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ARTICLE INFO ABSTRACT

Caspase recruitment domain (CARD)-only proteins (COPs), regulate apoptosis, inflammation, and innate im-
munity. They inhibit the assembly of NOD-like receptor complexes such as the inflammasome and NODosome,
which are molecular complexes critical for caspase-1 activation. COPs are known to interact with either caspase-
1 CARD or RIP2 CARD via a CARD-CARD interaction, and inhibit caspase-1 activation or further downstream
signaling. In addition to the human COPs, Pseudo-ICE, INCA, and ICEBERG, several viruses also contain viral
COPs that help them escape the host immune system. To elucidate the molecular mechanism of host immunity
inhibition by viral COPs, we solved the structure of a viral COP for the first time. Our structure showed that viral
COP forms a structural transformation-mediated dimer, which is unique and has not been reported in any
structural study of a CARD domain. Based on the current structure, and the previously solved structures of other
death domain superfamily members, we propose that structural transformation-mediated dimerization might be
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a new strategy for dimer assembly in the death domain superfamily.

1. Introduction

The caspase recruitment domain (CARD) is protein-protein inter-
action module that belongs to the death domain superfamily (DDS),
which is considered to be the largest class of protein interaction mod-
ules (Park et al., 2007). DDS-containing proteins play a pivotal role in
apoptosis, inflammation, necrosis, and immune cell signaling pathways
(Park et al., 2007; Kwon et al., 2012). The assembly of caspase-acti-
vating complexes, such as the apoptosome (Acehan et al., 2002), the
PIDDosome (Park et al., 2007), the death-inducing signaling complex
(DISC) (Dickens et al., 2012), and the inflammasome (Lu et al., 2014;
Hornung et al., 2009), occurs via homo- and hetero-oligomeric DDS
interactions. Additionally, DDS also mediates the recruitment of
downstream effectors for immune cell receptor signaling and in-
tracellular pathogen sensing (Stanger et al., 1995; Golstein et al., 1995;
Akira et al., 2006; Pichlmair et al., 2006).
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The DDS is comprised of four subfamilies. In addition to the CARD
subfamily, the other DDS subfamilies are the death domain (DD) family,
the death effector domain (DED), and the PYrin domain (PYD).
Classification of subfamilies within the superfamily is mainly by se-
quence homology and unique structural characteristics (Park et al.,
2007; Kwon et al., 2012). Although the six-helical bundle structural
fold is a well-known unifying feature of the DDS, several unique fea-
tures in each subfamily, such as a more flexible and exposed third helix
in the DDs, the presence of an RxDL-motif in the DEDs, an interrupted,
bent first helix in the CARDs, and a relatively small or disrupted third
helix in the PYDs, have been identified through structural studies (Park
et al., 2007; Sukits et al., 2001; Tsao et al., 2000; Yang et al., 2005; Bae
and Park, 2011; Hofmann et al., 1997). In the human genome, 37
proteins with DDs, 7 proteins with DEDs, 33 proteins with CARDs, and
22 proteins with PYDs have been identified.

PYD-only proteins (POPs) and CARD-only proteins (COPs) have
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Grouper iridovirus_COP 1 --MYTSNCMLKRRRTFIERSSESTVVGIIKRMQEIGVINRGEACEIMECN 48
Human_ICEBERG 1 ---MADQLLRKKRRIFIHSVGAGTINALLDCLLEDEVISQEDMNKVRDEN 47
Human_INCA 1 ---MADKVLKEKRKQFIRSVGEGTINGLLGELLETRVLSQEEIEIVKCEN 47
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Human_INCA 48 ATVMDKARALLDSVIRKGAPACQICITYICEEDSHLAGTLGLSA- 91
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Fig. 1. Identification and purification of Fv3COP. a. Schematic of the structures of DDS subfamily members. Representative structures of each subfamily, including
death domain (DD), death effector domain (DED), caspase recruitment domain (CARD), and pyrin domain (PYD), are shown. The structures from the N-terminus (N-
term) to the C-terminus (C-term) are colored blue to red. b. Sequence alignment of COPs. Completely/highly-conserved and partially-conserved residues are shown in
red and blue, respectively. Secondary structures, H1 to H6, are indicated above the corresponding sequences. The partially unfolded region, from H4 to H6, due to the
regional domain-swapping dimerization is shown in red. c. Fv3COP was detected as a dimer in solution. Size-exclusion chromatography profile. The last peak, eluted
at around 16-17 mL, was Fv3COP based on SDS-PAGE (indicated by red bar). The other two peaks, which eluted earlier, were impurities (indicated by the blue bar).

been identified as regulators of inflammation and innate immunity
(Stehlik and Dorfleutner, 2007; Le and Harton, 2013;4.). These proteins
can inhibit the assembly of NOD-like receptor complexes such as the
inflammasome and the NODosome, which are critical molecular com-
plexes involved in caspase-1 activation. POPs direct interact with PYD
domain in NOD-like receptors or the PYD domain-containing adaptor
protein ASC via a PYD-PYD interaction (Le and Harton, 2013;4.;
Dorfleutner et al., 2007). COPs are known to interact with either cas-
pase-1 CARD or RIP2 CARD via CARD-CARD interactions (Lee et al.,
2001; Humke et al., 2000) and inhibit caspase-1 activation or further
downstream signaling. Three are three POPs (POP1, POP2, and POP3)
and three COPs (Pseudo-ICE, INCA, and ICEBERG) that have been
identified in the human genome (Stehlik and Dorfleutner, 2007; Le and
Harton, 2013). It is known that several viruses, including the pox virus,
myxoma virus, and the shope fibroma virus, also contain viral POPs
that can suppress the host immune response after viral infection
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(Dorfleutner et al., 2007; Johnston et al., 2005). Although their func-
tions are unclear, sequence analyses have also identified COPs in the
genome of certain viruses, including the grouper iridovirus, the soft-
shelled turtle iridovirus, and the frog virus (Huang et al., 2009; Tan
et al., 2004). To elucidate the molecular mechanism of the inhibition of
host immunity by viral COP, we have solved the structure of a viral
COP, the CARD-containing protein 064R (UniPortKB: Q6GZR1) from
frog virus 3 (hereafter referred to as Fv3COP). Our structure shows that
Fv3COP forms a structural transformation-mediated dimer, which is
unique and has not been reported in any other structural study of a
CARD domain. Recently, novel dimerization processes through struc-
tural transformation have been reported in other DDS subfamily
members (Scott et al., 2009; Eibl et al., 2014). By comparing our
structure with these other cases, we propose that structural transfor-
mation-mediated dimerization might be a new strategy for dimer as-
sembly in DDS members.
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Table 1

Data collection and refinement statistics.
Data collection Native
Wavelength 0.9796 A
Space group P2,

Cell dimensions

a, b, cafy 46.65 A, 60.50 A, 78.83 A 90°,
90°, 90°
Resolution 50.0-2.50 A (2.50-2.54 A)

Unique reflections

56,672 (15,193)

Wilson B-factor 85.68
I/sigma (D) 38.02 (7.86)
Completeness 99.8% (100%)
Redundancy 3.7 (3.6)
R-sym 10.8 (21.6)
R-meas 11.8 (22.3)
Refinement

Resolution 40.0-2.5A
No. reflections used in refinement 15,157
Ruork/Riree 16.8%/23.6%
No. atoms

Protein 2,851

Water and other small molecules 13

Average B-factors

Protein 30.6 A2
Water and other small molecules 25.9 A2

r.m.s. deviations

Bond lengths 0.007 A

Bond angles 0.84°

Ramachandran Plot Most favored regions 98.4% 1.6%
Additional allowed regions
Rotamer outliers 0.0%

Clashscore 1.7

Statistics for the highest-resolution shell are shown in parentheses.
2. Materials and methods
2.1. Sequence alignment

The amino acid sequences of CARD domains, including Fv3COP,
were analyzed using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/
clustalw2/).

2.2. Protein expression and purification

Full-length Fv3COP (amino acid residue: 1-95) cloned into pET24a
was expressed in Escherichia coli. Full-length Fv3COP gene (UniPortKB:
Q6GZR1) was amplified by PCR using gene-specific primers containing
Ndel and Xhol sites. The PCR fragments were subsequently digested
and ligated into the pET24a vector containing a C-terminal hexa-histi-
dine tag. The sequences of the cloned genes were verified by DNA se-
quencing. The resulting plasmid was transformed into BL21 (DE3)
Escherichia coli competent cells. Following this, the cells were plated
onto LB (Luria-Bertani) plates and incubated for 24 h at 37 °C. Next,
individual colonies were inoculated into 5mL of LB media and in-
cubated overnight at 37 °C with shaking. Cultured cells were used to
inoculate 1L of LB media and incubated for 5h at 37 °C until the O.D.
reached 0.78. Protein expression was induced by treating the bacteria
with 0.5mM isopropyl [-D-thiogalactopyranoside (IPTG) for 18 h at
20 °C. Following induction, the bacteria were collected, resuspended,
and lysed by sonication in 50 mL of lysis buffer (20 mM Tris-HCI pH 7.9,
500 mM NacCl, 25 mM imidazole). The bacterial lysate was subsequently
centrifuged at 10,000 x g for 30 min at 4 °C. Following this, the super-
natant was applied to a gravity-flow column (Bio-Rad, Hercules, CA,
USA) packed with 1.5mL of Ni-NTA affinity resin (Qiagen, Venlo,
Netherlands). The unbound bacterial proteins were subsequently re-
moved from the column using 50 mL of wash buffer (20 mM Tris-HCIL
pH 7.9, 500 mM NacCl, 60 mM imidazole). The target protein was sub-
sequently eluted from the column using elution buffer (20 mM Tris-HCl
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pH 8.0, 500 mM NaCl, 250 mM imidazole). Fractions containing more
than 90% homogenous protein, assessed by staining of SDS-PAGE gels,
were then selected and combined. Protein purity was further improved
using a Superdex 200 gel-filtration column 10/30 (GE Healthcare,
Waukesha, WI, USA) pre-equilibrated with a solution of 20 mM Tris-
HCI pH 8.0 and 150 mM NaCl. Peak fractions were collected, pooled,
and concentrated to 5.3 mg/mL for crystallization.

2.3. Crystallization and data collection

Crystallization of Fv3COP was conducted at 20 °C by the hanging
drop vapor-diffusion method using a crystallization screening kit from
Hampton Research (Laguna Niguel, CA, USA). The initial crystal was
grown on plates by equilibrating a mixture containing 1 pL of protein
solution (5.3 mg/mL protein in 20 mM Tris pH 8.0 and 150 mM NaCl)
and 1 pL of reservoir solution containing 2.5M NaCl and 0.1 M imida-
zole pH 8.0 against 0.3 mL of reservoir solution. The best crystal used
for the structural study was produced by adding 10% w/v PEG 3350 to
the reservoir solution. The crystal grew to maximum dimensions of
0.1 x 0.1 x 0.01 mm in three days. A 2.5 A dataset was collected at the
SB-II (5C) beamline at Pohang Accelerator Laboratory (PAL), Republic
of Korea. Data processing and scaling was carried out using HKL2000
(Minor et al., 2006)

2.4. Structure determination and analysis

The molecular replacement (MR) phasing method was conducted
with Phaser (McCoy, 2007). The human ICEBERG structure was used as
the search model (PDBid: 1DGN) (Humke et al., 2000). The initial so-
lution model was extended and completed by iterative manual building
and refinement using Coot (Emsley and Cowtan, 2004) and PHENIX
Refine (Adams et al., 2010), respectively. The quality of the model was
checked using PROCHECK (Laskowski et al., 1993;26.). Molecular
structural images were generated using the PyMOL Molecular Graphics
System, Version 1.3 Schrodinger, LLC (DeLano and Lam, 2005).

2.5. Protein data bank accession codes

The coordinate and structural factor were deposited in the Protein
Data Bank under PDB ID code: 6J52.

3. Results
3.1. Frog virus 3 contains COP, which dimerizes in solution

The CARD domain is a protein interaction module belonging to the
death domain superfamily (DDS), which includes the death domain
(DD), the death effector domain (DED), and the Pyrin domain (PYD).
The structure of the Fas DD, a DDS member, was first reported using
nuclear magnetic resonance (NMR) (Tartaglia et al., 1993) followed by
FADD (Fas-associated death domain protein), DED (Chinnaiyan et al.,
1995), RAIDD (RIP-associated protein with a death domain), CARD
(Chou et al., 1998), and NLRP3 (NACHT, leucine-rich repeat and PYD
containing 3) PYD (Bae and Park, 2011). The representative structure
for each subfamily revealed a six-helix bundle fold as being the
common DDS structural feature (Fig. 1a).

Virus-infected host cells use apoptosis as a primary defense me-
chanism to prevent viral spread. However, several viruses have evolved
strategies that can counteract this host defense mechanism. Viral-FLIP
and viral Bcl-2 homologs are proteins that can be used to disrupt
apoptosis in the host cell after viral infection. In this regard, viruses also
express PYD-only proteins (vPOP), such as M013, to escape the host
defense system. Although the viral CARD-only protein (vCOP) has not
been well characterized, a recent study showed that grouper ir-
idoviruses contains vCOP, and that this protein inhibits host apoptosis
signaling by inhibiting both caspase-8 and -9 (Chen et al., 2015). A
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Fig. 2. Structure of Fv3COP. a. Structure of Fv3COP dimer b. Structure of Fv3COP monomer. Secondary structures, from H1 to H6, are shown on the corresponding
helixes. The structure from the N-terminus (N-term) to the C-terminus (C-term) is colored blue to red. c. A 2Fo-Fc density map contoured at the 1-o level around
molecule A. Helixes H1 to H3 are colored black and are from molecule B, while helixes H4 to H6 are colored red and are from molecule A. d. Structural comparison of
extended Fv3COP (green color) with its structural homologue ICEBERG (magenta color), human COP.

sequence similarity search showed that several virus genomes, in-
cluding frog virus 3, also contains vCOP (Fv3COP) (Fig. 1b). The se-
quence identity between Fv3COP and human COPs (ICEBERG and
INCA) is around 30%. We purified Fv3COP and crystallized it to per-
form the first structural study of a vCOP in order to reveal how vCOPs
can inhibit host defense mechanisms. Size-exclusion chromatography
(SEC) showed that Fv3COP formed a dimer in solution, with an elution
volume of around 16 mL from the SEC-column (Fig. 1c).

3.2. Structure of Fv3COP

To elucidate the mechanism by which vCOP functions as part of a
host-defense escape mechanism, we determined the first crystal struc-
ture of vCOP at 2.5 A resolution. The structure of human COP, ICEBERG
(PDBid: 1DGN) (Humke et al., 2000), has been solved, and since this
domain shares around a 30% sequence identity with vCOP it was used
as a search model for molecular replacement (MR). The structure was
refined to a Ry = 16.8% and Rgee = 23.6%. The data collection and
refinement statistics are summarized in Table 1. Four molecules, two
dimers, were located in the asymmetric unit. During the model building
step, we realized that two molecules form dimers by exchanging a part
of the molecule, which is partially unfolded and extended in the op-
posite direction (Fig. 2a). The high-resolution structure of Fv3CARD
monomer revealed that it comprised six helices, H1-H6 (Fig. 2b).
However, the structure was not a typical six-helical bundle fold found
in DDS family members. H4, H5, and H6 in Fv3COP were completely
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unfolded and extended in an opposite direction (Fig. 2b). Because
previous biochemical and structural studies showed that CARD domains
can exist as monomers, dimers, or even higher oligomeric forms in
solution without structural changes (Jang et al., 2015; Jang et al., 2013;
Peisley et al., 2014; Xu et al., 2014), helix-exchange mediated dimer-
ization might be an alternative method for CARD-dimerization. The
electron density clearly showed that the helix bundle fold of the
Fv3COP was partially unfolded and was used for domain swapping
(Fig. 2¢). When compared to the monomeric structure of the human
COP, ICEBERG, displacement of the helix bundle folds was found from
H4 to H6 (Fig. 2d). For domain swapping, the displaced H4, H5, and H6
bundle folds in molecule A are inserted into a second molecule (mole-
cule B) to form a complete six helix bundle fold consisting of H1, H2,
and H3 from molecule B and H4, H5, and H6 from molecule A, pro-
viding a structure which is typical for the death domain superfamily,
including CARD (Fig. 2¢ and d).

3.3. Analysis of dimer interface

Fv3COP dimerizes through regional domain-swapping. A surface
representation showed that extended Fv3COP fitted well into the sur-
face cleft formed by another, opposite, extended Fv3COP molecule
(Fig. 3a). The interface was formed by a large number of H-bonds and
salt bridges, which buried ~ 3237 A2 of the total accessible surface area
of 8390 A2 (Fig. 3b and c). A PISA interface analyzing server gave a
complex formation significance score (CSS) of 1.000 in indicating that
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Molecule B Molecule A Distance(A)
Q2 S93 2.67

F4 S73 2.96

R13 D62 3.05

N27 Q82 2.73

R53 S20 2.93

K67 E42 2.71

S73 F4 3.16

S93 Q2 3.7

Molecule B Molecule A Distance(A)
R13 D62 3.05
K21 D83 3.30
K67 E42 2.71
D62 R13 2.85
E42 K67 2.69

Fig. 3. The interface of the regional domain-swapped dimer of Fv3COP. a Representation of the electrostatic surface of Fv3CO showing the interface of the domain-
swapped dimer. b and c. Tables showing specific residues that participate in H-bond formation (b) and salt bridge formation (c).

the regional domain-swapped dimer was the optimal form found in
solution. For stable dimer formation, the H4, H5, and H6 helix bundles
displaced by regional domain-swapping were inserted in between H1,
H2, and H3 of an opposite molecule, wrapping and forming the typical
six helix bundle fold found in DDS family members. In addition to
hydrophobic interactions and hydrogen bonds, massive salt bridges
were formed through regional domain-swapping. R13, E42, D62, K67,
and D83 from molecule A formed salt bridges with R13, K21, E42, D62,
and K67 from the opposite molecule B (Fig. 3c). This combination of
interactions made the dimeric complex stable.

3.4. Structural transformation-mediated dimerization might be a common
strategy for dimer assembly in DDS

DDS dimerization arising as a result of the structural transformation
arising through the open-closed state interchange revealed in this study
(Fig. 4a) and has been previously described in structural studies of
other DDS subfamily members. The first example was reported in 2009
from a structural study of the Fas DD/FADD DD complex involved in
the assembly of the death inducing signaling complex (DISC) (Scott
et al., 2009). In this study, the idea of a structural transformation of DD
was introduced for the first time. Here, H5 and H6 interacted with one
another, forming a single helix referred to as a stem helix (Fig. 4b). Fas
DD dimerization, mediated by this stem helix, is critical for the binding
of FAS DD to FADD DD, a binding partner that is critical for DISC as-
sembly. A closed-inactive (a typical six-helix bundle fold) and an open-
active conformation (a stem helix formed by the interaction of H5-H6)
in DD have been suggested to be important regulators of DISC mediated
caspase-8 activation in the extrinsic apoptosis pathway. Structural
transformation-mediated dimerization of the PYD subfamily was also
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shown in a structural study of NLRP14 PYD (Eibl et al., 2014). Similar
to the case for the Fas DD, NLRP14 PYD showed an interaction between
H5-H6, resulting in an extended stem helix at the C-terminus (Fig. 4c).
This structural transformation resulted in an extended stem helix that
mediates a novel symmetric pyrin-domain dimerization (Fig. 4c). A
novel domain-swapping strategy for DED dimerization was most re-
cently highlighted in a report of the structure of tandem DEDs in cas-
pase-8, which showed that the FL motif in DED2, but not in DED], is
critical for dimerization and further activation of caspase-8 in DISC. In
this structure, DED1 was intact, but DED2 had undergone a structural
transformation. The displacement of the helix bundle fold started from
H3 to H6 of DED2. For domain swapping, the displaced H4, H5, and H6
helix bindles in molecule A are inserted into another molecule (mole-
cule B) in order to interact with its H1, H2 and H3 helix bundles and
form a complete six helix bundle fold (Fig. 4d).

4. Discussion

In humans, several CARD-only proteins (COPs), such as ICEBERG
and INCA, have been identified and are known to regulate the activity
of caspases by inhibiting the formation of the caspase-activating com-
plex through CARD-CARD interaction. COPs are found in several
viruses including frog virus 3. Although a recent study showed that
viral COP (vCOP) inhibits both intrinsic and extrinsic apoptosis sig-
naling by reducing the activity of caspases, a clear mechanism of how
vCOPs function has not yet been reported (Chen et al., 2015). Because
viruses have evolved to escape host defense by expressing both anti-
apoptotic and anti-immunity molecules, vCOP has also been suggested
to be an anti-host defense molecule (Chen et al., 2015). In order to
understand the mechanism by which vCOPs regulates both intrinsic and
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Fig. 4. Domain-swapped dimers of the death domain superfamily. a. Structure of the domain-swapped dimer of the CARD subfamily. A monomer (upper panel) and a
dimer (lower panel) of Fv3COP are shown as cartoon figures. Each helix is labelled on the corresponding helix. b. Structure of the domain-swapped dimer of the DD
subfamily. A monomer (upper panel) and a dimer (lower panel) of Fas DD are shown as cartoon figures. c. Structure of the domain-swapped dimer of the PYD
subfamily. A monomer (upper panel) and a dimer (lower panel) of Fas DD are shown as cartoon figures. d. Structure of the domain-swapped dimer of the caspase-8
tandem DEDs. A monomer (upper panel) and a dimer (lower panel) of Fas DD are shown as cartoon figures.

extrinsic apoptosis, as well as innate immunity, we determined the
structure of COP from the frog virus 3 (Fv3COP).

The structure showed that Fv3COP dimerized via structural trans-
formation-mediated domain swapping, which is the first case of CARD
domain. Helix bundles H4, H5, and H6 from one molecule in the dimer
were unfolded, displaced and extended to the opposite molecule. The
re-located H4, H5, and H6 helix bundles form a complete six-helix
bundle fold with the H1, H2, and H3 helix bundle from the opposite
molecule. Although the translocation regions were not identical, a si-
milar domain swapping-mediated dimerization has been found from
structural studies of other DDS subfamily members. In the case of DD
and PYD, helix bundles H5 and H6 connect with each other to form a
stem helix, which mediates the dimerization of DDs and PYDs (Scott
et al., 2009; Eibl et al., 2014). Domain-swapping mediated dimerization
of DED was also reported in the structure of caspase-8 tandem DEDs
(Park, 2018), where DED2-mediated domain swapping was observed.
The displacement of the helix bundle folds was found in H3-H6 of
DED2. For domain swapping, the displaced H4, H5, and H6 helix bin-
dles in molecule A are inserted into another molecule (molecule B) in
order to interact with its H1, H2, and H3 helix bundles and form a
complete six helix bundle fold.

Although structural transformation-mediated dimerization (or do-
main-swapped dimer) has been reported for several DDS members,
whether this dimerization is artificial is still a question. In the case of
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structural studies of Fas-FADD DD complex (Wang et al., 2010) and
caspase-8 tandem DEDs (Shen et al., 2015; Fu et al., 2016), they are
formed helical oligomer without structural alterations. These previous
studies indicated that the canonical six-helix bundle forms are capable
of oligomerization as well. Because DDS-containing proteins can form
many different oligomeric complexes with various signaling molecules
during apoptosis, necroptosis, and other immune signaling pathways,
by acting as enzymes and sometimes scaffolding adaptors (Chun et al.,
2002; Wang et al., 2008), it is not surprising that several different
modes of oligomerization, including structural transformation-medi-
ated regional domain-swapping dimer formation, and the previously
reported helical oligomer (Lu et al., 2014; Peisley et al., 2014; Fu et al.,
2016; Choi et al., 2017), can be found in cells. Taken together, struc-
tural transformation-mediated dimerization might be a common
strategy for dimer assembly in DDS members.
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