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ABSTRACT

Clostridium difficile is a gram-positive, anaerobic, spore-forming bacteria that
causes severe diarrhea, abdominal pain, and pseudomembranous colitis (1). Clostridium
difficile infection (CDI) can be fatal. The estimated annual cost for CDI management is
around $6.1 billion in the U.S.. When treating CDI using broad-spectrum antibiotics, the
rate for CDI recurrence increases significantly. Thus, developing new treatments for CDI
is essential. TcdB is the major virulence factor secreted by Clostridium difficile, and it is
responsible for most of the symptoms of CDI. It is critical to understand its mechanism
of entry into intestine epithelial cells and subepithelial layers to devise methods to block
as many of the uptake steps as possible. In this dissertation, | have studied the interaction
of TcdB with its two receptors, frizzled-2 (FZD2) and chondroitin sulfate proteoglycan 4
(CSPG4), using cryo-EM and biochemical assays. TcdB utilizes hydrophobic
interactions to bind FZD2 and CSPG4, and CSPG4 also has electric charge interactions
with TcdB. Three snapshots of TcdB binding to CSPG4 were obtained, demonstrating
that TcdB binds in an equilibrium among different states. | also analyzed TcdB binding
at acidic pH and found that there is a large conformational change in the overall
structure, primarily in the hydrophobic region of the delivery domain. Both of the
receptors dissociated with TcdB when pH decreased, with CSPG4 dissociation at a
larger rate, allowing TcdB to float near the endosome membrane for the following pore
formation and translocation. By revealing detailed receptor binding mechanism as well

as intermediate states of TcdB when the decrease of the pH triggers the conformational



changes, this work extensively expand a structural view of TcdB uptake mechanism and
provides strong reference to resolve homolog toxin invasion mechanism. To develop a
potential treatment for CDI, a library of Designable Ankyrin Repeat Proteins (DARPINS)
was generated to screen for TcdB neutralizer. A dimeric DARPin, DLD-4, that is
composed of two monomeric DARPins, U3 and 1.4E, is selected because it has the best
neutralization ability as well as high binding affinity to TcdB. My cryo-EM structure of
TcdB-DLD4 complex demonstrates that U3 interacts at the FZD2 receptor binding
surface and 1.4E grips on the CSPG4 interaction region. Thus, DLD-4 is able to
neutralize the TcdB by competing against its receptors with much higher binding affinity

and block TcdB entry at the first step.
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NOMENCLATURE

Gl tract Gastrointestinal tract

GTD glucosyltransferase domain

APD Autoprocessing domain

CROPS Combined Repetitive Oligopeptides
FZD2 frizzled family protein-2

CSPG4 chondroitin sulfate proteoglycan 4

MC multiple cloning sites

PCR Polymerase Chain Reaction

E.coli Escherichia coli

LB Luria-Bertani

PBS Phosphate-buffered saline

ELISA enzyme-linked immunosorbent assay
IPTG Isopropyl - d-1-thiogalactopyranoside
SDS-PAGE sodium dodecyl sulphate—polyacrylamide gel electrophoresis
CTF Contrast Transfer Function

DARPIn designed ankyrin repeat proteins

FSC Fourier Shell Correlation

CD circular dichroism

DDM n-Dodecyl p-D-maltoside

DT diphtheria toxin
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C. difficile Clostridium difficile

LCT Large Clostridial Toxin
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1. INTRODUCTION

1.1. Overview

Clostridium difficile (C. difficile) was first isolated from a healthy infant in 1935
(2) and identified as a spore-forming, anaerobic bacterium of the Bacillus family (3). It
was given the species name difficile for the reason that it is hard to isolate because of its
slow growth rate. As it could be isolated from healthy adults and children, C. difficile
was not considered to be detrimental in the human digestive tract. Because of its slow
growth rate, it always remains a minor component of a healthy human digestive tract,
which is protected by a group of bacteria collectively called “healthy flora.” However,
after administration of broad-spectrum antibiotics, such as lincomycin and vancomycin
(4) (5), this protective flora is wiped out, allowing C. difficile spores to settle and begin
to germinate in the small intestine, producing toxins in the large intestine that destroy the
colonic epithelium tissue (6). The damage increases the permeability of the epithelial
barrier, allowing the toxins to permeate to deeper colonic tissues.

The two Large Clostridial Toxins (LCT), enterotoxin TcdA and cytotoxin TcdB,
as well as the binary toxin CDT, are responsible for nearly all the symptoms caused by
C. difficile infection (4). There are several factors that lead to C. difficile infection.
Hospitalization is one of the factors as the C. difficile spore is hard to be eliminated and
enriched on the surfaces of the hospital equipment. These spores are able to be
subsequentially transmitted through fecal-oral pathway. Exposure to antibiotics disrupts

the homeostasis of microflora in the colon that provides opportunity for C. difficile
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spores. Ages also influence the chances for C. difficile germination as the old or very
young age has fairly weak immune system. (7). In 2007, CDI was the leading cause of
gastroenteritis-associated death (8). It was considered to be the most common cause of
hospital-acquired infection in the United States, and the estimated health care cost
related to CDI in acute care facilities was around $4.8 billion (9). An additional problem
is that, because C. difficile is a spore-forming bacterium, it often causes secondary
infections, known as recurrence, when antibiotics are applied to combat the initial
treatment (10). Therefore, treatments for CDI must be chosen carefully, and alternatives
to antibiotics should be developed to relieve the colitis symptoms while avoiding a high
rate of recurrence.
1.2. Clostridium difficile biology

Clostridium difficile is a spore-forming, gram-positive anaerobic bacillus that can
colonize the human gastrointestinal tract (Gl tract) (11) (12). The survival of C. difficile
involves in two important steps: sporulation and germination. The ability of C. difficile
to sporulate is critical both for the initial onset of CDI as well as its recurrence (13).
Germinate in the appropriate place makes it possible for C. difficile to reproduce and
generate offspring. Thus, understanding both sporulation and spore germination is
important for developing treatments for CDI.
1.2.1. Life cycle of Clostridium difficile

C. difficile has two forms: the spore, which is resistant to harsh environments,
and a vegetative form that germinates and proliferates in the host’s digestive tract (14).

The vegetative form also produces the toxins that cause symptoms that vary from mild



diarrhea to severe pseudomembranous colitis, and even death (15). As vegetative C.
difficile is strictly anaerobic, the spore form of C. difficile is required for its survival
outside the host and for its transmission. The transmission of C. difficile is through fecal-
oral pathway (16). Only after the dormant C. difficile spore enters the host's digestive
tract can germination begin. When the spore gets into the small intestine, the bile salts in
the environment serve as signals, called germinants, that trigger germination (17). As
germination proceeds, C. difficile continues to move through the digestive tract into
large intestine and produces vegetative cells (13), which reproduce and secret toxins.
The toxins permeabilize the epithelial tissue, leading to diarrhea. Simultaneously, a
small portion of vegetative cells transform into spores that are eliminated with the

patient’s stool, ready to infect the next patient (Figure 1-1).
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Figure 1-1 Scheme of C. difficile life cycle.



1.2.1.1. Sporulation of C. difficile

The C. difficile spore is critical for survival outside the host, and therefore also
for transmission. 1). C. difficile is a strictly anaerobic bacillus, and the spore protects its
genome and other essential cellular machinery from damage in the environment; 2). The
dormant spore has nearly no cellular activities, making it intrinsically resistant to
antibiotic treatment and the bleach-free disinfectants that are usually used in the hospital.
As its center is wrapped by multiple condensed layers of peptidoglycan, C. difficile spore
is resistant to any harsh environment, such as extreme pH, heat, and radiation.

C. difficile initiates sporulation in response to a stimulus, such as the limitation of
nutrients, specific signal chemicals, quorum sensing, radiation, and other stress factors
(18) (19). As in other bacilli, C. difficile sporulation involves four steps (20) (21). The
first step is the asymmetric division into a mother cell (MC) and a smaller compartment
(SC). The SC will then gradually form a fore spore that is completely encapsulated in the
MC. The third step is the assembly of the cortex and coat layers during maturation of the
spore. Finally, the mature spore is released into the environment after the MC lyses (20).
The structure of the C. difficile spore is similar to that of the spores of other endospore-
forming bacteria. The core contains genomic DNA, mRNA, ribosomes, proteins and
high concentrations of pyridine-2,6-dicarboxylic acid (DPA) to protect the genomic
DNA from heat damage (19). The C. difficile DNA is supercoiled and bound with small,
acid-soluble proteins (SASPs), blocking the transcription and protect DNA from

damage. The spore core is enclosed within an inner membrane, with additional layers



made up of a peptidoglycan cortex, an outer membrane, and coat proteins. These layers

protected the spore from damage by environmental stress (Figure 1-2).
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Figure 1-2 Scheme of C. difficile sporulation.

The sporulation of C. difficile is negatively regulated by CodY and CcpA, which
are nutrient sensors (22). The detailed mechanism of CodY regulation is not fully
understood, but it negatively regulates the expression of sporulation-related genes, such
as spo0A, rapA, and rapC. CcpA is a carbohydrate-sensing protein that regulates overall
gene expression. CcpA directly regulates the ParLoc genes, including tcdC, tcdR, tcdA

and tcdB, through glucose-dependent repression (23) (24).



Like many other bacilli, the sporulation of C. difficile is controlled by the master
transcriptional regulator SpoOA, which is a DNA-binding protein that regulates entry
into the sporulation pathway. Without SpoOA, all sporulation activity is lost. The activity
of Spo0A is regulated by its phosphorylation by an orphan histidine kinase. Even though
C. difficile does not have the same histidine kinase (Kin) as Bacillus, five putative
orphan kinases {CD1352 [CD630_13520; cprK (McBride and Sonenshein, 2011)],
CD1492 (CD630_14920), CD1579 (CD630_15790), CD1949 (CD630_19490), and
CD2492 (CD630_24920)} that phosphorylate SpoOA were identified in C. difficile strain
630 (25).

After SpoOA is phosphorylated, it is able to regulate sporulation through the
sporulation-specific RNA polymerase sigma factors 6", 6F , 6¢ , 6" which are involved
in different sporulation steps (26). For example, X functions downstream of 6= to
regulate the late stages of sporulation. There are some differences in the properties of the
C. difficile sigma factors compared to Bacillus. For example, in C. difficile the activation
of 6 does not require oF, and the activation of 6¥ doesn’t require ¢© (27).
1.2.1.2. Germination of C. difficile

When the C. difficile spore is ingested in the patients intestine, transition to the
vegetative form is critical for the following outgrowth and the secretion of toxins in the
large intestine. Thus, the germination of the C. difficile spore is an essential step prior to
its outgrowth and secretion of diarrhea-related toxins. The germination of C. difficile
involves three steps. Germination is initiated by the germinant in the host environment

binding to its receptor in the inner spore membrane (28). Unlike Bacillus, C. difficile
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uses bile salts and some amino acids, such as glycine, as major germinants, since bile
salts are commonly found in the Gl tract (29). Upon receiving these signals, large
amounts of cations as well as Calcium- dipicolinic acid (Ca-DPA) molecules are
released from the spore core in exchange for water from the environment. This hydration
activates the lytic enzymes in the spore cortex, which degrade the peptidoglycan cortex
layer, leading to rehydration and resumption of metabolism in the spore core (20) (21).

The germination of many spore-forming bacterium is induced by the presents of
specific small molecules named germinants, indicating a suitable environment for
colonization. The germinants are usually nutrients such as sugar, amino acids or
nucleotides. gerA family genes encode the germinant receptors that locate on the spore
inner membrane and trigger the germination initiation. However, there is no gerA genes
existing in the C. difficile genome, indicating that C. difficile utilize a unique mechanism
of germination initiation (30).

In addition to sensing the nutrient germinants, C. difficile spore germination is
also in response to bile salts existence. In small intestine, there are two sets of bile salts
related to C. difficile gemination: primary bile salts such as cholate and taurocholate and
secondary bile salt such as deoxycholate and chenodeoxycholate. Most of the primary
bile salts are absorbed in small intestine and transferred to the liver, forming into
conjugated bile salts. The remained primary bile salt will then loss a hydroxy group and
turned into secondary bile salts with the present of flora (31)(Figure 1-3). It is showed
that primary bile salts are essential germinants for C. difficile spore, in combination with

the presents of amino acids or calcium ion, while the secondary bile salts inhibit C.



difficile germination. The receptor for primary bile salts in C. difficile is a
pseudoprotease CspC. This pseudoprotease is defined as catalytically inactive enzymes.
The binding of primary bile salts to CspC synergically enhanced the binding of
cogerminant glycine or calcium. However, the receptor of the cogerminants remains

unknown (32).
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Figure 1-3 Examples of bile salts

The primary bile acids are derived from cholesterol and they usually conjugate with
glycine or taurine in the liver. When secreted in the small intestine, they exist as
primary bile acids, which are dehydroxylated by gut micro-bacterium into secondary
bile acids.
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Figure 1-4 The scheme of the C. difficile germination activation

The germinants get in touch with the CspC receptor located on the spore inner
membrane. This interaction activates the CspB to cleave the C-terminus of SleC,
releasing active form SleC that is able to digest the peptidoglycan in the cortex.

After binding with the germinant and activating the germination process, the
cortex lytic enzyme SleC is sequentially activated by cleavage of prodomain from SleC
by Csp family of subtilisin-like proteases (CspABC). In C. difficile, there is a gene
operon cspBAC encodes fusion protein CspBA, which will be cleaved into CspB and
CspA proteins before wrapped into mature spore. CspB is required for germination as it
directly cleaves the prodomain from SleC protein. CspA helps the incorporation of CspC
into mature spore. As the cortex of C. difficile spore is hyper-dense and remains high salt
concentration, the hydrolysis of cortex results in hypo-osmotic stress in the core of C.
difficile spore. Releasing Ca-DPA will relieve this stress in exchange of water molecule
from the environment (Figure 1-4). Thus, the C. difficile spore retain its ability to the

cellular activities and transformed into vegetative form C. difficile (33).



1.2.2. Pathogenesis

To develop CDI, an individual needs to meet these two prerequisites: 1). The
disruption of homeostasis of microflora in intestine. The diminished symbionts lost their
resistance to C. difficile spore and provide chances for its to germinate. 2). The
individual needs to acquire C. difficile spore from exogenous source through fecal-oral
transmission. Nearly all antibiotics that eliminate the resident bacteria are able to cause
infection by C. difficile, but utilization of broad-spectrum antibiotics is the most
common cause. After antibiotic treatment, C. difficile can overgrow all the other enteric
bacteria and form heat-resistant spores, which can persist for months or years (34).

Much of the equipment in hospitals is contaminated with C. difficile spores (35).
Another source of C. difficile spores is from other patients that have diarrhea. After
colonization, pathogenic C. difficile produces toxins that cause diarrhea and
pseudomembranous colitis. Even after recovery from a C. difficile infection, a patient
might be exposed again and get a recurrence of CDI (36). The basis for the recurrence of
CDl is still not well understood. Based on the current clinical data, the first recurrence of
CDI occurs with a frequency of approximately 20%, with subsequent recurrence (37).
Recurrence depends on factors such as the antibiotics used and whether the conditions
for spore germination exist (38).
1.2.2.1. Toxins secreted from C. difficile leads to CDI symptoms

Toxins are secreted by the vegetative form C. difficile primarily in the large
intestine (39). Two gene loci are related to the secreted C. difficile toxins: the

pathogenicity locus (PaLoc) that encodes two large single-chain toxins, and CdtLoc that
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produces binary toxin (40) (41). PaLoc is a 19.6kb region that encodes TcdD, TcdE,
TcdR, TcdA, and TcdB. The binary toxins CDTa and CDTb are encoded by CdtLoc
(42). This locus also contains the regulatory gene cdtR (43). All of these toxins are able
to disrupt the assembly or disassembly of actin, resulting in cell rounding and an
increase in the permeability in the epithelial tissue (44).

TcdA and TcdB modify the small GTPase in the colonic tissues, causing loss of
tight junctions in the epithelium and cell death. They are responsible for most of the
symptoms associated with CDI (45). TcdD, TcdE, and TcdR regulate the expression and
secretion of TcdA and TcdB (46) (47). While most ribotypes of C. difficile expresses
both TcdA and TcdB, strains that express only TcdA or TcdB exist, and they are also
infectious (48). As shown in Figure 1-5, tcdC is transcribed in the opposite direction
from tcdA and tcdB (49). It is highly expressed in early exponential phase, and the
expression level of TcdC significantly decreases when C. difficile reaches stationary
phase (50). This decrease corresponds to increased expression of TcdA and TcdB,

suggesting that TcdC is a repressor of TcdA and TcdB expression.
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Figure 1-5 Gene organization of PaLoc
The genes in PaLoc are represented by boxes, with their name listed. The
transcription directions of each gene are indicated by arrows.
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TcdD is predicted to be a DNA-binding protein from its structure (51). It has
been demonstrated that TcdD is an alternative sigma factor for C. difficile RNA
polymerase (52). The TcdD RNA polymerase holoenzyme transcribes the downstream
genes tcdA and tcdB. Expression of TcdD is significantly elevated in the stationary phase
(50), during which C. difficile secretes large amounts of TcdA and TcdB. TcdE has been
identified as a homolog of phage holin proteins, and it is speculated to create holes in the
C. difficile membrane that are required for the secretion of TcdA and TcdB (53) . The
detailed mechanism of TcdE function remains to be understood. The production of TcdA
and TcdB depends on various factors such as the temperature, the presence of glucose,
certain amino acids, and antibiotics (24).

TcdA and TcdB are both characterized as large clostridial toxins (LCTs), which
are expressed by bacteria in the clostridium family. Both TcdA and TcdB disrupt actin
assembly by modifying small GTPases in the cytoplasm. This modification irreversibly
adds glucose from UDP-glucose to Rho, Rac, and Cdc42, which disrupts many vital
signaling pathways (54), including maintenance of the cytoskeleton. The results is cell
rounding and increased permeability of the intestinal epithelium.

The molecular mechanism of the action of TcdA and TcdB have been studied for
decades. TcdA and TcdB are very similar in their amino acid sequence and their protein
domain composition, and they work by similar mechanisms (55). TcdA is the largest
LCT, with a molecular weight of 305kD, which is ~50kD bigger than TcdB. TcdA and
TcdB have 41% sequence identity and have the same domain organization. They have an

N-terminal glucosyltransferase domain (GTD), followed by an autoprocessing domain
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(APD), a delivery domain, and a compact repetitive oligo peptides (CROPS) domain.
The extra 50kD of TcdA relative to TcdB consists of a longer CROPS domain. All of the
other domains are very similar. The GTD domain is the enzyme that modifies the
GTPase in the host cell (56). The APD domain cleaves and releases the GTD domain
into the cytosol (57). The delivery domain serves as a scaffold for the toxin and contains
a hydrophobic region that is responsible for delivering the GTD and APD domains from
the inside to the outside of the endosome (58). For TcdA, the CROPS domain is
identified as a receptor binding region that allows the entry of TcdA into the cell (59).
TcdB gets into the host cell through different mechanism. Three membrane proteins are
proposed as TcdB receptors. Through biochemical analysis, they might interact with
TcdB in different domains. For example, Frizzled-2 protein, that is involved in the wnt
signaling pathway, interacts with TcdB at the delivery domain. The N-terminus of
CROPS domain might also be involved in the conformational change in the toxins that
occurs when the pH in the endosome decreases as the early endosome turns into late

endosome (60).

13



1 542 801 1832 2710
Teda] =
Teas| —

1 543 799 1834 2366

7 .

\
|

H#

"y
HY b‘.
o e .Q ®
© crops m InPg ¥
O Delivery domain Y

@ APD domain
@cm

Figure 1-6 Structure organization of TcdA and TcdB, and scheme of TcdB
uptake mechanism.

The domain organization of TcdA and TcdB are showed on the top, with
designated color for each domain. The bottom panel shows the scheme of TcdB
uptake process.

In order to enter the epithelial cell, both toxins need to bind to their receptors on
the cell membrane. The uptake involves the endocytic pathway. Toxins are enclosed in
the early endosome, whose lumenal pH decreases as the early endosome turns into the
late endosome. This pH change triggers a conformational change in the toxins, exposing
a hydrophobic region in the delivery domain that allows the toxin to insert into the

endosome membrane (61). As a result, the GTD and APD domains protrude into the
14



cytosol. In the presence of inositol hexaphosphate, the APD domain is able to self-cut
and release the 60kD GTD domain (62) (Figure 1-6). The released GTD domain requires
the TRiC chaperone in the cytosol for proper folding into its enzymatically active form
that glycosylates the small GTPases, thereby disrupting normal actin assembly and
disassembly and destroying the cytoskeleton (63).
1.2.2.2. Disruption of host cell physiology by TcdA/TcdB uptake

As mentioned above, the uptake of TcdA/TcdB leads to disruption of the cell
skeleton. As different kinds of GTPase regulate the polymerization of actin, toxicity
from TcdA/TcdB results in morphological changes in the host cells. Cells that have
taken up TcdA/TcdB display different retraction phenotypes than the normal cell. After
2hr of infection, host cells exhibit a rounding phenotype, and cell death ensues one day
infection, suggesting that it is not the loss of cell morphology per se that is lethal (64). In
addition to disrupting cell morphology, apoptosis can be triggered by TcdA/TcdB when
GTPase-related signaling pathways are disrupted (65). For example, Cdc42 and Rac are
important for regulation of the cell cycle because of their role in signaling through
mitogen-activated protein kinase kinases (MAPKKS) (66). Once bound with GTP, small
GTPases such as Ras will activate Raf kinase. This starts a cascade of phosphorylation in
the MAPK signaling pathway in response to an external stimulus (67). Once the small
GTPase is paralyzed, the host cell is no longer able to react to environmental changes or
regulation by the human body. TcdA/TcdB also increase the permeability of the cell by
disrupting the function of the RhoA protein, resulting in malfunction of the downstream

protein kinase C. Dysfunction of Rho also activates Caspase-3 and Caspase-9, leading to
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apoptosis of the host cell (68). The sum of the effects of TcdA/TcdB infection leads to
cell death, even at a fairly low dose compared to what is required with the other LCT
toxins.
1.3. The mechanism of TcdB enter and affect intestine epithelial cell
1.3.1. Overview of TcdA and TcdB infection

TcdA and TcdB intoxicate host cells through a multistep mechanism: 1) TcdA
and TcdB enter the cell through the endocytic pathway and are localized in the early
endosome; 2) The ATPase in the early endosome membrane pumps H* into endosome so
that the pH of the lumen constantly decreases. The acidic pH induces large
conformational changes in the pore-forming region of delivery domain of TcdA or
TcdB. These conformational changes result in the delivery of GTD and APD from the
lumen of the endosome into the cytosol. 3) In the presence inositol hexaphosphate in the
cytosol, GTD is released from other domains by the autoprotease activity of the APD
domain. 4) The released GTD then uses UDP-glucose as substrate to add mono-glucose
onto target GTPases, which leads to a disruption of cellular activities. Although this
general outline is well established, the details of the interaction between TcdA/TcdB and
their receptors are not known, and the conformational change in the delivery domain is
not clear.
1.3.1.1. TcdB receptor binding

Receptor binding is the first step of TcdB entry into the cell and is critical in the
development of CDI. Even though TcdB and TcdA share 41% protein sequence identity

(55), they probably utilize different receptors for uptake. The receptors for TcdA and
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TcdB have been studied for decades, and several have been identified. The C-terminal
CROPS domain was initially identified as the receptor-binding region for TcdA and
TcdB. Several years later, it was shown that the TcdB CROPS domain is involved in
receptor binding through a different mechanism against TcdA CROPS domain (69). As
TcdA and TcdB are very similar in sequence, their CROPS domains are predicted to
adopt a similar structural organization. The CROPS domain consists of multiple short
repeats (SRs), each of 19-24 amino acids, and long repeats (LRs) containing 31 amino
acids (59) (70). The TcdA CROPS domain contains 33 SRs and 7 LRs. TcdB has a much
shorter CROPS domain that contains 21 SRs and 4 LRs (71). The crystal structures
reveal that the SRs and LRs form beta-sheets. The beta-sheets of the SRs stack up
against each other with a 120-degree angle, resembling the structure of a solenoid, a
similar structure like the assembly of supercoiled DNA in eukaryotic cells. When an SR
interacts with a LR, they form a 90-degree screw-axe transformation (72). This structure
increases the interaction surface of the protein that can interact with other proteins or
saccharides (Figure 1-7).

TcdA was found to interact with carbohydrates on mammalian cell membrane
glycoconjugates. The trisaccharide Gala1-3Galp1-4GIcNAc was shown to interact with
TcdA and was proposed to be an important receptor for TcdA. The carbohydrate-binding
groove is formed by an LR and the following SR (73) (74). Since TcdA CROPS domain
consists of 7 LR and 33SR, it has seven binding pockets to receptor carbohydrate
throughout the CROPS domain. One piece of evidence is that when TcdA is occupied by

a CROPS-domain-specific antibody, it cannot be taken up into host cells. Sucrase-
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isomaltase (Sl), a glycosylated protein, is proposed to be one of the TcdA receptors (75).
Treating the Sl protein with alpha-glucosidase results in loss of interaction between
TcdA and Sl, supporting the idea that TcdA interacts with Sl through its covalent-linked
carbohydrate. Glycoprotein gp96, expressed in colonocytes, has also been identified as a
TcdA receptor (76). Although it has been speculated that TcdA binds to the N-linked
glycan of gp96, there is no evidence to support that TcdA interacts directly with the
gp96 glycosylation site, and the residues of TcdA that are involved in this interaction are

not conserved in other clostridial glucosylating toxins (77).
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Figure 1-7 Structure organization of TcdB CROPS domain.

The scheme of a CROPS domain fragment is showed in panel A, with short repeat
(SR) colored in light blue and the long repeat (LR) colored in deep blue. Panel B
shows the angles formed by two SRs at 120° or formed by one LR and one SR at
90°.
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Interestingly, TcdB was not found to interact with membrane saccharides. It is
highly possible that TcdB has a receptor interaction mechanism that is totally different
from that of TcdA. From a whole-genome human shRNAmir library screen, one TcdB
receptor was identified. It is the membrane protein chondroitin sulfate proteoglycan 4
(CSPG4) (78). CSPG4 was first identified interacting with the TcdB CROPS domain. By
doing the interaction test with different truncated variants of TcdB, it was concluded that
CSPG4 interacts with the 1831-1851 region, which is at the N-terminus of the CROPS
domain (69). However, it is noteworthy that cell lines that do not express CSPG4 can
still be sensitive to TcdB toxicity, suggesting that other TcdB receptors remained to be
identified.

Several years later, two additional potential receptors of TcdB were identified as
poliovirus receptor-related 3 (PVRL3) (79) and frizzled family proteins, especially
frizzled-2 (FZD2) and frizzled-7 (FZD7) (80). Both of these protein types were
demonstrated to interact with TcdB in non-CROPS domain. Through genome
sequencing using TcdB-challenged Hela cells, FZD1/2/7 were identified as potential
receptors for TcdB entry (80). A recently published study solved the crystal structure of
a complex of a TcdB fragment and the FZD2 extracellular domain. Central to the
binding was a hydrophobic interaction between the middle region of the TcdB delivery
domain and the FZD?2 extracellular domain. A palmitoleic acid (PAM) inserted at the
interaction surface significantly enhances the binding affinity. The interaction of TcdB

and FZD2 also obstructs the downstream Wnt signaling pathway (1).
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PVRL3 belongs to the protein family PVRL1 to PVRLA4. These proteins have
three extracellular 1g-like domains. Purified PVRL3 has been reported to interact with
purified TcdB, and an anti-PVRL3 antibody decreased TcdB toxicity. PVRL3 and FZD2
are both expressed on epithelial cells of the intestine, and TcdB is able to be taken up
into these cell and destroy the tight junctions within the epithelial tissue (79). CSPG4 is
expressed in subepithelial myofibroblasts and can serve as a TcdB receptor after the
surface epithelium is ruined. This will lead to further damage on the patient's colon.
TcdB seems to interact with CSPG4 and FZD?2 in an independent and additive manner,
meaning that cells that express both receptors are more susceptible to TcdB toxicity (81).
1.3.1.2. TcdB pore forming and translocation in the late endosome

TcdB enters the host cell through the endocytic pathway after binding to its
receptor(s). During this process, clathrin accumulates under the membrane where TcdB
interacts with the receptor, wrapping TcdB into the early endosome. The early endosome
develops into the late endosome when the endosomal ATPase pumps H* into the
endosome lumen. With the entry of H*, the pH in lumen decreases, inducing
conformational changes in TcdB. When the H*-ATPase activity is blocked, host cells are
no longer susceptible to TcdB toxicity, supporting the idea that reduction of endosomal
pH is essential for TcdB toxicity (82). Diphtheria toxin from Corynebacterium
diphtheriae and anthrax toxin from Bacillus anthracis also adopt significant
conformational changes upon pH reduction, leading to exposure of a specific
hydrophobic region, which will subsequently insert in the host cell membrane and create

holes on the endosome (83) (84). Because TcdB is another type of AB toxin, it is
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reasonable to speculate that TcdB goes through similar structural changes to create
holes.

This prediction was confirmed by directly observing the conformational changes
of TcdB. When TcdB was labeled with the fluorescent probe 2-(p-toluidinyl)
naphthalene-6-sulfonic acid (TNS), an increase in the fluorescent signal was detected
when the pH was lowered to 4.5, suggesting that TcdB undergoes conformational
changes upon acidification (85). A leakage assay was performed with CHO cells
preloaded with Rb*(86 )and treated with TcdB. When the pH reached 4.5, there was a
significant release of Rb* into the supernatant, suggesting that TcdB creates holes in the
cell membrane (86). This phenomenon was confirmed using artificial lipid bilayer
membranes. TcdA is also reported to have similar properties, although TcdA requires
cholesterol to present in order to create holes in the membrane. Cholesterol does not
influence hole formation by TcdB (87).

Like other toxins that are susceptible to pH changes, TcdB has a hydrophobic
region that becomes exposed at low pH, and TcdB changes its conformation from a pre-
pore to a pore-forming state. This hydrophobic region lies in the middle of the delivery
domain. The crystal structure of TcdAas-1802 revealed a unique delivery domain, with an
elongated rod shape extending from the core region formed by GTD and APD (88). This
rod has a scaffold of multiple B-sheets, with four hydrophobic a-helix, linked by short
loops, wrapping around the surface of the delivery domain (88). A recently published
paper reported a crystal structure of full-length TcdB at pH5; it presented a similar

structural organization as TcdA. When comparing with the existing crystal structure of
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TcdA at physiological pH, only subtle difference is observed around two helices (89).
This could be because nanobodies co-crystallized with TcdB limit conformational
changes in the delivery domain.

The most hydrophobic region of the TcdB delivery domain was identified by
analyzing its primary sequence. Based on this analysis, residues 956 to 1128 are
proposed to be the region involved in pore-forming and translocation. The hydrophobic
segments in this region can be divided into multiples of 18-25 amino acids, suggesting
these hydrophobic patches insert into the membrane as a-helices rather than as a -
barrel. Residues 955 to 990 are proposed to be the minimum sequence required for pore
formation. In this region, there are two glutamic acid residues at positions 970 and 976
that are critical for the pore formation as they are proposed as “pH sensor” for the
following conformational change. Replacing these residues with alanine prevents pore
formation (90). When the pH drops, these residues may become protonated and capable
of being inserted into the lipid bilayer (91). It is reasonable to propose that large
conformational changes in the four-helix bundle (residues 1026-1135) that are critical
for pore formation will occur when the pH drops. When TcdB is in a neutral pH
environment, these helices wrap around the delivery domain and keep the protein
soluble.

Another analysis compared the sequence of the hydrophobic region of TcdB with
the DT toxin; the pattern of hydropathy within the hydrophobic region is conserved
within the LCT family. The region between residues 1035 to 1107 of TcdB forms a

hydrophobic patch comparable to that of the DT toxin. Based on the results of a site-
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directed mutagenesis study, some amino acids in this region were identified as critical
for pore formation. By mutating the conserved residues to cysteine or lysine and
measuring the ability of the mutant proteins to form pores, it was found that the L1106K
substitution has the most drastic effect, totally abolishing the ability to form pores.

Besides determining the critical residues by mutagenic analysis, structural studies
of TcdB at acidic pH were also performed over the past few decades. It was proposed
that part of the TcdB pore-forming region shares a structure similar to that of diphtheria
toxin (DT) during translocation. Four a-helices insert into the membrane and form a so-
called “double-dagger” structure (86). When comparing the recent full-length crystal
structure of TcdB at pH 5 to the structure of TcdB at physiological pH, the biggest
difference was seen in the region of residues 1024 to 1048 (89). Two helices and a loop
that connects these two helices that are present at physiological pH are missing in the
crystal structure at pH 5, suggesting that this region is flexible. This might correspond to
the conformation the toxin assumes when it inserts into the endosome
membrane. However, even though much evidence to indicate that TcdB translocation is
truly pH dependent, there is no direct evidence to illustrate how this process occurs.
1.3.1.3. TcdA/TcdB autoprocessing

Even though TcdA and TcdB are the largest clostridial toxins, only the N-
terminal GTD is released into the cytosol of the host cell. The remainder of the protein is
retained on the late endosome and will eventually be digested. The GTD domain is
cleaved after a conserved leucine residue (542 in TcdA and 543 in TcdB) (92). This

cleavage occurs at neutral pH, suggesting that the translocation of TcdA/TcdB delivers
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the GTD together with the APD into the cytosol. Autoprocessing requires inositol
hexaphosphate (InPs), which is abundant in the cytosol of mammalian cells (93). The
APD is a cysteine protease that cuts and releases GTD from the other domains of
TcdA/TcdB. Mutating the three conserved amino acids D589, H655 and C700 in TcdA
or D587, H653 and C698 in TcdB inhibits autoprocessing activity, suggesting that these
three residues constitute the autoprocessing pocket. A zinc ion interacts with H758 and
D547 and is probably required for the regulation of APD activity. A work demonstrated
that APD is in an equilibrium between the active and inactive form prior to binding with
InPs (94). The coupling with InPs significantly shift the equilibrium toward the
conformation of active APD. The crystal structure of APD bound to InPs demonstrates
that InPs interacts with a positively charged pocket, which is separated from the active
site by a structure called the “B-flap” (residues 746-765) (95). An allosteric
conformational change is observed when the structures of apo-APD and InP6-bound
APD are compared (96). The B-flap rotates about 90°, causing subsequent movement in
the following amino acids (766-802), thus activating the enzymatic site (Figure 1-8).
Replacement of H759 with alanine generates an APD that is able to self-process without
InP6 binding, suggesting that H759 is critical for the allosteric regulation of the APD
domain (96). In a recently published paper, it is showed that the N-terminus of CROPS
domain (1792-1834), referred as “hinge”, inhibits the autoprocessing activity of TcdB
APD domain. This conclusion is supported by the observation that TcdB1-1805 has a
higher autoprocessing activity than full-length TcdB. A similar result was also obtained

with TcdA (97).
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C-terminus

“N-terminus

Figure 1-8 The crystal structure of TcdA APD domain.
The N-terminus and C-terminus of the APD is labeled. The structure of g-flap is
colored in orange. The InPs structure is showed in ball and stick mode.

The autoprocessing activity of TcdB and TcdA is a key factor in the virulence of
C. difficile. In hypervirulent C. difficile strains, TcdB has higher autoprocessing activity
and generates more free GTD (98). As a defense mechanism, the host cell can nitrosylate
the APD domain of TcdB to block autoprocessing and attenuate the toxicity of TcdB.
1.3.1.4. TcdA/TcdB glucosyltransferase activities

The targets for TcdA and TcdB are small GTPases that are involved in many
cellular activities via a wide range of effector molecules. Among these are factors that

are involved in the actin assembly of the cytoskeleton. These GTPases have an active
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GTP binding form and an inactive GDP binding form. Three proteins are involved in
small GTPase regulation. Guanine nucleotide exchange factors (GEF) exchange GDP
with GTP on the GTPase to activate the enzyme. GTPase activating proteins (GAPS) are
used to stimulate GTP hydrolysis activity to inactivate the signaling activity of the
GTPase. Guanine nucleotide dissociation inhibitors (GDIs) are used to extract the
GTPases from the membrane to the cell cytosol and maintain the GTPase in its GDP-

bound inactive form (Figure 1-9) (99).

GEF u

GAP
activate inactivate

Figure 1-9 Scheme of the function of GTPase regulation factor.

TcdA, TcdB and other LCT toxins all have GTDs that can modify small GTPases
irreversibly, thus inactivating their activities and downstream pathways. GDP-bound,
membrane-associated forms of GTPases are the preferred substrates for LCT toxins. The
free GTD domain released from TcdB is able to monoglucosylate its targets, such as Ras
or Rec, on the threonine in the switch | region of the GTPase. The switch | region is

critical for binding Mg?* as well as the replacement of hydrolyzed GDP with GTP (100).
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Thus, this monoglucosylation disables the regulation of the GTPase and its enzymatic
activity. The glucose utilized by TcdB GTD molecule is supplied by uridine diphosphate
glucose (UDP-glucose). The crystal structure of GTD shows that the core is a Rossman-
fold structure with a D-X-D motif (Asp-X-Asp) that is essential for enzymatic activity
(101). This motif is conserved in all LCTs and is important for binding the magnesium
cofactor. Mutations targeting this motif significantly decrease enzymatic activity.

Recent research showed that the human chaperone TRiC might be involved in
the TcdB glycosylation activity by folding the released GTD domain back into the
correct tertiary structure. It is known that TRiC interacts with the GTD domain of TRIC,
and knockdown or inhibition of TRIiC decreases the toxicity of TcdB in a cell assay,
suggesting that TRIC is essential for TcdB toxicity (63). How this happens and where
TRIC interacts with TcdB was not elucidated.
1.4. Treatment of Clostridium difficile infection

When colonized with C. difficile, the patient often shows no symptoms. The
onset of CDI is usually associated with dysbiosis of gut microbiome (102). It is
important to distinguish asymptomatic CDI from symptomatic CDI for a decision on
treatment. To diagnose if the patient is infected by C. difficile, a polymerase chain
reaction (PCR) is usually performed on a patient's stool sample to see if there is any C.
difficile gene profile (103). Alternatively, an immunoassay that tests for toxin production
may be run (104). Multi-step testing, instead of a single test, is recommended to
improve the accuracy of the diagnosis to avoid improper treatment. Once the patient is

diagnosed as CDI positive, some routine treatments will be carried out on him.
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Around 20-30% patients who suffer from CDI will experience a first recurrence
after they have fully recovered (105). Around 50-60% patients will experience
secondary recurrences after the first recurrence (106). Different antibiotic treatments
result in different recurrence rates. For example, patients treated with oral fidaxomicin
experience recurrence at 13%, whereas patients treated with have a recurrence rate of
25% (107).

An antitoxin immune response is the major cause of recurrence. Once C. difficile
infection starts, the secreted TcdA and TcdB will cause damage and inflammation in the
epithelial cells of the large intestine. In order to attenuate the damage, a mucus layer
covers the epithelium of the intestine. Also, antimicrobial peptides and S-nitrosylation
are used to protect or attenuate the cytotoxicity of TcdA and TcdB by inhibiting toxin
cleavage and its entry (108). The recurrence of CDI is related to the speed and extent of
the immune response to the toxin. Some people who are infected with C. difficile contain
high levels of anti-toxin IgG and do not show CDI symptoms, and there is no recurrence
of CDI in these patients.

When the patient has a mild to moderate CDI infection, vancomycin, fidaxomicin
or metronidazole are used for treatment (109). For recurrent CDI, vancomycin and
metronidazole are the antibiotics of choice. To prevent recurrent CDI (rCDI), it is
recommended to use vancomycin or fidaxomicin initially, as metronidazole is associated
with a higher rate of rCDI (110).

In addition to the traditional antibiotic treatments, there are some novel therapies

available to reduce the inflammation as well as the rate of rCDI. New agents are the
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antibiotic ridinilazole, live probiotics, bacteriophage treatment and antibody treatment.
The human monoclonal antibody bezlotoxumab, under the brand name Zinplava, was
recently approved by the FDA. By binding on the CROPS domain of TcdB and sterically
blocks the interaction between TcdB and its target receptor , it is able to reduce toxin-

induced inflammation in the colon and reduce the rate of rCDI (111).
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2. STRUCTURAL ANALYSIS OF C. DIFFICILE TCDB INTERACTION WITH
RECEPTORS
2.1. Introduction
Clostridium. difficile is a gram-positive, anaerobic and disease causing bacillus

that colonizes the human gastrointestinal tract (Gl tract). Patients who are infected by C.
difficile experiences from mild diarrhea to severe pseudomembranous colitis, and such
infection is lethal (36). These symptoms are caused by the Large Clostridial Toxins
(LCTs) secreted from C. difficile, which disrupt host cell skeleton and small GTPase
related signaling pathways (45). TcdB is one of the major LCT that are responsible for
most CDI symptoms. TcdB is produced and infects host colonic tissues after C. difficile
germination as the homeostasis of gut microbiota is disrupted by usage of antibiotics. As
a multidomain toxin, TcdB can be divided into four domains and they are involved in
different steps during TcdB uptake. The N-terminal glucosyltransferase domain (GTD,
residues 1-543) is able to irreversibly add a mono-glucose from UDP-glucose onto small
GTPase, disrupting the related signaling pathways and cell skeleton assembly.
Autoprocessing domain (APD, residues 544-841) is a cysteine protease that can self-
process after a conserved cysteine, releasing the GTD into cytosol. Delivery domain
(residues 842-1834) extends like a rod shape, with a hydrophobic region, consisting of
four alpha-helices, wrapping around the delivery domain. Conformational changes
happen in the delivery domain when the endosome lumenal pH decreases, and GTD and
APD will be translocated from endosome lumen to cytosol. The combined repetitive

oligopeptides (CROPS) domain (residues 1835-2367) points to the opposite side against
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the delivery domain, and is proposed as the potential receptor binding domain and is
involved in the regulation of autoprocessing activity (72).

Receptor binding of TcdB is the first and the critical step for its entry. Studies
have shown that frizzled-2 (FZD2) and chondroitin sulfate proteoglycan 4 (CSPG4) are
the receptors for TcdB (69) (80). Knockout both membrane proteins will end up with no
toxicity from TcdB to the human cell (81). FZD2 and CSPG4 interaction regions were
identified in previous studies, suggesting that FZD2 and CSPG4 interact with TcdB
through distinct mechanisms. Crystal structure of FZD2 and TcdB fragments is resolved
and provides more detailed information of their interactions (1). However, there is no
structural information about the interactions between CSPG4 and TcdB, possibly
because building the CSPG4 model is challenging without any homologous structures
available. Also, it is interesting to investigate the dynamic differences between the
FZD2-bound state TcdB and CSPG4-bound state TcdB. We utilize cryo-EM to resolve
high resolution structures of TcdB and CSPG4 fragment complex and TcdB and FZD2
extracellular domain complex. We also combined with other biochemical assays to
demonstrate a dynamic state of TcdB when it is interacting with its receptors and
provides a thorough of TcdB uptake mechanism.

2.2. Materials and Methods
2.2.1. CSPG4(410-560) preparation
2.2.1.1. pEGFP-N1-CSPG4 reconstruction
The cDNA sequence of CSPG4 (410-560) is synthesized on a pUC17 plasmid.

Primers that carry the N-terminal signaling sequence of CSPG4 and restriction enzyme
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cutting sites are designed and incorporated in synthesized DNA sequence through two
rounds of polymerase chain reaction (PCR). Double enzyme digestion was performed on
both CSPG4 DNA and the purified pEGFP-N1 plasmid. This pEGFP-N1 has a C-
terminal GFP expressed downstream of the multiple cloning sites (MCS). Then the
plasmid and the DNA will be ligated through T4 ligase at the ratio 1:5 under room
temperature for 1hr. The ligation mixture will then be transformed into competent DH5a
Escherichia. coli (E.coli) and four colonies that contain reconstructed plasmid were
selected and sequenced for accuracy. The final DH5a that contains the correct CSPG4
sequence on pEGFP-N1 was saved in 10% glycerol at -80 °C for storage. The cell will
then be inoculated in the Luria-Bertani (LB) medium with 50ug/mL Kanamycin
antibiotics overnight for plasmid extraction on the next day.
2.2.1.2. CSPG4(410-560) fragment purification

1mg reconstructed pEGFP-N1-CSPG4 was purified through Qiagen maxi
plasmid extraction Kit prior to the cells preparation. FreeStyle 293-F cells were seeded
into fresh FreeStyle 293 expression media with a final density of 1.0 x 10° cells ml™*and
incubated at 37 °C, 8% CO2, 130 RPM. After 24 h, the purified 1 mg pEGFP-N1-CSPG4
plasmids, 2 mg of linear PEI125000 (Polysciences, Inc.) were mixed into 50mL 1
xPhosphate buffer saline (PBS) and incubated at room temperature for 20 min. Then, the
mixture was added into 1L FreeStyle 293-F cells. The transfected cells are incubated
at 37 °C, 8% COg, 130 RPM for 6 days. After 6 days, the cells were pelleted at 3000
RPM for 5 min. One tablet of protease cocktail inhibitor (Roche) was added into
supernatant and 2ml streptavidin agarose beads (EMD Millipore) subsequently. The
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streptavidin agarose beads have been coupled with biotin-labelled Avi-SUMO-GFP
nanobody previously to bind with supernatant. After shaking at 4 “C overnight, the beads
were pelleted at 500xg for 5 minutes and continuously washed with a pre-chilled
washing buffer (20 mM Tris pH 7.5, 150 mM NaCl) for 100mL. Finally, the beads were
resuspended in a 2mL washing buffer and SUMO protease was added to cleave the
target protein from the beads. To fully elute protein, the beads were then washed again
using a washing buffer for another 2mL. The eluted protein was further purified using a
superdex 200 increase 10/300 GL column (GE Healthcare) and concentrated using a
amicon ultra-4 concentrator (Millipore). The final concentration of purified CSPG4
fragment is at 2mg/mL and was fast frozen using liquid nitrogen before put into -80 °C
for storage.
2.2.2. CSPG4 (410-560) mutants purification
2.2.2.1. Reconstruction of CSPG4 (410-560) mutants

Primers for CSPG4 mutants were designed through NEBaseChanger (Table 2-1).
By following the protocol of Q5 site-directed mutagenesis kit (NEB), the wild type
PEGFP-N1-CSPG4 was used as a template to make corresponding CSPG4 mutant
plasmids. These plasmids were treated with Dpnl to remove the methylated template and
then transformed into competent DH5a cells. Three colonies of each mutant were picked
after incubating the competent cells on 50ug/mL kanamycin LB agar plates overnight at
37°C. Plasmids were extracted from these colonies and sequenced for the correct DNA

sequences. These plasmids were used for future CSPG4 mutants protein purification.
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Table 2-1 Primers for wild type CSPG4 and CSPG4 mutants design.

Primer . s ,
name Primer sequence (5° to 3”)
Forward.1 | GCCTTGGCTTTGACCCTGACTATGTTGGCCAGACTTGCATCCGCGGAGCTGE
CTGAGCCATGCGTGC
Wild type cspoa | REversl CGCGCGCTGCCGCGCGGCACCAGGCCGCCATGTGGGAAGATGATG
Corwara.2 | CTAGCTAGCATGCAGTCCGGCCCCCGCCCCCCACTTCCAGCCCCCGGCCTG
GCCTTGGCTTTGACCCTGAC
Reverse-2 CGCGCGCTGCCGCGCGGCACCAGGCCGCCATGTGGGAAGATGATG
Forward GGACCTGATGCAGGCTGAGCTGC
Mutant461E 0 Q - o ve e AGCGTGGGCTGCACATGC
Forward GGACCTGATGGCTGCTGAGCTGCGC
Mutant 461Et0 A - = oree AGCGTGGGCTGCACATGC
Forward GCCCACGCTGAACCTGATGGAGG
Mutant458DtoN o0 S TGCACATGCCTCCACTCAAGC
Forward GCCCACGCTGGCCCTGATGGAGG
Mutanta58D 0 A - o e TGCACATGCCTCCACTCAAGC
R o A LEoerd GCTTGAGTGGGCCCATGTGCAGCCCACGC
Reverse CAGGCTGTGCCCCCCTCG
Deletion 4861 and | Forward GGAGCCCAGGCACGAAAAATG
487P Reverse GTCCAGCTCGAGCTCGCC

2.2.2.2. CSPG4 mutant purification

To express each of the CSPG4 mutants, 0.4mg reconstructed plasmids for each
mutants were purified through Qiagen plasmid maxi kit prior to the cells preparation.
FreeStyle 293-F cells (Thermo fisher scientific) were seeded into fresh FreeStyle 293
expression media (Thermo fisher scientific) with a final density of 1.0 x 106 cells mI™*
and incubated at 37 °C, 8% CO2, 130 r.p.m. After 24 hrs, each of the purified 0.4 mg
plasmid and 0.8 mg of linear PEI25000 (Polysciences, Inc.) were mixed into 30mL 1 x
PBS and incubated at room temperature for 20 min. Then, the mixture was added into
400mL FreeStyle 293-F cells. The transfected cells are incubated at 37 °C, 8% CO2,
130 r.p.m for 6 days. After 6 days, the cells were pelleted at 3000 rpm for 5 min. Each

collected mutant supernatant was added one tablet of protease cocktail inhibitor (Roche)
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and 0.5ml clean streptavidin agarose beads (EMD Millipore) subsequently. The
streptavidin agarose beads have been coupled with biotin-labelled Avi-SUMO-GFP
nanobody previously to bind with supernatant. After shaking at 4 °C overnight, the beads
were pelleted at 5009 for 5 minutes individually and continuously washed with a pre-
chilled washing buffer (20 mM Tris pH 7.5, 150 mM NaCl). Finally, the beads were
resuspended in a ImL washing buffer and SUMO protease was added to cleave the
target protein from the beads. To fully elute protein, the beads were then washed again
using a washing buffer for another 2mL. The final concentrations of purified CSPG4
mutant fragments were around 0.5mg/mL and was fast frozen using liquid nitrogen
before put into -80 °C for storage. Among the six mutants transfected in the 293-F cell,
only four mutants were expressed. They are: 1). Mutation from 461E to Q; 2). Mutation
from 458D to A; 3). Mutation from 451R to A; 4). Deletion of 4861 and 487P. These
mutants are used for testing the interaction with wild-type TcdB through ELISA assay.
2.2.3. Reconstruction of truncated TcdB (550-1902) and site directed mutagenesis
TcdB

Primers are designed based on the sequence of pHis22-TcdB (sequence from VPI
10463 strain) with BamHI cutting sequence in the forward primer and Xhol in the
reverse primer. The PCR product was gel verified and purified by QlAquick PCR
purification kit (Qiagen) and pasted on pET28a plasmid with a His-sumo tag on the 3’
end using T4 ligase (New England Biolabs) at room temperature for 1hr. The mixture
was transformed into a competent DH5a cell and the colonies are selected using

kanamycin antibiotics at 50ug/mL. The plasmids extracted from four picked colonies
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were sequenced and the one that had the correct sequence of TcdB truncation was saved
for later use. This newly sequenced reconstructed plasmid was used as template for the
following site-directed mutagenesis tcdB mutant variants. Following the instruction of
Q5 site-directed mutagenesis kit (New England Biolabs), primers containing the mutated
base pair were mixed with a template, together with the Q5 enzyme and buffer. The
mixtures were used for PCR and the products were digested using Dpn | enzyme mix for
30 minutes. After transforming the mutated plasmids into DH5a., the plasmids were
sequenced and transformed into BL21(DE3) strain for expression.
2.2.4. Purification of TcdB proteins

Plasmid DNA encoding truncated wild type TcdB and its mutants were
transformed into BL21(DES3) cells and inoculated to ODsoo= 0.5 in 1 Liter LB medium.
1mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was added in the flask and
incubated overnight at 18 °C at 200rpm. The cell pellets were collected and lysed after
adding 1 tablet of protease inhibitor cocktail (Roche). The supernatant was collected
after centrifuge the lysate at 15,000 rpm for half an hour at 4 °C. Pre-washed Ni-NTA
affinity column was used for interacting with supernatant for one hour at 4 °C before
washed extensively with washing buffer (50mM Tris, pH 7.5, 150mM NaCl, 25mM
imidazole). The TcdB was eluted using elution buffer containing high concentration of
imidazole. The collected TcdB was then concentrated at ~0.5mg/mL and stored at -80 °C
for future use.

Similar approach was used for purifying wild-type TcdB. Plasmid DNA
encoding a 6-His—tagged TcdB was transformed into Bacillus megaterium cells, and the
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recombinant TcdB was purified via Ni-NTA affinity column essentially as described
previously by Yang and colleagues (112). The column was washed with high-salt PBS
(20 mM NaH2PO4, 20 mM Naz2HPO4, 300 mM NaCl [pH 7.4]) containing 25 mM
imidazole, and the bound protein was eluted using high-salt PBS containing 250 mM
imidazole. The eluted protein was then loaded onto a Superdex 200 increase 10/300 GL
column (GE Healthcare) and all the fractions are confirmed using sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
2.2.5. ELISA assays on TcdB
2.2.5.1. Interaction between wild-type TcdB and wild-type CSPG4/mutants

MaxiSorp immuno plates (Nunc) were coated with 4 pg/mL TcdB overnight at
4°C. The next day, the wells were washed and blocked with PBSTB buffer (PBS
containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted
wild-type CSPG4 (containing an GFP at the C-terminus),or mutated CSPG4. After
incubation, wells were washed 4 times with PBST. Bound CSPG4-EC-GFP was detected
using rabbit anti-GFP antibody (0.05 pg/mL, Proteintech, Rosemont, IL [catalog
#50430-2-AP]) and HRP-conjugated anti-rabbit antibody (0.8 pg/mL, Santa Cruz
Biotechnology, Dallas, TX [catalog #SC-2004)]. The color development agent was
3,3’,5,5’-tetramethylbenzidine (TMB).
2.2.5.2. Interaction between mutated TcdB and wild-type CSPG4

Similar approach was used as described above. MaxiSorp immuno plates (Nunc)
were coated with 4 pg/mL wild-type CSPG4 overnight at 4°C. The next day, the wells

were washed and blocked with PBSTB buffer (PBS containing 0.1% Tween-20 and 2%
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BSA) before being incubated with serially diluted truncated wild-type TcdB or mutated
TcdB (containing a His-tag at the C-terminus). After incubation, wells were washed 4
times with PBST. Bound TcdB was detected using rabbit anti-His antibody (0.05 pg/mL)
and HRP-conjugated anti-rabbit antibody (0.8 pg/mL, Santa Cruz Biotechnology).The
color development agent was 3,3°,5,5’-tetramethylbenzidine (TMB).
2.2.5.3. Interaction changes between wild-type TcdB and FZD2/CSPG4 after pH
changes

MaxiSorp immuno plates (Nunc) were coated with 4 pg/mL TcdB overnight at
4°C. The next day, the wells were washed and blocked with PBSTB buffer (PBS
containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted
wild-type CSPG4 (containing an GFP at the C-terminus),or FZD2. After incubation,
wells were washed 4 times with PBST. HRP-conjugated goat anti-human antibody
(0.025 pg/ mL, Jackson Immuno Research, West Grove, PA [catalog #109-035-088])
was used to detect bound FZD2 and bound CSPG4 was detected using rabbit anti-GFP
antibody (0.05 pg/mL, Proteintech, Rosemont, IL [catalog #50430-2-AP]) and HRP-
conjugated anti-rabbit antibody (0.8 pg/mL, Santa Cruz Biotechnology, Dallas, TX
[catalog #SC-2004)]. The color development agent was 3,3”,5,5’-tetramethylbenzidine
(TMB). Or the preincubated TcdB with receptors were washed extensively with citric

acid buffer at pH5 before binding with correspondent antibodies.
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2.2.6. Cryo-EM of TcdB and receptor complexes
2.2.6.1. Cryo-EM TcdB and FZD2
2.2.6.1.1. Sample preparation of TcdB and FZD2

Purified full-length TcdB and FZD2-EC (R&D system) were mixed at 1:1 molar
ratio (with the final concentration of the complex at 800 nM) and incubated in PBS
buffer at pH 7.4 for 30 minutes at room temperature. 3 puL of the complex was applied to
C-flat 1.2/1.3 holey carbon film 300 mesh grids (Electron Microscopy Sciences) at 20°C
with 100% relative humidity and vitrified using a Vitrobot (Mark I11, FEI Company, the
Netherlands). The grid was then fast frozen into prechilled liquid ethane and then
transferred into liquid nitrogen for further storage.
2.2.6.1.2. Cryo-EM data collection

The grid of TcdB and FZD2 complex was imaged under the Titan Krios G3
transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The
microscope is equipped with a Gatan K2 summit direct detection camera (Gatan,
Pleasanton, CA); 5,478 micrographs were collected using electron-counting mode at
pixel sizes of 1.06 A. The beam intensity was adjusted to 7e”/A2/s on the camera. A 30-
frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a
total exposure time of 6 seconds.
2.2.6.1.3. Cryo-EM data processing

The collected micrographs were motion corrected using MotionCorr2 (113). The
dose-weighted micrographs were visually screened, and 4,920 micrographs with strong

power spectra were selected for further processing. Contrast transfer functions (CTF) of
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the micrographs were estimated using Gcetf (114). Particles were picked using
Gautomatch with 2D templates derived from previously published density map (115).
These particles were scaled to a pixel size of 4.24 A by scaling the extracted particles
using RELION (116). The automatically picked particles were then screened for high-
contrast particles for 4 rounds of the reference-free 2D classification in RELION;
146,129 clean particles were selected and combined for 3D classification, separating
particles into 4 classes. All of 81,240 clean particles from 3D classification were used
for 3D refinement. The final density map of TcdB and FZD2 is at 5.2 A. The same
particles were also used for 3D refinement of the core region with a solvent mask that
masked out the CROPS region, generating a density map of the TcdB—core-FZD2
complex at 5.0 A resolution. The overall resolution was assessed using the gold-standard
criterion of Fourier Shell Correlation, with a cutoff at 0.143, between 2 half maps from 2
independent half-sets of data. Local resolutions were estimated using Resmap (117).
Multibody analysis was performed using RELION-3.0 on the dataset of TcdB
and FZD2 complex. The density map was divided into three bodies. Each of the body
was done principal component analysis. A 3D classification was done on the clean
particles, separating particles into four classes by applying a solvent mask only around
the tip of the delivery domain when setting the angular search to zero. The final result
was that all the particles converged into one class, suggesting that there was only one

detectable status of the delivery domain.
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2.2.6.1.4. Model building

The 5.0A density map was used for TcdB-FZD2 model building. We chose the
TcdB model we built in our previous published paper (115) as the initial model for TcdB
and the crystal structure of frizzled family protein 7 (FZD7-CRD) as the initial model for
FZD2-CRD. The homology models for the core region (residues 1-1799) and the
CROPS domain of TcdB were rebuilt using swiss-model by posting crystal structure of
TcdA (PDB:4R04) and crystal structure of TcdA CROPS domain (residues 1,834—
2,101,PDB: 4NP4). Similar approach was used to build the initial model of the FZD2-
CRD. These initial models were combined and docked into the EM density map we got
UCSF Chimera (118) and refined into the cryo-EM density map using Molecular
Dynamics Flexible Fitting (119) to generate the complex structure of TcdB and FZD2-
CRD. This model was further refined using Phenix (120) to refine and validate the
model.
2.2.6.2. Cryo-EM TcdB and CSPG4
2.2.6.2.1. Cryo-EM sample preparation

Purified TcdB and CSPG4 were mixed at 1:1 molar ratio (with the final
concentration of the complex at 800 nM) and incubated in a PBS buffer at pH 7.4 for 30
minutes at room temperature. 3 pL of the complex was applied to C-flat 1.2/1.3 holey
carbon film 300 mesh grids (Electron Microscopy Sciences) at 20°C with 100% relative
humidity and vitrified using a Vitrobot (Mark 111, FEI Company, the Netherlands). The
grid was then fast frozen into liquid ethane and then transferred into liquid nitrogen for

further storage. To avoid the preferred orientation in the sample, | added 0.01% DDM
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into TcdB and CSPG4 mixture at 2mg/mL for complex concentration. The 3uL of the
mixture was applied to C-flat 1.2/1.3 holey carbon film 300 mesh grids as mentioned
above.
2.2.6.2.2. Cryo-EM data collection

The grid of TcdB and CSPG4 complex was imaged under the Titan Krios G3
transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The
microscope is equipped with a Gatan K2 summit direct detection camera (Gatan,
Pleasanton, CA); 17,206 micrographs were collected using electron-counting mode at
pixel sizes of 1.06 A. The beam intensity was adjusted to 7e”/A%/s on the camera. A 30-
frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a
total exposure time of 6 seconds.
2.2.6.2.3. Cryo-EM data processing

The collected micrographs were motion corrected using MotionCorr2 (113).The
dose-weighted micrographs were visually screened, and 16,135 micrographs with strong
power spectra were selected for further processing. Contrast transfer functions of the
micrographs were estimated using Gctf. Particles were picked using Gautomatch with
2D templates derived from previously published density map (115). These particles were
scaled to a pixel size of 4.24 A by scaling the extracted particles using RELION (116).
The automatically picked particles were then screened for high-contrast particles for 4
rounds of the reference-free 2D classification in RELION; 383,721 clean particles were
selected and combined for 3D classification, separating particles into 4 classes. All of

206,061 clean particles from 3D classification were used for 3D refinement. The final
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density map of TcdB and CSPG4 is at 4.6 A. The same particles were also used for 3D
refinement of the core region with a solvent mask that masked out the CROPS region
and tip of the delivery domain, generating a density map of the TcdB—core-CSPG4
complex at 4.2 A resolution (Figure 2-1). The overall resolution was assessed using the
gold-standard criterion of Fourier Shell Correlation (FSC), with a cutoff at 0.143,
between 2 half maps from 2 independent half-sets of data. | also used cryoSPARC to do
the 3D refinement of the complex using the same batch of data, and ended up with a
density map with consensus resolution at 3.7A. Local resolutions were estimated using

Resmap.

3, 696, 899 particles from untilted, tilted 30 degree and with chapso data
2[ assification
l ‘ yw-pass filtered  Initial model
l L ] catio —— \
390, 411 particles ~ l

P 4.3A | | |
Figure 2-1 The data processing flow chart of TcdB-CSPG4 complex.
3,696,899 clean particles were used to make the consensus map at 4.7A. By
separating the particles around the CSPG4 region, particles from better resolved
class were used to generate a better resolved consensus map. When masking
around the “core” region, a 4.3 A map was generated and used for following model
building.
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Multibody analysis was performed using RELION-3.0 on the dataset of TcdB
and CSPG4 complex. The density map was divided into three bodies. Each of the body
was done principal component analysis. A 3D classification was done on the clean
particles, separating particles into four classes by applying a solvent mask only around
the tip of the delivery domain when put “skip align” as one of the settings. The final
result showed three states of the delivery domain of the complex. The particles
corresponding to each of the class were used for 3D refinement and three density maps
were generated, representing the three states of the complex.
2.2.6.2.4. Model building

The 3.7 A density map was used for TcdB-CSPG4 regional model building. We
chose the TcdB model we built in our previous published paper (115) as the initial model
for TcdB. This model was modified based on the density map of the TcdB part and
deleted the residues that are not included in the density map. The initial model for
CSPG4 was generated through Robetta webserver and manually modified using coot
(121). Then the initial model of CSPG4 was used in RosettaCM (122) to create 1000
refined models based on two criteria: 1) The overall energy was the lowest of the output
models. Needed to fit the Monte Carlo method; 2). The output models need to have the
best fit with the cryo-EM density map. The modified TcdB and CSPG4 were roughly
fitted in the density map using UCSF Chimera and generated as a single initial model.

Then the model was refined into the cryo-EM density map using MDFF (119) to
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generate the complex structure of TcdB and CSPG4. This model was further refined
using Phenix (120) to refine and validate the model.
2.2.7. Circular dichroism (CD) spectroscopy

The secondary structures of the truncated wild type TcdB and the mutants were
analyzed on circular dichroism spectroscopy (Chirascan). All of them were diluted in
10 mM potassium sulfate and 25mM PBS, pH 7.4, to a concentration of 0.1 mg ml™,
After the machine was purged with nitrogen at 20 °C for 40 min, samples were loaded
into a 2 mm path length cuvette and the circular dichroism (CD) of the sample measured
in the far ultraviolet region. The sample temperature was equilibrated in the spectrometer
to 25 °C before the initiation of measurements and was maintained at this temperature
throughout. The CD signal at each wavelength was averaged for 30 s, using 1 nm
wavelength steps. Scan of the sample buffer was used as blank.
2.3. Results
2.3.1. FZD2 interacts with TcdB at the delivery domain
2.3.1.1. FZD2 grips on the middle of TcdB delivery domain

By using reference-free 2D classification implanted in RELION-3.0 software, we
ended up having crispy and clear projection views of TcdB and FZD2 complex. The
particles belong to these clear illustrated 2D classes (Figure 2-2A) were selected and
processed for 3D classification and refinement using an apo-state TcdB density map at
40 A resolution to avoid model bias. The finial 3D refinement of TcdB and FZD2

complex is at 5.0A (Figure 2-2B) with a clear indication of the density of each secondary
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structures and some groove of helixes. After fitted and refined model based on the

density map, | am able to analyze the interaction between FZD2 and TcdB.

A

Figure 2-2 2D classification result and 3D refinement of TcdB and FZD2 complex.
Panel A shows the 2D classification result of TcdB-FZD2 complex with different
views showed. The density map of TcdB-FZD?2 is showed in transparent in panel B
with the reconstructed model fitted in.

N
N

Cryo-EM density shows the full-length of TcdB, with less elucidated delivery
domain tip and the C-terminal of CROPS domain, probably because of the flexibility of
these two regions. FZD2-cysteine rich domain (CRD) grips on the protrusion of delivery
domain. FZD2-CRD is mostly alpha-helices, with its extracellular face touching the
TcdB delivery domain. The binding site of FZD2 is novel and different from previously

published receptor binding site of TcdB (69). As FZD2 has short cytoplasm domain,
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binding of the FZD2 helps TcdB to pull it close to the endosome membrane. This might

help with the following pore forming and translocation step.

FZD2-CRD

Figure 2-3 model of TcdB and FZD2 complex.

The domain organization and color scheme of TcdB and FZD2 are showed on the
top panel, with the correspondent color pattern showed in the model of the
complex. The position of FZD2-CRD is highlighted with its name labeled on the
side.

2.3.1.2. FZD2 interacts with TcdB through hydrophobic interactions
The overall structure resolution is at 5A, with a good separation of alpha-helices,

some indication of the helix pitch in better-resolved region. Using the homolog models
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from TcdA as well as FZD7-CRD crystal structures, | was able to rebuild the model
navigated by my density map (Figure 2-3), even though the exact positions for the side

chains are not clear, but the relative positions of secondary structures are able to be

identified.
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Figure 2-4 Interactions between TcdB and FZD2.

The side chains from TcdB are colored in yellow and the side chains from FZD2
are colored in purple. The residues that are involved in the interactions are
highlighted by their amino acid name and their sequence in the protein.

The distance that general strong interactions exist is supposed to be within 5 A.
These interactions includes salt-bridge interaction as well as the hydrophobic interaction.
| choose the C-a distance between the two adjacent residues to be less than 5 A when
considering the binding force between TcdB and FZD2. Several residue pairs were

found to be within this range. For example, the Proline 1504 and Leucine 1438 in TcdB
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were close to the Phenylalanine 135 in the FZD2. The Leucine 1433 and Isoleucine 1494
were close to the Tyrosine 88 in the FZD2. By analyzing the interaction types among
these amino acids, | proposed that TcdB interacts with FZD2 through hydrophobic
interactions (Figure 2-4). This propose was also confirmed by a recently published
crystal structure of partial TcdB in complex with the FZD2-CRD, showing similar
interaction pattern with our cryo-EM result. Mutagenesis on the hydrophobic amino
acids into the hydrophilic amino acids, the interactions of these two proteins were
significantly decreased (89).
2.3.2. CSPG4 interacts with TcdB at the N-terminal of CROPS domain and partial
APD domain
2.3.2.1. CSPG4 binds to the ditch formed by the N-terminal of CROPS domain and
APD domain

Similar approach was used to get cryo-EM density map of TcdB and CSPG4
complex. Since TcdB and CSPG4 complex has preferred orientation when analyzing
data, | tried to tilt-stage to 30° when collecting data and adding detergent n-Dodecyl-B-
D-maltoside (DDM) to compensate the preferred orientation effect. As TcdB is very
flexible, especially on the CROPS domain and the tip of delivery domain, the
reconstruction of the holo-TcdB and CSPG4 is at 4.7 A (Figure 2-5), with a good
separation of secondary structures. In some better resolved region, bulky side chains can
be observed. When applying a solvent mask around the more rigid region of the

complex, | ended up getting a density map at 3.7A, with a much more clear side chain
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resolved in the TcdB GTD domain and the APD domain, as well as the CSPG4 region.

This significantly helped with the following model building.

Figure 2-5 Density maps for TcdB and CSPG4 complex.

From the density map of the full-length TcdB and CSPG4, CSPG4 grips on the
cleavage formed by the N-terminus of CROPS domain and the APD domain. As
an elongated shape, CSPG4 adopts a narrow beta-barrel structure, and forming
an angle around 45° with TcdB long-axis.

2.3.2.2. CROPS domain loop is critical for the CSPG4 binding
I tried to get a reasonable initial model before refining it into density map. As
there was no homolog model for CSPG4, it is hard to get a decent initial model from I-

tasser (123) or swiss-model. I eventually got initial model from Robetta web server that
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can roughly fit in our density map (124). By using coot to manually fit in the density
map and Rosetta to rebuild the model (Figure 2-6A, Figure 2-6B), | got the structure of
CSPG4. There are two verifications of this structure. 1). The orientation of CSPG4
relative to TcdB. Based on the CSPG4 expression plasmid organization, there was a GFP
co-expressed on the C-terminus of CSPG4. By applying a large solvent mask around the
CSPG4 region, I did 3D classifications to see if | was able to find an extra density that
belongs to GFP. The result demonstrated that GFP density was close to the CROPS
domain end, indicating that the C-terminus of CSPG4 was toward CROPS domain
(Figure 2-6D). 2). A glycosylation site was able to be seen in the density map of
CSPG4. As mentioned in many reviews, the CSPG4 is highly glycosylated on its protein
surface (125). By predicting the glycosylation site on the 410-560 fragment, one N-
linked glycosylation site was found on the asparagine 428 on the position asparagine 428
residue (Figure 2-6C), which matches with our prediction result. From these two

evidence, | was able to verify our model correctness.
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Figure 2-6 Verification of CSPG4 model.

Rosetta build 1000 models of CSPG4 based on the EM density map and the overall
energy of the model. Six models that have the best fitting score and the lowest
energy were selected for the following refinement. The extra density of
glycosylation and the partial GFP density are showed in panel C. Asnl18 indicates
the glycosylation is on the 18t residue when 410 residue is the N-terminus.
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Figure 2-7 The model of CSPG4.

The sequence of CSPG4 is showed in panel A. The beta-sheets are colored in red
and the helixes are colored in blue. In panel B, three views of the CSPG4 model
are showed, with N-terminus and C-terminus indicated.
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The sequence and the model of CSPG4 fragment showed in ribbon style are
listed in the figure below (Figure 2-7). a-helices are colored in blue and [3-sheets are
colored in red. It is showed that the core of CSPG4 fragment is consisted of B-sheets
folding next to each other, forming a narrow f-barrel. The B-sheets are connected by

short helices and flexible loops.

Figure 2-8 Interaction between CSPG4 and TcdB.
The APD is colored in blue. The CROPS is colored in yellow and the CSPG4 is
colored in pink. The residues that are involved in the interaction are labeled and

with side chains showed.
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As the density of the core-region of the TcdB and CSPG4 complex (including
GTD, APD, part of CROPS and the CSPG4) was resolved at 3.7 A, the side chains of
residues were much better resolved. Thus I was able to identify the interactions of TcdB
and CSPG4 more confidently. CSPG4 touched TcdB at both APD and the CROPS
domain. 1). The interaction between APD and CSPG4 was charge-charge interaction.
Two pairs of interactions are found in the structure. Residue 575 arginine from TcdB
was proposed to interact with 461 glutamic acid or 458 aspartic acid from CSPG4. 451
arginine from CSPG4 was proposed to interact with 567 serine or 564 glutamic acid
from TcdB. Their side chains stick together and tends to form salt-bridge in between
(Figure 2-8A). 2). The interaction between CROPS domain and CSPG4 is hydrophobic
interaction. It is noteworthy that a loop (sequence between [-sheet 3 and a-helix 6) is
extending from CSPG4, getting approximate to the CROPS domain. Two hydrophobic
residues that contain benzol rings (1819Y and 1823F) were close to this loop, with 486l
and 487P as potential interaction sites. These residues form hydrophobic patch around
the beginning of CROPS domain (Figure 2-8B).

To verify my propose on TcdB and CSPG4 interaction, | did mutagenesis on the
speculated residues on both TcdB and CSPGA4. The interactions were measured using
ELISA assay after the proteins were purified. The secondary structures of the truncated
TcdB and the mutated TcdB were verified using circular dichroism (CD) spectrometry.
By mutating the TcdB on the residues described above, we can see that mutating all of
the residues on TcdB significantly decreased the interaction. Especially when mutating

residue 1822 lysine to alanine. When mutating CSPG4 on the residues described above,
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it is showed that the interaction between 451 arginine from CSPG4 with the 564
glutamic acid from TcdB. When mutating 451 arginine into alanine, which didn’t have
any positive charge or polar on the side chain, the interaction was significantly decrease
(Figure 2-9). For the CSPG4 mutant that deleted 486 isoleucine and 487 proline, its
interaction with TcdB was also very weak (Figure 2-10). Suggesting the hydrophobic
interaction proposed above is true.

Previous result suggested that CSPG4 interacts with TcdB at the N-terminus of
CROPS domain, while no interaction on the APD and CSPG4 was reported. Here we
combined our high-resolution structure as well as ELISA assay result, suggesting that
there was charge-charge interaction present in on the other side of interaction surface on

TcdB with CSPG4.

TcdB mutant binding to CSPG4
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Figure 2-9 The interaction between mutated TcdB and CSPG4 through ELISA.
The signal from WT is used as reference and defined as 100%. All the other
mutants signals are used to compare with signal from WT TcdB. The assay is
repeated three times.
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Figure 2-10 ELISA assay on interaction between wild-type TcdB and CSPG4
mutants.

The ELISA assay is done when binding with different concentration of CSPG4.
Signals from different CSPG4 mutants are colored based on the legend.

2.3.3. Different receptors have different impact on the stability of TcdB
2.3.3.1. FZD2 stabilizes the structure of TcdB delivery domain when comparing
with CSPG4 binding states.

Whether binding with different receptors influences the stability of TcdB is
interesting to investigate. In order to visualize the influence on TcdB structure,
especially in CROPS domain, we did multibody refinement on both EM density maps
we described previously and 3D classification and subsequent refinement was conducted

based on the multibody refinement result.
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The TcdB and receptor complex density map was divided into “three bodies”.
The first body included the density of delivery domain; The second body included the
globular density consisted of APD and GTD; The third body included the CROPS
domain and the connection between CROPS domain and APD domain. Movements were
found on the Delivery domain and the CROPS domain on both density maps. Thus a 3D
classification was done when applying a solvent mask around the delivery domain and
disable the alignment when running the program (Figure 2-11). This allows RELION to

separate particles based on the difference at delivery domain.

explained (%)

variance (%)
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Eigenvalue

19% 69% 12%

eigenvectors

Figure 2-11 The 3D classification of TcdB and CSPG4 complex.
The three classified densities are colored in red, yellow and purple, with their
particle percentages labeled at the bottom.
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All the particles are separated into four classes and the classification result were
compared in Chimera. In theory, if receptor binding state TcdB has distinct variant
conformations, I am able to classify them out by doing skip-align 3D classification. For
the result from TcdB and FZD2 complex, all the particles converged into one class,
indicating that when binding with FZD2, TcdB conformation is fairly conserved while
there are three classes were resolved in the TcdB and CSPG4 complex, indicating that
CSPG4 is not able to stabilize the TcdB structure. By comparing these three classes, the
biggest difference is at the delivery domain tip, where it tends to bend up or down for

around 15° (Figure 2-11).

CROPS~

Figure 2-12 The movement of helix 1052-1066.

The movement of the TcdB is colored in panel A and panel B. In panel C and

panel D, the position of the helix 1052-1066 is illustrated in deep blue or light blue.
58



When zooming around the delivery domain, not only the movement of the
delivery domain tip is observed (Figure 2-12A, Figure 2-12B), a missing density at two
helixes around the hydrophobic region is observed too. When TcdB is in the purple
conformation, the delivery domain tip is in the most bent form, while the density of helix
1052-1066 is missing (Figure 2-12C, Figure 2-12D). When TcdB is in the red and
yellow conformations, the delivery domain tip is toward up, the density of helix 1052-
1066 has a significant movement together with the delivery domain movement. This
suggest that the delivery domain of TcdB is flexible. Previous published apo-TcdB cryo-
EM density reveals a bent delivery domain tip comparing with the crystal structure of
TcdA. When TedB is interacting with CSPG4, the binding of the receptor doesn’t restrict
the movement of delivery domain. Making it possible to flipping up and down. The
pore-forming related helixes, such as the helix 1052-1066 is unstable too. This flexibility
benefits the following conformational change as the delivery domain is at “ready” state
by moving around.
2.3.3.2. The two receptors behave differently under acidic conditions when binding
with TcdB.

To help understand the TcdB behavior with its receptors, we analyzed the
binding affinity of TcdB and these two receptors using ELISA assay. When incubating
the TcdB and receptor complex in the physiological pH, the binding strength is defined

as 100%. While comparing with the signal from complex under acidic pH, it is

59



noteworthy that the binding signal from FZD?2 stays the same while the signal from
CSPG4 decreases significantly (Figure 2-13). This indicates that FZD2 and CSPG4
adopt different interaction pattern. Even though FZD2 and CSPG4 both interact with
TcdB through hydrophobic interactions, the interaction surface was different. The
hydrophobic patch on the FZD2 interface is fully buried in the TcdB binding surface,
thus it is hard for proton or water molecule to get into the interaction interface. While
CSPG4 interacts with a loop from N-terminus CROPS domain through hydrophobic
interaction, which can be easily accessed by the proton or water when pH drops.
Besides, a potential charge-charge interaction was demonstrated at 451R from CSPG4
and 564E from TcdB. When pH decrease, the glutamic acid tends to be more protonated,

which will influence with the stability of the salt-bridge interaction.

A450

BSA pH7 pH5

BCSPG4 OJFZD2
Figure 2-13 Binding assay of TcdB with CSPG4 or FZD2 under different pH.
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2.4. Discussion

Like all AB toxins, TcdB uptake into the epithelial cells in the intestine is the
first step and the most critical step for its cytotoxicity. TcdB gets into its target cell
through Catherin-mediated endocytic pathway after binding on its receptors. Unlike
TcdA, which interacts with the poly-saccharide on the cell surface, either on the lipid or
on the membrane protein, TcdB has its novel cell entry receptors. PVRL3, FZD2 and
CSPG4 are proposed to be the three receptors that mediate TcdB entry. PVRL3 and
FZD2 are both expressed in the intestine epithelial cell while CSPG4 is expressed in the
submucosa layer, which provides access for TcdB when the surface epithelium is
disrupted.

Researches were performed on the interacting sites of the TcdB and its receptors.
By doing mutagenesis and truncations on TcdB, it is known that FZD2 and CSPG4
interact with TcdB in different positions. But the detailed interaction surfaces are not
analyzed, and no evidence shows the influence on TcdB when binding with the
receptors. My studies reveal the two binding states of TcdB with FZD2 as well as
CSPG4, providing the details binding surface of these two receptors. FZD?2 interacts
with TcdB in the middle of delivery domain through a hydrophobic interaction. The
CSPG4 interacts with TcdB through more complicated mechanism. When it grips on the
ditch between N-terminus CROPS domain and the autoprocessing domain, it interacts
with these two domains through different mechanism. By analyzing cryo-EM structure

and doing mutagenesis on both TcdB and CSPG4, we understand that CSPG4 interacts
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with TcdB autoprocessing domain through charge-charge interaction while the CSPG4
interacts with TcdB CROPS domain through hydrophobic interaction.

When the TcdB goes through the endocytic pathway, it will go through the pH
changes from physiological pH to acidic pH, which triggers conformational changes. By
analyzing the interactions of TcdB with the two receptors under both physiological pH
and acidic pH, it is showed that FZD2 interaction is not influenced by the pH change
while CSPG4 will release bound TcdB when the pH decreases. When comparing the
extracellular domains of FZD2 and CSPG4, it is easy to tell that CSPG4 has a fairly
large and flexible organization. While interacting with CSPG4 on its N-terminal domain,
it is hard for TcdB to get close to the endosome membrane and create holes on the
endosome membrane. But FZD2 has a globular and small extracellular domain,
interacting with FZD2 will help TcdB to be hold approximate to the endosome
membrane. Our ELISA assay result provides a logical evidence for the following TcdB
translocation step.

By doing 3D classification without performing any alignment on both TcdB
binding state data, we found that interacting with FZD2 is actually stabilizing the
delivery domain movement while TcdB delivery domain flipping up and down when
interacting with CSPG4. It is also noteworthy that among the three states of TcdB when
binding with CSPG4, one of the state actually has a missing density around the helix
1052-1066, which is involved in the hydrophobic region of the delivery domain, related
to the pore-forming in the following step. Thus | propose that under physiological pH,

TcdB itself has a very flexible structural organization, with a flexible CROPS domain as
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well as the delivery domain. Only when pH acidified the TcdB will try to stabilize and
find a right position to perform the insertion and translocation.

The results described here provides zoomed-in understanding of TcdB receptor
binding state and analyzed interacting with receptor might have some effects on the

TcdB conformations.
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3. STRUCTURAL ANALYSIS OF C. DIFFICILE TCDB CONFORMATIONAL
CHANGE UPON PH ACIDIFICATION
3.1. Introduction
Clostridium difficile is an anaerobic, gram-positive pathogenic bacillus that

causes severe gastrointestinal tract infections, which can be fatal (36). TcdB is one of the
major virulence factors that are responsible for C. difficile pathogenesis (101). The TcdB
N-terminal domain is a glucosyltransferase that can irreversibly add a single glucose
from UDP-glucose to membrane-attached small GTPases such as Rho, Rac and Cdc42 in
the mammalian target cell (54). This modification will disable the function of these
GTPases, blocking the dynamics of the cytoskeleton and the signaling pathways that
require these GTPases. TcdB consists of four domains: the glucosyltransferase domain
as mentioned above, the autoprocessing domain (APD), the delivery domain and the
CROPS domain (101). These four domains have distinct functions for TcdB entry and
function in host cells. The delivery domain and the N-terminus of the CROPS domain
are the binding moiety that interact with their destinated receptors. After interacting with
receptor on the host epithelial cell, TcdB is taken into the cell through endocytosis and
into the early endosome. When the pH decreases in the endosome lumen, there will be
conformational changes in TcdB, which leads to pore-formation on the endosome
membrane as well as translocation of the GTD and APD (72). Only when the GTD and
APD are translocated TcdB is able to glucosylate its target. Creating holes and
delivering the N-terminal domain is essential for the final modification step of

TcdB. TcdB shares similar features with other well-studied AB toxins, such as
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diphtheria toxin (DT) and anthrax toxin. Anthrax toxin is secreted from the pathogenic
bacterium Bacillus anthracis. It has the enzymatic component needed to be translocated
into cytoplasm from within the late endosome. It has been reported that the translocation
process involves large conformational changes to transform the toxin complex from a
pre-pore state into a translocation state. There is evidence indicating that the membrane
leakage occurs during translocation and the translocation state of anthrax toxin is well-
resolved. At translocation state, anthrax toxin forms a transmembrane segment in a -
barrel (83). However, for all of the toxins that are similar to TcdB, named the Large
Clostridial Toxin family, the transmembrane region is formed by a-helices (126).
Diphtheria toxin, which utilizes a-helices as its transmembrane region, has the most
similar hydrophobicity pattern with TcdB. It is consistent with the three hydrophobic
patches. The most hydrophobic helices (named TH8 and TH9) are proposed to insert in
the endosome membrane when pH changes(ref). When comparing the primary
sequences of the pore-forming domain among different LCT toxins against diphtheria
toxin, it is noteworthy that three hydrophobic patches are observed. For TcdB, the three
patches are: 1018-1056, 1064-1089, 1091-1112 (86). The loop between helix 960-969
and helix 981-994 is related with the pore-forming because it contains two glutamic acid
in position 970 and 976 (127). Mutating these residues result in loss of pore-forming
ability of TcdB. The author proposed that these two residues serve as “pH sensor” when
the endosome lumen is acidified. The detailed mechanism of this LCT family toxin pore-
formation as well as translocation is poorly understood. Since LCT toxins need to exist

both soluble at neutral pH while containing hydrophobicity at acidic pH, the membrane-
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insertion region should not be too hydrophobic as the canonical membrane protein,
which results in instability in the structure when insertion happens. Another line of
evidence is that TcdB is shown to form a transient channel after insertion since TcdB
insertion cannot generate constant current across the lipid bilayer when interacting with
a Rb* loaded liposome (128). Thus, the studies about the mechanism of LCT family
toxin pore-formation and translocation are only about identify the region that involved in
this procedure.

Other than the three hydrophobic patches are involved in the pore-formation, the
crystal structure of TcdB in complex with three nanobodies at pH 5 demonstrated that
residues 1032-1047 are not visible, suggesting flexibility in this region (1). In
combination with the mutations and truncations of TcdB while performing the leakage
assay and the toxicity assay results, four helixes in the TcdB hydrophobic region
(residues 956-1128) are critical for the pore-forming, possibly they are inserted in the
membrane for further conformational changes to deliver the enzymatic domain into
cytoplasm. Helix 1 is from 1046 to 1050; helix 2 is from 1055 to 1063; helix 3 is from
1073 to 1091; helix 4 is from 1117 to 1132 (Figure 3-1). These four helixes wrapping
around the surface of the delivery domain. Under physiological pH, they are not
hydrophobic, making TcdB protein soluble in the water solvent. While under acidic pH,
the side chains of these amino acids would lose their charges and become hydrophobic.
In this way these residues can act as a sensor of the environmental pH that triggers

conformational changes associated with toxin domain translocation.
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The secondary structures are showed in ribbon style. The four helixes that are
essential for pore-forming are colored in red, with their name labeled on the side.

How the conformational changes happen remains unclear. The recently published
full-length TcdB crystal structure at pH 5 provides some information about a snap shot
of TcdB under acidic pH (1). By comparing with its homolog model TcdA, which is
another LCT toxin secreted from C. difficile with similar structural organization as well
as toxicity mechanism, under physiological pH, the biggest difference is from residue
1024 to residue 1048. A significant movement was detected, in company with the
missing structure between 1032 to 1047 residues, which form an a-helix, are now
invisible, suggesting this region is highly flexible. However, because TcdB is in highly
package with the nanobodies that interact on the delivery domain, CROPS domain as

well as the APD domain in the crystal structure, they helped to stabilize the its structure
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while limits its movement. Thus we need to find a better way to observe more TcdB
states while it is in the acidic pH environment.

Cryo-EM single particle analysis is well-known for providing multiple states of
the target macromolecular complexes. With fast-freezing in the liquid ethane, the
particles that are in different states are locked in their conformations. By performing 3D
structural classifications, we are able to capture the possible states out from the large
dataset. This chapter will examine the results of cryo-EM analysis on the full-length
TcdB at a condition of pH 5.

3.2. Methods
3.2.1. Protein preparation

Plasmid DNA of pHis1522 encoding wild type TcdB was transformed into
Bacillus megaterium cells and inoculated overnight in 10 pg/mL tetracycline. The
overnight culture was diluted 1:100 and inoculated to ODesoo = 0.3 in 1 L terrific broth
medium (Difco) at 200 RPM, 37 °C. 5% (w/v) xylose was added to the culture and
incubated overnight at 200 RPM, 37 °C. The cell pellet was collected by centrifuge the
culture at 15,000 RPM for 30 minutes. The recombinant TcdB in the pellet was purified
via Ni-NTA affinity column essentially as described previously by Yang and colleagues
(112). The collected pellet was lysed in PBS buffer using sonication. The Ni-NTA
affinity column was washed with high-salt PBS (20 mM NaH2PQO4, 20 mM NazHPO4,
300 mM NacCl [pH 7.4]) containing 25 mM imidazole, and the bound protein was eluted

using high-salt PBS containing 250 mM imidazole. The eluted protein was then loaded
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onto a superdex 200 increase 10/300 GL column (GE Healthcare) and all the fractions
are confirmed using SDS-PAGE.
3.2.2. Cryo-EM of TcdB at pH5
3.2.2.1. Cryo-EM sample preparation

The purified TcdB (0.3mg/mL) was pre-incubated with FZD2-CRD (purchased
from R&D system) in 50mM PBS buffer at 1:1 ratio at room temperature at pH 7.4 prior
to the pH change. The protein mix solution of the protein complex solution was mixed
with 50mM citric acid buffer (the mixture of sodium citrate-citric acid, adjusted to pH 5)
at ratio 7:3 before applying on the grid. This buffer ratio was tested in large scale by
mixing 21 mL PBS buffer with 9 mL citric acid buffer (pH 5). The final pH was
measured to confirm that by mixing these two buffers, a final pH of 5 is achieved. The
final volume 3 uL mixture was incubated at room temperature for 30 s and then applied
to C-flat 2/1 holey carbon film 300 mesh grids (Electron Microscopy Sciences) at 20°C
with 100% relative humidity and vitrified using a Vitrobot (Mark I11, FEI Company, the
Netherlands). The grid was then fast frozen into liquid ethane and then transferred into
liquid nitrogen for further storage.
3.2.2.2. Cryo-EM data collection

The grid of TcdB-FZD2 at pH5 was imaged under the Titan Krios G3
transmission electron microscope (Thermo Fisher Scientific) operated at 300 kV. The
microscope is equipped with a Gatan K3 summit direct detection camera (Gatan,
Pleasanton, CA); 11,000 micrographs were collected using electron-counting mode at

pixel sizes of 0.732 A. The beam intensity was adjusted to 7e”/A?/s on the camera. A 30-
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frame movie stack was collected for each micrograph, with 0.2 seconds per frame, for a
total exposure time of 6 seconds.
3.2.2.3. Cryo-EM data processing

The collected micrographs were motion corrected using MotionCorr2 (113). The
dose-weighted micrographs were visually screened, and 8,434 micrographs with strong
power spectra were selected for further processing. Contrast transfer functions of the
micrographs and the following processing were all done in cryoSPARC (129). Particles
were picked using blob-picking tool in the first round. Then the picked particles were
used to generate the initial 2D classification result. This 2D classification result was used
for template particle picking tool. The picked particles were scaled to a pixel size of 4.24
A before put into final 2D classification. 664,373 clean particles were selected for a
heterogeneous refinement into four classes. The particles from class that had the most
reasonable structure were used for homogenous refinement and generated a density map
around 4.1A. A None-Uniform refinement was sub sequentially used to get better
resolved density map and generated a 3.9 A density. The overall resolution was assessed
using the gold-standard criterion of Fourier Shell Correlation, with a cutoff at 0.143,
between 2 half maps from 2 independent half-sets of data.

Multibody analysis was performed using RELION 3.0 (116) on this data set. The
density map was divided into three bodies. Each of the body was done principal
component analysis. A 3D classification was done on the clean particles, separating
particles into four classes by applying a solvent mask only around the tip of the delivery

domain when put “skip align” as one of the settings. The final result showed three states

70



of the delivery domain of the complex. The particles corresponding to each of the class
were used for 3D refinement and three density maps were generated, representing the
three states of the complex.
3.2.2.4. Model building

The 3.9 A density map was used for TcdB-FZD2 at pH5 model building. We
chose the TcdB model from previously published paper, describing the crystal structure
of TcdB at pH5 with three antibodies stabilizing its structure. This model was modified
based on the density map of the TcdB part and deleted the residues that are not included
in the density map. The FZD2 model was used based on my previous result. The
complex structure was roughly fitted in the density map in Chimera (118) and then used
MDFF (119) to refine the model. Finally Phenix was used to further refine and validate
the model (130).
3.2.3. Leakage assay
3.2.3.1. Liposome preparation

Liposomes were prepared as previously described, with minor modifications
(131). For the structure study, 70% DSPC (Avanti), 20% cholesterol (Avanti), and 10%
Ni-NTA DGPC (Avanti) were mixed and dried under a stream of dry argon, vacuum
desiccated to remove residual solvents, re-suspended, with freezing and thawing, to 2
mg/ml in liposome extrusion buffer (50 mM HEPES, 150 mM NaCl, 25 mM KClI, pH
7.4) and then extruded through polycarbonate filters in a mini extruder (Avanti) for two
rounds, with indicated diameters of 200 nm in the first round of 11 passes and 50 nm in

the second round of 15 passes.
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For the Leakage Assay, brain lipid Folch (Avanti, Cat. 131101P) from Avanti
and Sigma were mixed 1:1, with 0.06% Vybrant DiD (Invitrogen, Cat. V22887). With a
similar preparation process, the mixture was hydrated to 1 mg/ml in liposome extrusion
buffer with 1 mM Calcein (Invitrogen) and then extruded through polycarbonate filters
with the indicated diameters of 200 nm with 15 passes in a mini extruder. Extruded
sample were centrifuged at 20,000 g for 30 minutes and re-suspended with liposome
extrusion buffer to apply to a PD10 Desalting Column (Cytiva). Collected fractions were
used as liposomes for the leakage assay.
3.2.3.2. Leakage Assay with Multicolor-Burst Analysis Spectroscopy (MC-BAS)

MC-BAS is a multi-channel extension of a single particle technique, Burst
Analysis Spectroscopy (BAS) (132), which can simultaneously determine both size and
stoichiometry distributions of fluorescent nanoparticles. MC-BAS can collect fluorescent
signals from two different channels at the same time (133). In this way, when a particle
carrying two different fluorescent dye is measured in MC-BAS, burst from these two
channels are recorded at the same time point in separate panels.

To apply MC-BAS measuring the leakage of liposomes, the liposome membrane
carried Vybrant DiD, while the lumen contained Calcein. Two channels, with excitation
wavelength of 488 nm and 642 nm, were used to measure burst signals from membrane
and lumen. For one double-labeled liposome, bursts measured from membrane and
lumen were recorded at the same time point. In this way, bursts from these two channels
were recorded and aligned as coincident bursts. Meanwhile, when detergent, such as

Tween-20 is applied to liposomes, the entire lumen contents are expected to be released
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from the liposome into the reaction buffer, due to the solubilization of liposome
membrane. Since the burst from single Calcein is very small, less than 20 cps, an
increase in the baseline was observed in the channel of lumen and the burst signals from
two channels lose the coincidence.

3.3. Results

3.3.1. TcdB has conformational changes in the delivery domain under pH5

3.3.1.1. Overall description of TcdB conformational changes

After testing multiple conditions, TcdB was found to not aggregate in high
concentration when it is in the acidic environment for short time such as 30 seconds or 1
minute. Thus, the single-particle analysis was done on TcdB at pH 5 for 1 minute to
reveal the pre-pore state of TcdB. The overall density map of TcdB is at 4.1A, with
better resolved GTD and APD, where bulky side chains are observed and a less resolved
delivery domain and CROPS domain, due to their flexibility. By comparing the TcdB-
FZD2 complex at physiological pH (7.4) and acidic pH (5.0), it is noteworthy that the
overall structure of TcdB-FZD2 becomes “expanded” and “loose”, with a ~15 A
expansion (Figure 3-2A) when measuring the distance between the tip of GTD and the
tip of the delivery domain.

The most significant movement is around the rod-shape delivery domain, with a
twisting movement on the beta-sheet scaffold as well as the flipping movement that is
observed in CSPG4 bound state. A flexible loop between residue 944 to 958 locating at
the shoulder of the GTD extends toward the delivery domain, which was not observed in
physiological condition (Figure 3-2B).
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Figure 3-2 Expansion (panel A) and movement on TcdB-FZD2 (panel B) at pH5
model.

Panel A shows the model for TcdB at acidic pH (yellow) and at physiological pH
(pink). The length between the delivery domain tip and the GTD tip is labeled.
Panel B shows the superimpose of the TcdB densities at two pH. The density
difference is highlighted in the bottom panel with a zoom in view.

Since the hydrophobic region of TcdB is critical and showed to be flexible, a 3D
variability analysis was performed to reveal the movement of this domain in order to get
more information. The 3D variability is an algorithm that treat each particle picture as
one snapshot of the macromolecule. When considering the dataset of the input particles,
it tried to separate different states and generate the trajectory of each component. In this
dataset, | asked for three trajectories for calculation. In the first trajectory, movement of
the CROPS domain is observed, with a missing density at the C-terminus CROPS

domain. The second trajectory demonstrates that delivery domain is moving
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horizontally, with a missing piece in the connection between delivery domain and APD
domain (domain 1), which is involved in the “pH sensing” step as described previously
(91). Movement of the “core-region”, consist of GTD and APD is observed in the
trajectory 3. This analysis revealed that the conformational changes of TcdB is not

limited in the delivery domain. It tends to be a cooperative, fully movement all over its

b

domains.

Trajectory 1

1
\

Trajectory 2 ; ) ¢
, g ¢

Trajectory 3

Figure 3-3 The 3D viability of TcdB.

The three trajectories are listed. The red color maps represent one extreme
end of each trajectory and the bule maps represent the other extreme end of
each trajectory. The missing densities are highlighted by black dash circles.
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3.3.1.2. The interaction between TcdB and FZD?2 is influenced by pH change

To understand the behavior of TcdB and receptors, ELISA assays on the binding-
state TcdB at either pH 7.4 or pH 5 were performed. These results demonstrated that the
binding of FZD?2 is decrease by pH changes by ~25% while the interaction with CSPG4
is significantly reduced since the signal from CSPG4 is complete gone after pH changed
(Figure 3-3). As we know CSPG4 has an extensive extracellular domain (~220 kD), with
its most cell-distal N-terminal domain interacting with TcdB. Releasing TcdB from
CSPG4 benefits the interaction between TcdB and the inner face of the endosome
membrane. In contrast, associating with the smaller FZD2 (~15 kD) may draw TcdB into

close proximate with the membrane. This makes the following step sterically possible.

2.5

15/

A450

0.5

BSA pH 7.4 pH 5

BCSPG4 OFZD2

Figure 3-4 ELISA assay on the interaction between TcdB and FZD2/CSPG4 at
pH7 and pH5.

The signals from interacting with CSPG4/FZD2 are showed in columns colored in
deep grey/light grey.
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Consistent with the ELISA result, cryo-EM density demonstrates that only ~53%
of particles have well-refined FZD2 density on TcdB, suggesting flexible conformational
changes happen in the connection between FZD2 and TcdB, thus alignment on FZD2 is
not as easy as at pH 7.4. To reveal more details in the binding at pH5, including the
interaction pattern and the conformational changes, more classification needed to be
done at the interaction region locally. By applying a mask around the delivery domain,
the dataset could be classified into four distinct classes (Figure 3-5). The four classes can
be divided into two groups: FZD2 bound state and FZD2 dissociated state. Even in the
FZD2 bound state, it is obvious that the connection between FZD2 and TcdB is very
weak. When comparing the TcdB-FZD?2 at neutral pH and the acidic pH, a dissociation
motion is clearly observed. This indicates when pH changes, FZD2 gradually dissociate

with TcdB while the conformational changes happened in TcdB.

23%

22%

Figure 3-5 3D classification of TcdB on delivery domain.
The densities of the four classes are showed. The particle percentage that
contribute to density are listed.
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3.3.2. Leakage assay support that TcdB is creating holes on liposome

The liposome membrane was labeled with lipophilic carbocyanine DiD and the
liposome lumen with calcein. When observing the liposome using a dual-wavelength
epifluorescence microscope, the signals from both fluorophores will be detected
simultaneously, as they locate on the same liposome. From the diagram, the position and
the signal strength detected from DiD should consistent with the signal position and
strength from calcein (Figure 3-6. A). If leakage occurs, the signal from the liposome
lumen will decrease, while the signal from the membrane-bound DiD remains similar.
Thus, the consistency between these two signals is lost. In other words, the coincidence
between the two signals is lost. In the same time, the signal baseline from calcein will be
raised comparing with the non-leakage state (134). If the leakage on the membrane
causes the breakage of liposome, then both signals will not be detected. In Figure 3-6C,
loss of coincidence is detected when comparing liposome signal with/without TcdB
interacting. The baseline of calcein is raised. These phenomenoa indicate that there is
leakage in the liposome membrane. When comparing with the positive control (adding
Tween-20), the lumen signal was not drastically decreased after pore-formation (Figure
3-4B), suggesting that the leakage caused by TcdB didn’t break the continuity of the
liposome membrane. Thus, we can conclude that after interacting with liposome at pH 5
for 5 minutes, pore formation is happening on the liposome, and the liposome stay as
intact structure in the meanwhile. However, this assay is not able to detect if the

translocation has happened or not in the condition described above.
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Figure 3-6 Leakage assay of TcdB on liposome.
Panel A shows the scheme of the leakage assay. Panel B shows the positive control

by adding Tween-20 to the liposome. Panel C is the experimental data when
adding 800uM TcdB into liposome and incubated the mixture for > 5minutes.

3.4. Discussion
The pore-forming and translocation of TcdB at acidic pH could be unique and

complicated compared to other toxins that take action upon pH changes. From our cryo-
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EM single particle analysis, no TcdB oligomerization was observed in our refinement,
and TcdB was observed as a monomer following a 1 minute exposure to a pH 5
environment. The overall structure of TcdB is “loose” and “extended”, comparing with
TcdB under acidic pH. The most significant difference is at the delivery domain, where
the tip of delivery domain is getting longer and the arrangement of the beta-sheets is
getting loose, suggesting a beginning of conformational change. The density of the N-
terminus of the delivery domain, referred to here as “Domain 17, is partially missing in
the 3D variability analysis, indicating flexibility in this region. When pH changes, the
interaction between TcdB receptor FZD2 and itself is reduced, which agrees with cryo-
EM results that the density of FZD2 in cryo-EM reconstructions was significantly
weaker than the density at physiological pH (~50% decrease), suggesting FZD2 might
interact with TcdB in a different manner at acidic pH, possibly in a weaker and less
ordered association. The leakage assay confirmed that TcdB is able to form pore on the
artificial bilayer without breaking the liposome membrane. Five minutes after TcdB
interacting with liposome at acidic pH is the timepoint where the pore-forming is
detectable. This only conclude that there is pore formation happened on the liposome
membrane but I cannot get any information about TcdB translocation. Based on previous
studies, the current released from Rb* loaded artificial liposome lumen when TcdB
creates hole on the membrane is “flickering”, which is different from other similar toxins
(128), releasing constant current when the pore-forming is in action, such as anthrax
toxin (83). From these result | propose a more complete picture of the TcdB

conformational changes under acidic pH: When in the endosome, TcdB gradually
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dissociates with its receptors as it changes its conformation. The delivery domain
extends and twists away from the other domain, making the pore-forming helices
exposed on the protein surface. Then the delivery domain gradually twists and bends,
making these helices closer and ready to form pores on endosome membrane.

To get a complete view of TcdB pore-forming and translocation is quite difficult.
The greatest obstacle is the flexibility and the potential flickering movement at the point
of membrane insertion. Until now we only understand that pore-formation is happening.
However, it is possible that the membrane insertion is not stable, and the relative
positions of the membrane-inserting helices may also be flexible. Moreover, the most
dramatic conformational changes still have not been directly observed, which would
allow for firmer conclusions on the mechanism of pore formation.

To stabilize the transmembrane region of the membrane protein, liposome are
used to capture the target protein and provides a suitable environment for its
transmembrane region. This technique is applied on many membrane protein structural
solving (135). When analyzing TcdB pore-forming and translocation, liposomes can be
used to stabilize TcdB structure at acidic pH. In this work, cryo-EM data on liposome-
bound TcdB was collected at pH 5 t to reveal the pore-forming state of the TcdB
structure. In order to get the translocation state TcdB structure, the condition that
actually generates detectable translocation state TcdB particles need to be identified.
There are two positions in the GTD and APD that can be biotinylated. Preloading the
liposome lumen with biotin and enzymes that are required for biotinylating is the

prerequisite for the detection of pore-forming and translocation. When the TcdB is
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interacting with liposome from outside at acidic pH, pore-forming and translocation is
happening. If GTD and APD is translocated from outside to inside of liposome, the GTD
and APD will be biotinylated. By performing western blotting against the biotin on
TcdB, | am able to tell if translocation is happening or not. Signal detected in the
western blotting suggest successful translocation. Structural studies will be performed

after figuring out the best condition for TcdB translocation to happen.
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4. SELECTION AND CHARACTERIZATION OF ULTRAHIGH POTENCY
DESIGNED ANKYRIN REPEAT PROTEIN INHIBITORS OF C. DIFFICILE TCDB*
4.1. Introduction

Clostridium difficile is gram-positive spore-forming anaerobic bacteria.
Colonization of the gut with pathogenic C. difficile bacteria can lead to C. difficile
infection (CDI) with symptoms including diarrhea, pseudomembranous colitis, sepsis,
multiple organ dysfunction syndrome and even death. In 2011 there were almost half a
million reported cases of CDI and more than 29,000 CDI-associated deaths in the United
States alone. C. difficile is a major nosocomial pathogen as a significant percentage (7%)
patients acquire CDI after hospitalization (6). Broad-spectrum antibiotics are considered
as a major culprit of CDI, as they disrupt the patients’ natural gut microflora that would
otherwise keep the proliferation of C. difficile in check. The current standard-of-care for
treating CDI is to administer additional antibiotics, mainly vancomycin, metronidazole
and fidaxomicin (13). Although generally effective against primary CDI, over the past
decades, the rate of CDI recurrence has greatly increased due to the emergence of
antibiotic-resistant and so-called hypervirulent strains (15-35% CDI recurrence in
patients after cessation of antibiotic treatment) (136).

The pathology of CDI mainly stems from the two C. difficile secreted exotoxins,
toxin A (TcdA) and toxin B (TcdB), that target small GTPases within the host cells,
leading to disruption of the tight junctions and loss of colonic epithelial barrier function.
Anti-TcdB monoclonal antibody, bezlotoxumab (ZINPLAVA), was approved by the

FDA in 2016 for treating recurrent CDI. The CDI recurrence rate in patients receiving
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antibiotics together with i.v. infusion of bezlotoxumab, although lower than those
receiving antibiotics alone (26-28%), remains high at 15-17%. In addition, the
monoclonal antibodies require mammalian cells for expression, which is much costlier
compared to microbial protein expression (ZINPLAVA costs ~$3000/dose), putting a
strain on the already thin health care budget.

Our long-term goal is to develop highly efficacious anti-toxin proteins as oral
therapeutics for treating and/or preventing CDI. These anti-toxin proteins are based on a
designed ankyrin repeat protein (DARPIn), a small antibody-mimic binding scaffold that
exhibits very high thermostability, resistance to protease and denaturant, and a very low
immunogenicity (137). DARPIns that bind to a wide range of molecules with pico- to
nanomolar affinity have been identified (138). Furthermore, DARPIns can be expressed
at high levels in E. coli (multi-gram quantities per liter of culture in fermenters),
enabling DARPIns to be produced at potentially very low cost on a large scale.

Combining phage panning and two rounds of functional screening, a panel of
dimeric DARPIns yielded DARPin dimers with picomolar in vitro TcdB neutralization
potency. The best dimeric DARPin, DLD-4, exhibited an ECso of 4 pM and 20 pM
against TcdB from C. difficile strains VP110463 (ribotype 087) and M68 (ribotype 120),
respectively, which is ~330-fold and ~33-fold more potent than the FDA-approved anti-
TcdB monoclonal antibody bezlotoxumab. DARPin DLD-4 also exhibit efficacy in vivo
in a mouse model against TcdB challenge, pointing to its potential as a next generation
anti-toxin biologic for treating and/or preventing CDI. Our cryo-electron microscopy

(cryo-EM) studies of the complex between TcdB and the dimer DARPin DLD-4
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revealed that its two constituent DARPIns, 1.4E and U3, bind to the toxin Delivery and
autoprocessing domain (APD). Guided by this structural information, our subsequent
ELISA studies showed that 1.4E and U3 interfere with the interaction between TcdB
with its receptors CSPG4 and FZD2, respectively. Moreover, at pH 7.4, the CROPS
domain in the cryo-EM structures for both apo and DLD-4-bound TcdB was found to
point away from the Delivery domain, opposite to that seen in the negative-stain electron
microscopy (EM) structures of TcdA and TcdB at the same pH in which the CROPS
domain extends toward and kisses the Delivery domain. We believe that our cryo-EM
structures of TcdB, apo and DARPIn-bound, represent the native aqueous conformations
that will be invaluable for future anti-toxin drug development.
4.2. Methods
4.2.1. TcdB expression and purification

Plasmid DNA encoding a 6-His tagged-TcdB was transformed into Bacillus
megaterium cells and the recombinant TcdB was purified via Ni-NTA affinity column
essentially as described previously. The column was washed with high-salt PBS (20 mM
NaH2PO4, 20 mM Na2HPO4, 300 mM NaCl, pH 7.4) containing 25 mM imidazole and
the bound protein was eluted using high-salt PBS containing 250 mM imidazole. Eluted
protein was diluted in low salt PBS (20 mM NaH2PO4, 20 mM Na:HPO4, 10 mM NaCl,
pH 7.4) to obtain a final NaCl concentration of 30 mM and loaded onto a Q HP anion
exchange column (GE Healthcare). The column was washed with the same low salt PBS

buffer and bound protein was eluted using a salt gradient from 10 mM to 1 M NaCl.
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TcdB eluted at NaCl concentrations of ~500 mM. Protein purity was confirmed using
SDS-PAGE.
4.2.2. DARPIn Library creation and phage panning

DARRPIns are designed based on repeat modules of natural ankyrin protein and
consist of an N-terminal capping repeat (N-cap), three (N3C) internal repeats and a C-
terminal capping repeat (C-cap). In a DARPIn library, each internal repeat contains six
randomized positions, yielding a total of 18 randomized positions in each DARPiIn. We
prepared such a DARPIn library using sequential ligation and PCR. This DARPIn library
was displayed as an N-terminal fusion to the bacteriophage M13 glll minor coat protein,
and after a DsbAss cotranslational translocation signal peptide. A DARPIn library
consisting of ~2x10° unique clones was created by transforming ~12 mL high-efficiency
MC1061 electro-competent cells with ~250 g of ligated and purified DNA.
Phage panning was carried out as described previously (139). TcdB (from C. difficile
VPI110463) was biotinylated via EZ-Link-Sulfo NHS-LC Biotin (Pierce) and used as the
target protein. Four rounds of sequential phage panning were performed. The enrichment
of TcdB-binding DARPIn was confirmed by phage ELISA following a published
protocol (139). A plateaued level of TcdB-binding enrichment was observed after round
3 of panning, indicative of successful phage panning.

To create dimeric DARPIn library, DARPIn variants identified from the
functional library screening were PCR amplified using Tag DNA polymerase (NEB)
with two sets of primers. Set 1 uses primers Ran2-D-F and Linker-BSAIi-D-R (Table 4-

1) to generate DARPIns with a 3’ linker sequence ((GGGGS)x3), and Set 2 uses primers
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Linker-BSAIi-D-F and Ran2-D-R to generate DARPins with a 5’ linker sequence. PCR
products were digested with Bsal to generate sticky ends in the added linker region and
ligated to form dimeric DARPIns. This library was then inserted into pET26b for

expression in E. coli.

Table 4-1 The sequence of DARPIN.

4.2.3. Functional screening of TcdB-neutralizing DARPIns

DARPIn variants from the 3™ round of phage panning were subcloned into the
pET26b vector (between Ndel and HindlIl) for high-level DARPIn expression. 764
individual_clones of E. coli BL21(DE3) cells transformed with the enriched library were
picked and grown in eight 96-deep well plates (1 mL/well) at 37 °C for 8-10 h. 50 L of
the overnight culture was transferred to fresh plates containing 1 mL/well LB and grown
until ODsoo ~0.6 (~3 hours) prior to the addition of isopropyl B-d-1-

thiogalactopyranoside (IPTG). The culture was shaken at 400 rpm and at 37 °C for 4
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hours and was harvested by centrifugation at 1700 xg for 20 minutes. The cell pellets
were resuspended in 100 pL of PBS (1.8 mM KH2POas, 10 mM NazHPQO4, 137 mM
NaCl, 2.7 mM KCI, pH 7.4) supplemented with lysozyme (200 pug/mL), incubated at 37
°C for 30 minutes, subjected to 3 cycles of freeze-thaw between -80 °C and 37 °C, and
centrifuged at 16,000 x g for 10 minutes. The soluble fraction was transferred to fresh
96-well deep plates and incubated at 70 °C for 20 minutes and centrifuged again,
yielding highly enriched DARPIn in the supernatant. The supernatant was transferred to
fresh plates and stored at -80 °C until use.

Semi-purified DARPIn (0.1 — 10 pL lysate) was incubated with purified TcdB in
growth medium (DMEM supplemented with 10% fetal bovine serum (FBS), non-
essential amino acids, penicillin (200 mg/mL) and 100 mM streptomycin) in 96-well
plates for 2 hours at room temperature. After incubation, different amounts of the
mixtures (0.1 — 10 pL) were added to Vero cells seeded the night before in growth
medium (final TcdB concentration 132 pg/mL). The concentration of TcdB was selected
so that the viability of toxin-treated Vero cells is 10-20% that of naive Vero cells after 6
hours of toxin contact time. Cell supernatants were replaced with fresh growth medium
six hours later, and the cell viability was quantified 72 hours post toxin addition using
the CellTiterGlo reagent (Promega) and normalized to Vero cells treated with the
equivalent amount of lysate from untransformed BL21(DE3) cells and in the absence of
TcdB.

For the dimeric DARPIn functional screen, the protocol was further simplified.

1504 individual clones of E. coli BL21(DES3) cells transformed with the dimeric
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DARRPInN library were picked and grown in 16 deep 96-well plates (1 mL/well) at 37 °C
and 400 rpm in LB overnight. The next day, the culture was harvested by centrifugation
at 1700 xg for 20 minutes, and each of the cell pellet was resuspended in 200 uL PBS
supplemented with lysozyme (200 pg/mL), incubated at 37 °C for 30 minutes, subjected
to 1 cycle of freeze-thaw between -80 °C and 37 °C, and incubated at 70 °C for 20
minutes. An equivalent amount of 0.2 pL of the lysate (after serial dilution) was added
to Vero cells together with TcdB toxin (10 pg/mL). 72 h later, the cell viability was
quantified by the CellTiterGlo assay and normalized to that of naive Vero cells.
4.2.4. Protein expression and purification

E. coli BL21(DE3) cells transformed with DARPin in pET26b were cultured
overnight at 37 °C in auto-induction media (6 g/L Na2HPOa, 3 g/L KH2PO4, 20 g/L
tryptone, 5 g/L yeast extract, 5 g/L NaCl, 0.6% glycerol, 0.1% glucose, 0.08% lactose)
supplemented with 50 pug/mL kanamycin. Cells were lysed by sonication. The lysate was
clarified by centrifugation at 16,000 xg for 10 minutes, and the soluble lysate was
filtered through a 0.45 um PES membrane and loaded onto a gravity Ni-NTA agarose
column. The column was washed with PBS containing 15 mM imidazole and the bound
proteins were eluted using PBS containing 150 mM imidazole. Protein purity was
determined using SDS-PAGE.

DNA encoding bezlotoxumab was synthesized. The anti-TcdB mAb was
expressed in CHO cells and purified following standard protocols in the Feng laboratory.

CSPG4 extraceullar domain (410-560) was expressed based on the protocol

described in Section 2.
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4.2.5. ELISA

MaxiSorp immunoplates (Nunc) were coated with 4 pug/mL TcdB overnight at 4
°C. The next day the wells were washed and blocked with PBSTB buffer (PBS
containing 0.1% Tween-20 and 2% BSA) before being incubated with serially diluted
IMAC-purified DARPins (containing a myc-tag at the N-terminus), CSPG4-EC-GFP,
FZD2-EC (R&D systems). After incubation, wells were washed 4 times with PBST.
Bound DARPIns were detected using mouse anti-c-myc antibody (1 pg/mL, Invitrogen
and HRP-conjugated anti-mouse antibody (0.8 pug/mL, JacksonimmunoResearch).
Bound CSPG4-EC-GFP was detected using rabbit anti-GFP antibody (0.05 pg/mL,
Proteintech) and HRP-conjugated anti-rabbit antibody (0.8 pug/mL, Santa Cruz
Biotechnology). HRP-conjugated goat anti-human antibody (0.025 ug/mL,
JacksonlmmunoResearch) was used to detect bound FZD2-EC. The color development
agent was 3,3',5,5'-tetramethylbenzidine (TMB).
4.2.6. In vitro TcdB neutralization assay

Vero cells (1.5x10° cells/well) in growth medium were seeded in 96-well plates.
The next day, serial dilutions of IMAC-purified DARPins were added to the appropriate
wells followed by the addition of TcdB (final concentration 5 pg/mL or 2.5 pg/mL). The
concentration of TcdB was selected so that the viability of toxin-treated cells is 10-20%
that of naive Vero cells after 72 hours of toxin contact time. The plates were incubated at
37 °C/5% COz2 for 72 hours and after which the cell viability was quantified using the

CellTiter-Glo cell viability kit (Promega).
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4.2.7. In vivo TcdB Neutralization Activity of DARPIns

Six to eight week-old CD1 mice were purchased from Harlan Laboratories (MD,
USA). All mice were housed in dedicated pathogen-free facilities in groups of 5 mice
per cage under the same conditions. Food, water, bedding, and cages were
autoclaved. All procedures involving mice were conducted under protocols approved by
the Institutional Animal Care and Use Committees at the University of Maryland. DNA
encoding bezlotoxumab was synthesized and the antibody was purified from the
supernatant of transiently transfected CHO cells. DLD-4 (2.5 mg/kg or 0.25 mg/kg), or
bezlotoxumab (10 mg/kg) was mixed with TcdB (1.5 pg/kg) in PBS and incubated at
room temperature for 1h before being injected intraperitoneally (i.p.) into CD1 mice in
the appropriate treatment groups (5-10 mice /group). The control group was i.p. injected
with TcdB alone in PBS. Mouse survival was monitored for 4 days until the termination
of the experiments and data were analyzed by Kaplan—Meier survival analysis with Log
rank test of significance.
4.2.8. Electron-microscopy sample preparation

TcdB and DLD-4 were mixed at 1:1 molar ratio (with the final concentration of
the complex at 800 nM) and incubated in PBS buffer at pH 7.4 for 30 minutes at room
temperature. 3 pL of the complex was applied to C-flat 1.2/1.3 holey carbon film 400
mesh grids at 20 °C with 100% relative humidity and vitrified using a Vitrobot (Mark
111, FEI company, Netherlands). Apo-state TcdB was prepared in the same buffer and

vitrified using the same condition but without the incubation at room temperature.
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4.2.9. Cryo-EM data collection

The complex of TcdB and DLD-4 was imaged under both the FEI Tecnai F20
electron microscope (FEI company, Netherlands) and a JEOL JEM3200FSC electron
microscope (JEOL, Japan), with their respective field emission gun operated at 200 kV
and 300 kV. Both microscopes are equipped with a Gatan K2 summit direct detection
camera (Gatan, Pleasanton, CA). 2,255 (from Tecnai F20) and 1,647 (from
JEM3200FSC) micrographs were collected using macro mode or manual mode of
SerialEM® in the super-resolution electron counting mode. A nominal magnification of
25,000X (on Tecnai F20) and 30,000X (on JEM3200FSC) were used, yielding subpixel
size of 0.75 A and 0.6 A, respectively. The beam intensity was adjusted to 5 e /A%/s on
the camera. A 33-frame movie stack was collected for each picture, with 0.2 s per frame,
for a total exposure time of 6.6 s. For data collected on the JEM3200FSC, an in-column
energy filter was used with a slit width of 29 eV.

Apo-state TcdB was imaged similarly but under the FEI Tecnai F20 electron
microscope only. Image data was collected under nominal magnification of both 25,000
X and 29,000 X, yielding subpixel size of 0.75 A and 0.62 A, respectively.

4.2.10. Image processing

Movie stacks, collected on both microscopes for the complex of TcdB and DLD-
4, were first binned by 2 to yield pixel size of 1.5 A and 1.2 A. Using Unblur (140),
these stacks were aligned and summed to generate a set from frames 1-33. These sum
images were visually screened, and 1,272 and 1,173 of each set with strong power

spectra were selected for further processing. Contrast transfer functions of the
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micrographs were estimated using CTFFind4 (141). Batchboxer in EMAN (142) was
first used to automatically pick all the particles from 1,272 sum images with a box size
of 216 pixel?, or particles from 1,173 sum images with a box size of 280 pixel?, yielding
331,516 particles and 234,642 particles, respectively. These particles were scaled to a
common pixel size of 3 A. The automatically picked particles were then screened for
high-contrast particles for four rounds of the reference-free 2D classification in RELION
(116). 45,806 and 38,614 clean particles were selected and combined for 3D
classification, separating particles into four classes. Since density maps from these
classes had similar conformations except for the CROPS domain, all the clean particles
were used for 3D refinement to generate a final density map of TcdB-DLD-4 complex at
9 A resolution. The same particles were also used for 3D refinement of the core region
with a solvent mask that masked out the CROPs region, generating a density map of the
TcdB-core-DLD-4 complex at 8.3 A resolution. The overall resolution was assessed
using the gold-standard criterion of Fourier Shell Correlation, with a cutoff at 0.143,
between two half maps from two independent half-sets of data. Local resolutions were
estimated using Blocres (143). The apo TcdB structure was similarly processed.
4.2.11. Model building

The homology models for the core region of the TcdB (residues 1-1799), the U3
and 1.4E modules of the DLD-4 were built in Swiss-model. The linker between U3 and
1.4E was manually built in UCSF chimera (118). These models, along with the crystal
structure of the N-terminal half of the CORPS domain in TcdB (residues 1834-2101, pdb

code: 4NP4) were combined in UCSF chimera and refined into the cryo-EM density map
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using Molecular Dynamics Flexible Fitting to generate the complex structure of TcdB
and DLD-4. I-TASSER was used to predict the secondary structure for the region of
residues 1800-1834.
4.3. Results
4.3.1. Dimeric DARPIns inhibits TcdB toxicity in a more effective way
4.3.1.1. Engineering monomeric TcdB-neutralizing DARPInNS

A library of approximately 2x10° DARPIn variants was constructed via
sequential PCR and ligation essentially as described previously. Biotinylated TcdB
(from C. difficile strain VP110463) was used as the target protein to enrich DARPIns that
could bind the toxin via four rounds of phage panning. DARPIn variants from the 3'
round of phage panning were subcloned into the pET26b vector and transformed into E.
coli BL21(DE3) cells for high-level DARPIn expression and functional screening for
those with toxin-neutralization ability. About 40% of the clones (299 clones) were able
to rescue Vero cells viability from TcdB toxicity by >50%. The top 40 hits were
sequenced and of which 12 unique clones were identified and further characterized.
Most clones exhibited ECso values of ~10 nM, and the 2 best clones, 1.2E and 1.4E,
showed ECso of 2.4 nM and 3 nM, respectively. The relative affinity of each of the top 9
DARPIns for TcdB was assessed by ELISA (Figure 4-1.B), and was found to not
directly correlate with their in vitro neutralization potency. For example, although 1.2E
and 1.4E exhibit similar TcdB-neutralization ability, 1.4E appeared to be among the
strongest toxin binders while 1.2E was the weakest binder. The discrepancy between

binding affinity and neutralization potency likely stems from the different epitopes
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engaged by the different DARPIns. It is conceivable that a DARPIn binding to a region
critical for the toxin activity would exhibit better toxin-neutralization potency than
another DARPIn binding to a region of less importance even if the first DARPIn binds

the toxin with weaker affinity than the second DARPIn.
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Figure 4-1 Screen monomeric DARPInN.

4.3.1.2. Engineering dimeric TcdB-neutralizing DARPINs
Fusion of multiple DARPins have been reported to significantly improve the

target-binding affinity via avidity effects (144). We hypothesized that fusion of two
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DARPIns binding to non-overlapping epitopes on the toxin should lead to greatly
improved binding affinity that increases toxin-neutralization potency. A combinatorial
library of DARPIn dimers was created by joining individual monomeric DARPins (12
total) via a flexible linker (GGGGSx3). A total of 1504 individual clones were screened
using the Vero cell assay and 12 hits were identified. Of which, 10 were determined to
be unique clones. The in vitro neutralization potencies of these 10 DARPiIns and their
relative TcdB binding affinities were shown in Figure 4-2. The best DARPin dimer,
DLD-4, exhibited a toxin-neutralization ECso of 4 £ 1 pM, which is ~600-fold lower
than the best monomer DARPIN, 1.2E (ECso 2.4 + 0.5 nM). Similar to that observed for
the DARPin monomers, the relative TcdB binding affinities of these DARPIn dimers do
not directly correlate with their neutralization potency. Sequencing results also revealed
that many of these dimers contain a new DARPIn, U3, that is not present in the original
12 monomers. U5 is identical to U3 except that it lacks the third randomized ankyrin
repeat domain. U3 alone has weak, but detectable, toxin-neutralization (Figure 4-3) and
toxin-binding abilities (Figure 4-4) and is likely a minor constituent present in the initial

pool used to create the dimer DARPIn library.
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Figure 4-2 Dimeric DARPIn screening.
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Figure 4-2 Continued.

To understand the reason for the dramatic improvement in activity, we further
characterized the five best dimer DARPins. We first compared the in vitro TcdB-
neutralization potency of the DARPin dimers with their constituent monomers (Figure 4-
3). All these DARPIn dimers significantly out-performed their constituent monomers
and the combination of both monomers, indicative of synergistic activity among the
constituent monomer DARPIns. We further compared the relative binding affinity of
DARPIn dimers and monomers using ELISA. As shown in Figure 4-4, except for DLD-
6, the combination of the two constituent monomer DARPIns lead to additive increase of
ELISA signal, suggesting that these constituent monomers bind non-overlapping
epitopes on the toxin. Dimeric DARPins showed further enhanced binding/ELISA

signal, indicative of avidity effect between the constituent DARPin monomers. An
97



exception is DLD-6, which appeared to bind the toxin weaker than its constituent
DARPIn 3.5B at concentrations <25 nM. In addition, unlike other dimeric DARPins
where the combination of constituent DARPin monomers leads to an additive increase of
binding signal, no increase in binding signal was observed with both constituent
DARPIns (3.5B + U3) than with 3.5B alone. This result is somewhat unexpected,
considering that the toxin-neutralization potency of DLD-6 is > 100 fold higher than that
of 3.5B (ECso: 12.5 pM for DLD-6 vs. 13.3 nM for 3.5B). We posit that one possible
cause of this discrepancy is that TcdB protein, when immobilized on ELISA plate,
exhibits less flexibility, which may hinder the simultaneous interaction by both U3 and

3.5B.
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Figure 4-3 DARPIn dimers exhibit superior toxin-neutralization potency relative
to the constituent monomers.
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Figure 4-4 DARPIn dimers demonstrate avidity in TcdB binding.

4.3.1.3. Characterization of DARPin TcdB-neutralization potency

All of our protein engineering work was conducted using TcdB from the
laboratory strain of C. difficile VP110463 (ribotype 087). However, there is a significant
amount of amino acid sequence heterogeneity between different strains of C. difficile
and thus a need to develop broadly neutralizing DARPIns. As a first step to address this
need, we evaluated the activity of selected DARPin dimers (DLD-4, -7, -11, -12) against
TcdB from three different strains of C. difficile: VP110463, M68 (ribotype 012) and UK1
(ribotype 027). All DARPIns were effective against toxins from VP110463 and M68
(Figure 4-5). The best DARPin, DLD-4, was found to be ~330- and ~33-fold more

efficacious than bezlotoxumab at inhibiting TcdB from VPI 10463 and M68,
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respectively (Figure 4-5B). However, no neutralization activity was observed for any of
the DARPIns against TcdB from UKL strain, which belongs to the hypervirulent 027
ribotype. Bezlotoxumab also showed significantly weaker, albeit detectable,
neutralization activity against this toxin (ECso >25 nM). We are currently repeating our
in vitro engineering using TcdB from the UK1 strain of C. difficile as the target protein

in order to identify DARPIns efficacious against this toxin.
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Figure 4-5 DARPIn dimers offer superior protection to Vero cells against the
toxicity of TcdB from C. difficile strains VPI 10463 (ribotype 087) and M68
(ribotype 017).

We further evaluated the ability of the most potent DARPin, DLD-4, to protect
mice from systemic toxin challenge in vivo. A lethal dose of TcdB (1.5 pg/kg) was
mixed with DLD-4 (0.25 or 2.5 mg/kg), bezlotoxumab (10 mg/kg) or PBS and then

injected intraperitoneally (i.p.) into CD1 mice (5-10 mice/group). Bezlotoxumab is the
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monoclonal antibody that was approved by the FDA in 2016 for treating recurrent C.
difficile infection and was used here as a control. 40% of the mice survived after
injection with the mixture containing the toxin mixed with 2.5 mg/kg DLD-4 (p=0.04),
while no measurable protection was observed in mice receiving the same dose of toxin
mixed with bezlotoxumab (10 mg/kg) or DLD-4 (0.25 mg/kg), as all mice died within 30
hours post injection (Figure 4-6). In previous studies, when a much lower toxin dose was
used (25 ng/mouse or ~1 pg/kg), i.p. injection of bezlotoxumab (10mg/kg) lead to 38%
mice (3 out of 8) surviving 72 h post toxin injection?®. These results demonstrated that

the DLD-4 possesses significantly higher toxin-neutralization ability than bezlotoxumab.
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Figure 4-6 In vivo studies on DARPIn neutralization ability.
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4.3.2. Dimeric DARPIn interacts with TcdB on the receptor binding pockets
4.3.2.1. Cryo-EM structure of the full-length TcdB and its interaction with DARPIn
DLD-4

To understand how DLD-4 neutralizes TcdB, single-particle cryo-electron
microscopy (cryo-EM) was used to determine the complex structure of TcdB and DLD-
4,

The overall structure of full-length TcdB is very similar to TcdA, consisting of four
functional domains: the glucosyltransferase domain (GTD), the autoprocessing domain
(APD), the Delivery domain and CROPS domain. The Delivery domain undergoes
conformational changes triggered by the low pH environment in the late endosome to
form pores, translocating the GTD across endosome membrane into the host cytosol
after ADP-catalyzed intramolecular cleavage reaction. Once inside the cytosol, GTD
inactivates small GTPases such as RhoA, Racl and Cdc42 by glucosylation, causing a
loss of actin polymerization and cytoskeletal changes and disruption of the colonic
epithelial junctions.

The two constituent DARPins of DLD-4, U3 and 1.4E, bind around the middle
and the C-terminal end of the Delivery domain, respectively (Figure 4-7A-C). The 1.4E
also interacts with the C-terminal region of the APD. The resolved protein secondary
structures allowed us to model each domain of the TcdB and DLD-4 into the cryo-EM
density (Figure 4-7D). Notably, the density of the 15-residue long peptide linker
between the C-terminus of U3 and the N-terminus of 1.4E was visible, enabling the

assignment of each DARPIn into its corresponding density (Figure 4-7E). The local
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resolutions of the cryo-EM density are not uniform throughout the complex, with lower
resolutions around U3 of DLD-4 and the C-terminal tip of the CROPS domain. These
are consistent with the observation that U3 DARPIn binds relatively weakly to TcdB and
the tip of the CROPS domain exhibits larger flexibility, both of which contribute to their

lower local resolutions in single-particle cryo-EM reconstructions.

GTD APD CROPS
1 543 1852 2366

Figure 4-7 Cryo-EM structure of the TcdB-DLD-4 complex.
A) Domain organization of TcdB and its interaction with the 2 modules of the
DLD-4 DARPIn. The binding sites on TcdB for DLD-4 are indicated by the blue
and orange triangles for the U3 and 1.4E modules, respectively. (B) Density map
of the TcdB-DLD-4 complex with the functional domains and DARPin modules
in different colors. (C) The same map but rotated 90° as indicated by the arrow.
(D) The model fitted into the map as viewed from the eye cartoon labeled in Panel
B. The density map is iso-surfaced at a threshold of 9 6. (E) Zoom-in of the region
labeled within the dashed black box in Panel C to show the linker between
DARPins U3 and 1.4E. The density map is iso-surfaced at a threshold of 3.8 ¢.
APD, autoprocessing domain; CROPS, combined repetitive oligopeptides; cryo-
EM, cryo-electron microscopy; DARPIn, designed ankyrin repeat protein; GTD,
glucosyltransferase domain; TcdB, C. difficile toxin B.
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3D classification of all the cryo-EM particles of TcdB and DLD-4 revealed
multiple conformations of the CROPS domain (Figure 4-8), indicating a continuum of
conformational variations at the C-terminal tip of the CROPS domain. Importantly, in all
observed conformations of both DLD-4-bound and apo TcdB particles, the CROPS
domain projects away from the Delivery domain. Such a conformation of the CROPS
domain is strikingly different from that reported in the negative-stain electron
microscopy (EM) structure of the full-length apo TcdA and TcdB at the same pH (pH
7.4), in which the CROPS domain extends toward and ‘kisses’ the Delivery domain. To
resolve whether the 180° shift of the CROPS domain results from the difference between
cryo-EM and negative-staining EM specimen preparations, we calculated the two-
dimensional (2D) class-averages of the negatively stained apo TcdB particles at pH 7.4.
In ~80% of the negatively stained TcdB particles, the CROPS domain extends toward
the Delivery domain (Figure 4-8B), similar to that seen in the negatively stained apo
TcdA and TcdB. Only ~20% of the apo TcdB particles have the CROPS domain
projecting away from the Delivery domain similar to that observed in cryo-EM TcdB
structure. Unlike cryo-EM, in which the protein samples are preserved in a vitreous state
with water molecules in and surrounding the specimen, negative-stain EM inevitably
results in dehydration and flattening of the biological specimens which may result in
distortion of the molecule’s conformation. Thus, we believe that the TcdB conformation
in which the CROPS domain projects away from, rather than extending toward, the

Delivery domain, represents the native aqueous conformation of TcdB at pH 7.4.
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Figure 4-8 3D classification result and the negative stain result of TcdB and
DLD-4 complex.

Examination of the interface between TcdB and DLD-4 revealed detailed binding
modes between the toxin and the two constituent DARPins, U3 and 1.4E, which are
separated by ~30A and orientated perpendicular to each other (Figure 4-9A). The two
DARPIns are connected by a 15-residue linker (GGGGSx3), which lies along the side of
the Delivery domain of TcdB. Each DARPIn consists of 3 designed ankyrin repeat (AR)
modules sandwiched between the N- and C-terminal capping ARs. Each designed AR
and the C-terminal capping AR consist of a b-turn loop followed by two antiparallel a-
helices, resulting in three variable and one fix loops on each DARPIn. These four loops
are labeled as Loop 1-4 in Figure 4-9. As anticipated, both DARPins have their variable
loop regions contacting the TcdB and their helical scaffold regions exposed to the
solvent. U3 grips onto the middle of the Delivery domain (a B-sheet from residues 1461-

1510 and a loop from residues 1595-1603, Figure 4-9B) while 1.4E sits between the C-
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terminus of the Delivery domain and the N-terminus of the CROPS domain (residues
1800-1834), and interacts with a loop from the APD (residues 747-751) (Figure 4-9C).
The sequence of TcdB from 1800 to 1834 lacks a high-resolution structural reference.
However, both the shape of the EM density and the secondary structure prediction based
on the protein sequence indicated this region to be a B-sheet (grey density in Figure 4-
9C).

The cryo-EM structure revealed several protein residues carrying opposite
charges at the binding interface between DLD-4 and TcdB. For example, the U3 has Arg
66 on Loop 1 and Lys 163 on Loop 4 that are within 5-A distances to Glu 1468 and Asp
1501 from the TcdB Delivery domain, respectively (Figure 4-9B). In the UK1 strain of
TcdB, the negatively charged Glu 1468 and Asp 1501 are occupied by the positively
charged Lys and polar Asn, respectively. These changes in electrostatic interactions may
explain the weakened affinity of U3 toward the TcdB from the UK1 strain.

For DARPIn 1.4E, the loops 1 and 2 span over a B-sheet region (residues 1749 -
1767) in the TcdB Delivery domain, while loops 3 and 4 interact with part of CROPS
(residues 1800-1834) and APD (residues 747-751), respectively. Glu 144 and Lys 168
on loop 3 and loop 4 of 1.4E are within 5-A distances to the oppositely charged Lys
1846 in the CROPS domain and Glu 749 in the APD, respectively (Figure 4-9C). Given
these observations, charge interaction also likely contributed to the binding of 1.4E to
TcdB. It is worth noting that this region (residues 1753-1851) was reported to be highly
variable between TcdB from different ribotypes and neutralizing epitopes within this

region was found to be less accessible in TcdB of ribotype 027 (e.g. UK1) than that of
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ribotype 012. No detectable binding between 1.4E and UK1 strain of TcdB was observed
in our ELISA assay. Thus, the lack of neutralization activity of 1.4E against TcdB from

UK1 may be partially due to the occlusion of the neutralization epitope on this toxin.

Figure 4-9 Interactions between TcdB and DLD-4.

(A) Overall model of the complex. (B) Zoom-in view to show the interactions
between U3 DARPIn and TcdB as viewed in the direction labeled by an eye cartoon
in Panel A. (C) Zoom-in view to show the interactions between the DARPIn 1.4E
and TcdB at the region as labeled by red dashed box in Panel A. APD,
autoprocessing domain; CROPS, combined repetitive oligopeptides; DARPIn,
designed ankyrin repeat protein; GTD, glucosyltransferase domain;

TcdB, C. difficile toxin B.
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4.3.2.2. Mechanism of TcdB neutralization by DARPin DLD-4

Both TcdA and TcdB enter cells via receptor-mediated endocytosis. The CROPS
domain is historically thought to be the sole receptor-binding domain. However, three
cell-surface receptors for TcdB have been recently been reported: chondroitin sulfate
proteoglycan 4(CSPG4), poliovirus receptor like 3 (PVRL3 or NECTIN3), and members
of the Frizzled protein family (FZD1, FZD2, and FZD3). Our best TcdB-neutralizing
DARPin DLD-4 consists of DARPin 1.4E and U3. The Cryo-EM study revealed that 1.4
E interacts with regions between residues 747-751 and 1800-1834, while U3 interacts
with regions between 1461-1510 and 1595-1603 (Figure 4-8A). Since these regions over
overlap with that of TcdB receptor CSPG4 (between residues 1756-1852, designated
D97), we postulated that DLD-4 may neutralize the toxin by blocking the interaction
between the toxin and at least one of its receptors.

We first determined whether DLD-4 would compete with CSPG4 for binding to
TcdB using competitive ELISA. A GFP-tagged extracellular domain of CSPG4
(CSPG4-EC-GFP) was expressed in HEK 293F cells and purified. For the ELISA
experiments, MaxiSorp 96-well plates were first coated with purified TcdB, then
incubated with CSPG4-EC-GFP (1 nM) in the presence or absence of DLD-4 or its
constituent DARPIns (250 nM) for 1 h at room temperature. After thorough washing, the
bound CSPG4-EC-GFP was detected using anti-GFP antibody. As shown in Figure 4-
9A, DLD-4 and its constituent 1.4E were able to significantly reduce the binding signal

from CSPG4-EC-GFP with DLD-4 producing a more pronounced signal reduction than
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1.4E. No significant reduction in binding signal was observed for U3. This result

indicates that the 1.4E DARPIn interferes with the toxin-CSPG4 interaction.
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Figure 4-10 Charge contribution of binding between U3 and TcdBuvei.
Relative binding of U3 to different immobilized mutants of FBD (A) or different
U3 mutants to immobilized TcdBVPI (B) was determined using ELISA. In both
cases, serially diluted WT or mutant U3 proteins were added to microtiter plates
coated with 4 pg/mL of the TcdBVPI (A) or FBD variants (B). Results are the
average of 3 independent experiments, and the error bars represent the standard
deviation. (C) Relative binding of FZD2-Fc to immobilized TcdBVPI. The ELISA
plates were coated with TcdBVPI followed by treatment with 1 nM of FZD2-Fc
alone or in combination with 250 nM of WT or different U3 mutants. The error
bars represent mean deviation from 2 independent experiments. ELISA, enzyme-
linked immunosorbent assay; FBD, frizzled binding domain; FZD2-Fc, Fc-tagged
extracellular domain of FZD2; TcdB, C. difficile toxin B; WT, wild type.
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We carried out a similar competition ELISA experiment to determine whether
DLD-4 and FZD2 bind to overlapping epitopes on TcdB. After toxin immobilization, the
plate was incubated with FZD2-Fc (1 nM) in the presence or absence of DLD-4 or its
constituent DARPins (250 nM). As shown in Figure 4-9B, significant reduction of
binding signal was observed for DLD-4 and U3 while no reduction of FZD2-binding
signal was observed for 1.4E. This data indicates the U3 competes with FZD2 for
binding to TcdB. Since U3 interacts with TcdB between residues 1461-1510 and 1595-
1603, our result essentially maps the binding footprint of FZD2 for the first time. No
signal reduction was observed for the extracellular domain of PVRL3 (PVRL3-EC)
using the same assay, suggesting that DLD-4 does not interfere with the interaction
between PVRL3 and TcdB. Altogether, these studies led us to conclude that the high
toxin-neutralization potency of DLD-4 stems from its ability to simultaneously interfere
with the ability of TcdB to interact with two of its cellular receptors CSPG4 and FZD2.
4.4. Discussion

C. difficile infection (CDI) represents a serious public health problem with more
than $6 billion in annual treatment-associated costs. CDI often occurs post broad-
spectrum antibiotics treatment, which disrupts the patients’ natural gut microflora that
would normally prevent the colonization of C. difficile. Consequently, antibiotics are
non-ideal therapeutics against CDI. In addition, the rate of CDI recurrence post cessation
of antibiotic treatment has greatly increased in the past decades, pointing to a great need
for non-antibiotic-based CDI therapeutics. Direct toxin-neutralization by monoclonal

antibodies have emerged as a promising therapy against CDI, with bezlotoxumab
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(ZINPLAVA), a fully human monoclonal antibody against C. difficile toxin TcdB,
recently being approved by the FDA for treatment of recurrent CDI. The market value of
bezlotoxumab is predicted to reach over US$212 million by 2020. However, even with
bezlotoxumab, the CDI recurrence rate remains high at 15-17%. Furthermore,
bezlotoxumab shows significantly reduced neutralization potency against toxins from
hypervirulent strains of C. difficile ribotype 027 and 078.

In this study, we aimed to engineer a highly efficacious microbial-expression
compatible antibody surrogate protein, designed ankyrin repeat protein (DARPIn), for
the neutralization of C. difficile toxin TcdB. DARPIns represent a versatile class of
binding proteins that have been engineered to bind diverse targets with up to picomolar
affinity. Furthermore, DARPIn is also amenable to high yield production by microbial
recombinant expression hosts. Our long-term goal is to create DARPin-based oral
therapeutics against CDI infection. Combining phage-panning and functional screening,
we identified 12 DARPIns that protected Vero cells against TcdB-induced cytopathic
effect with nanomolar ECso values. A secondary functional screening of dimeric
DARPIns yielded 10 dimers with >100-fold improved toxin-neutralization potency
compared to the monomers. The best dimer DARPin, DLD-4, inhibited TcdB from VPI
10463 (ribotype 087) and M68 (ribotype 017) with ECso values of 4 and 16 pM
respectively, which are ~330-fold and ~33-fold more potent than the FDA-approved
bezlotoxumab. Furthermore, DLD-4 effectively protected mice against lethal TcdB toxin

challenge in vivo.
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Cryo-EM studies revealed that the two constituent DARPins of DLD-4, U3 and
1.4E, bind to two different regions on the TcdB that overlaps with those associated by
TcdB receptor CSPG4 (residues 1756-1852) and FZD2 (residues 1501-1834),
respectively. Subsequently competitive ELISA studies confirmed that 1.4E and U3
competes with CSPG4 and FZD2, respectively, for binding to TcdB. No competition
between DLD-4 and the third TcdB receptor Pvrl3 was observed. Thus, the ultra-high
neutralization potency of DLD-4 likely stems from its ability to simultaneously block the
interaction between TcdB and two of its receptors. In addition, it is worth noting that the
current study also, for the first time, pin points the binding epitopes of FZD2 to the
footprint of U3 (residues 1501-1510 and 1595-1603).

Moreover, our cryo-EM studies revealed a novel conformation of TcdB at pH 7.4
in which the CROPS domain points away from the Delivery domain. This is in contrast
to what is seen in negative-stain EM structure of TcdA, as well as the major
conformation of the negatively stained apo-TcdB. Given that unlike negative-stain EM,
the cryo-EM specimen preparation suffers no structural artifacts from specimen
preparation, we believe that our cryo-EM structure likely represents the native
conformation of TcdB in aqueous environment at pH 7.4.

In summary, we report the engineering of a panel of DARPins with superior
toxin neutralization potency against C. difficile toxin TcdB than the FDA-approved anti-
TcdB monoclonal antibody bezlotoxumab. These DARPin-based highly potent anti-
toxins possess great potential as therapeutics to treat and/or prevent CDI. Cryo-EM

structural studies, for the first time, revealed a novel and native conformation of the full-
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length toxin at pH 7.4, encompassing the CROPS domain and provided important
structural insight on the toxin-neutralization mechanism-of-action of DLD-4. These

results should enable better design and engineering of inhibitors against TcdB.
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5. CONCLUSIONS
5.1. Receptor binding of TcdB

In this dissertation, | examined in detail the interaction between the Clostridium
difficile toxin TcdB and the FZD2/CSPG4 receptors of the host intestinal epithelium.
This is the first time the structures of full-length TcdB bound to its receptors have been
determined. The interactions between TcdB and FZD2/CSPG4 are fundamentally
different. The interaction between TcdB and FZD2 is primarily hydrophobic and
confirms a published crystal structure (89). Because a homolog model for CSPG4 had
been lacking, this is the first time that the structure of a CSPG4 fragment and its
glycosylation site have been visualized. The interaction interface between TcdB and
CSPG4 was identified, although the exact pattern of the interaction remains unknown. |
not only described the interaction sites of TcdB with CSPG4 but also found that the
autoprocessing domain (APD) of TcdB is involved in receptor binding. Even though the
combined repetitive oligopeptides (CROPS) domain of TcdB is proposed to interact non-
specifically with the glycan (145), the glycan moiety of the CSPG4 fragment (residues
410-560) seems not to be close to TcdB, suggesting that glycosylation of this CSPG4
fragment is not involved in the binding.

By comparing the density maps of TcdB in its FZD2 and CSPG4 bound states, |
can tell that the delivery domain of TcdB is relatively “stable” when interacting with
FZD2, comparing with CSPG4 binding state. This conclusion is supported by my 3D
classification focused on the delivery domain region. Nearly all particles converge into

one class for the delivery domain in the FZD2-bound state of TcdB, demonstrating that
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all particles adopt a similar domain organization. The reason could be that FZD2
stabilizes the delivery domain and stop it from flipping around. When TcdB interacts
with CSPG4, the TcdB delivery domain adopts three different conformations classified
as CSPG4 binds to the N-terminus of the CROPS domain.

The delivery domain goes through conformational changes, including bending
and twisting motions, when the pH decreases. This acidification-induced movement of
the delivery domain of TcdB bound to CSPG4 will therefore be less restricted than when
TcdB is bound to FZD2. A study demonstrating that cells expressing CSPG4 in addition
to FZD2 are more susceptible to TcdB intoxication than cells that only express FZD2
(81) supports this hypothesis.

Cryo-EM gives a more dynamic and natural state of macromolecules than X-ray
crystallography because the molecules are fast-frozen in vitrified ice. Protein particles
that are in different states can be classified and resolved if they are present in different
discrete states. Here, | provide not only a detailed analysis of the interaction of TcdB
with its receptors but also more dynamic views of TcdB when it interacts with its
receptors. These results provide more information about the mechanism of TcdB uptake
and may suggest future approaches to the development of CDI treatment.

5.1.1. Why does TcdB utilize a different receptor-binding mechanism than TcdA?

It is known that TcdB and TcdA utilize different regions of the proteins to
interact with different receptors. Only the grooves formed by LRs and SRs in the
CROPS domain of TcdA have been shown to interact with its receptor such as sucrase-

isomaltase and gp96, whereas TcdB can enter the host cell by interaction with multiple
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different receptors. Because TcdA and TcdB have a similar structural organization of
their CROPS domains, one might have thought that they should share a similar entry
mechanism. When observing the detailed amino acids in the grooves of LRs and SRs in
TcdB, reversed charges of critical binding residues are found when comparing the
primary sequence with TcdA. For example, the carbohydrate from the cell membrane is
proposed to interact with the acidic side chain of glutamic acid residue 2532 in TcdA,
which is replaced by a lysine residue at the equivalent position in TcdB. This flip-of-
charge makes it impossible for the amino acids in the TcdB CROPS domain grooves to
interact with glycosylated membrane protein like TcdA does. Thus, the surface of the
TcdB CROPS domain is not sufficient for interaction with glycan.

After interacting with their receptors, TcdA/TcdB go through well-defined
endocytosis pathways. TcdB is incorporated through the clathrin-mediated pathway,
whereas TcdA enters the cell through the caveolae-mediated pathway (146) (147). These
two pathways are both utilized by enteritic viruses and toxins. For example, the Ebola
and SARS viruses go through the clathrin-mediated pathway, while Tetanus toxin and
E.coli shiga toxin go through the caveolae-mediated pathway (148). In the caveolae-
mediated pathway, the caveolae aggregate underneath the receptor and form vesicles in
the cytoplasm. However, not all of these vesicles merge with the early endosome, which
means that some portion of the TcdA will not get the chance to complete its action.
Developing multiple receptors results in more efficient incorporation. TcdB is reported
to have a greater cellular toxicity than TcdA, and its use of multiple receptors may

contribute to this effect. Even though there are seven binding pockets for carbohydrates
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in the TcdA CROPS domain, the binding affinity between each binding pocket and its
receptor is relatively low (~5X102 M) (149), whereas TcdB interacts with its receptors
with a much higher affinity (~20nM).
5.1.2. Does TcdB incorporate into cells using one receptor or multiple receptors?

FZD2 has a relatively small extra cellular domain (~30kD), whereas the
extracellular domain of CSPG4 is much bigger and heavily decorated by glycans.
Binding with these two receptors significantly increases the rate of endocytosis.
However, the size difference between CSPG4 and FZD2 makes it hard to imagine that
TcdB is able to interact with both receptors at the same time. Previous studies
demonstrated that TcdB binds to CSPG4 andFZD2 independently, and the toxicity is
additive (81). This means that TcdB probably interacts with either CSPG4 or FZD2 prior
to endocytosis. Based on our ELISA assay results for binding of CSPG4 and FZD2 with
TcdB at neutral and acidic pH, | found that when TcdB is internalized through binding
with CSPG4, it dissociates from the receptor more quickly, probably because
conformational changes of the TcdB delivery domain are less restricted. TcdB
dissociates from FZD2 relatively slowly, and it binds to the delivery domain, two
circumstances that presumably slow down pore formation and translocation of TcdB out
of the late endosome into the cytosol.
5.1.3. Future questions needed to be resolved

Even though my structures revealed the interactions between TcdB and its two
receptors, FZD2 and CSPG4, the interaction between TcdB and its third potential

receptor, PVRL3, remains unclear. In LaFrance et al. (79), the authors propose that
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PVRL3 is a TcdB receptor because: 1) A direct interaction was found between purified
TcdB and PVRL3. 2) Anti-PVRL3 antibody blocks the cytotoxicity induced by TcdB.
However, a knock-down of PVRL3 levels did not reduce the potency of TcdB in causing
rounding of Hela cells. Also, expressing PVRL3 in a CSPG4-knockdown cell line did
not restore TcdB toxicity, whereas complementation with FZD2 made the CSPG4-
knockdown susceptible to TcdB. Thus, although PVRL3 may be involved in the
mechanism of TcdB uptake, its exact function needs to be investigated more carefully.
One possibility is that PVRL3 interacts with TcdB prior to its internalization. However,
this interaction does not lead to endocytosis but rather blocks some other cellular
activities related to PVRLS3, such as the regulation of cell adhesion. Another possibility
is that interaction with PVVRL3 increases the local concentration of TcdB, thereby
making it easier to contact the receptors that actually trigger endocytosis. To test this
possibility, one could generate different truncated variants of TcdB to identify in the
region that interacts with PVRLS3.
5.2. Pore formation and translocation

Pore formation and translocation out of the late endosome are the least
understood steps in the uptake of TcdB. It is impossible to separate the pore-formation
step from the translocation step as they happen nearly simultaneously (128). Our cryo-
EM results provide some intermediate states of TcdB at acidic pH that provide some
idea of how these processes occur. Based on a 3D variability analysis, a continuous
movement, rather than discrete states, is observed, indicating that the movement of

TcdB is very fast and involves a flip. Direct observation of the different intermediate
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states is quite difficult based on our preliminary results. Another unique aspect of this
process is that the pore formed by TcdB in the endosome membrane is not present
continuously. This conclusion is supported by the observation that the leakage of Rb*
from inside liposomes is pulsatile (128). Also, no oligomerization of TcdB is observed,
either when it is in citric acid buffer or bound to the liposome membrane. This
observation is totally different from anthrax toxin, which forms heptamer when pH
decreases.

Based on the results presented in Chapter 11, I propose a model for pore
formation and translocation of TcdB. TcdB is in a flexible state, with its delivery domain
flipping around and its CROPS domain moving. When the pH decreases, drastic
conformational changes occur, the whole particle expands, and the delivery domain tip
extends forward. The helices (residues 1018-1112) that wrap around the delivery domain
also become extended. The short helices formed by residues 1043-1050 and 1054-1065
are flexible and insert into the endosome membrane. The loop comprised of residues 935
to 949, which are involved in the translocation are flipped. These changes accompany
large conformational changes in domain 1 in the beginning of the delivery domain,
which are proposed to be related to the translocation.

Even with so many movements observed, it is hard to imagine that TcdB is able
to move the GTD and APD (~90kD) from the lumen of the endosome to the cytosol just
by inserting several helices into the membrane. Based on the results from the leakage
assay, we know that TcdB is able to form a pore in the liposome membrane within five

minutes after acidification. Thus, | should be able to utilize cryo-EM to solve a rough
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structure for TcdB within the liposome membrane. If a large domain reorganization
occurs, | should be able to detect it, and with the liposome present, the TcdB structure
will be highly stabled. The rate of insertion of TcdB into the membrane remains
unknown. Optimizing conditions, such as liposome composition and the buffer
conditions, is necessary to find the most efficient insertion rate of TcdB. In order to
detect the insertion rate of TcdB, | will add protease in the citric acid buffer that contains
TcdB/liposome mixture. If the translocation is happening, the TcdB GTD/APD will be
protected from protease digestion as it is flipped in the liposome.
5.2.1. The role of the CROPS domain in TcdB pore formation

Chen et. al. (1) compared the particle lengths of TcdB at physiological pH and
acidic pH using small-angle X-ray scattering. They found that, at acidic pH, TcdB
adopts an “open” state in which the CROPS domain points away from the delivery
domain. At physiological pH, TcdB adopts a “closed” state in which the CROPS domain
is aligned with the delivery domain. Our cryo-EM structures show only the “open” state
under both pH conditions. This could be because TcdB stays in the “closed” state for a
very brief time. Knowing the “closed” structure and comparing it with the “open” state,
we might be able find out more about the function of the TcdB CROPS domain and its
role in regulation of the conformational change. This will require collecting more cryo-
EM data to capture this transition state and the application of model-orientated

classification to identify the rare particles that exist in the “closed” state.
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5.2.2. Is TcdB able to influence the morphology of the endosome?

Detectable signal mismatch and an increase in the baseline are observed in the
leakage assay, suggesting that: 1) There are not many holes formed in the liposome
membrane that will disrupt its intactness after pH decreases. We can still observe strong
signals from calcein that remains in the liposome lumen, and only some of the calcein
signal does not co-localize with the membrane that contains lipophilic carbocyanine DiD
2). There are signs that liposomes are getting much closer when liposomes are incubated
with TcdB at pH5 for 5 minutes. This was shown by comparing the signal from DiD on
the liposome membrane. When TcdB was added at pH5, the signal from liposome
membrane became stronger, and with less TcdB only a medium strength signal existed,
suggesting that some of the medium-sized liposomes become larger somehow after
treatment with TcdB. This was demonstrated by our cryo-EM data of TcdB added to
liposomes at pH5. The neighboring liposomes are not fusing but connected together by
TcdB particles.

Whether this phenomenon is significant to the toxicity of TcdB is not known.
When performing the leakage assay, | used a high concentration of the liposome and
TcdB mixture to replicate the conditions used for cryo-EM single-particle data
collection. Thus, the liposomes might have aggregated because of the exposure of the
hydrophobic patch of TcdB on the liposome exterior.

5.3. Concluding remarks
As mentioned in the main text, TcdB secreted from C. difficile is a highly

flexible and dynamic protein that is suitable to be studied using cryo-EM. By collecting
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large data sets of different states of TcdB, | was able to visualize the dynamic
movements that accompany receptor binding and the conformational changes that occur
when the pH in the endosome lumen decreases. The two receptors for TcdB interact with
different regions of TcdB. FZD2 binds to the middle of the delivery domain, forming a
hydrophobic patch with a protrusion of the delivery domain. The interaction with FZD2
stabilizes TcdB, especially the delivery domain. pH change has no effect on the binding
affinity of FZD2 for TcdB, which might position the delivery domain close to the
membrane, ready for insertion. Whether stabilizing the TcdB delivery domain under
physiological pH benefits the following conformational change remains unknown. A
more complete picture of the conformational changes in the delivery domain need to be
resolved in order to understand the stabilizing effect of FZD2. | have collected thousands
of micrographs of His-tagged TcdB bound to liposomes. The liposome provides a
hydrophobic environment for the TcdB pore-forming region and stabilizes the local
structure.

A model of the CSPG4 fragment (residues 410-560) that binds TcdB is presented
in this dissertation. CSPG4 is a highly glycosylated membrane protein that is important
for the regulation of many pathways, including the cell cycle and cell morphology.
When a protein is highly glycosylated, it is impossible to solve its structure with
crystallography. A high resolution density map was derived in this work and provides a
good model of the fragment, with the glycan moieties visible. Based on our structure, the
binding of CSPG4 and TcdB depends on a hydrophobic interaction at the N-terminus of

the CROPS domain and a charge-charge interaction with the APD. A 3D classification
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performed on the TcdB-CSPG4 data revealed a flipping movement at the tip of the
delivery domain. This movement is not seen with TcdB bound to FZD2. Acidification
significantly decreases the binding affinity of TcdB for CSPG4. Because the N-terminal
domain of CSPG4 is far from the membrane, TcdB bound to CSPG4 is not positioned to
insert into endosomal membrane. Thus, dissociation from the receptor is necessary for
the TcdB to translocate through the endosome membrane.

Single-particle cryo-EM was also performed on FZD2-bound TcdB at acidic pH.
After 1 min at acidic pH, conformational changes are observed, but they are not drastic
enough to allow pore formation. Thus, the structure | determined must represent an
intermediate pre-pore state of TcdB. Although aggregations were found when TcdB at a
high concentration (> 0.1mg/mL) was incubated in citric acid buffer at pH5, no obvious
oligomerization was found during the single-particle analysis, indicating that the pore-
forming mechanism of TcdB is distinct from that of other AB toxins.

It has been proposed that TcdB pore-forming is a transient behavior, meaning
that TcdB may not stay inserted in the membrane or create a permanent hole that allows
trafficking of small molecules from the lumen to the cytosol. This hypothesis was
supported by a leakage assay conducted with liposomes. When TcdB was attached to the
exterior surface artificial liposomes saturated with Rb* in their lumen, lowering the pH
induced a flow of Rb+ from the inside to the outside. This leakage was transient,
suggesting that TcdB does not form a long-lived channel after pore formation. Based on
this result, we propose that TcdB may adopt multiple states as it inserts and then retracts

from the membrane. We saw great flexibility of the CROPS and delivery domains at
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acid pH, together with subtle movements of the GTD and the APD. These observations

all suggest that TcdB is in an extreme unstable state at acidic pH.
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GroEL actively stimulates folding of the
endogenous substrate protein PepQ

Jeremy Weaver'**, Mengaiu Jiang'?*, Andrew Roth', Jason Puchalla3, Junjie Zhang' & Hays S. Rye'

Many essential proteins cannot fold without help from chaperonins, like the GroELS system of
Escherichia coli. How chaperonins accelerate protein folding remains controversial. Here we
test key predictions of both passive and active models of GroELS-stimulated folding, using the
endogenous E. coli metalloprotease PepQ. While GroELS increases the folding rate of PepQ by
over 15-fold, we demonstrate that slow spontaneous folding of PepQ is not caused by
aggregation. Fluorescence measurements suggest that, when folding inside the GroEL-GroES
cavity, PepQ populates conformations not observed during spontaneous folding in free
solution. Using cryo-electron microscopy, we show that the GroEL C-termini make physical
contact with the PepQ folding intermediate and help retain it deep within the GroEL cavity,
resulting in reduced compactness of the PepQ monomer. Our findings strongly support an
active model of chaperonin-mediated protein folding, where partial unfolding of misfolded
intermediates plays a key role.

! Department of Biochemistry and Biophysics, Texas A&M University, College Station, Texas 77845, USA. 2 State Key Laboratory of Biocontrol, School of Life
Science, Sun Yat-sen University, Guangzhou, Guangdong 510275, China. ? Department of Physics, Princeton University, Princeton, New Jersey 08544, USA
* These authors contributed equally to this work. ¥ Present address: Division of Molecular and Cellular Biology, NICHD, National Institutes of Health,
Bethesda, Maryland 20892, USA. Correspondence and requests for materials should be addressed to J.Z. (email: junjiez@tamu.edu) or to HSR.

(email: haysrye@tamu.edu).

18:15934 | DOI: 10.1038/ncomms15934 | www.nature.com/naturecommunications 1

*Reprinted with permission from “GroEL actively stimulates folding of the endogenous substrate protein PepQ” by
Jeremy Weaver, Menggiu Jiang, Andrew Roth, Jason Puchalla, Junjie Zhang & Hays Rye, 2017. Nature
communications, 8:15934, Authors retain copyright.

139



ARTICLE

olding is a highly error prone process for many large

and essential cellular proteins. Misfolding and aggregation

often overwhelm the delicate thermodynamic balance that
drives a protein toward its native state. Throughout evolutionary
history, living systems have solved this problem with specialized,
ATP-powered machines known as molecular chaperones'. The
Hsp60s or chaperonins are a central and essential family of
the molecular chaperones, and the GroELS chaperonin system of
Escherichia coli is one of the best studied examples®~>. GroEL is a
homo-oligomer of 14, 57 kDa subunits, that is arranged in two,
seven membered rings stacked back-to-back. Each ring contains a
large, open, solvent-filled cavity®. The inner cavity surface of the
uppermost domain (the apical domain) is lined with hydrophobic
amino acids that capture non-native substrate proteins”S,
Substrate proteins that strictly depend upon GroEL for folding
(so-called stringent substrate proteins) must be briefly enclosed
within a complex formed by a GroEL ring and the smaller,
ring-shaped co-chaperonin GroES®~'2, Formation of the GroEL-
GroES complex first requires that a GroEL ring bind ATP, which
triggers a series of conformational rearrangements of the GroEL
ring, permitting GroES to bind and resulting in the encapsulation
of the substrate protein. Enclosure of the substrate protein
beneath GroES results in ejection and confinement of the protein
inside the enlarged GroEL-GroES chamber (a cis complex) and
initiation of protein folding. Folding continues within the isolated
GroEL-GroES cavity for a brief period, until the complex is
disassembled and the substrate protein, folded or not, is released
back into free solution® 111314,

Despite this detailed structural and functional knowledge,
current models of GroEL-assisted folding remain divided into two
general types based upon whether GroEL is presumed to act
passively or actively>>!%, Passive models, like the Anfinsen
cage or infinite dilution model, postulate that protein folding is
only enhanced by GroELS because folding intermediates are
prevented from aggregating by isolating them within the
protective environment of the GroELS chamber®'®. Purely
passive models implicitly assume that the folding of GroEL-
dependent proteins are constrained only by the aggregation
propensity of on-pathway folding intermediates. Active GroEL
folding models, by contrast, assume that stringent GroEL-
substrate proteins can and do populate off-pathway, kinetically
trapped states. In this view, GroELS stimulates protein folding
because these kinetically trapped intermediates benefit not only
from protection against aggregation but also from additional, and
essential, corrective actions provided by the chaperonin®!®, The
mechanism of this corrective action remains controversial, but
has been suggested to come from either (1) repetitive unfolding
and iterative annealing”'18 or (2) smoothing of a substrate
protein’s free energy landscape as a result of confinement inside
the GroEL-GroES cavity, where either steric constraints and/or
interactions within the chamber prevent unproductive folding
pathways in favour of productive ones®!>16,

Several stringent substrate proteins have been shown to
display folding behaviour that is consistent with one or more
predictions of active GroEL folding models'®-%!. Some of the most
detailed analysis to date has been conducted with ribulose-1,
5-bisphosphate carboxylase oxygenase (RuBisCO) from R. rubrum
and a double mutant of E. coli maltose binding protein (MBP)19-24,
While highly suggestive, these studies nonetheless leave the
importance of active folding unclear. General conclusions about
the impact of active folding cannot be robustly drawn from such
a small number of examples. In addition, in the case of RuBisCO,
the mismatch between the biological source of the substrate protein
(Rhodospirillum rubrum) and the chaperonin (E. coli), leaves the
biological consequences of these findings open to interpretation.
Similarly, in the case MBP, it was necessary to employ an

2

engineered double-mutant of this protein in order to study
GroEL-stimulated folding, because wild-type MBP neither
interacts with, nor needs the chaperonin for folding in its natural
biological context. Thus, a convincing demonstration of active
folding assistance by GroEL of a stringent, endogenous E. coli
substrate protein has remained elusive. A recent study on the
assisted folding of the E. coli HTP synthase/lyase DapA sought to
address this problem?’. The results of this work suggested that
DapA requires an active GroEL folding mechanism. However, a
more recent study of DapA folding called key elements of this work
into question?®.

In order to test the central predictions of passive and active
models of chaperonin-mediated folding, we have re-examined the
mechanism of GroELS-assisted protein folding using the biologi-
cally relevant, endogenous E. coli prolidase enzyme, PepQ. PepQ
catalyses the hxdrolysis of dipeptides that contain C-terminal
proline residues®”%%, It forms a homodimer, with each monomer
(~50kDa) built from two domains: a small, mixed o/ N-terminal
domain and a pita-bread fold***’ C-terminal domain that contains
the active site (Fig. la; ref. 27). Two independent proteomics
studies predicted that PepQ requires the assistance of GroEL-
GroES for folding in vivo®'*2, In addition, PepQ is a member of a
protein structural family that is not represented among the well-
characterized GroEL-substrate proteins. Here, using a combination
of enzymatic assays, single-molecule fluorescence techniques, and
cryo-electron microscopy (EM), we demonstrate that GroEL
actively alters the folding of PepQ. Initial capture of a kinetically
trapped PepQ monomer by a GroEL ring results in substantial
unfolding, a process that relies in part on a direct, physical
interaction between the PepQ folding intermediate and the
unstructured GroEL C-terminal tails. Subsequent encapsulation
of the partially unfolded folding PepQ monomer within the
GroEL/ES chamber fundamentally alters the folding trajectory
of the protein, resulting in a faster and more efficient search for
the native state.

P PepQ folding is not caused by aggregation.
Upon dilution from chemical denaturant, PepQ folds sponta-
neously at room temperature (23 °C) to a final yield of 50-60%
with an observed half-time of ~ 20 min (Fig. 1b). However, in the
presence of the cycling GroEL-GroES system, PepQ folds with an
observed half-time of ~ 1 min to a final yield of 80-90% (Fig. 1b).
Encapsulation of PepQ within a non-cycling chaperonin complex,
composed of the GroEL single-ring mutant SR1 and GroES,
also results in accelerated refolding, consistent with previous
observations from other GroEL-substrate proteins (Fig. 1b;
refs 9,25,33,34). Inside the static SR1-ES cavity, PepQ folds at a
rate similar to that observed with cycling wild type GroEL at
23°C, although it displays a consistently lower yield. Thus, while
PepQ does not require GroEL to fold, the chaperonin accelerates
the folding rate of the enzyme by 15-20-fold, while increasing the
native state yield by ~40%.

The observation of slow spontaneous folding, in combination
with a decreased native state yield, suggests that PepQ folding is
inhibited by non-productive side reactions like misfolding or
aggregation. We therefore examined the fate of the PepQ that fails
to reach the native state. While this material remains fully in
solution, over time it loses the ability to fold productively, even
with assistance from GroEL (Supplementary Fig. 1). Approxi-
mately half of the PepQ population becomes refractory to
GroEL-mediated folding with a time constant that is similar to
that observed for productive spontaneous folding. Because the
non-native states of many chaperonin-dependent proteins are
highly prone to aggregation, we sought to determine whether
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Figure 1| Stimulated folding of PepQ by GroEL does not depend on large-scale suppression of aggregation. (a) The E. coli metalloprotease PepQ
catalyses the hydrolysis of dipeptides containing C-terminal proline residues. The structure of the native PepQ homodimer (PDB ID: 4QR8) is shown,
illustrating the pita-bread fold common to this enzyme family. (b) Refolding of PepQ was monitored by the recovery of enzymatic activity. PepQ was
denatured in acid-urea and then diluted into either buffer alone (100 nM; spontaneous, green) or buffer containing GroEL (200 nM). The GroEL-PepQ
binary complex was then supplemented with GrokS (400 nM) and ATP (2mM) to initiate folding ( + GroEL/ES/ATP, blue). In a parallel experiment,
denatured PepQ was bound to the single-ring mutant of GroEL, SR1 (300 nM), and refolded in the presence of GroES (600 nM) and ATP (2 mM;

+ SRI/ES/ATP, purple). Data were fit to a single-exponential rate law (solid lines), resulting in observed folding rate constants of 0.62 + 0.05min ~ ' for
GroEL, 0.62+0.09min " for SR1 and 0.035 + 0.005 min ~' for the spontaneous reaction. Error bars show the standard deviation of three independent
experiments. (¢) Large-scale aggregation of PepQ and RuBisCO was examined by static light scattering at 340 nm. PepQ (green) and RuBisCO (red) were
each denatured in acid-urea and then separately diluted into buffer at 23°C (100 nM final monomer). Each trace is the average of three separate
experiments. (d) The rate and yield of spontaneous PepQ folding as a function of enzyme concentration is shown. Chemically denatured, wild type PepQ
was diluted 50-fold into buffer to yield spontaneous folding reactions at the indicated final monomer concentration. The folding rate at each protein
concentration (green) and native state yield (black) are shown. Error bars show the s.d. of three independent folding experiments.

inefficient PepQ folding was due to aggregation. We first
examined the static light scattering of a spontaneous folding
reaction in which PepQ was rapidly diluted from denaturant into
refolding buffer. Surprisingly, PepQ displayed no significant
increase in light scattering, even after 1h of incubation at 23°C
(Fig. 1c). By contrast, R. rubrum RuBisCO, a stringent GroEL-
substrate protein well known to aggregate at 23 °C (refs 19,35,36)
showed a rapid and substantial increase in light scattering under
the same conditions (Fig. 1c). These observations indicate that
denatured PepQ does not form high concentrations of large
aggregates, at least under the conditions of the spontaneous
folding assay. However, PepQ could form inhibitory aggregates
that are too small or rare to be well detected by light scattering. If
true, the observed rate of spontaneous PepQ folding should be a
sensitive function of the total protein concentration. Strikingly,
over a concentration range from 25 to 500nM, the observed
half-time of PepQ folding remained unchanged, although we did
observe a decrease in the native state yield as the protein
concentration was increased above 250 nM (Fig. 1d).

The concentration independence of the PepQ folding rate
suggested that the slowness of spontaneous folding is not caused

NATURE MMUD

by inhibitory aggregation. To further test this conclusion,
we examined PepQ folding at low protein concentrations
using a set of fluorescence-based assays. We first introduced a
surface-exposed Cys residue into the first helix of the PepQ
N-terminal domain (A24C), which permitted unique attachment
of exogenous fluorescent probes (Supplementary Fig. 2A).
Importantly, PepQ labelled at position 24 with small dyes
like IAEDANS (PepQ-24ED), fluorescein (PepQ-24F), Oregon
Green (PepQ-240G) or tetramethyl rhodamine (PepQ-24TMR)
displayed no apparent alteration in enzymatic activity or stability.
Spontaneous folding of the PepQ-24ED variant displayed
no significant difference compared to wild type PepQ, and the
PepQ-24F, PepQ-240G, PepQ-24TMR variants folded only
slightly more slowly (~30%; Supplementary Fig. 2B). We used
these labelled PepQ variants in an intermolecular Férster
Resonance Energy Transfer (FRET) assay designed to examine
aggregate formation during spontaneous PepQ folding?’. In this
assay, two differently labelled PepQ monomers were employed:
PepQ-24ED as the donor and PepQ-24F as the acceptor. In the
native PepQ dimer, these sites are positioned too far apart for
Forster coupling (Supplementary Fig. 2A), so that any observed
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FRET signal should report primarily on aggregate formation.
When the two PepQ samples were mixed, denatured and
diluted together into refolding buffer at 50°C, formation of
PepQ aggregates was readily observed as a robust FRET signal
(80% FRET efficiency; Supplementary Fig. 2C). Surprisingly,
when the same experiment was conducted under spontaneous
folding conditions at 23°C, the observed FRET efficiency was
less than 4%, suggesting a lack of significant aggregation
(Supplementary Fig. 2C).

We next examined PepQ folding and aggregation at extremely
low protein concentrations using single-molecule detection
techniques. First, samples of PepQ-24TMR were denatured in
acid-urea and spontaneous folding was initiated by rapid dilution
(50-fold) into refolding buffer at 23 °C, yielding a final monomer
concentration of 2nM. This sample was allowed to fold
spontaneously at 23 °C and samples were removed and mixed
with a large excess of GroEL at different time points. Excess
GroEL was added to both quench the folding reaction and
increase the effective diffusion time of uncommitted PepQ
monomers, which were bound by the much larger GroEL
tetradecamer®22>, Fluorescence correlation spectra (FCS) were
then acquired for each time point and the fraction of folded
versus non-native PepQ was extracted from each autocorrelation
curve by comparison with two reference states: non-native
PepQ-24TMR bound to GroEL and native PepQ-24TMR. The
normalized autocorrelation curves of these two reference states
are shown in Fig. 2a. The rate of spontaneous PepQ-24TMR
folding, measured at 2 nM by FCS, closely recapitulates the rate of
folding of the protein observed at 100nM (Fig. 2b). More
importantly, when the same experiment was conducted with fully
cycling GroEL-GroES, folding of PepQ-24TMR was stimulated by
the same 15-20-fold observed at higher concentrations (Fig. 2b).

Using single-molecule, two-colour co-incidence detection we
next probed the assembly status of PepQ during spontaneous
folding at 2nM. As a control, we first examined formation of
the native PepQ dimer. A 1:1 mixture of PepQ-240G and
PepQ-24TMR was denatured and refolded at a total PepQ
concentration of 100nM in the presence of the active GroEL-
GroES system, in order to permit formation of PepQ dimers
carrying both probes. This sample was then diluted to 100 pM
PepQ and fluorescence bursts were collected using using a
two-channel, confocal-type single-molecule microscope (Fig. 3a,
inset). The native PepQ dimer was readily detectable as a robust
fraction of coincident events (Fig. 3a). Notably, the observed
coincident fraction (~10%) was lower than the theoretically
expected value of ~50% for a 1:1 mixture of PepQ-240G and
PepQ-24TMR. This difference is most likely due to the much
greater tendency of OG to convert to a long-lived dark (triplet)
state, relative to TMR (Supplementary Fig. 2D-F), which results
in a substantial decrease in observed co-incidence.

To examine PepQ monomer assembly during spontaneous
folding, samples of PepQ-240G and PepQ-24TMR were mixed at
1:1, denatured in acid-urea and then rapidly diluted (50-fold) into
refolding buffer at 23 °C to initiate spontaneous folding at a final
protein concentration of 2nM monomer. This sample was
incubated at 23 °C for 10 min, then diluted another 20-fold to a
final PepQ monomer concentration of 100 pM. The native PepQ
dimer does not readily form at a monomer concentration of
2nM. However, it is possible that low-order, non-native
aggregates stabilized by much larger contact surfaces might still
form™®. We therefore anticipated that any co-incidence observed
between the two labelled PepQ monomers would have to result
from such low-order aggregates. Importantly, the observed
co-incidence was less than 1% (Fig. 3b). Even taking into
account the reduced sensitivity caused by the differences in triplet
state conversion of the OG and TMR dyes, these measurements
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Figure 2 | GroEL accelerates folding of PepQ at very low protein
concentrations. (a) The difference in diffusion time of the PepQ monomer
in free solution, versus bound to a GroEL tetradecamer, can be detected by
FCS. The observed FCS curves of the PepQ-24TMR monomer (2nM),
either alone (green) or bound to GroEL (1uM; blue) are shown.

(b) Refolding of PepQ-24TMR was monitored by FCS, using the observed
shift in diffusion time shown in a. PepQ-24TMR was denatured in acid-urea
and diluted either directly into buffer (2nM; spontaneous, green) or into
buffer containing wild type GroEL (1uM). Refolding with GroEL was initiated
by addition of GroES (2uM) and ATP (2mM; + EL/ES/ATP, blue). At the
indicated times, GroEL-mediated folding was quenched by depletion of ATP
before FCS measurement, while samples of the spontaneous reaction were
mixed with GroEL alone (1uM) before FCS measurement in order to
quench folding and shift the diffusion time of any uncommitted PepQ
monomer. The observed fractional change in diffusion time was fit to a
single-exponential rate law (solid lines), resulting in rate constants of
0.19 +0.04 min ~ for GroEL-mediated folding and 0.013 + 0.002 min ~'
for spontaneous folding. Error bars show the s.d. of three experimental
replicates.

indicate that, at most, 4-5% of the PepQ monomers could be
found in an assembled state of any kind, including the smallest
possible aggregates (non-native dimers), during spontaneous
folding at 2nM. In total, these observations demonstrate that
slow spontaneous folding of PepQ cannot be due to inhibitory
aggregation, but instead must result from the inherently
inefficient conformational search of the PepQ monomer. In

ATIONS | 815934 | DOI: 10.1038/ncomms15934 | www.nature.com/naturecommunications

142



NATURE COMMUNICATIONS | DOI: 10.1038/ncomr

ARTICLE

addition, our data suggest that the PepQ monomers that do not
reach the native state during spontaneous folding at low protein
concentrations likely persist as kinetically trapped monomers.

GroEL alters the folding trajectory of the PepQ monomer. To
achieve the large folding stimulation observed with PepQ, in the
absence of aggregation, GroEL must actively alter how the protein
folds. To investigate the nature of this alteration, we exploited the
intrinsic tryptophan fluorescence of PepQ. Importantly, PepQ has
multiple tryptophan residues, while GroEL and GroES are devoid
of this amino acid. During spontaneous folding, the tryptophan
fluorescence of PepQ displays a single, downward transition with
a time constant of ~ 1255 (Fig. 4a). The rate of this fluorescence
decrease is substantially faster than the limiting rate at which
PepQ spontaneously commits to the native state (Fig. 1b). This
suggest that, at least for spontaneous folding, the observed shifts
in tryptophan fluorescence report on transitions that precede the
committed step of PepQ folding. By contrast, assisted folding of
PepQ with the cycling GroEL-GroES system results in a rapid,
early increase in tryptophan fluorescence (t= ~13s), which is
followed by a subsequent decrease in fluorescence with a time
constant of ~73s (Fig. 4b). The large increase in fluorescence
observed with GroEL most likely reports on an early folding
transition that occurs after the PepQ folding intermediate has
been released into the GroEL-GroES cavity. It is unlikely that the
early fluorescence rise is due to either GroES binding and
encapsulation alone, or to simple release of the PepQ monomer
into the cavity, as these events occur much faster than the
observed rate of the PepQ fluorescence change®!'**”. Although
PepQ folding with the cycling GroEL-GroES system rapidly
becomes asynchronous, the transition between the increasing and
decreasing fluorescence phases occurs after roughly one cavity
lifetime at 23°C (refs 22,37,38). This observation supports the
idea that the increase in fluorescence occurs inside the GroEL-ES
cavity. To directly test this conclusion, we employed SR1 to
examine a single round of PepQ encapsulation and folding
inside the GroEL-GroES cavity. Notably, PepQ confined within
the SR1-GroES cavity also displays a rapid increase in fluore-
scence, but no subsequent decrease (Fig. 4c), confirming the
conclusion that the early increase in PepQ fluorescence occurs
within the GroEL-GroES cavity.

To further define how the folding behaviour of PepQ is altered
by GroEL, we examined the impact of the GroEL C-termini on
PepQ folding. We previously showed that a tailless GroEL variant
(A526 GroEL) has a significantly reduced ability to assist the
folding of the classically stringent GroEL-substrate protein,
RuBisCO from R. rubrum®. Interestingly, removal of the
C-termini has an even more pronounced negative impact on
PepQ folding. Deletion of the C-termini from a cycling GroEL
tetradecamer (A526) causes a nearly sixfold reduction in the
observed PepQ folding rate (Fig. 5a), versus an approximate
twofold reduction with RuBisCO (ref. 39). By contrast, removal of
the C-termini from the non-cycling SR1 GroEL variant (SRA526)
results in a more modest twofold decrease in the PepQ folding
rate (Fig. 5a). Because deletion of the C-termini can, in some
cases, result in premature substrate protein release before GroES
binding and encapsulation”’, we considered whether the observed
drop in PepQ folding rate with the A526 variants is simply due to
a trivial decrease in encapsulation efficiency. However, A526
displays no substantial premature release of PepQ relative to
full-length GroEL and the early escape of PepQ from SRA526,
compared to SR1, is no greater than 10% (Supplementary Fig. 3).
While consistent with previous observations with RuBisCO
(ref. 40), this minor drop in encapsulation efficiency is too
small to explain the reduction in observed folding rate.
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Figure 3 | Non-native PepQ does not aggregate at very low
concentrations. (a) The formation of the native PepQ dimer was examined
with single-molecule, two-colour co-incidence detection. Samples of
PepQ-24TMR and PepQ-240G were denatured, mixed at a stoichiometry
of 1:1 (100 nM total PepQ monomer), and then refolded with GroEL, GroES
and ATP for 20 min. The sample was diluted 1,000-fold and examined for
fluorescence bursts. Examples of the photon history from each detection
channel are shown in the inset. Fluorescence burst co-incidence was
examined by cross-correlation analysis of the experimental burst data
(black). The cross-correlation of numerically generated burst data with
known levels of co-incidence (10%, 5%, 1% and no overlap) are also shown.
(b) Two-colour co-incidence analysis of spontaneous PepQ folding.
Samples of PepQ-24TMR and PepQ-240G were denatured, mixed at a
stoichiometry of 1:1 and directly diluted in buffer to a final monomer
concentration of 2nM. The protein was allowed to fold spontaneously at
23°C for 10 min. The sample was then diluted 20-fold and examined for
fluorescence bursts. Cross-correlation analysis of the experimental data set
(black), in comparison with numerically generated burst data at known
co-incidence levels, are shown. The inset illustrates the P value distribution
for fitting of the experimental data to numerically generated data sets of
known co-incidence, yielding a maximum co-incidence likelihood of <1%.

The stimulation of PepQ folding by the GroEL C-termini
could, in principle, result from: (1) enhanced unfolding of PepQ
by the C-termini'®?>233; (2) stimulation of productive folding
transitions, or blockage of inhibitory ones, by the tails during
intra-cavity folding®®**#1; or (3) a combination of both unfolding
and confinement effects. Importantly, these models all predict
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that the folding trajectory of a PepQ monomer inside the
GroEL-GroES cavity should change upon C-terminal tail
removal. To test this prediction, we exploited the tryptophan
fluorescence properties of PepQ to examine a single round of
encapsulation inside both the full-length SR1-GroES cavity
and the truncated SRA526-GroES cavity. Strikingly, the rapid
and early rise in tryptophan fluorescence that is observed when
PepQ folds inside the SR1-GroES cavity, completely disappears
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when PepQ is encapsulated inside a SRA526-GroES cavity
(Fig. 5b). These observations are highly consistent with the idea
that GroEL promotes conformations of the PepQ monomer that
are not, or at least not well, populated during spontaneous folding
in free solution and that the C-terminal tails are at least partially
involved in this process.

Cryo-EM observation of PepQ unfolding by the GroEL C-termini.
We previously demonstrated that GroEL helps stimulate
productive folding of a kineticallz trapped RuBisCO monomer
through partial unfolding'®?2?3% In addition, we showed that
maximal RuBisCO unfolding requires the GroEL C-terminal
tails“’. If structural disruption of the misfolded substrate proteins
is a general feature of GroEL-stimulated folding, then GroEL
could also be expected to unfold the kinetically trapped PepQ
monomer. To test this proposition, we first examined the protease
susceptibility of a PepQ folding intermediate bound to both
wild-type GroEL and A526. Chemically denatured PepQ was first
bound to the open, trans ring of an asymmetric GroEL-GroES
complex created with either wild-type GroEL or A526, then
treated with limiting amounts of chymotrypsin®>. Consistent with
our previous RuBisCO observations, PepQ bound to a full-length
GroEL ring was degraded ~ 2.5-fold faster than PepQ bound to
the A526 ring (Fig. 5c).

To develop a more detailed picture of the interaction between
PepQ and GroEL, we employed cryo-EM to examine the
structures of both wild type GroEL and A526 tetradecamers
bound to non-native PepQ. Chemically denatured PepQ was first
mixed with unliganded (apo) GroEL or A526 tetradecamers, then
vitrified in thin ice and imaged with single-particle cryo-EM.
Reference-free two-dimensional (2D) image classification
revealed a robust population of GroEL tetradecamer complexes
with substantial density visible in the central cavity of a major 2D
class-average for both wild-type GroEL and A526 (Supplementary
Fig. 4). The observed central density is highly consistent with
the expected binding position of the non-native PepQ monomer.
Further, three-dimensional (3D) classification and map refine-
ment, without any applied symmetry, revealed both apo and
PepQ-bound states of the tetradecamer for both wild-type GroEL
and A526. (Fig. 6 and Supplementary Figs 5 and 6). On the basis
of the gold-standard Fourier shell correlation, the overall
resolution for the apo states of both wild-type GroEL and A526
was 7.9 A, while the overall resolution of the pepQ-bound states
for both wild-type GroEL and A526 was 8.3 A (Supplementary
Fig. 7A). Importantly, the resolution obtained was not uniformly
distributed over the entire structure of either complex, but was

Figure 4 | GroEL alters the folding trajectory of the PepQ monomer.
Folding of PepQ was monitored by changes in intrinsic tryptophan
fluorescence during (a) spontaneous folding, (b) folding by the fully cycling
GroEL-GroES system (c) folding after a single round of encapsulation within
the SR1-GroES complex. For spontaneous folding, wild-type PepQ was first
denatured in acid-urea then diluted directly into buffer (100 nM). For
GroEL-GroES folding, acid-urea denatured PepQ (100 nM) was bound to
wild-type GroEL (200 nM) and refolded in the presence of GroES (400 nM)
and ATP (2mM). For SR1-GroES folding, acid-urea denatured PepQ

(100 nM) was bound to SR1 (300 nM) and refolded in the presence of
GroES (600 nM) and ATP (2mM). In all cases, the traces shown represent
the average of 10 independent experimental replicates. All traces were fit
(solid lines) to either a single-exponential rate law (spontaneous) or a sum
of exponentials (GroEL-GroES and SR1-GroES). The observed rate constants
were — 0.477 +0.003min "~ for spontaneous folding, 4.63 + 0.05min~'
and —0.826 + 0.007 min ~ ' for GroEL-GroES folding and 11.5 + 0.2 min '
and 0.669 + 0.010 min ! for SR1-GroES folding.
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signiﬁcantly higher in the equatorial and intermediate domains,
and lower in the apical domains (Supplementary Fig. 7B-E).
The lowest local resolution was observed for density associated
with the PepQ monomer in the central cavity, as expected for a
non-native protein folding intermediate, which likely populates a
mixture of conformations.

The cryo-EM structures reveal the striking impact of the
GroEL C-termini on both the conformation and the binding
position of the PepQ folding intermediate. In the absence of the
C-terminal tails, the PepQ monomer appears as a strong extra
density associated with the upper, inner surface of the apical
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domains of the GroEL cavity (Figs 6c and 8d). By contrast, on
a wild-type GroEL ring, the PepQ folding intermediate shifts to a
much lower average position in the cavity, moving towards
the base of the cavity and in the direction of the C-termini. At the
same time, the density of the PepQ intermediate decreases
significantly (Figs 6f and 8c), which indicates a more unfolded
and heterogenous conformational ensemble of the PepQ, leading
to its weaker density in the cryo-EM map. The non-native PepQ
monomer can also be seen to make contact with multiple GroEL
subunits on both a wild-type GroEL and A526 ring (Fig. 7).
However, the location of the contacts between the PepQ folding
intermediate and the GroEL subunits changes dramatically when
the C-terminal tails are removed. In the tailless A526 ring, the
PepQ monomer appears to make exclusive contact with the
central face of the apical domains, in the region of helices H and I
(Figs 7a-c and 8d). By contrast, on a wild-type GroEL ring, the
PepQ monomer shifts to a significantly lower position at the base
of the apical domain, and is accompanied by a set of new, strong
contacts that localize in the region of the GroEL C-terminal tails
(Figs 7d-f and 8c). To confirm that the density observed at the
base of the wild-type GroEL cavity does, in fact, originate from
the C-termini, we examined this region in the empty wild-type
GroEL and A526 tetradecamers. As expected, the density
observed at the base of the wild-type GroEL ring, projecting
from the precise position expected for the C-termini, is missing
in the tailless A526 ring (Supplementary Fig. 8A,B). In total, these
result strongly support the idea that the non-native PepQ
monomer is significantly more unfolded when bound to a GroEL
ring with intact C-terminal tails and this unfolding has a direct
functional impact on the efficiency of productive folding.

Discussion

Fundamentally, chaperonins like GroELS function as kinetic
editors of protein folding reactions, altering how folding
intermediates partition between available conformational states.

Figure 5 | The GroEL C-termini alter the conft ion and folding of the
PepQ monomer. (a) Acid-urea denatured PepQ was bound to a C-terminal
truncation mutant of tetradecamer GroEL, A526 (200 nM, red) or the single-
ring truncation mutant, SRA526 (300 nM, orange) and refolded in the
presence of GroES (400 and 600 nM, respectively) and ATP (2mM).

In each case, the observed regain in enzymatic activity was fit to a single-
exponential rate law (solid lines), resulting in observed rate constants of
0.106 +0.003 min " for A526-mediated folding and 0.332 + 0.038 min '
for SRA526-mediated folding. (b) Intra-cavity folding of PepQ at early times
was monitored by changes in tryptophan fluorescence following addition of
GroES and ATP to complexes of non-native PepQ bound to SR1 (blue) or
SRA526 (green). Acid-urea denatured PepQ (100 nM) was first bound to
either SR1 or SRA526 (300 nM in both cases), and then rapidly mixed with an
equal volume of GroES (600 nM) and ATP (2mM) in a stopped-flow
apparatus. The traces shown represent the average of 20 experimental
replicates. (¢) Residual structure in a GroEL-bound PepQ folding intermediate
was examined by protease susceptibility. PepQ-24F (100 nM) was denatured
in acid-urea and bound to the trans ring of either wild-type GroEL-GroES

or A526-GroES ADP complexes (ref. 23; 120 nM) and then treated

with chymotrypsin for the indicated times before quenching with
phenylmethylsulfonyl fluoride (PMSF) (1mM). Samples were analysed by
SDS-PAGE and laser-excited fluorescence gel scanning (inset). The migration
position of full-length PepQ, as well as the position of three dominant groups
of proteolytic fragments, are indicated. The amount of full-length PepQ was
quantified by densitometry. The data were fit to a single-exponential rate law,
with a half-time for the digestion of PepQ bound to the open ring of

a wild type GroEL-GroES-ADP complex of 0.53 £ 0.06 min (EL, blue) and
1.66 + 0.17 min for the A526-GroES ADP complex (A526, green). In all cases,
error bars show the s.d. of three experimental replicates.
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A526+PepQ

Figure 6 | The impact of the GroEL C-termini on a bound PepQ monomer.
The conformation of a non-native PepQ monomer bound to either a
wild-type GroEL tetradecamer (WT) or to the C-terminal truncation
variant (A526) was examined by cryo-EM. The map of the A526-PepQ
complex is shown from the top (a), side (b) and cutaway (c) views.

The map of the wild-type GroEL-PepQ complex is also shown from

the top (d), side (e) and cutaway (f) views. Each subunit of GroEL is
coloured differently while the PepQ monomer is coloured yellow. In the
A526 GroEL, the density attributed to the PepQ monomer is observed near
the top of the GroEL cavity in one ring (c). However, in the wild-type GroEL
complex, the PepQ density is observed near the centre of the cavity (f) in
one ring.

A key question, however, is whether chaperonins achieve
this editing action by actively altering the conformational
space available to their substrate proteins, or by exclusively
working as passive aggregation inhibitors. We examined this
issue from a new angle by characterizing the folding of the
E. coli metalloprotease PepQ, a stringent, in vivo GroEL-substrate
protein. We found that slow spontaneous folding of PepQ is not
caused by inhibitory aggregation. The capture of this kinetically
trapped PepQ folding intermediate by a GroEL ring results in
conformational perturbations that are consistent with unfolding.
In addition, the intrinsically unstructured C-terminal tails of the
GroEL subunits play a central role in this process (Fig. 9a).
Determining the function of the flexible C-terminal tails in
chaperonin-assisted protein folding has been challenging. Early
studies showed that the tails play no role in tetradecamer assembly
or stability’®. At the same time, removal of the C-termini was
found to have negligible impacts on E. coli growth under standard
laboratory conditions, leading to the suggestion that the tails do not
play any important role in assisted folding*>*>. Other studies,
however, demonstrated that removal of, or large alterations to, the
C-termini can have serious negative consequences in in vitro
protein folding assays**3%4144%5 In addition, E. coli strains
possessing C-terminally truncated GroEL genes display
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Figure 7 | The PepQ monomer interacts with multiple GroEL subunits.
GroEL tetradecamers with bound PepQ are shown in unwrapped, planar
displays as viewed from inside the ring for the A526 (a) and wild-type
(d) GroEL complexes. A top view slice of the planar map, through the
apical (API) domains (dashed blue line), is shown in b for A526 and in e for
wild-type GroEL. Interactions between the non-native PepQ monomer
and the A526 GroEL apical domains of subunits 1, 2, 5, 6 and 7 are
highlighted (b; yellow stars). A top view slice of the planar map, through
the equatorial (EQU) domains (solid blue line), is shown in ¢ for A526 and
in £ for wild-type GroEL. Contacts between the non-native PepQ and the
C-termini of subunits 1, 4, 5, 6 and 7 of the wild-type GroEL are highlighted
(f; yellow stars). The isosurface threshold for b and ¢ is 1.74¢ and is
1.65¢ for e and f.

substantially compromised fitness in competition with wild-type
strains*2, These observations, in combination with the extensive,
although not quite universal, conservation of the chaperonin
C-terminal tails over much of phylogeny*®47 suggest that the
C-termini do play an important role in assisted protein folding.
Our prior work with RuBisCO supported this conclusion,
implicating the C-termini in substrate s)rotein capture, retention
and unfolding during GroES binding®>*. The observations we
present here with PepQ strengthen and extend these conclusions,
showing that the unstructured C-termini make physical contact
with a non-native substrate protein before ATP or GroES binding.
In addition, we have visualized the consequences of this interaction,
demonstrating simultaneous engagement of a folding intermediate
by both the inner apical face and the unstructured tails of multiple
GroEL subunits. This multi-level binding mode both retains the
folding intermediate deeper inside the GroEL cavity and assists in
partial unfolding of the misfolded PepQ monomer.

Interestingly, we observe a single, well populated class of the
PepQ folding intermediate bound to a GroEL ring, both in the
presence and absence of the GroEL C-termini. This contrasts with
a previous cryo-EM study conducted with the the smaller
substrate protein malate dehydrogenase (MDH), in which
asymmetric model refinement suggested multi?le potential
binding modes of the MDH folding intermediate®®. While the
C-termini were not resolved in this prior study, and the
resolution of these MDH structures is several angstroms lower
than the PepQ structures we report here, two sub-populations of
the MDH folding intermediate appear to be bound in a deep
internal position within the GroEL cavity, consistent with the
binding position we observe with PepQ. A third sub-population
of the bound MDH monomer appeared to be bound in a more
elevated position near the upper, exterior surface of the GroEL
apical domains®®. At the same time, the MDH folding
intermediate displayed a substantially smaller contact surface
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Figure 8 | The GroEL C-termini helps retain and unfold the PepQ
monomer. (a,b) A single subunit of the apo GroEL atomic model (PDB ID:
4HEL) fit into the cryo-EM densities of unoccupied wild-type GroEL and
A526 GroEL tetradecamers. The positions of the H and | helices of the
GroEL apical domain, as well as the equatorial stem loop (D41-P47) and the
C-terminus are labelled on the wild type GroEL structure. (¢,d) Single
subunit of the apo GroEL atomic model fit into the cryo-EM densities of
PepQ-bound wild-type GroEL and A526 GroEL tetradecamers. The density
from the non-native PepQ monomer is coloured yellow. Black arrows (¢, d)
indicate the interactions between a GroEL subunit and the PepQ monomer.
When the density volumes of the A526 and wild-type GroEL tetradecamers
are matched (~ 61,000 A3 for a single GroEL subunit in both cases), the
observed density volumes for the PepQ monomer are 8,564 A3in the A526
and 2,696 A% in the wild type GroEL complex, consistent with the PepQ
monomer being more unfolded when bound to the wild type GroEL ring.

with the GroEL ring®® in comparison to what we observe with
PepQ (Fig. 7). This observation is consistent with the difference
in relative mass of MDH (33 kDa) compared to PepQ (52 kDa)
and suggests that the smaller MDH protein could be bound more
weakly or sample a larger potential range of bound states.

In principle, the cryo-EM structure of the PepQ-GroEL
complex could also reveal conformational changes of the
GroEL tetradecamer that are coupled to substrate protein
capture. Overall, the conformations of the GroEL tetradecamer
in the presence and absence of the PepQ folding intermediate
are similar. Notable breaks in the rotational symmetry of the
PepQ-occupied GroEL ring, both in the presence and absence of
the C-termini, are apparent (Fig. 7). However, significant
deviations from ideal rotational symmetry are also observed in
the unoccupied apo GroEL and A526 rings (Supplementary
Fig. 8C-]). Strikingly, PepQ binding induces a dramatic increase
in the rotational symmetry of the A526 apical domains, in both
the bound and second, unoccupied rings (Supplementary
Fig. 8H,]). The structural changes seen in the second, unoccupied
ring are most likely a consequence of allosteric coupling between
the GroEL rings. The coordinated binding and release of
nucleotides, GroES and substrate proteins are well established
and essential features of the functional GroEL reaction cycle®.
Many of the structural details of this allosteric coupling remain
poorly understood, however. In particular, it remains unclear how
substrate protein binding forces ADP out of one GroEL ring
while simultaneously accelerating the release of GroES from the
opposite ring>’*%3, Previous work suggested that this allosteric
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Figure 9 | Schematic of the GroEL-GroES reaction cycle. (1) A non-native
substrate protein (irregular blue shape) enters the GroEL reaction cycle on
the open trans ring (green) of the ATP bullet complex?2, (2) Substrate
protein binding accelerates both the release of ADP from the trans ring and
ATP hydrolysis in the opposite, cis ring (grey; refs 50,51). (3) Binding of the
non-native substrate protein by the C-terminal tails (black), helps retain the
substrate protein deep within the GroEL cavity and, in combination with
additional binding by multiple apical domains, results in substrate protein
unfolding (results here and refs 19,22,24,39,40,55). (4) Assembly of the
new folding cavity on the trans ring causes both forced unfolding and
compaction of the substrate protein, and is directly coupled to the
disassembly of the folding cavity on the opposite ring, potentially through a
transient, symmetric intermediate?22337.77-79_(5) A subsequent allosteric
shift of the GroEL-GroES complex results in full ejection of the substrate
protein into the enclosed GroEL-GroES cavity and the initiation of folding
before ATP hydrolysis>C. Because ATP hydrolysis is the rate limiting step of
the reaction cycle, increased binding of substrate proteins to the open trans
ring (2) results in more rapid cycling of the GroEL-GroES system and a
shorter folding cavity lifetime2250.5180,

response may involve counter-clockwise movements of the
GroEL apical domains, in both the substrate occupied and
second, empty ring’%. Our structural observations with PepQ
suggest that a shift in the rotational symmetry of the GroEL apical
domains likely also plays a role. In addition, the C-termini appear
to be intimately involved in modulating this structural shift. This
observation is consistent with our prior observations that removal
of the C-termini attenuates ne§ative cooperativity in ATP binding
between the two GroEL rings®”.

Overall, our observations with PepQ are not consistent with
an exclusively passive, aj ation-blocking role for GroEL in
stimulated protein folding®%. These observations are, however,
fully consistent with our previous demonstration that GroEL
plays an active role in the assisted folding of R. rubrum RuBisCO
(refs 19,22,23,39). They are also consistent with observations from
other groups on other substrate proteins, including another
endogenous E. coli enzyme DapA20:2124255536_ Our observations
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with PepQ also suggest that active participation by GroELS in
stimulated protein folding is likely to be a general mechanistic
feature of these chaperonin machines. DapA, like RuBisCO, is a
member of the TIM-barrel family of proteins, a canonical o/f-fold
that is highly represented in the subset of E. coli proteins that
depend on GroEL for folding®"*2. By contrast, PepQ is a member
the so-called pita-bread proteins®*3, a protein fold that is
fundamentally distinct from the TIM-barrel fold?”. To date, no
pita-bread fold has been examined in detail as a GroEL-substrate
protein. The addition of PepQ to the list of E. coli proteins that
derive a large, active folding enhancement from GroEL strengthens
the argument that similar mechanisms are likely to stimulate the
folding of many stringent substrate proteins.

Interestingly, PepQ appears to have no ready access to fast and
productive folding pathways in free solution. At the same time,
persistent misfolding produces PepQ monomers that, although
they do not aggregate, cannot reach the native state even with
assistance from GroEL. This suggests that the conformational
search of the non-native PepQ monomer, at least in free solution, is
dominated by deep and inhibitory kinetic wells that GroEL helps
the protein to avoid. Whether the iterative annealing or
confinement-based models most accurately describe this active
folding mech of GroEL controversial®. Importantly,
these mechanisms make distinct predictions about what should
happen to PepQ folding when the GroEL cycling rate is altered. If
unfolding of kinetically trapped intermediates is important for
stimulated folding of PepQ, it should be possible for the cycling
GroEL-GroES system to achieve a stimulated folding rate that
exceeds the limiting, intra-cavity folding rate observed with
SR1-GroES. By contrast, if confinement is most important for
PepQ folding, then the non-cycling SR1-GroES system should
display the maximum possible enhanced folding rate, a rate that the
cycling system could approach but never exceed?,

To test these predictions, we examined the folding rate of PepQ
under conditions where the GroEL-GroES cycling rate was
systematically increased. Modulation of the GroEL ATPase rate
was accomplished by addition of bovine serum albumin (BSA),
which interacts only weakly with GroEL. Because progression of
the GroEL ATPase cycle is linked to ADP release, which is in turn
coupled to binding of proteins to the open, post-hydrolysis trans
GroEL ring (Fig. 9 and refs 37,50,51), BSA can be used to accelerate
the GroEL-GroES ATPase cycle (Fig. 10a). However, because the
interaction between BSA and GroEL is weak, BSA only poorly
competes with PepQ for binding to GroEL. At concentrations up to
0.1mgml~ !, BSA has a small, negative impact on the observed
PepQ folding rate observed with cycling GroEL-GroES (Fig. 10b).
Strikingly, however, while the addition of BSA has no impact on
either spontaneous PepQ folding or SR1-GroES mediated folding,
higher BSA concentrations substantially enhance the PepQ folding
rate achieved with cycling GroEL-GroES (Fig. 10b). Importantly,
the magnitude of this effect increases as the concentration of BSA
increases, mirroring the impact of BSA on the steady-state rate of
ATP turnover by GroEL-GroES (Fig. 10b). This response is very
similar to our prior observations with RuBisCO (ref. 22), where an
~40% increase in the steady-state GroEL-GroES ATPase rate
yielded a 2.5-3-fold enhancement of the observed RuBisCO folding
rate. These observations suggest that repetitive unfolding by GroEL
is required to achieve maximally stimulated folding of many
stringent substrate proteins.

When considering the stimulatory impact of partial unfolding,
it is important to note that GroEL unfolds substrate protein
in two distinct phases. The first is associated with the capture
of a folding intermediates by the GroEL ring, where a binding-
driven expansion of the substrate protein can, in some cases,
result is substantial conformational disruption (this study and
refs 19,22-24,39,55). This unfolding event occurs both during and
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Figure 10 | Cycling GroEL-GroES can fold PepQ faster than confinement
alone. (a) The rate of ATP hydrolysis by GroEL-GroES is stimulated

in the presence of BSA. The steady-state rate of ATP hydrolysis by

GroEL (200 nM) in the presence of GroES (400 nM) and ATP (2mM) was
measured with varying concentrations of [BSA]. Error bars show

the standard deviation of three independent experiments. (b) Addition of
BSA to a cycling GroEL-GroES system substantially accelerates the

rate of assisted PepQ folding. The rate of spontaneous PepQ folding
(green), intra-cavity folding with SR1-GroES (dark blue), and folding

with fully the cycling wild type GroEL-GroES system (light blue) was
examined in the presence of different concentrations of BSA. Experimental
conditions were the same as Fig. 1, with the exception that native BSA was
present in the buffer. Error bars show the s.d. of three experimental
replicates.

immediately after capture of a folding intermediate, but before
ATP binding. Most likely, binding-associated unfolding is similar
to surface-catalysed denaturation, where the substrate protein
becomes splayed across the multiple interaction surfaces of the
apical domains as well as, we suggest, the C-termini'%222339.55,

GroEL also imposes a second, directed unfolding process that
is impelled by ATP?>~2%3%, When a GroEL ring binds ATP, the
apical domains are driven through a large-scale, ri§id body
rearrangement that both rotates and elevates them® ., While
these shifts are necessary for GroES binding and substrate
encapsulation®'2, previous observations have also demonstrated
that (1) substrate proteins remain associated with the apical
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domains as they initiate their movement, imposing a substantial
load on their motion® and (2) apical domain movement can
simultaneously impart a rapid, forced unfolding event on the
substrate protein®>~2*3%, While our studies with PepQ were not
designed to detect forced unfolding, it is striking that both
binding-driven unfolding of PepQ and RuBisCO (this study and
ref. 39) and forced unfolding of RuBisCO*® are attenuated
when the C-termini are removed. These observations suggest
that the C-termini represent a secondary binding platform at the
base of the GroEL cavity that is important both for the initial
capture and unfolding of the substrate protein, as well as
retention of the folding intermediate within the GroEL cavity
during the process of apical domain movement and GroES
binding®. It remains an open question how the C-termini are
induced to release the substrate protein upon the initiation of
folding. However, both experimental® and computational
studies®! indicate that the C-termini are coupled to the GroELS
allosteric cycle, suggesting that modulation of the interaction
between the C-termini and a folding intermediate might be
controlled by the GroEL ATPase cycle in a manner that parallels
the behaviour of the apical domains.

Fundamentally, the iterative annealing and confinement mechan-
isms are not mutually exclusive. A combined mechanism, in which
kinetically trapped folding intermediates are first partially unfolded,
then briefly confined within the privileged environment of the
GroEL-GroES cavity where re-population of misfolded conforma-
tions is discouraged, might well yield a maximally efficient strategy
for accelerating the folding of especially recalcitrant proteins.
Several of our observations with PepQ are consistent with such a
mechanism. In the presence of either single-ring or double-ring
GroEL variants, PepQ displays a sizable fluorescent burst phase that
is completely absent during spontaneous folding (Fig. 4). This
observation suggests that the PepQ monomer, while confined within
the GroEL-GroES cavity, populates at least one conformational state
(or ensemble of states) with ready access to the native state. During
spontaneous folding; however, this state is either very rarely
populated, or not populated at all. At the same time, removal of
the GroEL C-terminal tails slows overall PepQ folding and
completely eliminates the fluorescence burst phase (Fig. 5). This
behaviour is strikingly similar to the impact of C-terminal tail
removal on RuBisCO folding, where the formation of a rapidly
folding, burst phase intermediate depends upon both ial
unfolding and encapsulation within the GroEL- GmES cavity?33940,
As with RuBisCO, C-terminal tail removal also has a more profound
impact on PepQ folding with the cycling, tailless A526 tetradecamer
than it does on the tailless single-ring SRA526 (Figs 1 and 5). For
both RuBisCO and PepQ, however, long-term confinement within
the chaperonin cavity, even when partial unfolding is reduced
through C-terminal tail removal (for example, SR1-GroES versus
SRA526-GroES) results in substantially enhanced folding in
comparison to the free solution folding of both proteins (Figs 1
and 5 and refs 3,20,39). In total, these observations are consistent
with an active chaperonin mechanism in which partial unfolding
and confinement lead to optimal stimulation of folding for highly
dependent substrate proteins. It is worth noting that in a living
E. coli cell, additional chaperone systems (for example, the Hsp70s
and HsplOOs) can: engage: folding intermediate before its
processing by GroELS!. Learning how these additional chaperone
systems impact the folding of GroELS substrates will be an
important next step towards unc the mechanism of
chaperone and chaperonin-mediated folding pathways

Methods

Bacterial strains. All bacterial strains used in this work were originally
obtained from the laboratory of Dr. Arthur Horwich at Yale University Medical
School.

Bacterial strains employed:

BL21—E. coli B dem ompT hsdS(rB-mB-) gal

BL2IDE3—E. coli B dem ompT hsdS(rB- mB ) gal [ADE3]

DH52—E. coli fhuA2 lac(del)U169 phoA ginV44 @80’ lacZ(del)M15 gyrA96
recAl relAl endAl thi-1 hsdR17.

Proteins. Wild type and variants of GroEL (SR1 and C-terminal truncation
mutants), GroES and wild 5ypc E. coli PepQ were all expressed and purified as
described previously'?22233%:50 The cysteine mutant of PepQ, A24C, was
generated via standard site-directed mutagenesis®? and the sequence was verified
by DNA sequencing. This mutant was expressed and purified following the
protocol for wild type PepQ.

In brief, GroEL was expressed from an inducible plasmid in E. coli BL21 in LB
at 37 °C. After cell disruption, the crude lysate was clarified by ultracentrifugation
(142,000 x g), followed by anion exchange chromatography (FastFlow Q, GE) at
pH 74 GroEL fractions were concentrated by 70% (w/v) ammonium sulfate
precipitation. This precipitate was solubilized and dialyzed against buffer at pH 6.8
contammg 25% (wxld type GroEL) or 12.5% (all GroEL mutants) methanol. A
second round of strong anion exchange (FastFlow Q, GE), run in the same
methanol-containing buffer at pH 6.8, was used to strip co-purifying small proteins
and peptides from the GroEL oligomers. To further remove contaminating proteins
and peptides that remain tightly associated through prior stages of purification,
GroEL fractions were gently agitated in the same methanol-containing buffer and
Affi Blue Gel resin overnight at 4 °C under an argon atmosphere. The final
sample was dialysed into storage buffer (pH 7.4), supplemented with glycerol
(15-20% v/v), concentrated, and snap frozen using liquid N,.

GroES was expressed from an inducible plasmid in E. coli BL21(DE3) in LB at
37°C. After cell disruption, the crude lysate was clarified by ultracentrifugation
(142,000 x g), followed by acidification with sodium acetate, and anion exchange
chromatography at pH 4.6 (FastFlow Q, GE). The sample was dialysed against
buffer at pH 7.4 and applied to a strong anion exchange column (Source Q, GE).
GroES was eluted with NaCl and enriched fractions were pooled. The sample was
dialysed into storage buffer (pH 7.4), supplemented with glycerol (15-20% v/v),
concentrated and snap frozen using liquid N,.

PepQ and PepQ mutants were expressed from an inducible plasmid in E. coli
BL21(DE3) in LB at 37 °C. After cell disruption, the crude lysate was clarified by
ultracentrifugation. The supernatant was applied to a strong anion exchange
column (FastFlow Q, GE) at pH 7.4 and eluted with a gradient of NaCl. Fractions
enriched for PepQ were pooled, and the protein was precipitated with 70% (w/v)
ammonium sulfate. The sample was loaded on a hydrophobic interaction column
(Phenyl Sepharose FF, GE) at pH 7.4 and eluted with a decreasing ammonium
sulfate gradient. Fractions enriched for PepQ were pooled, dialysed into storage
buffer (pH 7.4), supplemented with glycerol (15-20% v/v), concentrated and snap
frozen using liquid N,.

Labelling of PepQ. A24C PepQ was Izbelled usmg ellher 5 lodoacetamldo-
fluorescein (fl in, F), 5-(2-ac 1

(EDANS, ED), hylrhodamine-5-iod ide dihydroiodid
(tetramethylrhoadmine, TMR), or Oregon Green 488 iodoacetamide

(Oregon Green, OG). All dyes were obtained from Invitrogen (Molecular Probes).
PepQ (~10mgml ™' in 50mM Tris, pH 8, 100 mM KCl, 1 mM MgCl,) was
reduced with 0.5mM tris(2-carboxyethyl)phosphine (TCEP) TCEP and labelled
with a 10-fold excess of reactive dye, added in 1 addition for 3 h at 23°C. The
reaction was qncnched by adding glutathione (5mM), and the labelled PepQ was
first sep d from unbound dye by gel fil (PD-10 column, Pharmacia),
followed by re-purification of the labelled protein with high-resolution ion
exchange chromatography (MonoQ, GE). The extent of labelling was determined
by protein quantification by the Bradford assay (Bio-Rad) and dye quantification
under denaturing conditions using known dye molar extinction coefficients*”63,
Unique labelling of a single cysteine was verified by both denaturing anion
exchange chromatography (MonoQ, GE) in 8 M urea buffer and by detection of a
single major and fluorescent tryptic peptide upon separation by C8 reverse-phase
chromatography®*.

Folding assays. PepQ refolding assays were conducted in TKM buffer (50 mM
Tris-HC, pH 7.4, 50 mM KOAc, 10mM Mg(OAc); and 2mM DTT) using a
protocol similar to that employed previously for RuBlsCO (refs 19,22,23,37,50,63),
with differences in the folding buffer of post-reaction
incubation, and the detailed assay method?”. All folding assays were conducted
using PepQ that was diluted at least 40-fold into 8 M urea, 25 mM glycine
phosphate, pH 2, and incubated at room temperature for at least 20 min before
funher use CcD spectra show a complete loss of secondary structure under these
¢ y Fig. 9). §| folding of PepQ was initiated by
a 50-fold dllunon from denaturant mlo TKM buffer (50 mM Tris-HCI, pH 7.4,
50 mM KOAc, 10mM Mg(OAc), and 2mM DTT) and quenched through the
addition of excess GroEL. Chaperonin-mediated folding reactions using either
wild-type or mutant tetradecameric GroEL began with a 50-fold dilution of
denatured PepQ into TKM buffer containing a particular GroEL variant. GroES
and ATP were added to initiate the reaction cycle and the reaction was quenched
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with hexokinase and glucose?>***. Folding reactions in singk-nng mutants of

Autocorrelation curves were collected for 2 min using 50 yW continuous input
power from a 561 nm diode-pumped solid state laser. Autocorrelation curves were
normalized in mean amplitude between 10 6 and 107 for display purposes. As

the lation curves of PepQ fully bound to GroEL (obtained by not

GroEL were done similarly, except hing was lished by the
simultaneous addition of EDTA and incubation of the sample at 0 °C (refs 20,34).
After quenching, all samples were incubated for 60 min at room temp to

allow for dimerization. The enzyme activity of all samples was measured through
an NAD-coupled reaction using alanine dehydrogenase from B. subtilis®’.

M g PepQ p in solution. Fl in-labelled PepQ (24F) was
allowed to refold sp ly or in the p of the chap system

(as in Fig. 1b, see Folding assays in Methods section). Samples were taken after
60 min and run on 10% SDS-polyacrylamide gel electrophoresis

(SDS-PAGE). Gels were imaged with a Typhoon Trio (GE Healthcare) and
quantified with Image].

Fli and | Light scattering and fluorescence
measurements were conducted with a T-format fluorometer (PTI), equipped with a
jacketed cuvette holder for temperature control with a high-precision circulating
water bath (Neslab). For both types of experiments, the assays were initiated by
diluting acid-urea denatured PepQ at least 50-fold into temperature-equilibrated
TKM buffer (23 °C) in the presence or absence of GroEL. Tryptophan fluorescence
was momtorcd mth excmhon at 295+ 4nm and emission at 340 £ 4 nm. The

and lengths were both 340 + 1 nm for light scattering
experiments.

Stopped-flow fluorescence. Stopped-flow experiments were conducted using an
SFM-400 rapid mixing unit (BioLogic) equu,)gd with a custom-designed
two-channel fluorescence detection system'****%%3, Mixing was done using equal
volume injections from two syringes, one containing GroEL-PepQ complexes and
one containing GroES and ATP. Each solution was in TKM buffer. Measurements
were taken every 150 ms.

Steady-state FRET. Steady-state fluorescence measurements were conducted with
a with a T-format fluorometer (PTI), equipped with a jacketed cuvette holder for
temperature control with a high-precision circulating water bath (Neslab).

FRET efficiencies were calculated from the changes in donor- s:de fluorescence of
matched donor only and donor plus acceptor labelled molecules®”¢,

Singl | pe. Built on a research quality,
vibrationally isolated 4’ x 8’ optical table, the system is constructed around a Nikon
Eclipse Ti-U inverted microscope base using a x 60/1.4NA CFI Plan Fluor oil
immersion objective. The microscope base is outfitted with a precision, 2-axis
stepper motor sample stage (Opnsan ll Pnor) and a custom- dcslgncd confocal
optical bench with three, indep Is. Each d channel
is configured with an optimized band-pass filter set for wavelength selection and a
low-noise, single photon counting APD unit (SPCM-AQRH-15; Excelitas). Photon
pulses are collected and time stamped with either a multichannel hardware
correlator (correlator.com) or h:gh speed 'ITL counting board (N19402; National

Sample exci is p d by either one or a combination of
three lasers: two diode lasers (488 and 642 nm; Omicron) and one diode-pumped
solid state laser (561 nm; Lasos). The free-space beams of each laser are each
coupled to a three-channel fibre combiner (PSK-000843; Gould Technologies)
and the combined output is directed into the sample objective with a custom,
triple-window dichroic filter (Chroma) Each laser is addressable fmm the
integrated control and data acqui: fity custom developed using LabView
(National Instruments).

folding by fi L

PepQ y. PepQ-24TMR was
diluted greater than 40-fold (to 5pM) into SM urea, 25 mM glycine phosphate,
pH 2 and incubated for 20 min at room temperature. For spontaneous folding
reactions, this PepQ-TMR was then diluted to 100 nM in the same solution. The
folding reaction was initiated by dilution of PepQ to 2nM in TKM buffer. Folding
was quenched by the addition of 50 ul of the refolding reaction to 50 ul of

1 uM GroEL in TKM buffer. For GroEL-mediated folding, 5 M denatured
PepQ-24TMR was diluted to 100 nM in TKM buffer containing GroEL (200 nM
final tetradecamer concentration). After a 10 min incubation at room temperature,
this solution was diluted into TKM buffer containing GroEL, GroES and an
ATP-regeneration system, Folding was then initiated by the addition of ATP. The
final concentration of ATP was 2mM, GroEL was 1 uM, and GroES was 2 uM.
Folding was quenched by the addition of 20 ul of the reaction mixture with an
equal volume of hexokinase and glucose. Dimerization was not observable in
refolding assays conducted at 1-2nM PepQ, based on a reproducible lack of
detectable enzymatic activity, even with up to eight hours of incubation at 23°C.
PepQ enzymatic aclivity 'ls. however, detectable when the native dimer is diluted to
1-2nM 1 Fig. 10). Fl e correlation spectroscopy (FCS) data
were collected by placmg loul of the quenched reaction mixtures onto BSA-
blocked d on a custom-built, inverted confocal microscope and
covered with a humidified chamber to prevent evaporation.
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adding ATP to a folding reaction), as a native dimer (obtained by diluting native
PepQ-24TMR in buffer), and as a native monomer (obtained by allowing a
GroEL-mediated folding reaction with 1 nM PepQ to continue for an hour) were also
determined. Each autocorrelation curve was fit using a multi-component model®*65
to account for populations of freely diffusing and GroEL-bound PepQ. Curve fitting
was conducted using two different approaches. First, the diffusion coefficient of each
population was fixed and the fractional population was allowed to vary. Second, the
average diffusion coefficient of the entire population was determined. The resulting
refolding curves obtained from these two methods were statistically equivalent.

Ty I ot g PR " .

ngle: The 240G and 24TMR
PepQ variants were each diluted to 5puM in acid-urea and allowed to unfold at
room temperature. For spontaneous folding, the two solutions were diluted
together into acid-urea to a concentration of 50 nM each. Folding was initiated by
a 50-fold dilution into TKM buffer containing 0.1 mgml ~ ' BSA. BSA has no effect
on the folding rate of PepQ (Fig. 10b), but was necessary to prevent loss of protein
at very-low concentrations to liquid handling equipment. After 10 min at 23°C,
samples were diluted 20-fold into the same buffer and 10 pl samples were
immediately placed on a BSA-blocked, optical glass coverslip mounted in a custom
holder, fitted on the mlcmscope stage. Samples were covered with a humidifier cap
to prevent For diated folding, the two 5pM solutions
of denatured, labelled PepQ were diluted together to 50 nM each into TKM
containing GroEL and GroES, and folding was initiated by the addition of ATP
(2mM) to a solution containing: 50 nM PepQ-240G, 50 nM PepQ-24TMR,

200 nM GroEL, 400 nM GroES). After incubated at 23 °C for at least one hour, the
reaction was halted by a 50-fold dilution into TKM. This sample was then diluted a
further 20-fold into TKM containing 0.1 mgml ~' BSA and immediately assayed.
Fluorescence burst data were collected for each sample over a 1 min window using
100 ps ling bins. Simull excitation was provided from two co-aligned
lasers (488 and 561 nm), each providing 200 pW of power at the sample.

To quantify the formation of native PepQ dimers resulting from productive
GroEL folding, as well as the formation of PepQ aggregates during spontaneous
folding, we developed a cross-correlation statistic (plotted in Fig. 3) that evaluates
the percent photon arrival time overlap between two time streams. To begin, each
time stream was normalized so the maximum spike intensity amplitude had a value
of one. A threshold filter was then applied (5°r.m.s.) to both colour channels to
isolate spike activity and remove low-level detector noise. The filtered time streams
were used to create a binary mask of spike events. On the basis of a particle transit
time through the excitation volume of about 1 ms, both binary time streams were
re-binned in 1 ms time bins. The cross-correlation versus time lag between two
time streams T, and T, each with a total of N, and N, non-zero time bins, was
then generated for the + EL/ES/ATP and spontaneous activity data:

Ty(t — lag)=T(t)

CC(lag) = 1

(lag) =3~ T (1)
With this lization, the lation of any time stream had a value of 1,
while the mini cross-correlation value was bounded at zero. Due to the non-

zero probability of photons randomly arriving at two detectors at the same time,
the minimal cross-correlation value was not zero.

To assess our cross-correlation measure we used the photon arrival data from
either + EL/ES/ATP or spontaneous PepQ activity to generate an expected
baseline activity (that is, zero significant co-incidence). Each time stream was
compared to a 55 cyclically shifted version of itself to examine the correlation
between two nominally uncorrelated time streams of identical photon rate and
noise (demlcd as No Overlap, Flg 3¢, d) In both of these baseline cases, there is

ly a 1% cross-correl dent of lag time or detector channel
(red line). We then calibrated the cross-. con'elauon statistic for several data streams
of a known and fixed amount of similarity. To do this, we replaced a segment of a
time stream T1 with an equal length segment of a time stream T2 at a random
location. The ratio of the segment length to total length then corresponded to the
percent overlap. The original data stream T2 and the altered data stream T1 then
represented two data streams of known overlap and whose cross-correlation could
be used for comparison. This process was repeated 20 times for each percent
overlap. The cross-correlation results were averaged and the uncertainty in the
mean for each lag was monitored. The resulting family of cross-correlation curves
(Fig. 3a,b) was then used to assess the level of overlap between two-colour channels
that had not been shifted in time.

We then tested the null hypothesis that the pairwise differences between the
cross-correlations values of the spontaneous data and various possible overlap
simulations had a mean equal to zero. The resulting P values from this family
of t-tests indicated the most likely zero null hypothesis occurred for an overlap of
0.75% (Fig. 3b, inset).

Triplet state of PepQ Native, TMR- or Oregon
Green-labelled PepQ dimer (24TMR and 240G, respectively) was diluted to 1 nM
(dimer) in TKM buffer with supplemental BSA (0.1 mgml ~ ). An amount of 10 ul
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of sample was pipetted onto a BSA-blocked coverslip, mounted as described for
Fig. 2, using a 561 nm laser for 24TMR and a 488 nm laser for 240G. For each
sample, data were collected for 2 min, with 500 ps collection bins, at each laser
power level. The entire, non-normalized data set for each dye (Supplementary
Fig. 2) was fit globally using IgorPro (Wavemetrics) to an autocorrelation function

that included a correction factor for the effect of a triplet state population®6¢7,

Protease p it The pmlcase itivity of tive PepQ bound to a GroEL
ring was conducted ly for the sub protein RuBisCO?,
Briefly, denatured PepQ (100 nM) ) labelled at position 24 with fluorescein (PepQ- 24F)
was bound to asymmetric GroEL-GroES-ADP bullets (120 nM)**, Chymotrypsin
(0.3mgml ~ ') was added, and time points were taken, with the reaction stopped by
addition of phenylmethylsulfonyl fluoride (PMSF) (1 mM). Samples were run on
10% SDS-PAGE and imaged using a Typhoon Trio (GE Healthcare).

GroEL ATPase activity. The ATPase activity of GroEL was assayed using an
NADH:-coupled reaction. In brief, the GroEL (200nM) ATPase cycle was
monitored in the presence of ATP (2mM) and GroES (400 nM) uslng 10Umi ™

GroEL-GroES-ADP bullets (200 nM) or full-length or A526 single-ring GroEL
(300 nM) supplemented with GroES (600 nM). A single turnover was initiated by
the addition of ATP (2mM) followed by quenching with hexokinase and glucose
after 10s. Unencapsulated PepQ was digested with Proteinase K (0.5 pgml ~ ') for
10 min before quenching with PMSF (1 mM). Samples were run on SDS-PAGE
and scanned for fluorescein fluorescence using a Typhoon Trio (GE Healthcare).
Band intensity was measured with Image].

Data availability. Thc cryo-EM density maps are deposited to EMDataBank
(http://ww d: k.org/) with ion id EMD-8316 (wild type GroEL with
PepQ bound), EMD-8317 (wild type GroEL), EMD-8318(C-terminal truncated
GroEL, A526, with PepQ bound) and EMD-8319(C-terminal truncated GroEL,
A526). All other data are available from the ponding authors upon
reasonable request.

References
1L me Y.E, Hlpp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U. Molecular
in protein folding and proteostasis. Annu. Rev. Biochem.

pyruvate kinase, 10 Uml ~ ! lactate dehydrog 1mM p and
0.2mM NADH. This system regeneralcs ATP, mammmng itata conslanl
concentration, and groduus a decrease in the absorbance at 340 nm as NADH is
J2239506859 The rate of sp ATP hydrolysis under each conditi
without GroEL was also determined to control for effects on the coupling system.

Cryo-el i y. PepQ was di d in 8M urea, ZsmMglycme
hosph alpHZand bated for 30 min at room

82, 323—355 (2013).

2. Horwich, A. L. & Fenton, W. A. Chaperonin-mediated protein folding: using a
central cavity to kinetically assist polypeptide chain folding. Q. Rev. Biophys. 42,
83-116 (2009).

3. Lin, Z. & Rye, H. GroEL-mediated protein folding: making the impossible,
possible. Crit. Rev. Biochem. Mol. Bio 41, 211-239 (2006).

4. Yebenes, H., Mesa, P., Muioz, L. G., Montoya, G. & Valpuesta, ]. M.

PepQ (50 uM), in droplets of 4.6 ul (2.3 uM per addition) was htrated into
solutions of either GroEL or A526 (8 uM tetradecamers, 100 ul) in TKM buffer,
followed by rapid, repeated mixing and then incubated at room temperature for
5min. The final concentration of PepQ was 7 uM. 3 pl of this PepQ/GroEL mixture
was applied to a C-Flat 1.2/1.3 400 mesh holey carbon grid at 20 °C with 100%
relative humidity and vitrified using a Vitrobot (Mark III, FEI company,
Netherlands). The thin-ice areas that showed clear and mono-dispersed particles
were imaged under an FEI Tecnai F20 electron microscope with a field emission
gun (FEI company, Netherlands) operated at 200 KV. Data were collected on a
Gatan K2 Summit direct detection camera (Gatan, Pleasanton CA) in electron
counting mode”” at a nominal magmﬁcauon of x 19,000, yielding a pixel size of
1.85A. The dose rate was 10e ™ pixel ~2s~ ! at the camera. A 33-frame movie
stack was ded for each h for a total time of 6.6s. The total
dose onto the specimen was 19¢~ A 2

and map

Image p i For the wild-type GroEL-PepQ
complex, 1,450 graphs were collected and aligned iteratively and filtered
based on electron dose using Unblur”'. Sum images (1,109) showing strong power
spectra were selected for particle picking in EMAN2 (ref. 72), yielding 217,317
particles with a box size of 160 x 160 pixels®. These particles were processed in
Relion” with a downscaling factor of 2, respectively. Two runs of reference-free 2D
classification were performed to produce a ‘cleaner’ data set containing 170,639
particles, which were separated into four classes in 3D classification with no
symmetry applied. Pamcles belongmg to apo GroEL and PepQ-bound GroEL were
used for final respectively (Suppl y Fig. 5). The
processing procedure used for the A526-PepQ complex was the same as used for
the wild type GroEL complex. Briefly, 847 movie stacks were collected and 703
aligned images were picked, yielding 224,696 particles. 117,040 clean particles were
screened after lwo runs of reference-l'ree 2D classification. 3D classification and
ic f d similar as wild-type GroEL-PepQ complex
(Supplementary Fig. 6). The final resolutions of the 3D density maps for both
wild-type GroEL and A526 were 7.9 A for the apo states and 8.3 A for the

Chaperonins: two rings for folding. Trends Biochem. Sci. 36, 424-432 (2011).

5. Hayer-Hartl, M., Bracher, A. & Hartl, F. U. The GroEL-GroES chaperonin
machine: a nano-cage for protein folding. Trends Biochem. Sci. 41, 62-76
(2016).

6. Braig, K. et al. The crystal structure of the bacterial chaperonin GroEL at 2.8A.
Nature 371, 578-586 (1994).

7. Fenton, W,, Kashi, Y., Furtak, K. & Horwich, A. Residues in chaperonin
GroEL required for polypeptide binding and release [see comments). Nature
371, 614-619 (1994).

8. Chen, L. & Sigler, P. The crystal structure of a GroEL/peptide complex:
plasticity as a basis for substrate diversity. Cell 99, 757-768 (1999).

9. Weissman, J., Rye, H., Fenton, W., Beechem, J. & Horwich, A. Characterization
of the active intermediate of a GroEL-GroES-mediated protein folding reaction.
Cell 84, 481-490 (1996).

10. Mayhew, M. et al. Protein folding in the central cavity of the GroEL-GroES
chaperonin complex. Nature 379, 420-426 (1996).

11. Weissman, J. et al. Mechanism of GroEL action: productive release of
polypeptide from a sequestered position under GroES. Cell 83, 577-587 (1995).

12. Liu, C. et al. Coupled chaperone action in folding and assembly of
hexadecameric Rubisco. Nature 463, 197-202 (2010).

13. Todd, M. |, Viitanen, P. V. & Lorimer, G. H. Dynamics of the chaperonin
ATPase cycle: implications for facilitated protein folding. Science 265, 659-666
(1994).

14. Weissman, J., Kashi, Y., Fenton, W. & Horwich, A. GroEL-mediated protein
folding proceeds by multiple rounds of binding and release of nonnative forms.
Cell 78, 693-702 (1994).

15. Jewett, A. I. & Shea, J.-E. Reconciling theories of chaperonin accelerated folding
with experimental evidence. Cell. Mol. Life Sci. 67, 255-276 (2010).

16. Hartl, F. U, Bracher, A. & Hayer-Hartl, M. Molecular chaperones in protein
folding and proteostasis. Nature 475, 324-332 (2011).

17. Todd, M., Lorimer, G. & Thirumalai, D. Chaperonin-facilitated protein folding:
optimization of rate and yield by an iterative annealing mechanism. Proc. Natl

PepQ-bound states (Supplementary Flg 7A). assesscd with the gold- slandard
criterion at 0.143 Fourier shell correl. 4, Local ions were esti d using
Blocres’ . The unwrapping of the maps was done with ‘e2unwrap3d.py’ in
EMAN2. Visualization and fitting of atomic models into the cryo-EM density
maps, were done in UCSF Chimera’®,

Circular dichroism spectroscopy. PepQ was diluted > 100-fold into 25 mM

Acad. Sci. USA 93, 4030-4035 (1996)

18. B M. & Thii i, D. E: g the kinetic requi for
enhancement of protein folding rates in the GroEL cavity. J. Mol. Biol. 287,
627-644 (1999).

19. Lin, Z. & Rye, H. S. Expansion and compression of a protein folding
intermediate by GroEL. Mol. Cell 16, 23-34 (2004).

20. Brinker, A. et al. Dual function of protein confi in chap i isted
prolem folding. Cell 107, 223»233 (2001).
21. Chakraborty, K. et al. Chap lyzed rescue of Kinetically trapped states

sodium phosphate, pH 7.2, 100 uM MnCl, (native) or 25mM sodium phosp
pH 2.1, 8 M Urea (denatured) to a concentration of 0.1 mgml ! Followmg an
equilibration at 23 °C for 15 min, samples were loaded into a 1cm path length
cuvette and the circular dichroism (CD) of the sample measured in the far ultra-
violet region using an Aviv 202:CD spectrometer (Aviv Biomedical). The sample
temperature was equilibrated in lhe spectrometer to 25 °C before the initiation of

and was d at this temp hout. The CD signal
at each wavelength was averaged for 30, using 1 nm wavelcnglh steps. Scans of
each sample buffer were used as blanks.

Encapsulation of PepQ by GroEL. PepQ-24F (100 nM) was denatured in
8M urea, 25mM glycine phosphate, pH 2 and bound to wild-type or A526

NATURE CC

N5|8:15934 | DOI: 10.1038,

in protein folding. Cell 142, 112-122 (2010).
22. Lin, Z., Puchalla, J., Shoup, D. & Rye, H. S. Repetitive protein unfolding by the
trans ring of the GroEL-GroES chaperonin complex stimulates folding. /. Biol
Chem. 288, 30944-30955 (2013).
. Lin, Z., Madan, D. & Rye, H. S. GroEL stimulates protein folding through
forced unfolding. Nat. Struct. Mol. Biol. 15, 303-311 (2008).
24. Sharma, S. et al. M, g protein confc along the pathway of
chaperonin-assisted foldlng Cell 133, 142~ 153 (2008)

25. Georgescauld, F. ef al. GroEL/ES chap the mech
and accelerates the rate of TIM-barrel domain folding. Cell 157, 922-934
(2014).

2

o

-ommunications 13

| www.nature.c

UNICAT

151



ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15934

26.

39,

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

Ambrose, A. ., Fenton, W., Mason, D. ], Chapman, E. & Horwich, A. L.
Unfolded DapA forms aggregates when diluted into free solution, confounding
comparison with folding by the GroEL/GroES chaperonin system. FEBS Lett.
589, 497-499 (2015).

. Weaver, J., Watts, T,, Li, P. & Rye, H. S. Structural basis of substrate selectivity

of E. coli prolidase. PLoS ONE 9, e111531 (2014).

. Park, M.-S. et al. Catalytic properties of the PepQ prolidase from Escherichia

coli. Arch. Biochem. Biophys. 429, 224-230 (2004).

. Bazan, J. F., Weaver, L. H., Roderick, S. L., Huber, R. & Matthews, B. W.

Sequence and structure comparison suggest that methionine aminopeptidase,
lid. idase P, and i share a common fold. Proc. Natl
Atad. Sci. USA 9l 2473 2477 (1994).

. Lowther, W. T. & Matthews, B. W. Structure and function of the methionine
aminopeptidases. Biochim. Biophys. Acta 1477, 157-167 (2000)
. Kerner, M. et al. P ide analysis of ch dent protein

folding in Escherichia coli. Cell 122, 209-220 (2005)

. Fujiwara, K., Ishihama, Y., Nakxhlgashl. K., Soga, T. & Taguchl, H. A

systematic survey of in vivo obligate chap P EMBO]J.
29, 1552-1564 (2010).

. Grallert, H., Rutkat, K. & Buchner, J. Limits of protein folding inside GroE

complexes. J. Biol. Chem. 275, 20424-20430 (2000).

. Tang, Y. et al. Structural features of the GroEL-GroES nano-cage required for

rapid folding of encapsulated protein. Cell 125, 903-914 (2006).

. Goloubinoff, P., Christeller, J. T., Gatenby, A. A. & Lorimer, G. H.

Reconstitution of active dimeric ribulose bisphosphate carboxylase from an
unfolded state depends on two chaperonin proteins and Mg-ATP. Nature 342,
884-889 (1989).

. van der Vies, S. M Viitanen, P. V., Ga!enby. A A, lonmer. G. H. & Jaenicke,

R. Confi ional states of ribulosebi: lase and their
interaction with chaperonin 60. Blodlemzslry 31, 3635-3644 (1992).

. Rye, H. et al. GroEL-GroES cycling: ATP and nonnative polypeptide direct

alternation of folding-active rings. Cell 97, 325-338 (1999).

. Burston, S. G., Ranson, N. A. & Clarke, A. R. The origins and consequences

of asymmetry in the chaperonin reaction cycle. . Mol. Biol. 249, 138-152
(1995).

Weaver, J. & Rye, H. S. The C-terminal tails of the bacterial chaperonin GroEL
stimulate protein folding by directly altering the conformation of a substrate
protein. J. Biol. Chem. 289, 23219-23232 (2014).

Chen, D.-H. et al. Visualizing GroEL/ES in the act of encapsulating a folding
protein. Cell 153, 1354-1365 (2013).

Tang, Y., Chang, H., Chakraborty, K., Hartl, F. & Hayer-Hartl, M. Essential
role of the chaperonin folding compartment in vivo. EMBO J. 27, 1458-1468
(2008).

McLennan, N. F,, Girshovich, A. S, Lissin, N. M., Chaners.Y & Masters, M.
The strongly conserved carboxyl-terminus glyci hionine motif of the
Escherichia coli GroEL chap is dispensable, Mol. Microbiol. 7, 49-58
(1993).

Burnett, B. P., Horwich, A. L. & Low, K. B. A carboxy-terminal deletion impairs
the assembly of GroEL and confers a pleiotropic phenotype in Escherichia coli
K-12. J. Bacteriol. 176, 6980-6985 (1994).

Machida, K., Kono-Okada, A., Hongo, K., Mizobata, T. & Kawata, Y.
Hydrophilic residues 526KNDAADS531 in the flexible C-terminal region of the
chaperonin GroEL are critical for substrate protein folding within the central
cavity. J. Biol. Chem. 283, 6886-6896 (2008).

Farr, G., Fenton, W. & Horwich, A. Perturbed ATPase activity and not

‘close confinement’ of substrate in the cis cavity affects rates of folding by
tail-multiplied GroEL. Proc. Natl Acad. Sci. USA 104, 5342-5347 (2007).
Brocchieri, L. & Karlin, S. Conservation among HSP60 sequences in relation to
structure, function, and evolution. Protein Sci. 9, 476-486 (2000).

Lund, P. A. Multiple chaperonins in bacteria--why so many? FEMS Microbiol.
Rev. 33, 785-800 (2009).

Elad, N. et al. Topologies of a substrate protein bound to the chaperonin
GroEL. Mol. Cell 26, 415-426 (2007).

Gruber, R. & Horovitz, A. All i hani in ch i hi

55. Libich, D. S., Tugarinov, V. & Clore, G. M. Intrinsic unfoldase/l'oldase activity
of the chaperonin GroEL directly d d using
based NMR. Proc. Natl Acad. Sci. USA llZ, 8817-8823 (2015).
56. Vozlyan P. A. & Fisher, M T Ch isted folding of gl
y under P wditi off-path aggregalwn
does not d ine the co-ch i Protein. Sci. 9,

2405 2412 (2000).

57. Xu, Z., Horwich, A. & Sigler, P. The crystal structure of the asymmetric
GroEL-GroES-(ADP)7 chaperonin complex [see comments). Nature 388,
741-750 (1997).

58. Roseman, A. M., Chen, S., Whl!e. H Bmg. K & Saibil, H. R. The chapcromn
ATPase cycle: hanism of al g and of
binding domains in GroEL. Cell 87, 241-251 (1996)

59. Chen, S. et al. Location of a folding protein and shape changes in GroEL-GroES
complexes imaged by cryo-electron microscopy. Nature 371, 261-264 (1994).

60. Motojima, F., Chaudhry, C., Fenton, W. A,, Farr, G. W, & Horwich, A. L.
Substrate polypeptide presents a load on the apical domains of the chaperonin
GroEL. Proc. Natl Acad. Sci. USA 101, 15005-15012 (2004).

. Dalton, K. M., Frydman, J. & Pande, V. S. The dynamic conformational cycle of
the group I chaperonin C-termini revealed via molecular dynamics simulation.
PLoS ONE 10, e0117724 (2015).

62. Braman, ., Papworth, C. & Greener, A. Site-directed mutagenesis using

doubk-stmnded plasmld DNA templates. Methods Mol. Biol. 57, 31-44 (1996).

63. Rye, H. Ap of fl energy transfer to the
GroEL- GroES chaperonin reaction. Methods 24, 278-288 (2001).

64. Sengupln. P., Garai, K., Balaji, J., Periasamy, N. & Maiti, S. Measuring size

ibution in highly h systems with fluorescence correlation
spectroscopy. Biophys. J. 84, 19771984 (2003).

65. Pal, N, Dev Verma, S., Singh, M. K. & Sen, S. Fluorescence correlation
spectroscopy: an efficient tool for measuring size, size-distribution and
polydispersity of microemulsion droplets in solution. Anal. Chem. 83,
7736-7744 (2011).

66. Wldengren. J. & Rigler, R. Mcchamsms of pho(obleachmg investigated by

correlation sp 1g 4, 149-157 (1996).

67. Widengren, ., Rigler, R. & Mets, U Tnplel-smc monitoring by fluorescence
correlation spectroscopy. J. Fluoresc. 4, 255-258 (1994).

68. Poso, D., Clarke, A. & Burston, S. A kinetic analysis of the nucleotide-induced
allosteric transitions in a single-ring mutant of GroEL. J. Mol. Biol. 338,
969-977 (2004).

69. Kreuzer, K. N. & Jongeneel, C. V. Escherichia coli phage T4 topoisomerase.
Methods Enzymol. 100, 144-160 (1983).

70. Li, X. et al. Electron counting and beam-induced motion correction enable
near-atomic-resolution single-particle cryo-EM. Nat. Methods 10, 584-590
(2013).

71. Grant, T. & Grigorieff, N. Measuring the optimal exposure for single particle
cryo-EM using a 2.6 A reconstruction of rotavirus VP6. eLife 4, €06980 (2015).

72. Tang, G. et al. EMAN2: an extensible image processing suite for electron
microscopy. J. Struct. Biol. 157, 38-46 (2007).

73. Scheres, S. H. W. RELION: implementation of a Bayesian approach to cryo-EM
structure determination. J. Struct. Biol. 180, 519-530 (2012).

74. Scheres, S. H. W. & Chen, S. Prevention of overfitting in cryo-EM structure
determination. Nat. Methods 9, 853-854 (2012).

75. Heymann, J. B., Cardone, G., Winkler, D. C. & Steven, A. C. Computational
resources for cryo-electron tomography in Bsoft. . Struct. Biol. 161, 232-242
(2008).

. Pettersen, E. et al. UCSF Chi isualization system for expl Y
research and analysis. J. Comput. Chem. 25, 1605-1612 (2004).

77. Yamamoto, D. & Ando, T. Chaperonin GroEL-GroES functions as both
alternating and non-alternating engines. /. Mol. Biol. 428, 3090-3101 (2016).
. Fei, X., Ye, X,, IaRonde. N. A. & Lorimer, G. H. Formation and structures of

GroEL:GroES2 chap footballs, the protein-folding functional form.
Proc. Natl Acad. Sci. USA 111, 12775~ I2780 (2014).
79. Haldar, S. et al. Chaperonin-assisted protein folding: relative population of

6

7t

-3

7

Chem. Rev. 116, 6588-6606 (2016). :

. Madan, D, Lin, Z. & Rye, H. S. Triggering protein folding within the

GroEL-GroES complex. J. Biol. Chem. 283, 32003-32013 (2008).

. Grason, J. P., Gresham, J. S. & Lorimer, G. H. Setting the chaperonin timer:

a two-stroke, two-speed, protein machine. Proc. Natl Acad. Sci. USA 105,
17339-17344 (2008).

. Falke, S., Tama, F., Brooks, III C. L., Gogol, E. P. & Fisher, M. T. The 13A

Structure of a chaperonin GroEL-protein substrate complex by cryo-electron
microscopy. J. Mol. Biol. 348, 219-230 (2005).

. Apetri, A. C. & Horwich, A. L. Chaperonin chamber accelerates protein folding

through passive action of preventing aggregation. Proc. Natl Acad. Sci. USA
105, 17351-17355 (2008).

. Horwich, A. L., Apetri, A. C. & Fenton, W. A. The GroEL/GroES cis cavity as a

passive anti-aggregation device. FEBS Lett. 583, 2654-2662 (2009).

ic and ic GroEL:GroES pl J. Mol. Biol. 427,
2244 2255 (2015).
80. Grason, J. P., Gresham, J. S., Widjaja, L., Wehri, S. C. & Lorimer, G. H. Setting
the chaperonin timer: the effects of K+ and substrate protein on ATP
hydrolysis. Proc. Natl Acad. Sci. USA 105, 17334-17338 (2008).

Acknowledgements
This research has been supported by the National Institutes of Health grant
(H.] K GM06542!) We lhank the Microscopy and Imaging Center at Texas A&M

L y for providi ion for cryo-| EM data collection. We acknowledge
the Tcxas A&M High P Pe Research Computing Center for providing the
computational resources for the data proctssmg We also thank Dr Chavela Carr for
comments and editorial assi in preparing the ipt. ].Z. is supported by
startup funding from the Dep of Biochemistry and Biophysics at Texas A&M

NATURE COMMUNICATIONS | 8:15934 | DOI: 10.1038/ncomms15934 | www.nature.com/naturecommunications

152



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms15934

ARTICLE

University and Center for Phage Technology jointly sponsored by Texas AgriLife and
Texas A&M University. ].Z. is also supported by Welch F ion grant A-1863.

Author contributions

Conceptualization: HS.R,, ].Z. and ].W. Methodology: HS.R,, J.Z, ]W., AR. and J.P.
Formal analysis: J.P., ].Z and M.]. Investigation: ].W., A.R. and M.]. Writing—original
draft: HS.R. Writing—review and editing: HS.R,, ].Z, ].P., LW., AR. and M.J. Visua-

lization: HSR,, ].Z., | W., ].P. and M.]. Supervision: H.S.R and ].Z. Project management:

H.S.R. Funding acquisition: HS.R and ].Z.

Additional information

this paper at http:/www.nature.com/

naturecommunications
Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

NATURE COMMUNICATIONS | 8:15934 | DOL: 10.1038,

How to cite this article: Weaver, J. et al. GroEL actively stimulates folding of the
endogenous substrate protein PepQ. Nat. Commun. 8, 15934 doi: 10.1038/ncomms15934
(2017).

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

daptation, distrib and d in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/

© The Author(s) 2017

-ommunications 15

| www.nature.c

153



	Abstract
	Dedication
	Acknowledgements
	contributors and funding sources
	Nomenclature
	Table of Contents
	List of Figures
	List of Tables
	1. Introduction
	1.1. Overview
	1.2. Clostridium difficile biology
	1.2.1. Life cycle of Clostridium difficile
	1.2.1.1. Sporulation of C. difficile
	1.2.1.2. Germination of C. difficile

	1.2.2. Pathogenesis
	1.2.2.1. Toxins secreted from C. difficile leads to CDI symptoms
	1.2.2.2. Disruption of host cell physiology by TcdA/TcdB uptake


	1.3. The mechanism of TcdB enter and affect intestine epithelial cell
	1.3.1. Overview of TcdA and TcdB infection
	1.3.1.1. TcdB receptor binding
	1.3.1.2. TcdB pore forming and translocation in the late endosome
	1.3.1.3. TcdA/TcdB autoprocessing
	1.3.1.4. TcdA/TcdB glucosyltransferase activities


	1.4. Treatment of Clostridium difficile infection

	2. Structural analysis of C. difficile tcdB interaction with receptors
	2.1. Introduction
	2.2. Materials and Methods
	2.2.1. CSPG4(410-560) preparation
	2.2.1.1. pEGFP-N1-CSPG4 reconstruction
	2.2.1.2. CSPG4(410-560) fragment purification

	2.2.2. CSPG4 (410-560) mutants purification
	2.2.2.1. Reconstruction of CSPG4 (410-560) mutants
	2.2.2.2. CSPG4 mutant purification

	2.2.3. Reconstruction of truncated TcdB (550-1902) and site directed mutagenesis TcdB
	2.2.4. Purification of TcdB proteins
	2.2.5. ELISA assays on TcdB
	2.2.5.1. Interaction between wild-type TcdB and wild-type CSPG4/mutants
	2.2.5.2. Interaction between mutated TcdB and wild-type CSPG4
	2.2.5.3. Interaction changes between wild-type TcdB and FZD2/CSPG4 after pH changes

	2.2.6. Cryo-EM of TcdB and receptor complexes
	2.2.6.1. Cryo-EM TcdB and FZD2
	2.2.6.1.1. Sample preparation of TcdB and FZD2
	2.2.6.1.2. Cryo-EM data collection
	2.2.6.1.3. Cryo-EM data processing
	2.2.6.1.4. Model building

	2.2.6.2. Cryo-EM TcdB and CSPG4
	2.2.6.2.1. Cryo-EM sample preparation
	2.2.6.2.2. Cryo-EM data collection
	2.2.6.2.3. Cryo-EM data processing
	2.2.6.2.4. Model building


	2.2.7. Circular dichroism (CD) spectroscopy

	2.3. Results
	2.3.1. FZD2 interacts with TcdB at the delivery domain
	2.3.1.1. FZD2 grips on the middle of TcdB delivery domain
	2.3.1.2. FZD2 interacts with TcdB through hydrophobic interactions

	2.3.2. CSPG4 interacts with TcdB at the N-terminal of CROPS domain and partial APD domain
	2.3.2.1. CSPG4 binds to the ditch formed by the N-terminal of CROPS domain and APD domain
	2.3.2.2. CROPS domain loop is critical for the CSPG4 binding

	2.3.3. Different receptors have different impact on the stability of TcdB
	2.3.3.1. FZD2 stabilizes the structure of TcdB delivery domain when comparing with CSPG4 binding states.
	2.3.3.2. The two receptors behave differently under acidic conditions when binding with TcdB.


	2.4. Discussion

	3. Structural analysis of C. difficile TcdB conformational change upon pH acidification
	3.1. Introduction
	3.2. Methods
	3.2.1. Protein preparation
	3.2.2. Cryo-EM of TcdB at pH5
	3.2.2.1. Cryo-EM sample preparation
	3.2.2.2. Cryo-EM data collection
	3.2.2.3. Cryo-EM data processing
	3.2.2.4. Model building

	3.2.3. Leakage assay
	3.2.3.1. Liposome preparation
	3.2.3.2. Leakage Assay with Multicolor-Burst Analysis Spectroscopy (MC-BAS)


	3.3. Results
	3.3.1. TcdB has conformational changes in the delivery domain under pH5
	3.3.1.1. Overall description of TcdB conformational changes
	3.3.1.2. The interaction between TcdB and FZD2 is influenced by pH change

	3.3.2. Leakage assay support that TcdB is creating holes on liposome

	3.4. Discussion

	4. Selection and characterization of ultrahigh potency designed ankyrin repeat protein inhibitors of C. difficile tcdB*
	4.1. Introduction
	4.2. Methods
	4.2.1. TcdB expression and purification
	4.2.2. DARPin Library creation and phage panning
	4.2.3. Functional screening of TcdB-neutralizing DARPins
	4.2.4. Protein expression and purification
	4.2.5. ELISA
	4.2.6. In vitro TcdB neutralization assay
	4.2.7. In vivo TcdB Neutralization Activity of DARPins
	4.2.8. Electron-microscopy sample preparation
	4.2.9. Cryo-EM data collection
	4.2.10. Image processing
	4.2.11. Model building

	4.3. Results
	4.3.1. Dimeric DARPins inhibits TcdB toxicity in a more effective way
	4.3.1.1. Engineering monomeric TcdB-neutralizing DARPins
	4.3.1.2. Engineering dimeric TcdB-neutralizing DARPins
	4.3.1.3. Characterization of DARPin TcdB-neutralization potency

	4.3.2. Dimeric DARPin interacts with TcdB on the receptor binding pockets
	4.3.2.1. Cryo-EM structure of the full-length TcdB and its interaction with DARPin DLD-4
	4.3.2.2. Mechanism of TcdB neutralization by DARPin DLD-4


	4.4. Discussion

	5. CONCLUSIONs
	5.1. Receptor binding of TcdB
	5.1.1. Why does TcdB utilize a different receptor-binding mechanism than TcdA?
	5.1.2. Does TcdB incorporate into cells using one receptor or multiple receptors?
	5.1.3. Future questions needed to be resolved

	5.2.  Pore formation and translocation
	5.2.1. The role of the CROPS domain in TcdB pore formation
	5.2.2. Is TcdB able to influence the morphology of the endosome?

	5.3. Concluding remarks

	6. REFERENCE
	Appendix A *GROEL ACTIVELY STIMULATESF FOLDING OF THE ENDOGENOUS SUBSTRATE PROTEIN PEPQ

