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Abstract

Clostridioides difficile infections have emerged as the leading cause
of healthcare-associated infectious diarrhea. Disease symptoms
are mainly caused by the virulence factors, TcdA and TcdB, which
are large homologous multidomain proteins. Here, we report a
2.8 A resolution cryo-EM structure of native TcdA, unveiling its
conformation at neutral pH. The structure uncovers the dynamic
movement of the CROPs domain which is induced in response to
environmental acidification. Furthermore, the structure reveals
detailed information about the interaction area between the
CROPs domain and the tip of the delivery and receptor-binding
domain, which likely serves to shield the C-terminal part of the
hydrophobic pore-forming region from solvent exposure. Similarly,
extensive interactions between the globular subdomain and the N-
terminal part of the pore-forming region suggest that the globular
subdomain shields the upper part of the pore-forming region from
exposure to the surrounding solvent. Hence, the TcdA structure
provides insights into the mechanism of preventing premature
unfolding of the pore-forming region at neutral pH, as well as the
pH-induced inter-domain dynamics.
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Introduction

Clostridioides difficile (C. difficile) is the leading cause of healthcare-
associated infectious diarrhea and classified as one of the top three
urgent threats by the Center for Disease Control and Prevention
(Lessa et al, 2015; CDC, 2019). In the United States alone the infec-
tion is responsible for close to half a million disease incidences and
almost 30,000 deaths annually (Lessa et al, 2015). C. difficile infec-
tions (CDI) particularly affects elderly patients above 65 years
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undergoing antibiotic therapy, and the clinical outcomes range from
mild diarrhea to pseudomembranous colitis, toxic megacolon and
death (Songer, 2004; Lessa et al, 2015). Standard-of-care treatment
of CDI is comprised of antibiotics such as metronidazole and vanco-
mycin, however, 20-30% of patients experience recurrent infections
(Johnson, 2009). Prolonged hospital stays, expensive treatments,
and strict guidelines for preventing spread of the infection at the
hospitals make CDI a substantial financial burden in many countries
(Balsells et al, 2019).

Pathogenicity of C. difficile is mainly mediated by two large
homologous exotoxins, TcdA and TcdB, with molecular weights of
308 and 270 kDa, respectively (Aktories et al, 2017). Both toxins
consist of four known functional domains (Fig 1A) that contribute
to a multistep intoxication mechanism of epithelial host cells
(Fig 1B). The C-terminal combined repetitive oligopeptides (CROPs)
domain, which is comprised of a series of continuous short repeats
(SRs) interspersed with long repeats (LRs), and the central delivery
and receptor-binding domain (DRBD) have been shown to facilitate
binding to cell surface receptors (LaFrance et al, 2015; Yuan et al,
2015; Tao et al, 2016, 2019; Chen et al, 2018, 2021). The toxins then
enter the cells via receptor-mediated endocytosis, where the acidic
environment of the endosomes triggers conformational changes in
the toxins, which is predicted to facilitate pore formation (Florin &
Thelestam, 1986; Qa’dan et al, 2000; Barth et al, 2001; Frisch et al,
2003; Giesemann et al, 2006). The mechanism and structure of the
pore is still unknown; however, pore formation is thought to be
mediated by the central DRBD which consists of a globular subdo-
main (GSD) and an elongated hydrophobic stretch of four a-helices
stretched across a scaffold of B-sheets (Aktories et al, 2017; Chan-
drasekaran & Lacy, 2017). It has been suggested that the DRBD is
involved in pore formation by unfolding and inserting the hydro-
phobic stretch into the endosomal membrane (Genisyuerek et al,
2011; Zhang et al, 2014; Orrell et al, 2017, 2020). The N-terminal
glucosyltransferase domain (GTD) and the cysteine protease domain
(CPD) are believed to translocate across the endosomal membrane
through the formed pore and into the cytosol. Once inside the cyto-
sol, the CPD activity is induced by intracellular inositol hexakispho-
sphate (InsP4) where it proteolytically cleaves and releases the GTD
from the rest of the toxin (Egerer et al, 2007; Reineke et al, 2007;
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Aktories et al, 2017). The free GTD in the cytosol then targets small
GTPases of the Rho family, including Rho, Rac, and Cdc42, and
inactivates their function by transferring a glucose moiety from
UDP-glucose onto a conserved residue of the GTPases (Just et al,
1995a, 1995b; Sehr et al, 1998). While TcdA and TcdB share the
same mode of action, various in vivo studies have shown contra-
dicting results regarding the individual roles of each toxin during
disease. Earlier studies proposed that TcdA was the key virulence
factor during disease, negating the role of TcdB (Lyerly et al, 1988;
Warny et al, 1994; Kyne et al, 2001; Giannasca & Warny, 2004).
However, in recent years, it has been shown that both toxins cause
the same spectrum of clinical disease symptoms in humans,
although TcdB is around 10 times more potent at disrupting epithe-
lial integrity (Sambol et al, 2000; Drudy et al, 2007; King et al,
2015). Overall, it has been accepted that while both TcdA and TcdB
are essential in C. difficile pathogenesis, TcdB may play a more sig-
nificant role in the advanced and severe aspects of the disease
(Chandrasekaran & Lacy, 2017).

Structural insights into different fragments of TcdA and TcdB
have been reported and have allowed a better understanding of the
function of the individual toxin domains (Pruitt & Lacy, 2012; Chan-
drasekaran & Lacy, 2017). Recently, the full-length structure of
TcdB, crystallized at pH 5.2 (endosomal pH) and with the help of
three VHH antibodies (nanobodies), was determined to 3.9 A reso-
lution (Chen et al, 2019). This structure displays an “open” confor-
mation of the CROPs domain of TcdB, which is distinct from a prior
model presented by negative stain electron microscopy (EM) at neu-
tral pH (Pruitt et al, 2010), further demonstrating pH-dependent
flexibility of the toxin structure. Furthermore, the structure of a
truncated TcdA construct, consisting of the GTD, the CPD, and the
DRBD (TcdAjz.1g3,, referred to as TcdA;gs,) crystallized at pH 6.0,
has been determined to a resolution of 3.3 A (Chumbler et al,
2016). However, this structure did not contain the CROPs domain,
which comprises one-third of the full-length structure. The authors
docked the TcdA;g3;, structure into a 3D map generated by negative
stain EM, which indicated a possible interaction between the
CROPs domain and the distal tip of the DRBD (Chumbler et al,
2016). Attempts at crystallizing the full-length TcdA have proven
difficult, likely due to the elongated structure of the CROPs
domain being structurally flexible relative to the rest of the protein
(Pruitt et al, 2010).

Due to the lack of high-resolution full-length structures of TcdA
and TcdB at neutral pH, there are still plenty of unknowns related to
the dynamics of the individual domains and how they interact with
each other within the tertiary structure of these multidomain pro-
teins. Furthermore, structural and mechanistic understanding of
these toxins is a significant priority in order to comprehend the
mode of host cell entry, which can serve as an important guide to
successfully develop new anti-toxin therapeutics.

Here, we present a 2.8 A resolution structure of native TcdA at
pH 7.5, obtained by single-particle cryogenic electron microscopy
(cryo-EM). This high-resolution structure of TcdA provides new
important insight into the structural and functional dynamics of the
toxin. Whereas the previous full-length TcdB structure provides an
important snapshot of the structural conformation at endosomal pH,
the TcdA structure represents the mature host cell entry-ready con-
formation at neutral pH prior to receptor binding and endocytosis.
Together, the two structures demonstrate a large conformational
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rearrangement of the CROPs domain which is primarily promoted
by nine residues in the hinge region linking the DRBD with the
CROPs domain. Furthermore, when comparing TcdB and TcdA;ss,
with TcdA, there are regional movements occurring inside the
DRBD, which may be attributed to the pH-triggered movement of
the CROPs domain. Importantly, the TcdA structure reveals detailed
information about the interaction area between the CROPs domain
and the tip of the DRBD, where the CROPs domain interacts closely
with a highly conserved B-hairpin loop in the C-terminal part of the
pore-forming region. Additionally, a loop inside the GSD, which his-
torically has been included as a part of the DRBD, also closely inter-
acts with two a-helices in the N-terminal part of the pore-forming
region. This interaction between the loop of the GSD and the two a-
helices is not seen in the TcdA,s3, and TcdB structures where the
loop is highly destabilized. Interestingly, both the CROPs domain
and the GSD interact with areas of the pore-forming region that con-
tain residues which previously have been shown to be important for
pore formation (Genisyuerek et al, 2011; Zhang et al, 2014). Hence,
we provide compelling evidence that the hydrophobic pore-forming
region is not only shielded by the B-scaffold of the DRBD but also by
extensive interactions with the CROPs domain and GSD. This likely
serves to stabilize the pore-forming region and to keep it in a fixed
position until endosomal acidification triggers its membrane
insertion.

Results
Cryo-EM structure of native TcdA

Because of the known difficulties crystallizing full-length TcdA,
likely due to its large size and structural flexibility, we decided to
use single-particle cryo-EM to examine the structure of native
TcdA from the hypervirulent C. difficile strain R20291. A solution
of highly purified TcdA at pH 7.5 was applied to carbon grids
and was plunge frozen in liquid ethane. Two cryo-EM data sets
were collected, and the data were merged into a large data set
consisting of 13,758 raw movies. Data processing led to an elec-
trostatic potential map at a resolution of 2.8 A based on the Fou-
rier shell correlation 0.143 cutoff, with local resolutions of the EM
map reaching ~2 A (Fig EV1A). Attempts were also made to
obtain an electrostatic potential map of full-length TcdA at pH
4.5. Unfortunately, the quality of the particles in the images col-
lected was not sufficiently high to proceed with further proces-
sing. This was probably due to non-optimal sample conditions
and protein aggregation (data not shown). The obtained cryo-EM
map of TcdA at neutral pH (Fig 1C) made it possible to build and
refine a continuous structure from residues 2 to 2,383 of the
2,710 residues constituting the full-length TcdA. Following residue
2,383 in the C-terminal part of the CROPs domain, the electro-
static potential density of the cryo-EM map quickly deteriorates,
which is likely due to the highly flexible nature of the remaining
CROPs domain protruding from the DRBD. Figure EV1B shows 2D
classes of TcdA, which confirm that the entire CROPs domain is
present in the particles but becomes averaged out in the final 3D
map. The final structure was validated using the MolProbity
validation tool in Phenix (Williams et al, 2018) with good statis-
tics for the geometry restraints and a Ramachandran plot with
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Figure 1. Overall structure of native TcdA.

A Aschematic representation of TcdA, which shows the domain organization including identified subdomains and functional regions. GTD, glycosyltransferase domain
(dark red); CPD, cysteine protease domain (blue) containing the three-helix bundle (3HB) (light blue); DRBD, delivery and receptor-binding domain (orange) containing the
globular subdomain (GSD) (yellow), the pore-forming region (olive), and the hinge region (green); CROPs, combined repetitive oligopeptides (dark blue). The white area of
the C-terminal part of the CROPs domain represents a part of the structure that could not be modeled in the TcdA structure due to deteriorating cryo-EM map quality.

B The multistep mechanism of intoxication. Various carbohydrate moieties (and gp96 or LPLR) are receptors for TcdA. The toxin is internalized by endocytosis and
acidification of the endosome, which triggers a conformational change in the DRBD and results in pore formation and translocation of the GTD, and likely also CPD,
into the cytosol. Next, inositol hexakisphosphate (InsPg) binds and activates the CPD which cleaves and releases the GTD. The GTD translocates to the cell membrane
and glycosylates the Rho family of GTPases causing pathogenic cell rounding and apoptotic cell death.

C Cryo-EM map of native TcdA contoured at 7 ¢ with a cartoon representation of the structure placed inside. The individual domains are colored as in panel A.

D Cartoon representation of TcdA from three different angles with zinc shown as a gray sphere.
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92.35/7.56/0.08% of favored, allowed, and outliers, respectively
(Table EV1).

The cryo-EM structure of TcdA (Fig 1D) reveals the three main
components of the toxin as previously described (Chumbler et al,
2016; Chen et al, 2019). The GTD and CPD form the superior
“head” of the toxin, displaying a large inter-domain interaction sur-
face and the DRBD, containing the GSD, the pore-forming region,
and part of the hinge region, forms the central “body”, interacting
with the GTD and CPD domains in one end. The CROPs domain at
neutral pH extends from the hinge region of the DRBD, curves
around the section of the DRBD that interacts with the distal tip,
and continues onwards into a kinked and elongated C-terminal
“tail.” This conformation of the TcdA CROPs domain supports the
previously reported ~25 A negative stain EM structure of TcdA
(Fig EV2A; Pruitt et al, 2010), which showed similar overall confor-
mations of TcdA and TcdB at pH 7.0. Likewise, the CROPs domain
in TcdA at pH 4.5 adopts a conformation (Pruitt et al, 2010), which
is strikingly similar to the conformation of the TcdB crystal structure
(Chen et al, 2019; Fig EV2B), indicating that TcdA and TcdB have
similar functional dynamics in response to acidification.

The individual domains in the cryo-EM TcdA structure show
overall similarity to the previously determined crystal structures of
TcdAig;; at pH 6.0 (Chumbler et al, 2016) and the full-length TcdB
at pH 5.2 (Chen et al, 2019) with calculated C, r.m.s.d values as
shown in Table 1. However, the orientation of the DRBD in the
cryo-EM structure of TcdA is somewhat different compared to the
crystal structures of TcdAg3, and TcdB, as indicated by the slightly
elevated C, r.m.s.d values. Also, the CROPs domain in the TcdA
structure only shows similarity to the TcdB CROPs domain in the
region between residues 1,811 and 2,187, whereafter the similarity
decreases dramatically.

The distinct conformation of the CROPs domain and the DRBD at
neutral pH

The structure of TcdA at neutral pH including almost two-thirds of
the CROPs domain is the first to be determined at high resolution.
To visualize the conformational differences between the cryo-EM
structure of TcdA, the crystal structure of TcdAg3, without the
CROPs domain at moderately acidic pH and the crystal structure of

Table 1. Inter-individual domain superpositions.

TcdAig3 TcdB

r.om.s.d No. C, r.am.s.d No. C,
TcdA (A) atoms (A) atoms
GTD (1-543) 0.785 483 1.409 490
CPD (544-842) 0722 279 1.165 260
GSD (843-1,025) 0.759 126 1773 138
DRBD (1,026-1,802) 2123 711 2.822 652
CROPs (1,811-2,383) n.a. - 3.776 419
CROPs (1,811-2,187) na. - 1.708 319
CROPs (2,188-2,383) n.a. - 8934 130

C, r.m.s.d values of domain superpositions using the “align” command in
PyMol.
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full-length TcdB at acidic pH, we have superimposed the GTD and
CPD domains of the three structures, respectively (Fig 2A and B).
Despite the interdomain similarity of TcdA and TcdA;gs,, the posi-
tion of the DRBDs in the two structures is rotated by ~10° relative to
the GTD and CPD domains (calculated by DynDom; Lee et al, 2003),
and thus the DRBD of TcdA, g3, has moved away from the position
where it interacts with the CROPs domain in the TcdA structure
(Fig 2A). Interestingly, we see a comparable rotation of the DRBD
between TcdB at acidic pH and TcdA at neutral pH, relative to the
GTD and CPD domains (Fig 2B). Furthermore, the same superposi-
tion of TcdA with TcdA;g3, reveals a ~32° rotation of the GSD (resi-
dues 842-1,025 in TcdA) compared to the GSD in TcdAjs;,
(Fig 2A). A similar rotation of the GSD is also seen in TcdB (Fig 2B).
Hence, the TcdA,g3, structure (pH 6.0) mimics the conformation of
TcdB structure (pH 5.2) to some degree, which may be due to the
acidic crystallization conditions. The observed rotation of the GSD
is in the opposite direction of the rotation of the DRBD and therefore
is not likely the result of a multidomain motion in one direction.
These findings indicate that the movements of the DRBD and the
GSD are related to a decrease in pH and potentially to the movement
of the CROPs domain, since the CROPs domain in the TcdA struc-
ture at neutral pH is in a closed conformation when interacting with
the DRBD.

Figure 2C illustrates a dramatic conformational difference in the
CROPs domain when comparing the TcdA and TcdB structures.
When superimposing the GTD and CPD domains of the two struc-
tures, there is a ~136° rotation of the CROPs domains of TcdA at
neutral pH and TcdB at acidic pH. This movement is facilitated by
the hinge (residues 1,790-1,833), which was previously defined in
TcdB as a B-hairpin, similar to the short repeats (SR) found in the
CROPs domain, attached to a short o-helix interspersed by a loop
that connects the CROPs domain to the DRBD (Chen et al, 2019). In
the TcdB structure, the hinge was shown to interact directly with
the B-flap, which is important for CPD activation, and the three-
helix bundle (3HB) (residues 767-842) located in a cleft among the
GTD, CPD, DRBD, and CROPs domains. In the cryo-EM map of the
TcdA structure, the hinge region is also well defined (Fig EV3A).
However, in the TcdA structure, where the CROPs domain is inter-
acting with the distal tip of the DRBD, the entire B-hairpin (SR) part
of the hinge is positioned in a cleft among the CPD, GSD, and DRBD
(Fig 2D). In this position, the hinge forms no interactions with
either the 3HB or other residues in the CPD. Instead, the B-hairpin
of the hinge is occupying space where the GSD is otherwise posi-
tioned in both the TcdB and TcdAjg;, structures. This position of
the hinge region in the interdomain cleft of the TcdA structure
results in a displacement of the linker between the 3HB and the GSD
(residues 843-849) causing the GSD to tilt away from the hinge
region. The rotation of the hinge primarily occurs through substan-
tial changes in the backbone conformation of residues Ser1802 to
His1810 (Tyr1805-Glul813 in TcdB) (Figs 2D and EV4), while the
reorientation of the GSD is promoted by changes in residues Glu844
to Val846.

Protection of the pore-forming region by the CROPs domain and
the GSD

The elongated a-helical hydrophobic pore-forming region (residues
1,025-1,135) lies in a continuous groove stretching across the

© 2021 The Authors
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Figure 2. Comparison of the cryo-EM structure of TcdA (pH 7.5) to the crystal structure of TcdA;gs, (pH 6.0) and full-length TcdB (pH 5.2).

A Superposition of TcdA and TcdAsgs,. The GTD and CPD of TcdA are superimposed on the corresponding domains of TcdAygs, (all in light gray). The remaining domains
of TcdA are colored as in Fig 1. In the TcdAqgs, structure, the DRBD (light gray) swings away from the CROPs domain present in TcdA with a ~10° motion around the
screw axis described by the orange rod, while the GSD of TcdA;gs; tilts ~32° in the opposite direction around the axis illustrated by the yellow rod.

B Superposition of TcdA and TcdB. The GTD and CPD of TcdA are superimposed on the corresponding domains of TcdB (all in dark gray). The remaining domains of TcdA
are colored as in Fig 1. The DRBD and GSD of TcdB move in a fashion similar to the corresponding domains of TcdAgs;.

C The same superposition of TcdA and TcdB as in B but rotated to illustrate the ~136° rotation of the CROPs domain around the screw axis illustrated by the dark blue
rod.

D Close-up view of the hinge region in a superposition of TcdA (colored as in Fig 1), TcdAsgs, (light gray), and TcdB (dark gray). Residues in TcdB are written in gray and
in black for TcdA/TcdAqgso.

surface of the P-scaffold comprising the majority of the DRBD. the DRBD serves to support and protect the hydrophobic residues
The region consists of four a-helices (al, o2, o3, and o4) and in the pore-forming region by being dormant at neutral pH. Then,
three B-strands (B3, B4, and BS). It was previously proposed that during the acidification of the endosome, the DRBD undergoes

© 2021 The Authors EMBO reports  23:e53597 2022 5 of 13
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structural changes to create a transmembrane passageway to the
cytosol (Zhang et al, 2014; Chen et al, 2019). However, not
much is known in detail about this protection mechanism, and
the structural elements important for the activation of endo-
somal pore formation are unknown as well. In the TcdA struc-
ture, the entire pore-forming region is well defined in the cryo-
EM map (Fig EV3B) and the C-terminal half of the region is
structurally similar to the TcdAig3, and TcdB structures. How-
ever, the N-terminal part (including ol and o2) of TcdA shows
interesting differences when compared to TcdB, while the al
and o2 helices of the TcdB structure are highly flexible with no
electron density in the map; in TcdA, this part of the pore-
forming region is more ordered and buried into the DRBD
(Figs 3A and 4).

In addition to being shielded by the DRBD, the pore-forming
region is also elegantly kept in place by the GSD and the CROPs
domain in conjunction, protecting residues important for pore
formation in the N- and C-terminal regions, respectively (Fig 3A).
In TcdA, the N-terminal helices, a1l and o2, are guarded by a
well-defined and conserved loop (residues [1€939-11e950) in the
GSD (Figs EV3C and EVS). This “guard-loop” is positioned so
that it closely interacts with both ol and a2 helices, forming sev-
eral hydrogen bonds and hydrophobic interactions (Fig 3A, B,
and E). Residues Asp941, Asn943, and Asn945 in the guard loop
show hydrogen bonding to conserved residues Lys1065, Asp1055,
and Glul049, respectively, in 2 and ol, while residues Asp948
and I1e950 in the guard loop and residues Asnl042 and Gly1040
N-terminal of ol are also forming H-bonds. In addition, residues
Val942, Leu947, and 11e950 in the guard loop are forming direct
hydrophobic interactions with residues 1le1037, Alal046,
Leul058, Leul062, and Vall066, in the two helices. Figure 3E
shows a list of the residues forming the entire interface area
between the guard loop and the N-terminal part of the pore-
forming region.

Interestingly, when superimposing the o1 and o2 helices from
TcdA onto TcdAigs,, the GSD of TcdAjgs; tilts away from the two
helices, which disrupts the interactions between aol/02 and the
guard loop and leaves the loop disordered (Figs 3C and 4). This
withdrawal of the guard loop in TcdAig;, is even more prominent
when superimposed onto the TcdB structure, which results in the
uncovering of the two helices and exposes them to the surrounding
solvent (Fig 4).

At the distal end of the DRBD, there is a large interaction area
between the tip of the domain and the two short repeats, SR3 and
SR4, and long repeat, LR, in unit iv of the CROPs domain (Fig 3A,
D, and E). This interaction area includes three H-bonds among res-
idues Tyr2247, GIn2252, and Thr2257 in the SRs with residues
Ser1244, Gly1241, and Alal238, respectively, in the DRBD
(Fig 3D). Furthermore, Arg2260 in SR4 forms a salt bridge to the
Glu1235 in the DRBD, which is strictly conserved in the family of
LCTs. Arg2260 also forms another salt bridge to the highly con-
served residue, Glull12, which resides in the loop between B4
and B5 of the pore-forming region. Besides these H-bond interac-
tions, the SR3/4 and LR from unit iv of the CROPs domain have
several residues interfacing directly with residues in the DRBD and
the pore-forming region including highly conserved residues in the
B4/BS5 PB-hairpin known to be important for pore formation
(Fig 3E).
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The CROPs domain

While the full structure of the TcdB CROPs domain has been deter-
mined previously at low pH (Chen et al, 2019), only small 127-aa
and 255-aa structures of the C-terminal fragment of the CROPs
domain of TcdA have been determined (Ho et al, 2005; Greco et al,
2006). Using these fragments, the authors constructed a putative
model of the complete CROPs domain of TcdA that showed an
extended S-shaped structure, which was later confirmed by low-
resolution EM (Pruitt et al, 2010). The CROPs domains of TcdA (res-
idues 1,833-2,710) and TcdB (residues 1,834-2368) have a unique
structure as they are made up of two types of repetitive sequences,
SRs of 15-21 residues interspersed with LRs of 30 residues. The
CROPs domain of TcdA is composed of 32 SRs and 7 LRs (Ho et al,
2005), while the much shorter CROPs domain of TcdB is composed
of only 20 SRs and 4 LRs (Chen et al, 2019). Each SR consists of a B-
hairpin connected to a flexible loop, while the LR is composed of
three B-strands that form a twisted anti-parallel B-sheet structure in
tandem with the B-hairpin of the previous SR. Adjacent SRs are
packed together with a ~120° rotation in relation to the previous SR,
forming straight rod-like segments of B-solenoid structure. As the
repetitive stacking of the SRs is interrupted by a LR, it causes a
~132-146° kink in the rod-like segment creating the curved shape of
the CROPs domain. Due to the presence of seven LRs in the CROPs
domain of TcdA, it can be divided into eight structurally equivalent
units (i-viii), while TcdB is composed of five units (i-v) (Ho et al,
2005; Chen et al, 2019).

From the cryo-EM map of TcdA, we were able to build the struc-
ture of the N-terminal part of the CROPs domain to residue 2383
(SR4 in unit v) (Fig 5A). The hinge, which connects the CROPs
domain to the DRBD, contains an SR-like sequence N-terminal of
the first SR1 in unit i of the CROPs domain. To compare the struc-
tures of the CROPs domains of TcdA and TcdB, we superimposed
the two CROPs domains and calculated a C, r.m.s.d of 1.71 A
(Table 1) from residue Leul811 in the hinge region to residue
11e2187 in LR (iii) of TcdA (Val2187 in TcdB; Fig 5B). Beyond resi-
due 2,187, the similarity of the two CROPs domains decreases.
Structurally, the CROPs domains of TcdA and TcdB are structurally
highly similar from the beginning of the hinge SR until LR (iii),
suggesting a highly rigid structure. After the hinge SR until LR (iii)
region, the CROPs domains curve in different directions with the
CROPs domain of TcdB rotating ~50° relative to TcdA. The CROPs
domain of TcdB passes the tip of the DRBD on the opposite side,
whereas the CROPs domain of TcdA extends downwards and away
from the DRBD. Both TcdA and TcdB CROPs domains are composed
of a similar number of SRs in each unit until LR (iii). Following LR
(iii), the CROPs of TcdB consist of five SRs in unit iv, compared to
only four SRs in the corresponding CROPs unit of TcdA. This differ-
ence may be the origin of the differing rotation angles in the latter
part of the C terminus, although alternatively, it could also be attrib-
uted to the low pH of the TcdB crystal, crystal packing, or perhaps
the interaction between the DRBD and the CROPs domain in TcdA.
From the superposition of the CROPs domains in TcdA and TcdB
(Fig 5B), it is clear that the SR in the hinge forms a rigid unit
together with the CROPs domain. Hence, the repeat unit of the
CROPs and the hinge SR jointly undergo a rigid body movement
during the pH-induced rotation of the CROPs domain with only resi-
dues 1,802-1,810 comprising the actual hinge movement (Fig EV4).
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Figure 3. Protection of the pore-forming region in TcdA.

A Surface representation of the DRBD and the CROPs domain with cartoon illustration of the pore-forming region and the GSD guard loop. Both the GSD of the DRBD
and part of the CROPs domain interact with parts of the pore-forming region. The estimated position of the repeat units SR3 (iv), SR4 (iv), and LR (iv) interacting with
the DRBD and pore-forming region is written in light blue, cyan, and pink, respectively.

B The GSD of the TcdA structure is positioned so that a loop closely interacts with the ol and a2 helices of the pore-forming region. This “guard loop” (green) in GSD,
residues 11e939 to 11e950, forms several H-bonds and hydrophobic interactions with residues in both the a1 and a2 helices.

C In a superposition of o1 and o2 of both TcdA and TcdAss, (gray), the GSD of the TcdA;gs; structure has rotated away from ol and o2 of the pore-forming region and
the guard loop is disordered leaving the o1 and o2 helices exposed to the solvent.

D Hydrogen-bond interactions between SR3 and SR4 in CROPs unit iv with the tip of the DRBD and B4, 5, and a4 of the pore-forming region. The interaction area
among the SR3 (iv), SR4 (iv), and LR (iv) in the CROPs domain and the DRBD includes three H-bonds and Arg2260 forming two salt bridges to Glu1112 and Glu1235.
The CROPs domain has several residues interfacing with residues in the DRBD and the pore-forming region that are not shown in this panel.

E Interface residues between the pore-forming region and the GSD guard loop as well as the DRBD/pore-forming region and the CROPs domain as determined by the
PISA webtool from the European Bioinformatics Institute (Krissinel & Henrick, 2007). Only interacting residues are listed for each domain. Inter-domain hydrogen
bonds and salt bridges are illustrated with dashed and solid lines, respectively. *strictly conserved in the family of LCTs. **strictly conserved in the family of LCTs
except for Tpel, which does not contain a CROPs domain.

© 2021 The Authors EMBO reports  23: 535972022 7 of 13



EMBO reports

Pore-forming region

B4/
p s
(oo

a4 a4

Figure 4. GSD movements relative to the pore-forming region.
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TcdB

pH 5.2

B
guard-
loop

The o3, B4, B5, and a4 of the pore-forming region in TcdA at pH 7.5 (olive), TcdAsg3; at pH 6.0 (light gray) and TcdB at pH 5.2 (dark gray) are superimposed. The GSD and
pore-forming region are illustrated as a cartoon while the GSD is additionally shown with a transparent surface. The GSD of TcdA;s3, and TcdB is rotated relative to the
GSD of TcdA (orange) in a progressive manner corresponding to the decreasing pH, and the guard loop (green) goes from a well-ordered loop interacting with the a1 and
o2 helices of the pore-forming region in TcdA to being disordered and dislocated from al to a2 and disordered in TcdA;g3; and TcdB.

Discussion

Numerous studies of different fragments of TcdA and TcdB have
provided important insights into the structure and function of the
toxins which is summarized in a recent review (Aktories et al,
2017). In addition, the recent full-length crystal structure of TcdB at
acidic pH revealed a distinct structure of the CROPs domain in an
open conformation (Chen et al, 2019), confirming the previously
demonstrated pH-induced structural dynamics of the toxins at endo-
somal conditions (Florin & Thelestam, 1986; Qa’dan et al, 2000;
Barth et al, 2001; Giesemann et al, 2006; Pruitt et al, 2010). Despite
these significant advances, we are still missing key structural
insights into the interactions and dynamics between the central
DRBD and the CROPs domain in the host cell entry-ready toxins at
neutral pH prior to receptor binding and endocytosis. To answer
some of these questions, we have determined a high-resolution
cryo-EM structure of native TcdA at neutral pH. The structure pro-
vides a snapshot of the toxin from residues 2-2,383, showing inter-
actions of the CROPs domain with a highly conserved part of the
pore-forming region in the DRBD. This TcdA structure provides the
first view of the toxin at neutral pH and its comparison with the pre-
vious low pH TcdA;g;3, and TcdB structures reveals important func-
tional dynamics in response to acidification.

The regional movements seen in the DRBD and the GSD in
TcdA g3, (Fig 2A) and TcdB (Fig 2B) relative to TcdA are potentially
a result of the change in pH or the lack of interaction between the
DRBD and CROPs domain in the former structures. This could be an
important mechanism of the LCTs in response to acidic pH, which
facilitates the bending of the hinge region (Fig 2D) and thereby pro-
motes the dramatic rearrangement of the CROPs domain (Fig 2C).

8 of 13 EMBO reports 23: 53597 | 2022

The extension of the hinge from the multidomain cleft has been
suggested to mediate inter-domain structural communication. This
is supported by earlier studies showing drastic reduction in toxicity
of TcdB when the hinge region is deleted (Zhang et al, 2013). The
conformational changes in the hinge results in a rigid body rotation
of the hinge SR p-hairpin together with the CROPs domain
(Fig EV4). This brings the hinge SR and the N-terminal part of the
CROPs domain from a position distant from the B-flap and the 3HB
at neutral pH into a position that is proximal to this functionally
important region, which allows direct interactions with the CPD at
acidic pH (Fig 2D). Hence, the observed flexibility of the hinge
region supports a potential function in the movement of the CROPs
domain and the hinge SR during acidification. Furthermore, the sim-
ilar conformations of the DRBD and GSD of TcdA,s3, (Fig 2A) and
TcdB (Fig 2B) suggest that the TcdAs3, and TcdB structures being
exposed to moderately acidic and acidic pH, respectively, mimic the
toxins’ structural rearrangements in the acidified endosome to some
extent.

The TcdA structure unveils the first detailed information about
the residue interactions among SR3, SR4, and LR in unit iv of the
CROPs domain and the distal tip of the DRBD, revealing multiple H-
bonds and hydrophobic interactions between the two domains
(Fig 3D and E). Interestingly, the positively charged Arg2260 is ele-
gantly positioned in a pocket consisting of several negatively
charged residues, where it forms H-bonds to both Glul235 of the
DRBD, which is strictly conserved in the family of LCTs, and
Glul112 in the highly conserved B-harpin loop (4 and B5) in the C-
terminal part of the pore-forming region (Fig 3D). The extensive
interaction surface between the CROPs domain and the DRBD
including the conserved pore-forming region likely has a role in
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Figure 5. The CROPs domain.

A Structure of the CROPs domain of TcdA. As shown for TcdB (Chen et al, 2019), the link between the DRBD and the CROPs domain is separated by the hinge region,
which contains its own SR (green). This is followed by a series of SRs (blue/green colors) that are separated by LRs (pink). The CROPs domain was modeled until
residue 2,383 in the SR4 (unit v).

B Structural comparison of the CROPs domains of TcdA (blue) and TcdB (gray). The CROPs domain of TcdB (residues 1,802-2,368) is superimposed onto the partial
CROPs domain of TcdA (residues 1,833-2,383). The two domains superimpose with a C, r.m.s.d. of 1.71 A (Table 1) from residue 1,810 in the hinge region to residue
2,187 in LR (iii) of TcdA. Beyond that, the two domains follow different paths where CROPs domain of TcdB rotates ~50° relative to that of TcdA.

shielding of o4, 4, and B5 from solvent exposure and thereby pre- hydrophobic pore-forming region prior to an accessible endosomal
vents premature conformational changes in the DRBD until it membrane will likely lead to aggregate formation and prevent trans-
reaches the endosomal compartment. Premature exposure of the location and pore formation. Notably, the importance of residues
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Gly1241 and Ser1244 in the DRBD forming hydrogen bonds to resi-
dues Thr2252 and Tyr2247 in the CROPs domain is emphasized by
being strictly conserved in the family of LCTs (except for TpeL,
which does not contain a CROPs domain). The reason why the C-
terminal part of the pore-forming region in the TcdB structure
showed no pH-triggered conformational alterations is likely because
B4 and B5 are kept in place by direct interactions with one of the
nanobodies used for crystallization (Chen et al, 2019). The binding
of this nanobody sterically interfered with an interaction that is sim-
ilar to the observed interaction between the CROPs domain and the
DRBD in the TcdA structure (Fig 3D). This is further supported by
the FRET analysis performed on TcdB by the same authors, finding
no significant differences in FRET between the position of the
CROPs domain at acidic and neutral pH. In this experiment, they
used the same nanobody for immobilization of TcdB, which most
likely prevented adoption of the closed conformation of the CROPs
domain. On the other hand, the authors found a pH-dependent con-
formational change in the CROPs domain into a closed conformation
at neutral pH, when they performed SAXS studies in the absence of
the nanobody.

The N-terminal helices, a1 and o2, in the pore-forming region are
likewise shielded from solvent exposure by a highly conserved loop
(residues 11€939-11€950) in the GSD, which we refer to as the
“guard-loop” (Fig 3B and E). This guard loop interacts with a1 and
o2 through multiple H-bonds and hydrophobic interactions, ele-
gantly protecting the two helices inside the hydrophobic groove
positioned between the DRBD and GSD. Superposition of the o1 and
a2 helices of TcdA and TcdA;s;, clearly shows that the guard loop
of the latter is disordered and the protection of ol and o2 is
disrupted due to the rotation of GSD, likely due to a lower than neu-
tral pH as described previously (Fig 3C). This protecting mechanism
may be an important function of the GSD, where it uses the guard
loop to alternately protect and expose a1 and o2 to the surrounding
solvent, depending on the environmental pH. This is further
supported by the TcdB structure (Chen et al, 2019), which at an
even more acidic pH than TcdA;s3, is almost completely missing
electron density for both the guard loop and the a1 and o2 helices,
strongly indicating a high degree of flexibility in this region when
the environmental pH is decreasing (Fig EV4). Due to these novel
insights into the important role of the GSD in stabilizing the pore-
forming region, we argue that this subdomain, instead of being
included as a part of the DRBD, may be considered its own func-
tional domain. Furthermore, the crucial role of the hinge region is
highlighted. In addition to facilitating movement of the CROPs
domain during acidification, the reposition of the hinge leads to
rotation of the GSD (Fig 2D), likely resulting in the exposure of the
pore-forming region (Fig 3C). These findings demonstrate a coher-
ent inter-domain mechanism mediated by the hinge, as the linker
between all four domains of the toxin. The hinge has also been
suggested to be involved in regulation of TcdA and TcdB autopro-
cessing, as the hinge interacts with the 3HB and the B-flap in the
TcdB structure (Chen et al, 2019). Also, TcdA;.1795 (Chumbler et al,
2016) and TcdBj.150s (Chen et al, 2019), shorter fragments of the
toxins without the hinge, are much more efficient in InsP6-induced
autocleavage of the GTD compared to the full-length structures.

The hydrophobic a-helices in the pore-forming region (Fig 3)
have been experimentally shown to be important for pore formation
in TcdB (Genisyuerek et al, 2011; Zhang et al, 2014). These

10 of 13 EMBO reports  23: €53597 | 2022

Aria Aminzadeh et al

hydrophobic helical elements resemble similar motifs in the pore-
forming region of diphtheria toxin (Zhang et al, 2014), which sug-
gests a “double-dagger” model for the TcdB pore formation similar
in principle to the model originally suggested for the diphtheria
toxin pore (Choe et al, 1992; Wang & London, 2009). However, it is
still not clear how these pores are formed and whether a single pro-
tein molecule alone can establish translocation. The hydrophobic a-
helices in TcdA, likely to be inserted into the endosomal lipid
bilayer as two helical hairpins, were initially revealed by Chumbler
et al (2016). It was proposed that the elongated B-sheet structure of
the DRBD provides a protecting scaffold around these hydrophobic
segments, maintaining them in a shielded, yet readily accessible
conformation until pore formation. Insights from our TcdA structure
support this mechanism and additionally provide detailed informa-
tion about the important role of the GSD and CROPs domain, which
in conjunction contribute to the shielding of the pore-forming
region. The importance of the DRBD translocation machinery is fur-
ther supported in a recent publication reporting that the DRBD
including the GSD and the pore-forming region are evolutionary
conserved in hundreds of bacteria not related to clostridia and the
conventional LCT domain architecture (Orrell et al, 2020). The
authors also demonstrated that a TcdB fragment consisting of resi-
dues 851-1,473, which contains the intact GSD, comprises all the
components needed for pore formation and translocation, whereas a
similar fragment starting from residue 881 with a truncated GSD
was unable to facilitate translocation, highlighting the critical func-
tion of the GSD during intoxication.

Furthermore, we display that the structures of the CROPs
domains of TcdA and TcdB are highly similar from the first SR in
the hinge region until LR (iii), after which the domains change
direction and rotate ~50° relative to each other (Fig 5B). The
hinge, connecting the CROPs domain to the DRBD, was first
described by Chen et al (2019), where they also recognized this
SR-like structure N-terminal of the first SR1 of the CROPs domain.
Superimposing the CROPs domain of TcdA at neutral pH onto the
CROPs domain of the acidic TcdB structure reveals that the
CROPs SR1 and hinge SR move as a rigid body during acidifica-
tion (Fig EV4). Therefore, since the hinge SR has a similar
sequence motif, is structurally similar to the other CROPs SRs,
and moves in conjunction with the CROPs domain as a unit, we
propose to expand the CROPs domain to also include this hinge
SR, starting from residue Leul811. Including this SR in the CROPs
domain was also suggested in a recent study that investigated the
binding of TcdB to the cell surface receptor chondroitin sulfate
proteoglycan 4 (CSPG4; Gupta et al, 2017).

The TcdA structure also explains why TcdA is unable to bind to
the frizzled protein and CSPG4 receptors, which are previously
described structurally in crystal structure complexes of TcdB and
the two receptors (Chen et al, 2018, 2021). Frizzled protein is shown
to bind to a pocket in DRBD of TcdB, which is formed by residues
Leul433, Met1437, Ser1486, Leul493, Ser1495, and Phel597. The
corresponding residues in TcdA show very little conservation and
the pocket is occluded by bulky residues such as Lys1434, Tyr1485,
Glu1494, and Tyr1496. CSPG4 primarily interacts with residues in
the hinge region (residues 1,809-1,825) and the CPD (residues
Ser573, Arg575, Pro602, Tyr603, Tyr621, and Leu661-Ser667),
which are also poorly conserved in TcdA. In addition, the conforma-
tion of the CROPs domain in the TcdA structure sterically interferes
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with binding of both receptors and would therefore have to be
displaced for receptor binding to take place.

In conclusion, the findings in this study provide new important
details in elucidating the pH-induced structural and functional
dynamics of the large clostridial toxins, as well as structural insights
into the shielding of the pore-forming region at neutral pH.

Materials and Methods

Protein purification

Native TcdA was purified from C. difficile strain R20291 (NCTC13366)
as described in Aminzadeh and Jorgensen (2021). Briefly, the first-
stage seed culture was prepared by inoculating sterilized tryptone-
yeast extract (TY) (Formedium, Hunstanton, NK, UK) medium with
C. difficile glycerol stock and incubating unagitated for 24 h at 37°C
under anaerobic conditions. The second-stage seed culture was pre-
pared by inoculating sterilized TY medium with the first-stage seed
culture (1%, v/v), and likewise incubating unagitated for 24 h at
37°C under anaerobic conditions. To prepare a large-scale culture for
toxin purification, a Spectra/Por® 1.6-8 kDa dialysis tube (Repligen,
Rancho Dominguez, CA, USA) was filled with 1.5 1 of PBS, pH 7.5,
and immersed in 15 1 of TY, 5 mM ZnCl,, and 10 mM glucose culture
medium in a 15 1 Nalgene™ culture vessel (Thermo Fisher Scientific,
Waltham, MA, USA) and sterilized. After sterilization and creation of
anaerobiosis, the medium was equilibrated overnight at 37°C prior to
inoculation with second-stage seed culture (1%, v/v) into the dialysis
tube and incubated unagitated for 3 days at 37°C. After 3 days, the
bacterial culture in the dialysis tube was centrifuged at 18,500 g for
20 min at 4°C, filtered at 0.22 pm, and dialyzed using a Quattro 1000
Ultrafiltration/Diafiltration pump with Pellicon® 2 Biomax 50 kDa
membrane cassettes (Merck Millipore Ltd., Carrigtwohill, CO, Ire-
land) in 50 mM Tris-HCI, pH 7.5. Hereafter, TcdA was purified by Q
Sepharose anion-exchange chromatography, followed by MonoQ
anion-exchange chromatography, and finally by gel filtration chroma-
tography into 50 mM Tris-HCl, pH 7.5 for cryo-EM grid preparation.
Purified protein was aliquoted and stored with 20% glycerol at
—80°C until use. Samples for cryo-EM were prepared by thawing and
diluting the protein from the frozen samples in 50 mM Tris-HCl, pH
7.5, before applying to EM grids. In addition, samples were also
diluted in 100 mM sodium acetate, pH 4.5, immediately before apply-
ing to EM grids.

Cryo-EM data collection

C-Flat 2/2-3Cu 300 mesh holey carbon grids (Protochips, Morrisville,
NC, USA) were glow discharged for 45 s at 15 mA using a Quorum
GloQube® Plus (Quorom Technologies Ltd, Laughton, ES, UK). Three
ul of TcdA (0.5-1 mg/ml) was applied to grids, blotted for 4-5 s, and
plunge frozen in liquid ethane using a Leica EM GP2 plunge freezer
(Leica Microsystems GmbH, Wetzlar, HE, Germany) maintained at
10°C and 99% humidity. Frozen grids were stored in liquid nitrogen
until imaging. Data collection was performed on the Titan Krios G3i
(Thermo Fisher Scientific, Waltham, MA, USA) at the Danish National
cryo-EM Facility—EMBION (Aarhus node), operated at 300 kV with a
Bioquantum/K3 setup (Ametek/Gatan, Pleasanton, CA, USA) auto-
mated with the EPU2.7 software. A nominal magnification of
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130,000% (pixel size of 0.64 A) and an underfocus range between 0.5
and 1.5 pm were used for data collection. Exposures were collected as
movies of 56 dose fractions with an exposure rate of ~17.5 electrons
pixel ™! s7! and a total exposure of ~60 electrons A~2.

Image processing

A total of 13,758 raw movies were obtained for the TcdA sample at
neutral pH from two rounds of data collection, and image proces-
sing was performed using cryoSPARC v3.2 software (Punjani et al,
2017; Structura Biotechnology, Toronto, ON, Canada). Patch motion
correction was performed with the Alignparts algorithm (Rubinstein
& Brubaker, 2015) and patch CTF estimation was performed using
the L-BFGS algorithm (Zivanov et al, 2020) as used in the cryo-
SPARC implementation. The exposures were curated based on ice
thickness, CTF fit resolution, and total motion. A template picker
was used to select 15.9 million particle images based on internally
generated volumes from selected 2D classes based on an initial blob
picking round. The particles were 2D classified to remove contami-
nation and bad particles resulting in an initial set of 2.6 million
good particles. An initial round of ab initio structure determination
followed by several rounds of heterogeneous refinement resulted in
a final selection of 0.9 million good particles. These particles were
used for a final homogeneous refinement which resulted in a 2.8 A
map of TcdA at neutral pH (Fig EV1A). Furthermore, a total of
~8,000 raw movies were obtained for the TcdA sample prepared at
acidic pH but the quality of the particles obtained was not sufficient
for further processing.

Model building

An initial model for TcdA was built using the Coot version 0.9.5 EL
software (Emsley et al, 2010) by using the previously determined
crystal structure of TcdA (TcdAigs;) (PDB: 4R04) as a reference.
The missing CROPs domain in TcdA;g;, was built using selected
repetitive units from the previously determined structure of the C-
terminal part of the TcdA CROPs domain (PDB: 2QJ6) for guidance.
After the first round of model building, the model was subjected to
automated molecular dynamics flexible fitting using Namdinator
(Kidmose et al, 2019) to improve the geometric parameters and the
real space fit to the electrostatic potential map. The Namdinator
model was used for subsequent iterative rebuilding using Coot
followed by refinement using the Real Space_Refine tool in the
Phenix software package version 1.19.2 (Afonine et al, 2018). The
final model was evaluated using MolProbity (Williams et al, 2018).
A Ramachandran plot according shows that 99.94% of the residues
are within the allowed region. The statistics of the map reconstruc-
tion and the model refinement are presented in Table EV1.

Data availability

The cryo-EM map of TcdA has been deposited to the EMDB
(https://www.ebi.ac.uk/emdb/) under accession number EMD-
13574, and the TcdA structure to the PDB (https://www.rcsb.org)
under accession number 7POG.

Expanded View for this article is available online.
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