of the binding partners is required, this method
provides affinity measurements in the native state. ITC uses a calorimeter containing a
reference cell filled with solvent, a sample cell with the analyte and an injection syringel*?3],
The ligand is titrated into the sample cell, and if binding occurs, the temperature in the cell
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changes. Since the calorimeter must keep the reference and sample cell at the same
temperature, it applies or reduces heat to return the cells to the same temperature. From
each ligand injection, a change in the heat of reaction (AH) is obtained, which can be plotted
and integrated against the molar ratio of the injection to create a titration curvel*?3), This
curve directly provides the binding affinity, enthalpy, entropy and stoichiometry of the
binding reaction(*?2,

Enzyme-linked immunosorbent Assay (ELISA)

ELISA is a technique used to detect and quantify the presence of a protein in a sample using
specific antibodies. There are many ways to perform an ELISA, but all of them share the
following steps!*?*. First, an antigen is immobilized on the surface of a microtiter plate
(coating). Then, the remaining available sites on the surface are coated with a protein that
does not disturb the assay, such as bovine serine albumin (BSA) (blocking). In some cases, a
primary antibody covalently liked to an enzyme is added, which reacts upon addition of a
substrate, leading to absorption or a fluorescence signal. This signal is proportional to the
amount of binding antibody and can be quantified. If the first antibody is not linked to an
enzyme, a second antibody with affinity for the primary antibody is added*?>!. This is called
the secondary antibody and is conjugated to an enzyme that gives rise to a signal. Typical
enzymes used are Horseradish peroxidase (HRP) and alkaline phosphatase (AP)12%], A crucial
step in ELISA experiments is washing, which is done thoroughly after the addition of the
antibodies to remove unbound proteins.

In addition to the methods described above, protein-protein interactions can also be studied
by other techniques including fluorescence resonance energy transfer (FRET), bio-layer
interferometry (BLI) and size-exclusion chromatography (SEC). For a theoretical background
on these techniques, the reader can refer to reference 129,
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2 Aim of the thesis

The mechanism of cholera toxin disassembly by PDI is not well understood at the structural
level. The interaction between these proteins is highly dynamic and requires an integrative
structural biology approach. Although a model for toxin disassembly has been proposed!’®,
the structural details regarding the CT binding sites as well as the specific domains of PDI
involved in binding and disassembly remain unknown. Our collaborators at UCF have
identified different conditions under which the interaction between CT with PDI takes place,
which could serve as a starting point for obtaining a stable protein complex. The aim of this
thesis was to gain structural insight into the interaction of CT with PDI by Small-Angle X-ray
Scattering (SAXS). As high amounts of protein are required for this technique, the initial focus
of this project was to optimize the expression yields. The combination of SAXS with Small-
Angle Neutron Scattering (SANS) could provide additional information about the disassembly
mechanism, and therefore preparatory work for SANS studies was also pursued in this thesis.
PDI also mediates disassembly of other CT homologues including pLT, which was used as an
alternative target in this thesis.

This thesis had three main objectives:

1. Production of hydrogenated and deuterated protein targets: Establish and optimize
protocols for the expression and purification of the cholera toxin, pLT and both
hydrogenated and deuterated PDI.

Structural characterization of CT and PDI by SAXS and crystallization of CT.

3. Interaction studies: Investigate conditions that lead to a stable interaction between

PDI and CT by SEC and SAXS.
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3 Methods

This chapter describes the experimental procedures used and developed in this thesis. A list
of all the materials and equipment used can be found in the Appendix Section A.

3.1 Cloning and transformation of CT, pLT and PDI

CT is encoded by a pARCTS5 vector generously provided by Professor Randall Holmes. It
contains an L-arabinose-inducible operon with periplasmic signal sequences*! derived from
the LT-1IB gene, which directs secretion of both CTA and CTB subunits to the periplasmic space
more efficiently than the native CT secretion signals!*?”],

The pLT gene was synthesized by Genscript, inserted into a pUC57 plasmid and subcloned*?
in this thesis into a pARCT5* vector, where the Ncol site in the chloramphenicol gene had
been previously removed by a silent mutation using primers Ncol Fwd and Ncol Rev
(Appendix Section D)*3. The DNA coding for CTA and CTB in pARCT5* was replaced by pLTA
and pLTB DNA, keeping the LT-IIB signal sequence.

Full-length human PDI with an N-terminal Hiss-tag is encoded in a pOLR130 plasmid kindly
provided by Professor Ken Teter (UCF). The plasmid harbors an ampicillin resistance gene.

3.1.1 Cloning of pLT

The CT gene in pARCT5* and pLT gene in pUC57 are flanked by two Ncol restriction sites
(Figure 15). Both vectors were digested with the restriction enzyme Ncol-HF® (New England
Biolabs, NEB) following the protocol described below. Using the same restriction enzyme for
cutting both plasmids creates complementary sticky ends that help to ligate the two DNA
pieces. To separate the insert (pLT) and the destination vector (pARCT5*) from the rest of
DNA fragments generated, the digestion reactions were run on an agarose gel. The two
relevant bands were cut out and purified with the QIAquick Gel Extraction Kit (QIAGEN). The
destination vector was dephosphorylated using shrimp alkaline phosphatase rSAP (NEB) and
then ligated with the insert. The ligation mixture was used to transform DHS5a E. coli
competent cells as described in Section 3.1.2. The orientation of the insert was verified by a
restriction enzyme digest and positive clones were sent for sequencing.

11 Amino acid sequence that directs proteins to the bacterial periplasmic space (region between inner
cytoplasmic membrane and outer bacterial membrane).

12 Technique to move a DNA sequence from a parent vector to a destination vector.

13 The silent mutation was introduced by Joel Benjamin Heim, Department of Chemistry, UiO.
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Figure 15. pLT subcloning workflow. The CT and pLT genes were excised from their respective
parental vectors by digestion with the Ncol restriction enzyme. After gel-purifying the pLT insert and
the pARCT5* vector, the latter was dephosphorylated by treatment with shrimp alkaline phosphatase,
and then ligated with the insert. Correct orientation of the insert (plasmid within light blue square)
was verified by a diagnostic restriction digest with the enzyme BamHlI, followed by sequencing. Ncol
and BamHI restriction sites indicated by the dashed line. Relevant plasmid elements are highlighted
in different colors. Blue: chloramphenicol resistance marker (CAM ®). Light purple: kanamycin
resistance marker (KAN ®). Light green: arabinose operator. Dark purple: origin of replication (Ori).
The red star in the CAM region represents the silent mutation introduced to remove an Ncol site
(leaving only two Ncol restriction sites in the vector). Figure generated with Biorender.com.
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Restriction enzyme ligation

Two parallel digestion reactions were set up. Briefly, 1 ug of pARCT5* or pLT-pUC57 was
mixed with 5 uL of 10X rCutsmart™ buffer (NEB) (1:10 dilution), 1 uL of Ncol-HF (20 units,
NEB) and milli-Q water to a final volume of 50 uL. The reactions were incubated for 1 hour at
37 °Cin a bead bath (VWR) followed by heat-inactivation at 65 °C for 15 minutes.

Agarose gel electrophoresis and gel purification

Restriction-enzyme digests were separated according to their size by agarose gel
electrophoresis. This method applies an electric field to move the negatively charged DNA
molecules through the pores of an agarose gel. As smaller molecules move faster than larger
molecules, it is possible to estimate the approximate size of DNA fragments by comparing
their position in the gel with that of a DNA ladder (mixture of DNA fragments with known
lengths).

Standard protocol: A 1% agarose solution in TAE buffer was heated in a microwave until
complete dissolution and then allowed to cool to 50-60 °C, before addition of ethidium
bromide'* to a final concentration of 10 ug/mL. The solution was poured into a gel tray with
an 8-well comb and allowed to solidify at room temperature for 20-30 minutes. After the
comb was removed, the gel was placed in an electrophoresis tank (HE33 Mini submarine
electrophoresis unit, Hoefer) and covered with TAE buffer. Samples were prepared by mixing
the DNA with 6X DNA Loading Dye (Thermo Scientific™) and then loaded into the gel wells.
Perfect DNA 1 kbp ladder (Novagen) was also loaded in one of the wells. The tank was
connected to a power supply (PowerPack HC, Bio-Rad) to apply an electric field of 90 V for 60
minutes. The bands were visualized under ultraviolet-light (UV Transilluminator 2000, BioRad)
and gel pieces containing relevant DNA fragments were cut out with a scalpel and further
purified using the QlAquick Gel Extraction Kit (QIAGEN) according to the manufacturer’s
protocol.

Vector dephosphorylation

To avoid recircularization of the pARCT5* vector, the 5’-end phosphates were removed by
treatment with rSAP (NEB). In a PCR tube, 0.1 pmol of gel-purified pARCT5* was mixed with
2 ul of 10X rCutSmart™ buffer (NEB) and 1 uL of rSAP. The reaction was incubated at 37 °C
for 30 minutes in a bead bath and then stopped by heat-inactivation at 65 °C for 5 minutes.

14 Ethidium bromide is a DNA intercalating agent that fluoresces under UV light. It is used to visualize DNA bands
in a gel. This compound is mutagenic and must be handled with care.
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Ligation

The sticky-ended pARCT5* vector (dephosphorylated) and pLT insert were mixed at 1:2 and
1:3 molar ratios with 2 uL of 10X T4 DNA ligase buffer (NEB), 1 uL of T4 DNA ligase (NEB,
added last) and milli-Q H,O to a final volume of 20 uL. In addition, two control ligation
reactions with the cut vector alone, either phosphorylated or non-phosphorylated (rSAP-
treated), were set up. The reactions were incubated at 20 °C for 10 minutes in a bead bath
and then heat-inactivated at 65 °C for 10 minutes. The amount of destination vector used in
each reaction was approximately 50 ng, and the amount of insert was calculated according to

(4):

ng vector x kb insert molar ratio insert

ng insert = X -
kb vector molar ratio vector

The ligation mixtures were used to transform NEB DH5a E. coli competent cells according to
the protocol described in section 3.1.2.

Diagnostic restriction digestion

Since the vector and insert were digested with a single restriction enzyme, the sticky ends are
the same and the insert can be ligated in two different orientations into the vector backbone.
To verify the insert orientation, plasmids isolated from several colonies were digested with
BamHI restriction enzyme, which cuts the vector in two fragments with different sizes for
each orientation (Figure 15). The digestion reactions were set up by mixing 200 ng of plasmid
with 2 uL of 10X FastDigest (FD) green buffer (ThermoFisher Scientific), 1 uL of Fast digest
BamHI enzyme (ThermoFisher Scientific) and milli-Q water to a final volume of 20 uL. The
reactions were incubated at 37 °C for 10 minutes in a TC-3000 PCR thermocycler (Techne),
followed by heat-inactivation at 80°C for 5 minutes. The bands were visualized under UV-light
(UV Transilluminator 2000, BioRad), and the plasmids that appeared to have the correct insert
orientation (downstream of the promoter) were sent for sequencing.

3.1.2 Transformation

At the beginning of this project, OverExpress C43 cells (Sigma) and BL21 (DE3) pLysS cells
(Novagen) were already transformed with the vectors coding for CT and PDI, respectively.

NEB DH5a and Turbo E. coli competent cells were transformed with pARCT5 and pLT-pARCT5
vectors. These vectors were also used to transform Vmax™ Express Chemically Competent
Cells (SGI-DNA) for protein expression. The standard transformation protocols for these
strains are described below.
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E. coli transformation

Standard protocol: 1-5 ulL of a solution containing 50-100 ng of plasmid DNA was added to a
tube with 50 uL of DH5a or Turbo chemically competent E. coli cells. After 15 minutes of
incubation on ice, the tube was gently flicked 4-5 times and then incubated for 15 more
minutes. The cells were then heat-shocked at 42 °C for either 30 seconds (DH5a cells) or
45 seconds (Turbo cells) and immediately returned to ice for 5 minutes. Room temperature
SOC medium (NEB) was added to the mixture at a 10:1 volume ratio, and the cells were
incubated at 37 °C for 1 hour with shaking (180 rpm; Multitron Standard incubator-shaker,
InforsHT) to allow them to recover and start expressing the antibiotic resistance marker. Two
dilutions of the transformation reaction were spread onto pre-warmed LB-agar plates
containing 25 mg/L chloramphenicol and incubated overnight at 37 °C (Kelvitron T incubator,
Heraeus). The next day, single colonies were taken and used to inoculate 5 mL of LB-medium
containing 25 mg/L chloramphenicol (CAM). The cultures were grown overnight at 37 °C with
shaking (180 rpm, InforsHT) and used the following day for isolating DNA and making glycerol
stocks.

Vibrio natriegens (Vmax) transformation

100-200 ng of plasmid DNA was added to one vial of Vmax™ Express Chemically Competent
Cells (SGI-DNA). The tube was gently mixed and incubated on ice for 1 hour. The cells were
then heat-shocked at 42 °C for 30 seconds and immediately returned to ice for 2-5 minutes.
After incubation, the mixture was transferred to a pre-warmed 14 mL Falcon® tube containing
950 uL of Vmax™ Chemicompetent Cell Recovery Medium and incubated at 30 °C for 2 hours
in a shaker (200 rpm, InforsHT). Then, two dilutions of the transformation reaction were
spread onto LB-agar plates supplemented with 12.5 mg/L chloramphenicol and incubated
overnight at 30 °C (Kelvitron T incubator, Heraeus). The next day, single colonies were taken
to inoculate LB+ v2 salts medium®® (25 mg/L chloramphenicol). The culture was grown
overnight at 30 °C and used the following day for making glycerol stocks.

Glycerol stocks
Standard protocol: An aliquot of an overnight culture was diluted 1:1 with 50% glycerol

(sterile-filtered) into a sterile 2-mL cryogenic vial. The tube was gently mixed and then stored
at -80 °C.

15 Regular LB-Miller medium supplemented with additional salts including NaCl, KCl and MgCl,. For a detailed
composition of this medium, please see Appendix Section B.
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Plasmid isolation and quantification

Standard Protocol: Plasmid DNA was isolated from overnight cultures of E. coli strains using
the NucleoSpin Plasmid Kit (Machery-Natel), following the protocol for low-copy plasmids
described by the manufacturer. The plasmid yield was quantified by measuring the
absorbance at 260 nm with a NanoPhotometer nanodrop (Implen).

3.1.3 DNA Sequencing

Plasmids positive to the diagnostic digestion were sent for sequencing of the pLT gene region
using the primers listed in the Appendix Section D (Eurofins Genomics). 10 uL samples
containing 0.5-1 ug of plasmid DNA and 25 uM of primer were sent for sequencing to Eurofins
Genomics. Sequences were visualized and aligned in the software MEGA 7.0.

3.2 Protein production

*Safety/Risks associated with toxin work

E. coli strains for production of CT are classified as biosafety level 2. However, intoxication
would require ingestion of mg-amounts of the toxin. For this reason, toxin production was
performed in a BSL-1 laboratory, taking additional safety measures such as biological risk signs
installed at shakers, centrifuges, and autoclave while they were in use, and vaccination of the
researcher involved in the project (safety clearance for this work has been obtained from
Helsedirektoratet, including flexible use of facilities).

3.2.1 Expression of CT in E. coli

50 mL Terrific Broth (TB) medium (Appendix Section B) containing 25 ug/mL CAM were
inoculated with OverExpress C43 cells (Sigma) transformed with the CT-encoding pARCT5
plasmid. The culture was incubated overnight at 30 °C with shaking (150 rpm, Multitron
Standard Incubator Shaker). The next day, 10 mL of pre-culture were transferred to
Erlenmeyer baffled flasks containing 500 mL TB medium (1:50 dilution) supplemented with
25 ug/mL CAM and grown until the optical density at 600 nm (ODeoo) reached approximately
2.0. Protein expression was induced with 0.2 % L-arabinose (Sigma) at 37 °C, 150 rpm for 3
hours. Cells were harvested by centrifugation for 20 minutes at 6000 rcf (relative centrifugal
force), 4 °C (Avanti J-26 XP centrifuge, Beckman- Coulter; J-Lite JLA-8.1000 fixed-angle rotor,
Beckman-Coulter). To isolate CT from the periplasmic space, cell pellets were resuspended in
1/40" volume of TALON A buffer (50 mM sodium phosphate pH 8.0, 300 mM NacCl)
supplemented with 1 tablet of cOmplete™ protease inhibitor cocktail per 50 mL lysis buffer
(Roche), 3 uL of benzonase (Sigma) and 1 mg/mL polymyxin B sulfate® (Sigma). This solution

16 polymyxinB can disrupt the outer membrane of cells and has been used for releasing periplasmic proteins['®2,
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was incubated for 15 minutes at 37 °C with shaking followed by centrifugation at 8000 rcf, 4
°C for 20 min. The supernatant (periplasmic fraction) was filtered through a 0,2 um filter (PES
membrane, VWR) and used immediately for further purification steps (Section 3.3.1).

3.2.2. Expression of CT and pLT in Vmax

Vmax cells transformed with plasmids encoding CT or pLT were grown overnight at 30 °C and
180 rpm in LB+v2 salts medium containing 25 ug/mL CAM. The following day, the cultures
were diluted 1:100 in 500 mL of LB+v2 salts medium (25 ug/mL CAM) and grown until ODsoo
reached ~0.8 before induction with 0.2% or 0.02% L-arabinose (Sigma) at 30 °C, 140 rpm for
14-16 hours. Since CT is naturally secreted into the medium by Vmax, the cells were removed
by 2-3 rounds of centrifugation at 15,000 rcf and 4 °C for 30 minutes. The supernatant was
supplemented with 1 % NaNjs to avoid bacterial growth, then filtered through a 0.22 um filter
(PES membrane, VWR) and used as soon as possible for further purification steps (Section
3.3.1).

3.2.3. Expression of human PDI in E. coli

Expression of hydrogenated PDI

LB medium containing 100 ug/mL ampicillin (Amp) and 20 ug/mL CAM was inoculated with
BL21 pLysS cells transformed with the pOLR130 plasmid encoding human PDI. Cultures were
grown overnight at 30 °C on shakers set to 140 rpm. The next day, the pre-culture was diluted
1:100 into flasks containing 1 L LB medium supplemented with 100 ug/mL ampicillin and
grown at 30 °C, 140 rpm. When ODggo reached 0.7-1.0, protein expression was induced
overnight with 1 mM Isopropyl B-b-1-thiogalactopyranoside (IPTG; VWR) at 20 °C, 140 rpm.
Cells were harvested by centrifugation at 5000 rcf for 20 minutes and stored at -80 °C until
further use. To isolate PDI from the cell cytosol, protein pellets were defrosted overnight in
the fridge and then resuspended in His A buffer (50 mM Tris-HCl pH 7.5, 200 mM NacCl, 20 mM
Imidazole; Appendix Section B) supplemented with 1 tablet of protease inhibitor cocktail ( per
50 mL lysis bufferRoche), 200 ug/mL lysozyme (Sigma), 3 uL benzonase (Sigma) and incubated
on ice for 20 minutes with stirring. For reduced PDI, 5 mM TCEP was also included in the lysis
buffer. The solution was then sonicated at 40 % amplitude with 4 rounds of 20 second pulses,
40 seconds break, followed by centrifugation at 11,000 rcf, 4 °C for 40 minutes (Eppendorf
5810R bench-top refrigerated centrifuge; Eppendorf F-34-6-38 fixed angle rotor). The
supernatant (cell lysate) was filtered through a 0.22 um filter (PES membrane, VWR) and used
immediately for purification, as described in Section 3.3.2.
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PDI expression test in M9+ minimal medium

SANS studies involving a protein-protein complex require labeling of one of the components
with deuterium. For the CT-PDI complex, we decided to work establish a deuteration protocol
for PDI using minimal medium. This medium contains the minimum components that support
bacterial growth and is used to incorporate specific isotopes in proteins. Since deuterated
compounds are expensive, conditions for optimal expression of PDI were first tested in M9+
minimal medium without deuterium (Appendix Section B).

2.5 mL of LB medium containing 100 ug/mL ampicillin and 20 ug/mL CAM were inoculated
with BL21 plysS cells and grown for 8 hours at 37 °C on a shaker set to 130 rpm. (InforsHT)
These cultures were transferred to 25 mL of M9+ medium (100 ug/mL ampicillin, 20 ug/mL
CAM) in 250 mL baffled flasks and grown for 15 hours on shakers at 37 °C, 130 rpm. The next
day, overnight cultures were transferred to 225 mL of M9+ media supplemented with 100
ug/mL ampicillin, and grown at 37 °C, 130 rpm. Protein expression was induced with different
concentrations of IPTG (0.25-1.0 mM) and at different ODgoo values (0.7-5.0) for 20 hours at
25 °C. The conditions tested are summarized in Table 2. To evaluate protein expression, cell
samples before and after IPTG induction were taken and analyzed by SDS-PAGE as described
in Section 3.3.3.

Table 2. Summary of expression conditions tested for overnight expression of PDI in H,O-based M9+
medium

Condition IPTG Concentration(mM) OD¢oo at point of
induction
0.7
1.2
1.6
5.0
0.7
1.2
1.6
5.0
0.7
1.2
1.6
5.0

0.25

0.5

O 0 NO BNN|H WIN R

=
o

1.0

=
N R

Expression of perdeuterated PDI

To express perdeuterated PDI, BL21 pLysS cells were grown in D;0-based M9+ minimal
medium containing deuterated glycerol (Appendix Section B) following the protocol
described for the minimal media expression test, except for one additional step: Cells were
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initially grown in 1 mL of H,0O-based LB medium for 3 hours and then diluted 1:10 in 2.5 mL
of D20-based LB medium, followed by incubation for another 5 hours. Protein expression was
induced at ODggo = 0.7 with 0.5 mM IPTG (best condition found). By mistake, the temperature
was not changed to 25 °C during expression but kept at 37 °C. Deuterated PDI was extracted
from the cell cytosol in the same way as it was described above for hydrogenated PDI.

3.3. Protein purification

All protein purification steps were carried out at 4-10 °C unless stated otherwise. Size-
exclusion chromatography (SEC) was performed in an Akta purifier or an Akta pure protein
purification system (GE Healthcare). All protein samples were filtered prior to SEC (Spin-X®
centrifuge tube filters; Sigma)

3.3.1 CT and pLT purification

Affinity chromatography was carried out using a Miniplus 3 Peristaltic pump (Gilson) at room
temperature’. lon-immobilized affinity chromatography (IMAC) was used as the capture step
for CT, since the toxin has two histidine amino acid residues that confer natural weak affinity
for Co?* or Ni?* ions[*?8. As pLT does not contain such residues (Appendix Section F), b-
galactose affinity chromatography was used as capture step for this protein.

Talon affinity chromatography

CT was purified from the periplasmic fraction (E. coli expression) or the medium supernatant
(Vmax expression) by loading these solutions into a HiTrap TALON® crude 5 mL column
(Cytiva) previously equilibrated with Talon A. The column was washed with 15 column
volumes (CV) of Talon A before eluting CT with 10 CV of Talon B (50 mM sodium phosphate
pH 8,0, 300 mM NacCl, 50 mM imidazole). The protein was then concentrated as described in
section 3.3.4 and stored at 4 °C until further use.

Galactose affinity chromatography

This method was used as main capture step for pLT and as an alternative for the purification
of CT from the medium supernatant. While pLT purification was carried out by gravity flow,
CT purification was performed in a peristaltic pump using an in-house packed column.

Standard protocol: Filtered supernatants were applied onto 3-4 mL Pierce™ D-Galactose
Agarose resin (Thermo Scientific™) equilibrated with Gal A (50 mM sodium phosphate pH 7.4,
200 mM NaCl; Appendix Section B). The column was washed with 15 CV of Gal A, followed by

17 purification of the toxins was initially performed at 4 °C, however, to avoid precipitation of LB+v2 salts medium
components, the purification was carried out at room temperature.
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protein elution with 10 CV of Gal B (50 mM sodium phosphate pH 7.4, 200 mM NaCl, 300 mM
galactose; Appendix Section B). Proteins were concentrated to 2-8 mg/mL by ultrafiltration
and stored at 4 °C.

Cation-exchange Chromatography (for CT produced in E. coli)

CT eluted by Talon affinity chromatography was dialyzed into 50 mM Tris-HCl pH 8 and loaded
onto a HiTrap™SP (GE Healthcare) previously equilibrated with binding buffer. Elution was
carried out with a linear gradient of 1 M NaCl. Fractions collected were analyzed by SDS-PAGE
and further purified by SEC.

Size exclusion chromatography (SEC)

Standard Protocol: Concentrated proteins eluted by affinity chromatography were filtered
with Spin-X® centrifuge tube filters (Sigma). 500 uL of filtered samples were loaded into a
Superdex 200 Hiload 16/60 GL (CT produced in E. coli) or Superdex 200 increase 10/300 GL
column (GE Healthcare) previously equilibrated with Phosphate-Buffered Saline (PBS) pH 7.4.
Toxins were eluted with PBS buffer at a flow rate of 0.5 mL/min. Fractions containing pure
protein were pooled, concentrated to 2-8 mg/mL by ultrafiltration and stored at 4 °C.

3.3.2 PDI purification

The same purification protocols were used for PDI and deuterated PDI. For the affinity and
anion exchange chromatography steps, samples were loaded using a peristaltic pump
(Miniplus 3 Peristaltic pump, Gilson). Protein elution was performed with an AKTA pure
protein purification system (GE Healthcare). To keep PDI in a reduced state throughout the
purification steps, a reducing agent was added to all the buffers and the protein was
immediately frozen until use. Oxidized PDI was produced in the same way as reduced PDI,
except that no reducing agent was included in the buffers.

His-tag affinity chromatography

Standard protocol: Cell lysates were loaded onto a 5 mL Histrap™ HP column (GE Healthcare)
previously equilibrated with His A buffer supplemented with 5 mM TCEP (Sigma)8. After
washing the column with 15 CV of His A buffer, elution was performed in three steps with
HisA buffer containing 50 mM, 150 mM and 500 mM imidazole (Appendix Section B). PDI-
containing fractions were pooled and dialyzed by two IEX A buffer (20 mM Bis-Tris, 5 mM DTT,
pH 6.0) exchanges at 4 °C.

Anion-exchange chromatography

18 DTT was initially used as reducing agent, but later changed to TCEP as it is more stable over time.
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Optimized protocol*®: Dialyzed fractions from the protein capture step were loaded into a
5 mL Hitrap™ Q HP column (GE Healthcare) previously equilibrated with IEX A buffer. After
washing the column with 15 CV of IEX A, the protein was eluted with IEX B (20 mM Bis-tris pH
6.0, 1 M NaCl, 5 mM DTT) by the step-gradient shown in Figure 16. PDI-containing fractions
were pooled, concentrated to 5-15 mg/mL, snap-frozen in liquid nitrogen and stored at -80 °C
until further use.

100— 12CV 5CV

5cv. 6CV

1 | 1 T | —
5 10 15 20 25 30

Column volumes (CV)

Figure 16. Step-gradient applied during PDI purification by anion-exchange chromatography. Figure
generated in Biorender.com.

Size exclusion chromatography

Concentrated protein samples were loaded onto a Superdex 200 increase 10/300 GL column
(GE Healthcare) equilibrated with either 20 mM Bis-Tris, 200 mM NaCl, 20 mM TCEP, pH 6.5
or PBS pH 7.4 containing 20 mM TCEP. Protein was eluted with a 0.5 mL/min flowrate and the
PDI-containing fractions were pooled, concentrated to 5-10 mg/mL and stored at -20 °C.

3.3.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Standard protocol: Samples were prepared by mixing an aliquot of protein with 4X Bolt LDS
Sample Buffer (Invitrogen), 100 mM DTT (Applichem) and milliQ-H.O to a final volume of
20 pl for 15 or 17-well gels, or 30 uL for 10-well gels. The samples were heated for 5 minutes
at 95 °C and then loaded into NUPAGE™ Bis-Tris 4-12% polyacrylamide gels (Invitrogen,
Appendix Section A) pre-assembled into a Mini Gel Electrophoresis Tank (Appendix Section
A). SeeBlue Plus 2 ladder was also included in one of the wells. The tank was connected to a
Power Supply-EP602 to apply an electric field of 200 V for 25-30 min. Gels were stained
overnight with Coomassie staining solution and distained with milli-Q H>O until the desired
background was obtained.

1% The initial protocol applied a linear gradient of 0-100% elution buffer over 20 CV.
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For samples containing whole cells, the ODggo was measured and normalized to a value of 2.0
according to (5). The calculated aliquot of cells was centrifuged for 5 minutes at 12,000 rcf.
The supernatant was discarded, and the cell pellet was resuspended in 30 uL of a solution
containing 4X Bolt LDS Sample Buffer pre-mixed with 8 M urea at a 1:4 volume ratio and
supplemented with 100 mM DTT.

30 ulL x 2.0

Cell extract aliguot for OD¢yo normalization = ———
lquot f 600 ratt ODgposample

(5)

3.3.4 Protein concentration and quantification

Standard protocol: Proteins were concentrated by ultrafiltration (4 °C, 3500 xg) using Amicon
Ultra Centrifugal Filter Units tubes 10,000 MWCO (Merck) and Vivaspin500 tubes 5,000
MWCO (Sartorious). The protein concentration was determined by measuring absorbance at
280 nm with a spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences), using the
molar extinction coefficient (&) of the protein calculated in the ProtParam Expasy website
(https://web.expasy.org/protparam/; Appendix Section F).

3.3.5 Dialysis

Standard protocol: Proteins were dialyzed at 4 °C using a 10K MWCO SnakeSkin dialysis Tubing
(Thermo Scientific) or Pure-A-Lyzer™ Midi 3.5K MWCO (Sigma) with magnetic stirring against
the desired buffer. After 2 hours, the dialysis buffer was changed, and samples were dialyzed
overnight.

3.4 PDI intra-crosslinking with EDC

In order to lock PDI in a rigid conformation, the protein was treated with EDC (1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride; Thermo Scientific™), a “zero-length”
intramolecular cross-linker!72,

Standard protocol: PDI was dialyzed by two buffer exchanges against 50 mM MES, 150 mM
NaCl, pH 6.5. 4 or 6 mg/mL of PDI was incubated with a 10-fold excess of EDC for 30 min at
20°Cin an Eppendorf Thermomixer® comfort (Appendix Section A) set to 300 rpm. To remove
excess EDC and separate PDI from oligomers, the mixture was filtered and loaded onto a
Superdex 200 increase column (GE Healthcare) equilibrated with PBS, pH 7.4. SEC fractions
were analyzed by SDS-PAGE and those containing monomeric PDI were pooled, concentrated
to 2 - 3 mg/mL, and stored short-term at 4 °C.
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3.5 CT cleavage with trypsin

Recombinant CT holotoxin produced in E. coli has an intact CTA polypeptide that can be
cleaved in vitro into CTA1 and CTA2 fragments by limited trypsin digestion as described by
Jobling et al?],

Standard protocol: 4 mg of toxin were incubated with 1/10™ of trypsin (Sigma; Appendix
Section A) for 30 minutes at 30 °C, followed by addition of 1 mM phenylmethylsulfonyl
fluoride (PMSF) to stop the reaction. The samples were filtered and purified by SEC to remove
trypsin. The integrity of the toxin was analyzed by SDS-PAGE.

3.6 CT/PDI complex formation test by SEC

Complex formation between CT and PDI was evaluated by SEC under three different
conditions (Table 3).

Proteins were incubated separately with 20 mM TCEP or DTT for 30 minutes at room
temperature and then placed on ice for at least ten minutes. After mixing the proteins at a
1:1 molar ratio, the sample was quickly loaded onto a Superdex 200 increase column (GE
Healthcare) equilibrated with the corresponding buffer (Table 3). SEC fractions were analyzed
by SDS-PAGE.

Table 3. Conditions evaluated by SEC for the formation of a CT/PDI complex
CT/PDI mixture Buffer
Nicked CT + PDI
Un-nicked CT + PDI
Nicked CT + EDC-treated PDI PBS, pH 7.4, 20 mM DTT

20 mM Bis-Tris, 200 mM NaCl, 20 mM TCEP, pH 6.5

3.7 Small-angle X-ray scattering (SAXS)
3.7.1 In-house data collection

Preliminary SAXS measurements of the individual proteins were performed in a Bruker
NanoStar SAXS instrument at the University of Oslo. Data was collected at a wavelength of
1.54 A. Protein samples and matching buffers were measured for 2 hours each. Samples were
treated with TCEP or GSH for 30 min at room temperature right before the measurements.
CT (un-nicked) was measured at 2.4 mg/mL in 20 mM Bis-Tris, 200 mM NaCl, 20 mM TCEP,
pH 6.5 and at 2.1 mg/mL in 1X PBS, 20 mM GSH, pH 7.4. PDI was measured at 1.4 mg/mL in
the same Bis-Tris buffer. Measurements in Bis-Tris buffer were performed at 10 °C, whereas
those in PBS buffer were done at 37 °C. Intensities were collected as a function of the
scattering vector q in the range 0.009 to 0.3 A'l. Data processing was performed with the
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SUPERSAXS program packagel*3?l. The scattering from the protein-free buffer was used for
background subtraction.

3.7.2 Synchrotron data collection

Protein samples were measured at the beamline BM29 at the European Radiation
Synchrotron Facility (ESRF) in Grenoble, France?°. Data were collected at a wavelength of
0.992 A and scattering intensities were recorded as a function of the scattering vector, within
the g-range 0.00449-0.5187 Al. Measurements were performed at 10 °C or at 37 °C in the
following buffers:

1) 20 mM Bis-Tris, 200 mM NaCl, pH 6.5
2) 1X PBS, 20 mM GSH, pH 7.4
3) 1XPBS,2 mM GSH, pH 7.4

Samples measured under reducing conditions were treated with TCEP or GSH for 30 min at
room temperature right before the measurements. The scattering of individual proteins in
oxidizing conditions (no TCEP or GSH treatment) was also measured.

Unnicked CT was measured at three different concentrations (0.5-2 mg/mL) in the three
different buffers outlined above. Nicked toxin was measured at two concentrations (2 mg/mL
and 0.5 mg/mL) in only Buffer 1.

PDI was measured at different concentrations three different concentrations (0.33- 2 mg/mL).
EDC-treated PDI and Q3R-treated PDI?! were measured in Buffers 2 and 3, respectively. Q3R-
treated PDI samples were prepared in situ by mixing the protein with 0.5 mM Q3R, followed
by incubation at room temperature for at least 10 minutes before the measurements.

The CT-PDI samples were also prepared in situ by mixing the two proteins at a 1:1 molar ratio,
before incubation at 10 °C or 37°C. A detailed list of all the conditions tested can be found in
Section J of the Appendix.

3.7.3 SAXS data analysis

Guinier and Porod analyses were done using PRIMUS[3Y from the ATSAS software
package®3?l. Ab initio models of the individual proteins were generated with DAMIFF33],
averaged with DAMAVER 34 and refined with DAMMINI*33!, The crystal structures of CT and

20 Al samples were fast-frozen in liquid nitrogen and sent on dry ice.

211n addition to the buffer components described in the main text, samples containing Q3R have 2% DMSO
to solubilize the inhibitor.
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PDI were fitted to the SAXS data using Pepsi-SAXS[*3¢l. The resulting atomistic models were
superimposed with the ab initio model using SUPCOMBI*37],

The molecular mass of the proteins was calculated from the Guinier analysis according to (6)

N, 1(0)

MM = (6)

cApyy

Where MM is the molecular mass, c is the concentration, Na is Avogadro’s constant and py,
is the scattering contrast per mass, assumed to be 2.17x10'° cm/g (similar value among
proteins).

To evaluate if the experimental scattering plots of the CT-PDI mixtures might indicate
formation of a complex, the scattering of the individual proteins (at the same concentrations
as in the mixture) were added, plotted as a function of q and compared to the experimental
CT-PDI plots.

In addition, to get insight into how the theoretical scattering of a possible CT-PDI complex
may look, models of PDI docked to CT were calculated using the web servers ClusPro[*38! and
HDOCK!%1, Models where PDI was bound to the bottom of the CT pentamer were filtered
out, as this orientation may not facilitate toxin disassembly. The theoretical scattering of the
remaining models was calculated with Crysol*3?) (ATSAS package), and compared with the
experimental scattering curves. Data plots were generated with MATLAB® (R2021a) and
figures of structural models with PyMOL.

3.8 CT crystallization

CT was crystallized by sitting-drop vapor diffusion using a crystallization robot (Oryx 4,
Douglas Instruments). A 48-well customized screen based on conditions where the protein
has been previously crystalized! was designed (Appendix Section G). Reagents were
dispensed using a Formulator® Liquid Handler (FORMULATRIX). 2 uL drops were set up by
mixing CT (5.76 mg/mL) in buffer G (50 mM Tris, 200 mM NaCl, 1 mM EDTA, 3 mM NaNs, pH
7.4) with the reservoir solution at a 1:1 volume ratio. The crystallization plate was stored at
20 °Cin a Formulatrix RI-182 0056 crystal hotel. Drop images were taken with the Rockimager
software (Formulatrix). Small crystals were visible after one week.

One of the crystals from condition B4 was fished, transferred to 20 % glycerol (cryo-
protectant) in the corresponding mother liquor, mounted in a loop and flash-cooled with
liquid nitrogen. The crystal was kept in a Dewar (Taylor-Wharton CX-100) for future data
collection.
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4. Results and discussion
4.1 Toxin cloning and production

4.1.1 CT production in E. coli

The first part of this thesis focused on producing substantial amounts of pure CT for SAS
experiments. At the beginning of the project, a protocol to express CT as a periplasmic protein
in Overexpress™ C43 E. coli cells had already been established (PhD thesis of Joel Bejamin
Heim, UiO). This strain was chosen as it had proven to be more effective in expressing toxic
proteins than other E. coli strains!**%, Cells were grown until ODsoo reached 2.0, before
addition of L-arabinose to induce protein expression. This is a relatively high ODeoo value for
induction, however, due to the toxic nature of CT, higher cell densities were needed to obtain
significant amounts of protein. After induction, two clear bands at around 28 kDa (CTA) and
11 kDa (CTB) were observed by SDS-PAGE analysis (Figure 17.A), confirming expression of the
toxin. CT was then purified from the E. coli periplasmic space by Talon affinity
chromatography. The protein eluted upon addition of 50 mM imidazole. Although most of
the contaminants were removed (Figure 17.B), the CT holotoxin co-purifies with free CTB
pentamer (referred in this section as simply CTB unless stated otherwise). This is difficult to
observe by SDS-PAGE alone, however, CTB contamination has been reported previously by
Jobling et al.l*?®! and Krengel’s lab (UiO). CTB excess may be due to degradation of several
copies of the unstable CTA subunit before they assemble with the CTB subunits in the
periplasm or incomplete assembly.
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Figure 17. Production of CT in E. coli and purification. (A) SDS-PAGE analysis of cell samples before
and after induction of CT expression. Under denaturing conditions, CT runs in SDS-PAGE as two bands:
one at around 28 kDa corresponding to the CTA subunit (CTA1+CTA2) and the other one at
approximately 11 kDa, corresponding to individual CTB subunits. (B) SDS-PAGE of protein samples
collected during purification of the toxin by Talon affinity chromatography and IEX. (C) IEX
chromatogram. At pH 8.0, most of the cholera holotoxin does not bind to the IEX column and elutes
in the flow-through and wash, allowing separation from free-CTB pentamers. Elution was monitored
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by absorbance at 280 nm (blue line). Green line: Linear gradient of buffer B concentration. Brown line:
Conductivity. Red: Collected fractions.
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Figure 18. SEC purification of CT from IEX flow-through and wash. (A) SEC chromatogram and (B)
native PAGE analysis of fractions from first SEC peak. Contamination of the B-pentamer in CT fractions
is still visible.

To remove contamination by CTB, the toxin was further purified by cation exchange
chromatography followed by SEC. Based on the difference in the theoretical isoelectric points
(p!) of the CT holotoxin (pl=7.24) and the CTB (pl=8.48), a buffer at pH= 8.0 was chosen for
the IEX binding and elution steps. The CTB-pentamer will carry a positive charge as its pl is
above the pH and is expected to bind the cation exchange column. In contrast, the CT
holotoxin will carry a negative charge and thus elutes in the flow-through. Although most of
the CTB pentamers were removed by IEX (Figure 17.B and 17.C) when the CT-containing IEX
flow-through and wash were loaded onto a SEC column, two overlapping peaks were
obtained (Figure 18.A), suggesting that some contamination by CTB remained.. The left peak
corresponds to the cholera holotoxin since it has a larger hydrodynamic radius. Therefore,
fractions A1-A3 from the first half of this peak were pooled and ran on a native PAGE to
evaluate the purity of the holotoxin. This is a better alternative than SDS- PAGE, as the
proteins keep their oligomeric states. Although the gel bands appear smeared, two bands
with matching molecular weights for CT and CTB-pentamer are clearly visible (Figure 18.B),
confirming that free pentamers were not removed completely. Despite obtaining ~6 mg of
protein per L of growth medium after the Talon step, the final holotoxin yield was no more
than 0.2 mg per L of medium. Considering that protein purity is very important for SAS
experiments, high amounts of holotoxin had to be discarded because they still contained CTB.
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Several trials for optimizing the CT purification protocol were performed, but none of them
significantly improved separation from free CTB pentamers. First, we replaced the cation
exchange chromatography step by anion exchange, where at pH 8.0 the holotoxin is expected
to bind to the column while CTB pentamers should not bind. Nevertheless, both proteins
eluted in the flow-through and wash. There are several possible explanations: an uneven
distribution of the surface charges on CT which may prevent the protein from binding to the
resin; a defective column; using a pH in the buffer that is only few fractions of a unit above
from the pl of CT?? (if the theoretical value is very different from the experimental one). It is
recommended to run isoelectric focusing (IEF) electrophoresis to determine the experimental
pl of CT and CTB and hence choose an appropriate pH for the purification. Also, fresh columns
or columns with other anion exchanger resins could be used.

The other two optimizing attempts were carried out for the SEC step. Those included applying
a slower flow rate during the runs, which may allow for better separation of the components,
and using a Superdex 200 Increase column (GE Healthcare), which has smaller resin beads
and therefore confers higher resolution than the Superdex 200 16/60 Hiload column initially
used™*!. However, these changes did not allow separation of overlapping CT and CTB peaks.

Although there is still room for further optimization of the purification protocol, we decided
to try a different approach: expressing the protein in another bacterial host. This is discussed
in the following section.

4.1.2 CT production in Vmax improved protein yield

As the main aim of this thesis was to investigate the interaction between CT and PDI by SAXS
and SANS, mg amounts of both proteins were required. Production of CT in E. coli resulted in
low protein vyields, which were not high enough to support the experiments without
significant scale-up. For this reason, we decided to try expression of the toxin in another non-
pathogenic Gram-negative bacterium: Vibrio natriegens (Vmax). This is the fastest-growing
known organism to date, with a growth rate that is twice as fast as E. coli and has recently
been used for the expression of several proteins with significantly higher yields compared to
production in E. coli™?1%3], Vmax is part of the vibrio genus and is therefore more closely
related to V. cholerae than E. coli. One trait that both vibrios share is the type Il secretion
system (T2SS), a protein apparatus that enables secretion of proteins to the extracellular
milieu. CT is naturally secreted by the V. cholerae T2SS, and we thus hypothesized that CT
could also be secreted into the medium by the Vmax T2SS. In this thesis, a protocol for the
expression of CT in Vmax was established, resulting in at least a 10-fold increase in protein
yield.

221t is suggested that the pH of the buffers for IEX should be 0.5-1 units above or below the pl of the protein.
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Since the pARCT5 plasmid contains several elements compatible with Vmax, including the
p15A origin of replication!*4>144 and the araBAD promoter, we transformed competent cells
with the same plasmid. As a halophilic bacterium, Vmax requires the presence of higher
concentration of salts in the medium for appropriate growth. Cells were therefore grown in
LB-medium supplemented with additional salts (Appendix Section B) as recommended by the
manufacturer*?, For the initial expression test, cells were grown until ODgoo reached ~0.8
before induction with 0.2% w/v L-arabinose overnight. Expression of the protein was not
visible in the pre- and post-induction cell samples, nor in the supernatant (Figure 19.A). This
was not surprising, as the protein was expected to be secreted to the growth medium, and it
may be too diluted in the medium to be clearly seen by SDS-PAGE. To check if the protein was
produced, 500 mL of supernatant were directly loaded onto a Talon column and the elution
fraction was analyzed by SDS-PAGE. Two clear bands matching the sizes of CTA and CTB were
observed (Figure 19.A), confirming successful expression of the toxin. CT appears already very
pure after this step, nevertheless, the protein was further purified by SEC to remove
contaminants that may not be visible from the gel. Interestingly, a single sharp peak was
obtained (Figure 19.B), suggesting that there is no contamination by CTB. Since both the
holotoxin and CTB-pentamers can be transported with equal efficiency to the extracellular
medium by the T255[2%%] the lack of CTB excess may be due to a better transcriptional control
in Vmax of the ctxAB operon or to less degradation of CTA, as the expression in Vmax is carried
out at 30 °C compared to 37 °Cin E. coli.

A B C
M1 2 3 4 5 6 800 koa M1
kDa 108
198 __700 98
98 2 62
"J»L ‘ T 600 49
62 . =
49 E s00 38
- g 28 .. W CTA 5
TAL?
38 e 0 R 400 ¢
§ CTA o 14
28 — g 300 6 -‘CTB
2
i s 200
14 -y wwcTB 2
6 - < 100
1
M: Molecular weight marker 0 0 ; 11) 115 2; Zg 3‘0 3J
1: Pre-induction 4: Talon flowthrough . > >
2: Post-induction 5: Talon wash Elution volume (mL)
3: Medium supernatant 6: Talon elution

Figure 19. Production of CT in Vmax and purification by Talon affinity chromatography followed by
SEC. (A) SDS-PAGE analysis of protein samples obtained throughout CT expression and purification by
Talon. (B) Size-exclusion chromatogram of CT from Talon Affinity Chromatography and (C) SDS-PAGE
of CT from SEC peak (lane 1). “M” denotes molecular mass marker.

Another aspect to discuss is the two additional faint bands observed in the SEC fractions
(Figure 19. C). The one between 28 and 17 kDa may correspond to CTA1, whose size is 22 kDa,
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while the band above 38 kDa may be a contaminant. As CT was expressed in a vibrio species,
we hypothesized that CTA could be partially cleaved into CTA1 and CTA2 by Vmax proteases,
in a similar way as it happens to CT when it is produced by V. cholerae. Both bands were
analyzed by the Proteomics Core Facility at Oslo University Hospital and fragments of CTA1
and CTA2 were identified in both bands (Appendix Section I). Such results were puzzling, as
the gel was run under reducing and denaturing conditions that separate the toxin into its
individual subunits, which cannot run as higher molecular weight species. During LC-MS
analysis, carry-over effects could happen if the measured species have a strong affinity for
the column used and remain bound even after washing steps. This could be an explanation
for why the top unknown band was also identified as CTA. Nevertheless, we do not have a
logical explanation for the band around 22 kDa. We recommend repeating the MS analysis of
these two bands to confirm if partial cleavage occurred.

The vyield of the first CT production in Vmax was 12 mg of protein per 500 mL of growth
medium (24 mg/L), however, when the protocol was reproduced several times, yields varied
significantly, between 2 mg to 10 mg of protein per 500 mL of medium (4-20 mg/L). Initially,
we hypothesized that the variations could be due to saturation of the column with cell debris
that was not completely removed by centrifugation, therefore the column was stringently
washed and regenerated after each purification. As an alternative to Talon affinity
chromatography, we also used Galactose affinity chromatography (GAC) to capture CT from
the supernatant. We were able to recover 25% more protein than with Talon
Chromatography (3.8 mg vs 3 mg per 500 mL medium) and from this point onwards, GAC
became the preferred method to capture CT. Alternatively, the protein could be precipitated
with ammonium sulfate, which would help to separate the protein from cell debris and reduce
the sample volume loaded on the column.

Although column regeneration and GAC slightly improved the yield, we still experienced yield
variations between different rounds of expression. Such inconsistences appeared to be
related to the expression rather than the purification itself. Similar observations have also
been reported for expression of other toxic proteins and may be attributed to formation of
heterogeneous populations of cells with different expression levels. This protocol can be
further improved by investigating the effects of different concentrations of L-arabinose in the
expression as well as different induction temperatures. In addition, protein production in
Vmax has been improved by using codon-optimized sequences!'*®), therefore, codon-
optimization of the CT gene could potentially improve the protein yield.

Although improvements can still be made, we established a new protocol that yields sufficient
amounts of pure protein for structural studies.
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4.1.3 pLT cloning and production

pLT was subcloned into the pARCT5* vector by restriction-enzyme based cloning. Double cuts
generated by digestion with the enzyme Ncol. After gel-purifying the bands of the pARCT5
backbone and pLT insert, the vector was dephosphorylated to remove 5’-end phosphates and
prevent its recircularization. The ligation was carried out using a 1:2 and 1:3 vector: insert
ratios and colonies were obtained from both ligation reactions. Since both sticky-ends are the
same, the insert can be ligated into the vector backbone in two different orientations.
Therefore, we verified the insert orientation in plasmids isolated from several colonies by a
diagnostic restriction enzyme digestion with BamHI. This enzyme cuts the vector in two
fragments, whose size depends on the orientation of the insert as shown by the scheme in
Figure 20.B. Six different colonies appeared to have the right insert orientation, as two bands
of the expected fragment sizes were observed in the gel (Figure 20.A). To verify the exact
sequence of the insert and its orientation, plasmids isolated from three positive colonies were
sent for sequencing of the insert region and only one of them had the correct pLT sequence
(Appendix Section E). The other two turned out to be the original pARCT5 plasmid, which
might have been carried over as a contaminant when the bands were cut out from the Ncol
restriction gel. One positive colony was enough to transform cells and proceed to express the

toxin.
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Figure 20. Evaluation of pLT insert orientation by digestion with BamHI. (A) Agarose gel
electrophoresis containing the BamHI digestion products of plasmid isolated from 8 different colonies.
(B) Representation of two possible DNA fragments obtained after digestion for each plasmid
orientation. The dashed white rectangle highlights the DNA bands that might correspond to the
fragments obtained for orientation 1 (downstream of the promoter). M=DNA molecular weight
marker. Lane 1-8: Plasmid isolated from 8 different colonies. Lane 9: Uncut plasmid isolated from one
of the colonies.
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Figure 21. Expression of pLT in Vmax and purification. (A) SDS-PAGE analysis of protein samples
obtained throughout the expression of pLT and purification by galactose affinity chromatography.
Lane 1: Pre-induction sample. Lane 2: Post-induction sample. Lane 3=Periplasmic extract. Lane 4:
Galactose affinity chromatography (GAC) flow-through. Lane 5: GAC wash. Lane 7-15: GAC elution
fractions. (B) Size-exclusion chromatogram of pLT from pooled galactose fractions and (C) SDS-PAGE
analysis of fractions 1-4 from SEC.

Due to the close sequence homology between pLT and CT, the same Vmax protocol
developed for expression of CT was applied to pLT, except that only a 250 mL main culture
was grown. The protein was successfully produced in the first trial, as seen by the two gel
bands at around 28 kDa and 11 kDa (Figure 21.A). Mass spectrometry analysis of these two
gel bands performed by the group of Bernd Thiede (University of Oslo) confirmed that the
protein corresponded to pLT (Appendix Section 1). The protein yield was 1.8 mg per 250 mL
of growth medium (7.2 mg/L of medium), which is comparable to the yield obtained for CT.
pLT was further purified by SEC and a single peak was obtained (Figure 21.B). The protein
appears very pure by SDS-PAGE, although two other faint bands are present, which could be
further investigated by MS analysis.

4.2 CT crystallization

In order to validate the correct folding, purity and homogeneity of the protein obtained by
the new Vmax expression protocol, we decided to crystallize CT. We designed a 48-well
customized screen based on the two conditions where the protein has been previously
crystallized “! (Appendix Section G). The variables that changed across the custom screen
were the concentration of PEG 3350, Mg(OAc), and sodium citrate dihydrate dibasic. To
reproduce the same conditions, CT was dialyzed to buffer G (50 mM Tris-HCl, pH 7.4, 200 mM
NaCl, 1 mM EDTA, 3 mM NaN3s) and concentrated to 5.7 mg/mL.

Initially, many small droplets in several conditions were obtained, indicating phase
separation. Small crystals were formed after 7-14 days of incubation at 20 °C in conditions B4
and C1(Figure 22). These conditions contain the same PEG concentration (24 %) and similar
Mg (OAc), concentrations (100 mM and 125 mM, respectively), which can serve as a starting
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point for setting up a fine-tuning optimization screen. These crystals are thin and do not have
clear sharp edges, which could indicate that they are protein and not salt crystals. There are
several methods to confirm this, including crashing the crystals (if they break easily, they are
likely protein crystals), redissolving the crystals in their mother liquor and running SDS-PAGE
(if the characteristic CT bands are observed, the crystals contain protein) and the final test:
obtaining the X-ray diffraction pattern of the crystal (protein crystals have closely spaced
diffraction spots whereas salts have more separated spots)!**’. One of the crystals from
condition B4 (pointed out by the arrow in Figure 22.B) was fished, flash-cooled and stored in
a dewar for future data collection at ESRF. Obtaining the diffraction pattern will confirm that
protein crystals were obtained. This would be a good indication that the protein produced
with the new Vmax protocol is highly pure and homogeneous, which is necessary to form a
well-organized crystal lattice.

Figure 22. Crystals formed in well B4 (A, B) and well C1 (C, D) in the CT customized screen. The black
arrow points at the crystal fished for future data collection.
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Nevertheless, the plate-like aspect of the crystals suggests that there may be imperfections
in crystal packing as the lattice does not extend easily in depth, which can affect the quality
of X-ray diffraction. In addition to setting-up a fine-tuning screen, the small crystals could be
used as seeds for growing larger crystals.

4.3 PDI expression and purification

4.3.1 Production of hydrogenated PDI

At the beginning of the project, a protocol to produce PDI in pLysS cells was already
established by Joel Benjamin Heim (Department of Chemistry, UiO), however, some of the
purification steps were modified in this thesis to improve protein purity. Human PDI carrying
an N-terminal His-tag was produced in BL21 pLysS cells as described in the Methods section.
SDS-PAGE analysis of the cytosolic extract showed a very strong band at around 56 kDa, which
corresponds to the molecular weight of PDI and was later confirmed by MS analysis. The
protein was purified from the cytosolic material by IMAC. Effective elution of PDI was
achieved with 150 mM imidazole (Figure 23), however, due to the high amount of protein
produced and loaded onto the IMAC column, a significant amount eluted in the IMAC wash,
suggesting that the binding capacity of the column was exceeded. It is recommended to
measure the protein concentration in the cell lysate prior to loading extracts in the column.
Preferably, the cytoplasmic extract should be divided and purified by 2 or 3 batches of IMAC.
The amount of protein after this step was around 15 mg per L of expression medium, which
is a very efficient yield. PDI still contained several impurities that were further removed by
anion-exchange chromatography followed by SEC.

kba M1 2 3 4 56 7 M

198 M: Molecular weight marker
o8 1: Pre-IPTG
62 2: Post-IPTG
49 3: Protein extract
38 4: IMAC Flow-through
28 5: IMAC wash
6: 150 mM Imidazole
14
6 7: 500 mM Imidazole

Figure 23. PDI expression in E. coli and purification by IMAC. SDS-PAGE analysis of cell samples
obtained throughout purification of PDI by IMAC.
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Figure 24. PDI purification by IEX. (A) IEX chromatogram of pooled PDI samples from IMAC
purification. (B) SDS-PAGE analysis of IEX protein fractions.

At first, the protein was eluted with a linear gradient of NaCl from the IEX column, however,
several contaminants from a small overlapping peak eluted together with PDI (Figure S7.
Appendix Section H). By introducing a plateau of 25% NaCl over 6 CV, the separation of this
peak was significantly improved (Figure 24.A) and PDI eluted almost free of contaminants as
seen by SDS-PAGE (Figure 24.B). PDI-containing fractions were pooled and further purified by
SEC, resulting in two peaks whose relative height varied between different preparations of
the protein (Figure 24.A and 24.C). These peaks correspond to two different species of PDI,
likely dimers (early peak) and monomers (later peak), which have been previously reported
by SEC analysis?3[148149] SDS-PAGE confirmed that the main component of both peaks was
PDI (Figure 24.B and 24.D). Even though two other faint high molecular weight bands were
also observed in fractions from the first peak, they were identified as PDI by MS analysis
(Appendix Section 1). Oligomers are not seen in SDS-PAGE under reducing conditions unless
they are covalently linked. The fact that we still identified higher molecular weight bands
could be explained if the amount of reducing agent was not sufficient to cleave the disulfide
bonds that may be forming between PDI molecules, giving rise to oligomeric species.
Although PDI dimerization was initially attributed to formation of intermolecular disulfide
bonds between the cysteines of its thioredoxin domains (a and a’)[**% more recent data
suggested that dimerization is mainly mediated by hydrophobic interactions between b’
domains*>1521 Yy et al.*%! reported observing high molecular weight bands by SDS-PAGE
without reducing agent, thus we do not rule out that intermolecular disulfide bonds may also
contribute to dimerization.

2 The cited studies referred to these peaks as dimers and tetramers instead of monomers and dimers. This is
because PDI appears as a larger protein on SEC due to its elongated shape and it was for a long time believed
that the protein was a dimer. However, it has been confirmed to exist mainly a monomer by analytical
ultracentrifugation and SAXS[**?,
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Another aspect to discuss is the peak profiles observed between different preparations. When
PDI was purified from fresh IEX fractions, the dimer peak was smaller. However, when it was
purified from IEX fractions stored for a prolonged period at 4 °C or -20 °C, the dimer peak was
larger (Figure 24.A and 24.C). This was observed for reduced PDI, but we did not keep track
of oxidized PDI. It thus appeared that protein storage influenced the proportion of monomeric
and dimeric forms of PDI, which has also been previously observed during PDI preparations
by Morjana et al.*>31, Nevertheless, studies have shown that dimerization can be reversed at
37 °C**91 suggesting that these dimers are held together by relatively weak forces, e.g.
hydrogen bonds and hydrophobic and ionic interactions, which can be disrupted when the
temperature is increased. The presence of reducing agents can also have an effect, as
disulfide formation may have a role on PDI dimerization. It would be advisable to store the
protein at -20 °C long-term or at 4 °C for short-term storage. If the monomeric form is
required for experiments, prior exposure to 37 °C may reverse possible dimerization.
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Figure 24. SEC purification of reduced PDI and oxidized PDI. Size-exclusion chromatograms of
reduced (A) and oxidized (C) PDI. Dashed line: elution profile obtained from a sample that had been
stored for longer periods of time. SDS-PAGE analysis of reduced PDI (B) and oxidized PDI (D) SEC
samples.
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4.3.2 Conditions tested for expression of PDI in M9+ medium

To study the interaction between CT and PDI by SANS, one of the proteins must be
deuterated. Since the expression yields of PDI were significantly higher than CT, we decided
to develop a protocol for deuteration of PDI. Due to the high cost of deuterated components,
conditions for optimal expression of PDI were first tested in M9+ minimal medium without
deuterium (Appendix Section B). These experiments were based on a protocol recently
developed for production of deuterated proteins in M9+ medium in the PhD thesis of Henrik
Vinther Sgrensen (UiO), which was adapted from the protocol established by Cai et al.l*>%.
The M9+ medium used deuterated glycerol, which is a cheaper carbon source than
deuterated glucose used by Cai et a/l*>%],

PDI expression was induced at 3 different IPTG values (0.25, 0.5 and 1 mM) and at 4 different
cell densities (ODeoo=0.7, 1.2, 1.6 and 5.0) for a total of 12 conditions (Figure 25). Expression
levels were evaluated by comparing PDI band intensities of pre- and post- induction samples
on a SDS gel. More protein was obtained when higher amounts of IPTG (0.5 mM or 1 mM)
were used at lower cell densities (ODego = 0.7 or 1.2), in contrast to Sgrensen*>! and Cai et
al.’>4, who found optimal induction points at ODsoo of 3 and 10, respectively. It is possible
that PDI starts to degrade over time and therefore earlier induction may be more efficient
for expression. Although it is normal that cells grow very slowly in M9+ medium, our main
cultures of pLysS cells only reached an ODgoo value of 5 after 13 hours of growth, where they
appeared to have reached a plateau (Figure 26). For this reason, induction at higher ODeoo
values was not tested. The possible reasons for this slow growth and how it can be improved
are discussed in the following section.

Based on the band intensities of PDI in this preliminary expression test, the highest amount
of protein was obtained when induction was performed at ODeoo 1.2 with 1 mM IPTG
(Figure 25). Therefore, this condition was chosen to produce deuterated PDI.
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Figure 25. SDS-PAGE analysis of PDI expression in M9+ medium. Cell pellets before (To) and after (T2o)
induction of PDI expression. The concentrations of IPTG tested are presented in grey. The dashed

rectangle highlights PDI bands.
6

—e—M9+/D20 medium
5 r —e—M9+/H20 medium

Time (h)

Figure 26. Growth curves of pLysS cells grown in H,0-based M9+ medium during PDI expression test
(blue line) and cells grown in D,0-based M9+ medium during production of deuterated PDI (red line).

4.2.3 Production of deuterated PDI and preliminary troubleshooting

Deuterated PDI was produced according to the best condition found in the M9+ expression
test and purified following the same protocol as for hydrogenated PDI. Growing cells in
deuterated medium requires adaptation to M9+ medium and D;O. This was carried out via a
3-step protocol: first cells were grown in LB/H20 medium, then transferred to LB/D,0O and
finally grown in M9+/D,0 medium. This has the advantage that cells do not have to adapt to
the M9+ medium and D20 simultaneously.

The elution profile and retention volume from SEC of deuterated PDI was similar to PDI
expressed in LB medium, and both appeared equally pure (Figure 27.B and 27.C).
Nevertheless, only 0.7 mg of protein per L of medium was obtained, which is approximately
20-fold lower compared to the yield of hydrogenated PDI. Such amount of protein would
barely be enough for a single SANS experiment, where 0.5 mg -1 mg of protein is usually
required for each measurement(*°3!,
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Figure 27. Production of deuterated PDI in M9+ medium. (A) SDS-PAGE analysis of pre- and post-
induction samples and (B) Size-exclusion chromatogram of deuterated PDI from |EX step.

One of the main reasons for this low yield can be attributed to the temperature used during
overnight protein expression, which was kept at 37 °C by mistake and not changed to 25 °C.
Protein production is faster when cells are grown at 37 °C, however, if it is done overnight,
high amounts of protein are rapidly accumulated which could lead to protein aggregation. In
addition, the amount of nutrients available in the medium are also used up more rapidly as
the cellular processes occur faster, eventually leading to cell death. The yield of deuterated
PDI could therefore be improved by using a lower temperature during protein expression.

To obtain sufficient amounts of deuterated protein for SANS experiments in a cost-effective
manner, this protocol must be first optimized in H,O-based M9+ medium, as cell growth is
mainly affected by the change from a nutrient-rich LB media to the limited-nutrient M9+
medial’>¥. Even though the growth in M9+ medium is slow, our cells grew slower than other
strains using a similar protocol. The cell densities of overnight pre-cultures in hydrogenated
and deuterated M9+ media were 4.0 and 2.7, respectively, whereas cell densities of 10 have
been reported for BL21 (DE3) cells*>#1>%], Growing the overnight pre-culture for a longer
period before inoculating the main cultures may help to accelerate cell growth, as there will
be a higher cell density when starting larger cultures. It is also possible that the use of two
antibiotics (ampicillin and chloramphenicol) imposed a higher burden to the cells that
hindered faster growth. In principle, only ampicillin is necessary, as it is the selection marker
for the PDI-encoding plasmid, and chloramphenicol was only included for double selection.
Therefore, we carried out a cell growth test where only ampicillin was included in the medium
and the overnight pre-culture was grown for 16 hours. We reached an ODggo of 6.6 in this
culture, which was then used to inoculate a larger culture whose growth was monitored for
16 hours (Figure 28). In contrast to our initial expression test, cells continued growing after
13 hours. An ODeoo of 9.3 was reached past 16 hours, indicating that higher cell densities can
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be obtained by using only ampicillin in the medium and starting from an overnight culture

with higher ODeoo value.
10

0OD600
w

0 2 4 6 8 10 12 14 16 18
Time (h)

Figure 28. Growth curve of plysS cells in M9+ medium without chloramphenicol. The monitored
culture was inoculated from an overnight pre-culture with an ODgqo of 6.6.

These are valuable observations for future improvement of the PDI deuteration protocol.
Besides inducing protein production at a lower temperature (e.g., 20 °C or 25°C), it is
recommended to test a wider range of ODeoo values, as we showed that is possible to grow
the cells to an ODsoo close to 10 while still in the exponential phase. By inducing cells at higher
densities, cell biomass is increased and therefore the amount of protein could also increase
proportionally. However, it must be kept in mind that if the protein is degraded or aggregates,
induction at lower ODeoo is better.

4.4 CT-PDI complex formation studies by SEC

CT disassembly by PDI has been extensively investigated in the literature!*®72757681] ‘however,
detailed structural information of the mechanism of toxin disassembly is still missing.
Therefore, in this thesis we aimed at studying such interaction by a combination of SAXS and
SANS. To test if CT and PDI could form a stable complex prior to SAS studies, mixtures of both
proteins were run on a size-exclusion column, where samples are separated according to their
size. If a complex is formed, a new peak eluting at an earlier retention volume is expected due
to the larger size of the complex compared to the individual proteins. No complex was
observed by SEC under the three conditions evaluated (Figure 29 and Figure 31). Toxin
disassembly was expected to occur for the condition where CT was nicked, however, this was
not observed either (Figure 29.B).

Conditions were selected based on four observations from studies performed by our
collaborators at UCF (presented in detail in the Introduction of this thesis: 1) reduced, but not
oxidized PDI binds to CT and disassembles the toxin; 2) disassembly is less efficient at low
temperatures (< 10 °C) than at 25 °C and 37 °C; 3) PDI can only disassemble a “nicked” toxin
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(where CTA is cleaved into CTA1 and CTA2) and 4) unfolding of free CTA1 is prevented at pH
6.5 or at low temperature (< 10 °C). Therefore, we chose to carry out two SEC experiments at
10 °C with proteins in Bis-Tris buffer at pH 6.5, containing 200 mM NaCl and 20 mM TCEP,
with either an un-nicked (condition 1) or a nicked CT (condition 2). Since the recombinant
toxin is not nicked (at least not completely, see Section 4.1.2), CT was nicked by limited trypsin
digestion as described by Jobling et al.[*?°! (Appendix Section H, Figure S2). TCEP was chosen
as it is more resistant to air oxidation and is more stable over time when compared to other
reducing agents like DTT and GSH[**®57], Besides reducing PDI disulfide bonds, TCEP also
reduces the disulfide bond between Cys187 and Cys199 that connects CTA1 and CTA2. The
proteins were mixed on ice and incubation time was kept at minimum (< 3 min) because SPR
experiments by Taylor et al. showed that PDI-driven CT disassembly occurs within minutes of
mixing the proteins, and we wanted to avoid this when the toxin was nicked*®72],
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Figure 29. CT-PDI complex formation tests at pH 6.5 by SEC using an un-nicked (A) and nicked (B) CT.
No complex is formed as two peaks eluting with similar retention volumes to CT and PDI were
observed. Toxin disassembly is not observed either.

There could be several reasons why we did not observe formation of a complex in neither of
these conditions. First, the incubation times of the mixtures were too short. In solution, the
interaction can be slower since the protein molecules may take longer to find the correct
orientation, while the immobilization of the toxin in SPR and the additional flow provided by
the perfusion buffer in this technique can lead to a more efficient interaction. Second, the pH
and temperature intentionally selected in our experiment to slow down disassembly could
have made the interaction even less efficient. Third, assuming that the incubation time was
enough, and a weak complex is formed, it is likely that the complex falls apart due to the
movement and pressure on the SEC column.
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Figure 30. Purification of EDC-treated PDI. (A) Size-exclusion chromatogram and (B) SDS-PAGE
analysis of SEC fractions A2-B3. The lanes to the left of the gel were loaded with a molecular weight
marker (M), not EDC-treated PDI (labeled “PDI control”) and EDC-PDI before SEC. Gel bands inside the
dashed rectangle correspond to PDI oligomers. Fractions B1-B3 corresponding to PDI monomers were
pooled and used for experiments.

The CT-PDI interaction, PDI was treated with EDC, a “zero-length” cross-linking reagent that
generates intra-molecular bonds between the primary amines of basic residues and the
carboxyl groups of acidic residues without introducing a spacer arm!*®, Taylor et al.
previously showed by SPR that EDC-treated PDI can bind to CT, but does not have the ability
to displace CTA1 from the rest of the toxin’?l. Therefore, we repeated the SEC experiment
using an EDC-treated PDI (Figure 30 and Figure 31) and an un-nicked toxin in PBS pH 7.4. Since
TCEP is unstable in neutral phosphate solutions, DTT was used as reducing agent. These
conditions did not lead to formation of a complex, possibly due to the reasons already
discussed above: too short incubation time, low temperature, or dissociation of the potential
complex during SEC. A strong interaction between the proteins is required so that a complex
stays together while it moves through the column. The interaction between CT and PDI is
dynamic and unless the complex is stabilized by other means like inter cross-linking, it is likely
that a complex cannot be isolated by SEC. However, this is not an issue for SAXS, as the
proteins can be mixed prior to the measurements, and the conditions of the experiment do
not disturb weak interactions.
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Figure 31. CT/EDC-PDI complex formation test at pH 7.4 using an un-nicked CT. No complex
formation is observed.

4.5 SAXS experiments

SAXS experiments were carried out under 6 different conditions to determine if CT and PDI
form a complex or at least interact (Appendix Section J). All mixtures contained reduced PDI
and a nicked or un-nicked reduced toxin. The scattering of the individual proteins under the
exact same conditions was also measured. If CT and PDl interact, the scattering of the mixture
should differ significantly from the sum of the scattering of the individual proteins.
Particularly, an increase in the scattering intensity at the low-q region of the scattering curve
is expected, as the scattering is proportional to the volume squared of the particles, thus
larger particles will scatter more than smaller particles (see equation (1), Introduction Section
1.6.3). In addition, if the interaction leads to conformational changes in the proteins, changes
in the mid-q region of the scattering plot could also be observed, which are related to the
shape and internal structure of the particles.

The interaction between pLT and PDI was investigated under only one condition, but due to
severe aggregation (Appendix Section K, Figure S10), no structural information was obtained.

In addition to the mixtures, the individual proteins were also characterized by SAXS. This is
discussed in the following sections.

4.5.1 Solution structure of oxidized and reduced PDI

The crystal structures of oxidized and reduced PDI show that the protein adopts an open U-
shaped conformation when it is oxidized, whereas it has a “closed” U-shape conformation
when reduced®]. Our SAXS measurements also revealed redox-related conformational
changes of PDI in solution. From the Guinier analysis, the radius of gyration R; of oxidized and
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reduced PDI in PBS, pH 7.4 was estimated to be 34.38 + 0.17 A and 33.16 + 0.16 A (Table 4)
respectively, indicating that oxidized PDI adopts a more extended conformation than reduced
PDI, consistent with the crystal structures. Nevertheless, these values are slightly different
than those obtained by Okumura et al.[%8! who reported R of 37.2 + 0.12 (oxidized PDI) A and
35.8 + 0.2 A (reduced PDI), whereas Li et all** reported 33.2 + 0.3 A (oxidized PDI).
Okumura’s measurements were carried out in a phosphate buffer with DTT, while our
measurements were performed in a phosphate buffer but with GSH. Since PDI is a flexible
molecule, it is possible that it adopts different conformations in different buffer
environments, which could explain why the Rg values are different.

Table 4. SAXS structural parameters of oxidized and reduced PDI. ® Measurement temperature:
37 °C; Buffer: PBS pH 7.4, 2 mM GSH. Protein concentration: 1.3 mg/mL

Oxidized PDI? Reduced PDI?
Guinier analysis
Re (A) 34.38 +/-0.17 33.16 +/-0.16
1(0) (cm™) 0.052 +/- 0.00016 0.047 +/-0.00015
gRg max 1.29 1.29
Range 16-65 9-68
P (r) analysis
1(0) (cm™) 0.05 0.05
Re (A) 36.27 35.29
dmax(A) 144.62 140.05
q range (A) 16-441 9-459
Total quality estimate from PRIMUS 0.77 0.78
Molecular mass estimation
MM (kDa) from Guinier Analysis 51.2 46.2
MM (kDa) from Qp (Porod invariant) 50.4 34.2

The pair distance distribution function P(r) of PDI, which describes the distribution of
distances between any two points in the molecule, has an asymmetrical bell-shape (Figure
32), indicating that PDI has an extended conformation in solution. In addition, the maximum
distance in the molecule (dmax) is larger for oxidized PDI than reduced PDI (Table 4), confirming
that the reduced form is more compact than the oxidized form.

The molecular mass estimation calculated using the forward scattering 1(0) of oxidized PDI
(from the Guinier analysis, equation (6) in Methods section) was 51 kDa, which is within 10%
of its actual value (56 kDa). A similar value was obtained with the Porod invariant method
(Table 4), confirming the monomeric state of PDI in solution. However, for reduced PDI, the
calculated molecular mass had a higher error (approx. 18% by the Guinier method and 40 %
by the Porod invariant). Since the molecular mass calculated by the Guinier method is
proportional to the protein concentration, a lower MM would indicate that the concentration
was overestimated.
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Figure 32. Solution structure of oxidized and reduced PDI (A) SAXS curves of oxidized (red) and
reduced (yellow) PDI at 37 °C, pH 7.4. Concentration normalized to 1.3 mg/mL. Atomistic SAXS models
of oxidized (B) and reduced (C) PDI (x?=1.63 [oxidized]; y?=1.21 [reduced]; generated with Pepsi-
SAXS!*3¢]), superimposed onto ab initio SAXS “envelopes. Comparison of the theoretical SAXS profile
of oxidized (D) and reduced (E) PDI (calculated in CRYSOL™3? based on the atomistic model) and the
experimental SAXS profiles. Pair distance distribution function of oxidized (F) and reduced (G) PDI.

To test the effect of different reducing agents, SAXS measurements of PDI at pH 6.5, using
20 mM TCEP or at pH 7.4, using 20 mM GSH were also performed (Appendix Section J). TCEP
is @ more stable reducing agent, while GSH is PDI’s natural reducing agent in the endoplasmic
reticulum. Since previous CT-PDI interaction experiments have been mainly performed with
GSHU87276] " this was our preferred reducing agent. Whereas the data quality of the
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measurements in TCEP looked good (Appendix Section J, Figure S7), the measurements with
20 mM GSH presented a steep upturn in the low-q region. Typically, aggregation effects are
removed by measuring different concentrations of the protein and merging the low-q data
from the low concentration samples (where protein aggregation is assumed to be less
prominent), with high-q data of high-concentration samples (which have better statistics). In
our case, however, the upturn became worse at lower concentrations, suggesting that either
radiation damage occurred very early, as we did not see a significant difference between the
first frames collected and later frames, or perhaps the presence of other types of aggregates
(e.g., from the buffer) whose scattering has stronger impact when the protein concentration
is lower. As we did not add GSH to the samples prior to synchrotron SAXS measurements (all
samples were sent to the ESRF, and reducing agents were added in situ), we did not know if
20 mM GSH could cause protein aggregation. This hypothesis was easily tested by adding the
reducing agent to PDI in our home lab, where we saw immediate precipitation. For this
reason, the follow-up experiments were carried out with 2 mM GSH only, which provided a
molar excess of at least 50-fold, sufficient for PDI reduction and interaction with CT72,

For the highest-quality SAXS data of PDI (shown in Figure 32), three-dimensional
reconstructions of the reduced and oxidized protein were generated (Figure 32 B-C). We also
obtained an atomistic model of reduced and oxidized PDI by fitting the crystal structure to
the SAXS data using PepsiSAXS!*3®), The x? value of both models is close to 1 (Table 5),
suggesting that they fit well to the experimental data. These models suggested that PDI has
different conformations when oxidized and reduced (Figure 32 B-C). Interestingly, the side
view of the oxidized model showed that PDI has a flask-disk shape, whereas the reduced form
does not. This is consistent with the crystal structure, where all domains of oxidized PDI are
in the same plane, while one of the domains in reduced PDI is twisted out of the planel®4,

Table 5. PDI ab initio model-fitting and atomistic modelling results.

Oxidized PDI Reduced PDI
DAMAVER/DAMMIN (ab initio model)
x? of average model 1.064 1.165
PepsiSAXS (atomistic model)
Estimated R, from crystal structure 33.06 29.04
Estimated resoltuion (A) 12.57 12.57
Experimental Rg from curve 30.29 28.71
Final x?2 1.21 1.63

4.5.2 Solution structure of CT

To analyze if the solution structure of a completely activated CT (nicked and reduced) has
significant changes compared to an inactivated toxin (un-nicked and not reduced), SAXS
measurements were performed. As expected, the nicked and un-nicked toxin have very
similar structures in solution as seen by the practically complete overlap of their SAXS
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scattering profiles (Figure 33.A). The calculated Rq values were around 28 A for both toxins
(Table 6) and the calculated molecular weight was was within 5-10% of the actual molecular
mass of CT (approx. 85 kDa). Nevertheless, for the measurements performed at 37 °C using
2 mM GSH, the molecular weight estimation disagrees by 20-40 % from the actual value
(Table 6), indicating that the concentration was underestimated. The error is also associated
with the steep upturn in the low-q region of these samples (Appendix Section K, Figure S9),
similar to some of the PDI samples. Interestingly, the upturn became worse at lower
concentrations. This was observed both when the measurements were carried out using 20
mM GSH (not shown) and later when the GSH was reduced to 2 mM, so corrections of the
low-g data by measuring a dilution series of the protein were not useful in our case. GSH did
not seem to be the problem in this case, but it is possible that the temperature influenced
the stability and the monodispersity of CT. This should be further investigated by other
methods like Dynamic light scattering (DLS), which can give information on protein
polydispersity.

Table 6. SAXS structural parameters of CT. ® Measurement temperature: 10 °C; buffer: 20 mM Bis-
Tris, pH 6.5, 200 mM NaCl. ® Measurement temperature: 37 °C; buffer: PBS pH 7.4, 2 mM GSH. °CT
concentration= 2 mg/mL

CT (un-nicked)®  CT (nicked)? CT (un-nicked)® CT (un-nicked)®

Reducing agent None 20 mM TCEP 2 mM GSH None

Guinier analysis

Re (A) 28.19 +/- 0.06 27.87 +/-0.09 28.3+/-0.1 28.98

1(0) (cm™) 0.12 +/-0.00015 0.097 +/- 0.096 +/- 0.0099 +/-
0.00019 0.00021 0.00023

gqRg max 1.29 1.30 1.25 1.3

Range 14-81 22-83 22-78 33-79

P (r) analysis

1(0) (cm™) 0.12 0.10 0.1 0.1

Re (A) 28.24 27.83 29.21 29.38

dmax(A) 103.65 90.75 103.17 106.35

q range (A) 14-370 22-550 22-539 33-528

Total quality estimate 0.86 0.91 0.83 0.81

from PRIMUS!™Y

Molecular mass

estimation

MM (kDa) from Guinier 76.73 62.02 63.94 62.02

Analysis

MM (kDa) from Porod 81.04 74.63 49.67 61.67

invariant
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Figure 33. Solution structure of CT (A) SAXS curves of un-nicked (dark blue) and nicked (light blue)
cholera toxin at 10 °C, pH 6.5. Concentration normalized to 2 mg/mL. Atomistic SAXS models of un-
nicked (B) and nicked (C) CT (x2=1.7 [un-nicked]; y?=1.38 [nicked]; generated with Pepsi-SAXS!*3%)
superimposed to ab initio SAXS “envelopes” (average models of 20 calculated models in DAMMIF*3%)).
(D) Comparison of the theoretical SAXS profile of un-nicked and nicked CT (calculated based on the
atomistic model) and the experimental SAXS profiles.

For the highest quality data (Figure 33), an ab initio model of the nicked and un-nicked toxin
as well as an atomistic model based on the crystal structure was calculated. The theoretical
Rg values from the crystal structure are slightly lower than the experimental values (Table 6-
7), indicating that CT is less compact in solution. These models suggest that the loop
connecting CTA1 and CTA2 in the un-nicked toxin has remarkable flexibility and appears to be
extended. For the nicked toxin, this loop is cleaved and we would expect more flexibility,
although the model does not seem to suggest this.
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Table 7. CT ab initio model fitting and atomistic modelling results

CT (un-nicked) CT (nicked)
DAMAVER/DAMMIN
XZ 1.037 1.029
PepsiSAXS
Rg from crystal structure 26.7 26.7
Estimated resoltuion (A) 12.57 12.57
Experimental Rg from curve 30.30 46.0
Final x?2 1.17 1.38

4.5.3 CT-PDI complex formation studies

As the main aim of this thesis was to investigate the interaction between CT and PDI by SAXS
(and SANS), several measurements at different temperatures, pH and types of reducing
agents were performed to evaluate if an interaction or a complex could be obtained.
Conditions were selected according to previous experiments where CT and PDI have been
shown to interact (see Introduction and Section 4.4) as well as observations from our
preliminary SEC experiments. All samples were sent frozen to ESRF, where they were reduced
in situ with either TCEP or GSH and measured.

To follow-up on our SEC experiments, our initial SAXS measurements were performed at 10 °C
in a Bis-Tris buffer, pH 6.5, containing TCEP. To test our hypothesis that a weak complex could
have formed, but fallen apart during SEC, the samples were treated in the same way as for
the SEC experiment and mixed just before the SAXS measurement. If a complex was formed,
an increase in the scattering intensity at the low-q region of the scattering curve is expected
compared to the scattering of the sum of the individual proteins (linear combination). Since
a nicked CT was used for this experiment, it was also expected that a small proportion could
be disassembled by PDI. Nevertheless, no interaction seemed to occur, as the linear
combination fit well to the experimental data (Figure 36.B). In addition, the Rg value of the
mixture was 32.05 + 0.07 A (Table 8), which is too low to correspond to the CT-PDI complex.
In fact, this value is consistent with the average Rg of PDI and CT, suggesting that the scattering
of the mixture is the contribution of the individual proteins and not the complex.

To get insight into how the scattering of a possible CT-PDI complex would look and compare
it to our data, docking models were calculated using the web servers ClusPro(*3® and
HDOCK!%, The top 20 docking models with the highest scores provided by these servers
were manually analyzed to see how well they could represent a CT-PDI complex.
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Figure 34. SAXS analysis of a CT and PDI mixture at 10 °C in a bis-tris buffer, pH 6.5 containing 20 mM
TCEP. (A) SAXS curves of CT (blue), PDI (red) and a 1:1 molar ratio mixture of the proteins (light purple).
(B) Linear combination fit (green) of CT-PDI mixture. (C) Docking model of CT-PDI generated with
ClusPro[*3®, (D) SAXS curve of the CT-PDI mixture fitted using Cluspro docking model (y?=181.58; fit
generated with CRYSOL3?). (E) Docking model of CT-PDI generated with HDOCK!**®! and (F) CRYSOL-
fitted CT-PDI mixture with HDOCK model (y?=241.55).

Models where PDI was docked at the bottom of the pentamer were discarded, as this
orientation places PDI too far away from CTA1, making it difficult to promote CTA1l
displacement. In addition, the SPR and ELISA experiments immobilized the toxin by its B-
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pentamer on a surface. As disassembly occurs under these conditions, it means that it would
not be possible for PDI to dock to CT from the bottom of the B-pentamer. In this way, only 5
models were selected, and their theoretical scattering profiles were calculated with CRYSOL.
The top 2 models with the best fit to the experimental data are shown in Figure 34.C and 34.E.
Nevertheless, both fits differ significantly from the experimental curves with x? values
remarkably higher (>180), indicating that this model of the CT-PDI complex does not
represent the experimental mixture. It is worth noting that HDOCK can also include SAXS data
in the docking analysis, however, the program showed a warning message stating that the
molecular weight and Rg values of the experimental SAXS data were too small to correspond
to a complex of the proteins (Appendix Section L).

Even though CT and PDI can interact at low temperatures!*®], acidic pH and when TCEP is used
as reducing agent (Teter Group at UCF, personal communication), we did not observe an
interaction by SEC and SAXS under these conditions. As most experiments demonstrating CT-
PDI interaction have been carried out at 37 °C, pH 7.4 and with GSH to mimic conditions in
the ER, we chose this temperature and reducing agent as the following conditions to be
evaluated by SAXS. All mixtures were incubated for at least 30 min prior to the measurements.
To ensure that PDI was reduced, the initial set of samples measured was incubated with
20 mM GSH, however, most of our data presented steep upturns in the low-q region, making
these samples impossible to interpret (Appendix Section K, Figure S10). The possible reason,
as already discussed in Section 4.5.1, was aggregation due to high concentrations of GSH not
amenable with the proteins.

Based on this observation, we decided to reduce the concentration of GSH to 2 mM, which
did not result in visible precipitation of the proteins. The best data are shown in Figure 35,
where slight upturns of the scattering of CT and CT/PDI mixture were still visible. The data
were analyzed in the same way as the previous samples and showed that no interaction
occured (Figure 35.B-D). The best fit was obtained with the linear combination of the proteins
rather than fits from the best ClusPro and HDOCK models (Figure 35.C-E), indicating that no
interaction was taking place. Finally, we decided to test if treating PDI with quercitin-3-
rutenoside (Q3R), a flavonol that binds the b’x region of PDI® could result in a stable
complex. Q3R-treated PDI can still bind to CT but lacks its ability to displace CTA1 from CTI&1,
Although the molecular mechanism of PDI inhibition by Q3R remains unknown, previous SAXS
data has shown that Q3R-treated PDI exhibits a more compact conformation when compared
to native PDI®?), Based on this observation, Guyette et al. suggested that the conformational
change of PDI upon Q3R addition prevents PDI from disassembling CT. Our SAXS experiments,
however, did not show formation of a complex between Q3R-treated PDI and CT (Figure 36.A-
C). It is recommended that these Q3R-experiments are repeated using different molar ratios
of Q3R and perhaps incubating the proteins for longer.

63



10° ‘
CT+PDI (1:1) CT+PDI experimental data
35 : 4 CT 235uM « CT+PDI linear combination
e, "
107! ey t PDI23.5uM |
Ee
1072
=
§
=10°
S
107
-4
10° 10
-6 . .
10 107
2 -1 _ )
10 10 102 1071
-1 =
a®™ a@®™
10° ‘
CT+PDI (1:1) 10° :
« Cluspro docking model fit CT+PDI (1:1)
'''''' + HDOCK docking model fit
107 ,
10°
= 02
T _10
£ 102
< £
KA o
= 10° T
=108
-4
10
1074
5 .
10 102 107" 5 .
10
1072 107!

a®™

Figure 35. SAXS analysis of a CT-PDI mixture at 37 °C in PBS, pH 7.4 containing 2 mM GSH. (A) SAXS
curves of CT (blue), PDI (red) and a 1:1 molar ratio mixture of the proteins (light purple). The dashed
line indicates where the data were truncated to be analyzed by different fits. (B) Linear combination
fit (green) of CT-PDI mixture. (C) SAXS curve of the mixture fitted using Cluspro docking model (shown
in Figure xx) (y2=443.87; fit generated with CRYSOL*3?)), (D) CRYSOL-fitted CT-PDI mixture with HDOCK
model (y?=435.28). (E) Docking model of CT-PDI generated with HDOCK!*3?!,
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(Figure 34) (y?=195.11).
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Although the interaction between CT and PDI has been demonstrated by various
techniques!*®727¢1 none of the conditions that we tested resulted in a complex or an
interaction. There are several possible explanations. As briefly mentioned earlier in this thesis,
most experiments showing efficient disassembly involved immobilized toxin, while all our
experiments were performed in solution. It is possible that the interaction requires
immobilization of the toxin to a surface, which will not only position CT in the “correct”
orientation but could provide additional force to facilitate displacement of the CTA1 subunit
by PDI, similar to when removing the cork of a wine bottle: placing the bottle on a flat surbace
makes it easier to remove the cork than when having the bottle in the air.

It would also be interesting to monitor CT-PDI interaction with time-resolved SAXS and
determine if an interaction takes place and how long does it take to see any changes in the
scattering. Furthermore, it is recommended to replicate the CT-disassembly ELISA experiment
performed by our collaborators at UCF’®, to confirm that the interaction can be replicated
with the recombinant proteins produced in our lab.
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5. Conclusion and future perspectives

ABs toxins like CT and pLT must be disassembled in order to become toxic to cells.
Displacement of the Al subunit of these toxins is physically mediated by PDI, which unfolds
upon binding to the toxin and provides the force to disrupt the non-covalent interactions
holding the reduced holotoxin together”?.. Nevertheless, due to the flexibility of these
proteins and dynamic nature of their interaction, structural mechanistic details are still not
well understood. The aim of this thesis was to investigate the interaction of these toxins with
PDI by a small-angle X-ray scattering techniques, which are e suitable for the study of dynamic
systems.

The first part of this project focused on producing mg amounts of pure CT, pLT and PDI for
SAXS and SANS experiments. We developed a new protocol to produce the toxins using Vibrio
natriegens as expression host, which improved the yields by at least 10-fold compared to the
previous protocol for production in E. coli. PDI (hydrogenated) was successfully produced with
a slightly modified protocol that resulted in higher protein purity. While pilot expression of
deuterated PDI yielded very little protein for SANS, our work provided a solid basis for further
development of deuteration trials. It is recommended to use a temperature of 25 or 20 °C for
overnight induction instead of 37 °C, as the protein could aggregate if produced too quickly.

To evaluate the quality of the cholera toxin produced in Vmax, a customized crystallization
screen was set-up and crystals were obtained. The aspect of the crystals suggested that, this
would be a good indication that our new Vmax protocol can yield homogenous protein. CT
was also characterized by SAXS. The protein was demonstrated to be folded and have a
compact structure in solution. PDI, in contrast, was shown to have a more extended
conformation in solution when compared to the crystal structure, consistent with previous
PDI SAXS experiments(68159],

Under the conditions tested in this thesis, no interaction between CT (nicked or un-nicked)
and PDI (native, cross-linked or treated with Q3R) was observed by SEC or SAXS. Since our
choice of conditions resembled those used in previous experiments, where the interaction
has been demonstrated, we hypothesize that the interaction in solution is inefficient and
requires either long incubation times (> 30 minutes) or immobilization of the toxin to a
surface. This may position the toxin in a suitable orientation for interaction with PDI or
increase the force provided by PDI to facilitate the displacement of the Al subunit. Time-
resolved SAXS could be an option to monitor in real time the interaction between CT and PDI
and determine possible protein conformational changes that occur. It is also recommended
to replicate the CT-disassembly ELISA experiment performed by our collaborators at UCF[7®!
to rule out that the lack of interaction is associated with the recombinant proteins produced
in different expression hosts.
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This work made important progress in terms of production of CT, pLT and PDI for SAXS/SANS
studies and provides the basis for future interaction experiments.
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7. Appendices

Section A: Software, instruments, Kits, disposables

Table S1. Software and suppliers

Software
ATSAS 3.0.2
Biorender
ClusPro
HDOCK
MATLAB ® (R2021a)
ProtParam tool
PyMOL 2.4.0
Rock Maker @
SnapGene® 5.0.7
UNICORNTM 5.31
Wasp Run

Table S2. Instruments and suppliers

Instrument
5810R bench-top refrigerated centrifuge
AKTA™ pure 150
AKTA™ purifier-900
Avanti J-26 XP centrifuge
Biofuge Fresco centrifuge
Capsulefuge TOMY PMC-060
C0O8000 OD600 spectrophotometer
Dri-Block DB 2A heating block
Electrophoresis powersupply-EPS601
Eppendorf Comfort Thermomixer
Formulator ® liquid handler
J-Lite JLA-8.1000 Fixed-Angle Rotor
JA-25.50 Fixed-Angle Rotor
Kelvitron T incubator
LS Spectrometer
Millipore Direct-Q5
Mini gel tank electrophoresis system
Miniorbital shaker SSM1
MS-3000 magnetic stirrer
Multitron standard incubator-shaker

NanoDrop One- UV-Vis spectrophotometer

Nanostar SAXS

Supplier
Private, reference 132!
Private, reference
Private, reference 138
Private, reference 139
Mathworks ®
ExPasy
Schrédinger, Inc.
Formulatrix ®
GSL Biotech LLC
GE Healthcare
Douglas Instruments

Supplier
Eppendorf
GE Healthcare
GE Healthcare
Beckman-Coulter
Haraeus
Tomytech
BioChrom-WPA
Techne
GE Healthcare
Eppendorf
Formulatrix
Beckman-Coulter
Beckman-Coulter
Heraeus
LS Instruments
Merck
Invitrogen
Thermo Scientific
BioSan
InforsHT
Thermo Scientific
Bruker Daltonics
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Olympus BX41 microscope
Oryx4 Protein Crystallization robot
PCB scale

PowerPack HC

Prometheus NT.48 instrument
Rocking platform

TC3000 PCR thermocycler

UV Transilluminator 2000
UltrafleXtreme instrument
Vapourline 80/135
Vantec-2000 detector

Vibra Cell Ultrasonic Processor
VP 100 vacuum pump

Water bath (462-0556)

Table S3. Disposable materials and suppliers

Disposable
1.5 mL Eppendorf tube
15 mL Falcon tubes
3 Lens Midi Crystallization Plate
50 mL Falcon tubes
Amicon Ultra Centrifugal Filter Units 10 000 MWCO
Amicon Ultra Centrifugal Filter Units 5 000 MWCO
BRAND PCR tubes, 0.2 mL
Bolt 4-12% Bis-Tris Plus polyacrylamide gel
Cell scraper 25 cm blade 20 mm
Disposable cuvettes polystyrene 1.5 mL
L-shaped cell spreaders

Filter upper cup 500 mL bottle top filer 0.2 um filter PES
membrane

Filter upper cup 500 mL bottle top filer 0.45 um filter PES
membrane

Millex-GS MCE membrane 0.22 um syringe filter

Petri dish in polystyrene

Pur-A-Lyzer ™ Midi 3 500 MWCO

SnakeSkin Dialysis tubing™ 10 000 MWCO 22 mm
diameter

Olympus
Douglas Instruments
Kern
Bio-Rad
NanoTemper
VWR

Bio-Rad Laboratories, Inc.

Bio-Rad
Bruker Daltonics
VWR
Bruker Daltonics
Sonics
VWR
VWR

Supplier
Eppendorf
Thermo Scientific
SWISSCI
Thermo Scientific
Merck
Merck
Merck
Thermo Scientific
VWR
VWR
VWR
VWR

VWR

Millex

VWR
Thermo Scientific
Thermo Scientific
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Table S4. Kits and suppliers

Table S5. Reagents (chemicals, enzymes, ladders, etc.) and suppliers

Reagent
100 X MEM vitamin solution
10X CutSmart Buffer
10X FastDigest Buffer

10X T4 DNA ligase Buffer

20X MES SDS Running Buffer

4X NuPAGE LDS Sample Buffer

6X DNA loading Dye

ds-Glycerol

Agar-agar

Ammonium chloride

Ammonium heptamolybdate tetrahydrate
Ampicillin sodium salt

Benzeonase nuclease

Bis-Tris

Boric acid

Calcium chloride

Chloramphenicol

Cobalt (1) chloride hexahydrate

Coomassi Brilliant Blue G-250

Cupper chloride dihydrate

Di-potassium hydrogen phosphate
Di-sodium hydrogen phosphate

DTT - (R,R)-1,4-dimercaptobutane-2,3-diol

EDC-(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride)

EDTA disodiuem salt dihydrate
Gentamicin sulfate

Glycerol 95 %

GSH-Glutathione (reduced)
Imidazole

Iron (1) sulfate heptahydrate

IPTG - isopropyl beta-D-1- thiogalactopyranoside
L-arabinose

Lysozyme from chicken egg white
Magnesium acetate tetrahydrate
Magnesium chloride

PEG 3350-olyethylene glycol 3350
Peptone
PMSF-phenylmethylsulfonyl fluoride

Supplier
HyClone
New England Biolabs
Fermentas (Thermo
Scientific)

New England Biolabs
New England Blolabs
Thermo Scientific
Thermo Scientific
Eurisotop
Merck
VWR
Sigma
Applichem
Sigma
Amresco
Sigma
VWR
Fluka
Sigma Aldrich
Fluka
Sigma-Aldrich
Merck
VWR
Applichem
Thermo Scientific

Sigma
Sigma
Sigma
Applichem
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma-Aldrich
Sigma
Sigma
Sigma
Fluka
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Potassium sulfate

Potassium dihydrogen phosphate

Protease Inhibitor cocktail
Quercetin-3-rutenoside hydrate

Restriction enzyme BamHI

Restriction enzyme Ncol

SeeBlue Plus2 Pre-stained protein standard
Shrimp Alkaline Phosphatase (rSAP)

SOC medium

Sodium chloride

Sodium dihydrogen phosphate monohydrate
T4 DNA ligase
TCEP-tris(2-carboxyethyl)phosphine)

Tris base - tris(hydroxymethyl)aminomethane
Tri-sodium citrate dihydrate

Trypsin type | from bovine pancreas

Yeast extract

Zinc sulfate

Table S6. Cells and supliers
Cell line
BL21 (DE3) pLysS Competent cells
NEB ® 5-alpha Competent E. coli (High Efficiency)
Vmax™ Express Chemically Competent Cells
OverExpress™ C43 (DE3) Chemically Competent cells

Table S7. Columns and suppliers
Columns
HiLoad 16/60 Superdex 200 prep grade 120
mL column
HisTrap HP 5 mL column
HitrapQ™ 5 mL column
HitrapSP™ 5 mL column
Hitrap Talon® Crude 5 mL column
Superdex 200 Increase 10/30 GL

Section B: Solutions and buffers

Culture growth solutions (media, antibiotics, L-arabinose and IPTG)

Sigma-Aldrich
VWR
Roche
Sigma
New England Biolabs
New England Biolabs
Thermo Scientific
New England Biolabs
Thermo Scientific
VWR
Merck
New England Biolabs
Sigma
Sigma-Aldrich
Sigma
Sigma-Aldrich
Sigma
Sigma-Aldirch

Supplier
Novagen
New England Biolabs
SGI-DNA
Sigma-Aldrich

Supplier
GE Healthcare

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare

83



Table S8. Composition of LB medium (1 L) *

Volume Amount
MQ-H,0 1L -
Yeast extract 5g
Peptone 10g
NaCl 10g

*Medium pH= 7.1. The components were dissolved in 800 mL of MQ-water and sterilized in the
autoclave. Autoclaved water was then added to a final volume of 1 L.

Table S9. Composition of TB medium (2 L) *

Volume Amount

MQ-H,0 2L -
Yeast extract 48 g
Peptone 24 ¢
NaCl 10g
Glycerol 8 mL

KoHPO4 1.8¢g
KH2PO4 44¢g

*Medium pH= 7.1. The components were dissolved sterilized in the autoclave. The phosphate salts
were dissolved in 500 mL of MQ-H,0 and autoclaved separately. Glycerol was sterile-filtered, then
added to autoclaved medium

Table S10. Composition of LB+v2 salts medium (1 L)

Volume Amount
MQ-H20 900 mL -
Yeast extract 58
Peptone 10g
NaCl 10g
10 X v2 Salts 100 mL

*Medium pH= 7.1. The components were dissolved in 800 mL of MQ-water and sterilized in the
autoclave. Autoclaved water was then added to a final volume of 1 L.

Table S11. Composition of 10X v2 salts

Volume Concentration Amount
MQ-H,0O 1L - -
NacCl 2.04M 119.2 ¢
KCl 0.042 1.566 g
MgCI2 6 H20 0.2314 23.42

Table S12. Minimal M9+ medium (1 L)*
Volume Amount
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MQ-H,0/D,0 989 mL =

K2HPO4 190¢g
KH2PO4 50¢g
NaxHPO4 90¢g
K2SO4 24¢
NH4Cl 50¢g
Glycerol/ds-Glycerol 180¢g
MgCl, 0.95¢g
100X MEM vitamins 10 mL

Trace element solution 1mL

*Both hydrogenated and deuterated media contain the same components except that deuterated
glycerol and deuterated water was used in deuterated M9+. Salts and deuterated glycerol (dissolved
in H,0/D,0) were autoclaved separately. MEM vitamins, MgCl, (dissolved in 10 mL H,0/D,0 and
sterile-filtered 0.22 um) and trace element (sterile-filtered 0.22 um) solution were added after

autoclavation.

Table S13. Trace element solution (100 mL)*

Volume Amount
MQ-H,0 100 mL
FeSO4 (7H,0) 0.6g
CaCl; (2H20) 0.6g
MnCl; (4H,0) 0.12¢g
CoCl (6H20) 0.08 g
ZnS04 (7H20) 0.07g
CuCl; (2H20) 0.03g
H3BO4 0.002 g
(NH4)6M 07024 (4H,0) 0.025g
EDTA 05¢g

*The solution was sterile-filtered (0.22 2 um) and stored at 20 °C.

Table $14. Composition of 100 mg/mL ampicillin solution (20 mL) *
Volume Concentration Amount
MQ-H.0 20 mL - -
Ampicillin - 100 mg/mL 2g
*The solution was sterilized by filtration (0.2 um) and stored in 1 mL aliquots at -20 °C.

Table $15. Composition of 25 mg/mL chloramphenicol solution (20 mL)
Volume Concentration Amount
MQ-H.0 20 mL - -
Chloramphenicol - 25 mg/mL 05¢g
*The solution was sterilized by filtration (0.2 um) and stored in 1 mL aliquots at -20 °C.
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Table $S16. Composition of 20 % L-arabinose
Volume Concentration Amount
MQ-H.0 10 mL - -
L-arabinose - 20 % w/v 2g
*The solution was sterilized by filtration (0.2 um) and either used immediately or stored at 4 °C for no
longer than two weeks.

Table S17. Composition of 1 M IPTG
Volume Concentration Amount
MQ-H.0 20 mL - -
IPTG - 1M 4.77 g
*The solution was sterilized by filtration (0.2 um) and stored in 1 mL aliquots at -20 °C.

Protein purification buffers
All buffers were filtered through a 0.22 um PES membrane filter and degassed.

Table S18. Composition of binding buffer for Talon Affinity Chromatography (Talon A; 1L)

Volume Concentration Amount
MQ-H.0 840 mL -
Na;HPO4 0.5 M 100 mL 50 mM -
NaCl 5 M 60 mL 300 mM -

pH 8.0, adjusted with HCI.

Table S19. Composition of elution buffer for Talon Affinity Chromatography (Talon B; 1 L)

Volume Concentration Amount
MQ-H,0 790 mL - -
Na;HPO4 0.5 M 100 mL 50 mM -
NaCl 5 M 60 mL 300 mM -
Imidazole 1 M 50 mL 50 mM -

pH 8.0, adjusted with HCI.

Table S20. Composition of binding buffer for Galactose Affinity Chromatography (Gal A; 1 L)

Volume Concentration Amount
MQ-H.0 860 mL - -
Na;HPO4 0.5 M 100 mL 50 mM -
NaCl5 M 40 mL 200 mM -

pH 7.4, adjusted with HCI.
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Table S21. Composition of elution buffer for Galactose Affinity Chromatography (Gal B;
250 mL)

Volume Concentration Amount
MQ-H.0 215 mL - -
Na;HPO4 0.5 M 25 mL 50 mM -
NaCl5 M 10 mL 200 mM -
Galactose - 300 mM 13.5g

pH 7.4, adjusted with HCI.
Table S22. Composition of binding buffer for Cation Exchange and Anion Exchange
Chromatography (CT purification; 1 L)

Volume Concentration Amount
MQ-H,0 900 mL - -
Tris-HCI 0.5 M 100 mL 50 mM -

pH 8.0, adjusted with HCI.

Table S23. Composition of elution buffer for Cation Exchange and Anion Exchange
Chromatography (CT purification; 500 mL)

Volume Concentration Amount
MQ-H.0 350 mL - -
Tris-HCI 0.5 M 50 mL 50 mM -
NaCl5 M 100 mL 1M -

pH 8.0, adjusted with HCI.

Table S24. Composition of binding buffer His-tag affinity chromatography (PDI purification;
500 mL)

Volume Concentration Amount
MQ-H,0 420 mL - -
Tris-HCI 0.5 M 50 mL 50 mM -
NaCl5 M 20 mL 200 mM -
Imidazole 1 M 10 mL 20 mM -
TCEP* - 5mM 0.72¢g

pH 7.5, adjusted with NaOH. *For production of oxidized PDI, TCEP was not included in the
buffer.

Table S25. Composition of elution buffer His-tag affinity chromatography (PDI purification;
500 mL)

Volume Concentration Amount
MQ-H.0 355 mL - -
Tris-HCI 0.5 M 50 mL 50 mM -
NaCl5 M 20 mL 200 mM -
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Imidazole 1 M 75 mL 150 mM -

TCEP* - 5 mM 0.72g
pH 7.5, adjusted with NaOH. *For production of oxidized PDI, TCEP was not included in the
buffer.

Table $26. Composition of binding buffer Anion Exchange chromatography (PDI purification;
11)

Volume Concentration Amount
MQ-H.0 950 mL - -
Bis-Tris1 M 50 mL 50 mM -
DTT* - 5mM 0.77 g

pH 6.0, adjusted with HCI. *For production of oxidized PDI, DTT was not included in the buffer.

Table $27. Composition of elution buffer Anion Exchange chromatography (PDI purification;
500 mL)

Volume Concentration Amount
MQ-H.0 350 mL - -
Bis-Tris 1 M 50 mL 50 mM -
NaCl 5 M 100 mL 1M -
DTT* - 5mM 0.385¢g

pH 6.0, adjusted with HCI. *For production of oxidized PDI, DTT was not included in the buffer.

Table S28. Composition of 10X Phosphate-Buffered saline (PBS) (1 L)

Volume Concentration Amount
MQ-H.0 1000 mL - -
Na;HPO4 0.5 M 200 mL 100 mM -
NacCl - 137 M 80¢g
KH2PO4 - 18 mM 24¢
KCl 27 mM 2g

Table S29. Composition of 1X Phosphate-Buffered saline (PBS) (1 L)

Volume Concentration Amount
MQ-H,0 900 mL - -
10X PBS 100 mL 1X -

pH 7.4, adjusted with HCI.

Table S30. Composition of Bis-tris buffer for SAXS experiments (500 mL)

Volume Concentration Amount
MQ-H,0 470 mL - -
Bis-Tris 1 M 10 mL 20 mM -
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NaCl5 M 20 mL 200 M -
TCEP - 20 mM 2.87¢g
pH 6.5, adjusted with NaOH.

Table S31. Composition of PBS buffer for SAXS experiments (500 mL)

Volume Concentration Amount
MQ-H.0 400 mL - -
10X PBS 100 mL 1X -
GSH - 2 mM 0.307 g

pH 7.4, adjusted with NaOH.

Section C: Cloning reactions

Table $32. Composition of digestion reaction with Ncol
Volume Concentration Amount
MQ-H,0 43 L - -



10X rCutSmart™ 5uL 1X -

DNA (pARCT5* or - 1ug
pLT-pUC57)

Ncol-HF (NEB), 1ul - 10U
10U/ uL

Total volume: 50 uL. Reagents added in this order and gently mixed. Incubation at 37 °C for
60 min. Reaction inactivated at 65 °C for 15 min.

Table $33. Composition of dephosphorylation reaction of gel-purified pARCT5*

Volume Concentration Amount
MQ-H;0 - - -
10X rCutSmart™ 2uL 1X -
Gel-purified pARCT5%*, 17 uL - 0.1 pmol of DNA
8 ng/ulL ends
rSAP, 1 U/ uL lul - 1U

Total volume: 20 uL. Reagents added in this order and gently mixed. Incubation at 37 °C for
30 min. Reaction inactivated at 65 °C for 5 min.

Table S34. Composition of ligation-mix with vector/insert ratio 1:2

Volume Concentration Amount
MQ-H,0 8.8 uL - -
10X T4 DNA ligase 2 uL 1X -
reaction Buffer
Vector (pARCT5%*) 6 uL - 50 ng
Insert 2.2 uL
T4 DNA ligase 1ul - -

Total volume: 20 ul. Reagents added in this order and gently mixed. Incubation at room
temperature for 10 min. Reaction inactivated at 65 °C for 10 min.

Table $S35. Composition of ligation-mix with vector/insert ratio 1:3

Volume Concentration Amount
MQ-H,0 7.8 uL - -
10X T4 DNA Ligase 2 uL 1X -
Reaction Buffer
Vector (pARCT5%*) 6 uL - 50 ng
Insert 3.2uL
T4 DNA ligase 1ul - -

Total volume: 20 ul. Reagents added in this order and gently mixed. Incubation at room
temperature for 10 min. Reaction inactivated at 65 °C for 10 min.
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Table $36. Composition of diagnostic digestions of plasmids isolated from single colonies

Volume Concentration Amount
MQ-H,0 3uL - -
10X FastDigest 1ul 1X -
Green Buffer
Plasmid from single 5ul - 200 ng
colony
FastDigest BamHlI, 1ul 0.2 U/ uL 10U
10U/ uL

Total volume: 10 uL. Reagents added in this order and gently mixed. Incubation at 37 °C for

10 min. Reaction inactivated at 80 °C for 5 min.

Section D: DNA oligonucleotides

Table 37. DNA oligonucleotides

DNA oligo name DNA sequence
Ncol_Fwd CCGTTTTCACCTATGGGCAAATATTATAC
Ncol_Rev GGGCGAAGAAGTTGTCCA
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Seq 1 Jobling
Seq 2 CTAend
Seq 3 CT_LT_Rev
Seq 4 LT_Mid
Seq 5 CT_LT_Fwd

GATCTTGGAGCATTCCCACA
TTATAGCCACTGCACCCAACATG
CAAGAGATTACGCGCAGACC
CTTGGAGAGAAGAACCCTGG
TGCCGCGACTCTCTATAATTTC

Section E: DNA sequencing alignments

Alignment of sequencing results with the pLT gene in the plasmid used for production of the

protein.
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Start pLT gene
————»

TTTTTGCCGCGACTCTCTATAATTTCTCCATACCTGTTTTTCTGGATGGAGTAAGACCAT -GGCGAAATA
----------------------------------- GGTTTTCTGGATGGAGTAAGACCATGGGCGAAATA

ATTTTGTTTAACTTTAAGAAGGAGATATACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTATCAT
ATTTTGTTTAACTTTAAGAAGGAGATATACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTATCAT

GGCTGCTTTGGTATCTGTTCAGGCGCATGCAAATGGCGACCGTTTATACCGTGCTGACTCTAGACCCCCA
GGCTGCTTTGGTATCTGTTCAGGCGCATGCAAATGGCGACCGTTTATACCGTGCTGACTCTAGACCCCCA

GATGAAATAAAACGTTCCGGAGGTCTTATGCCCAGAGGGCATAATGAGTACTTCGATAGAGGAACTCAAA
GATGAAATAAAACGTTCCGGAGGTCTTATGCCCAGAGGGCATAATGAGTACTTCGATAGAGGAACTCAAA

TGAATATTAATCTTTATGATCACGCGAGAGGAACACAAACCGGCTTTGTCAGATATGATGACGGATATGT
TGAATATTAATCTTTATGATCACGCGAGAGGAACACAAACCGGCTTTGTCAGATATGATGACGGATATGT

TTCCACTTCTCTTAGTTTGAGAAGTGCTCACTTAGCAGGACAGTCTATATTATCAGGATATTCCACTTAC
TTCCACTTCTCTTAGTTTGAGAAGTGCTCACTTAGCAGGACAGTCTATATTATCAGGATATTCCACTTAC

TTCCA-TTCTCTTAGTTTGAGAAGTGCTCACTTAGCAGGACAGTCTATATTATCAGGATATTCCACTTAC

TATATATATGTTATAGCGACAGCACCAAATATGTTTAATGTTAATGATGTATTAGGCGTATACAGCCCTC
TATATATATGTTATAGCGACAGCACCAAATATGTTTAATGTTAATGATGTATTAGGCGTATACAGCCCTC

TATATATATG-TATAGCGACAGCACCAAATATGTTTAATGTTAATGATGTATTAGGCGTATACAGCCCTC

ACCCATATGAACAGGAGGTTTCTGCGTTAGGTGGAATACCATATTCTCAGATATATGGATGGTATCGTGT
ACCCATATGAACAGGAGGTTTCTGCGTTAGGTGGAATACCATATTCTCAGATATATGGATGGTATCGTGT

ACCCATATGAACAGGAGGTTTCTGCGTTAGGTGGAATACCATATTCTCAGATATATGGATGGTATCGTGT

TAATTTTGGTGTGATTGATGAGCGATTACATCGTAACAGGGAATATAGAGACCGGTATTACAGAAATCTG
TAATTTTGGTGTGATTGATGAGCGATTACATCGTAACAGGGAATATAGAGACCGGTATTACAGAAATCTG

TAATTTTGGTGTGATTGATGAGCGATTACATCGTAACAGGGAATATAGAGACCGGTATTACAGAAATCTG

AATATAGCTCCGGCAGAGGATGGTTACAGATTAGCAGGTTTCCCACCGGATCACCAAGCTTGGAGAGAAG
AATATAGCTCCGGCAGAGGATGGTTACAGATTAGCAGGTTTCCCACCGGATCACCAAGCTTGGAGAGAAG

AATATAGCTCCGGCAGAGGATGGTTACAGATTAGCAGGTTTCCCACCGGATCACCAAGCTTGGAGAGAAG
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AACCCTGGATTCATCATGCACCACAAGGTTGTGGAAATTCATCAAGAACAATTACAGGTGATACTTGTAA
AACCCTGGATTCATCATGCACCACAAGGTTGTGGAAATTCATCAAGAACAATTACAGGTGATACTTGTAA
---------------------- ACCAGGTTGTGG-AATTCATCAAGAACAATTACAGGTGATACTTGTAA
AACCCTGGATTCATCATGCACCACAAGGTTGTGGAAATTCATCAAGAACAATTACAGGTGATACTTGTAA

TGAGGAGACCCAGAATCTGAGCACAATATATCTCAGGGAATATCAATCAAAAGTTAAGAGGCAGATATTT
TGAGGAGACCCAGAATCTGAGCACAATATATCTCAGGGAATATCAATCAAAAGTTAAGAGGCAGATATTT
TGAGGAGACCCAGAATCTGAGCACAATATATCTCAGGGAATATCAATCAAAAGTTAAGAGGCAGATATTT
TGAGGAGACCCAGAATCTGAGCACAATATATCTCAGGGAATATCAATCAAAAGTTAAGAGGCAGATATTT

TCAGACTATCAGTCAGAGGTTGACATATATAACAGAATTCGGGATGAATTATGATTTAAGCTTCGAAATA
TCAGACTATCAGTCAGAGGTTGACATATATAACAGAATTCGGGATGAATTATGATTTAAGCTTCGAAATA
TCAGACTATCAGTCAGAGGTTGACATATATAACAGAATTCGGGATGAATTATGATTTAAGCTTCGAAATA
TCAGACTATCAGTCAGAGGTTGACATATATAACAGAATTCGGGATGAATTATGATTTAAGCTTCGAAATA

ATTTTGTTTAACTTTAAGAAGGAGATATACAAACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTA
ATTTTGTTTAACTTTAAGAAGGAGATATACAAACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTA
ATTTTGTTTAACTTTAAGAAGGAGATATACAAACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTA
ATTTTGTTTAACTTTAAGAAGGAGATATACAAACATATGAGCTTTAAGAAAATTATCAAGGCATTTGTTA

TCATGGCTGCTTTGGTATCTGTTCAGGCACATGCAGCTCCTCAGACTATTACAGAACTATGTTCGGAATA
TCATGGCTGCTTTGGTATCTGTTCAGGCACATGCAGCTCCTCAGACTATTACAGAACTATGTTCGGAATA
TCATGGCTGCTTTGGTATCTGTTCAGGCACATGCAGCTCCTCAGACTATTACAGAACTATGTTCGGAATA
TCATGGCTGCTTTGGTATCTGTTCAGGCACATGCAGCTCCTCAGACTATTACAGAACTATGTTCGGAATA

TCGCAACACACAAATATATACGATAAATGACAAGATACTATCATATACGGAATCGATGGCAGGCAAAAGA
TCGCAACACACAAATATATACGATAAATGACAAGATACTATCATATACGGAATCGATGGCAGGCAAAAGA
TCGCAACACACAAATATATACGATAAATGACAAGATACTATCATATACGGAATCGATGGCAGGCAAAAGA
TCGCAACACACAAATATATACGATAAATGACAAGATACTATCATATACGGAATCGATGGCAGGCAAAAGA

GAAATGGTTATCATTACATTTAAGAGCGGCGAAACATTTCAGGTCGAAGTCCCGGGCAGTCAACATATAG
AT G TR AT TR A AT AN B G G - — ~ — — — — — —— -~ —————————~——~——=—=-=--————————~
GAAATGGTTATCATTACATTTAAGAGCGGCGAAACATTTCAGGTCGAAGTCCCGGGCAGTCAACATATAG
GAAATGGTTATCATTACATTTAAGAGCGGCGAAACATTTCAGGTCGAAGTCCCGGGCAGTCAACATATAG

ACTCCCAAAAAAAAGCCATTGAAAGGATGAAGGACACATTAAGAATCACATATCTGACCGAGACCAAAAT

ACTCCCAAAAAAAAGCCATTGAAAGGATGAAGGACACATTAAGAATCACATATCTGACCGAGACCAAAAT
ACTCCCAAAAAAAAGCCATTGAAAGGATGAAGGACACATTAAGAATCACATATCTGACCGAGACCAAAAT

TGATAAATTATGTGTATGGAATAATAAAACCCCCAATTCAATTGCGGCAATCAGTATGAAAAACTAGGAT

TGATAAATTATGTGTATGGAATAATAAAACCCCCAATTCAATTGCGGCAATCAGTATGAAAAACTAGGAT
TGATAAATTATGTGTATGGAATAATAAAACCCCCAATTCAATTGCGGCAATCAGTATGAAAAACTAGGAT

ATAAAAAAGCCCACCTCAGAGGGCTTTTTTGTGGATCCATGGCTAGAAATATTTTATCTGATTAATAAGA

ATAAAAAAGCCCACCTCAGAGGGCTTTTTTGTGGATCCATGGCTAGAAATATTTTATCTGATTAATAAGA
ATAAAAAAGCCCACCTCAGAGGGCTTTTTTGTGGATCCATGGCTAGAAATATTTTATCTGATTAATAAGA
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TGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGG

TGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGG
R M- E e R e T e T e E e

GCGGTTTTTCGAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTC
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Section F: Protein sequences and biophysical
characteristics (Molecular weight, theoretical pl and
extinction coefficient)

Amino acid sequence of cCT (without signal sequences)

>CTA
NDDKLYRADSRPPDEIKQSGGLMPRGQSEYFDRGTQMNINLYDHARGTQTGFVRHDDGYVSTSISLRS
AHLVGQTILSGHSTYYIYVIATAPNMFNVNDVLGAYSPHPDEQEVSALGGIPYSQIYGWYRVHFGVLDEQ
LHRNRGYRDRYYSNLDIAPAADGYGLAGFPPEHRAWREEPWIHHAPPGCGNAPRSSMSNTCDEKTQSL
GVKFLDEYQSKVKRQIFSGYQSDIDTHNRIKDEL

Proteolytic cleavage into CTA1 and CTA2 is highlighted in yellow.

Molecular mass: 21,194 Da
Theoretical pl: 5.98

>CTB
TPQNITDLCAEYHNTQIHTLNDKIFSYTESLAGKREMAITFKNGATFQVEVPGSQHIDSQKKAIERMKDT
LRIAYLTEAKVEKLCVWNNKTPHAIAAISMAN

Molecular mass: 11,607 Da
Theoretical pl: 7.75

CT holotoxin

Molecular mass: 85,140 Da

Theoretical pl: 7.24

Extinction coefficient (&): 92,430 (assuming all pairs of Cys residues form cysteins)

Amino acid sequence of pLT (without signal sequence)

> pLTA
NGDRLYRADSRPPDEIKRSGGLMPRGHNEYFDRGTQMNINLYDHARGTQTGFVRYDDGYVSTSLSLRS
AHLAGQSILSGYSTYYIYVIATAPNMFNVNDVLGVYSPHPYEQEVSALGGIPYSQIYGWYRVNFGVIDERL
HRNREYRDRYYRNLNIAPAEDGYRLAGFPPDHQAWREEPWIHHAPQGCGNSSRTITGDTCNEETQNLS
TIYLREYQSKVKRQIFSDYQSEVDIYNRIRDEL

>pLTB
APQTITELCSEYRNTQIYTINDKILSYTESMAGKREMVIITFKSGETFQVEVPGSQHIDSQKKAIERMKDTL
RITYLTETKIDKLCVWNNKTPNSIAAISMKN

pLT holotoxin
Molecular mass: 86,690
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Theoretical pl: 8.44
Extinction coefficient (£):107,330 (assuming all pairs of Cys residues form cysteins)

Amino acid sequence of PDI (without signal sequence)

>N-term His-tag-PDI
HHHHHHDAPEEEDHVLVLRKSNFAEALAAHKYLLVEFYAPWCGHCKALAPEYAKAAGKLKAEGSEIRLAKVDATEESDLAQQY
GVRGYPTIKFFRNGDTASPKEYTAGREADDIVNWLKKRTGPAATTLPDGAAAESLVESSEVAVIGFFKDVESDSAKQFLQAAEAI
DDIPFGITSNSDVFSKYQLDKDGVVLFKKFDEGRNNFEGEVTKENLLDFIKHNQLPLVIEFTEQTAPKIFGGEIKTHILLFLPKSVSD
YDGKLSNFKTAAESFKGKILFIFIDSDHTDNQRILEFFGLKKEECPAVRLITLEEEMTKYKPESEELTAERITEFCHRFLEGKIKPHLM
SQELPEDWDKQPVKVLVGKNFEDVAFDEKKNVFVEFYAPWCGHCKQLAPIWDKLGETYKDHENIVIAKMDSTANEVEAVKV
HSFPTLKFFPASADRTVIDYNGERTLDGFKKFLESGGQDGAGDDDDLEDLEEAEEPDMEEDDDQKAVKDEL

Molecular mass: 56,166 Da

Theoretical pl: 4.82

Extinction coefficient Oxidized PDI (g): 45,755 (assuming all pairs of Cys residues form
cysteines)

Extinction coefficient Reduced PDI (&): 45,380 (assuming all Cys residues are reduced)
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Table S38. CT Crystallization screen. Wells highlighted in blue corresponded to conditions

where crystals were formed.
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Section H: Additional protein purification results
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Figure S1. Two overlapping peaks are obtained during IEX elution of PDI with a linear
gradient of NaCl. Although the gel was heavily overloaded, several contaminants co-purified
with PDI (SDS-PAGE, right panel).

O
\\5‘\\ &
%\°°i'\e@6 0‘.\\&
O'
kDa (VR N S T L L VR
mAU 198
15,84 198
700 98
| 98
600 62 |
62
500 49
49
38
@l CTA1 38
)
28
300 | / 28
17 L —" —
200 hd 17
- 14
‘ 6 14
100 . e v s TS e v 6
1B.66| 2184
AT 3 L
0 SE———————— L o EEE— 5 CTB 3

0 5 10 15 20 25 30 ml

Figure S2. CT trypsin cleavage. Purification of cleaved toxin by SEC (left panel) and SDS-PAGE
of collected fractions (right panel). Two clear bands consistent with CTA1 and CTB molecular
weights are obtained, indicating correct cleavage.
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Section I: Mass Spectrometry analysis

CT1

Cholera enterotoxin subunit A OS=Vibrio cholerae serotype O1 (strain ATCC 33315 / El Tor Inaba N16961) GN=ctxA PE=1 SV=1

] Annotate PTMs reported in Uniprot 1

51

101 151 201 251 258
[E] Show only PTMs ‘ ‘
] Include PSMsthat are Fitered Out CT2
Coverage: 51.94% - l
Found Modifications: Sequence | Modication List|
c Carbamidomethyl ) 1 11 2 a1 a1 51 6 7 81 91
Gin>pyro Giu (N4em) Modi fications 1 ° o ——
o Oxidation (M) P01555 MUKLIFVEFI FLSSFSYAN v GRTILSGHST o
Modifications | 101
PO1555 YYIYVIATAP NMENVNDVLG PHPDEQE VSALGGIPYS QIYGWYRVHF GVLDEQLHRN RGYR LDIAPAADGY GLAGFPPEHR AWREEPWIHH
Modifications 201 c G CT1
01555 APPGCGNAPR SSMSNTCDEX TQSLGVKFLD E T HNRIKDEL o
—
Cholera enterotoxin subunit A OS=Vibrio cholerae serotype O (strain ATCC 39315 / Bl Tor Inaba N16961) GN=ctxA PE=1 5V=1
Annotate PTMs reported in Uniprot | 1 51 101 151 201 251 258
[5] Show only PTMs
[¥] Include PSMs that are Fitered Out
Coverage: 64.34%
Found Modifications: Sequence | Modfication List
c Carbamidomethyl (C) 1 11 21 31 a1 51 61 71 81 91
G Gin->pyroGlu (Nem) Modi fications
o Oxidation (M)

Figure S4. MS

o o
P01555 MUKIIFVFFI FLSSFSYAND DKLYRADSRP PDEIKQSGGL MPRGOSEYFD RGTQMNINLY DHARGTQTGE VRHDDGYVST SISLRSAHLV GRTILSGHST
Modifications 101
P01555 YYIYVIATAP NMFNVNDVLG AYSPHPDEQE VSALGGIPYS QIYGWYRVHF GVLDEQLHRN RGYRDRYYSN LDIAPAADGY GLAGFPPEHR AWREEPWIHH
Modifications
P01555

201 c G
APPGCGNAPR SSMSNTCDEK TQSLGVKFLD EYQSKVKRQI FSGYQSDIDT HNRIKDEL

analysis of the two additional bands observed in CT samples after SEC

purification. The presence of a matching peptide corresponding to residues of the CTA2

peptide (indicated by the square), would suggest that the band labeled ‘CT1’ is not the cleaved
CTA1. The CT2 sample was also identified as CTA.
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Figure S5. MS analysis confirms production of pLT in Vmax

pLTB
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Show de novo only sequences
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[ de novo peptides fully matched
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PDI1 Sample

Accession Description Coverage #Peptides  #PSMs #Unique Pept #Protein Groi # AAs MW [kDa]
_P07237 Protein disulfide-isomerase OS=Homo sapiens GN=P4HB PE=1 SV=3 91,7322835 78 942 78 1 508 57,081
|P04264 Keratin, type Il cytoskeletal 1 0S=Homo sapiens GN=KRT1 PE=1 SV=6 34,3167702 20 38 19 1 644 65,999
PDI2 Sample

Accession Description Coverage #Peptides  #PSMs #Unique Pept # Protein Groi # AAs MW [kDa]

P07237 Protein disulfide-isomerase 0S=Homo sapiens GN=P4HB PE=1 SV=3 89,5669291 51 302 51 1 508 57,081

P04264 Keratin, type Il cytoskeletal 1 OS=Homo sapiens GN=KRT1 PE=1 SV=6 47,2049689 32 114 29 1 644 65,999

Figure S6. MS analysis of gel bands obtained during PDI purification. Both bands correspond
to PDI, indicating that the protein forms covalently linked oligomers.
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Section J: Synchrotron SAXS samples

Table $39. Summary of samples measured at different conditions with SAXS

Protein Concentration

Sample Temperature Buffer Reducing agent Additional treatment
p P g ag (mg/mL)
Nicked CT 025
= 0.5
G2 i i 20 mM TCEP 5
10°C 20 mM Bis-Tris pH 2
Nicked CT+PDI (1:1) 6.5, 200 mM NaCl Minimal Incubation time CT=2;PDI=1.32
Nicked CT+PDI (1:2) (< 3 min) CT=1.57; PDI=2
Un-nicked CT None - 025
0.33
PDI 0.66
1.32
0.33
EDC-treated PDI PBSpH 7.4 0.66
1.32
37°C None - 0.5
Un-nicked CT 1
2
0.33
3R-treated PDI
Q3R-treate PBS pH 7.4, 2% 0.66
Un-nicked CT DMSO Ois
0.33
PDI 0.66
1.32
0.33
Un-nicked CT PBS pH 7.4 0.66
1.32
Un-nicked CT+PDI 05
(1:1) 37°C 2 mM GSH Incubation time > 30 min 1
’ 2
0.33
Q3R-treated PDI 0.66
. PBS pH 7.4, 2% 0.5
Un-nicked CT DMSO 1
Un-nicked CT+Q3R- Incubation i > 30 mi CT=1; PDI=0.66
PDI (1:1) neubation time > 3L min CT=0.5; PDI=0.33
0.33
PDI 0.66
1.32
0.33
Un-nicked CT 0.66
- 1.32
0.5
EDC-treated PDI 1
2
-nicked pLT 4
Un-nicked p 37°C PBS pH 7.4 20 mM GSH 0
X CT=2;PDI=1.32
Un—nlCl((fi)CT+PDI CT=1:PDI=0.66
’ CT=0.5; PDI=0.33
Un-nicked CT+EDC- CT=2;PDI=1.32
PDI (1:1) Incubation time > 30 mi cT=1; PDI=0.66
B ncupbation time min CT=05 ; PDI=0.33
Un-nicked pLT+PDI pLT 0.4; PDI0.26
(1:1)
Un-nicked pLT+EDC- .
DI (1:1) pLT 0.4; PDI 0.26
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Section K: Additional SAXS results

= PDI 0.5 mg/mL. = PDI 1 mg/mL| = PDI2mg/mL
04 ] Frarens Tan -
0,014
0,014

0,014
- — - — 0,001
@ ©0,001 4 o
500014 s g

1E-4 4 1E-4 4 1E-4

1E-5 T T 1E-5 T T o 1E-5
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Figure S7. SAXS curves of PDI at 10 °C in a Bis-Tris buffer pH 6.5 containing 20 mM TCEP.

A B

Oxidized PDI Reduced PDI
10-1:_ . S - 10‘1“‘,,‘ . .
e ¢ PDI0.66 mg/mL %g PDI 0.33 mg/mL
r ¢ PDI1.32mg/mL | i PDI0.66 mg/mL
102 T _* PDI0.33mg/mL | 102 T 7 PDI1.32 mg/mL|]
1073} 10 i
' - e
10} L0 E
g | G
10°) 10 ]
10® 10 ]
107 107 .
102 107" 10° 102 107" 10°
-1 A
aA™) a®
C .o PDI in PBS, with 2 % DMSO D 1o Q3R-treated PDI
10 T T 3 T T
oxPDI 0.33 mg/mL |} i poves oxPDI 0.33 mg/mL
e ey oxPDI 0.66 mg/mL | g i oxPDI 0.66 mg/mL | |
102 SR % redPDI 0.33 mg/mL | 10°¢ redPDI 0.33 mg/mL.
T i redPDI 0.66 mg/mL |* T ¥ redPDI 0.66 mg/mL
] =
- 1 109
10°° 4 _
'.'E ‘e 104}
o 4 o
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C S q0°
10° E
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10°® 1 107
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107 : : 10
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Figure S8. SAXS analysis of PDI samples at 37 °C, in PBS buffer containing 2 mM GSH. An upturn
in the low-q region of the plots is more prominent at lower protein concentrations.
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Figure S9. SAXS analysis of un-nicked CT samples at 37 °C, in PBS buffer containing 2 mM GSH.
An upturn in the low-q region of the plots is more prominent at lower protein concentrations.
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Figure S10. SAXS analysis of different samples at 37 °C, in PBS buffer containing 20 mM GSH. A
steep upturn in the low-qg region is observed in all the plots, making the data impossible to interpret.
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Section L: CT-PDI Docking with HDOCK

SAXS data: The file was uploaded by users.

RG by the SAXS data: 29.654 A
MW by the SAXS data: 41.073 kDa

WARNING: The SAXS data may not be compatible with the structures!!
WARNING: The MW determined by the SAXS data is too small!!

WARNING: MWsaxs is too smaller than MWcomplex!
Disorder/flexibility check....ceveevennnnn OK!

Figure S11. Error obtained when generating CT-PDI docking models with HDOCK. The Rg and
molecular weight calculated from the SAXS data is not compatible with a complex the size of
CT-PDI.
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