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Summary

Macromolecular protein complexes play important diverse roles in cells. Among
various macromolecular complexes, the filamentous oligomer is a special category,
which is assembled from identical subunits with helical symmetry. Protein filaments
carry out unreplaceable roles in the cellular process. These complexes not only
provide mechanical support to cytoskeletons but also contribute towards regulating
critical signaling pathways that often determine the live and death fate of the cells.
Thus, atomic-resolution structures of these protein filaments help to reveal biological
insights of related cellular processes and may serve as druggable targets. As native
state protein filaments are reluctant to crystallize, the most common method of
structure determination of these filaments is to use Cryo-EM. Thanks to the rapid
development of Cryo-EM instruments and reconstruction algorithms, it becomes a
viable and efficient way to obtain an atomic-resolution filament structure nowadays.
Recognizing the bottleneck step of this process, the filament picking, we developed a
rapid and easy-to-use software. Also included in several examples in this thesis, we
have demonstrated that we have established a robust workflow in optimizing
filamentous protein constructs, preparing flamentous cryo-EM samples, and resolved

their atomic structures using cryo-EM helical reconstruction methods.

In one example, Uromodulin (UMOD) is a secretory protein that belongs to the zona
pellucida-like domain family. It is the most abundant protein in normal human urine,
which forms filament and captures uropathogens, principally serving as decoys to
gram-negative bacteria. We solved UMOD native state filament structure with
resolution 3.35 A (EMDB-10553). This high-resolution structure revealed a unique

interdomain linker that connects the ZP-N and ZP-C domain of UMOD. This inter-
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locked chain architecture confers a tremendous resistance to a hazardous
environment, particularly to proteases. Besides, as the first solved ZP domain filament,
UMOD filament structure also provided insight on potential ZP4 ZP3 interactions,

which is a critical biochemical event involved in the fertilization process.

In another example, Caspase recruitment domains (CARD) also tend to form filaments.
They belong to a sub-family of the Death Domain superfamily, whose members play
critical roles in cellular apoptotic events and innate immune signaling. CARD
complexes are usually stabilized by homotypic interaction among various domains.
Atomic-resolution structures of CARD oligomers help to reveal details of signaling
regulatory mechanisms, which are highly sought after for drug development and
mending-related autoimmunity diseases. NLRC4 belongs to such CARD domain
containing receptor family, and it detects bacterial-associated pathogen patterns.
Facilitated by NAIP5 and activates downstream ASC-CASP1 inflammasome signaling
axis, the CARD domain in NLRC4 relays the activation signal via a cooperative
oligomerization process. NLRP1 and CARDS8 are two similar innate immune receptors
that undergo auto-proteolytic activation, when encountering the right triggering signals
from cellular damage or pathogen infection, and release a filament-forming CARD
domains. Here, as part of my Ph.D. research, | present structures of NLRC4-CARD,
NLRP1-CARD, and CARD8-CARD filaments, at approximately 3.7 A resolution. These
results reveal signaling filament activation mechanisms conducted by specific CARD-

CARD interactions.
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Chapter 1. Background

1.1 Filamentous Protein Complex

Filamentous protein complexes play a widespread role in the cellular process. For
example, the cytoskeleton is mainly composed of the actin filament, microtubule
filament, and intermediate filament. These structural filaments mediate cell transport
and maintain the shape of eukaryotic cells. Apart from these mechanical support
functions, non-cytoskeleton protein filaments also widely exist in cells. These protein
filaments participate in many critical cellular processes, like metabolism regulation and
signaling transactions, thus related defects may result in severe health problems.
Previous studies revealed that the filamentous protein complex involves many
diseases, such as autoimmunity disease, neurodegenerative disorder, cancer, and
infectious disease (Park and Horton 2019). Apart from independent functions, protein
filament can also polymerize and bind with another matrix, like lipid membrane, DNA,
or another protein complex (Ghosal and Lowe 2015). Hence, structure study for
protein filament provides researchers deeper insight about related disease mechanism

and promote drug discovery.

However, before the maturity of Cryo-EM technology, X-ray crystallography dominates
protein structure determination, which is not suitable for native protein filament
structure determination. Therefore, the high-resolution structure detail of these
filamentous protein complexes was rarely reported before. Thanks to the development
of Cryo-EM, it becomes possible to get a high-resolution map of a giant molecular
complex. In addition, much near-atomic resolution filament structure was reported in

20



the past decade and revealed significant biochemistry insight for related health

problems.

1.2 Helical Reconstruction Method for Cryo-EM

Cryo-EM has become one of the most potent tools for structure biology (Figure 1.2.1).
Compared with traditional methods like crystallography and NMR(nuclear magnetic
resonance), Cryo-EM provides good preservation and views of native and hydrate
state macromolecules, and high-resolution reconstruction for macromolecules
complex structure becomes possible (Earl, Falconieri et al. 2017). Nowadays, leading
to such near-atomic resolution, Cryo-EM has also become an essential tool for drug
discovery.

First EM breaking

through the resolution
limit of a light

Projection angle
determination: random
conical tilt and angular

microscope reconstitution®
Aqueous solution Maximum Direct electron |
vitrification likelihood™** detector and motion
technology*”’ T correction®?#145-149
L . =
[ =
Particle image Projection
classification: matching
multivariate and angular Maximum likelihood
statistical analysis® refinement'* | 3D classification0030
} 013 2014 2015 201
First EM 3D 508 | |[Rotavirus vP6_ | [28 EMDB entries 340 EMDB 230 EMDB
structure ribosome protein at 3.8 <5 entries entries <5A,
(helical)™*® at 7.5A1! (icosahedral)'** I <5A, 18 entries <3A
= TRPV1 channel at 21 entries (up to May 22nd)
3.4 A%9100 <3 | S St
GroEL at ;
o - P —— 1 [435EMDB
20S proteasome Glutamate | | entries <5A,
at 3.3A16 dehydro- 25 entries <3 A
T genase at
80S ribosome at 1.8A%
4.5A1
BOS Larelation ’7140 EMDB entries <5A, 10 entries <3A
';';';‘f,?fomplex Beta-galactosidase at 2.2 A%
70S ribosome-EF-Tu at 2.9 A%
| Techniques BEMDB | — —
| Achievements entries <5A | | Anthrax toxin pore at 2.9 A™’
[E EMDB entries [ 208 proteasome at 2.8 A1

Nature Reviews | Drug Discovery

Figure 1.2. 1 Timeline for Cryo-EM development and achievement. Adapted from (Renaud,

Chari et al. 2018)
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While single particles analysis (SPA) is currently the most common method in Cryo-
EM reconstruction, helical reconstruction is also of vital importance. Helical
reconstruction is one of the earliest protein structure determination algorithms applied
in three-dimension electron microscopy. Although filamentous complex can also be
solved with the single particles method, helical reconstruction can achieve higher
resolution with fewer data. Single particles analysis requires the orientation of each
particle, which is obtained from an alignment task in three-dimension space. However,
helical reconstruction only needs to find particle orientation pointed to the central

cylinder, as the central axis is fixed.

Furthermore, the helical symmetry of the subunit in filament also promotes the
reconstruction performance. Once correct helical twist and helical rise are determined,
experimental noise resulted from data collection can be reduced by an averaging
operation. Benefiting from this property, the signal-to-noise ratio is significant
enhanced during 2D averaging and 3D reconstruction. With this advantage, the
structure of the T4 bacteriophage tail was reported in 1970 with the helical
reconstruction method, which is the first determined EM 3D structure (De Rosier and

Klug 1968).

High-resolution Cryo-EM structure determination is usually comprised of four steps,
sample preparation, data collection, Cryo-EM image processing, and coordinates
building. During sample and Cryo-Grids optimization, several operations are iteratively
performed (Figure 1.2.2). Instrument improvement is the basis of cryogenic electron
microscopy. In the past twenty years, hardware, especially electron detectors,

develops extremely fast, which results in better micrograph quality and faster data
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collection speed (Veesler, Campbell et al. 2013, McMullan, Faruqi et al. 2016).
Besides, fast-developing Cryo-EM processing software also contributes significantly
to this field. In the first decade of the 215 century, electronic microscopy software is
programming-based, which requires professional computational and programming
knowledge (Ludtke, Baldwin et al. 1999, Baldwin and Penczek 2007). However, when
it comes to the 2010s, more efficient and user-friendly tools are developed—for
example, Relion and Cryosparc (Scheres 2012, Punjani, Rubinstein et al. 2017). With
high-performance instruments and advanced software, it has become more
convenient for structural biology researchers to obtain a high-resolution electron
density map. Moreover, the processing pipeline has become more standardized. A
standard pipeline of Cryo-EM image processing includes several parts, reference
correction, motion correction, CTF (contrast transfer function) estimation, particle
picking, 2D classification, 3D classification, 3D refinement, and post-process (Zheng,

Palovcak et al. 2017).
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Figure 1.2. 2 Pipeline in Biological Cryo-EM. Adapted from (Passmore and Russo 2016). A
standard Cryo-EM structure determination protocol include: Protein sample purification,
Negative stain quality checking, Cryo-EM screening quality checking, Cryo-EM data quality

checking, final data collection and Data Processing

2D classification, 3D classification, and 3D Refinement are the most compute-bound
tasks, which require higher performance computation hardware. Here, 2D
classification and 3D Classification can be seen as the Expectation-Maximization task.

The goal is to identify 2D averages and 3D density that can represent micrograph
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particles and separate homogeneous particles based on the latent statue (2D average
and 3D density). Then the homogeneous patrticles are feed into 3D refinement for high-
resolution detail reconstruction. The task that generates the 3D structure of
macromolecular from particles micrographs can be described as the Bayesian

likelihood optimization process (Punjani, Rubinstein et al. 2017).

arglr/rff(log(p(vl...l(|X1...N)) =

N K
1
argt®s Y tog Y= [ p(X,0.%)a0, + loglp(t,_0)
i=1 j=1
Equation 1. The formula of structure determination from micrograph particles

Here, X;  is the micrograph particles and V;  stands for potential 3D density, which
can explain, X; y as much as possible. As all particles are captured in the same plane
during data collection, the depth information is fixed. Therefore, the optimization task

is iteratively searching @; the related orientation to density V; and reconstruct V; with

@; and X; . This optimization can process in both real space and Fourier space.

1.3 Autopicking Method for Filamentous Sample

Particles picking is an essential step in Cryo-EM image processing. This step
determines the quality of particles used in downstream tasks. As the low signal-to-
noise ratio nature of Cryo-EM micrographs, many specimen particles are required for
high-resolution structure reconstruction. Traditional manually picking is labor- and
time-consuming. With the growing number of collected images, automatically picking
methods become necessary. In general, there are two types of auto-picking methods,

semi-automatically picking and full-automatically picking. Semi automatically picking
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relies on the template from either picked coordinate, 2D class average, or 3D map
projection, which requires prior information or preprocessing (Bepler, Morin et al.
2019). Template matching based and deep learning based algorithms are usually
applied. Full-automatically picking detects particles directly based on Gaussian kernel
matching or edge detection method. Several mature picking methods of these two
categories were introduced for single particles processing and achieved remarkable
performance. However, when dealing with the filamentous specimen, this task
becomes more different and challenging. Compared with single particle picking,
keeping only the basic coordinate is not enough for the filament picking algorithm. The
algorithm should be able to track the helical information between helical segments.
Firstly, contours of filament should be detected, and a smooth central axis, which can
represent the filament, needs to be extracted from the contour. This process is

challenging, especially for some flexible filament.

1.3.1 Existing Filament Picking Methods

Semi automatically filament picking methods base on either template matching or
deep learning were introduced previously (Huber, Kuhm et al. 2018, Wagner, Lusnig
et al. 2020, Thurber, Yin et al. 2021). These methods all require prior knowledge. As
for template-free strategy, there is few choices, highlighting the importance of a fully
automatic template-free filament picking method, which can handle realistic Cryo-EM

images.

Moreover, particle picking itself is not the only task that we need to care about. The

ideal Cryo-EM micrograph is only composed of sample region and clean background
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region. The actual images researchers facing are usually more complicated. Apart
from a blank background, the undesirable region also includes artifacts and
contaminations. High contrast artifacts and contaminations exist in micrographs
generated during sample preparation, grid preparation, and data collection. These
artifacts and contaminations include the carbon region, the holes edge, ethane ice,
crystalline ice, freeze-dried particles, etc. Artifacts and contaminations significantly
affect the performance of the picking algorithm and introduce additional false-positive

particles in downstream 2D averaging or 3D reconstruction tasks.

As a result, the auto-picking algorithm should do more than sample-background
discrimination; it should also exclude the effect of artifacts and contaminations.
Algorithms that are designed to detect specific contamination were reported before.
The Appion package computes the range of carbon holes through image morphing
operation (Lander, Stagg et al. 2009). Alternatively, based on adaptive thresholding
and circle fitting, EMPH achieves a similar task (Berndsen, Bowman et al. 2017).
Moreover, for high-contrast contamination, the most common trick used in the
template-matching method is setting a proper high-pass filter threshold, which is
presented in Relion auto-picking job. Nevertheless, many real particles are also filtered
at the same time. In addition, it takes time to estimate the suitable threshold numerical

value by multiple trials.

1.3.2 Robust Solution to Reduce False Positive Rate

As we see, manually constructed features and prior designed rules can help to reduce

the effect of artifacts and contaminations. However, they are far away from a practical
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and easy-to-use method. With the development of neuron networks, especially
convolution neuron networks (CNN), a great revolution has come into the image
processing field. An adequately designed CNN can automatically extract features from
labeled data and finish the discrimination task. Once the network training is finished,
the inference step is fast and effective. This kind of property indicates CNN may be a
modern method for micrograph masking and particles picking. Although different
specimen particles may have different patterns, the artifacts and contamination in
Cryo-EM micrographs share common patterns. Consequently, a pre-trained artifact
and contamination masking CNN is a good solution for undesirable region labeling

tasks.

Warp is the first software that ensembles this kind of pre-trained CNN in their picking
method, making single particle picking more robust and accurate. Moreover, when it
comes to 2020, they separate the masking module and make it an independent library,
generating a mask for other usage purposes (Sanchez-Garcia, Segura et al. 2020).
Filament auto-picking software should also integrate this method in the current

algorithm.

Many software claims that they provide filament autopicking function; however, they
cannot correctly mark the right sample region precisely in our experiment, especially
for images with bad contrast. A rapid evaluation system for the Autopicking result is
absent, which is essential for parameters adjustment. There are also few direct

comparison studies for existing autopicking software.
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1.4 CARD containing protein and high-resolution reconstruction for NLRC4,

NLRP1, and CARDS

1.4.1 Immunity System and Innate Immunity

The primary role of the animal immunity system is to prevent invasion and eliminate
pathogens (Janeway 1992, Banchereau and Steinman 1998). Based on the difference
of responding mechanisms, the immunity system is composed of innate immunity and
adaptive immunity (Janeway 1989, Medzhitov and Janeway 2000) (Figure 1.4.1).

Innate immunity I =2 Adaptive immunity
(rapid response) e o (slow response)

Nature Reviews | Cancer

Figure 1.4. 1 Innate and Adaptive Immunity, Adopted from (Dranoff 2004)
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B cell or T cell conducts adaptive immunity, which generates specific antibodies to
neutralize antigens or induce apoptosis of infected cells (Dudley 1992, Medzhitov,
Preston-Hurlburt et al. 1997). Adaptive immunity is memorable, which means
pathogens information is stored with memory cells during the process (Demkowicz,
Littaua et al. 1996). Innate immunity, also known as non-specific immunity, is quite
different from adaptive immunity. However, innate immunity is also vital, as it serves
as the first guard for micro-pathogens. Components of innate immunity establish a
system to discriminate self-organism and pathogens (Janeway 1992, Medzhitov and
Janeway 2000). This discrimination mechanism is achieved by evolutionarily
conserved protein family pattern recognition receptors (PRRs). Pathogen-associated
molecular patterns (PAMPSs) and damage-associated molecular patterns (DAMPS) are
the important conserved molecular structures that are recognized through PRRs.
PAMPs are molecular structures deriving from micro-pathogens like bacteria and
viruses. In addition, DAMPs are molecular structures generated from organism
damage or dying cells (Janeway 1989, Roh and Sohn 2018). The first identified
signaling PRR is from Drosophila melanogaster, whose antimicrobial molecular
generation is mediated through Toll (Lemaitre, Nicolas et al. 1996). Pursuing research
indicates that homologous genes of Toll also exist in human and act an important role
in human innate immunity system. Bacterial lipopolysaccharide (LPS) is a common
antigen in human innate immunity and triggers Toll-like receptor activation (Medzhitov,
Preston-Hurlburt et al. 1997, Akira and Takeda 2004). After 2000, with rapid growing
genome sequencing technology and more immunology studies, more PRRs have
been characterized. Till now, well-studied PRRs include NOD-like receptors (NLRS),

Toll-like receptors (TLRs), absent-in-melanoma (AIM)-like receptors (ALRS), Retinoic
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acid-inducible (RIG)-I-like receptors (RLRs), and C-type-lectin receptors (CLRS)

(Meylan, Tschopp et al. 2006) (Table 1.4.1).

Table 1.4.1 Summary of PRRs

PRR shar?d . Ligands o
function Ligands localization
type . Sources
domain
NLR NBD,LRR PAMPS: iE-DAP, muramyl dlpe‘ptldes Bacteria, self
DAMPS: Endogenous danger signals Cytoplasm
PAMPS: Lipoproteins, DNA, RNA, Bacteria,
TLR LRR,TIR endotoxin viruses, Plasma
DAMPS: Endogenous danger signals parasites, self | membrane
ALR PYRIN,HIN )
DAMPS: Endogenous danger signals self Cytoplasm
RLR DExD/H PAMPS: dsRNAs RNA viruses Cytoplasm
Plasma
L LE
CLR CLEC PAMPS: beta-glucans fungi membrane

Table 1.4. 1. NBD (nucleotide-binding domains), LRR (leucine-rich repeat), CARD ( caspase
activation and recruitment domains), TIR (Toll/interleukin-1 receptor ), HIN (Hematopoietic

expression, interferon-inducible nature, and nuclear localization), CLEC(C-type lectin)

1.4.2 Discovery of Pattern Recognition Receptors (PRRs)

NLRs, known as Node-like receptors was firstly discovered as immunity components
in plants, which protect plants from microbial and parasites (Jones and Dangl 2006).
Later, homologs of NLRs were identified in others species, like sea urchin and basal
metazoans (Inohara and Nunez 2001, Hibino, Loza-Coll et al. 2006). This result
indicates that NLRs in evolutionary conserved from primitive organisms to vertebrates,
as its critical role in antigens defense. Moreover, there are 23 NLRs genes in humans,

in contrast with 34 homologous NLRs genes in mice (Franchi, Warner et al. 2009).
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As an essential part of human PRRs, NLRs act as cytosolic sensors and activators in
innate immunity. After detecting danger-associated ligands and micro pathogens, NLR
proteins assemble a large macro molecular complex called inflammasome.
Inflammasome work as signal transduction center, which triggers cytokine maturation
and inflammatory cell death; pyroptosis. Assembling the supermolecular signaling
complex is a typical pattern in the vertebrate innate immunity system (Lin, Lo et al.
2010, Hou, Sun et al. 2011). Similarly, the assembling of inflammasome complex also
relies on death domain proteins (DDs). Death domains containing proteins are
involved in the whole pyroptotic signaling initiation, amplification, propagation through
both homotypic or heterotypic interactions (Wen, Miao et al. 2013, Lu, Magupalli et al.
2014). Death domain containing proteins that play a role as the sensor in
inflammasome assembly can be classified into two groups, CARD (caspase activation
and recruitment domain) and PYD (PYRIN domain) (Hoffman, Mueller et al. 2001,
Ogura, Sutterwala et al. 2006, Chen, Shaw et al. 2009). In inflammasome initialization

stage, the preliminary signaling filament is composed of these domains.
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Figure 1.4. 2 Members of NLPs and their domain architecture.

Suggesting from the domain architecture, NACHT domain and LRR are the most
conserved and prevalent components in intracellular NLRs (Carneiro, Travassos et al.
2007) (Figure 1.4.2). The pattern of NLRs domain architecture also demonstrates that
there are three functional domains among NLRs (Figure 1.4.2). Itis classified into three
parts an N-terminal function domain, a central NACHT domain, and a C-terminal LRR
domain. Here, the N-terminal functional domain work as a domain binding effector,
which provides protein-protein interaction sites. Apart from CARD and PYD mentioned
above, these N-terminal functional domains also include acidic transactivation domain
(ATD), baculovirus inhibitor repeat (BIR), and X (function not defined) (Figure 1.4.2).
The central NACHT domain plays a role in self-oligomerization and nucleotide binding.
As for the C-terminal LRR domain works as a ligands recognizer and detector for

conserved antigens (Franchi, Warner et al. 2009, Kim, Shin et al. 2016).

The N-terminal function domain is critical for inflammasome formation and signal
propagation. With the diversity of N-terminal functional domain, NLRs can be classified
into different subfamilies: NLRA (ATD containing NLR), NLRC (CARD containing NLR),
NLRP (PYD containing NLR), NLRB (BIR containing NLR), and NLRX (unknown
domain containing NLR) (Ting, Lovering et al. 2008). PYD and CARD are the most
common N-terminal functional domains in NLRs, as they exist for more than 50% of

NLRs in humans and mice.

Identified NLRC subfamilies include NOD1 (NLRC1), NOD2 (NLRC2), NLRC3,

NLRC4, and NLRC5 (Saxena and Yeretssian 2014). The featured N-terminal CARD
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domain is associated with caspasel or kinase recruitment which mediate signal
transduction in innate immunity (Carneiro, Travassos et al. 2007). Although NLRC3
and NLRC5 does not contain N-terminal CARD domain, they are homologous to
NLRCs and share structural similarity with them. That is why they are still classified
into the NLRC subfamily. NOD1 and NOD2 work as sensors for peptidoglycans of
invading Gram-negative bacteria and Gram-positive bacteria (Motta, Soares et al.
2015). The abnormal active immune response is harmful to the organism;
consequently, the NOD1 NOD2 signaling network keeps a subtle balance between
over-activated and effective defense. Previous research has shown that much auto-
immunity disease derives from polymorphisms and mutations of NOD1 NOD2
(Carneiro, Travassos et al. 2007, Motta, Soares et al. 2015). NLRC3 is reported as an
inhibitor for T-cell and TRAF6 activation (Schneider, Zimmermann et al. 2012). NLRC5
is a negative regulator for the inflammatory pathway (Benko, Magalhaes et al. 2010)
(Figure 1.4.3). NLRC4 is a typical member of the NLRC subfamily and is related to

T3SS and flagellin detection and we will talk about detail at later chapter.
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Figure 1.4. 3 The overview of NLR mediated signaling pathways, adapted from (Motta,

Soares et al. 2015).

In contrast with the NLRC subfamily, whose featured domain is CARD, the N-terminal
functional domain of the NLRP subfamily is PYD. NLRP subfamily has more and
diverse homologs among different species (Proell, Riedl et al. 2008). NLRP1, NLRP3,
and NLRP6 are expressed in many tissues and participate in inflammasome formation.
This inflammasome is associated with caspasel recruitment and induce IL-18 and IL-
1B release. (Zhou, Yazdi et al. 2011, Levinsohn, Newman et al. 2012, Wang, Zhu et
al. 2015). NLRP10 is unique in the NLRP subfamily, as it lacks the LRR domain.
Recent research reports that NLRP10 is a negative regulator for infammasome and

plays a role in adaptive immunity activation (Eisenbarth, Williams et al. 2012). NLRP2

36



plays a role in mouse embryo development and negatively mediates the NF-kB
pathway (Fontalba, Gutierrez et al. 2007, Peng, Chang et al. 2012). NLRP12 can
suppress colon inflammation and tumorigenesis by inhibiting the NF-kB pathway and
AKT pathway (Allen, Wilson et al. 2012). NLRP4 was found binding with beclin1 for
negative regulation to autophagy activity (Jounai, Kobiyama et al. 2011). As for NLRP5
and NLRP7, they are related to mitochondrial activity and lipopeptides recognition
(Fernandes, Tsuda et al. 2012, Khare, Dorfleutner et al. 2012). NLRP11 takes part in
ubiquitin ligase related TRAF6 degradation, which mediates TLR-dependent signaling
transduction (Wu, Su et al. 2017). More research also indicates that the NLRP
subfamily works in limited function diversity, as it suffers selective constraints during
evolution. For NLRBs, there is only one subfamily for it: NAIP. NAIP has multiple
homologs in mice; however, there is only one NAIP gene in humans. NAIPS5 in human
work as a sensor for bacterial ligands and activate NLRC4 for downstream signal
transduction. The only member of NLRA is CIITA (MHC-II transactivator), which is the

regulator to MHC-II.

NLRs are in the auto-inhibited state before being activated by pathogens or damaged
ligands, recognized through the LRR domain. Activated LRR then disassociated from
NATCH, which results in NLRs transformation auto-inhibited state to active state. Then
activated NLRs form inflammasome through self-assemble or recruiting other NLRs to
transduce the signal to downstream pathways. Identified downstream effector
enzymes include MAPKs, NF-kB, and caspase-1. These active effectors then induce
maturation and release of precursor inflammatory cytokines or chemokines. Typical
cytokines include interleukin 1B, interleukin 18, and Gasdermin D, which initializes

pyroptosis (Kim, Shin et al. 2016).
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NODL1 is the first discovered NLRs in the discovery of NLRs, and NOD?2 is identified
through homologous alignment. NF-kB and MAPKSs related inflammation formation
dependent on NO1, NOD2 mediation. Upon binding with agonists, NOD1 and NOD2
take on an active conformation and result in downstream RIP2 oligomerization, which
then triggers NF-kB and MAPKs activation (Ogura, Inohara et al. 2001, Caruso,
Warner et al. 2014) (Figure 1.4.3). Caspase-1 mediate another inflammation related
signaling pathway whose downstream cytokines include IL-1 and IL-18 (Srinivasula,
Poyet et al. 2002, He, Mekasha et al. 2010). Due to the N-terminal CARD domain,
Caspase-1 activation depends on either direct CARD-CARD interaction or ASC
mediated indirect interaction, which work as an adaptor. Specifically, NLRC4 can
activate caspase-1 directly (Vance 2015). NLRP1 and NLRP3 need the assistance of

ASC (He, Mekasha et al. 2010) (Figure 1.4.4).
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Figure 1.4. 4 The NAIP-NLRC4, NLRP3, and NLRP1 inflammasome pathways., Adopted

from (Wang, Sharif et al. 2021)
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1.4.3 NLRC4 and NLRC4-based Inflammasome

CARD family (Hofmann and Bucher 1997) is subfamily of death domain superfamily
(Park, Lo et al. 2007). Members of the CARD family play essential roles in innate
immune response signaling pathways, where CARD containing proteins pass the
signal through forming filament-based inflammasomes. NLRC4, as a typical member

of the CARD family, follows the same signaling transaction pattern.

In the history of NLRC4 discovery, it was first classified as an apoptotic protein named
as ICE-protease Activating Factor 1, as NLRC4 can activate caspase-1 (Poyet,
Srinivasula et al. 2001). Then it is discovered that its domain architecture is more
similar to NLRs; the name is changed to NLRC4 (Sutterwala, Mijares et al. 2007).
Animal experiments demonstrate that NLRC4 is associated with the detection of
flagellin node protein of bacterial secretion systems, which may come from
S.Typhimurium (PrgJ), E.coli (EprJd), B.pseudomallei (BsaK), Shigella flexneri (Mxil),
and Pseudomonas aeruginosa (Pscl) (Miao, Alpuche-Aranda et al. 2006, Miao, Mao
et al. 2010). The direct stimulator of NLRC4, however, is not observed. Later, NAIP
(neuronal apoptosis inhibitory protein) family is identified, which serves as sensor for
pathogens (Kofoed and Vance 2011). NAIP can bind with conserved components of
bacteria like PrgJ and flagellin and then recruit NLRC4 to form inflammasome (Miao
and Warren 2010). There are seven NAIP encoding genes in mice; however, only one
in humans (Yang, Zhao et al. 2013). Different NAIPs has diverse stimulus. For
example, NAIP1 and NAIP2 are sensors for inner rod protein from bacterial T3SS.
Furthermore, NAIP5 and NAIP6 are found to bind to bacterial flagellin from Salmonella

typhimurium FliC (Zhao, Yang et al. 2011). It is currently found that NAIP2 and NAIP5
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can activate NLRC4 directly, and two different associated inflammasomes are
identified (Gong and Shao 2012). Additionally, the roles of Pkcd in NLRC4
inflammasome assembly are still unclear. Current evidence shows, in the presence of
T3SS pathogens, Pkcd can induce the phosphorylation of NLRC4 at the site of Ser533

(Qu, Misaghi et al. 2012, Suzuki, Franchi et al. 2014) (Figure 1.4.5).
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Figure 1.4. 5 Activation mode of NLRC4 inflammasome, Adopted from (Liu and Xiao 2015)

Due to the vital role of NLRC4 in innate immunity, its gene mutation is related to many
enterocolitis and auto-inflammation diseases (Canna, de Jesus et al. 2014, Kitamura,
Sasaki et al. 2014, Romberg, Al Moussawi et al. 2014). For example, mutation
p.V341A happened at NLRC4 HD1 domain will lead to cases of autoinflammation and
enterocolitis, which is recorded from a patient family (Romberg, Al Moussawi et al.
2014). Another record shows that patient with mutation p.T337S on NLRC4 NBD
domain suffers from recurrent fever, splenomegaly and other symptoms (Canna, de
Jesus et al. 2014). Furthermore, patients from one family suffer from dermatitis and
arthritis because of missense mutations on NLRC4 (Kitamura, Sasaki et al. 2014).
These results indicate that gain-of-function NLRC4 mutations result in over-activation
of NLRC4 related inflammasome formation, increasing chemokines' production
(Rathinam, Vanaja et al. 2012). In order to develop a therapy for these diseases, it is

meaningful to reveal the activation mechanism of NLRCA4.

Structural study for NLRC4 is also increasing a lot in the past decade. With CARD
domain deletion construct NLRC4A, PrgJ activated NAIP2/NLRC4 complex and Flic
activated NAIP5/NLRC4 complex structure was solved with Cryo-EM (Zhang, Chen et
al. 2015). Both NLRC4 inflammasomes exhibit disk-like structures with 10, 11, or 12

subunits (Zhang, Chen et al. 2015, Li, Fu et al. 2018).

As the functional domain of NLRCA4, the existing of CARD domain makes full-length
NLRCA4 exhibit heterogeneous complexes conformation, which is not suitable for Cryo-

EM structure determination (Li, Fu et al. 2018). Attempt for NLRC4 full-length structure
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determination was reported at 2015. In this report, flagellin-induced NAIP5/NLRC4
complex was observed with Cryo-ET (Diebolder, Halff et al. 2015). This work achieves
a resolution of 40 A due to the resolution limitation Cryo-ET. However, this is still
significant progress. The architecture shows that NATCH and LRR domains compose
the outer disk of complex, and CARD filament works as the central column. The
helicity of the NLRC4 inflammasome appears in this map, with a diameter of 28nm
and pitch of 6.5nm. Based on the estimation, a coarse helical parameters rotation
angle of 30.9 and twist of 5.57A is calculated. Compared with CARD deletion
NAIP5/NLRC4 complex, significant conformation change happened on NATCH and
LRR domain, shown in Figures 1.4.6 below (Diebolder, Halff et al. 2015, Zhang, Chen
et al. 2015). Compared with apoptosome, this extraordinary conformation change

allows inflammasome to extend longer (Diebolder, Halff et al. 2015).
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Figure 1.4. 6. Cryo-ET density map of Full-length NAIP5-NLRC4 inflammasome, stimulated

by flagellin, adapted from (Diebolder, Halff et al. 2015)

Human NLRC4 contains an N-terminal CARD domain, a NATCH (central nucleotide
binding) domain, and a C-terminal LRR(leucine rich repeat domain). The nucleation of
NLRC4 is mediated by the N-terminal CARD domain (Figure 1.4.7A). In human
macrophages, the canonical NLRC4 signaling pathway is triggered by bacterial

flagellin and T3SS (type Il secretion system) detection (Zhao, Yang et al. 2011). When
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these antigen are processed by macrophage, T3SS needle proteins bind to NAIP

(NLR family, apoptosis inhibitory protein) (Yang, Zhao et al. 2013).
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Figure 1.4. 7. Structural insights on NAIP-NLRC4 inflammasomes. (A) Domain architecture
for NAIPs and NLRC4. (B) Active NLRC4 inflammasome. (C) Auto-inhibited NLRC4. (D)

NAIPS5 activation. Adapted from (Wang, Sharif et al. 2021)

Activated NAIP then recruits NLRC4 and induces signaling filament formation of
NLRC4 inflammasome (Tenthorey, Haloupek et al. 2017, Duncan and Canna 2018).
Monomeric NLRC4, which stays in autoinhibition, forms a bow-like complex (Figure

1.4.7). In further downstream signaling pathways, NLRC4 is able to activate caspase-
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1 directly, which triggers cell pyroptosis or the release of cytokines. Although NLRC4
can recruit caspase-1 directly, NLRC4 can also activate ASC oligomerization, as both
NLRC4 and ASC contain CARD domains. As typical CARD-CARD interaction, NLRC4
CARD-CARD interaction is also achieved by multiple interface and charge reversal
contact between critical residues. Mouse NLRC4 CARD structure was obtained with
resolution 3.2A, which is solved by crystallography (Hu, Yan et al. 2013). NLRC4

CARD monomer structurer and signaling filament structure was not solved until 2018.

1.4.4 Unique Architecture of NLRP1 and CARDS

NLRP1 is one of the earliest identified inflammasome protein components. In 2002,
NLRP1 and its adaptor protein ASC was discovered with caspase-1 inflammasome
(Martinon, Burns et al. 2002). Different from other NLRPs proteins, NLRP1 is also
CARD-containing protein, which can be activated by many stimuli, including lethal
toxin from Bacillus anthracis, Toxoplasma gondii, muramyl dipep-tide, and host
intracellular ATP depletion (Boyden and Dietrich 2006). Apart from the C-terminal
CARD domain, like other NLRs, NLRP1 contains an N-terminal PYD, a central NBD
domain, a short LRR, and a FIIND. Significantly, different from many other CARD-
containing proteins, NLRP1 functional CARD domain is located at the C terminal,
which indicates a different activation mechanism for NLRP1 inflammasome.
Furthermore, FIIND domain is a unique domain among NLRs, which only exist in
NLRP1, CARDS8, and a p53 induced protein (Janssens and Tinel 2012) (Figure 1.4.8

A). FIIND can be further defined as a tandem architecture of ZU5 and UPA. ZU5 is
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firstly identified in UNC5 and Zonula occludens-1 (D'Osualdo, Weichenberger et al.

2011).

Compared with NLRP1, CARDS8 owns a simpler domain architecture. CARDS8 only
contains a FIIND and a C-terminal CARD (Dieude, Guedj et al. 2011) (Figure 1.4.9 A).
In addition, CARDS8 FIIND is highly similar to NLRP1 FIIND, which is also composed
of ZU5 and UPA (D'Osualdo, Weichenberger et al. 2011). Although CARDS is able to
form inflammasome, CARDS is not classified into NLRs, whose members usually
serve as sensor for inflammasome assembly, lacking the characterized NATCH and
LRR domain. CARDS function and its stimuli is not revealed clearly; however, the
previous study shows that CARD8 works as a specific suppressor for NLRP3
inflammasome assembly (Mao, Kitani et al. 2018, Abate, Blomgran et al. 2019). A
more recent and notable study shows that CARDS is associated with the detection of

HIV-1 activity (Wang, Gao et al. 2021).

Distinct from other NLRs, NLRP1 and CARDS8 own the unique domain FIIND, which
contributes to NLRP1 and CARDS8 auto-inhibition and is not thoroughly studied.
Recent research work shows auto-cleavage of FIIND is necessary for related
inflammasome formation (D'Osualdo, Weichenberger et al. 2011, Mitchell, Sandstrom
et al. 2019). And this auto-cleavage is mediated by DPP8 and DPP9. DPP8 and DPP9
(dipeptidyl peptidase) activity are highly related to NLRP1 and CARDS8 activation.
Known DPP8 and DPP9 inhibitor, such as VbP (Val-boroPro), is able to trigger the
exceptional activity of NLRP1 and CARDS8 inflammasome. For example, CARDS
abnormal assembly in human macrophages and NLRP1 abnormal assembly in airway

epithelial cells and skin (Johnson, Taabazuing et al. 2018, Zhong, Robinson et al. 2018,
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Johnson, Okondo et al. 2020, Linder, Bauernfried et al. 2020, Robinson, Teo et al.
2020). Many biochemistry studies reveal that DPP8 and DPP9 bind to NLRP1 and
CARDS directly (Zhong, Robinson et al. 2018, Griswold, Ball et al. 2019). And very
recent structural studies reveal the structure detail of DPP9/NLRP1 and DPP9/CARDS8
complex (Hollingsworth, Sharif et al. 2021, Huang, Zhang et al. 2021, Sharif,
Hollingsworth et al. 2021) (Figure 1.4.8 B, Figure 1.4.9 D). Both DPP9/NLRP1 and
DPP9/CARD8 complex exhibit a ternary form, including a DPP9 unit and two
CARDS/NLRP1 FIIND segments. Both subdomains of FIIND; ZU5 and UPA,
contribute to the formation of this complex. Although the mechanism is not revealed
clearly, ZU5 here play a role of negative regulator for NLRP1 activation neither with
DPP9 or without DPP9 (Huang, Zhang et al. 2021). DPP9/CARD8 complex is
topologically similar to DPP9/NLRP1 complex; however, CARD8 UPA-CARD does not
firmly interact with the active site of DPP9 (Sharif, Hollingsworth et al. 2021). These
findings also validate the hypothesis that DPP9 works as an inhibitor for
NLRP1/CARDS8, and explain why DPP9 inhibitors is able to trigger abnormal
NLRP1/CARDS8 activation, shown as docking of VbP into DPP9/NLRP1 complex

(Figure 1.4.8 C).

During NLRP1 and CARDS activation, autoproteolysis happens on the ZU5 and UPA
linker, which releases active UPA-CARD fragments. After autoproteolysis, activated
NLRP1 and CARD8 segments are both able to transduce pyroptosis signal. A recent
report demonstrates that NLRP1 and CARDS are involved in the CARD domain based
inflammasome assembly (Finger, Lich et al. 2012, Zhong, Mamai et al. 2016, Johnson,
Taabazuing et al. 2018, Zhong, Robinson et al. 2018) (Figure 1.4.9 B), and disorder

of these two proteins are associated with many autoinflammatory diseases,
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emphasizing the necessity for NLRP1 and CARDS study (Levandowski, Mailloux et al.
2013, Zhong, Mamai et al. 2016, Grandemange, Sanchez et al. 2017, Mao, Kitani et
al. 2018). Due to the unusual domain architecture, the downstream activation
mechanism of NLRP1 inflammasome is quite distinct. Contrast with NAIP/NLRC4
activation signaling pathway. NLRP1 is not recruited directly by specific sensor
proteins, whereas NLRP1 filament activation is induced by pathogen enzymatic
activity. Usually, downstream NLRs-caspase-1 recruitment is achieved by either direct
CARD activation or indirect PYD-ASC activation. It is found that NLRP1 inflammasome
induces activation of ASC, which is achieved by the C-terminal CARD rather than N-
terminal PYD (Chavarria-Smith and Vance 2015). This signaling transduction relies on
CARD filamentous complex; however, the filament assembly mechanism is not
precise before. Although NLRP1 and CARDS are similar in domain architecture, the
signaling transduction dynamic seems not identical. The role of ASC, an adaptor
protein, in signal transduction is not clear in both CARD-base inflammasome, as
CARD domain can recruit caspase-1 directly (Duncan and Canna 2018). A very recent
report shows that, in contrast with NLRP1, CARDS8 can recruit caspase-1 without ASC

acting as an adaptor (Ball, Taabazuing et al. 2020).
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1.5 Accurate CARD-CARD Interaction Prediction
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CARD-CARD interaction is of vital importance for inflammasome oligomeric signaling
scaffolds. CARD-CARD interaction between identical CARD involves the forming and
extending of the signaling complex, which provides insight on the assembly
mechanism. Moreover, cross-talk between different CARD domains participate in
signaling transduction among different components in innate immune response
signaling pathways. Identification of CARD-CARD interaction improves our

understanding of innate immune responses (Qin, Srinivasula et al. 1999).

However, there are 28 CARD domain containing proteins in CARD family, which
means there will be hundreds of potential interaction pairs. The time and resource
consumption of biochemistry assays for every interaction pair will be massive,
highlighting the screening for potential interaction CARD-CARD pairs in silico at the
first stage. Protein-protein interaction prediction is an essential and classical field in
the development of biology. Many computational methods were designed to solve this
problem. For proteins with high-resolution structure, structure information can be
included for prediction. Besides, machine learning technology, especially deep
learning, has become very popular (Sun, Zhou et al. 2017). With the establishment of
large protein-protein interaction database. It becomes possible to train machine
learning model like neuron network, which requires a large amount of data. However,
because of the complexity of CARD-CARD interaction, these methods do not work
correctly on them (Zhang, Petrey et al. 2012). Although CARD domain secondary
structures are conserved, CARD-CARD interaction relies on subtle residue contact
between interfaces, including the featured Type | Il lll interfaces in Death Domain
protein. Single mutation on the interface is sufficient to result in remarkable changes.

Furthermore, two residues contacted on the interface may be far away in the amino
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acid sequence, which means the pattern of CARD-CARD interaction is spatial-
distributed. Recognizing these challenges, well-designed feature engineering, and

data augmentation methods should be taken into consideration.

1.6 ZP Domain and UMOD Filament

1.6.1 ZP Module Proteins and ZP Domain

Zona pellucida, which is also called egg coat, is an extracellular matrix that surrounds
mammalian oocytes. It is a glycoprotein layer that plays a critical role in fertilization
and early embryo development. ZP proteins also belong to the immunoglobulin
superfamily, whose members widely exist in human genomes and play a critical role
in the immunity system (Barclay 1999). In the identification of ZP domain, ZP2 and
ZP3 are discovered as vital components of zona pellucida, and their featured
conserved domain is named ZP domain, which is conserved 260 amino acid
sequences (Jovine, Qi et al. 2002). Multiple ZP domain proteins participate in the
formation of zona pellucida and serve different functions. The featured ZP domain is
the most critical functional domain containing 10 or 12 conserved Cys residuals. ZP
domain is usually composed of ZP-C and ZP-N subdomain, which are connected
through a short linker. Few ZP domain proteins contain only the ZP-N subdomain and
are observed to form polymers through self-assembly in vitro (Jovine, Janssen et al.
2006, Monne, Han et al. 2008). As most ZP proteins work as secretive proteins, apart

from the featured ZP domain, additional signaling peptide locate at N-terminal. ZP
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proteins can form a filament structure, which contains repeat units. These filaments
then can form a more complex structure through interconnection (Greve and
Wassarman 1985, Green 1997). For ZP proteins in mammalian cells, ZP2 and ZP3
form filament and then crosslink by ZP1. This architecture composes the matrix of egg
coat (Jovine, Darie et al. 2005, Han, Monne et al. 2010). VEbeta and VEgamma, which
are vitelline envelope proteins in the trout, form similar structures (Darie, Janssen et
al. 2008). Isolated UMOD ZP domain is sufficient to form filament-like structure,
suggesting that the ZP domain is the main functional domain to promote filament

formation (Jovine, Qi et al. 2002, Jovine, Janssen et al. 2006).

Among ZP domain members, functional ZP domain is usually associated with post-
translational modification, including proteolytic digestion and glycosylation through
linking oligosaccharides to asparagine- (N-) and/or serine/threonine- (O-). These
modifications assign more complex functions for ZP proteins; however, they increase
the difficulty of structure determination simultaneously. The native functional state of
ZP protein is usually generated with highly specialized cell lines, which is hard to
culture in vitro. With more and more related research reported, nowadays, several ZP
domain family members are identified. ZP domain family members are widely
expressed in neural and differentiated epithelial tissue and playing important diverse
roles. Much independent research evidence for the function of the ZP domain
demonstrates that ZP domain protein participates in cell differentiation, and mutations
on the ZP domain gene are associated with human genetic disease. For example, in
mammals, the ZP domain protein regulates the function of specific kinds of neural cells.
DMBTL1 is one of these proteins associated with sound transmission between neural

cells (Jovine, Darie et al. 2005, Ligtenberg, Veerman et al. 2007). In the cochlea,
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mutation of DMBT1 leads to an abnormal extracellular matrix. This apical gel matrix is
vital for normal cochlea function (Petit 2006, Friedman, Dror et al. 2007).
Endoglin/C105 is another ZP domain member, which is mainly generated from
endothelial cells. It works as a regulator for the TGF- signaling pathway (Massague
and Chen 2000, Wong, Hamel et al. 2000). Previous research also reported that
endoglin participates in blood vessel formation. Apart from proangiogenic function, it
is reported that endoglin mediates epithelial mesenchymal transition through

regulating malignant progression (Bernabeu, Lopez-Novoa et al. 2009).

1.6.2 Structural study of UMOD
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Figure 1.6. 1 UMOD produced in kidney cell and predicted domain of UMOD. Adopted from
(Devuyst, Olinger et al. 2017)
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UMOD (Uromodulin), sometimes also called THP (Tamm-Horsfall protein), is a
secretion protein and is the most abundant protein in the urine. UMOD is also a
member of the ZP domain family. ZP-N and ZP-C domain located at the C-terminal,
which are functionally distinct but topologically similar 1G-like (immunoglobulin-like)
domains (Jovine, Qi et al. 2002, Jovine, Qi et al. 2004, Bokhove, Nishimura et al. 2016,
Bokhove and Jovine 2018). Apart from the C-terminal ZP domains, UMOD also
contains 3 EGF-like domains (epidermal growth factor-like) EGF I Il Ill, an unclear-
function named D8C, which contains multiple cysteine, the fourth EGF domain ( EGF
IV), a CCS/ICFCS (consensus cleavage site) and C-terminal propeptide (Serafini-
Cessi, Malagolini et al. 2003, Rampoldi, Scolari et al. 2011, Bokhove, Nishimura et al.
2016) (Figure 1.6.1 B). ZP-N and ZP-C domains are the main component that
composes UMOD core filament. As mentioned above, among ZP domain family, ZP-
N and ZP-C are topologically related; however they are featured through distinct
disulfide bond intramolecular network. Furthermore, in the non-polymeric state, the
interdomain linker, connecting ZP-N and ZP-C, exhibits either rigid or flexible
conformation and lead to a different relative position of ZP-N and ZP-C, which were
presented in previous crystallography study (Bokhove and Jovine 2018). Taking ZP3
as an example, the non-polymeric ZP3 exhibits an antiparallel homodimer
conformation, where each ZP-N domain is placing against the ZP-C domain of the
identical molecule and the ZP-C from the other molecule (Han, Monne et al. 2010).
Here the intramolecular linker exists as disorder loop. However, in the precursor of
UMOD, the interdomain linker exhibit rigid conformation and pack against ZP-C, which
forms a structure of a1(a-helix) and B1(B-strand). Due to this rigid connection, in the

precursor UMOD dimer, ZP-N domain is oriented to pack against the ZP-N domain of
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the other molecule (Bokhove, Nishimura et al. 2016, Bokhove, Sadat Al Hosseini et al.
2016). Although different in linker conformation, ZP-C 3G, the last B-strand, of both
UMOD and ZP3, which is principally regarded as EHP (the external hydrophobic
patch), belongs to polymerization-blocking CTP (C-terminal propeptide). Filamentous
formation relies on the release of this C-terminal propeptide, which is mediated by
protease (Jovine, Qi et al. 2004, Schaeffer, Santambrogio et al. 2009). Significantly,
filament formation of both UMOD and mammalian egg coat is associated with
precursor anchoring to the cell membrane (Jovine, Qi et al. 2002, Brunati, Perucca et
al. 2015). Nevertheless, for most ZP module proteins, the dynamic of ZP filament
formation and how the precursor molecule dissociation stimulates oligomerization is

still ambiguous.

Compared with other ZP proteins, UMOD is naturally abundant in the urine and easier
to purify. Consequently, UMOD was studied through electron microscopy previously
(Tamm and Horsfall 1950, Serafini-Cessi, Malagolini et al. 2003). In the identification
of UMOD, it is first characterized as a principle element of hyaline casts (Rovida 1873),
and then recognized as a viral hemagglutination inhibitor (Tamm and Horsfall 1950,
Serafini-Cessi, Malagolini et al. 2003). UMOD is primarily expressed by the thick
ascending limb of Henle’s loop cells. Secreted precursor UMOD is highly glycosylated
and GPIl-anchored (glycosylphosphatidylinositol), which also owns an intramolecular
disulfide bond network. Separation of UMOD from CTP relies on the digestion of CCS,
which is mediated by hepsin protease. This dissociation then activate assembly of

UMOD filament (Schaeffer, Santambrogio et al. 2009, Brunati, Perucca et al. 2015).
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1.6.3 Function of Uromodulin

As mentioned above, in the kidney, the thick ascending limb of the Henle's loop
specifically expresses UMOD. During expression, once UMOD comes to the apical
membrane, it is released into the tubular lumen. Mature UMOD is able to form filament,
and single filament then composes a more complicated 3D matrix, which shows a gel-
like property. It is reported that native state UMOD matrix participates in uropathogenic
defense through binding to UPEC (uropathogenic E. coli), (Rampoldi, Scolari et al.
2011). Recent Cryo-ET, which combines tomography and electronic microscopy
technology, also shows UMOD filament binds to bacterial pilus. However, lacking a
high-resolution map, the detail of the UMOD-pilus contact information is not enough.
Moreover, the Cryo-ET filament model presented in that study is not accurate because
of the resolution limitation (Weiss, Stanisich et al. 2020). In addition, this mature and
native state UMOD matrix mediates urine concentration and salt transport. Its gel

property achieves water impermeability of the thick ascending limb of Henle’s loop.

Moreover, it is also reported that UMOD gene mutation may lead to chronic kidney
disease (CKD) (Devuyst, Olinger et al. 2017). However, although common variants of
UMOD are highly related to the risk of CKD, increasing concentration of UMOD
monomer circulating in serum and mediating global and renal oxidative stress are
associated with lower risk for cardiovascular disease and mortality in seniors
(LaFavers, Macedo et al. 2019, Steubl, Buzkova et al. 2020). Furthermore, UMOD
filament is also able to reduce nephrolithiasis and play a role in kidney innate immunity
(Serafini-Cessi, Malagolini et al. 2003, Devuyst, Olinger et al. 2017, Weiss, Stanisich

et al. 2020). The previous study shows that UMOD gene deficiency does not lead to
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severe developmental defects. However, UMOD null mice suffer from urinary stones
and nephrocalcinosis and are more fragile for microbial infections (Mo, Zhu et al. 2004,
Weichhart, Haidinger et al. 2008). These diverse and critical biological functions of
UMOD highlight the importance of revealing dynamic and structural detail of UMOD
filament, which also helps to elucidate the general assemble principle of ZP domain

filament.
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Chapter 2. Materials and Methods

2.1 Molecular Cloning and Mutagenesis

2.1.1 Recombinant protein plasmids

For recombinant CARD proteins, NLRP1 constructs (985-1473, 1213-1473, 1374-
1466, 1374-1473) with or without C-terminal SNAP tag (NEB), CARD8-CARD (451-
537) with or without C-terminal SNAP tag, ASC-CARD (1-102) with N-terminal SNAP
tag, CASP1-CARD (1-92) with or without C-terminal SNAP tag, NLRC4-CARD (1-
102) with or without C-terminal SNAP tag. were cloned into pET47 vector in between
Xmal and Xhol restriction sites. A 3 C protease cleavage site was inserted in between
the CARD domain and the SNAP tags in case SNAP needs to be removed for
biochemical analysis. Site-directed mutagenesis was performed using the KAPA Hifi

PCR kits (KAPA Biosystems).

2.1.2 Site directed plasmid mutagenesis

For all the mutagenesis work in this thesis, KAPA Hifi PCR KITS (KAPA Biosystems)
was used to set up PCR reaction with primers from Integrated DNA technologies (IDT)
and targeted template plasmids. The 13 ul reaction volume contains ~50 ng template
plasmid, 0.5 pl of forward and reveres primers at 10 uM, 3 ul KAPA KITS reagents
and topped up with water. The template double DNA strands were separated by heat
to 95°C for 3 to 5 minutes, following with 20-30 amplification cycles. The cycle includes
30 seconds denaturation at 95 °C, 45 seconds annealing at Tm temperature £ 5 °C
and 5 minutes extension at 72 °C. The final extension was at 72 °C for 10 minutes.

After PCR, 1 ul Dpnl enzyme (New England biolab) was added to 5 pl reaction sample
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with 10ul water and incubated at 37 °C for two hours. The reaction was transformed
into transformation competent E. coli - DHS5a. The transformation reaction was
recovered by adding 0.5ml LB and incubated at 37 °C for 1 hour. The sample was
plated on LB agar plate supplemented with respective antibiotic and incubated at 37
°C overnight. The positive colonies were picked next day and grown in 3 ml of LB with
respective antibiotic. Plasmids were extracted the following day and mutagenesis was

confirmed by sequencing.

2.2 Protein Expression and Purification

For the expression of the His-tagged recombinant proteins, the constructed plasmids
were transformed into BL21(DE3) (NEB) and grown at 37 °C for 16-18 h. Then the
starting culture was transferred to a larger volume of lysogeny broth, which was grown
until an OD600 of ~0.6-0.8, then the temperature was lowered to 16 °C, and the cells
were induced with 0.5 mM IPTG and grown overnight. Bacteria were harvested at
4600 x g (Avanti JXN series, Beckman Coulter) for 10 min and then resuspended with
lysis buffer (20 mM Tris-HCI, pH 8.0, 300mM NaCl, 20 mM imidazole, and 10%
glycerol). Cells were then lysed by Emulsiflex-C3 and centrifuged at a speed of
30,000 xg (Avanti JXN series, Beckman Coulter) for 20min at 4 °C to separate
supernatant and pellet. The supernatant was passed through a pre-equilibrated
column containing Ni-NTA agarose beads (ThermoFisher Scientific) by gravity. The
column was then washed with lysis buffer containing 20 mM imidazole to remove
nonspecific binding proteins. His-tagged proteins were eluted with elution buffer that
contained 300 mM imidazole. To further purify our recombinant proteins, size-

exclusion chromatography (Superdex 200 increase, GE Healthcare) was performed in
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buffer A (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, and 1 mM DTT). At this step, the
purified proteins were the oligomeric pre-activated seed fraction. For monomeric
CARD-SNAP or SNAP-CARD domain proteins, it was prepared following the protocol
as described here. Concentrated and purified soluble filament seed at around
10 mg/ml was buffer exchanged into 10 ml of 6 M guanidinium, and gradually dialyzed
against 3, 2, 1.5, 1, 0.8, and 0.6 M guanidinium containing buffer A in the cold room,
and eventually in buffer A. In the absence of stimuli, refolded SNAP-ASC-CARD
protein remained monomeric for 24 h, and CASP1-CARD-SNAP remained monomeric
or lower oligomeric for about 12 h. Recombinant SNAP-NLRP1-FIINDYPA-CARD and
SNAP-CARDS8-FIINDYPA-CARD were expressed in similar ways as the CARD domain
constructs. Notably, most of the protein exist in cellular pellets after the Emulsiflex step,
thus, direct pellet wash with lysis buffer with an additional 1% Triton-X100, followed by
6 M Guanidinium is necessary to obtain solution proteins. Chemical refolding following
the same dialysis protocol, followed by 3 °C cleavage of the SNAP tag, was used to
obtain homogenous oligomeric population of FIINDYPA-CARD complexes at various

concentrations.

2.3 Oligomerization Assay

SNAP-ASC-CARD and CASP1-CARD-SNAP monomers that were labeled with Alexa
Fluor 647 (New England Biolabs) were co-incubated with CARD domain only filament
seeds (CARD8-CARD without SNAP, NLRP1-CARD without SNAP, NLRC4-CARD
without SNAP) separately. One microliter of 100 uM BG-Alexa dye stocks (dissolved

in water containing 5% dimethyl sulfoxide) were added into every 100 ul of pre-labeling

62



protein stock at a concentration of 20 uM. Fluorescently labeled monomeric SNAP-
ASC-CARD (10 uM) and CASP1-CARD-SNAP (10 uM) was mixed with 20 or 5 uM
seed oligomer for 15 min at room temperature before analysis by Bis-Tris native PAGE
gel (Life) or 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis gel. The
fluorescently labeled gel was run at a voltage of 200 V for 60 min. Once the EMSA was
completed, they were visualized by Typhoon FLA7000 (GE Healthcare) with 100-ym
pixel size at channel 647 using PTM 600. To form ASC-CARD and NLRC4-CARD long
filament (200-500 nm), ~20 uM monomeric SNAP-tagged protein was mixed with
unlabeled, wild-type SNAP-tagged ASC-CARD and NLRC4-CARD seeds at a molar
ratio of 20:1 for overnight. Later on, in-house-prepared MBP-3C-protease was added
to the fully extended filament with a final concentration of 0.5 uM. The digestion was
performed at 4 °C for 8 h, before further size-exclusion purification to separate the core
filament, the cleaved-off SNAP tags, and proteases. Final extended ASC-CARD and
NLRC4-CARD thin filament were then purified using size-exclusion column Superose
6 (GE Healthcare), before structural analysis. To form long NLRP1-CARD and
CARDS8-CARD filaments, N-terminal His-tagged CARD domain alone constructs were
expressed and purified according to the protocol mentioned above, then concentrated
to ~400 uM, homogeneous long filaments formed spontaneously, without the

requirement of seeding.

2.4 Negative Stain Electron Microscopy

The protein samples are diluted to suitable concentration (~0.02mg/ml for single

particle, ~0.1mg/ml for oligomeric complexes) and absorbed onto a carbon-coated
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formvar film which is attached to a metal specimen grid (Electron Microscopy
Sciences). The surface of the carbon grid is hydrophobic and is difficult to bind with
charged samples. So, the grids glow discharged before applying samples onto the grid
surface, in this way, electrons are hit the carbon to make the carbon surface
hydrophilic in the environment of vacuum chamber of a vacuum evaporator. After
about 60 seconds, extra samples are blotted off by filter paper and immediately the
grid is covered with 4 ul staining solution (2% Uranyl acetate) for another 60 seconds.
Extra staining buffer are removed by filter paper. The prepared grids are air-dry for 10
mins and stored in a grid box and labelled properly. These grids were imaged on the
Tecnai 12 electron microscope and recorded with an Eagle CCD camera operating at

120kV (Nanyang Technological University Microscopy Facility).

2.5 Data Collection with Cryo-EM

For cryo-EM grid preparation, Quantifoil R1.2/1.3 holey grid (Quantifoil) was glow-
discharged for 60 s and plunge-frozen using a Vitrobot (FEI) to be treated with 5-pl
sample at a concentration of ~2 mg/ml. Final high-resolution images were collected at
Titan Krios, 300 kV, using Gatan K2 camera (Gatan), super-resolution mode for data
collection, and binned 2x when doing motion correction. The sub-frame time is 250 ms
and total exposure time is 10 s, this will give 40 frames per stack. The pixel size on the

final image is 1.10 A. The dose rate is 4 e/pixel/s.

2.6 Structure Determination and Model building
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For cryo-EM data, super-resolution image stacks were “gain-normalized” and binned
by 2x to a suitable pixel size prior to drift and local movement correction using
MotionCorr2. Date processing software Relion 3.0 was used for CTF determination,

particle picking, 2D classification, 3D classification, and refinement procedures.

Unpolished maps were used for model building. Firstly, the monomer model is fetched
from the PDB database (Protein Data Bank) or protein structure prediction server,
which is used as a start point for complex model building. Firstly, monomers are fit into
the map rigidly, followed by manual editing. Phenix real-space refinement with default
NCS torsion-rotational constraint was performed to this preliminary model. After
several rounds of rigid body refinement, a model with reasonable statistics was
obtained. Then in the final refinement. Specific issues, like high clash score and
Ramachandran plot outliers after Phenix real-space refinement, were manually
identified and rebuilt, and then Phenix real-space refinement was repeated until

satisfactory statistics and density interpretation was achieved.

2.7 Random Forest and hierarchical clustering

Protein sequence data is fetched from Uniprot. Python machine learning library scikit-
learn was used in this step. The pipeline of the model training includes feature
extraction, model training, hyper-parameters grid search, cross-validation. In feature
extraction, the amino acid sequence is encoded, and the feature vector is represented

by contacting vectors of two proteins in one interaction pair. Output was the possibility
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of interaction between two proteins. Rstudio generated the hierarchical clustering heat

map with command heatmap.
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Figure 2.7. 1. Illustration of feature engineering and Random Forest. (A) Pipeline of our

method. (B) Feature extraction demonstration

38 CARD-containing proteins used in this experiment shows in Table 2.7.1.

Table 2.7. 1 Indexing of CARD proteins

01.Apoptotic_protease-activating_factor1(Apafl)

02.Receptor-interacting serine/threonine-protein_kinase2(RIP2)

03.Nucleolar_protein3(NOL3)

04.B-cell_lymphoma/leukemia_10

05.Human_Caspase_1
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06.Human_Caspase_2

07.Human_Caspase_4

08.Human_Caspase_5

09.Human_Caspase_9

10.CARD18

11.Baculoviral_IAP_repeat-containing_protein_3(CIAP2)

12.Baculoviral_IAP_repeat-contain_protein_2(CIAP1)

13.CARD16

14.CARD17

15.Inactive_caspase_12

16.Disk_large_homolog 5

17.CARD10

18.CARD6

19.CARD14

20.CARD11

21.NLRP1_CARD

22.CARDS

23.NOD2_1st_CARD(CARD15)

24.NOD2_2nd_CARD(CARD15)

25.NLRC4

26.ASC_CARD

27.NOD1(CARD4)

28.CARDS8

67




29.CASP2 and RIPK1 domain containing adaptor with death

domain-1st

30.CASP2 and RIPK1 domain containing adaptor with death

domain-2nd

31.Death domain-containing protein CARDD

32.PRb-interacting_protein_RbBP-36

33.Death_adaptor_molecule_RAIDD-2-1st_CARD

34.Death_adaptor_molecule_RQIDD-2-2nd_CARD

35.RIG-I-1st_CARD(1-100)

36.RIG-I-2nd_CARD(100-190)

37.MDA5(28-107)

38.MDA5(107-220)

2.8 Filament Auto-Picking with OpenCV

Our fully automatically picking software is composed of two parts, filament
identification, and contamination mask ensemble. This method is programmed in

python3 environment with advanced library OpenCV, scikit-image, NumPy, fil_find.

Filament picking pipeline includes image preprocess, pseudo-filament kernel matching,

image binary thresholding, filament identification, contours fitting, and coordinates

selection. Contamination mask is generated from a pre-trained neuron network and
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used as an optional input for the image binary thresholding step. The default format of

the output coordinate is Relion STAR format and is readily compatible with Relion.

The details of these algorithms will be discussed in Chapter 3.4, and the dataset that

used to test this method was collected at NTU and Karolinska Institute.
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Chapter 3. Results

3.1 Structure study of NLRC4-CARD filament

3.1.1 Molecular structure of NLRC4 filament signaling complex

NLRC4 comprises a functional N-terminal CARD domain, a NATCH domain located
at central, and a C-terminal LRR domain. Here, the N-terminal CARD domain is
involved in the signaling filament aggregate and extending. Since the central filament
part is smeared in full-length NLRC4 inflammasome electron map, which is reported
previously (Tenthorey, Haloupek et al. 2017). An NLRC4 CARD alone construct is
designed. As homogeneity and rigidity are essential for high-resolution structure
determination through Cryo-EM. The first step is to obtain straight and homologous
filament. After iteratively amino acid sequence optimization, the NLRC4 CARD
boundary was cautiously truncated to 1-102. Besides, a flag tag and a tag with 13
residues were inserted into the N terminal of NLRC4-CARD-SNAP fusion protein for

better stability.

1 93 95 580 581 1024
NLRC4
Full length
1 102

NLRC4 CARD
construct

Figure 3.1. 1. NLRC4 architecture and NLRC4 CARD SNAP construct
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SNAP-tag contributes to stabilize NLRC4 CARD filament and works as an indicator for
oligomerization assay. However, the SNAP-tag prevents NLRC4 from forming longer
filament and blocks detail of core filament (Figure 3.1.2A). After digestion and removal
of SNAP-tag, the thin and straight filament was produced (Figure 3.1.2B). The same
sample was used to prepare the Cryo-EM grid, and data was collected with FEI TITAN

KRIOS electron microscope.

- .
] [— T [— TR

Figure 3.1. 2. (A) NLRC4-SNAP protein under negative staining. (B) Negative stain result of

NLRC4 CARD without SNAP tag

Image processing and electron density reconstruction was processed in Relion3.
Preprocess steps, including motion correction and CTF estimation, were finished firstly.
Good images contrast and the high-frequency space region in the power spectrum
show that high-resolution detail is captured during data collection (Figure 3.1.3B).
Roughly 310k particles were manually picked from raw images and feed into the 2D
classification step. After 2D classification, we get many excellent 2D averages of

filament structure (Figure 3.1.3C). Helical layer line profile generated from 2D average
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visualizes its diffractions patterns. Peaks in helical layer line profile resulted from the
repeated feature in the 2D average, which gives an estimate for alpha-helix rotation
angel and step size. In addition, it represents the best resolution level this class can
reach (Figure 3.1.3D). Based on the quality of the 2D average class, 100k particles

were selected for 3D classification.
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Figure 3.1. 3. (A) NLRC4 CARD filament under cryo-EM. (B) Power spectrum of Cryo-EM
images. (C) 2D classification of average of NLRC4 CARD filament. (D) Helical layer Line

profile for 2D class average images.
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With 3D classification and 3D auto refinement, rotation angle and step size of NLRC4
CARD filament were determined with grid search (Figure 3.1.4B), for the final density
was reconstructed with rotation angel —100.55 and step size 5.36. After masking and
final polishing, the resolution came to 3.3 A. FSC gold standard curve shows that cut-
off happens at 1/resolution 0.25, corresponding to resolution 3.3 A (Figure 3.1.4A).
Although helical symmetry is applied in filament reconstruction, resolution at the
central region of filament is usually higher, as the central part is applied higher weight
during reconstruction. The local resolution map illustrates this fact (Figure 3.1.4C). The
resolution is not evenly distributed across the whole density; however, the central part

is 3.3 A. As a result, the central part is used for protein coordinates building.

Final resolution = 3.3 Angstroms

FSC plot

Spatial frequency [A-1)

Figure 3.1. 4. (A) FSC gold standard curve. (B) NLRC4 CARD filament electron density model

after polishing

As a previous study has revealed, activated NAIPs recruit NLRC4 to form signaling
filament. In NLRC4 oligomerization, CARD is the functional domain that recruits other
NLRCR4 and self-assembly. In Figure 3.1.5, the NLRC4 CARD core filament, colored

blue, was inserted into NAIP2/NLRC4-CARDA oligomer (EMD-6458), colored silver.
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Our CARD filament perfectly matches the hole which derives from CARD deletion.
(Figure 3.1.5) This architecture is consistent with the previous NLRC4 activation

hypnosis model.

Figure 3.1. 5. NLRC4 CARD filament match NAIP2/NLRC4 oligomer, A top view, B side view,

C bottom view

Based on this high-resolution density, we build NLRC4-CARD oligomer coordinates.
Typical CARD-CARD interaction is composed of three interaction interfaces. The
definition criteria are shown in Figure 3.1.6A. Each NLRC4 CARD monomer interacts
with the surrounding six NLRC4 CARD subunits. We show the contact detail of these

three interfaces (Figure 3.1.6B).
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Figure 3.1. 6. CARD-CARD interaction interface, (A) Model of three kinds of CARD-CARD
interaction, (B) overview of three interfaces and their position, (C) critical residue contact in
the type-I interface, (D) zoomed-in view of the type-I interface, (E) zoomed-in view of the type-

Il interface, (F) zoomed-in view of the type-Ill interface

3.1.2 Structure analysis and biochemical assay

Biochemistry assay validates the model built from our high-resolution map; CARD-
CARD interaction at interfaces is achieved by complementary charged residues. We
design a charge reversal mutation construct based on the contact residues between
interfaces of this high-resolution structure. R9D, D26R, and ROD/D26R NLRC4-CARD
mutant proteins were constructed. As single mutation R9D leads to function loss, and

single mutation D26R leads to partial function loss. Double mutation RODD26R
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recovers the self-assembly ability of NLRC4 (Figure 3.1.7B). This result indicates the

importance of the R9 and D26 contact points.

NLRC4
NLRC4-CARD NLRC4 NLRC4

NLRC4 RSD D26R R9D/D26R
A Native gel Seed - - - —/'!-
-
«
M M:S M: Monomer Monomeric
11 S: Seed NLRC4-CARD

Figure 3.1. 7. (A) Seed-induced oligomerization demonstration. (B) NLRC4 charge reversal
mutagenesis. It demonstrates that R9D mutation altered NLRC4-CARD oligomerization

capacity, whereas double mutation R9D/D26R recovers it.

Electrostatic interaction is of vital importance for type Il interaction. The charge
distribution of the NLRC4 CARD monomer is polarized (Figure 3.1.8B), which is the
basis for complementary charge interaction. Electrostatic potential distribution of
NLRC4 CARD filament show below (Figure 3.1.8). The complementary electrostatic
potential distribution between the top and bottom interface explains the strong internal
cohesive force inside the NLRC4 CARD filament. NLRC4 CARD filament can trigger
other CARD containing protein, which has similar bottom interface patterns through

top-down direction activation.
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pair 2
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Bottom View Top View

Figure 3.1. 8. (A) Side view of NLRC4 filament electrostatic potential distribution. (B) Side
view of NLRC4 CARD monomer electrostatic potential distribution. (C) Bottom view of NLRC4
filament electrostatic potential distribution. (D) Top view of NLRC4 filament electrostatic

potential distribution. (E) Indicator for Type Il interfaces

3.1.3 Conclusion and Summary

As one of the canonical inflammation signaling pathways, NLRC4 is well studied in the
past decades for both functionally and structural aspects. The high-resolution structure
of native NLRC4-CARD filament concludes the structural study. Our NLRC4 filament
structure demonstrates the featured Type-l Il Ill interface among death domain
proteins, thereby revealing the structural basis for NLRC4 filament extending and

signaling transduction. Due to the N-terminal CARD domain, NLRC4 can stimulate
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downstream effectors in diverse ways by activating either adaptor ASC or caspase-1
directly. Here Type Il interface dominates this signal transduction progress. Critical
residues located there and the Coulombic distribution on the exposed surface

comprise the structural basis for this flexible activation capacity of NLRCA4.

Table 3.1. 1. Data collection, image processing, and coordinates refinement statistic for NLRC4

Data Collection

Microscope Titan Krios
Voltage (kV) 300
Detector K2
Pixel size (A) 1.1
Defocus range (um) -1 to -2
Electron Dose (e-/A2) 40
Movie Frames 40
Helical Reconstruction

Software RELION 3.0.4
Particles 382715
Helical rise (A) 5.17
Helical rotation (9 -100.55
Resolution (A) 3.3
Coordinate Refinement

Software Phenix
Resolution Cut Off 3
Rwork 0.2571
Rfree 0.3057
Model

Oligomer center 12mer
Number of residues 1020
B-factor overall 248.57
R.M.S. deviation

Bond length (A) 0.002
Bond angle (9 0.364
Validation

Molprobity clashscore 0.24
Rotamer Outliers (%) 0
CpB deviation (%) 0
Ramachandran plot

Fovored (%) 98.1
Allowed (%) 1.9
Outliers (%) 0
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Deposit
PDB code 6K8J
EMDB code 9946

3.2 NLRP1-CARD filament self-assemble mechanism study and structure

characterization

3.2.1 The function of NLRP1 in inflammasome formation

The primary content of this part is the structure study of NLRP1 and CARDS8 based
inflammasome assembly through FIINDY" and CARD domain which is auto-
proteolysis dependent. Our work shows, both FIINDYPA and CARD participate in
NLRP1 inflammasome assemble regulation. NLRP1 is able to form an active signaling
filament through self-assemble in vitro, then trigger ASC oligomerization and
downstream immune responses. As for FIINDYPA, although it does not participate in
ASC recruitment directly, existing of FIINDY"A promotes NLRP1-CARD
oligomerization and filament assemble. NLRP1-FIINDY"* alone construct tends to
form ring shape structure; however, NLRP1-FIINDYPA-CARD recombinant protein
forms filamentous complex, composed of inner CARD filament and outer FIINDYPA ring.
Structural analysis shows that, a linker of 9-22 residues between FIINDYPA and CARD
results in helicity difference of the inner filament and outer ring. We solved the structure
of NLRP1-CARD and CARD8-CARD filament with Cryo-EM, which reach a resolution
of 3.7 A. Surface electrostatic and hydrophobicity analysis identified the critical
structure motifs that contribute to heterotypic CARD-CARD interactions, including the

CARD domain of NLRP1, ASC, CARDS8, caspase-1. These results give insights into
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why NLRP1 inflammasome relies on ASC as signal adaptor, whereas CARDS8 can
activate caspase-1 directly, bypassing ASC. Our works reveal different activation
modes between NLRP1-ASC and CARDS8-caspase-1 from structural level, and
suggest different electrostatic and hydrophobicity distributions of CARD associated
with specific inflammasome, which is consistent with current and related reports

(Hollingsworth, Sharif et al. 2021, Huang, Zhang et al. 2021).
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Figure 3.2. 1: Inflammasome complexes of human NLRP1. (a) domain architecture of NLRP1

and CARDS, functional domain is highlighted with red (CARD) and blue (ASC), respectively.
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(b) HEK293T-ASC-GFP cells assay result, the y-axis shows the percentage of ASC-CFG
specks derived from NLRP1-FIINDYPA-CARD (labeled with mCherry, red) or NLRP1-CARD
(labeled with mCherry, light red). The cultured cells are fixed 24 hours for fluorescence
microscopy after transfection. Data demonstrate with mean *standard-deviation format. One-
way ANOVA is used to calculate the statistical significance values, with biological replicates
n=3. ¥/*¥¥/*¥*¥¥% here indicates P-value < 0.05, 0.01, and 0.0001, respectively. (c) Western
blot results that correspond for NLRP1 mCherry-tagged construct are shown in Figure 3.2.1B.
(d) Corresponding blue-native gel blot for NLRP1-FIINDYPA-CARD (labeled with mCherry)
and NLRP1-CARD (labeled with mCherry). Monomeric samples are pointed out with Yellow
arrows. (e) Negative staining EM results for construct NLRP1-CARD and NLRP1-FIINDYPA-
CARD with different concentrations. (f) Oligomerization assay results from different NLRP1
based constructs at different concentrations. (g) The most representative 2D average images
of negative staining EM, from which distinguishable patterns of NLRP1-FIINDYPA-CARD
filament appear. (h) 3D density side view and top view of NLRP1-FIINDYPA-CARD filament
with estimated resolution 25 A Helical segment used for reconstruction is selected from the
150A 2D class. The pattern appears to be similar to corn cobs. (i) Zoomed-in view of negative
staining EM images for NLRP1-FIINDY™ (tagged with SUMO). The size of the ring-like
complex is around 20nm. (j) lllustration of the hypothesized model of NLRP1 FIINDYPA-CARD

filament.

3.2.2 NLRP1-FIINDYP* domain facilitates NLRP1-CARD oligomerization
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In a previous study, it was demonstrated that NLRP1-FIINDYPA-CARD and CARDS-
FIINDYPA-CARD, which shows the auto-cleavage property, can trigger pyroptosis in
human cells which are cultured in vitro (Finger, Lich et al. 2012, Zhong, Mamai et al.
2016, Sandstrom, Mitchell et al. 2019) (Figure 3.2.1a). In order to identify the exact
role of FIINDYPA domain, FIINDYPA is expressed in HEK239T cells, engineered to
express GFP-tagged full-length ASC. In agreement with the previous report, NLEP1-
CARD overexpressed in HEK239T cells is able to induce ASC-GFP specks. However,
FIINDYPA triggers more ASC-GFP specks compared CARD alone assay (Zhong,
Mamai et al. 2016, Sandstrom, Mitchell et al. 2019). This difference becomes more
significant at low protein expression level (Figure 3.2.1b, 50 ng; Figure 3.2.1c, lane 3
and 6). With a low expression level, although most of NLRP1-CARD (roughly 90%)
exhibit monomeric form (Figure 3.2.1d, lane 2 and 3), there are still some functional
NLRP1-CARD oligomers, which again shows sufficient activation capacity. FIINDYPA-
CARD, compared with CARD alone, exhibits more effective activation capacity. With
similar expression level, FIINDYPA-CARD forms more oligomers (Figure 3.2.1d, lane 1
vs. 2 and 3). These assay results demonstrate, although NLRP1-CARD has sufficient
self-assemble and activation capacity for ASC, existing of FIINDYPA significantly

decreases yield concentration for oligomerization and promotes activation capacity.

Furthermore, FIINDYPA-CARD, NLRP1-CARD, and FIINDYPA, CARD mixture with a 1:1
molar ratio was observed under negative stain-electron microscopy (EM). Consistent
with the result of native PAGE in 293 T cells, when expressed with CARD in a single
polypeptide (Figure 3.2.1f), NLRP1-FIINDYPA is able to decrease the concentration
needed for CARD oligomerization by around 50-fold (Figure 3.2.1e, f). Under limited

concentration (roughly below ~200 uM), NLRP1-CARD alone construct cannot form

84



rigid oligomers neither in isolation form nor incubated with FIINDYPA, However,
prolonged and rigid filament forms when concentration goes beyond 500 uM (Figure
3.2.1e, right, Figure 3.2.1f). These negative staining EM results indicate that, although
NLRP1-CARD innately owns limited but sufficient capacity for self-oligomerization,
FIINDYPA promotes NLRP1-CARD self-recruitment capacity through some catalyst

mechanism.

In order to verify this hypothesis, related NLRP1 fragments construct is built and
purified, including CARD alone, FIINDYPA alone, FIINDYPA-CARD, and FIINDfl-CARD
(full-length FIIND-CARD) (Figure 3.2.12a). Recombinant proteins oligomerization
assay generated from both mammalian and bacterial expression shows, FIINDYPA-
CARD can form long but heterogenous filament with a diameter around 14 nm (Figure
3.2.12a, b, e). FIIND"PA alone and FIINDfl-CARD are not able to form filament (Figure
3.2.12c, d). Consistent with HEK293 T cell assay, recombinant NLRP1-CARD alone
construct is able to form filaments in vitro, which is similar to another CARD-based
signaling filament in the innate immunity system. This NLRP1-CARD alone filament
owns diameters around 8 nm (Figure 3.2.12b, e), which is remarkably thinner than the

FIINDYPA-CARD filament.

In order to reveal the structural mechanism of the phenomenon, high-resolution maps
of NLRP1-FIINDYPA-CARD and the homolog fragment of CARD8 were necessary.
Construct optimization was performed to identify the role of linkers between FIINDYPA
and CARD and optimal domain boundary, facilitating structure determination. We
evaluate the function of linkers through truncation analysis. These results show that

eight amino acids are located at NLRP1-CARD (1466-1473), 11 amino acids located
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at the linker region (1360-1370), and 11 residues located at NLRP1-FIINDYPA (1213-
1223) are not necessary for NLRP1-FIINDYPA-CARD oligomerization and NLRP1-ASC
activation. Construct with shorter linkers does not demonstrate better homogeneity of
filament assembled in vitro. Consequently, NLRP1-FIINDYPA-CARD (1213-1473) was
used to further filament preparation and structural studies. 2D averages from negative
stain EM images show different patterns, suggesting different helicity and diameters
of the filament (Figure 3.2.1g). The 2D class with the most particles is chosen for 3D
reconstruction, an estimated helical parameter of helical rise 5.6 nm and 11-12 subunit
per turn is calculated during the iterative 3D classification task. This estimation is quite
similar to NLRC4 inflammasome, which is also a disk-like complex with 11-12 subunits
(Diebolder, Halff et al. 2015). NLRP1-FIINDYPA-CARD filament contains a two-layer
structure. By adjusting the contour level of the density map, the inner filament shows
a diameter of 8 nm, which is similar to the NLRP1-CARD alone filament (Figure 3.2.1h).
When expanding the density map to the proper contour level, the detail of the outer
layer shows up with a diameter of 15nm. A corn comb-like pattern appears on the
filament's surface, resulting from helicity (Figure 3.2.1h). These results indicate a two-
layer architecture for the inflammasome sensor, which contains FIIND. This kind of
two-step recruitment is similar to NLRC4 and NLRP6 inflammasome (Li, Fu et al. 2018,
Shen, Lu et al. 2019). In the preliminary step, NBD (nucleotide-binding domain)
performs self-assemble and then initializes CARD or PYD oligomerization. The size of
the central hole, which is surrounded by the ‘corn cob’, matches the inner core filament.
In addition, it is consistent with recombinant CARD alone. These results suggest that
the filamentous FIINDYPA-CARD oligomer comprises two parts: the rigid inner CARD

filament and the surrounding spiral FIINDYPA (Figure 3.2.1h).
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In vitro, NLRP1-FIINDVPA with SUMO tag construct form both ring-like and filamentous
oligomers simultaneously, which again validates the two-layer architecture. The close
form rings own a diameter of approximately 17 nm (Figure 3.2.1i, red circles). Because
of the presence of the SUMO tag, the calibrated diameter is similar to the outer
diameter of NLRP1-FIINDYPA-CARD filament, which shows the corn cob pattern
(Figure 3.2.1h—j). As CARDS8 contains homologs FINND, CARD8 FIINDYPA-CARD,
and FIINDYPA domains were used to process similar biochemical analysis. These
results demonstrate that FIINDYPA of CARD8 may perform similar functions as NLRP1.
Although more heterogeneous, CARDS8-FIINDYPA recombinant protein still own the
capacity to form the filamentous complex. In order to get a more rigid and homogenous
filament of CARD8-FIINDYPA-CARD, we optimize the sequence of the construct. With
protein engineering, a linker of 14 amino acids between UPA and CARD is modified.
This modification does not influence the capacity of CARDS to trigger caspasel CARD
oligomerization. Both linker-modified and wild-type constructs are observed under
negative staining EM. Image taken from these samples is used to perform 2D
classification analysis. The 2D average shows a clear two-layer filament pattern.
Particles from the best 2D classes are selected and feed into the next round helical
symmetry free 3D classification. Although suffering from dramatic heterogeneity, the
overall shape of CARDS8-FIINDYPA-CARD oligomer is quite similar to NLRP1-FIINDYPA-
CARD filament. When applying helical symmetry during 3D reconstruction, the density
map becomes clearer. The top view of this CARD8-FIINDYPA-CARD map supports the
two-layer filament mode and is very similar to that of untagged CARDS8-FIINDVYPA-
CARD after refolding. Consequently, although CARDS8-FIINDYPA-CARD filament is
more heterogeneous, it is able to form this featured two-layer architecture, which is

very similar to that of NLRP1-FIINDYPA-CARD. These results highlight the function of
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FIINDYPA, as it is necessary for NLRP1 and CARD8 CARD filament formation.
FIINDYPA owns a higher capacity of self-assemble at low concentration. This property
aid preliminary NLRP1 and CARDS8 oligomerization and initialize CARD

oligomerization, which then transduces pyroptosis signal to downstream effectors.

3.2.3 Structure determination for NLRP1-CARD filament and CARD8-CARD filaments with
Cryo-EM: the inner core column of FIINDYPA-CARD filamentous complex

Although NLRP1 and CARD8 are homologous proteins, due to their featured C-
terminal FIIND-CARD architecture, recent reports suggest that they may lead to a
different signaling outcome. NLRP1 trend to induce ASC oligomerization, while
CARDS is able to activate caspase-1 directly, bypassing ASC (Ball, Taabazuing et al.
2020). However, the mechanism is still unclear. Our previous negative staining EM
results demonstrate that NLRP1-CARD is able to perform self-assemble to some
extend and transduce downstream signaling (Figure 3.2.1b). Therefore, we propose a
hypothesis that this functional difference between NLRP1-CARD and CARD8-CARD
is derived from the intrinsic structural difference. To validate this hypothesis, we
prepare NLRP1-CARD and CARD8-CARD filament samples and solve the structure
with Cryo-EM. The resolution of both samples comes to 3.7 A measured by Gold
standard FSC, without masking (Figure 3.2.2a—i). 2D classification and 3D
classification results from RELION 3.0 indicate that NLRP1-CARD oligomers with
multiple conformation are generated during self-assemble, as there are many
heterogeneous 2D averages and 3D density maps (He and Scheres 2017). From
multiple heterogeneous 3D classes, particles from the best class is selected for high-

resolution 3D refinement, based on estimated resolution and density quality (Grant,

88



Rohou et al. 2018) (Figure 3.2.2b—e). NLRP1-CARD construct that removes the last

eight amino acids (1466—1473) achieves better rigidity and homogeneity.

Subsequent biochemical assays with HEK293T-ASC-GFP cells also supports that this
construct is active state and can trigger ASC oligomerization. Consistent with our
above negative staining EM result, this high-resolution NLRP1-CARD filament density
is able to fit into the core column of NLRP1-FIINDYPA-CARD filament density—both
the shape and diameter match perfectly (Figure 3.2.2e). As for CARD8-CARD, it also
forms filamentous complex with a diameter around 8 nm, which is more rigid and
homogenous than NLRP1-CARD filament (Figure 3.2.2f—h). After post-process and
polishing, both filament density shows a clear secondary structure of a-helix and bulky

side chains (Figure 3.2.2d, i).

89



NLRP1-CARD filament CARDB8-CARD filament

a d e f i

3D reconstruction

Cryo-EM: raw images 3D reconstruction

Cryo-EM: raw images

0 nm
b c

Cross-section
view

g

2D average

2D average

10 nm

Top view

10 nm

o n

CARDB8-CARD filament

Type Il
,'\l',, LA

| 293T-responder: ASC-GFP m 293T-responder: CASP1-CARD-GFP
inducer: NLRP1-FIINDVYP-CARD-mCherry inducer: CARD8-CARD-mCherry
80 1 » 20— R =15
5
60 § 154 9
P £& =10 o & &
2?‘3 20 o =3
g & 40 2% 10 30w
R g °Q L5 22 %
= o ® oz
s 20 *g 5 o
g 3
o 0
0 0= e
o w w W w w s § o0 x¥x o x x «
SR R BN R BN EEINEEEEHE238E8 2 £ 888 5 % 5
2O0ONMNMO - +~O-O0OO0OD—— M n o9 NNI.OID@(\IO@Q‘(D@ [ = < <t o s 0 <
ot tTOSTTISISITITOSTTITITOTTOSTTIISTTOT IO > e
B Y Y Y OISO I T NORTOSSS 2 x o X > o uw
SWEXCXWOX>TIXUWHrWOXrITWOIXZWHFQOXgoQoWX 2 g g
- e o N
P E 000000008080 02202092FEES83888 g 2
;T seLeEeeEe® T
2 zZzEgggssse & o 8 2 &2 ©
R = = = =~ = ] - = S
ceedced
000000
ZZ2FTTE

Figure 3.2. 2: High-resolution structure for NLRP1-CARD filament and CARD8-CARD
filament. (A) Images of NLRP1-CARD filament under Cryo-EM (B) Representative 2D class
average from NLRP1-CARD filamentous complex (C) Top view and side projection view from

NLRP1 filamentous complex. (D) NLRP1-CARD filament electronic map from Croy-EM
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reconstruction and molecular coordinates built from the map. NLRP1-CARD subunit labeled
with different colors based on their roles, priory defined in Type I Il III interactions. “a”
monomer is labeled with light red and “b”” monomer is labeled with orange. (E) Near atomic
resolution, the electronic map of NLRP1-CARD perfectly fits into the inner core filament of the
previously mentioned NLRP1-FIINDYPA-CARD filament density. (F) Images of CARD8-CARD
filament under Cryo-EM. (G) Representative 2D class average from CARDS8-CARD
filamentous complex. (H) Top view and side projection view from CARDS filamentous complex.
(I) CARDS8-CARD filament electronic map from Croy-EM reconstruction and molecular
coordinates built from the map. NLRP1-CARD subunit labeled with different colors based on
their roles, priory defined in Type I Il Il interactions. “a” monomer is labeled with blue and
“b”” monomer is labeled with light blue. (J) Priory defined canonical interaction in NLRPI-
CARD filamentous complex, Type I 11 111 interaction. (K) Priory defined canonical interaction
in CARD8-CARD filamentous complex, Type I 11 Il interaction. (L) Mutagenesis analysis of
important residues located at NLRP1-CARD interfaces and their influence on ASC-GFP specks
which is trigger by NLRP1-FIINDYPA-CARD (labeled with mCherry) in hek293t cells. Data
demonstrate with mean =standard-deviation format. One-way ANOVA is used to calculate the
statistical significance values, with biological replicates n=3. ‘*/**/****’ here indicates P-
value < 0.05, 0.01, and 0.0001, respectively. (M) Mutagenesis analysis of important residues
located at CARD8-CARD interfaces and their influence on CARD8-CARD filament self-
assembly (blue) and Caspase-1-CARD-GFP polymerization (green) in hek293t cells. Data
demonstrate with mean =standard-deviation format. One-way ANOVA is used to calculate the
statistical significance values, with biological replicates n=3. “*/**/****’ here indicates P-

value < 0.05, 0.01, and 0.0001, respectively.
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Helical parameters of these two filaments are determined during 3D refinement;
NLRP1 owns twist angle —100.8 degree and helical rise 5.36A, CARD8 owns twist
angle —99.16 degree and helical rise 5.409A (Figure 3.2.2d, i). This suggests that
NLRP1 and CARDS8 are assembling through a similar mechanism. Based on protein
coordinates built from our high-resolution density map, the featured Type I-llI
interfaces in death domain interaction can be easily identified (Figure 3.2.2j—k) (Lin,
Lo et al. 2010, Lu, Liet al. 2016, Wang, Qiao et al. 2017, Li, Fu et al. 2018). Type I-llI
interfaces were first defined to describe the MyDDosome complex and then used as a
convenient naming system to describe interactions surfaces between death domains,
such as the MAVS filament CARD-CARD interface. To define Type I-lll interfaces,
firstly, the CARD monomer is fixed in position; alpha-helix pointing downward and sixth
alpha-helix pointing upward. Then the monomer on the top is named as ‘a’ monomer,
and the other three surrounding monomers are named as ‘b’ monomers. Next, the
order I, 1l or lll is determined by the left to right orientation of the ‘b’ monomer. With
this order, each ‘b’ monomer owns a unique interface with ‘a’ monomer, which are
called Type I, Type Il, and Type lll, respectively. With the above definition, six distinct
interfaces are identified. Here ‘@’ monomer owns Type la, Type lla, and Type llla
surfaces, and ‘b’ monomers own Type |b, Type Ilb, and Type lllb surfaces. Because
of the structural similarity among death domain proteins, nearly all interfaces involved
in death domain filament formation can be classified with this definition (Figure 3.2.2d,
i). Type Il interfaces of NLRP1-CARD and CARD8-CARD filament may contribute the
most to filament formation, as it shows greater observable and significant electrostatic
interaction, compared to Type | and Type Il interface (Figure 3.2.2j, k). This property

differs from other death domain complexes. The effect is more significant on CARD8-
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CARD, as the distance between Type la and Ib interfaces of CARDS is quite large

(Figure 3.2.2j, k).

In order to validate our structure, single point mutagenesis assay was performed on
critical contact residue at type I-lll interface, guided with our high-resolution model.
Predicted loss-of-function mutations at the Type I-lll interface indeed prevents
filament assembly. In addition, in ASC-GFP or caspase-1-CARD-GFP assay, specks/
filaments significantly decrease because of these function-loss mutations (Figure
3.2.21, m). However, mutations on non-interface regions do not affect. The above
results again support the hypothesis that signaling filament formed by CARD is
essential for NLRP1 and CARDS related inflammasome activation. However, there are
exceptions. Mutations E1387R and Q1434R, which are located at NLRP1 Type la
interface, still partially reduce the amount of NLRP1-CARD filament formed in vitro,
although they did not influence HEK293T ASC-GFP speck formation (Figure 3.2.2l).
We suppose that although the NLRP1 Type la interface cannot eradicate NLRP1-

CARD assembly ability, it is crucial for NLRP1-ASC activation.

3.2.4 FIINDYPA arrangement in the outer layer of FIINDY?A-CARD filamentous complex

In the next step, we scan functional mutants to identify the crucial structural motif
contributing to NLRP1-FIINDVYPA self-assembly. Based on previously reported and
homologous UPA structure (PDB 3G5B) (Wang, Wei et al. 2009), nine SUMO-NLRP1-
FIINDYUPA mutants were generated; mutations were predicted to disturb critical

sidechain residues. A native gel shows that P1278A P1279G (PP1278AG, colored in
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red) mutations have the greatest influence on SUMO-NLRP1-FIINDYPA
oligomerization (Figure 3.2.3a); as compared to the other four mutants R1240D,
RK1260DD, R12785D, and F1320A (colored in orange). The later four mutants subtly
influence NLRP1-FIINDYPA oligomerization. Consistent with our previous conclusion
that UPA promote NLRP1 oligomerization, demonstrated with an ASC-GFP specks
induction assay, all mutants weaken the ability of NLRP1-FIINDYPA-CARD to trigger
ASC oligomerization, among which PP1278AG has the most significant influence (Fig,

3b, c).

Based on the above results, we can propose a large hydrophobic surface patch
located around amino acids 1278-1279 (red), which promote self-assembly in a “side-
by-side” arrangement (Figure 3.2.3d). This results in the two-layer architecture of
FIINDYUPA-CARD filaments (Figure 3.2.1j). Very recent reported NLRP1-DPP9
complexes, which contain the FIINDYPA-dimer, also show this organization
(Hollingsworth, Sharif et al. 2021, Huang, Zhang et al. 2021). CARD8 also

demonstrates similar architecture (Figure 3.2.39).

This model also gives an explanation for the necessity of linker optimization between
UPA and CARD to get stable NLRP1 and CARDS filament. Based on the distance
measured from the density, the optimal UPA-CARD linker should have a length of
~25~40 A (Figure 3.2.3f). Linker shorter than this range would lead to spatial constraint
and negatively influence filament extension. However, if the linker is too long, it may
result in extra flexibility of the outer layer FIINDYPA, leading to more heterogeneous

conformation. Multiple sequence alignment results demonstrate that a linker of 9-20
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amino acid should exist for NLRP1 homologs of both human and rodent, which

suggest the architecture of FIIND-linker-CARD is conserved.
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Figure 3.2. 3: Illustration of the two-layer architecture of NLRP1- FIINDY"A-CARD and
CARDS8 FIINDYPA-CARD filamentous complex. (A) Top part is the SDS page results for
NLRP1-FIINDYPA-CARD mutants constructs. And bottom part is the native gel page results for
SUMO-NLRP1-FIINDY"* recombinant protein, which is stained through Krypton. (B) 293T-
ASC-GFP cells assay for ASC-GFP induction through NLRP1-FIINDYPA-CARD wild-type
construct and PP1278AG mutants. (C) HEK293T-ASC-GFP cells assay result, the y-axis
shows the percentage of ASC-CFG specks resulting from different NLRP1-FIINDYPA-CARD
constructs. The cultured cells are fixed 24 hours for fluorescence microscopy after transfection.
Data demonstrate with mean = standard-deviation format. One-way ANOVA is used to
calculate the statistical significance values, with biological replicates n=3. “*/*¥/***** hepe
indicates P-value < 0.05, 0.01, and 0.0001, respectively. (D) Dimer structure of FIINDYPA
solved by other groups and modeled polymer interface for NLRP1-FIIINDYPA, which are
demonstrated through side view and top vies. Important residues that may play a critical role
in homotypic polymerization were labeled as spheres. Here, resides R1240, RK1260, R12785,
and F1320 are labeled with orange color, and PP1278-1279 are highlighted with red color.
(E) Projection of NLRP1-CARD filamentous complex from top and side, and three predicted
FIINDYPA dimer, which fits into the negative stain EM filament density of NLRP1-FIINDYPA-
CARD. (F) A zoom-in view of the modeled conformation of the UPA-CARD linker. When the
linker owns a length of 25-50 A, the two-layer architecture will be stable. (G) Projection of
CARDS-CARD filamentous complex from top and side, and three predicted FIINDY™ dimer,

which fits into the negative stain EM filament density of CARD8-FIINDYPA-CARD.

3.2.5 Polymers of NLRP1-CARD and CARD8-CARD owns different Coulombic distribution
surface, however, share similar helical parameters

96



Although owning almost the same helical parameters, electrostatic potential
distribution on the surface of NLRP1-CARD and CARDS8-CARD is significantly
different (Figure 3.2.4a—f), which cannot be observed from their CARD alone structure
(Jin, Curry et al. 2013, Jin, Huang et al. 2013). NLRP1-CARD filaments have a more
balanced charge distribution on the axial surface, similar to other published death
domain complexes (Figure 3.2.4a) (Lin, Lo et al. 2010, Lu, Magupalli et al. 2014, Wu,
Peisley et al. 2014). Compared with NLRP1, the positively charged region of the
CARDS8-CARD monomer is hidden inside the filamentous complex, which results in a
negative-charge exposed surface (Figure 3.2.4b). As our high-resolution structure
shown above, the Type | interface is critical for CARD filament assembly; however, it
does not play a major role at the observed surface density of either NLRP1 or CARD8
filament. For both NLRP1 and CARDS8 filament, the charge distribution of the exposed
surface is mainly due to the strong Type Il interface density. At the Type Il interface of
NLRP1-CARD filament, there are two negatively charged residues, Asp1437, and
Ser1435, locate at Type lla surface, and two positive charge residues, His1454, and
His1452, locate at Type llb surface. This pair provides strong electrostatic interaction
(Figure 3.2.4c). As for CARDS, its Type llIb surface (Tyr531, Tyr527, and Asp525)
exhibits partial negative charge, and positively charged residues (Lys508, Lys509, and

Leu512) locate at Type lla surface (Figure 3.2.4d).

This intrinsic structural difference results in the subtle difference of helical symmetry;
roughly 2 degrees of rotation angle and 15 degrees of monomer position-rotation angle.
This is hard to be interpreted from the amino acid of sequence and sequence
alignment. One of the most exciting findings from surface charge distribution is that

NLRP1-CARD filament top surface charge distribution is similar to that of ASC-CARD
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filament top surface (ASC-CARD filament solved in-house, PDB-6K99, EMD-9947,
Figure 3.2.4e, g, left). As for CARD8-CARD, it is more similar to caspase-1-CARD
(Figure 3.2.4f, h, left). Consequently, ASC-CARD bottom surface is charge
complementary to the top surface of NLRP1-CARD (compare Figure 3.2.4e, g, right);
whereas the bottom surface of caspase-1-CARD preferentially interacts with CARDS-
CARD top surface (compare Figure 3.2.41, h, right). The affinity difference between
NLRP1 and ASC, versus CARDS8 and caspase-1, interfaces give a potential
explanation for different activation modes of NLRP1 and CARDS, which is observed

in our cellular assay above.
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a NLRP1-CARD filament: side view b CARDB8-CARD filament: side view

CARDB8-CARD monomer

f

ASC-CARD filament

top view

Figure 3.2. 4: the polymeric interface of CARD domains that involve in inflammasome
formation. (A) The left part demonstrates side view of the coulombic surface of NLRP1-CARD
filament segment, representing the electrostatic potential distribution generated through

Chimera, color gradient from red (—10 C/m2) to blue (10 C/m2). The right part shows the
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Coulombic surface of NLRP1-CARD monomer, placed in the same orientation with the left
filament segment oligomer. (B) The left part demonstrates side view of the coulombic surface
of CARD8-CARD filament segment, representing the electrostatic potential distribution
generated through Chimera, color gradient from red (—10 C/m2) to blue (10 C/m2). Right part
shows the coulombic surface of CARD-CARD monomer, which is placed in the same
orientation as the left filament segment oligomer. (C) NLRP1-CARD dimer high-resolution
model demonstrated with cartoon and the corresponding electronic density map, which is
isolated from the filament model. Type Il interfaced is used as entering to place the dimer. Four
critical residues located at the Type |1 interface that are of vital importance is highlighted with
“stick” mode in the demonstration. That includes Type IIb residues His1452 and His1454 and
Type lla residues Ser1435 and Asp1437. (D) CARD8-CARD dimer high-resolution model
demonstrated with cartoon and the corresponding electronic density map, which is isolated
from the filament model. Type Il interfaced is used as enter to place the dimer. Four important
residues located at Type Il interface that are of vital importance is highlighted with “stick”
mode in the demonstration. That includes Type Ilb residues Asp525 and Tyr527 and Type lla
residues Lys508 and Leu512. (E) Coulombic surface of NLRP1-CARD filament top view, where
Type Ilb conjunction interface is highlighted with a yellow circle. (F) Coulombic surface of
CARDS8-CARD filament top view, where Type Ilb conjunction interface is highlighted with a
yellow circle. (G) Coulombic surface of ASC-CARD filament bottom and top view, where Type
Ila conjunction interface (bottom) and Type Ilb conjunction interface (top) are highlighted
with a yellow circle. (H) Coulombic surface of caspael-CARD filament bottom and top view,
where Type lla conjunction interface (bottom) and Type Ilb conjunction interface (top) are

highlighted with a yellow circle.
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3.2.6 The subtle difference in the structure between NLRP1-CARD and CARD8-CARD
oligomers leads to distinct downstream effector CARD

In order to identify a determinant region on the interface that results in different
activation modes via ASC and caspase-1, we move attention to the Type Il interface
of the respective CARD filament. The difference of surface charge distribution for
NLRP1-ASC and CARDB8-caspase-1 interaction is mainly derived from this interface
(Figure 3.2.2j, k; Figure 3.2.4a—f). Consequently, we propose a hypothesis that the
Type |l interface not only contributes to NLRP1 and CARDS self-assembly but also
plays a critical role in signal transduction from “activator” CARD (NLRP1 and CARDS)
to “receiver” CARD (ASC and caspase-1.) To validate this hypothesis, firstly, we
compare the Type Il interface based on previously published ASC-CARD and
caspase-1-CARD filament structure. A notable residue pair exists on the Type Il
interface of ASC and caspase-1 filament, which is similar to that of NLRP1 and CARDS8
CARD filament (compare Figure 3.2.5a, b to Figure 3.2.4c, d). This was analyzed in
multiple previous publications (Wu, Peisley etal. 2013, Peisley, Wu et al. 2014, Cheng,
Hong et al. 2016, Lu, Li et al. 2016, Li, Zhou et al. 2017, Gong, Long et al. 2018, Li,
Fu et al. 2018, Matyszewski, Zheng et al. 2018, Holliday, Witt et al. 2019). The critical
residue contact pair in ASC-CARD filaments comprises Type llb surface residues;
GIn185 and Tyrl87, and Type lla surface residues; Alal68 and Asnl70 (Figure
3.2.5a). As for caspase-1 CARD filament, this interface pair is achieved by Type IIb
residues; Asp80 and Tyr82, and Type lla surface residues; Lys64 and GIn67 (Figure
3.2.5b). This critical “bridge-like” contact pair becomes more apparent when the
existing caspase-1 filament model is further refined. In conclusion, it seems that the
“bridge-like” contact pair is a common feature in CARD-based inflammasome

complexes.
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Figure 3.2. 5: Type Il interface and important residues located on it are critical for
inflammasome signal transduction. (A) Important residues located at Type Il interface of ASC-
CARD filamentous complex (model source: PDB-6K99, density map source: EMD-9947) (B)
Important resides located at Type Il interface of caspase-1-CARD filamentous complex (model
source: PDB-5FNA, density map source: EMD-3241), refitting result. (C) Multiple sequence
alignment analysis of human NLRP1-CARD, ASC-CARD, CARD8-CARD, and caspase-1-
CARD. Critical amino acids located at the Type Il interface are labeled with black rectangles.
(D) Comparing of NLRP1-ASC interface and NLRP1-caspase-1 interface, potential clashes
are labeled with red circles. (E) Comparing of ASC-ASC interface and ASC-caspase-1
interface, possible clashes are labeled with red circle. (F) Comparing of CARD8-ASC interface
and CARDB8-caspase-1 interface, potential clashes are labeled with red circle. Possible clashes

are labeled with red circle.
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After further model refinement, we demonstrate the critical reside pairs on the Type I
interface of NLRP1, CARDS8, ASC, and caspase-1 (Figure 3.2.5c—f). Here, NLRP1,
CARDS, and ASC models are from our deposited PDBs (6K7V, 6K9F, 6K99), and the
model of caspase-1 is fetched from PDB 5FNA, which is then locally refined using
CARDS8-CARD filament as reference. With this comparison, the specificity is more
apparent; some interactions are more favored; however, others demonstrate partial
incompatibility. At the NLRP1-ASC interface, there exists an amino acid combination
motif HPH (1452-1454) on the NLRP1 type llb interface and residue combination motif
AWN (168-170) on ASC lla interface. These two motifs achieve ionic interactions on
this interface (Figure 3.2.5c, d, left panel). In contrast, the HPH motif at NLRP1 clashes
with residues motif KGAQ (64—-67) at caspase-1 Type lla interface (Figure 3.2.5c, d,
right panel, circle). That explains why the NLRP1-CARD oligomer is able to recruit

ASC whereas it is not able to activate caspase-1 directly. (Figure 3.2.5c, d).

On the other hand, the CARD8-CARD complex owns a residues motif DPY (525-527)
on its Type lIb interface. This motif is favorable for residue Lys64 of caspase-1, which
locates at the Type lla interface. (Figure 3.2.5c¢, f, right panel). In contrast, the CARDS8
DPY motif is not favorable enough to establish interaction with ASC Type lla interface,
as ASC Alal68 cannot pair with CARD8 Asp525 (Figure 3.2.5f, left panel).
Consequently, from a structural view, CARD8-CARD oligomer is more compatible with
caspase-1-CARD oligomer than ASC-CARD. Results above demonstrate that charge
distribution and critical motif at Type Il interface determine the binding specificity

among NLRP1-ASC activation and CARD8-caspase-1 activation.
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This structural analysis is able to explain why, in some CARD-based inflammasome
signaling pathways, ASC is an essential adaptor, whereas not in some others. This
process includes the ASC-CARD oligomerization step when receiving sensor signal
and the caspase-1 activation step. The structural basis is that there exists a unique
amino acid motif QSY (185-187) at the Type lIb surface of ASC, which determines
different activation affinities for NLRP1-CARD and CARDS8-CARD, respectively.
Furthermore, this ASC-CARD Type lIb QSY moitif is favorable for Type Ila motifs of
caspase-1. For example, AWN and KGAQ motif (Figure 3.2.5e). More evidence
supporting this hypothesis appears with additional sidechain features. At Type IIb
surface, compared with significant negative Asp residue on CARD8-CARD, ASC-
CARD owns a less-charged residue Asn, which enhances interaction with Alal68 on
ASC-CARD Type lla surface. Additionally, compared to Tyr527 located at CARDS8
Type llb surface, at corresponding position on ASC-CARD type lIb interface, Tyr187
exhibit a more inwards orientation, which is more effective in engaging ASC-CARD

Type lla interface and caspase-1-CARD interface (Figure 3.2.5e).

In order to reveal the activation specificity between different CARD domains, an in vitro
oligomerization assay was designed, which uses recombinant ASC-CARD, and
caspase-1-CARD labeled with a fluorescent protein. Agreeing with the structural detail,
CARDS8-CARD is able to trigger caspase-1-CARD oligomerization, which is supported
by the native gels result as the bands migrate slower (Figure 3.2.13). A similar pattern
is the same for NLRP1-ASC activation. Then 3D-SIM (3-dimensional structured
illumination microscopy) was used to image the CARD-CARD interaction interface of

NLRP1-ASC and CARDB8-caspase-1 within cultured HET239T cells. Conspicuous
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filament bundles of mCherry-tagged NLRP1-CARD and CARD8-CARD are formed
within the cytosol (Figure 3.2.6a, red). Moreover, as expected, GFP-tagged ASC and
caspase-1 filament are formed and intertwined with their activator, respectively (Figure
3.2.6a, green). Given the theoretical resolution of around 110 nm in width, we
hypothesis that the thinnest observed bundle complex was roughly six times the width

of the mCherry tag labelling individual filaments.

Among these imaging regions, many instances demonstrate an “emanating” pattern:
the receiver CARD filament (ASC and caspase-1) is extended from its activator
(NLRP1 and CARDS) (Figure 3.2.6a). This seeding phenomenon was not only shown
on CARD alone construct. Full-length NLRP1 and CARDS activated by Talabostat can
form filament (Zhong, Mamai et al. 2016, Mitchell, Sandstrom et al. 2019, Sandstrom,
Mitchell et al. 2019) is also shown simultaneously with ASC-CARD and caspase-1-
CARD filaments, respectively. Furthermore, full-length NLRP1 activated by Talabostat
or its active fragment NLRP1-FIINDYPA-CARD cannot stimulate caspase-1-GFP
oligomerization without adaptor ASC. As compared, activated full-length CARD8 and
its active fragment CARD8-FIINDYPA-CARD could trigger ASC-GFP specks in HEK293
T cells. In conclusion, the above cellular assay gives evidence that NLRP1-CARD and
CARDS8-CARD oligomers formed in vivo differentially recruit ASC or caspase-1

through heterotypic CARD-CARD interaction.
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3D-SIM reconstructed contour plot
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Figure 3.2. 6: Visualization of NLRP1 and CARDS8 assembling in mammalian cells. (A)
Imaging of NLRP1-CARD (labeled with mCherry) filament (red) and CARD8-CARD (labeled
with mCherry) and filament (red) with ASC-CARD-GFP specks (green) and caspase-1-CARD-
GFP filament (green) through Structured illumination microscopy. The Zoom-in region is
illustrated with a white rectangle. (B) HEK293T assay result, the y-axis shows the percentage
of ASC-CFG specks or caspase-1-CARD-GTP filament resulting from Talabostat-treated
(three uM) NLRP1 or CARDS. Data demonstrate with mean + standard-deviation format. One-
way ANOVA is used to calculate the statistical significance values, with biological replicates
n=3. ¥/FESEEE hore indicates P-value < 0.05, 0.01, and 0.0001, respectively. (C)
Comparing IL-18 secretion in control, ASC knocked-out and caspase-1 knocked-out

keratinocytes. Different NLRP1 and CARDS8 constructs are transfected into these 3 types of
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cells. Data demonstrate with mean =standard-deviation format. One-way ANOVA is used to
calculate the statistical significance values, with biological replicates n=3. “*/**/****’ here
indicates P-value < 0.05, 0.01, and 0.0001, respectively. (D) Keratinocytes transfection results,
the y-axis shows the percentage of cells with pyroptotic morphology resulting from different
NLRP1 and CARDS constructs. Data demonstrate with mean = standard-deviation format.
One-way ANOVA is used to calculate the statistical significance values, with biological

replicates n=3. “¥/**/****’ here indicates P-value < 0.05, 0.01, and 0.0001, respectively.

Our work further corroborates that CARDS8 is an exceptional human inflammasome
sensor that can activate caspase-1 directly whereas cannot activate ASC (Ball,
Taabazuing et al. 2020). When endogenous ASC (PYCARD) is deleted with
CRISPR/Cas9, immortalized human keratinocytes do not suffer from increasing
endogenous IL-1B secretion (Figure 3.2.6c, red bars) and pyroptotic cell death (Figure
3.2.6d, red bars), which should be resulted from overexpressed NLRP1-CARD or
NLRP1-FIINDYPA-CARD fragment. As for CARDS, pyroptosis relying on CARDS8 does
not affect significantly by ASC knockout in keratinocytes (Figure 3.2.6c¢, d, blue bars).
These results again validate the model. NLRP1 needs ASC as adaptor in human
inflammasome signal transduction, whereas CARDS8 can recruit caspase-1 directly

independent of ASC.

In the end, a “seeding” experiment was performed. We use naked NLRP1-CARD and
CARDS8-CARD oligomers (seeds) to trigger ASC-SNAP and caspase-1-CARD-SNAP

oligomerization, respectively. With these constructs, downstream ASC and caspase-

107



1 filament will be apparently thicker because of SNAP-tag. Consequently, we can
easily differentiate “naked” NLRP1-CARD and CARD8-CARD filament from ASC and
caspase-1. The pattern that thicker filament (ASC-CARD and caspase-1-CARD)
extended from thin seed filament (NLRP1-CARD and CARD8-CARD) was observed
multiple times in several independent experiments. This result supports our structure
model where different Type Il interface patterns lead to NLRP1-ASC and CARDS-

caspase-1 activation specificity.

3.2.7 NLRP1 self-assembly study and structure determination

NLRP1 CARD domain undergoes concentration-dependent self-assembly. NLRP1
CARD exists in a monomer state in low concentration; however, NLRP1 CARD
filament was observed when concentration was increased. With concentration further
increasing, NLRP1 CARD filament bundles appeared. These oligomer bundles can be

removed by centrifugation (Figure 3.2.7).
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Figure 3.2. 7. Concentration-dependent self-assembly of NLRP1 CARD, as concentration

increases, NLRP1 CARD tends to from filament bundles

NLRP1 CARD data collection was processed with Titan Krois. 600,000particles were
manually picked for the 2D average, and 310,000 particles were selected from 2D
classification (Figure 3.2.8). After 3D classification and 3D refinement, a density of 3.7
A was generated (Figure 3.2.9). Based on this oligomer density, the NLRP1 CARD

filament model was built in Chimera.
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Figure 3.2. 8. (A) Raw image of NLRP1 CARD filament. (B) Power spectrum of the micrograph.
(C) Representative 2D average from 2D classification (D) helical profile of one typical 2D

average
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Figure 3.2. 9. (A) FSC gold standard curve for NLRP1 filament map. (B) NLRP1 CARD

filament electron density model after polishing

CARDS filament was processed with similar method, and the non-polished map exhibit
a resolution of 4.1 A (Figure 3.2.10A). Density map in the right panel also demonstrate

corresponding high-resolution details (Figure 3.2.10B).

A Final resolution = 4.1 Angstroms B
FSC plot
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Figure 3.2. 10. (A) FSC gold standard curve for CARD8 filament map. (B) CARD8 CARD

filament electron density model after polishing

Table 3.2. 1. Data collection, image processing, and coordinates refinement statistic for NLRP1
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Data Collection
Microscope

Voltage (kV)
Detector

Pixel size (A)
Defocus range (um)
Electron Dose (e-/A2)
Movie Frames
Helical Reconstruction
Software

Particles

Helical rise (A)
Helical rotation ()
Resolution (A)
Coordinate Refinement
Software

Resolution Cut Off
Rwork

Rfree

Model

Oligomer

Number of residues
B-factor overall
R.M.S. deviation
Bond length (A)
Bond angle (9
Validation
Molprobity clashscore
Rotamer Outliers (%)
Cp deviation (%)
Ramachandran plot
Fovored (%)

Allowed (%)

Outliers (%)

Deposit

PDB code

EMDB code

Titan Krios
300

K2

1.1

-1 to -2
40

40

RELION 3.0.4
422388

5.36

-100.821

3.7

Phenix

3
0.2548
0.2846

center 12mer
1008
360

0.005
0.767

2.06
15
0

96.5
3.5

6K7V
9943

Table 3.2. 2. Data collection, image processing and coordinates refinement statistic for CARD8

Data Collection
Microscope
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Voltage (kV) 300
Detector K2
Pixel size (A) 1.1
Defocus range (um) -1 to -2
Electron Dose (e-/A2) 40
Movie Frames 40
Helical Reconstruction

Software RELION 3.0.4
Particles 1201108
Helical rise (A) 5.409
Helical rotation (9 -99.16
Resolution (A) 3.7
Coordinate Refinement

Software Phenix
Resolution Cut Off 3
Rwork 0.253
Rfree 0.3017
Model

Oligomer center 12mer
Number of residues 1044
B-factor overall 276
R.M.S. deviation

Bond length (A) 0.002
Bond angle (9 0.423
Validation

Molprobity clashscore 541
Rotamer Outliers (%) 0
Cp deviation (%) 0
Ramachandran plot

Fovored (%) 100
Allowed (%) 0
Outliers (%) 0
Deposit

PDB code 6K9F
EMDB code 9948

3.2.8 Discussion and Summary

Taken together, our high-resolution structure, biochemical assay, cellular assay

suggests a model for inflammasome activation of NLRP1 and CARDS (Figure 3.2.11).
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Here FIIND domain auto-cleave plays an “initializer” role to liberate the FIINDYPA

domain, which is shown to be necessary for NLRP1 activation. Some ligand and 3C

protease (Robinson, Teo et al. 2020) are able to activate NLRP1 from an auto-

inhibition state. Firstly, FIINDYPA performs self-assembly and forms ring-like oligomers;

this conformation then promotes adjacent CARD oligomerization. This two-step self-

assembly lowers the necessary concentration for CARD oligomerization and promotes

the further extension of FIINDYPA-CARD filaments (Figure 3.2.11a). CARD8-FIINDYPA-

CARD oligomerization mechanism can also be explained through our model (Figure

3.2.11b).

Human NLRP1
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LRR _>
EIINDZY A Activation

FIINDUPA

CARD

Human CARDS8
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with ASC-CARD

| g |
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CARD oligomerization

Specific Type |l interaction
with CASP1-CARD

1
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Figure 3.2. 11: Mechanism model of NLRP1 and CARDS related inflammasome formation,

which is conducted through two steps. At a resting stage, NLRP1(A) and CARD8(A) stay in an
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auto-inhibited state. Once receiving through DAMP and PAMP signals, the N-terminal
proteolytic domain is activated, and FIINDY"* is able to promote self-assembly of CARD,
resulting in the formation of the filamentous complex with two-layer architecture. Active
NLRP1-CARD filament and CARDS8-CARD filament then trigger ASC and caspase-1,

respectively, leading to the formation of different pyroptosis complexes.

Then we solve the structure of NLRP1-CARD and CARD8-CARD filament with Cryo-
EM. Although these filaments are similar in helical parameters, there is a subtle but
essential difference in the rotation angle for the respective monomer. Besides, the
charge distribution on the Type Il interface is also distinct. With further analysis, we
found that the specificity of NLRP1-ASC and CARD8-caspase-1 activation is due to
the critical motifs at the Type Il interface. In particular, we explain the structural basis
of why ASC is essential for NLRP1 inflammasome activation, whereas CARD8 does
not need it. Therefore, each CARD is a unique and non-interchangeable role in
different inflammasome. To specify the composition of distinct inflammasome
complexes, each CARD possesses intrinsic abilities to bind specific downstream
effector CARDs. It is understood that different inflammasome complexes is able to
trigger different biological outcomes, which is consistent with previous findings. Cell
death and IL-1 cytokine secretion regulation require diverse pyroptotic signaling
strengths (Broz, von Moltke et al. 2010, Dick, Sborgi et al. 2016). It is an exciting
finding that the importance of Type Il interface is different for various inflammasome
complexes. Although NLRP1 and CARDS8 inflammasome rely more on Type |l
interface, other CARD domain inflammasome complexes like MAVS (EMD-5925) (Wu,

Peisley et al. 2014), BCL10 (EMD-7314) (David, Li et al. 2018), RIPK2 (EMD-4399,
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6842) (Gong, Long et al. 2018, Pellegrini, Desfosses et al. 2018) rely more heavily on
Type | interface. This highlights the importance of the atomic resolution model in the
complex macromolecular study. As the macromolecular complexes assembly is critical
for signal transduction in innate immune and cell death (Kagan, Magupalli et al. 2014),
our work suggests that future work should focus on the general assembly mechanism

of other large molecular complexes, which is involved in these crucial processes.

116



a , b c
NLRP1-FIIND**.CARD (a 8 1213-1473) =

recombinant SUMO-NLRP 1-FIIND“™ oligomer
HEK20937 . 20 -800 kDa
i 15 l
= 10 :mkm
i '
w“

100 nm

00(,99

0
L
NLRP1 (885-1473) FIIND-CARD
monomer, dumer, tnmes peaks (60-230 kDa)

- o

sube ] — [\ / Monomes
\ N \,\ *  NLRPI1-FIIND-CARD

Bo0

€00 - (monomer= 54 kDa)
“oo 1 'Y

e ;"Nﬂoh released SNAP tag

B 1 :
K i
200
- AL

3 ’D—‘/B— \
50 - 50 A
37 a7 | degradation
25
20 20 products
kDa KDa
e
NLRP1 (985-1473) NLRP1 (1213-1473) NLRP1 (1213-1373)

NLRP1 (1374-1473) NLRP1 (1374-1465)

Figure 3.2. 12. Oligomerization assay for NLRP1 recombinant protein. (A) NLRP1-FIINDYPA-

CARD filament purified from HEK293T cells and its negative staining imaging. (B) Summary
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for the dimension of NLRP1 filament. (C) Superdex S200 increase column size exclusion profile
for SUMO-NLRP1-FIINDYPA. (D) sample separated with size exclusion and their

corresponding SDS-PAGE results. (E) Negative staining imaging for NLRP1 with domain

different boundary.
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Figure 3.2. 13. Left panel shows caspase-1 activation through different seeds. Right panel

demonstrate ASC activation through different seeds.

3.3 Cryo-EM structure of native UMOD filament

3.3.1 UMOD filament owns unique helical parameters
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Figure 3.3. 1 (A) Domain architecture of secretive human uromodulin (UMOD) precursor.
EGF I Il 11l domains are labeled with magenta; D8C domain is labeled with salmon; EGF IV

domain is labeled with orange; ZP-N domain is labeled with light blue; ZP-C domain is labeled
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with dark blue; ZP-N/ZP-C linker is labeled with red; IHP domain is labeled with gray; CCS
domain is labeled with black; EHP domain is labeled with yellow; CTP domain is marked with
thick black horizontal line; CGI anchor attaching point is marked with a brown circle. N-
glycans is marked with Inverted tripods, in which the N275 residue located at D8C is attached
to a high-mannose chain and is labeled with cyan. Hepsin (F587 and R588) is marked with a
black arrow, and elastase digestion sites (S291 and S292) is marked with orange arrows.
UMODfl and UMODe is indicated with different bars. (B) Imaging of native UMODfI filament
under phase plate Cryo-EM. Both tree-like structures and zig-zag structures appear in the side
views of the filament. The transient points between the three-like structure and zig-zag
structure are pointed out with yellow arrows. Scale bars: 50nm. (C) SDS-PAGE result with
Reducing Coomassie-stained. Lane 1: UMODfl (6 |g). Lanes 2: UMODe (3 jg). Lanes 3:
UMODe (5 |g). These specimens were used for Cryo-EM structure determination later. (D)
Imaging of UMODe filament, where the branches are absent due to elastase digestion. Scale
bar: 50 nm. (E) Density overlapping analysis for UMODfI (labeled with salmon) and UMODe
(labeled with cyan) shows only UMODfI density demonstrate the globular domain extending
from the central core. These results suggest the approximate position of the elastase digestion
site in the UMODfI structure (pointed out with orange arrows), which correspond to the
UMODe N-terminus. (F) SDS-PAGE result of gradient urea concentration shows no

significant phenomenon of oligomers digestion when urea concentration is below 7 M.

In order to obtain information on UMOD oligomer, firstly, we screen processed human
urine samples through Cryo-EM. The images show that the supramolecular structure
of UMOD exhibits filamentous and sheet-like shape. The pairing features are similar
to the projection, from previous reported double-helical structure (Jovine, Qi et al. 2002)

(Figure 3.3.2A). UMODfl (full-length native UMOD) demonstrates a filament form
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under Cryo-EM. The majority of the filaments exhibit tree-like substructure, with
consistent alternation of branches with a length of around 12 nm extending from either
side of the central core at an angle of roughly 55 degrees (Figure 3.3.2B)—as for other
filaments, they adopted a zig-zag structure, which is consistent with previous negative
staining EM study for UMOD (Bayer 1964) (Figure 3.3.2C). These two types of filament
structure can occasionally exhibit interconversion within individual filaments (Figure

3.3.1B).

Consequently, diverse distinct conformation appears during helical reconstructions,
which corresponds to different side views of a single type filament, resulting from its
unusual helical parameter; 180° rotation twist and 62.5 A axial rise. Structure
determination is severely affected by the flexibility and the thinness (~35 A) of the
central core filament. Apart from that, the 180° rotation twist is another critical problem
to handle, which is more extreme than the helical twist of F-actin (-166.6°) (Dominguez
and Holmes 2011). During structure reconstruction, we select the most homogenous
helical segments with a total of 288,403 particles. Cryo-EM map derives from these
particles reaches an overall resolution of 3.8 A, as well as a filament core density of

3.4 A (Figure 3.3.2F-J; Figure 3.3.3; Figure 3.3.12).

To help model building, we also try to solve the structure of UMODe (native UMOD
digested with elastase). Elastase is a protease that is able to remove UMOD N-
terminal region (EGG I-1ll and D8C), with a digestion site just before EGF IV (Jovine,
Qi et al. 2002) (Figure 3.3.1A and C). This digestion results in the loss of UMOD
filament branches (Figure 3.3.2D and E; Figure 3.3.1D). With an overlapping

comparison between UMODfl and UMODe, we can identify the position for the N-
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terminus region of EGF IV in the maps (Figure 3.3.2F and K; Figure 3.3.1E). As UMOD
ZP-N and EGF IV domain is solved through crystallography (Bokhove, Nishimura et
al. 2016), we could unambiguously dock these models into our UMODfl map and then
fit the model of ZP-C (Bokhove, Nishimura et al. 2016). The corresponding strong
density supported the docking results to the ZP-N N396 and its attached N-glycans
(Figure 3.3.2G) and ZP-C N513 (Figure 3.3.3B, right panel). Subsequently, a
prominent and continuous stretch of unexpected density linking both domains was
further identified as ZP-C/ZP-N linker from a third UMOD subunit (UMOD 3), which
embraces the placed ZP-C (UMOD 2) and ZP-N (UMOD 4), an adjacent subunit of
UMOD 3 (Figure 3.3.2H and I; Figure 3.3.4). This finding revealed that the
arrangement of UMOD for filamentous complex is different from its homodimeric
precursor reported before (Bokhove, Nishimura et al. 2016). Consequently, the
distance between the mass centers of ZP-C and ZP-N B-sandwiches increases from
41 A to 91 A during polymerization (Figure 3.3.5A). In agreement with a roughly 120
A axial periodicity (Jovine, Qi et al. 2002), the head-to-tail (ZP-N to ZP-C) interaction
conformation is achieved through this ZP domain conformation, which shows one and

two-half per turn (Figure 3.3.2F; Figure 3.3.4).
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Figure 3.3. 2. Demonstration of native human UMOD filamentous complex. (A) Imaging of
unstained UMOD filamentous sheets purified from human urine under the electron microscope.
The zoom-in figure demonstrates a double helix structure resulting from two adjacent UMOD
filament positioning in parallel. Scale bars: 50 nm and 10 nm (zoom-in). (B, C) Representative
imaging for side views from UMOD filamentous complex with Volta phase plate. Tree-like side
view in (B) and “zig-zag” side view in (C). Scale bars: 10 nm. (D, E) Two distinct views are
taken from UMODe filamentous complex, which shows the pattern of branches’ absence. Scale
bars: 10 nm. (F) The polished UMODfI electronic map demonstrates a resolution of 3.8 A
Placing to similar orientation to (B, C) correspondingly. The density map together with fitted
coordinates model including a complete EGF IV domain and ZP domain (labeled with blue,
chain A), a ZP-C domain from another molecule (labeled with teal, chain B), and EGF IV and
ZP-N domain from the third molecule (labeled with magenta, chain C). (G-J) Zoom-in
structural detail from UMODfl map shows in (F). (G) Demonstrate N396 located at ZP-N and

labeled with glycan. (H) Demonstrate the ZP-N/ZP-C linker a1 8. (1) Demonstrate A1 strand.
(J) Demonstrate the intermolecular interface of ZP-C « EF 8/ZP-N B F’. (K) Polished

electronic map of UMODe with resolution 4.0 Awith orientation the same as shown in (D and

123



E). By comparing these two maps, the extra part, which results from digestion, is labeled with
orange (F). (L) UMODfI filamentous model is shown with Goodsell-style, and model from

different subunit is labeled with a different color.

Figure 3.3. 3. Polished density map of core UMOD(l filament with resolution 3.4 A (A) Overall
architecture of core UMODMI filamentous complex. Here, a complete UMOD unit molecule is
labeled with blue, which is surrounded by teal ZP-C domain and magenta ZP-N+EGF 1V
domains belonging to adjacent UMOD subunits. (B) Zoom-in views for some vital region of
this map. The left panel demonstrates the isolation of p-strands. The middle and right panels
show the side chain detail of the density map, reflecting the quality of our map. The coordinates
model is fitted into this UMOD map and label with the same color as corresponding chains in

panel A
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Figure 3.3. 4. lllustration of how one particular UMOD molecule interacts with the other four
adjacent UMOD subunits through its ZP domain. (A) The top part demonstrates five
continuous UMOD subunits (labeled from UMOD1-5), which compose one segment of the
UMOD filamentous complex through helical symmetry repeat. The middle part shows a tilted
view of the UMOD filament, and the central helical axis is shown as the giant black arrow.
Here, UMOD-1, UMOD-3, and UMOD-5 are shown with cartoons, and the surface of UMOD-
2, UMOD-3, and UMOD-4 are exhibit with a different color to highlight inter-protein
interaction. UMOD-5 ZP-C and UMOD-1 ZP-N are omitted. The architecture of the linker

between ZP-N and ZP-C can be described as that, linker of UMOD-3 surrounds the UMOD-2
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ZP-C domain that is preceded to UMOD-3 and the UMOD-4 ZP-N domain that is behind
UMOD-3. Furthermore, the ZP-C domain of one particular molecular is able to interact with
ZP-N domains and ZP-C domains from the following it; for example, UMOD-1 ZP-C interacts
with UMOD-2 ZP-N and ZP-C domains. And the ZP-N domain, one particular molecule is able
to interact with ZP-N domains and ZP-C domains that precede it; for example, UMOD-5 ZP-
N interacts with UMOD-4 ZP-N and ZP-C domains. The bottom part of (A) summary the
position of important domains and motifs in the filament. The interaction that promotes one
particular UMOD subunit interacting with the other four adjacent subunits involves six
interfaces, which belong to three distinct kinds. These three types of interface is pointed out

with different color arrows; ZP-N/ZP-C pointed out with a black arrow, ZP-N/ 81 pointed out
with a dark red arrow, E’FG and a1l B/ZP-C pointed out with a light red arrow. UMOD

subunits UMOD-3, UMOD-2, UMOD-4 here response to (A), (B), (C) in Figure 3.3.5,
respectively. (B) linkers demonstrated with different color cartoons from UMOD-1 to UMOD-

5. This side view is 40 <tilted around the Y-axis, compared with that of the panel (A).
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Figure 3.3. 5. significant conformation changes happen from UMOD precursor to UMOD
filamentous complex. (A) By comparing the precursor and oligomerized structure of UMOD,
it is suggested that EHP disassociation triggers the significant conformation change in ZP
domains. For the interdomain linker, where remarkable rearrangement happens, this
conformational change leads to total separation from the ZP-C domain and transfers the
secondary structure from ol that is in the precursor to alf that is in the filament. The model

is illustrated with a cartoon, which only shows one monomer belonging to the precursor dimer
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structure. Structure motifs are labeled with the same color as that is shown in Figure 3.3.1A.
the N-terminal and C-terminal of the linker between ZP-N and ZP-C is a label with bright red
and dark red, corresponding. (B) As shown in the left part, among the ZP-C domain of UMOD
precursor structure, the EHP f-strand, which work to prevent polymerization, binding to aEF
(a short a-helix) that wrap FXF motif with hydrophobic force. Moreover, in the right panel,
relief of EHP is mediated through Hepsin, which digest the CCS of this subunit (UMOD-2

chain B). Furthermore, the interdomain linker a1 £ from the other UMOD subunit (UMOD-

3 chain A) replaces its position. This conformation change promotes the formation of
intermolecular £ -sheet by FXF motif ( « EF 8/ BF'";), shown with the dashed box in the upper

part and the fg loop of ZP-N domain, which belongs to the another incoming UMOD subunit
(UMOD-4 chain C, label with magenta). Furthermore, CCS digestion also leads to that the
mature C-terminus of UMOD-2 can interact with D8C of itself, not showing here. Disulfide
bonds here is marked with thick dark gray and glycan residues is labeled with thin black sticks,
corresponding. In addition, -strands are illustrated with brown color. (C) Modeling the amino
acid sequence with HMM (Hidden Markov model), the results highlight the conserved residues
that are labeled in panels (B), (D) and (E). (D) The hydrophobic interaction helps stabilize the
interface between the ZP-N domain E'FG extension of chain A and the chain B ZP-C domain,
which corresponds to the dotted box in the lower right part (B). (E) Here, a different view of
chain B ZP-C domain and chain C ZP-N domain (boxed region of panel B) show more residue

contact details.

Model building for D8C is complex, because of the limited resolution in the
corresponding map region, which is apart from the central filamentous complex and
absence of homologous structures. However, from previous findings of the D8C

predicted structure, which was derived from multiple protein structure prediction server,
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suggest that there exist multiple intramolecular disulfides (Hamlin and Fish 1977, Yang,
Wu et al. 2004). Therefore, this domain forms a compact conformation with similar
dimensions, which matches the spherical electronic density extending from EGF IV
(Figure 3.3.6A and B). A notable finding is that the density for hepsin-processed
UMOD C-terminal tail merges with D8C because the flexibility of the tail is restricted
by the last disulfide (Cs527-Cg582) of UMOD (Figure 3.3.6B). This result suggests that
digestion of UMOD only promotes its ZP-C domain for oligomerization and favors it to
interact with D8C, which in turn guides the N-terminal of the protein towards the core
filament position. Apart from the addiction conformation constrain, the N-terminal
region is notably mobile and flexible relative to the central core part, which results in
smeared densities in 2D averages. Multi-body refinement is applied to refine the
branch region separately, including the whole N-terminal part of UMOD (Figure
3.3.6C). When compared with the previous location of D8C, this locally refined map at
higher resolution is consistent with the dimension of EGF I-11l from a homology model
(Figure 3.3.6C and D). With this information and our refined central region (EGF IV +
ZP) coordinates, a full filament model is built, consistent with both tree-like and zig-

zag side views from UMODf| (Figure 3.3.2L; Figure 3.3.6D).
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Figure 3.3. 6. Model fitting result of D8C and EGF I, EGF I, and EGF I11 to electronic density
map of UMOD(l filament. (A) Prediction models from two different protein structure prediction
servers (I-TASSER labeled with blue shades and Robetta labeled with magenta shades)
demonstrate similar dimensions. (B) In agreement with the position of the elastase digestion
site (labeled with orange arrow) immediately preceding the EGF IV domain (labeled with
orange), the model with the highest TM-score of D8C generated from server Robetta (labeled
with salmon) can be directly fitted to the spherical density extending from the rigid core region
of the UMOD filament. The before-polishing electronic map of UMODfI is demonstrated. Here
the black arrow points to the disulfide of C6527-C8582, which tilts the mature UMOD C-

terminal tail (labeled with thick lemon tube) to the D8C domain. D8C also wraps around the
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loop (display with fine lemon tube) connecting D and C6527. (C) To deal with flexibility of
the extending region of UMODfI construct, Relion multibody refinement was used to perform
locally and focused refinement on different regions, respectively. With this focused refined
density map, the potential position of EGF I, EGF 11 and EGF Il appears, which is helpful for
the model building of UMODMI. (D) The density label with gray represents the extending N-
terminus branch, considered as body 1, while the density labeled with cyan demonstrates the
remaining core regions, considered as body 2. These two focused and locally refined maps
merged to generate a complete map of UMODI] as a reference for protein coordinates building

and as a subunit to model the matrix structure shown in Figure 3.3.11B.

3.3.2 Filamentous complex assembly involves a significant conformational rearrangement in
the ZP module’s inter-domain linker

A significant conformation change happens on the ZP-N/ZP-C linker when UMOD
precursor rearranges and polymerizes into a flamentous form (Figure 3.3.5A). In the
precursor, the inter-domain linker is composed of two parts: a1 (a-helix) and B1 (B-
strand), which pack with ZP-C B-strand A and interact with EHP (external hydrophobic
patch) (Bokhove, Nishimura et al. 2016). ZP-C B-strand A here is an essential element
involved in oligomerization and is known as IHP (internal hydrophobic patch) (Jovine,
Qi et al. 2004). As for polymerized UMOD, a1 and its following amino acids transform
into a twisted B-strand of 13 residue. (a1B, which is composed of two different 3
strands: a1p’ (D430-S434) and a1B” (A438-M442), connected with a three-reside

linker) (Figure 3.3.2H).
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Consequently, the EHP from the previous subunit is replaced by hydrogen bonding to
its A” strands, F strands and facing BA/IHP (internal hydrophobic patch) (Figure 3.3.4A;
Figure 3.3.5B), with linker residue L435 bind to the conserved hydrophobic pocket
which is formed by IHP M460 and L462, BF L564 and BB V487 (Figure 3.3.7A and B).
Another interesting finding is that an exact same copy of the DMKVSL sequence,
which includes a1f’, composes the UMOD ZP-N [-strand B (residues 339-344).
Interdomain linker antiparallel replacing EHP/B G resembles the donor-strand
exchange (DSE) reaction between bacterial pili subunits (Waksman 2017); however,
as for the ZP module, the B-strand exchange is further established through a parallel
pairing of the B1 region linker to ZP-N domain BG of the following subunit (Figure
3.3.2I). In agreement with the evolutionary conservation analysis on the ZP-N domain
AG face (Monne, Han et al. 2008), this expands the E’FG B-sheet of the latter,
exposing a surface, against which the well-resolved carbohydrate chain extended to
N396 packs (Figure 3.3.4A; Figure 3.3.5B). Notably, the position where glycan located
is conserved among many ZP domain proteins, and its loss-of-function mutation in
inner ear a-tectorin is related to human deafness (Sagong, Park et al. 2010, Bokhove,
Nishimura et al. 2016). This position is stabilized by the B1 linker itself, which binds to
lactosamine GlcNac amide group through the side chain of R449 (Figure 3.3.2G;
Figure 3.3.5B). Interacting with both ZP-N and ZP-C domains, this interdomain linker
plays a molecular belt role in connecting three adjacent UMOD units, hiding a complete

accessible surface region of 1488 A2 (Figure 3.3.4).
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Figure 3.3. 7. UMOD inter-molecule interaction analysis and comparison of ¢ZP3 dimeric
precursor with UMOD filament. Highlight the conserved features among ZP domain protein.
(A) UMOD-3 is represented by its molecule surface, and marking resides with color from green
to violet based on the ConSurf. Figure 3.3.4 shows the other subunits within the filament in

cartoon form, with the interaction region in the B-D section represented as a red rectangle. (B)
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The linker between ZP-N and ZP-C of a UMOD subunit forms interface with the ZP-C domain
of precedes UMOD subunit. Important residues that play critical roles in the interface is
labeled in white. (C) A UMOD ZP-C domain forms a closed-up interface with the following
UMOD subunit E’FG extension, which is located at the ZP-N domain. (D) UMOD subunits

that are involved in the ZP-C < EF B/ZP-N BF’ interface are placed in exciting manners.

That is to say, this interface is achieved through UMOD-(n) subunit and UMOD-(n+2) subunit.
(E) Structure alignment analysis of the polymeric UMOD ZP-C domain (UMOD-2 of Figure
3.3.4; labeled with teal) and monomer of the cZP3 dimer precursor (PDB 3NK3 A chain;
labeled with yellow, and ZP3-specific subdomain is labeled with hot pink). The ZP-N
counterparts (colored with magenta and orange-yellow, individually) interacting with these
structural domains are placed in different orientations relative to their ZP-C, respectively,
although the two interaction interfaces are formed through nearly identical elements. The
arrows point out how the overlapped ZP-C structural domain brings the ZP3 EHP to the same
position as ol f located at the inter-domain linker of the UMOD monomer that follows UMOD-
2 (UMOD-3, which is labeled with blue). (F) The identical side view of aEFB/ZP-N BF’
interface located at ZP-C demonstrate on panel D right half. Moreover, surface of ZP-C is
colored based on coulombic distribution; the color gradient is based on the mapping; red (=5
kT/e), blue (+ 5 kT/e) and white (0 kT/e). (G) The ZP domain interaction face that involves in
UMOD filamentous complex formation agrees with the expected N-glycosylation and O-
glycosylation sites located at other ZP domain proteins, which is exposing to solvent. Based on
sequence and structure alignment analysis, the modeled N-glycosylation sites of human
glycoprotein-2 (labeled with orange), human a-carrier and p-carrier proteins (labeled with
yellow and blue, individually), human ZP2 (labeled with green), human ZP3 (labeled with
gray), human ZP4 (labeled with cyan), chicken ZPD (labeled with purple), and chicken ZP3

O-glycosylation site-1 (labeled black) were projected to the surfaces of three continue UMOD
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subunit (subunit A is labeled with light blue; subunit B is labeled with light teal; subunit C is
labeled with light magenta). Furthermore, The UMOD N-glycosylation site is specially labeled
with red. (H) The homologous protein coordinates of NTR (N-terminal repeat region) of mouse
ZP2 and its ZP-N domain and mouse ZP3 ZP-C domain (labeled with green) are respectively
aligned with on the UMOD ZP-N and ZP-C domains of two adjacent subunits in UMOD
filamentous complex, which is labeled with gray. Furthermore, the ZP2 NTR is placed in the
same direction as the one used for alignment between the UMOD N-terminal branch and its
ZP-N/ZP-N within the same UMOD subunit. The alignment modeling results show that, similar
to UMOD N-terminus region (EGF I, II, 1ll and D8C), the ZP-N domain repeats region
preceding the ZP2 ZP module can protrude from the core of the eggshell filamentous complex
without disturbing the oligomerization interface of the subunit. In the same way, the ZP3-
specific C-terminus region (labeled with hot pink) is modeled to localize laterally to the egg
coat filamentous complex body and may face to the ovastacin digestion site in the 2nd ZP2 N-

terminal repeat, which is spheres.

3.3.3 UMOD polymerization relies on multiple domain-domain interactions

Because of the significant conformation change happens on this inter-domain linker,
UMOD ZP-C domain from one particular subunit (e.g., UMOD-2) is exposure to
interact with two ZP-N domains from adjacent UMOD subunit (UMOD-3 and UMOD-

4) in a distinct way (Figure 3.3.4A).

In the first kind of contact, hydrophobic amino acids on ZP-C (UMOD-2), especially

conserved F499 of BC and L570 of BF, interact with amino acids located at E'FG
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extension of ZP-N (UMOD-3). These residues include conserved L393, the featured
Tyr (Y402) on the ZP-N domain, and the other near-invariant Tyr (Y427) located at the
E’FG extension that stacks with highly conserved F456 on the ZP-C IHP (Figure

3.3.5B - D and Figure 3.3.7A and C). Different from other Ig-like domains

(Immunoglobulin-like Domain), ZP-N owns its featured E'FG extension, which is also
highly conserved (Monne, Han et al. 2008); together with a1 strand and the IHP, the
signature Tyr work as a critical component in ZP domain oligomerization (Jovine, Qi

et al. 2004, Monne, Han et al. 2008, Schaeffer, Santambrogio et al. 2009).

As for the second kind of contact, which happens around the C-terminal region of a1
strand that inserts into the ZP-C domain, it involves the latter ef loop and fg loop on
the ZP-N domain, which belongs to the second to next UMOD subunit (e.g., UMOD 2
ef/UMOD 4 fg) (Figure 3.3.4A; Figure 3.3.5B and E). Notably, ef loop of the ZP-C
domain contains a highly conserved FXF motif in the ZP domain (553-FRF-555; Figure
3.3.5C; Figure 3.3.7A and D). In a previous study, the homodimeric structure of cZP3
(chicken ZP3) precursor requires the FXF motif to stabilize the conformation through
binding ZP-N fg loop of another molecular. This leads to the formation of a 3-sheet,
working as an intermolecular linker. It involves the FXF motif itself and ZP3s’
hydrophobic sequence located on the fg loop (139-VII-141) of ZP-N (Han, Monne et
al. 2010). Resulting from the fg loop flexibility and different oligomerization states,
UMOD and ZP3 own different relative domain orientations. However, the UMOD ZP-
C FXF motif, which is an a-helix (aEF) in the protein precursor, generates a similar
interface, through a short B-strand (aEFB). This equivalent interface pairs with a
hydrophobic sequence of the ZP-N fg loop BF’ (412-111-414) (Figure 3.3.5B). Highly

conserved R415 follows it, which also sticks into the negatively charged pocked
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formed through Y520, D532, T534, and Q551 of ZP-C (Figure 3.3.2J; Figure 3.3.5E;
Figure 3.3.7A, D, and F). UMOD R415 is the corresponding conserved residue of ZP3
ZP-N R142, which binds to ZP-C D254 and Y243 of ZP3 (corresponding to UMOD
Y532 and D520 respectively) and is necessary for cZP3 homodimerization and
secretion (Han, Monne et al. 2010). Notably, in the precursor form UMOD, the FXF
motif helical conformation is stabilized through the EHP, which immediately gives
insight into how hepsin-dependent dissociation of EHP can promote the conformation

change that stimulates ZP-C to interact with ZP-N of another molecule (Figure 3.3.5B).

3.3.4 UMOD oligomerization involves a head-to-tail mechanism

In order to supplement our structural data and functionally study the molecular
mechanism of filament assembly, firstly we expressed UMOD(I (full-length) construct,
which carries mutations on interface of ZP-N fg loop and ZP-C ef loop, in MDCK
(Madin-Darby Canine Kidney) cells, which conduct UMOD secretion and
polymerization (Schaeffer, Santambrogio et al. 2009). Consistent with our above
structural study, single mutation of ZP-N R415A or a two-residue deletion (AF555-
A556, AFA), which affect the ZP-C FXF motif, although it does not alter UMOD
expression and secretion, completely abolish its oligomerization (Figure 3.3.8A; Figure
3.3.9A and B). Notably, co-transfection experiments show that neither mutant affect
wild-type UMOD (wt) secretion (Figure 3.3.9C); however, AFA (but not R415A) has a
significantly negative effect on its capacity to assemble filamentous UMOD (Figure
3.3.8B-D). A similar result was observed when wild-type UMOD is co-expressed with
a protein variant (4A variant), which cannot polymerize due to its CCS stays in an

inactive state (Schaeffer, Santambrogio et al. 2009) (Figure 3.3.8E; Figure 3.3.9C).
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With the phenomenon that, although AFA and 4A mutations dominant-negatively
affect filament formation, their effect is suppressed in double mutants R415A/AFA and
R415A/4A (Figure 3.3.8F and G). We conclude that UMOD filament is polarized, and
its oligomerization relies on the recruitment from an activated ZP-C domain to the ZP-
N end of the incoming UMOD subunit, which agrees with the structural information

(Figure 3.3.4)

UMOD-CCS
wt

UMOD-CCS
R415A

UMOD-CCS
AFA HA R415A+4A

Figure 3.3. 8. Critical residue located at oligomerization interface and effect of their mutations
on UMOD filamentous complex formation. (A) Immunofluorescence imaging of MDCK cell,
which is unpermeabilized but stably transfected with these mutants. Compared with the
UMOD(I construct, ZP-C (4FA) or ZP-N (R415A) mutants on UMOD lead to the unsuccessful
assembly of UMOD filament. Scale bar: 50 pm. (B—-G) Immunofluorescence imaging of cells
which is unpermeabilized co-express UMOD (tagged with FLAG, shown with green) and
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desirable HA-labeled isoforms (shown with red). The results demonstrate that UMOD mutation
R415A does not involve oligomers that only own wild-type protein (C). The highly negative
effect of UMOD AFA on wild-type UMOD oligomerization (D), however double mutation
located on ZP-N and ZP-C construct is able to rescue polymerization capacity (F). Identically,
although mutation (4A) on CCS is also lead to an extremely negative effect on the dissociation
of EHP (E), R415A mutation located at the 4A isoform is able to suppress this effect (G). Scale
bar: 50 pm. (H) Immunofluorescence imaging of cells which is permeabilized and express
UMOD-CCS a soluble isoform which is taken segment before EHP, demonstrates that wild-
type forms intra-cellular oligomers, however constructs with mutations on interface do not.
And these intra-cellular oligomers locate in ER (endoplasmic reticulum), as demonstrated
through co-staining with the KDEL sequence which is used as an endoplasmic reticulum

marker. Scale bar: 10 pm.
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Figure 3.3. 9. Mutagenesis analysis for the effect of UMOD mutants on UMDO protein
expression, secretion, and filamentous complex assembly. (A) Immunofluorescence imaging of
MDCK cell which is unpermeabilized and express wild-type UMODfl, R415A mutation
construct and AFA construct. No intra-cellular polymerization phenomenon is captured. Scale
bar: 50 pm. (B) MDCK cells used in this western blot assay, which express UMODfI construct
with mutation of the R415A or AFA. Western blot result of total cell lysates (in the top part)
shows that both wild-type UMOD and constructs with the polymeric mutation are

predominantly present as completely glycosylated isoforms (higher part, label with black
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arrows). Furthermore, there exist ER glycosylated samples (lower part, labeled with gray
arrows). Western blot assay analysis of the PNGase F deglycosylated protein, secreted through
MDCK cells (bottom part), demonstrates that constructs that own ether R415A mutation or
AFA mutation do not influence UMOD secretion in culture media. Blue arrows point to protein
digested inside the joint membrane part among EHP and GPI. Red arrows point to proteins
that process at CCS region. Results above indicate comparable intra-cellular protein
trafficking and secretion of wild-type and isoforms with mutations. Notably, AFA mutation
promotes the number of processed proteins processed at CCS, suggesting that altered FXF
motif influences accessibility close to digestion site (Figure 3.3.5B, left part). However,
filamentous complex is totally absent with this mutation (Figure 3.3.8A, right part), which then
suggests the specific influence of the mutation for UMOD oligomerization. (C) Western blot
analysis for deglycosylated proteins generated in the MDCK cells culture media stably co-
express wilt-type UMOD (tagged with FLAG) and wilt-type or isoforms with mutations. Co-
expressed with UMOD construct with mutation does not affect the digestion of wild-type
protein (tagged with FLAG), indicating that the highly negative influence of 4A and 4A mutants
does not derive from unusual processing of wilt-type UMOD. (D) Western blot analysis of
UMOD in cell lysis solution and culture media from MDCK cells, which transiently transfected
with suggested isoforms (tagged with HA). The process protein existing from the endoplasmic
reticulum requires EHP motif, which is indicated by comparing the intra-cellular levels and
secretion between UMOD-EHP and UMOD-CCS. (E) MDCK cells are transiently transfected
and express UMOD-EHP construct with R415A located on ZP-N and AFA located on ZP-C
mutations. Immunofluorescence imaging from the permeabilized cells demonstrates that intra-
cellar oligomers are absent for both wild-type and mutant construct. Scale bar: 10 pm. (F)
Immunofluorescence imaging results for unpermeabilized MDCK cells, which express UMOD-

EHP. Without a membrane-anchoring point, UMOD localization and oligomerization are
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affected in the plasma membrane. Scale bar: 50 pm. (G) MDCK cells, which stable express
wild-type UMOD (tagged with HA, red) or UMOD (tagged with Myc, green), are co-cultured.
Filamentous complex observed exhibit uniformly colored status, indicating that
oligomerization relies on the participating membrane-bound subunit rather than digested

subunit that is relieved in the culture media. Scale bar: 25 pm.

Another set of experiments was performed, which uses truncated constructs after
UMOD-CCS and UMOD-EHP. The result shows that, compared with UMOD-CCS that
is not secreted but exhibit intracellular oligomer-like structures (Schaeffer,
Santambrogio et al. 2009), AFA or UMOD-CCS R415A are impaired in both
polymerization and secretion. From another aspect, wild-type UMOD EHP and its AFA
or R415A variant can be secreted normally and do not exhibit intracellular oligomers
(Figure 3.3.8H; Figure 3.3.9D and E). Remarkably, these findings further validate the
functional importance of the ZP-C motif and ZP-N fg loop. At the same time, they
reveal that, although the interdomain linker a1 replaces the EHP part entirely in the
context of UMOD filament (Figure 3.3.5B), the EHP plays a critical role in UMOD
secretion even in the presence of mutations, which recovers polymerization. UMOD-
EHP cannot polymerize extracellularly due to the absence of CCS cleavage (Figure
3.3.9D and F), and wild-type UMOD can only incorporate filaments attached to the
secretion cell (Figure 3.3.9G). Besides, these data also support the hypothesis that
EHP dissociation and filament growing with head-to-tail incorporation are coupled

processes, which happened at the plasma membrane.
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3.3.5 The architecture of UMOD homogenous polymer is similar to that of heteropolymer
egg coat filamentous complex

As homologous proteins, UMOD filament is very similar to those of other ZP domain
proteins; UMOD polymer structure is able to give insight into how others ZP domain
proteins assemble. Mouse egg ZP filament comprises heterodimers ZP2 and ZP3
subunits with around 140 A structural repeat (Wassarman and Mortillo 1991), which is
very similar to the helical pitch of UMODf filament (Figure 3.3.2F). Moreover, the
UMOD filament structure agrees with the expected solvent exposure of the many
glycosylation sites, which is diversely distributed among the other ZP domains,
including ZP2 and ZP3 (Figure 3.3.7G). Very similar, the superposition, which is
composed of ZP-N and ZP-C, suggests that although the C-terminal subdomain of
ZP3 and the repeat region of ZP2 are very important for sperm binding (Wassarman
and Litscher 2018), they are not necessary for ZP filament growing (Jovine, Qi et al.

2002). This is compatible with the structural basis of UMOD filament (Figure 3.3.7H).

In order to gain more information on how heteromeric ZP domain protein forms
filament, soluble native complexes are prepared through digesting the UFE
(unfertilized egg coats) of medaka fish with LCE and HCE (low and high choriolytic
hatching enzymes) (Yasumasu, Kawaguchi et al. 2010). SDS-PAGE and MS (mass
spectrometry) analysis of the two fractions of the sample separated through SEC (size-
exclusion chromatography) (F1-2; Figure 3.3.10A) demonstrate that each of the part
contains polypeptide with a size of approximately 37 kDa encompassing the ZI-3 ZP
module, and fragments of size 16 kDa and 18 kDa, which correspond to the ZI-1 ZP-
N and ZI-2 ZP-C (the corresponding subunit of ZP2 in the fish egg coat) (Figure

3.3.10B, D and E). In agreement with their distinct native-PAGE profiles (Figure
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3.3.10C), the native mass spectrum of chemically cross-linked F1 and F2 shows that
the latter is a heterogeneous complex including three aforementioned species (Figure
3.3.10F), and as for the former, it contains ZI-3 monomers, dimers, and trimers bound
to ZI-1,2 ZP-N/ZP-C with one or two separate copies (Figure 3.3.10G). This result
agrees with a previous study that LCE is able to cleave the interdomain between the
ZP domain of ZI-1,2 (however not that of ZI-3) (Yasumasu, Kawaguchi et al. 2010),
creating a site that corresponds to the short linker that connects UMOD a1 and 31
(Figure 3.3.10H). Moreover, it is also consistent with MALS (SEC-multi angle light
scattering) results that precursor of ZI-1,2 and ZI-3 exhibit monomeric and
monomeric/dimeric forms, respectively. Another finding shows that the polymeric core
of medaka UFE comprises units with interspace around 65 A (Figure 3.3.101). Take
these finding together; all evidence strongly suggest that filament of vertebrate egg

coat should share the same overall architecture with UMOD.
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Figure 3.3. 10. UMOD filament shares similar architecture with that of egg coat filamentous
complex. (A) Size-exclusion chromatography analysis for unfertilized egg coats, processed
with high and low choriolytic hatching enzymes, generates two peaks. (B, C) Analysis of
reducing SDS-PAGE (B) and native gel (C) of unfertilized egg coats purified with size-
exclusion chromatography, along with molecular weight marker. The difference between size-
exclusion chromatography elution volumes for F1 and F2 suggests the distinct digestion levels
for egg coat filamentous complex by choriolytic hatching enzymes. (D, E) Time of Flight mass
spectrum spectrograms analysis for samples from F1 (E) and F2 (D). Spherical dot refers to
ZI1-3 ZP module (labeled with green), which contains two moieties incomplete form and ZI-1

ZP-N domain and ZI-2 ZP-C domain (labeled with purple), which is processed with low
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choriolytic hatching enzymes. (F, G) Time of Flight mass spectrum spectrograms analysis for
cross-linked sample of from F1 (G) and F2 (F). The spherical dot here represents the modeled
architecture of cross-linked samples. (H) Simple illustration for architecture for medaka egg
coat filamentous complex and its interaction model. ZI-1 and ZI-2 (labeled with purple) are in
monomer form before activation and can participate in filamentous complex assembly when
activated. In addition, as for ZI-3, it owns diverse polymers state. Both the Z1-3 dimer (labeled
with green) and ZI-3 monomer (labeled with light green) is able to participate in filament
formation. After digestion processing of low choriolytic hatching enzymes (cleavage site is
between ZI-1 and ZI2 inter-domain linker, pointed out with black crosses), the filamentous
complex digested to soluble species, which correspond for various oligomers that are identified
in mass spectrum spectrograms (F) and mass spectrum spectrograms (G). (1) Imaging of
medaka egg coat filamentous complex with negative staining electron microscopy. The right
part demonstrates the best 2D average of the sample, which suggests an inter pitch distance of
around 65 A in the complex—scale bars: 100 nm for the left panel and 10 nm for the bottom

right panel.

3.3.6 Supramolecular organization of UMOD filament sheets

When incubating purified UMOD with NaCl solution, which has a similar concentration
with that of urine, sheet-like complex forms (Figure 3.3.11A, top) that is similar to what
shows in Figure 3.3.2A. An antiparallel filament arrangement was suggested from the
negative staining sample, which exhibits a two-fold axis perpendicular against the
plane of the sheets (Figure 3.3.11A, bottom). UMOD sheet matrix model (Figure
3.3.11B) can be built by combining UMODfl (Figure 3.3.6D) and the prior sheet
conformation information. This sheet model explains the unique double-helical

patterns of the native protein (Figure 3.3.2A, inset). Furthermore, the location of the
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N-glycans of the ZP domain is able to explain the diffuse density shown in the filament

interspace (Figure 3.3.11C).

Figure 3.3. 11. The illustration for a predicted model of sheet structure composed of UMOD
and ZP domain filamentous complex binding sites for sperm and uropathogenic E.coli. (A)
Imaging of sheet matrix composed of purified UMODfI filamentous complex in 100 mM NacCl
buffer, with negative staining electron microscopy (top panel). Alignment and averaging
analysis for the sample suggests that a repeating feature, which owns double-fold symmetry

axis upright to the sheet plane (labeled with white symbol). Scale bars: 250 A for the top part
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and 125 Afor the bottom part. (B) Sheet architecture model that represents the matrix structure
of the sample in (A). The sheet structure is formed through antiparallel packing of multiple
UMODfl merged density map; alignment is guided by the pattern shown in (A). Lacking of
direction information in the space right up to the sheets plane, the precise relative position of
two adjacent filamentous complexes is hard to model. Consequently, the predicted model is
based on the hypothesis that the central regon of filaments compose the matrix on an identical
plane. Distinct filamentous complex is then labeled with different colors; light gray and dark
gray. Moreover, the N-terminus edge region is labeled with pink and magenta individually.
The double-helix-like view of the projection from the sheet matrix can be explained by the zig-
zag side view of two antiparallel UMOD filament (see inset of Figure 3.3.2A), and the
extending edge of UMOD forms a binding surface to capture uropathogenic E.coli. (C) Side-
by-side comparison of 2D average pattern and the UMOD sheet matrix modeled in (B), and
the results reveal that the smeared density that extending into the space generated from two
close filaments (labeled with cyan arrow) is generated by the glycan(s) of UMOD N396 and/or
UMOD N513 residues (labeled with light and dark blue arrows, individually). (D) Protein
structural detail of porcine ZP filamentous complex, modeled with superposition from
homology structure coordinates of neighboring ZP3 subunit and ZP4 subunit (labeled with
green and purple, individually) to the model of UMODfI (labeled with semi-transparent gray).
The corresponding residues of the ZP3 inter-domain linker onto the ZP-N/ZP-C linker of
UMOD (labeled with red). Glycosylation residue sites, which are experimentally verified, are
demonstrated in the model with cartoon. It shows the close distance between N271 of ZP3 and
N220 of ZP4, whose N- glycans regulate porcine sperm specific binding. Notably, these amino
acids are very close to conserved ZP3 N-glycosylation (labeled with dashed underline) and C-
glycosylation (site-1 is labeled with single underline and site-2 is labeled with a double

underline) located at inter-domain linker. The conserved Trp of ZP3, which follows site-1, is
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demonstrated with stick at the ZP-3/ZP-4 interface. (E) Structural details of interface involved
in ZP-3 and ZP-1, which compose avian egg coat filamentous complex, polymerized and
demonstrated the same as described in (D). The rectangle emphasizes the position of site-1 O-

glycosylation, which is of vital importance for chicken sperm and ZP3 binding.

3.3.7 Near atomic resolution structure of native UMOD filament

Overall resolution = 4.2 Angstroms

000 005 olo ols
rinFourierShellCorrelationMaskedMaps == Uresohtion (A

finCorrectedFourierShel izedMaskedM. -

ResolveCryoEM. (C) Polished UMOD filament. (D) local resolution distribution of UMOD

filament Native UMOD filament structure is solved with resolution 4.2 A From the local
resolution heat map, we can see that the central part resolution is much higher than the edge

part.

Table 3.3. 1. Data collection, image processing, and coordinates refinement statistic for UMOD
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Data Collection

Microscope Titan Krios
Voltage (kV) 300
Detector K2
Pixel size (A) 1.06
Defocus range (um) -1.5 to -3.5
Electron Dose (e-/A2) 39.6
Movie Frames 40
Helical Reconstruction

Software RELION 3.0.4
Particles 288403
Helical rise (A) 62.5
Helical rotation (9 180
Resolution (A) 4.2
Coordinate Refinement

Software Phenix
Resolution Cut Off 3

Model
Oligomer

center dimer

Number of residues 593
B-factor overall 115.88
R.M.S. deviation

Bond length (A) 0.003
Bond angle (9 0.547
Validation

Molprobity clashscore 4.16
Rotamer Outliers (%) 0
Cp deviation (%) 0
Ramachandran plot

Fovored (%) 96.9
Allowed (%) 31
Outliers (%) 0
Deposit

PDB code 6TQK
EMDB code 10553

3.3.8 Discussion and Summary

As the first detailed native structure of ZP domain protein, UMOD filament reveals this
unique architecture, whose features were not reported in previously reported biological

oligomers. In particular, this arrangement of UMOD subunit reported in this study
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clearly demonstrates that distinct from the hypothesis proposed from the egg coat
proteins (Jovine, Janssen et al. 2006, Egge, Muthusubramanian et al. 2015, Okumura,
Sato et al. 2015, Louros, Chrysina et al. 2016), UMOD monomer neither assembles
by contacts, which involve the ZP-C or ZP-N domain or polymerizes through forming
an amyloid cross-f structure. On the contrary, an unprecedented linker, which
achieves interlocked configuration of ZP-C and ZP-N domains, determents the basis
of UMOD filament core. Significantly, our data also point out the fault of UMOD
architecture suggested from a recent Cryo-ET analysis, where the filament is
assembled through simply stacking of ZP domains in a zig-zag manner. Furthermore,
due to the limited resolution, the subtle conformational change of the ZP-N/ZP-C linker
and separation of ZP-C and ZP-N resulted from it cannot be observed from the Cryo-
ET map (Weiss, Stanisich et al. 2020). On the other hand, another similar study of the
UMOD core filament structure result (Stanisich, Zyla et al. 2020) is consistent with our

high-resolution model.

Along with the mutagenesis and biochemical assay results, our Cryo-EM structure of

UMOD filament has long-ranging implications to different aspects of ZP domain matrix

function and assembly mechanism function (Figure 3.3.11; Figure 3.3.13).
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Figure 3.3. 13. The hypothesized mechanism of UMOD oligomerization. (A) Firstly, in the

UMOD dimer, the GPl-anchored UMOD CCS sequence that is close to the membrane is
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digested by hepsin, and then induces separation of EHP from the correspondent ZP-C domain.
To simply the views, the flexible edge part of UMOD is not shown here. (B) EHP disassociation
then triggers the ZP-C domain for oligomerization through promoting the formation of an
inter-molecular p-sheet between EHP and the ZP-N domain of incoming homodimer UMOD.
(C) Conformation change of the following ZP-C domain promotes the hepsin digestion, which
relieves it from the membrane and participates in filament growing. (D) EHP displacement
also triggers the transformation from the inter-domain linker precursor structure to mature
inter-domain linker conformation. A significant rearrangement happened, including UMOD
precursor UMOD precursor rearrangement initializing DSE to make up the absence of EHP.

All of these steps complete filament assembly.

Benefiting from the unique interlocked architecture of UMOD filament, for each UMOD
subunit, 25% of the surfaces are buried in the interface with four adjacent subunits.
This structure achieves a remarkably resistance for chemical denaturing factors
(Figure 3.3.1F) and ensures that UMOD filament is highly stable to proteolysis (Figure
3.3.1C-E). These properties, which derive from the great reinforcement of UMOD
subunit—subunit interactions through semi-continuous wrapping of interdomain linkers
surrounding the filament core (Figure 3.3.4), can be further strengthened through
covalent interaction with other ZP domain proteins, as reported before, for example,
ZP domain proteins in the egg coat from fish to human (Greve and Wassarman 1985,
Yasumasu, Kawaguchi et al. 2010, Nishimura, Dioguardi et al. 2019) or insoluble
cuticlin components from the nematode larval alae (Sapio, Hilliard et al. 2005). These

considerations give insight on why ZP domain is evolutionarily selected for working as
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protective matrices in a variety of organisms. With UMOD filament as a reference,
further structural study of other proteins, which belong to this large protein family of
mosaic extracellular molecules, will clarify how the interaction between a conserved
ZP domain and N-terminal divers-functional domain mediates a diverse range of

critical biological functions.

3.4 Fully automatic picking for filamentous sample

3.4.1 Na'we pipeline of direct Binarization for negative staining images

Images generated with electronic microscopy contain more noise compared with other
biomedical images. Consequently, tools should be selected appropriately to deal with
it. Thanks to the fast development of computer vision in past decades, many powerful
image-processing libraries are available now. Among them, OpenCV is one the most
popular and widely used libraries, which is powerful and easy to use. Our method is

mainly implemented with OpenCV.

Although Cryo-EM dominates electronic microscopy structure determination, negative
staining is also widely used in sample quality screening. A negative staining
micrograph usually owns high contrast. Therefore, simple adaptive thresholding and
morphing can separate samples out of the background. This simple picking pipeline
can be described with four steps. Firstly, some preprocess denoising operation was
done. In the second step, image adaptive local thresholding was processed. Here,

based on contrast change, the outline of filament was detected. In the third step, noise
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inside the object was removed through morphology erosion and dilution, which
enhances the signal. The solid filament region was separated from the background. In
the final step, the Coordinate of filament particles was represented by the central pixel

of filament, which is generated by skeletonizing erosion (Figure 3.4.1).

Skeletonizing erosion algorism is shown below (Equation 2). A is the original image,
and B is the structuring element, n indicates the iteration of erosion. N is the number

of the last iteration when A is empty, And S here is the erosion function.

S.(A) =(A©nB)—(AGnB)°B

s =| Js.
n=0

Equation 2. Formula of Skeletonizing
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Figure 3.4. 1. Negative straining micrograph auto-picking pipeline illustration includes de-

nosing, adaptive thresholding, morphology processing, and contours generation.

However, it is not wise to apply this pipeline on Cryo-EM micrographs directly. Image
contrast of Cryo-EM micrographs is not as strong as negative staining. Identify high
contrast region is more challenging than negative staining. In addition, high contrast
contamination is common in Cryo-Grid preparation. As we can see, too much

undesired region is picked with the simple pipeline (Figure 3.4.2).
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Figure 3.4. 2. Cryo-EM micrograph auto-picking pipeline illustration, which owns similar

steps with negative staining image processing, however, exhibit the worse result

Besides, helical information like filament labels and Euler Angles is necessary for
downstream helical reconstruction tasks. Euler Angles estimation is of vital importance
during 3D classification and 3D alignment. As for single particles analysis, each
particle distributes on Cryo-Grid independently, and the initial orientation is regarded
as random. Single particle 3D reconstruction aims to find the correct orientation
through iterative alignment. However, helical particles are not distributed
independently. Particles derive from the same filament should be labeled, and their

Euler Angles need to be calculated. During helical 3D reconstruction, the central axis

157



is fixed, requiring helical label and Euler Angles of each helical particle (Figure 3.4.3).

This highlights the importance of helical particles' prior information.

Single Particle
Reconstruction

Helical
Reconstruction

Figure 3.4. 3, orientation distribution difference between Single particle reconstruction and

Helical reconstruction. (A) Apoferritin, (B) Uromodulin.

In summary, there are two disadvantages of the simple pipeline: introducing high
contrast noise and lacking helical label information in coordinates. To decrease the
influence of these factors and retain helical information, we propose a general-

template matching method.

3.4.2 Feature-based with a general template
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In order to separate filament more robustly, we design a general template, which

follows below 2D Gaussian distribution to match filament in images (Equation 3).

N(;uX) = |Z|~2exp {—%(x — W) N (x - u)T}

- (o)
=0

_( 0.5 0.4995)
~\0.4995 0.5

(2m)4/2

Equation 3. 2D Gaussian Distribution of the template

Some similar preprocessing operation is used in the first stage. We filter the image
and shrink it to the proper size. With this preprocessing, contrast is enhanced, and
receive field is increased. Moreover, the shrunk image increases efficiency, as the size

of the raw micrograph is quite large, using a full-size picture is time-consuming.

In order to capture the location of filament, we need a metric to measure the
confidence of each region on micrographs. Here, we use TM_CCOEFF algorism to
measure the similarity between the template image and queried image (Equation 4).
R (x,y) is the similarity between the template image and inquiry image at
position(x,y). (x,y) are pixels coordinates in the template image. And (x’,y') are
pixels coordinates in inquiry image, w and h here are width and height of template

image.

RGoy) = ) (TG y) - I'x+2y +77)

I\, !

x'y

.,

y

TGy =T, Y) =1 weh)- ) TGy
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I'x+x,y+y)=Ix+x,y+y)— 1/(w-h)- z Ix+x",y+y")

.,

Xy

Equation 4. The formula of TM_CCOEFF algorism

Furthermore, a template with one single orientation is not enough to capture the full
feature of filaments. There may be many filaments in one image, and their orientation
varies. For some flexible filament, its orientation will change as it extends.
Consequently, we need multiple rotated templates to track different orientated
filaments. Considering the trade-off between efficiency and performance, we generate
36 rotated feature maps and aggregate all features through layer-wise Max-Pooling

operation (Figure 3.4.4).

Max pooling

v

Feature map of Full feature map

different orientation

Figure 3.4. 4, illustration of multiple channel feature map and pooling operation to capture

information from different orientations
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The whole picture of our non-template picking method workflow is shown below
(Figure 3.4.5). In summary, firstly, a filament image following Gaussian distribution is
used as a generalized template. To capture orientations of all filament existing in
images, rotation operation is applied on this template and generated. From there, we
obtain 36 rotated filaments and a 36-layer feature map. Max pooling operation is
applied on the 36-layer feature map to generate the final likelihood map. Based on the
likelihood map, we apply adaptive binary thresholding. We will use this filament trace

map in other filament fitting and coordinates generating steps.

Likelihood

Binary
map Thresholding

Filament
kernel

Figure 3.4. 5. The new workflow of filament contours identification, which relies on a filament

kernel that follows Gaussian distribution.

In order to retain relative spatial information of helical segments, we design a strategy
for filament fitting. For rigid and straight filament specimens, we only need to find its
start/terminal ends. Then the line between these two ends can represent this filament.

Filament ID and Euler angle between each helical segment can be generated through
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helical segment extraction. As for flexible filament, the Euler angle between each
helical segment may change as the orientation of filament changes. Therefore, we
need to use multiple lines to fit one flexible filament; we hope these fitting lines are as
long as possible and the number of lines is as few as possible with some constraints.

Finally, we will get multiple lines to represent the flexible filament.

With end-to-end coordinates, the helical segment can be extracted from the
representative line with customized interval distance. This distance is determined by
the helical rise and step size of the filament, which the user should input. The below
figure demonstrates the performance of our method (Figure 3.4.6). Our method shows
robust performance for both flexible samples and rigid samples, which achieve high

precision and recall ratio.

UMOD NLRP1

RAW

Picked
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Figure 3.4. 6, Auto-picking performance illustration of non-mask filament picking method, on

different samples.

However, the high contrast contamination problem is not solved entirely so far. Indeed,
we can set some feature-based rules to separate contaminations from real sample.
For example, when we get proposed contours from the likelihood map. We can filter
contours based on some features, which are predefined. For example, the
area/perimeter ratio is a good indicator for filament-contamination discrimination. We
can set a threshold to filter contamination-like contours. However, this strategy still
cannot remove contamination with other shapes. As contaminations across Cryo-EM
images are pretty similar. A deep learning based method is a good choice for

contamination labeling.

Pixel-level labeling usually refers to semantic segmentation, which is dominated by
fully convolutional networks (FCN). Compared with simple discrimination convolutional
networks, FCN replaces the fully-connected layer with the reverse convolution layer,
which serves up sampling function. U-net belongs to FCN and is a popular architecture

for biological images segmentation (Figure 3.4.7).
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Figure 3.4. 7, U-net a fully connected convolution network for biomedical image segmentation

tasks. Adopted from (Ronneberger, Fischer et al. 2015)

With this architecture, accurate contamination masking becomes possible. The
contaminations across different Cryo-EM grids share similar patterns. Consequently,
micrographs from different research groups can be used to train this network. As a
classification task, pixel-level labeling is very laborious and time-consuming. The good
news is that Micrographcleaner has finished data gathering, label marking, and
network training (Sanchez-Garcia, Segura et al. 2020). In addition, their pre-trained
network is ready to use or fine-tune with customized data. We ensemble this network
as an option preprocessing step in our method. This dust mask can be applied in many

steps of filament contours generation. Our experiment shows that applying the mask
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on the likelihood map achieves the best performance—demonstrated by the picking

performance show below.

Below, with-and-without comparing results, indicate the effect of the dust mask. Figure
3.4.8 below compares results with and without the effect of the dust mask. The hole
edge of Cryo-Grid is one of the most common artifacts. Without a dust mask,
contaminations make up 20% of the picked filament and influence downstream tasks
significantly. Ensemble with the dust mask, artifacts, and some ice contamination is

removed clearly.

Raw image Dust mask

Without dust mask With dust mask
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Figure 3.4. 8. Auto-picking performance illustration of method integrated with contamination

mask shows better performance than non-mask method.

Although, there are many exiting filament picking algorithms available. Manually
picked coordinate for training or template generation is necessary. Besides, these
methods are hyper-parameters sensitive. The picking results depend on fine-tuning of
hyper-parameters, which is unfriendly for users without relative prior knowledge.
Compared with existing methods, our methods show an out-of-box property. Our
method support reference-free mode, which does not rely on picked coordinates.
Furthermore, our method is nearly parameters-free. Excluding basic information: pixel
size and minimal filament length, our method does not require other compulsory
parameters, which is achieved through an adaptive mechanism. The default output
format of our method is Relion STAR. This makes sure that our picked coordinate is

ready to use immediately after picking.

Figure 3.4.9 shows comparing results between our method and existing methods. The
sample used for demonstration is UMOD filament, which is very flexible with diverse
side views. SPHIRE-cyYOLO is a deep learning based method, and Relion-Helical-
Autopicking is template based method. We can see these two methods can only detect
rigid and straight UMOD filament. Our method captures most of the sample regions,
including both rigid and flexible parts. In the lines fitting aspect, these two methods do
not represent the filaments well. Our method achieves higher precision and recall ratio

compared with the current method.
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Our Method SPHIRE-crYOLO Relion

Figure 3.4. 9. picking performance comparison between different picking methods, including

SHIRE-cyYOLO picking module and Relion helical picking module.

Finally, to evaluate the performance of our picking method, we feed the picked
particles into 2D and 3D classification (Figure 3.4.10). As for both rigid filament and
flexible filament. 2D classification generates clear and information-filled 2D averages,
which indicates good picking precision. We run helical 3D reconstruction with helical
symmetry and generates good 3D filament density. That means the helical information

is well preserved during picking.
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Figure 3.4. 10. performance demonstration for the downstream task, including 2D and 3D

NLRP1

tasks, using our method's particles.

3.4.3 Conclusion and Discussion

Croy-EM image processing is quite different from other image process tasks. Low SNR
(signal-to-noise ratio) and weak contrast limit the direct application of mature image
processing algorithms on Cryo-EM data. And among Cryo-EM images processing
pipeline, particle picking is the bottleneck step. Especially, filament picking is more
challenging than single particle picking. The filament auto-picking method should be
able to track filament orientation and retain the helical information. The existing
method is either hard-to-use or requiring a prior in. The big data era is coming, as the
dataset size is growing larger and larger. A user-friendly and powerful filament auto-

picking is necessary. Compared with the current method, our method shows better
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performance. Our method is easier to use and demonstrates higher accuracy and

recall ratio at the same time; furthermore, no prior picking or reference is necessary.

3.5 CARD-CARD interaction prediction and in silico screening for potential

filament nucleator

CARD domain protein is well studied in the past 20 years and recorded CARD-CARD
interaction, and mutagenesis assay data is enough to train an Al model, which helps
identify new CARD-CARD interaction pairs. Here, Known CARD-CARD interaction

data and mutagenesis data was used as training dataset in the experiment.

3.5.1 The pipeline of modeling CARD-CARD interaction

The pipeline includes Four parts: data preprocessing, feature engineering, modeling

training, and analysis.

Data used for training includes two parts, amino acids sequence of CARD domain
protein and interaction annotations. Specifically, annotation here includes CARD-
CARD interactions reported in previous research and loss-of-function mutations data.
We can construct CARD-CARD interaction pairs with these data, and these pairs will

be used for feature engineering.
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The main idea in the feature extraction step is counting the frequency of specific
residue patterns. Firstly, 20 amino acids were clustered into nine classes based on
their physical properties to capture these patterns (Table 3.5.1). Then a window of
three residues slides through the whole amino acid sequence, and the three-reside
pattern is counted. Finally, the counting result is then transferred into the frequency.
This feature engineering relies on the fact that nearly all CARD domains share a typical
architecture: containing six alpha helixes. Because of this property, the exposing
interface is quite similar, and key resides patterns will determine CARD-CARD

interaction.

Table 3.5. 1. Amino acid category encoding

Amino Acid Category

R, K 1

H 2

AV 3

F, W,Y 4
LM 5
G,P 6

N, Q 7
C,S T 8

D, E 9

Random forest (RF) is one of the most influential classic machine learning, achieving
good representative learning and generalization ability. Prepared features are fed into
the RF model to fit the patterns. Regulation of hyper-parameters optimization is

performed through grid search strategy, which prevents the model from overfitting.
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The validation result is also generated during hyper-parameters searching. With 5-fold
cross-validation and grid search, the ROC figure shows as above. Sensitivity is also
called true positive rate, and 1- Specificity is called false positive rate. ROC figure
demonstrates the value change of TPR and FPR under different thresholds. The large
the area under the curve, the better the classifier performance. Our curve completely
covers the red line, representing a random model generating positive and negative
with both 50% probability. This result demonstrates that the hyper-parameters used to
train the model will not result in overfitting (Figure 3.5.1). Due to limited data points,
this curve is not smooth enough. Although this model does not achieve very high AUC

value, as a proposal model, it is able to give insight on potential CARD-CARD pair.

Area Under Curve
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0.8 1 ’
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Figure 3.5. 1. Performance demonstration through AUC metric.

3.5.2 Analysis for the prediction results

The output of this CARD-CARD interaction prediction algorithm represents the
probability of interaction happens. Exclude from the training set; a test set comprised
of 38 proteins was used in this prediction. We get a matrix of interaction probability of
1369 CARD-CARD interaction pairs. Probability between these CARD-CARD
interaction pairs constitutes a network of CARD-CARD affinity. This information in the
network can be used to analyze the distance between different CARD containing
proteins. With a hierarchical clustering map, the hierarchical tree illustrates the
distance between different CARD containing proteins. A protein cluster with a similar
property was observed. Notably, one cluster contains NLRP1, CASPASE2, MDAS5,
RIG-I, second CARD, RIP2. All of them are reported to form filament oligomers in
previous studies. CARD8, CARD9, CARD10, CARD11, NLRC4, RIG-I first CARD
were classified into one cluster. In this cluster, NLRC4, RIG-I, and CARD9 were
reported to form filament. Besides, CARD10 and CARD11 are reported to participate
in others protein filament assemblies (Holliday, Witt et al. 2018, Schlauderer,
Seeholzer et al. 2018, Chiriaco, Di Matteo et al. 2019). In a previous study, CARDS8
are known to inhibit NLRP3 signaling oligomer assembly. However, the mechanism is
not precise. Besides, as the figures demonstrate, CARD8-CARDS interaction was
predicted as positive, which means it tends to form oligomers through self-assembly.

(Figure 3.5.2)
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Figure 3.5. 2. Hierarchical tree clustering for CARD-CARD interaction pairs based on the

predicted results

To validate this prediction result. The CARD8-SNAP fusion protein was constructed.

Filamentous sample preparation is similar to that of NLRP1, which is accomplished

through boosting protein concentration. With negative staining and T12 electron

microscope, CARD8-CARD filament oligomer was observed (Figure 3.5.3). This work
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guides us to consider CARDS for the oligomerization study. We talk in more detail

about this filament in Chapter 3.2 part.

——— 100 nm

Figure 3.5. 3. Imaging of CARD8-SNAP under negative staining microscopy,

3.5.3 Conclusion and Discussion

Compared with general protein-protein interactions, CARD-CARD interaction is
recalcitrant to be predicted. For general protein-protein interaction prediction task, PPI
dataset is used to train, which is giant dataset covers various type of protein-protein
interaction. However, training with this dataset does not work appropriately on CARD-
CARD interaction because of the sequence similarity of CARDs. Consequently, the
training set and model should be carefully selected. For the limited number of known
CARD-CARD interactions, mutagenesis data should also be added to the training set.
Classifiers should be able to identify tiny feature changes caused by single mutation.
Based on this property, we develop a new feature extraction method and choose
Random Forest as the classifier. Random Forest is a powerful and classic machine

learning model; it is sensitive enough to identify slight differences in features and owns
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many parameters that can be adjusted to avoid overfitting. With cross-validation, the
result shows that for CARD-CARD interaction prediction, and the accuracy reaches
high accuracy around 85% with our model. Random Forest model with best-optimized
hyper-parameters was used in the following experiment, optimized through
parameters grid searching and cross-validation. The model output the probability; if

interaction will happen between two CARD domain containing protein.

Based on the probability matrix of CARDs pair, we get the hierarchical tree of CARD-
CARD interaction, which show a cluster of protein with similar property. Based on
positive marker protein RIG-I, CARD9, and NLRC4. We identify the protein cluster,
members of which trends to form filament oligomers. Here CARDS is also a member
of this cluster. The previous study only shows that CARDS is involved in caspasel
activation without a precise mechanism. However, our computation method shows that
it trends to form signaling oligomers in the innate immune signaling pathway. Our EM
study validates this hypothesis. We purified this protein and observed a filament
complex under negative stain EM. This pipeline shows its potential to discover
possible interaction in other protein interaction systems where protein secondary

structures are high conserved and interaction mechanism is complicated.
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Chapter 4. Conclusion and Future directions

4.1 Conclusions

Protein filament is a special kind of sizeable molecular complex, which plays diverse
roles in biological activity. 3D structure of native filaments provides insight into drug
discovery or therapy development. Our protein filament preparing protocol, Cryo-EM
helical reconstruction pipeline, and new filament auto-picking algorism accelerate
filament structure determination significantly. Here, | demonstrate filament electron
density maps of NLRC4-, NLRP1- and CARD8-CARD, which are obtained with these
methods. The high-resolution structure reveals detail of filament oligomer assembly
mechanism and demonstrates essential residues contact between interfaces. Notably,
Cryo-EM image processing efficiency increased with our fully automatically filament

picking software, which is less time-consuming and more user-friendly.

In addition, CARD-CARD interaction is the basis for CARD-base filament assembly.
Consequently, the identification of unknown CARD-CARD interaction is also of vital
importance. Experimental assay with exclusive grid search for CARD-CARD
interaction is not possible, due to limited resources and labor, highlighting the
importance of CARD cross-talk prediction in silico. Based on the property of CARD-
CARD interface, protein interaction prediction algorithm specific for CARD-containing
protein was developed, which accurately predicts interactions and protein clusters with
similar interaction pattern. Our prediction algorithms rank the CARD-CARD interaction
pairs by happening probability, which can then guide unknown signaling pathway
discovery. With this pipeline, we successfully identified CARD8, which shows a similar
interaction pattern with NLRP1 and NLRC4 in hierarchical clusters. Furthermore, this
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method can be applied to other protein families, whose members share similar

interaction patterns.

These high-resolution filament structures explain many relevant biochemistry
mechanisms and reveal Novo protein structure conformations. In the innate immunity
system, especially PRRs, signaling filament aggregation is the bottleneck step for
completing inflammasome formation and signaling transduction. NAIP/NLRC4 is one
of the canonical signaling pathways, and NLRC4 inflammasome is well studied
previously. Here, our NLRC4 CARD filament serves as the last piece of the puzzle. It
explains the assembly mechanism of NLRC4 CARD and how NLRC4 recruits ASC
and Caspase-1, which is meaningful for inhibitor or agonist discovery in NLRC4 related
disease therapy. Compared with NLRC4, NLRP1 and CARDS8 are exceptional cases
in NOD-like receptors. The functional domain, which is involved in filament formation,
usually locates at N-terminal. However, the functional CARD domain exists at the C-
terminal of NLRP1 and CARDS8. From structure analysis of our NLRP1 and CARD8
filament model, NLRP1 and CARDS8 are similar in the sequence alignment and share
similar helical rise and rotation angle when forming filament. The interface analysis
demonstrates that NLRP1 and CARDS filament assemble relies on Type-I interaction,
compared with MAVS and RIP2 filament. These findings improve our understanding

of the assembly mechanism for NLRs members.

For another critical filamentous protein UMOD, its high-resolution structure reveals a

unique inter-domain linker, explaining why UMOD is so resistant to proteolysis, and

other denaturing chemical factors. Besides, as the first solved native filament of the
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ZP domain family, it provides a model to describe the egg coat matrix, which is vital

for sperm detection and fertilization.

Supramolecular complex usually works as an organizer for signal transduction. In
order to achieve flexibility and efficiency in signal transduction, signal receiving
function and activation function should be assigned to different domains in a single
molecular. For example, in NLRs, CARD/PYD and NATCH/LRR work as activators
and sensors, respectively. This architecture ensures that the inflammasome is able to
respond to diverse antigens and mediate pyroptosis signals dynamically. This fact
suggests that to handle complex signaling networks, other supramolecular signaling

organizers may also own this function separation architecture.

4.2 Future work - Representative learning for protein amino acid sequence and

3D structure

Amino acid sequence of a protein determines its property and functions. Although
calculating the property from amino acid sequence with the first principal method is
theoretically possible, current computation resource does not meet the requirements.
Therefore, many approximation methods are developed. These traditional methods
rely on domain knowledge and manual feature engineering. This paradigm
demonstrates some good results but cannot achieve the most expressive feature

learning.

Deep learning is growing fast in the past decade, and it plays more and more critical

roles in diverse domains. For sequence data processing, it also defines a new
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paradigm, including RNN (Recurrent neural network) and self-attention mechanism.
These methods achieve sort-of-art performance on NLP (natural language processing).
For protein, if we only consider its amino acid sequence, we may find the intrinsic
similarity between protein and natural language. Consequently, successful language
models like the self-attention mechanism and BERT are able to model protein
sequence as well. The revolution already happens in the protein modeling area.
Recently, publication dedicates that these deep learning based methods achieve
better performance than traditional methods on many tasks, including protein-protein
interaction, protein-ligand interaction, and critical contact site prediction. It even solves
one of the biggest challenges in biology, protein folding prediction. Alphafold2
achieves high precision protein 3D structure prediction from amino acid sequence only

data. This accelerates protein-related research dramatically.

However, protein is more than amino acid sequence. Protein 3D structure contains
more abundant information than plain amino acid sequence. A deep learning method,
which embeds protein 3D structure, is missing. Graph neuron network, which is
designed for non-Euclidean data, is suitable to take protein 3D structure as input.
Designing a protein 3D structure embedding method should achieve better expressive

learning and predict the dynamic and function of protein.
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