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Abstract

E3 ligases perform the final step of an enzyme cascade reaction where
ubiquitin, or ubiquitin-like molecules, are covalently attached to
substrates. Understanding the structural basis of how these E3 ligase
complexes assemble and modify substrates is key to ongoing efforts to
study their roles in biology.

The immune signalling protein MyD88 is ubiquitylated by the E3 ligase
SPOP as a mode of negatively regulating immune signalling. Here | show
that MyD88 binds to SPOP using an unusual extended binding motif and
a 2.0 A X-ray crystal structure of SPOP bound to a MyD88 peptide
reveals the molecular basis of this interaction. | also present low-
resolution cryo-electron microscopy (cryo-EM) data of the SPOP
oligomer and the high-order oligomeric SPOP-MyD88 complex,
potentially revealing a new conformation of oligomeric E3 ligase-

substrate complexes.

The UFL1 E3 ligase complex catalyses the transfer of the ubiquitin-like
molecule UFM1 and UFMylates ribosomes. | present the cryo-EM
structure of the UFL1 E3 ligase complex bound to the 60S ribosome,
which shows how this three-subunit ligase complex is poised to transfer
UFM1 onto the 60S protein RPL26. The ligase obstructs the tRNA
binding sites at one end and SEC61/peptide exit tunnel at the other end.
Additionally, a long UFL1 loop extends into the peptidyl transferase
centre (PTC), acting as a potential sensor of PTC occupancy status. The
intricate interactions between the ligase complex and multiple ribosomal
proteins provide a rationale for UFM1 modifications in regulating
ribosome quality control. Collectively, these results provide a long-
awaited structural mechanism for UFM1 transfer and lay the groundwork
for investigating the mechanism of action and biological relevance of
ribosome UFMylation.
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Chapter 1 - Introduction

1.1 - Ubiquitin

In 1974, an 8.6 kilo-Dalton (kDa) polypeptide was discovered that
induced the differentiation of thymus-derived (T) cells and bone marrow-
derived (B) cells M. This polypeptide, called ubiquitin, was found to be
well conserved in eukaryotes, and was ubiquitously expressed in all cells.
Ubiquitin was later shown to be covalently-linked to histone 2A, where
the ubiquitin C-terminal glycine-76 was isopeptide-linked to a lysine side
chain e-amino group of the target protein, a process called ubiquitylation
2. The ubiquitin protein is 76 amino acids long, with a B-grasp fold and a
flexible C-terminal tail @I (Fig. 1.1). Ubiquitin itself contains seven lysine
(K) residues (K-6, K-11, K-27, K-29, K-33, K-48, K-63) which can also be
ubiquitylated (Fig. 1.1).

K-6
K-48 .

s,
C-term »«

Figure 1.1 — Ubiquitin has a B-grasp fold



Structure of ubiquitin (PDB ID 1UBQ) ! highlighting the seven lysine residues
(K) that can be ubiquitylated to form poly-ubiquitin chains. N-terminus (N-term)
and C-terminus (C-term) of ubiquitin are shown with black arrows.

1.2 - Ubiquitylation

Ubiquitylation of target proteins signals many cellular events, including
gene transcription, proteasomal degradation and DNA damage repair 1,
There is a vast network of proteins and protein complexes which can
add, read, and remove ubiquitin from target proteins. The ubiquitylation
cascade is a multistep process involving several enzymes. These are:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and
ubiquitin ligase (E3), with approximately 9 E1 enzymes, 40 E2 enzymes
and over 600 E3 enzymes across ubiquitin, or ubiquitin-like enzymes, in

humans [5: 6!,

In the ubiquitin enzyme cascade, ubiquitin is first activated by an E1
activating enzyme in an ATP-dependent reaction, resulting in its C-
terminal G-76 adenylation ["l. This ubiquitin-adenylate intermediate is
then attacked by the E1 enzyme active site cysteine, converting the
ubiquitin C-terminal G-76 to a high-energy thiol ester intermediate [ 8l
(Fig. 1.2). Next, ubiquitin is transferred from the E1 to the active site
cysteine of an E2 conjugating enzyme via a trans-thiolation reaction,
forming a ubiquitin-E2 conjugate ©! (Fig. 1.2). This ubiquitin-E2 conjugate
is then recruited to an E3 ligase enzyme, which facilitates the transfer of
ubiquitin from the catalytic cysteine of the E2 to a target protein ©! (Fig.
1.2). Ubiquitin E2s contain a highly conserved catalytic histidine-proline-
asparagine (HPN) motif adjacent to the catalytic cysteine which aids in
ubiquitylation [0,
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Figure 1.2 — Schematic showing the steps of the ubiquitylation enzyme
cascade

E1 is ubiquitin-activating enzyme, E2 is ubiquitin-conjugating enzyme and E3
is ubiquitin ligase. DUB is deubiquitylase. Ubiquitin (Ub) binds to E1 and is
activated. Ub is transferred from the E1 to the active site of E2. The Ub-E2
conjugate is recruited to substrate bound-E3. Ub is then isopeptide-linked to the
substrate. The substrate is then targeted for downstream processes, such as
protein degradation. DUB inhibits the ubiquitylation signal by removing Ub from
substrate. Ub is then free to be attached to another substrate. Schematic
created with BioRender.com.

E3 ligase complexes are able to catalyse multiple additions of ubiquitin
onto substrates. Ubiquitin itself can be ubiquitylated on its lysine residues
(K-6, K-11, K-27, K-29, K-33, K-48, K-63), or on its N-terminal methionine
to create poly-ubiquitin chains with diverse topologies and length.
Additionally, ubiquitin can also be acetylated on its lysine residues, or
phosphorylated (T-12, S-57 and S-65), which can serve as either an
inhibitor of ubiquitylation or as part of ubiquitin signalling, such as
phospho-serine-65-ubiquitin which target mitochondrial proteins for



autophagosomal degradation (mitophagy) '"-"51. These poly-ubiquitin
chains can be formed of a single type of linkage or of several different
types of linkages (branched chains). This creates diverse poly-ubiquitin
chains, called the ubiquitin code, providing a variety of intracellular
signals. These signals target proteins for degradation by the 26S
proteasome, or can serve as non-degradative signals, such as regulating
protein-protein interactions, determining sub-cellular localisation,

receptor signalling and cell differentiation (reviewed in [6)),

The most prevalent poly-ubiquitin linkage is K-48, which usually signals
for target proteins to be degraded by the 26S proteasome ['7l. Another
common poly-ubiquitin chain linkage is K-63, which is typically a non-
degradative signal although it can signal target substrates for
degradation via the lysosomal pathway. K-63 chains are also involved in
cellular signalling events, such as immune signalling and the DNA
damage response ['8. M-1-linked poly-ubiquitin chains have been
implicated as a mode of regulating the NF-«xB signalling pathway [19-21],
The roles of K-6 and K-33 ubiquitylation are less clear, with these
ubiquitin linkages implicated in regulating various proteins involved in the
DNA damage response 221, Lastly, K-11 poly-ubiquitin chain are involved
in cell cycle regulation 23 and K-27 linked chains are involved in

mitophagy regulation 24251,

Differing chain linkages and chain lengths are recognised by specific
reader proteins. These recognise the structural arrangements of the
ubiquitin linkage types through single or multiple ubiquitin binding
domains (UBD). The UBDs bind to a hydrophobic patch on ubiquitin (L-
8, I-44, H-68, V-70), “reading” the poly-ubiquitin signal to enact specific

downstream ubiquitin cellular signalling 1281,

Conversely, these diverse ubiquitin modifications can also be removed
from a substrate, terminating ubiquitin signalling. There are around 100
deubiquitylases (DUBs) in humans. DUBs are proteases that are able to



cleave the isopeptide link of ubiquitin from target proteins, disrupting
ubiquitination signalling and freeing ubiquitin back to the ubiquitin pool
[27.28] There are seven families of DUBs which act as papain-like cysteine
proteases (USP, OTU, UHC, Josephin, MINDY, ZUP1) or zinc-
dependent metallo-proteases (JAMM) 2°1. Some of these DUBs have lost
their catalytic activity and are classed as pseudo-DUBs [BY. These
pseudo-DUBs still have roles in regulating the ubiquitin system where

they can act as scaffolding proteins with other catalytically active DUBs
[31]

1.3 - Ubiquitin E3 ligases

There are over 600 ubiquitin E3 ligases in Homo sapiens (Hs), which
enable the ubiquitylation of a diverse range of substrates. E3 ligases
belong to four main classes, with different ubiquitylation mechanisms.

1.3.1 - Homologous to the E6AP carboxyl terminus (HECT) E3

ligases

There are approximately 30 HECT family E3 ligases, which are
characterised by the presence of a HECT domain at their C-terminus,
with variable substrate binding domains at their N-terminus 32 33, The
HECT domains consist of an N-terminal lobe that recruits the E2 enzyme
and a flexible C-terminal lobe which contains a catalytic cysteine 132 34,
HECT ligase-mediated ubiquitylation begins with the E2-ubiquitin
conjugate binding to the N-terminal lobe (Fig. 1.3). Ubiquitin is then
transferred to the HECT domain active site cysteine by trans-thiolation,
resulting in a HECT ligase-ubiquitin thioester (Fig. 1.3) 33 3%, The HECT
ligase then catalyses the transfer of ubiquitin onto the target protein (Fig.
1.3) B4, The poly-ubiquitin chain linkage type is determined by the C-
terminal tail of HECT E3 ligases 3¢,
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Figure 1.3 — Schematic of E3 ubiquitin ligase ubiquitylation mechanisms
Overview of the ubiquitin (Ub) transfer mechanism for different classes of Ub
E3 ligases. The E2 conjugating enzyme binds to specific domains of E3 ligases.
The E3 ligase then acts as a scaffold for the direct transfer of Ub from the E2
to the target substrate (RING and U-box E3 ligases). Alternatively, Ub is
transferred to the E3 ligase active site cysteine, forming a Ub-E3 intermediate,
before transfer of Ub to the target substrate (HECT and RBR E3 ligases).
Created with BioRender.com.
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1.3.2 - Really interesting new gene (RING) E3 ligases

The largest family of ligases are the RING ligases, which recruit E2-
ubiquitin conjugates via their RING finger domain. RING domains contain
a short a-helix and multiple zinc-binding residues, such as histidine and
cysteine, which form cross-braced zinc finger motifs to coordinate zinc

atoms B7l. These RING zinc fingers enable binding to E2 enzymes 81,

Unlike the HECT class of ligase enzymes, the RING ligases do not form
a ligase-ubiquitin intermediate, instead facilitating ubiquitylation through
a scaffold-type mechanism. The ubiquitin-E2 conjugate binds to the
ligase RING domain (Fig. 1.3). The ligase recruits the substrate and
ubiquitin is then transferred onto the substrate directly from the E2

enzyme (Fig. 1.3).



1.3.3 — Cullin-RING E3 ligases

The largest sub-group of RING ligases are the multi-subunit Cullin-RING
ligases. This family of ligases contains a Cullin ligase (Cullin-1, Cullin-2,
Cullin-3, Cullin-4a, Cullin-4b, Cullin-5, Cullin-7), which acts as a scaffold
to recruit multiple proteins to form a functional E3 ligase complex (Fig.
1.4) 3. The second component of the Cullin-RING ligase complexes are
adaptor proteins which help to recruit substrate to the ligase complex.
These adaptors bind to Cullin repeat domains at the N-terminus of the
Cullin ligases (Fig. 1.4) 0. The final component of the Cullin-RING
ligases are RING domain containing proteins, such as Rbx1, which bind
to the C-terminus of Cullins (Fig. 1.4) 9, These RING proteins help to
recruit charged E2 enzyme to the Cullin-RING ligase complex. The
modification of the Cullin-RING ligase complex by the ubiquitin-like
molecule, NEDDS8, has been shown to activate its ubiquitylation activity
by inducing a conformation change of the RING protein in relation to the

Cullin C-terminus that favours ubiquitin transfer [41-431,
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Figure 1.4 — Structure of a Cullin-1-RING ligase complex

Cullin-1 is the E3 ligase and contains three Cullin repeat (CR) domains and a
C-terminal domain (CTD). The Skp1-F-box®*? complex binds to the N-terminus
of Cullin-1 and acts as a substrate adaptor. Rbx1 binds to the CTD of Cullin-1
and recruits charged E2 enzyme to the complex. PDB ID 1LDK ¥,



1.3.4 - U-box E3 ligases

The U-box E3 ligases are a smaller family of ligases structurally similar
to the RING E3 ligases “4. However, they possess a U-box domain
instead of a RING domain, which is not capable of metal-chelation.
Similar to the RING ligases, U-box ligases assist in the direct transfer of

ubiquitin from the E2 enzyme “% (Fig. 1.3).

1.3.5 - RING-between-RING (RBR) E3 ligases

The RBR ligases are characterised by the presence of a RING domain
followed by an in-between-RING (IBR) domain, then a second RING
domain. Unlike RING ligases, the second RING domain of RBR ligases
has catalytic activity. The RBR ligases can be considered as a hybrid
between RING and HECT ligases. They contain RING domains but use
a ubiquitylation method similar to HECT ligases. First, the ubiquitin-E2
conjugate is recruited to a RING domain (RING1) of the RBR ligase (Fig.
1.3). Then, ubiquitin is transferred from the E2 to an active site cysteine
on a second RING domain (RING2), aided by the IBR domain 4647 (Fig.

1.3). Ubiquitin is then transferred from the E3 ligase to the substrate [“&
49]

The diverse ubiquitylation mechanisms and unique structures and
complex assemblies of the E3 ligases determine the poly-ubiquitin
linkage specificity on the substrate. The poly-ubiquitin linkage specificity
of RING and U-box E3 ligases is determined by selection of the E2, as
they directly transfer ubiquitin to the substrate 5% %', Conversely, HECT
and RBR ligases determine the poly-ubiquitin linkage specificity by using
different sub-families of the ligase class, although the exact mechanisms

remain poorly understood 4 52,

Many E3 ligases use an adaptor protein for the recruitment of target
proteins for ubiquitylation. These adaptors contain an E3 ligase-binding
domain and a substrate-binding domain. In the case of the Cullin-3-RING



ligases, these adaptors recognise Cullin-3 using a Broad complex,
Tramtrack, and Bric-a-brac domain (BTB) domain 31,

1.4 - Speckle-type POZ protein (SPOP)
The 42 kDa speckle-type POZ protein (SPOP) was first identified from

the serum of a scleroderma patient 4, SPOP is an E3 ubiquitin ligase
adaptor, which binds to Cullin-3-Rbx1 E3 ligase complex and recruits

substrates for ubiquitylation % (Fig. 1.5).
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Figure 1.5 — SPOP-Cullin-3-Rbx1 ligase complex architecture

Ub is ubiquitin. Cullin-3 binds to the BTB-domain containing substrate adaptor,
SPOP, via its N-terminal Cullin repeat domain. The substrate adaptor recruits
substrate to the ligase complex via its substrate binding domain. At the opposite
end of Cullin-3, RING domain-containing Rbx1 recruits Ub-E2 conjugate to the
ligase complex. The ligase complex is NEDDylated which activates its ligase
activity. The active Cullin-3-Rbx1 E3 complex facilitates the direct transfer of
Ub from the E2 onto target substrate.

1.4.1 - SPOP in cancer
SPORP is frequently downregulated or mutated in several cancers such
as prostate and endometrial cancer, and is overexpressed in clear cell

renal cell carcinoma 6., The most prevalent SPOP cancer-associated
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mutations are found in the substrate binding cleft of the MATH domain
(F-133, F-102, W-131, K-129, Y-87), preventing substrate binding and
ubiquitylation, ultimately leading to the stabilisation of substrate and

dysregulation of their various pathways (Fig. 1.6 a, b) [57: 58],

SPOP is mutated in between 4.4-28.6% of prostate cancer cases, as well
as being downregulated in between 25.2-93.5% of cases, leading to
dysregulation of its target substrates and resulting in tumorigenic effects
(561, One of the most well-studied SPOP-prostate cancer pathways is that
of the steroid receptor coactivator-3 (SRC-3)/androgen receptor (AR)
pathway 5% 6% _|n response to low androgen levels, such as the hormone
testosterone, SRC-3 associates with AR leading to a signalling cascade
through the mitogen-activated protein kinase (MAPK) pathway, which
regulates gene expression of cell growth and proliferation factors. When
SPOP is mutated, it is unable to ubiquitylate SRC-3 and AR resulting in
their stabilisation, which in turn leads to increased cell growth and

survival signalling, further promoting tumorigenesis.

1.4.6 - SPOP substrates

SPOP regulates proteins involved in a variety of biological processes,
particularly in genomic maintenance (transcription regulation, chromatin
remodelling and DNA damage repair) as well as in various intracellular
signalling pathways (immune and stress signalling) (Table 1.1). The
large repertoire of substrates prompt SPOP to have both a nuclear and
a cytoplasmic localisation, depending on the substrate. Additionally,
some substrates have been shown to undergo liquid-liquid phase
separation with SPOP, which has been suggested to help enhance
ubiquitylation of substrates by increasing the local concentration of ligase
and substrate ©11,



Protein

MyD88_1
MyD88_2
Pdx1

Puc
CL1

Cl_2
GEMININ
TP53BP1

BRD3
MacroH2A
1

DAXX 2
DAXX_3
DAXX 4
DAXX_5
GLI2_1

GLI2_2 (?)
GLI2_3 (?)
GLI2_4 (?)
GLI3_1
GLI3_2
GLI3_3
DEK
BRD4
NCOA3

DDIT3

ERG
SENP7

SETD2
CDC20
SIRT2 (?)

EGLN2_1
EGLN2_2
C-MYC_1
C-MYC_2
INF2
HDACG6
AR

ERa
HIPK2_1

11

Function or role
Immune signalling

Regulation of insulin gene
transcription

JNK pathway phosphatase
Transcriptional  activator
and repressor of the
hedgehog pathway

DNA replication inhibitor
Double-strand DNA break
repair protein

Transcription regulation
Transcription regulation

Transcription regulation

Transcription regulation in
hedgehog pathway

Chromatin organisation
Transcription regulation
Nuclear receptor binding
and translation regulation
Transcription factor in ER
stress response
Transcription regulation
Protease in cGAS-STING
pathway

Histone methyltransferase
Cell division regulator
NAD-dependent  protein
deacetylase

Prolyl hydroxylase

Transcription factor

Actin polymerization
Histone deacetylase
Androgen receptor
Nuclear hormone receptor
Serine/threonine-protein
kinase involved in
transcription regulation

SBC
sequence
VSSTS
VDSSV
VTSGE

VTSTT
PSSTS

VSSST
VSSST
ASSSS

ADTTT
ADSTT

ISSSR
VSSTS
ADSST
VTSSL
VSSGT

VSSTV
ASSTS
VSSTV
VTSTV
ASSTT
PSTSS
ADSST
ADTTT
VSSTG

VTSTS

VTSSS
LSSSS

ISSNS
GKSSS
ISTSA

GSSSE
ATSTT
VCSTS
PTTSS
ADSTS
PSSSK
ASSTT
GSTSS
ASSTS

UniProt
ID
Q99836
P52945

046122
P19538

075496
Q12888

Q15059
075367

Q9UERY7

P10070

P10071

P35659
060885
Q9Y6Q9

P35638

P11308
Q9BQF6

Q9BYW2
Q12834
Q8IXJ6

Q96KS0
P01106

Q27481
Q9UBNY7
P10275
P03372
Q9H2X6

Ref.

[62]
[62]
[63]

[59]
[64]

[64]
[65]
[66]

[67]
[55]

[61]
[59]
[59]
[61]
[68]

[68]
[68]
[68]
[69]
[69]
[69]
[70]
[71]
[59]

[72]

[73]
[74]

[75]
[76]
[77]

[78]
[78]
[79]
[79]
[80]
[81]
[82]
[83]
[84]
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HIPK2_2 “ ASSTT “ [84]
BRD2 Chromatin binding ADTTT P25440  [71]
NANOG Transcription regulator in PDSST Q9HOS0  [85]
embryonic stem cells
ATF2_1 Transcription activator PTSST P15336 @ [86]
ATF2_2 “ ATSTT “ [86]
FASN_1 Biosynthesis of long-chain ACSSS = AOAOU1  [87]
saturated fatty acids RQFO
FASN_2 “ LDSTS “ [87]
CAPRIN1 Regulator of mRNA = VSSTS Q14444  [88]
transport, translation and

stability
CDCAS Regulator of sister ~AESSS Q96FF9 | [89]
chromatid cohesion in
mitosis
PDPK1 Serine/threonine  master  VSSSS 015530 [90]
kinase
DHX9 Nucleic acid helicase PWTSS Q08211  [91]
BRMS1 Transcriptional repressor GSSRS  Q9HCU9 [92]
FLI-1 Transcriptional activator VTSSS Q01543  [93]

Table 1.1 — List of known SPOP substrates

SBC is SPOP binding consensus sequence. Proteins with more than one SBC
are numbered (i.e., _1) Proteins with a (?) are known SPOP binders but with an
unknown SBC sequence. A predicted SBC based on sequence similarity is
suggested. Ref. is reference.

In the SPOP-Cullin-3 ligase complex, Rbx1 has been shown to recruit E2
enzymes capable of forming K-48 ubiquitin linkages. In addition, SPOP
was shown to ubiquitylate PrLZ using K-48 linkages and HIPK2 and INF2
using K-27, K-29, K-33, K48 and K-63 linkages, with the non-K48
linkages likely occurring due to the formation of mixed-linkage chains
formed by other ligases (80 84. 941,

1.4.2 - Domain architecture of SPOP

SPOP contains an N-terminal Meprin and TRAF homology (MATH)
domain (residues 28-166), a central BTB dimerisation domain (residues
177-296), a C-terminal domain (CTD) dimerisation domain (residues
298-359) and a nuclear localisation sequence (residues 365-374) 5% 84,
%l (Fig. 1.6 a, b).
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SPOP MATH BTB 3CTDg N
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B-7 cleft

Figure 1.6 — SPOP protein domains and AlphaFold predicted structure of
SPOP

a Domain organisation of SPOP protein. MATH is Meprin and TRAF homology
domain. BTB is Broad complex, Tramtrack, and Bric-a-brac domain. CTD is C-
terminal domain. N is nuclear localisation signal.

b AlphaFold ¥ structure prediction model of SPOP, with protein domains
highlighted as in a. NLS is nuclear localisation signal. The MATH domain
substrate binding cleft is indicated with a black arrow.

1.4.3 - MATH domain

The MATH domain is a substrate recruiting domain that binds to serine
and threonine-rich sequences on substrates %, SPOP substrates
contain a five-residue SPOP binding consensus (SBC) motif composed
of @-11-S-S/T-S/T (¢ is a nonpolar residue; 1 is a polar residue) %1, These
SBCs are typically found in intrinsically disordered regions of the
substrate, with substrates typically containing multiple low affinity
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degrons within their sequence for multi-valent binding to multiple SPOP
MATH domains 91,

The Drosophila melanogaster phosphatase Puckered (Puc) is a
regulator of the JNK signalling pathway and is a substrate of SPOP 971,
To date, Puc has the highest known affinity of binding to SPOP %1, The
binding affinity of a Puc SBC peptide (**LACDEVTSTTSSSTA'?) to the
MATH domain of SPOP was measured with a Ky of 3.70 £ 0.03 uM,
whereas the majority of SBCs have affinities in the mid to high uM range
351 A crystal structure of a Puc peptide bound to the SPOP MATH
domain revealed Puc’s SBC (®8VTSTT'%?) bound to a central cleft of the
MATH domain, proximal to -7 (Fig. 1.6 b, Fig. 1.7). This hydrophobic
cleft contains several critical residues for substrate binding (Y-87, F-102,
Y-123, W-131, and F-133) (Fig. 1.7). Additionally, SPOP residues K-129
and E-130 hydrogen bond with the well conserved serine at position 3 of
the SBC of the substrate (Fig. 1.7). These SPOP residues are frequently
mutated in cancer, preventing substrate binding, leading to accumulation

of substrate and dysregulation of critical intracellular processes.

Figure 1.7 — Puckered (Puc) peptide bound to the SPOP MATH domain
Left shows an overview of Puc peptide (PDB ID 3HQL) ¥ bound near beta-
strand 7 of SPOP MATH. Right shows a zoomed in view of the interactions
between the Puc SPOP binding consensus (SBC) sequence and SPOP MATH.
Key SPOP residues involved in substrate binding are shown in purple.
Hydrogen bonds are shown as black dashed lines.
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Another SPOP substrate, Pancreatic duodenal homeobox 1 (Pdx1), is a
transcription factor that regulates insulin gene expression and B-cell
survival %8, The mode of Pdx1 binding to SPOP is unusual in comparison
to other SPOP-substrate structures, as additional residues other than the
SBC are also involved in SPOP binding (Fig. 1.8) 9.

Figure 1.8 - Pancreatic duodenal homeobox 1 (Pdx1) peptide bound to the
SPOP MATH domain

Top shows an overview of a Pdx1 peptide (PDB ID 6F8F) ! bound near beta-
strand 7 of the SPOP MATH domain. Bottom left shows a zoomed in view of
the interactions between the Pdx1 SPOP binding consensus (SBC) sequence
and SPOP MATH. Key SPOP residues involved in substrate binding are shown
in purple. Hydrogen bonds are shown as black dashed lines. Bottom right
shows the extended binding region of the Pdx1 peptide.



1.4.4 - BTB domain

The BTB domains from two SPOP monomers come together to form
homodimers via a hydrophobic interface formed of BTB a-helices 1, 2
and 5 (Fig. 1.9) B%. In addition, the BTB domain also mediates the
interaction with the Cullin-3 N-terminal Cullin repeat domain via BTB a-
helices 3 and 4 and B-strand 5 [®%. Mutations at the dimerisation interface
(L186D, L190D, L193D and 1217K) prevented dimer formation but did not
reduce the binding affinity to Cullin-3 %, Despite maintaining a WT-level
binding affinity to Cullin-3, the monomeric SPOP showed reduced
ubiquitylation efficiency, suggesting that a higher-order assembly of the

SPOP-Cullin-3 complex is needed for efficient ubiquitylation ©°1,

Figure 1.9 — Structure of the SPOP BTB domain dimer
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a Structure of the SPOP BTB dimer (PDB ID 3HTM) %! highlighting a-helices
1, 2 and 5 which are involved in dimerisation. Top left is a cartoon
representation and bottom right is a surface representation of the same view.
Dashed line boxes show locations of zoomed in views shown in b and c.

b Zoomed-in view of a showing hydrogen bonding residues of the BTB dimer.
Hydrogen bond represented as black dashed line.

¢ Zoomed-in view of a showing hydrophobic residues of the BTB dimer.
Residues for one SPOP BTB molecule are labelled but the same residues are
also involved in dimer formation in the second SPOP BTB molecule.

1.4.5 - CTD domain

The CTD is an additional homo-dimerisation domain that acts in tandem
to the BTB domain. A 1.5 A crystal structure of a SPOP27%-374 dimer which
included the CTD domain, NLS and part of the BTB domain showed a
dimerisation interface across the CTD domains, predominantly between
the a11 helices ['%9. This interface buried hydrophobic residues V-349,
A-350, L-356 and A-357, with hydrogen bonding observed between Y-
353 and N-326 (Fig. 1.10) [100],



Figure 1.10 — Structure of the SPOP CTD dimer

a Structure of the SPOP CTD dimer (PDB ID 4HS2) " highlighting a-helix 11,
which is involved in CTD dimerisation. Top left is a cartoon representation and
bottom right is a surface representation of the same view.

b Zoomed-in view of a rotated 90 degrees horizontally showing hydrogen
bonding residues across the CTD dimer. Hydrogen bond represented as black
dashed line.

¢ Zoomed-in view of a showing dimerisation residues across the CTD dimer.
Residues for one SPOP CTD molecule are labelled but the same residues are
also involved in dimer formation in the second SPOP CTD molecule.

A truncation of SPOP which included both the BTB and CTD dimerisation
domains (SPOP'6%-374) showed the protein undergoing high-order
oligomerisation, which was abolished when mutating Y353E in the CTD,
which showed only dimer formation ['%°. This dimerisation ability of the
BTB and CTD domains allow for the high-order oligomerisation of SPOP,
where BTB dimers and CTD dimers form a head-to-head, tail-to-tail
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arrangement (Fig. 1.11 a). This high-order oligomerisation of SPOP
greatly enhances the ubiquitylation efficiency of substrate by allowing the

recruitment of multiple substrate SBCs to the SPOP oligomer [69: 951,

SPOP
CTD
dimer

Figure 1.11 - Predicted SPOP oligomer structure

a Predicted structural model of the SPOP oligomer "% made by superimposing
overlapping crystal structures of SPOP domain truncations. MATH is Meprin
and TRAF homology domain. BTB is Broad complex, Tramtrack, and Bric-a-
brac domain. CTD is C-terminal domain.

b Alphafold model of the SPOPL CTD superimposed onto the structure of the
SPOP CTD dimer (PDB ID 4HS2) "% An 18 amino acid insertion in the SPOPL
CTD is indicated.

A paralog of SPOP called speckle-type POZ protein-like (SPOPL) shares
81% sequence similarity with SPOP. The MATH and BTB domains are
well conserved but SPOPL contains an 18 amino acid insertion in its
CTD, preventing high-order oligomerisation (Fig. 1.11 b) 3. Both SPOP
and SPOPL are substrate adaptors for Cullin-3-RING E3 ligase, but act
upon different substrate proteins. In particular, SPOPL targets EPS15 at
endosomes which assists in endocytic trafficking ['°1. SPOPL is also
thought to act as a SPOP inhibitor. SPOPL is unable to form high-order

oligomers and is limited to dimer formation only. Due to the high
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sequence similarity, SPOPL is able to be incorporated into SPOP
oligomers, effectively capping the SPOP oligomer and reducing the
oligomer length 51, This in turn limits the number of substrates that the
SPOP oligomer can recruit, reducing the ubiquitylation efficiency of
target substrates.

1.5 - Immune signalling by the Myddosome

complex

Tissue damage and infection results in a response in the bone marrow
termed emergency haematopoiesis, resulting in rapid proliferation of
haematopoietic stem cells (HSCs) and cell differentiation into the myeloid
lineage 92, Emergency haematopoiesis is initiated through pattern-
associated molecular patterns (PAMPs) or cytokines IL-1 and IL-18
binding to Toll-like receptors (TLRs) or Interleukin-1 receptor (IL1-R) on
the cell surface of HSCs [193. 1041 |L1-R is a member of the TLR family,
which are pattern recognition receptors. They have a conserved
cytoplasmic Toll/Interleukin-1 receptor (TIR) domain and leucine rich
extracellular domain, which bind PAMPs ['%% Binding of cytokines or
PAMPs to the extracellular domain triggers a receptor conformational
change and dimerization for the recruitment of downstream immune
signalling effectors. After resolution of injury or infection, the termination
of emergency haematopoiesis is crucial to ensure homeostasis and to
allow differentiation of HSCs into other blood cell lineages. A failure to
regulate emergency haematopoiesis can result in chronic inflammation,

autoimmune disease and cancer.

1.5.1 - The Myddosome complex

All TLRs, with the exception of TLR3, transduce their signal through a
large, multi-protein complex called the Myddosome [1%: 1071 The
Myddosome complex comprises of the 33 kDa Myeloid differentiation
primary response 88 (MyD88) protein together with IL1-R-associated
kinases (IRAKs); IRAK4 and either IRAK1 or IRAK2 (52 kDa, 77 kDa and
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69 kDa respectively). IRAK4 is required for Myddosome assembly;
however, the Myddosome complex can form interchangeably with either
IRAK1 or IRAK2 protomers.

MyD88 contains an N-terminal Death domain (DD), which binds to IRAKs
(via their DDs) and a C-terminal toll-interleukin-1 receptor (TIR) domain,
which associates with TLRs (Fig. 1.12 a, b) ['% |RAK1, IRAK2 and
IRAK4 contain an N-terminal DD and a C-terminal serine/threonine
kinase domain (KD) (Fig. 1.12 a, b).

a 54 109 159 293 296
MyD88 Death TIR

454 460

IRAK4 — @R — ;
IRAK2 —QIEEI— O —

27 106 211 521 712

IRAKT — QL b

IRAK4
Death domains

Figure 1.12 — Schematic of Myddosome protein domain organisation and
composite model of the Myddosome

a Domains of the Myddosome-complex proteins. Amino acid numbers are
indicated. TIR is Toll-like-Interleukin-2 receptor domain.
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b Structure of the Death domain only Myddosome (PDB ID 3MOP) "% which
includes 6 MyD88 Death domains, 4 IRAK4 Death domains and 4 IRAK2 Death
domains. AlphaFold ¢ model of full-length MyD88 is superimposed onto the
Myddosome by aligning the Death domains. Putative MyD88 lysines which may
be ubiquitylated by SPOP are shown as spheres in cyan. Kinase domains of
IRAK4 and IRAK2 are not shown.

¢ AlphaFold model of a single protomer of MyD88. Black star indicates the
same MyD88 protomer as in b. The SPOP-binding consensus (SBC) sequence
is located in an unstructured region between the Death and TIR domains,
proximal to the potential ubiquitylations sites.

1.5.2 - The Myddosome signalling pathway

The Myddosome serves as a signalling relay between activated TLRs
and downstream effector molecules (Fig. 1.13). To initiate Myddosome
signalling, MyD88 binds to the cytoplasmic TIR domain of IL-1R after
receptor activation and dimerisation, resulting in the oligomerisation of
MyD88 1'%, MyD88 is able to oligomerise through both DD and TIR
domain interactions "%, Once assembled at the TLR, MyD88 recruits
IRAK4 [108] |RAK4 has intrinsic kinase activity and undergoes trans-
autophosphorylation of T-342, T-345, and S-346 in its activation loop,
which is greatly increased upon DD association with MyD88 '], The KD
of IRAK4 has also been shown to dimerise, which in turn has been shown
to increase the autophosphorylation activity of IRAK4 [''2. Once
associated with IRAK4 at the Myddosome, the IRAKZ2 or IRAK1 activation
loop is then phosphorylated by IRAK4 to activate them ['131,
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Figure 1.13 — The Myddosome immune signalling pathway

The Myddosome complex (MyD88, IRAK4 and IRAK2) assembles at the
interleukin-1 receptor (IL1-R) in response to sensing cytokines of pattern-
associated molecular patterns (PAMPs). After Myddosome activation, IRAK4
phosphorylates downstream effector molecules, eventually leading to the
transcription of pro-inflammation factors. The E3 ligase adaptor SPOP
negatively regulates Myddosome signalling by ubiquitylating MyD88 at the
Myddosome. Ub is ubiquitin. P is phosphoryl group. Figure made in
biorender.com.

Once the Myddosome is fully assembled at the activated TLR, IRAK4
then phosphorylates various transcription factors such as PU.1, C/EBP
and C/EBPa, which eventually results in the transcription of pro-myeloid
differentiation factors "', This Myddosome signalling cascade also
occurs in terminally differentiated immune cells to activate the pro-
inflammatory response, via the activation of the E3 ubiquitin ligase,
tumour necrosis factor receptor-associated factor 6 (TRAF6) [''°. TRAF6
then activates transcription factors, such as NF-kB and AP-1, which
leads to the transcription of pro-inflammation genes such as

inflammatory cytokines.
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1.5.3 - SPOP ubiquitylates MyD88

MyD88 has been shown to be regulated by the ubiquitin system. The
HECT ligase Smurf K-48 poly-ubiquitylates MyD88 in response to the
anti-inflammatory cytokine TGF-, resulting in MyD88s degradation [,
Additionally, MyD88 is K-63 poly-ubiquitylated by an unknown ligase,
which further promotes immune signalling. The DUB CYLD acts as a
negative regulator of immune signalling by cleaving K-63-linked chains
from MyD88 ['171,

SPOP was recently shown to terminate Myddosome signalling through
the K-48-linked ubiquitylation of MyD88 ©2 118 A MyD88 SBC was
identified as '3*VDSSV'3, which is situated in a predicted unstructured
region between the DD and TIR domain (Fig. 1.12 c) [¢2. This SBC is
likely sub-optimal for SPOP binding as position 5 diverges from the
consensus, with an uncharged valine in place of a small, polar serine or
threonine. Similar to other SBCs, this MyD88 SBC was shown to be
sensitive to phosphorylation, with a complete inhibition of SPOP binding
when both S-136 and S-137 are phosphorylated; however, the enzymes
that regulate the phosphorylation state of the MyD88 SBC are currently
unknown [35:62 A study of chicken SPOP and MyD88 found that MyD88
degradation was promoted by SPOP-mediated ubiquitylation on three
MyD88 lysine residues; K-118, K-124 and K-143 [''8], Both K-118 (K-115
in humans) and K-124 (K-119 or K-127 in humans) are structurally
conserved but K-143 is not, suggesting that other lysine residues may be
modified on human MyD88 or that K-115, K-119 and K-127 are sufficient
for function (Fig. 1.12 c).

Since the interaction between SPOP and MyD88 was initially identified
in 2019, several papers have confirmed this interaction, each with slightly
different conclusions as to how SPOP interacts with MyD88 to terminate
Myddosome signalling 62 118-1201 Guillamot et al. suggest that SPOP-
mediated ubiquitylation of MyD88 likely occurs at the level of the

Myddosome to terminate Myddosome signalling ©2. SPOP-mediated
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ubiquitylation of MyD88 was increased upon co-expression of IRAK4,
suggesting that ubiquitylation of MyD88 occurs at the Myddosome
complex level rather than of free MyD88 (621,

Li et al. found that overexpression of chicken SPOP promoted the
ubiquitylation and proteasomal degradation of chicken MyD88 '8l In
macrophage cells, decreased SPOP expression and ubiquitylation site
mutants of MyD88 led to increased cytokine production when
TLR/Myddosome signalling was activated with lipopolysaccharide,
suggesting that SPOP-mediated ubiquitylation of MyD88 results in
negative regulation of Myddosome signalling 81,

Hu et al. report that SPOP prevents the self-association of MyD88 in
response to TLR activation; however, they did not report any detectable
ubiquitylation of MyD88 after SPOP overexpression ['2°1. However, TLR4
activation was shown to cause the translocation of SPOP from the
nucleus to the cytoplasm, perhaps to target the Myddosome pathway
(120l Under knockdown of SPOP and stimulation of TLR signalling,
MyD88 aggregation was increased in comparison to when SPOP was
expressed, suggesting that SPOP regulates Myddosome assembly
during TLR signalling [29],

Jin et al. suggested that SPOP induces the ubiquitylation of MyD88
however, this ubiquitylation was non-degradative and prevented
Myddosome signalling by blocking Myddosome assembly [119],

These differing reports all agree on SPOP’s interaction with MyD88,
although the exact mechanism and outcome of this interaction requires
further work. Gaining the structure of the SPOP-MyD88 complex may
reveal SPOP’s mechanism of ubiquitylation and how this might relate to
the Myddosome complex assembly.
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1.6 - UFMylation

UFMpylation is a post-translation modification present in metazoans. It is
similar to ubiquitylation, where ubiquitin-fold modifier 1 (UFM1) is
covalently attached to lysine residues on target proteins, either as a
monomer or as a lysine-linked polymer ['?']. The UFM1 molecule shares
a similar size and B-grasp fold to ubiquitin, despite having little amino
acid sequence similarity (22 Like ubiquitylation, UFMylation occurs
through a three-step enzymatic reaction involving the E1 activating
enzyme, ubiquitin-like modifier activating enzyme 5 (UBAS), the E2
conjugating enzyme, ubiquitin-fold modifier conjugating enzyme 1
(UFC1) and an E3 ligase enzyme, UFM1-specific ligase 1 (UFL1) (Fig.
1.14) '23, UFM1 has six lysines (K-3, K-7, K-19, K-34, K-41 and K-69)
with only K-69 having been shown to form poly-UFM1 chains >4, Two
de-UFMylases have been identified UFM1-specific proteases 1 and 2
(UFSP1 and UFSP2), which can remove UFM1 modifications from target

proteins.

( UFM1 \ ' uret UFM1 B
UBA5 | =—e——p UBAS P ——— ~ )¢ —
UFM?1 binds to E1 UFM1 transferred 3 VA \ UFM1 + E2
and is activated from E1 to active | UBAS conjugate binds ?
site of E2

‘‘‘‘‘‘‘‘

to E3 ligase
complex. UBAS
dissociates

E1 activating enzyme E1 activating enzyme E1 and E2 conjugating E3 ligase
+UFM1 enzyme + UFM1 complex

Figure 1.14 — Schematic of the UFMylation enzyme cascade

Pro-UFM1 is processed by the de-UFMylase UFSP2 to remove the last two
amino acids (Ser-84 and Cys-85), generating mature UFM1 with a C-terminal
Gly-83. Mature UFM1 is activated by the E1 enzyme UBAS5 by forming a
thioester bond between UFM1 Gly-83 and the catalytic Cys-250 of UBAS. UFM1
is then transferred to the active site Cys-116 of the E2 enzyme, UFC1. The
UFM1-E2 conjugate is then recruited to the E3 ligase UFL1 for UFMylation of
target proteins.

UFMpylation of target proteins is typically involved in non-proteolytic
signalling, such as protein complex assembly and functional activation.
UFMpylation occurs to maintain ER homeostasis during haematopoiesis
and immune signalling ['2% 1261, Additionally, an abnormal UFM1 cascade
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results in ER stress and is associated diseases such as cancer, ischemic
heart disease, diabetes, atherosclerosis and schizophrenia, suggesting

a fundamental role for UFMylation in cell growth and development ['2"-
129]

1.7 - The UFL1 E3 ligase complex

UFMpylation of target proteins is mediated by a multi-protein E3 ligase
complex called the UFL1 ligase complex. This complex consists of UFL1,
UFM1 binding protein 1 (UFBP1; also known as DDRGK1) and cyclin-
dependent kinase 5 regulatory subunit-associated protein 3
(CDK5RAP3).

The 90 kDa protein UFL1 is the only known UFM1 E3 ligase ['3%. This is
an unusual E3 ligase as it does not share any domain homology with the
RING, U-box and HECT classes of ubiquitin E3 ligases. UFL1 forms a
complex with UFBP1, with an AlphaFold prediction showing that the N-
terminal region of UFL1 binds to the C-terminus of UFBP1 37, The 36
kDa protein UFBP1 acts as a UFL1 adaptor which localises the entire
ligase complex to the ER membrane via an N-terminal transmembrane
helix (TMH) ['321, UFBP1 also contains a nuclear localisation sequence,
allowing the ligase complex to also target nuclear substrates. UFBP1 is
essential for UFL1 ligase activity, which is thought to UFMylate
substrates using a scaffold-type E3 ligase mechanism, as no catalytic
cysteine has been found ["3'l, Lastly, the 53 kDa protein CDK5RAP3
forms a ternary complex with UFL1 and UFBP1. CDKSRAP3 was initially
thought to act as a inhibitor of ligase activity but was shown to be required

for ligase specificity towards the ribosome ['311,

There is currently little structural information regarding the UFM1
enzymes and complexes, with the exception of the UBA5 E1 enzyme
and the UFC1 E2 conjugating enzyme, which broadly resemble the
ubiquitin enzymes ['33l. The full-length or partial structures of any of the
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E3 ligase components are yet to be elucidated, with the exception of a
short UFBP1 peptide bound to UFM1 [134],

Known UFMylation substrates include activating signal cointegrator
(ASCH1), a transcriptional co-activator of estrogen receptor-alpha (ERa),
as well as ERa itself, which increases gene expression of ERa and
stability of ERa respectively ['24 1291 Additionally, Histone H4 is
UFMylated during the DNA damage repair pathway '3, p53 UFMylation
stabilises it by preventing is ubiquitylation and degradation, promoting its
tumour-suppressive activity '3, Recently the ribosome protein RPL26
was shown to UFMylated in a pathway implication in ribosome quality

control [137-139]

1.8 - Ribosome protein translation

The ribosome is a large multi-subunit ribozyme present in most cells that
synthesizes new polypeptides in a process termed translation. It is
composed of approximately 60% ribosome RNA (rRNA) and 40%
ribosome proteins, with two main subunits: a large subunit (60S subunit
in humans) and a small subunit (40S subunit in humans), which come
together to form a ribosome (80S in humans) (Fig. 1.15). Translation
occurs in three main steps: initiation, where the ribosome subunits
assemble on the messenger RNA (mRNA), elongation, where transfer
RNAs (tRNAs) bring amino acids to the ribosome for polypeptide chain
formation, and termination, where the newly formed polypeptide chain is
released from the ribosome.
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Figure 1.15 — Schematic of a ribosome during protein translation and elongation
tRNA is transfer RNA. A is aminoacyl-tRNA binding site. P is peptidyl-tRNA binding site.
E is exit-tRNA binding site. Adapted from “Translation: Elongation Phase (EPA Site)”,
by BioRender.com (2023). Retrieved from https://app.biorender.com/biorender-
templates.

1.8.1 - Initiation

In eukaryotes, protein translation is initiated through the action of family
of proteins called eukaryotic initiation factors (elF). First, elF2 brings a
methionine-tRNA to the P-site of the 40S subunit 4%, This tRNA-40S
complex is then recruited to the 5’ end of MRNA by elF3 and elF4 factors,
where the 40S reads through the mRNA from 5’ to 3’ in its decoding
centre 411431 After recognition of the AUG start codon in the 40S
decoding centre though base pairing of the anticodon loop of the
methionine-tRNA, elF2 hydrolyses GTP to release from the complex
(Fig. 1.16) 1441451 Next, elF1A and elF5B recruits the 60S subunit ['46:
1471, The 60S binds, with the methionine and tRNA acceptor stem sitting
in the P-site (peptidyl tRNA; P-tRNA) of the large subunit (Fig. 1.15).
elF5B then hydrolyses GTP to release all factors from the fully
assembled 80S ribosome ['#8l, The ribosome can now begin translating

the mRNA sequence.
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Figure 1.16 — Features of an aminoacyl-transfer RNA (tRNA)

Surface representation of a tRNA molecular (PDB ID: 4TNA) "9 Key sites
involved in protein translation are highlighted. Orange are 40S subunit binding.
Blue are 60S subunit binding. Created with BioRender.com.

1.8.2 - Elongation

Protein chain elongation is assisted by eukaryotic elongation factors
(eEF). An aminoacyl-tRNA (A-tRNA) molecule is brought to the A-site of
the ribosome with eEF1A ['%0 The A-tRNA base pairs with the second
mMRNA codon, leading to GTP hydrolysis and dissociation of eEF1A. The
A-tRNA is now fully situated in the A-site with the amino acid sat in the
peptidyl-transferase centre (PTC) of the 60S subunit ['57. 152, The PTC is
a site composed entirely of rRNA that catalyses critical protein translation
processes, such as peptide bond formation and peptide release (Fig.
1.15). Peptide bond formation occurs by transfer of the amino acid
situated in the P-site onto the A-site amino acid. Catalysis is mediated by
rRNA base A3908 (in H. sapiens; A2062 in E. coli) which assists in the
nucleophilic attack of the ester carboxyl group of P-tRNA by the a-amino
group of A-tRNA [153-156] Thijs step results the rotation of the 40S subunit
which is coupled to the translocation tRNA to the next ribosome site,
where the deacylated tRNA in the P site is now in the E-site and the
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peptide chain-tRNA in the A-site is now in the P-site ['*1. The
translocation of tRNA and mRNA is assisted by eEF2 ['°8]. The E-tRNA
is then released from the E-site and the cycle is ready to begin again.
Peptide chain elongation continues, with the growing peptide chain
moving from the PTC, through the peptide exit tunnel exit the ribosome
at the other side (Fig. 1.15).

1.8.3 - Termination

Termination of translation occurs in response to an mRNA stop codon
(UGA, UAA, UAG) in the 40S decoding centre. Termination requires the
release of polypeptide from the ribosome which is catalysed by
eukaryotic release factors (eRF). First eRF1-eRF3-GTP binds to the A-
site, with eRF1 recognising the stop codon.

eRF1 is composed of three domains. First is the N-terminal domain which
senses MRNA stop codons through conserved TASNIKS and YxCxxxF
(YCF) motifs ['5°-161] (Fig. 1.17). A central catalytic domain inserts into
the A-site of the PTC to catalyse the hydrolysis of the peptide-tRNA bond
using a conserved catalytic GGQ motif, thereby releasing nascent
polypeptide from the ribosome ['621 (Fig. 1.17). Lastly, the C-terminal
domain of eRF1 interacts with another eukaryotic release factor, eRF3,
which couples the GTP hydrolysis of eRF3 to the hydrolysis activity of
eRF1’s central domain 11631641 (Fig. 1.17). eRF1 structurally resembles a
tRNA molecule with the catalytic domain resembling an A-tRNA acceptor
stem and the N-terminal domain resembling an A-tRNA anti-codon stem
(Fig. 1.16, 1.17).
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Figure 1.17 — Eukaryotic release factor 1 (eRF1) domain organisation
Structure of eRF1 (PDB ID 1dt9) ['®). Dashed line boxes denote three domains
of eRF1: N-terminal (N-term) domain, central catalytic domain and C-terminal
(C-term) domain. mRNA sensing TASNIKs motif highlighted in magenta.
Catalytic GGQ motif highlighted in yellow.

After binding of the eRF complex, eRF3 hydrolyses GTP which triggers
the eRF1 catalytic domain to hydrolyse the peptide-tRNA bond. During
eRF1-mediated tRNA-peptide hydrolysis, the glutamine in the GGQ motif
is thought to coordinate a water molecule to mediate nucleophilic attack
of the peptide-tRNA ester bond ['®5]. This frees the polypeptide to exit the

peptide exit tunnel for protein folding. The ribosome can now be



33

disassembled to remove mMRNA, deacylated tRNA and release factors,

allowing protein translation to re-initiate.

1.9 - Protein translation stalling and ribosome

quality control

Ribosome stalling during protein translation can occur due to many
reasons such as defective mRNA, absence of an in-frame stop codon
and inappropriate read through of the mRNA poly-adenine (poly-A) tail.
This can result in aberrant polypeptides being produced leading to
protein aggregation and toxic effects in the cell. Several mechanisms
exist in the cell to surveil and counteract their production, such as the

ubiquitin-proteasome system.

Ribosome stalling by read through of the mRNA poly-A tail (AAA codons)
is thought to occur in approximately 5-10% of all protein translation
events in mammalian cells ['%¢1. This is due to difficulty in decoding the
poly-A mRNA codons, as well effects of the polypeptide ['®7l. Decoding
of the poly-A tail results in the translation of a poly-lysine chain. These
poly-basic residues are thought to interact with the highly acidic, RNA-
rich peptide exit tunnel, slowing down translation which can lead to
ribosome collisions on the mRNA 11681,

1.9.1 - Ribosome quality control pathway

In the cytosol, a ribosome stalling event triggers the ribosome-associated
quality control (RQC) pathway, eventually leading to ribosome recycling
and the degradation of the arrested polypeptide. First, the ubiquitin E3
ligase ZNF598 ubiquitylates the 40S subunit proteins RPS10 and RPS20
[169]. This signals for the ribosome to be split, separating the 40S from the
60S-polypeptide-tRNA complex ['79. This is achieved by recruitment of
ribosome recycling factors Hbs1 and Pelota to the stalled ribosome 711,
The GTPase activity of Hbs1 is coupled to a conformational change in
Pelota, situated in the A-site ['72l. This conformational change allows the
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recruitment of ABCE1, which in turn couples its ATPase activity to split
the ribosome subunits. The NEMF/Listerin ubiquitin E3 ligase complex is
then recruited to the remaining 60S-peptide-tRNA complex, which
ubiquitylates the nascent polypeptide. The ubiquitylated peptide is then

released from the tRNA by ANKZF1, where it is then degraded by p97
[173,174]

The ribosome quality control pathway for ER-bound ribosomes is less
clear. ER-ribosomes are localised to the ER membrane via the
heterotrimeric SEC61 complex. SEC61 is a translocon that binds to the
ribosome at the peptide exit tunnel. During ER-protein translation, the
nascent polypeptide exits directly from the peptide exit tunnel, through
the SEC61 translocon into the ER-lumen without being exposed to the
cytosol. However, the cytosolic RQC pathway relies on Listerin
ubiquitylating the stall polypeptide as it exits the peptide exit tunnel which
in the case of ER-bound ribosomes is inaccessible to Listerin. Therefore,
further mechanisms are needed for ribosome quality control at the ER-

membrane.

1.10 - The UFL1 ligase complex in ribosome quality

control

Multiple recent studies implicate the UFMylation machinery and
UFMylation process in ER homeostasis. Yet the identification of
UFMylation substrates localised at the ER membrane have remained
elusive. The ribosome 60S subunit protein ribosome protein large 26
(RPL26) was identified as a target for UFMylation, a process that only
occurs on ER-bound ribosomes [137: 139. 1781 - Additionally, this UFM1
modification was shown to be removed by the ER membrane-localised
de-UFMylase UFSP2, providing a mode of negative regulation of
ribosome UFMylation [37],
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The RPL26 protein sits adjacent to the exit of the peptide exit tunnel,
close to where the SEC61 translocon binds. Two lysines at the surface
exposed C-terminus of RPL26, K-134 and to a lesser degree K-132, were
shown to be UFMylated ['37], This ribosome UFMylation was associated
with rescuing translation stalling after a failure of co-translational protein
translocation into the ER. A failure in the UFMylation pathways lead to
ER-associated protein degradation (ERAD) burden by build-up of
aberrant polypeptide ['37], ERAD is a protein quality control mechanism
where misfolded polypeptides are exported from the ER lumen to the
cytosol for degradation by the proteasome.

Treating ribosomes with various translation-blocking drugs promoted
UFL1 ligase complex recruitment to the ribosome and RPL26
UFMylation ['"®l. The most marked affect was observed after anisomycin
treatment, with more modest UFMylation observed after treatment with
harringtonine and cycloheximide '"3]. These three agents all bind to the
PTC of the ribosome to induce ribosome stalling with different
mechanisms. Anisomycin blocks ribosome translation by preventing
peptidyl transfer during elongation ['76l, Harringtonine inhibits the initial
elongation step by blocking the A-site ['"7. Cyclohexamide inhibits the
eEF2-mediated translocation of tRNA on the ribosome ['78. This
difference in UFMpylation levels perhaps points to the UFL1 ligase
specifically recognising ribosomes that have a specific stalled

conformation within the PTC.

Treatment of cells with the proteasome inhibitor MG-132 stabilised an
overexpressed cytosol-destined stall peptide, whereas an
overexpressed ER-destined stall peptide was still degraded, suggesting
that ribosome stalled poly-peptides translated by ER-bound ribosomes
are not degraded by the cytosolic proteasome pathway ', Further, the
ER stall peptide was not stabilised by inhibition of the ERAD protein
HRD1, suggesting that ER stalled peptides are also not degraded by the
ERAD pathway !'"3], It was instead suggested that RPL26 UFMylation
eventually results in the export of stalled nascent polypeptide chains from
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the ER lumen for degradation through the lysosomal degradation
pathway U791, The various reports showing UFL1 ligase complex
recruitment to the ribosome and UFMylation of ribosome protein RPL26
suggest a role in stalled ribosome rescue, stall polypeptide degradation

and ribosome recycling, although the exact functions remain unclear.

1.11 - Aims of the project

While much effort has focussed on understanding the Myddosome
signalling cascade that underpins immune signalling, the termination of
this signalling by the E3 ligase adaptor, SPOP, is not so well understood.
A key question that remains is what is the structural and functional basis
of SPOP interacting with MyD88 in order to terminate Myddosome
immune signalling? A minimal binding site between the MATH domain of
SPOP and three residues of MyD88 was recently proposed; however,
the binding affinity and any additional interactions between SPOP and
the Myddosome complex have not yet been explored. Currently, there
are no full-length (FL) structures of the SPOP-Myddosome complex or of
the individual proteins that make up this complex. Therefore,
understanding the structural basis of how the SPOP-MyD88 complex
assembles will help elucidate its biological functions. The work in
Chapters 3-5 will try to address this.

The ribosome was recently identified as a substrate of the UFL1 E3
ligase complex. Currently there are no FL structures of the UFL1 ligase
complex and the mechanism of ribosome recognition is unknown.
Additionally, it is unknown what exactly this ribosome UFMylation signals
for, although it has been implicated in rescuing stalled ribosomes. The
work in Chapter 6 will aim to address these questions using a structural
biology approach.

Gaining the structure of these multimeric E3 ligase complexes is key to
understanding how they enact substrate modification, which is key to
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understanding their roles in biology. To this end, the following aims of

this thesis are proposed.

Aim 1: Characterise the interactions between SPOP and MyD88 using
binding assays and X-ray crystallography

Aim 2: Reveal the oligomeric assembly of SPOP using cryo-EM

Aim 3: Elucidate the high-order structure of the SPOP-MyD88 oligomer
by cryo-EM

Aim 4: Gain the high-resolution structure of the UFL1 ligase complex

bound to the ribosome by cryo-EM
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Chapter 2 - Materials and Methods

2.1 - Protein expression plasmids used in this study
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UFL1 UFBP1%% - Bacterial Y. Y. Kulathu
ligase 314 Kulathu lab,
C?)mplex UFC1C©™1eK, lab, University
(His-TEV- UFM1'8 University = of Dundee
UFLA1, of

GST-3C- Dundee

UFC1-

His-3C-

UFM1,

MBP-3C-

CDK5-

Rap3,

Strepll-

3C-

UFBP1)

Table 2.1 — Protein expression plasmids used in experiments

All gene sequences are from Homo sapiens. FL is full length. His is hexa-
histidine tag. TEV is tobacco etch virus cleavage site. MBP is maltose binding
protein tag. 3C is human rhinovirus 3C protease cleavage site. GST is
glutathione s-transferase tag. Strepll is a W-S-H-P-Q-F-E-K peptide tag.

2.2 - Agarose gel electrophoresis

DNA samples were analysed on 1% weight per volume (w/v) agarose
gels prepared with Tris-Borate-Ethylenediaminetetraacetic acid (EDTA)
(TBE) buffer and 1:1000 SYBR safe DNA gel stain (Invitrogen). TBE
buffer (VWR Life Sciences) contained 89 mM Tris, 89 mM Boric acid and
2 mM EDTA. DNA samples were mixed with 6x Purple Gel Loading Dye
(NEB), diluting to a 1x loading dye concentration prior to gel running. 5
uL of Quick-Load Purple 1kb Plus DNA ladder (NEB) was added to one
lane as a DNA base pair length standard. Gels were run at 100 V for 1

hour before imaging the gel under UV light.

2.3 - Plasmid DNA transformation into DH5a chemical
competent cells

Plasmids were transformed into DH5a Escherichia coli (E. coli) cells for
plasmid amplification. For plasmid transformation, 50 uL of chemically
competent DH5a cells were thawed on ice. 10 ng of plasmid in a volume

not exceeding 5 uL was added to the cells and the tube was flicked 5



40

times to mix. The mixture was incubated on ice for 30 minutes followed
by heat shock in a water bath at 42 °C for 30 seconds. The tube was then
placed on ice for 5 minutes. 900 pL of Miller Luria Bertani (LB) broth (10
g Tryptone, 5 g Yeast extract, 10 g NaCl per L) was added to the mixture,
followed by incubation at 37°C for 1 hour shaking at 220 revolutions per
minute (rpm). 150 pL of transformation reaction was plated onto LB-agar
plates containing antibiotic for plasmid selection. Plates were incubated

overnight at 37°C to allow colony formation.

2.4 - Plasmid DNA purification from bacterial cells

To isolate plasmid DNA from transformed E. coli cells, 5 mL of LB with
antibiotic was inoculated with cells from an LB-agar plate colony. Cells
were grown overnight at 37 °C shaking at 220 rpm. Cells were pelleted
at 4,000 x g for 5 minutes and the supernatant was discarded. Plasmid
DNA was isolated from the pelleted cells using the QIAprep Spin
Miniprep kit (Qiagen) following the manufacturers protocol. Plasmid DNA

was eluted from the spin column in 30 pL of milli-Q water.

2.5 - Bacterial expression of SPOPVATH

SPOPMATH (residues 28-116) with an N-terminal His-tag, MBP-tag and a
HRV 3C protease cleavage site was cloned into a modified pGEX-6P-1
vector by the Dr Stephanie Wright lab, University of Leeds (Table 2.1).
The SPOPMATH plasmid was transformed into BL21 (DE3) chemical
competent E. coli cells (NEB), following the manufacturers protocol. The
transformation reaction was plated onto LB-agar plates supplemented
with 100 pg/mL ampicillin antibiotic. A confirmed clone was used to
inoculate 20 mL of LB with 100 ug/mL ampicillin and grown overnight at
37 °C shaking at 220 rpm. For protein expression, 1 L of Terrific Broth
(TB) medium (Millipore; 24 g Yeast extract, 12 g Peptone, 9.4 g di-
Potassium hydrogen phosphate, 2.2 g Potassium dihydrogen phosphate

per L) supplemented with 4 mL of glycerol was inoculated with the 20 mL
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His-MBP-3C-SPOPMATH B 21 (DE3) overnight culture and grown at 37
°C until an optical density at 600 nm (ODseoo) of 0.8. Protein expression
was induced with 0.2 mM isopropyl-B-D-thiogalactopyranoside (IPTG)
and the cells were incubated overnight at 18°C shaking at 220 rpm. Cells
were harvested by centrifugation at 4,000 x g.

2.6 — Purification of SPOPMATH

A BL21 (DE3) cell pellet expressing His-MBP-3C-SPOPMA™H was
resuspended in 60 mL lysis buffer (25 mM HEPES pH 7.4, 150 mM NaCl,
20 mM Imidazole, 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl
fluoride (PMSF)). Cells were sonicated for 10 minutes, pulsing for 1
second on and 4 seconds off. The lysate was clarified by centrifugation
at 30,000 x g. Clarified lysate was incubated with 5 mL of equilibrated
His-Pur Ni-NTA resin (Thermo Scientific) for 1 hour, rolling, at 4 °C. The
Ni-NTA resin was washed with ~50 mL of lysis buffer and the protein was
eluted from the resin in lysis buffer containing 200 mM Imidazole. The
elution was pooled and supplemented with ~580 pug of His-HRV 3C
protease to cleave the His-MBP-tag. The protein was dialysed with
SnakeSkin 3.5 kDa cut-off dialysis membrane (Thermo Fisher) overnight
in dialysis buffer (25 mM HEPES pH 7.4, 150 mM NaCl, 1 mM DTT).
Dialysed protein was incubated with Ni-NTA for 3 hours at 4 °C to remove
the cleaved His-MBP tag, any un-cleaved protein and the His-tagged
protease. The flow-through (FT) containing tag-cleaved SPOPMATH was
collected and further purified by size exclusion chromatography (SEC)
using an AKTA Pure system (Cytivia) with either a HiLoad 16/600
Superdex 75 pg column or a Superose6 Increase 10/300 gl column
(Cytivia) in gel filtration buffer (25 mM HEPES pH 7.5, 150 mM NacCl, 1
mM tris(2-carboxyethyl)phosphine (TCEP)). The purified protein was
analysed by sodium dodecyl-sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE).
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2.7 - SDS-PAGE

Protein samples were diluted in 4x SDS-PAGE reducing buffer (240 mM
Tris pH 6.8, 40% glycerol, 8% SDS, 0.04% Bromophenol blue, 5% B-
mercaptoethanol), diluting to a 1x concentration of SDS-PAGE reducing
buffer. Samples were boiled for 4 minutes at 95 °C. 12% Bis-Acrylamide
gels were run in Tris-Glycine running buffer (25 mM Tris pH 8.3, 192 mM
Glycine, 0.1% w/v SDS) at 200 V for 50 minutes. 5 uL of Precision Plus
Protein Dual Color Standards (BioRad) was used as a molecular weight
marker. Gels were stained with SimplyBlue SafeStain (Invitrogen) and
imaged using a ChemiDoc XRS+ imaging system (BioRad).

2.8 - a-His western blot

SDS-PAGE gels were transferred to nitrocellulose membrane at 25 V for
47 minutes using a Trans-Blot Turbo transfer system (BioRad) in
Towbin’s buffer (25 mM Tris, 192 mM glycine, 20% w/v methanol). The
nitrocellulose membrane was washed with double distilled H20 (dd H20)
and blocked in 5% w/v BSA in PBTS (1x phosphate buffered saline,
0.05% Tween-20) at RT for 1 hour. Membrane was washed 3x with PBST
and incubated with 1:2500 of mouse a-His®-tag Monoclonal Antibody
(Invitrogen) in PBST overnight at 4°C. Membrane was washed 3x with
PBST and incubated with 1:2500 rabbit a-mouse IgG SuperClonal
Secondary antibody, HRP conjugate (Invitrogen) for 1 hour at RT.
Membrane was washed 3x and blot was visualised using SuperSignal
West Pico PLUS Chemiluminescent Substrate (ThermoFisher)
according to manufacturer’s instruction. Blot was imaged in a ChemiDoc
XRS+ imaging system (BioRad) using the high-sensitivity default
settings.
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2.9 - Cloning and bacterial expression of SPOP%-3%° and
SPOP18-359

SPOP?28359 and SPOP'8-3% with an N-terminal His-tag, MBP-tag and a
HRV 3C protease cleavage site (His-MBP-3C) was cloned into a
modified pOPINM plasmid by the Dr Stephanie Wright lab, University of
Leeds. Plasmids were transformed into BL21 (DE3) cells and protein
expression was performed as stated for the SPOPMATH protein

expression.

2.10 - Purification of SPOP?3-3% and SPOP18-359

SPOP?83% gnd SPOP'83%° were purified in a similar manner to
SPOPMATH " except the protein was dialysed using a 10 kDa molecular
weight cut-off SnakeSkin dialysis membrane (Thermo Fisher) and the
SEC purification was performed using a HiLoad 16/600 Superdex 200 pg
column (Cytivia).

2.11 - Glutaraldehyde crosslinking of SPOP28-3%°

To optimise the glutaraldehyde (GA) crosslinking conditions of SPOP2#-
359 six reactions were set up in gel filtration buffer, where SPOP?8-3%° was
at a final concentration of either 20 uM or 40 uM and GA (Sigma) was at
a final concentration of either 0.00%, 0.05% or 0.10%. Reactions were
incubated with on ice for 30 minutes. SDS-PAGE reducing buffer was
added to samples before analysing the samples by SDS-PAGE. 5 uL
HiMark Pre-Stained Protein Standard (Thermo Fisher) was used as the
molecular weight standard. Samples were run on a NUPAGE 3-8% Tris-
acetate 12-well gel (Thermo Fisher) run in NUPAGE Tris-Acetate SDS
buffer (Thermo Fisher). The gel was run at 150 V for 68 minutes.
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2.12 - Cloning, expression and purification of SPOP?23-2%

To clone a bacterial expression plasmid for the expression of His-MBP-
3C-SPOP?8-2% 3 stop codon was introduced after amino acid 296 of the
His-MBP-3C-SPOP?8-3%® in pOPINM plasmid by site-directed
mutagenesis (see next section). The Sanger sequencing confirmed
plasmid was then transformed in BL21 (DE3) cells from protein
expression, as stated for the SPOPMATH protein expression. SPOP28-29
was purified as stated for the SPOPMATH purification.

2.13 - Site-directed mutagenesis cloning

Site-directed mutagenesis (SDM) of a gene in a plasmid was achieved
by PCR (Fig. 2.1). Forward and reverse primers containing mutant DNA
bases were used to amplify the WT plasmid. 10 ng of the WT plasmid
DNA template was amplified by PCR using hot start KOD polymerase
(Novagen). Three reactions were performed with the addition of either
0%, 4% or 8% dimethyl sulfoxide (DMSO). The PCR reaction had an
initial denaturation step at 95°C for 2 minutes. This was followed by 20
cycles consisting of a denaturing step at 95 °C for 20 seconds, a primer
annealing step at the lowest primer melting temperature for 10 seconds
and an extension step at 70 °C for 25 seconds/kb of DNA template. The
PRC reaction was finished with a final extension step at 70 °C for 5
minutes. Reactions were treated with 1 uL of Dpn/ (NEB) in 1x Cutsmart
buffer (NEB) for 30 minutes at 37 °C to remove any WT parental plasmid.
Dpnl treated reactions were purified using the QIAquick PCR purification
kit (Qiagen) as per manufacturers protocol. DNA was eluted from the
QIAquick column in 30 pL of milli-Q water and the DNA concentration
was measured using a NanoDrop 8000 spectrophotometer (Thermo
Scientific). 10 ng of DNA was transformed into DH5a chemical

competent cells for plasmid amplification.
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Figure 2.1 — Overview of site-directed mutagenesis (SDM) cloning

SDM cloning was used to generate a mutation in a gene of interest contained
in a DNA plasmid. The wild type plasmid was amplified by PCR using primers
containing the desired mutation sequence, resulting in a linearised plasmid
containing the mutant gene. Wild type methylated plasmid DNA was digested
using Dpnl restriction enzyme. The SDM reaction was then transformed into
Escherichia coli cells, where the linearised plasmid was then re-ligated.
Schematic adapted from “Site-directed Mutagenesis”, by BioRender.com
(2023). Retrieved from https://app.biorender.com/biorender-templates.

2.14 - Cloning of full-length MyD88

For the bacterial expression of FL MyD88, MyD88 was cloned into a
pPROEX HTb plasmid. This results in the expression of a fusion protein
of an N-terminally tagged His-TEV-MyD88. To clone the FL MyD88
plasmid, the MyD88 gene was amplified by PCR from another plasmid
(His®-Avi-SUMO-MyD88 in pUCDM plasmid) using primers to add
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restriction enzyme sites BamHI| and Xbal at the 5 and 3’ ends
respectively. PCR products were analysed by agarose gel
electrophoresis and the remaining reaction was purified using a QlAquick
PCR purification kit (Qiagen) as per manufacturers protocol. DNA was
eluted from the QIAquick column in 30 uL of milli-Q water. To digest the
restriction site ends of the PCR amplified MyD88 gene, 1 ng of purified
DNA was digested using BamHI-HF and Xbal restriction enzymes (NEB)
in Cutsmart buffer (NEB). The reaction was incubated at 37°C for 30
minutes. The reaction was purified using the QIAquick PCR purification
kit (Qiagen) as previous. To digest the empty pPROex HTb plasmid, 1
ug of plasmid was digested using BamHI-HF and Xbal restriction
enzymes (NEB) in Cutsmart buffer (NEB). The reaction was incubated at
37°C for 30 minutes before being run on a 1% agarose gel. The band
corresponding to the linear digested plasmid was excised and the
digested plasmid was isolated from the gel using the QIAquick Gel
Extraction Kit (Qiagen) following the manufacturers protocol. The
digested plasmid was eluted from the column in 25 puL of milli-Q water.
The restriction digested MyD88 insert and digested plasmid were ligated
in a 3:1 molar ratio using T4 DNA ligase (Roche). 50 ng of MyD88 insert,
28 ng of plasmid and 3uL of T4 DNA ligase was mixed in 1xligation buffer
(Roche) to a total volume of 20 uL. The reaction was incubated overnight
at 4 °C. 10 uL of the ligation mixture was transformed into 100 pL of
DH5a cells as stated previously, except during the outgrowth step 400
uL of LB was added to the cells. 150 ulL of cells were plated on LB-agar
plates with 100 ug/mL ampicillin. The plate was incubated overnight at
37 °C. To confirm colony clones, 5 mL of LB medium with 100 ng/mL
ampicillin was inoculated with individually picked colonies and grown
overnight at 37 °C shaking at 220 rpm. The cells were pelleted and the
plasmids extracted using the QIAprep Spin Miniprep kit (Qiagen) as
described previously. Correct plasmid clones were confirmed by Sanger
sequencing (Eurofins). Next, 10 ng of plasmid was transformed into BL21
(DE3) chemical competent E. coli cells (NEB), following the

manufacturers protocol. 150 uL of transformation reaction was plated



47

onto LB-agar plates with 100 ug/mL ampicillin. The plate was incubated
overnight at 37 °C. To confirm colony clones, 5 mL of LB medium with
100 pg/mL ampicillin was inoculated with individually picked colonies and
grown overnight at 37 °C shaking at 220 rpm. The plasmid was extracted
from cells as previous and correct clones were identified by PCR with
gene specific primers.

2.15 - Cloning of MyD88PP-'P

For the bacterial expression of a truncation of MyD88 (residues 1-158)
which includes the Death domain and SBC containing intermediate
domain (MyD88PP-P), a stop codon was introduced to the His-TEV-
MyD88 in pPROex HTb plasmid after Pro-158 by SDM. This results in
the expression of a fusion protein of an N-terminally tagged His-TEV-
MyD88'-1%8, SDM PCR was performed as stated previously (Fig. 2.2). 1
uL of Dpnl treated SDM reaction was transformed into 50 uL of DH5a
cells as previous. Correct clones with the introduced stop codon were
identified by Sanger sequencing. 10 ng of plasmid was transformed into
BL21 (DE3) for protein expression and transformed colonies were
confirmed by PCR using gene specific primers.

2.16 - Bacterial expression of MyD88 and MyD88PP-P

For protein expression of His-TEV-MyD88 and His-TEV-MyD88PP-ID,
transformed BL21 (DE3) cells were used to inoculate 20 mL of LB with
ampicillin and grown overnight at 37 °C shaking at 220 rpm. TB media
supplemented with 100 ug/mL ampicillin was inoculated with 20 mL of
respective transformed BL21 (DE3) overnight LB culture and grown at 37
°C shaking at 220 rpm until an ODggo of 0.8. Expression was induced with
0.2 mM IPTG and the cultures were incubated overnight at 18 °C shaking
at 220 rpm. Cells were harvested by centrifugation at 4,000 x g and were

stored at -80 °C before purification.
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2.17 - Purification of MyD88 and MyD88PP-P

BL21 (DES3) cell pellets from 1-3 L of cell culture expressing either His-
TEV-MyD88 or His-TEV-MyD88PP-® were resuspended in 115 mL of
lysis buffer containing 25 mM HEPES pH 7.4, 150 mM NaCl, 20 mM
Imidazole, 1 mM Benzamidine and 0.075% B-mercaptoethanol. After 5
minutes, 0.2 mM PMSF was added to the resuspended cells. Cells were
sonicated on ice for 10 minutes at 40% amplitude, pulsing for 1 second
on and 4 seconds off. Lysed cells were pelleted for 30 minutes at 30,000
x g at 4 °C. The supernatant was incubated for 2.5 hours rolling at 4°C
with 5-7.5 mL of Ni-NTA resin which was pre-equilibrated in lysis buffer.
The Ni-NTA-protein mixture was transferred to a gravity flow column and
was washed with 50 mL of lysis buffer. The protein was eluted from the
Ni-NTA beads in elution buffer containing 25 mM HEPES pH 7.4, 150
mM NaCl, 200 mM Imidazole and 0.075% B-mercaptoethanol. Eluted
protein was dialysed overnight using a 10 kDa cut-off SnakeSkin Dialysis
Tubing membrane (Thermo Scientific) with ~370 ug of His-TEV protease,
in dialysis buffer containing 25 mM HEPES pH 7.4, 150 mM NaCl, 5%
glycerol and 1 mM TCEP. The cleaved protein was incubated with 5 mL
of equilibrated Ni-NTA slurry for 1.5 hours, rolling at 4°C. The flow-
through containing cleaved protein was concentrated using a 10 kDa
molecular weight cut-off VivaSpin 6 PES centrifugal concentrator
(Sartorius) by centrifuging at 3,000 x g for 10-minute spins, resuspending
the protein after every spin. The protein was then separated by SEC
using a Superose6 Increase 10/300 24 mL column (Cytivia). The column
was equilibrated in gel filtration buffer containing 25 mM HEPES pH 7.4,
20-150 mM NaCl and 0.5 mM TCEP. 1-2 mL of protein was injected onto
the column at a flow rate of 0.5 mL/minute. Peak fractions were analysed
by SDS-PAGE and purified protein was flash frozen in liquid nitrogen and

stored at -80°C for later use.
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2.18 - Co-purification of MyD88PP-P and SPOPVATH

To attempt to produce a complex of SPOPMATH and MyD88PP-P, a co-
immunoprecipitation (co-IP) of His-MBP-SPOPMATH and MyD88PP-P° was
performed. His-MBP-SPOPMATH was buffer exchanged into co-IP buffer
containing 25 mM HEPES, 150 mM NaCl, 20 mM Imidazole and 0.075%
-mercaptoethanol using a Zeba Spin 7 kDa cut-off desalting column
(Thermo Fisher), following manufacturers protocol. Two reactions were
set up: a His-MBP-SPOPMATH and MyD88PP-P binding experiment and a
negative control with just MyD88PP-'P. 100 ug of His-MBP-SPOPMATH and
300 ng of MyD88PP-P was incubated with 100 uL of Ni-NTA resin for 2.5
hours, rolling at 4°C. Ni-NTA beads were pelleted by centrifugation at
800 x g and beads were washed 3x in 500 uL of co-IP buffer. SDS-PAGE
buffer was added to pelleted beads and the samples were boiled for 5
minutes before pelleting the beads again. 15 uL of the elution as well as

the input, flow-through and wash were run on a 10-well 12% SDS-PAGE
gel.

2.19 - Purification of the MyD88PP-P and SPOP'3-3%° complex

To try to form a high-order MyD88PP-P and SPOP'8-3%° oligomer complex
for cryo-EM, the individual proteins were first purified, as mentioned
previously. 1 mL of purified SPOP'8-3% at 0.7 mg/mL was mixed with 1.2
mL of purified MyD88PP-® at 0.67 mg/mL and incubated on ice for 30
minutes. The mixture was then injected onto a Superose6 Increase

10/300 column for purification of the complex by SEC.

2.20 - Preparation of UFL1 ligase-bound ribosomes (by Dr
Joshua Peter)

The UFL1 ligase complex was prepared as described in ['3'l In brief,
UFM1 and CDK5RAP3 were individually expressed in BL21 (DE3) cells
and purified using Ni?*-NTA affinity chromatography. Cells were
resuspended in lysis buffer containing 25 mM Tris pH 8, 300 mM NaCl,
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10% glycerol, 2mM DTT, 1 mM benzamidine, 1 mM AEBSF and 1x
protease inhibitor cocktail (Roche). Cells were lysed by sonication and
pelleted at 30,000x g for 30 minutes at 4 °C. The clarified lysate was
incubated with Ni?*-NTA resin for 2 hours in binding buffer containing
25 mM Tris pH 8, 300 mM NaCl, 10% glycerol and 10 mM imidazole. The
resin was washed in wash buffer containing 25 mM Tris pH 8, 300 mM
NaCl, 10% glycerol, 2mM DTT and 20 mM imidazole and eluted in buffer
containing 25 mM Tris pH 8, 300 mM NaCl, 10% glycerol, 2mM DTT and
300 mM imidazole. The tags were cleaved using HRV 3C protease and
a size exclusion step was performed using either a HiLoad 16/60
Superdex 75pg or a HiLoad 16/60 Superdex 200 pg column (GE
Healthcare Life Sciences) with buffer containing 25 mM Tris pH 8.0,
150 mM NacCl, 10% glycerol and 2 mM DTT. UFC1¢'"8K was expressed
in BL21 (DE3) cells and purified using glutathione 4B-sepharose resin.
Cells were lysed in buffer containing 25 mM Tris pH 7.5, 300 mM NaCl,
10% glycerol and 2 mM DTT by sonication. The lysate was clarified and
incubated with glutathione 4B-sepharose resin for 2 hours. The resin was
washed in a high salt buffer (25 mM Tris pH 7.5, 500 mM NaCl, 10%
glycerol and 2 mM DTT) followed by a low salt buffer (25 mM Tris pH 8,
150 mM NaCl, 10% glycerol and 2 mM DTT). The protein was eluted from
the resin by tag cleavage using HRV 3C protease and a size exclusion

step was performed as previous.

To prepare the UFC1-UFM1 conjugate, 30 uM UBA5, 30 uM UFC1¢116K
and 60 uM UFM1 were incubated in 25 mM HEPES pH 7.5, 200 mM
NaCl, 10 mM MgCI2 and 10 mM ATP. The pH of the reaction mixture
was adjusted to 9.8 with 0.5 M CAPS pH 11.5, and incubated for 18 hours
at 23 °C. UFC1-UFM1 was subsequently separated from UBAS5 and
unreacted UFC1 and UFM1 using a HiLoad 26/600 Superdex 75 pg
column in buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl, 1 mM
DTT.
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His-UFL1 and Strep-UFBP1 were co-expressed in BL21 codon plus
RIPL cells (Agilent). Cells were harvested and lysed in buffer containing
25 mM Tris pH 8.0, 300 mM NaCl, 2mM DTT, 1 mM benzamidine, 1 mM
AEBSF and protease inhibitor cocktail. Cells were lysed by high pressure
homogenization using an Emulsiflex C3 homogenizer (Avestin) and
clarified as previous. The clarified lysate was first purified using HisTrap
FF column (GE Healthcare Life Sciences). The column was washed with
25 mM Tris pH 8.0, 300 mM NaCl, 20 mM imidazole and 2mM DTT and
eluted in buffer containing 25 mM Tris pH 8.0, 300 mM NaCl, 300 mM
imidazole and 2mM DTT. The elution was further purified using a
StrepTrap column (GE Healthcare Life Sciences) equilibrated in 25 mM
Tris pH 8.0, 300 mM NaCl and 2 mM DTT. The column was washed in
equilibration buffer and eluted in 25 mM Tris pH 8.0, 300 mM NaCl, 2 mM
DTT and 2.5 mM desthiobiotin. Lastly, the UFL1-UFBP1 complex was
purified using a HiLoad 16/60 Superdex 200 pg column.

60S ribosomes were purified from HEK293 cells grown to ~80%
confluency in 15 x 15 cm dishes supplemented with media containing
high glucose DMEM supplemented with 10% v/v Fetal Bovine Serum
(FBS), 50 mg/mL Penicillin Streptomycin, and 2 mM L-Glutamine. To
harvest cells, media was removed by aspiration, washed with ice-cold
PBS followed by removal of PBS by aspiration. Cells were scrapped in
residual PBS and transferred to a 15 mL falcon. Cells were pelleted by
centrifugation at 1000 x g for 3 minutes. Next, the cell pellets were
resuspended in lysis buffer (15 mM Tris pH 7.6, 1500 mM NaCl, 10 mM
MgClz, 1% (v/v) Triton-X 100, 2 mM DTT, RNAsin (60 units), 1x cOmplete
mini protease inhibitor cocktail and mixed gently followed by incubation
on ice for 10 min. Cell lysates were then centrifuged at 17,000 x g for 10
minutes and the supernatant was collected. The collected supernatant
was layered directly onto a high-salt sucrose cushion containing 20 mM
Tris pH 7.5, 500 mM KCI, 30% (v/v) sucrose, 10 mM MgClz, 0.1 mM
EDTA pH 8.0 and 2 mM DTT. Total ribosomes were sedimented by
centrifugation at 63,000 x g for 18 hours using a Type 70 Ti rotor
(Beckman Coulter). The sedimented ribosomes were then resuspended
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in buffer containing 20 mM Tris pH 7.5, 500 mM KCI, 7.5% (v/v) sucrose,
2 mM MgClz, 75 mM NH4Cl, 2 mM puromycin and 2 mM DTT. The
resolubilized pellet containing ribosomes was incubated at 4 °C for 1 hour
and then at 37 °C for 1.5 hours. To isolate 40S and 60S ribosomal
subunits, the solution was layered directly on a linear 10-30% sucrose
gradient containing 20 mM Tris pH 7.5, 500 mM KCI, 6 mM MgCl2 and 2
mM DTT. The 60S and 40S were separated by centrifugation at 49,123
x g for 9 hours 42 minutes at 4 °C using a SW41 Ti rotor (Beckman
Coulter). Gradients were fractionated into 0.5 mL fractions using
BioComp fractionating system. Fractions containing 60S ribosomal
subunits were collected and exchanged into buffer containing 20 mM
HEPES pH 7.2, 100 mM KCI, 5 mM MgCl> and 2 mM DTT.

To form the UFL1 ligase-60S ribosome complex, 10 uM of UFL1-UFBP1
and CDK5RAP3, 5 uyM of UFC1-UFM1 and 1 puM of purified 60S
ribosomes were incubated together in buffer containing 20 mM HEPES
pH 7.2, 50 mM KCI, 5 mM MgCl, and 0.25 mM TCEP for 2 hours at 4 °C.
Post incubation, samples were mixed with 0.05% glutaraldehyde for 30
seconds at 23 °C followed by quenching with 100 mM Tris pH 8.0 (final
concentration). The crosslinked sample was then layered on a 10-30%
sucrose gradient containing 20 mM HEPES pH 7.5, 50 mM KCI, 5§ mM
MgCl2 and 0.25 mM TCEP and centrifuged using a TLS55 rotor at 24,000
rom for 6 hours at 4 °C. The sucrose gradient was then manually
fractionated into 100 uL fractions. The fractions containing UFL1 ligase
complex-60S ribosome, as determined by immunoblotting, were then
pooled, buffer exchanged in 25 mM HEPES pH 7.5, 50 mM KCI, 5 mM
MgCl2, 2 mM DTT and concentrated to 7.7 mg/mL.

2.21 — Preparation of UFMylated ribosomes (by Dr Joshua
Peter)

An in vitro UFMylation reaction was performed by incubating 0.1 yM
UBAS5, 5 yM UFC1, 10 yM UFM1, 3 uM UFL1:UFBP1 complex, 5 yM
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CDK5RAP3 and 1 uyM 60S ribosomes in the presence of 5 mM MgCl,
and 5 mM ATP. Then, 10 uyM of isopeptide-linked UFC1-UFM1 was
added to the reaction and further incubated at 4 °C for 2 h. The sample
was then crosslinked with 0.05% glutaraldehyde and used directly for

cryo-EM visualisation.

2.22 - Preparation of membrane-associated 60S ribosomes (by
Mr Rohan Thakur)

Parental cells (WT-HEK293) or CDK5RAP3 KO cells (~80% confluency)
grown in 10 x 15 cm dishes were washed briefly with ice cold PBS and
collected in a 15 mL falcon tube. Cells were pelleted by centrifugation at
500 x g for 5 minutes. Cell pellets were resuspended in buffer containing
20 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgClz, 1 mM DTT, 100 pg/mL
cycloheximide, 0.02% w/v digitonin, 1x cOmplete protease inhibitor
cocktail — EDTA-free (Roche) and RNasin for 10 minutes on ice, followed
by centrifugation at 17,000 x g for 10 minutes. The clarified supernatant
is the cytosolic fraction and was discarded. The remaining membrane
pellet was resuspended in lysis buffer containing 20 mM Tris pH 7.5, 150
mM NaCl, 5 mM MgClz, 1 mM DTT, 100 pyg/mL cycloheximide, 1% w/v
Decyl Maltose Neopentyl Glycol (DMNG), 1x cOmplete protease inhibitor
cocktail — EDTA-free (Roche) and RNasin for 15 minutes on ice, followed
by centrifugation at 17,000 x g for 10 minutes. The clarified supernatant
was collected and layered on a 10 - 30% sucrose gradient containing 20
mM Tris pH 7.5, 150 mM NaCl, 5 mM MgClz, 1 mM DTT, 100 pug/mL
cycloheximide, 0.01% DMNG followed by centrifugation at 36,000 rpm
for 3 hours using SW41 Ti rotor. Fractions containing 60S ribosomes
were collected and exchanged into buffer containing 20 mM HEPES pH
7.2,100 mM KClI, 5 mM MgClz, 2 mM DTT and stored at -80 °C until use.
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2.23 - Fluorescence polarization (FP) assay
The binding affinity between SPOP and substrate peptides was

measured using an FP assay (Fig. 2.2).

Free labelled peptide Labelled peptide and binding partner
—3 —
—> —>

Polarized Polarized
excitation light excitation light
Small peptide - Large protein complex -
Fast tumbling Slow tumbling
Less More
polgri;ed polarized
emission emission
—> —>
— —
—

Detector

Figure 2.2 — Overview of a fluorescence polarization assay

A fluorescently-labelled peptide is mixed with its unlabelled binding partner. The
fluorophore (F) on the peptide is then excited by polarised light. Arrows indicate
direction of light. The level of polarization of the light that is emitted from the
excited fluorophore is dependent on the tumbling speed of the molecule, with
larger molecules, such as a peptide-protein complex, tumbling more slowly
compared to the smaller free peptide. This degree of light polarization is
measured by the detector in millipolarization (mP) units and allows the direct
quantification of binding. The following equation is used to calculate

fluorescence polarization (mP): mP = ((F|| - FL)/(F|| + F1))/1000, where F|| is

the fluorescence intensity parallel to the polarised excitation light and F1 is the

fluorescence intensity perpendicular to the polarised excitation light. Created
with BioRender.com.

All peptides used for FP assays were synthesised by Peptide Synthetics
(Peptide Protein Research Limited), purified to >95% purity (Table 2.2).
For the fluorescently-labelled peptides, peptides were labelled with 5-
Carboxyfluorescein (5Flu), either via the N-terminal amino group (N-
terminal label) or via the side chain e-amino group of an added C-
terminal lysine (C-terminal label). Peptides and proteins were diluted in
FP buffer (50 mM HEPES pH 7.5, 100 mM NaCl, 1 mM TCEP, 0.005%
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Tween-20). All concentrations were measured in triplicate, in 384-well

black flat-bottom low flange plates (Corning) and with a 20 pL reaction

volume. Millipolarization (mP) measurements were taken in a Hidex

Sense microplate reader (Hidex) at 25°C, with an excitation of 490 nm

(20 nm filter), emission of 520 nm (14 nm filter) and G-factor of 1. The

optimum concentration of SFlu-peptide was empirically tested, with a

final working concentration range between 6-50 nM.

Protein

MyD88
MyD88
MyD88
MyD88
MyD88
MyD88
MyD88
MyD88
MyD88
MyD88
MyD88

MyD88

MyD88

MyD88

MyD88

MyD88

Sequence

3AVDSSVP¥
2AEKPLQVAAVDSSVPRT™
¥PYSSTSS™
'2AEKPLQVAAVDSSVP'™?
3AVDSSVP'¥
¥PYSSTSS™
3AVDSSVP¥

B AVDSSVPRT™
12AEKPLQVAAVDSSVPRT™
2P QVAAVDSSVPRT™!
12AEKPLQVAAVAAAVPRT™!

SAVAAAVP

'2AEKPLQVAAVDS*S*VPRT'

41

'2AEKPLQVAAVDS*SVPRT™

1

2AEKPLQVAAVDSS*VPRT™

1

'2AEKPLQVAAVDSSVPRT*™

1

N-term
label
5Flu
5Flu
5Flu

C-term
label

K-5FIu
K-5FIu
K-5Flu

Mutation

135Dss137
to AAA
135Dss137
to AAA
Phospho-
S-136
and  S-
137
Phospho-
S-136
Phospho-
S-137
Phospho-
T-141
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MyD88 1BZAEKAPLQVAAVDSSVPRT - - Acetyl-K-
141 127
MyD88 1ZAAKPLQVAAVDSSVPRT™! - - E126A
MyD88 1ZAEAPLQVAAVDSSVPRT™! - - K127A
MyD88 1AEKGLQVAAVDSSVPRT™! - - P128G
MyD88 1ZAEKPAQVAAVDSSVPRT™! - - L129A
MyD88 1AEKPLAVAAVDSSVPRT™! - - Q130A
MyD88 1ZAEKPLQVAAADSSVPRT™! - - V134A
MyD88 1ZAEKPLQVAAVASSVPRT™ - - D135A
MyD88 1ZAEKPLQVAAVDASVPRT™! - - S136A
MyD88 1ZAEKPLQVAAVDSAVPRT™! - - S137A
Pdx1 220/ AEPEQDCAVTSGEE?* - K-5Flu -
Puc SRENLACDEVTSTTS'"™™ - K-5Flu -
MyD88- AEKPLQVAAVTSTTS - - -
Puc
Gli2 T4ONNMPVQWNEVSSGTVD'! - - -
56
DEK 2ITSVKSANVKKADSSTTKK?? - - -

SRC3 ’'NDDDVQKADVSSTGQGV'?" - - -
SENP7  "DTDNLQSEQLSSSSDGS?*® - - -
SETD2  "**DKGSVQAPEISSNSIKD"" - - -
CAPRIN  “®*QPEATQVPLVSSTSEGY**? - - -
1

Table 2.2 — Peptides used in fluorescence polarization assays

Residue numbers are indicated. MyD88-Puc is a chimera peptide with
1AEKPLQVAA'™ from MyD88 and ®VTSTTS'® from Puc. * represents a
phosphate group. (Ac) represents an acetyl group. 5Flu is 5-
carboxyfluorescein. N-term is N-terminus. C-term is C-terminus.

For direct FP binding measurements using fluorescently-labelled
peptides, a 2-fold dilution series of SPOP protein was plated and mixed
with a constant concentration of SFlu-labelled peptide. The measured
triplicate mP values were averaged and normalised against a peptide
only control. Data was plotted and analysed using Prism 9 software
(GraphPad Prism version 9, GraphPad Software, Boston,
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Massachusetts USA, www.graphpad.com). Error bars are standard error
of the mean. A one-site non-linear binding curve was fit to the data to
derive the dissociation constant (Kyq) which was calculated as the

concentration of SPOP at half the maximum mP.

For peptide competition FP binding measurements, a 2-fold dilution
series of unlabelled peptide mixed with a constant concentration of SFlu-
labelled peptide and SPOPMATH was measured. The concentration of
SPOPMATH was determined as the concentration which produced 70% of
the maximum mP signal in the direct FP binding assay. The triplicate mP
values were averaged and normalised against a no unlabelled peptide
control. Data was plotted and analysed using Prism 9 software. Error
bars are standard error of the mean. An [inhibitor] vs. response — variable
slope (four parameters) curve was fit to the data to give the half maximal
inhibitory concentration (ICso), which was calculated as the concentration
of unlabelled peptide half way between the top and the bottom of the

curve.

2.24 - Isothermal titration calorimetry (ITC)

The binding interaction between SPOPMATH and various peptides was
measured using ITC. Experiments were performed using a Microcal™
iTC200 system (Malvern). In all experiments, 300 uM of peptide was
titrated into 30 uM of SPOPMATH All samples were in FP buffer and
samples were degassed prior to measurements. Runs were performed
with a reference power of 5 pcalories/second, stirring speed of 750 rpm,
at 25 °C with a total of 20 injections. The first injection was 0.5 pL for 2
seconds, followed by 2 yL injections for 4 seconds. Spacing between the
injections was 120 seconds. A heat of dilution control titration was
performed where 300 uM peptide was titrated into FP buffer. Results
were analysed using Origin software (Malvern). The data was normalised
against the heat of dilution control and a binding isotherm curve was fitted
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using a One Set of Sites model. The Ky was calculated from the
reciprocal of the binding affinity (K).

2.25 - Mass photometry

The molecular mass of SPOP?8-3%° was measured using a OneM” mass
photometer (Refeyn). For mass photometry measurements, SPOP28-3%9
was diluted in gel filtration buffer to concentrations of 3 yM and 300 nM.
A clean coverslip with wells was placed on the mass photometer with a
drop of immersion oil. Data were acquired using AcquireMP software
(Refeyn) and was processed using DiscoverMP (Refeyn). The focus
level of the well was found using the buffer free mode. Once focussed,
the sample was added to the well and a movie was acquired using the
normal mode with a regular image size. The movie was processed and
calibrated against reference proteins of known mass (66-660 kDa). The
resulting histogram shows the mass distribution of the sample. The
median mass molecular mass and standard deviation is calculated from

a Gaussian fit of the histogram peak.

2.26 - Mass spectrometry of MyD88PP'P (performed by Dr
Ranjani Ganji)

To identify the additional SDS-PAGE bands present after MyD88PP-IP
purification, protein identification mass spectrometry was performed.
Purified MyD88PP® sample was run on a 12% SDS-PAGE gel and
stained as stated previously. All subsequent processing of the sample
and data analysis were performed by Dr Ranjani Ganji. Gel bands were
excised and washed in 30% ethanol, incubating at 70 °C shaking until all
stain was removed. Gel pieces were washed by incubating in 25 mM
ammonium bicarbonate/50% acetonitrile for 10 minutes shaking.
Cysteines were reduced by incubating with 100 uL of 10 mM DTT at 57
°C for 1 hour shaking. Supernatant was discarded and cysteines were

alkylated with 100 yL of 55 mM iodoacetic acid, incubated at room
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temperature in the dark for 45 minutes shaking. The supernatant was
discarded. Gel pieces were dehydrated by addition of 100% acetonitrile
and incubation for 5 mins at room temperature. Acetonitrile was removed
and gel pieces were left to dry. Once dry, the gel slices were cooled on
ice then covered with ice-cold trypsin solution (0.02 pg/pL in 25 mM
ammonium bicarbonate) and left on ice for 10 minutes to rehydrate.
Excess trypsin solution was removed and discarded and the gel slices
were covered with a minimal amount of 25 mM ammonium bicarbonate.
After briefly vortexing and centrifuging, the gel slices were incubated at
37 °C with shaking for 18 hours. The resulting digest was vortexed and
centrifuged. The supernatant containing the peptides was recovered and
added to a tube containing 5 uL acetonitrile/ water/ formic acid (60/35/5;
v/v) to quench protease activity. 50 pL of acetonitrile/ water/ formic acid
(60/35/5; v/Iv) was added to the gel slices and vortexed for an additional
10 minutes. The supernatant was pooled with the previous wash and one
additional wash of the gel slices was performed. The pool of the three
washes was dried by vacuum centrifugation. The peptides were
reconstituted in 20 yL 0.1% aqueous trifluoroacetic acid. Digested
peptides were processed using the S-TRAP Micro column (PROTIFI,
NY, USA) following the manufacturer's instructions. Sample was
solubilised in 50 mM triethylammonium bicarbonate (TEAB) containing
5% SDS. Reduction and alkylation were then performed. DTT was added
to a final concentration of 20 mM before heating to 56 °C for 15 minutes
with shaking. The sample was left to cool, then iodoacetamide was
added to a final concentration of 40 mM, before heating to 20 °C for 15
minutes with shaking in the dark. Proteins were further denatured by
acidification; phosphoric acid was added to a final concentration of 1.2%.
Samples were then diluted with S-Trap binding buffer (100 mM TEAB pH
7.1 in methanol). 1 ng of trypsin reconstituted in 50 mM TEAB was added
before quickly being loaded onto the S-trap column. The S-trap was
washed by adding 150 pL binding buffer before being spun at 4000 x g
for 30 seconds. 30 uL of 0.02 pg/uL trypsin was then added to the top of
the S-trap. S-traps were loosely capped and placed in a 1.5 mL tube and
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heated to 46 °C for 15 minutes. Digested peptides were eluted by first
spinning the S-trap at 4,000 x g for 1 minute. Further elutions used 40 pL
50 mM TEAB, 40 pL 0.2% formic acid, and 30 pL 50% acetonitrile with
0.2% formic acid, prior to centrifugation. Elutions were combined then
dried down prior to resuspension in 50 yL 0.2% formic acid containing
3% acetonitrile. For liquid chromatography tandem mass spectrometry
of the digested peptides, sample was injected onto an in house-packed
20cm capillary column (inner diameter 75um, 3.5um Kromasil C18
media). An Ultimate 3000 nano liquid chromatography system was used
to apply a gradient of 2-30% ACN in 0.1% formic acid over 30 minutes
at a flow rate of 300 nL/min. Total acquisition time was 60 minutes,
including column wash and re-equilibration. Peptides were eluted from
the column and into an Orbitrap Exploris 240 Mass Spectrometer
(ThermoFisher Scientific) via a nanospray flex ion source, using a
capillary voltage of 2.7 kV. Precursor ion scans were acquired in the
Orbitrap with resolution of 60,000. EASY-IC internal calibration was used
for precursor ion scans. Up to 20 ions per precursor scan (charge state
2+ and higher) were selected for HCD fragmentation using a normalised
collision energy of 30%. Fragments were measured in the Orbitrap at a
resolution of 15,000. Dynamic exclusion of 30 seconds was used.
Peptide data were processed with PEAKS Studio XPro (Bioinformatic
Solutions Inc) and searched against the MyD88 sequence provided.
Carbamidomethylation was selected as a fixed modification, variable
modifications were set for oxidation of methionine and deamidation of
glutamine and asparagine. Mass spectrometry mass tolerance was 20
ppm, and fragment ion mass tolerance was 0.05 Da. The peptide false
discovery rate was set to 1%.

2.27 - In vitro 60S ribosome-Sec61 dissociation assays (by Mr
Rohan Thakur)

In vitro 60S-Sec61 dissociation reaction was performed by incubating
0.05 yM membrane solubilized 60S ribosomes (60S-Sec61 solubilized
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and enriched from CDK5RAP3 KO Cells) with 0.5 yM UBA5, 1 uM UFC1,
1 uM UFM1, 0.1 yM UFL1/UFBP1, 0.1 yM CDK5RAP3 in the presence
of 5 mM MgCl. and 5 mM ATP at 37°C for 25 minutes. At the end of the
reaction, the reaction mix was layered over a 10 - 50% sucrose gradient
containing 20mM Tris pH 7.5, 150 mM NaCl, 5 mM MgClz, 1 mM DTT
and centrifuged at 36,000 rpm for 3 hours using a SW41 Ti rotor. Sucrose
gradients were fractionated using BioComp fractionation system. The
sucrose gradient fractions were separated on 4-12% SDS-PAGE gel and
analysed for co-migration of Sec61f with 60S ribosomes by

immunoblotting.

2.28 - SPOPMATH and MyD88 peptide X-ray crystallography

Sample was prepared for X-ray crystallography by mixing a MyD88
peptide ('AEKPLQVAAVDSSVPRT™') with SPOPMATH in buffer
containing 25 mM HEPES pH 7.4, 150 mM NaCl, 1 mM TCEP.
SPOPMATH (552 uM final concentration) and MyD88 peptide (1.75 mM
final concentration) were mixed and incubated on ice for 4 hours. For
crystal tray preparation, 60 pL of precipitant mix was added to the plate
reservoir. Crystals were grown by sitting drop vapour diffusion by mixing
200 nL of protein with 200 nL of reservoir buffer using a Mosquito robot
(Labtech). Crystal trays were incubated at 18°C, with crystal formation
observed after 2 days. Crystals were picked 11 days after setting up trays
and flash frozen in liquid nitrogen. For the crystal that was used for data
collection, no cryoprotectant was added during crystal picking as this was
present in the buffer mix. Crystals were sent to Diamond Light Source for
data collection (data collection parameters shown in Table 2.3). Data
was collected on a crystal from a Morpheus HT-96 crystal screen (well
E12; 0.12 M Ethylene Glycol, 0.1 M Buffer System 3 pH 8.5, 50% v/v
Precipitant Mix 4) which diffracted to 1.7 A, later truncated to 2.0 A (Table
2.3). Data was processed using xia2-3dii ['"® and the structure was
solved by molecular replacement using a SPOPMATH structure (PDB ID
7KPI) 1831 The structure then underwent several rounds of model building
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in Coot-0.9.8.1 ['80 followed by refinement in Phenix-1.2.1 (81, Building
of the MyD88 peptide was performed manually. Final model statistics are
show in Table 2.3. Omit map was generated by setting the occupancy of
the MyD88 peptide to O, followed by a round of refinement. Map was

displayed in Pymol-2.4.2 and contoured at o1.

Data collection and processing parameters

Data collection:

Beam line 124 microfocus
Wavelength (A) 0.99987
Space group P242424
Cell dimensions a, b, c (A) 40.00, 57.29, 60.97

a, B,y (°) 90.00, 90.00, 90.00
Resolution 33.44-2.00 (2.07-2.00)

Total reflections

58226

Unique reflections 9882 (939)
Completeness (%) 99.6 (98.9)
Rmerge (%) 18.1 (62.0)
Rp.im. (%) 8.1(28.2)
I/ol 10.7 (5.5)
Multiplicity 5.9 (5.6)
CCip 0.99 (0.86)
Refinement:

Rwork/Rifree 0.187/0.232
B-factors (A?) 19.61
RMS bonds (A) 0.006
RMS angles (°) 0.849
Ramachandran favoured (%) 97.33
Ramachandran allowed (%) 2.00
Ramachandran outliers (%) 0.67
Number of water molecules 26

Table 2.3 — X-ray crystallography data collection and refinement statistics
of the SPOPVATM.MyD88 peptide crystal structure

Highest resolution shell information is in parentheses. Unique reflections are
the total number of reflections after symmetry averaging. Completeness
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evaluates the coverage of all theoretically possible unique reflections. Rmerge
evaluates the precision of unique reflections of the unmerged data and is
dependent on the multiplicity. Ry.i.m. evaluates the precision of the merged data.
I/cl is the signal-to-noise ratio. Multiplicity is the average number of
measurements per unique reflection. CCq2 is the correlation coefficient
between the intensities of two random halves of the total reflections. Rwork
measures the agreement between the model and the experimental data. Riree
was calculated using a random 10% of data that was not used for refinement.
Model was refined using Phenix '8! refine and statistics were calculated using
MolProbity 182,

2.29 — X-ray crystal structure of the UFC1-UFM1 complex (by
Dr Helge Magnussen)

UFC1-UFM1 crystals were obtained using the sitting drop vapour
diffusion technique where UFC1-UFM1 (22.8 mg/mL) was 1:1 mixed with
30% v/v PEG 400, 0.1 M Tris pH 8.5, 0.2 M Na citrate and incubated at
19 °C. Single crystals appeared within 2-3 days. Crystals were flash-
frozen in crystallisation buffer containing 30% v/v ethylene glycol. Data
sets were collected at Diamond Light Source (DLS), beamline 104, and
processed with Xia2 '"® and DIALS "%, The crystal structure was solved
by Molecular replacement (PHASER) ['%1 using the crystal structures of
UFC1 (PDB ID 3evx) ['33 and UFM1 (PDB 5ia7) '] as starting model.
Refinement and model building was carried out with REFMAC ['% and
Coot, respectively. The resolution was 1.78 A and the final model has an
Rwork/Riree Of 0.182/0.226.

2.30 - Negative stain electron microscopy of SPOP?8-3%° and
SPOP18-359

Grid making

For negative stain electron microscopy (EM) grid making, formvar/carbon
coated 300 mesh copper grids (Agar Scientific) were placed on a parafilm
coated slide and were glow discharged using a PELCO easiGlow system
(Ted Pella) at a pressure of 0.38 mBar for 30 seconds at 10 mA. Prior to
use, the negative stain solution was centrifuged at 13,000 x g for 10
minutes to pellet any aggregates. For SPOP%-3%9 g 1% uranyl acetate
stain was used. For SPOP'®3% g 1% uranyl formate stain was used.
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First, 5 L of protein sample was applied to the grid and incubated for 30
seconds. The sample was blotted by touching the side of the grid with a
piece of Whatman blotting paper, leaving a thin layer of liquid on the
surface of the grid. The grid was then washed by applying 5 uL of milli-
Q water and immediately blotted, following by a second water wash and
blot. 5 pL of negative stain (uranyl acetate or uranyl formate) was applied
to the grid and immediately blotted, followed by a second application of
stain and blot. 5 yL of stain was applied again and incubated for 3
minutes. The grid was blotted and left to dry prior to imaging.

Data collection

Negative stain-EM grids were imaged on a Tecnai F20 transmission
electron microscope (FEI) operated at 200 kV with a CETA (CMOS CCD)
camera (FEI). For SPOP'8-3%° data collection, 101 micrograph images in
TIF format were acquired at a nominal magnification of 25,000x (actual

magnification 33,492x), giving a pixel size of 3.51.

Image processing

An overview of a typical EM image processing pipeline is shown in Fig.
2.3. Micrographs were initially image processed using Relion-3.1.2 11831,
First, the image contrast transform function (CTF) was estimated using
CTFFind-4.1.13 ['841_1 176 particles were manually picked with a particle
diameter size of 200 A by selecting regions along a SPOP'8-3% gligomer.
Particles were extracted with a box size of 90 pixels. Extracted particles
were used for reference-free 2D classification, asking for 20 classes.
Particles from selected classes were used as a reference for particle
autopicking, with a picking threshold of 0.1 and a minimum inter-particle
distance of 200 A. 68,739 autopicked particles were extracted as stated
previously. Particles were imported into CryoSPARC-3.2 ['8] for further
processing. The particles were used to generate two initial 3D models
with C1 symmetry. The best initial model containing 27,815 particles was
taken forward for non-uniform refinement with C1 symmetry to generate

the final map.
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Figure 2.3 — Overview of electron microscopy image possessing steps
Negative stain-EM (micrograph) and cryo-EM (movie) data collected from a
transmission electron microscope is transferred to a high-performance
computing machine for image processing. Cryo-EM movies show significant
blurring due to motion of the sample caused by the electron beam during data
collection. To correct for this blurring, the movies are motion corrected using
MotionCor2 "8l During this step the movie is gain-corrected and dose-
weighted, where high resolution information from later frames of the movie
(which may be radiation damaged) are down-weighted compared to earlier
movie frames. Motion correction first corrects the global motion of each frame,
then splits each frame into 5x5 patches to correct the local motion in these
patches. The motion between frames is corrected by identifying identical
features in the frame and merging the frames of a movie into a micrograph
image. All of the following processing steps are identical for negative stain and
cryo-EM data processing. Next, the contrast transfer function (CTF) parameters
of the microscope are estimated using CTFFIND4 "84, This considers the
defocus of the collected images, the accelerating voltage the microscope was
operated at and the spherical aberration of the microscope to estimate and
correct for the loss of contrast during imaging. Then, single molecules of interest
(particles) are picked from the micrographs. This particle picking designates the
coordinates within a micrograph which contains a particle. The picked particles
then undergo particle extraction, where boxed images are saved at the position
of the particle coordinates, selected during the previous steps. These extracted
particles are then subjected to 2D classification, where similar 2D images are
grouped and their signal is averaged together. This particle averaging increases
the signal-to-noise and can help identify unwanted classes, such as
contamination of an unwanted protein in the sample. These unwanted classes
can be removed before continuing with downstream image processing. The
selected 2D images represent random views of the 3D molecule of interest.
These 2D images are used to reconstruct an initial 3D model by estimating the
orientation of the 2D images in relation to one another. The data can then
undergo further processing to refine the initial 3D model.
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2.31 - Cryo-electron microscopy (cryo-EM) of SPOP18-3%9

Grid preparation

Quantifoil R1.2/1.3 copper 300 mesh holey grids were plasma cleaned
using a Tergio plasma cleaner (PIE Scientific) using the remote cleaning
mode with an RF power of 15 Watt for 1 min. Cryo-EM grids were
prepared using a Vitrobot MK IV (FEI) with a chamber humidity of 100%
and a chamber temperature of 4°C (Fig. 2.4). 3 uL of 0.5 mg/mL SPOP'#
3% was applied to the glow discharged grid and immediately blotted for 6
seconds with a blot force of 0, followed by rapid plunge freezing in liquid
nitrogen cooled liquid ethane (Fig. 2.4).

Filter__
Tweezers — paper

P
I N
‘\ l) 90°
N — Sample — Liquid
ethane \;
Glow Tweezers Sample Sample Rapid plunge
discharged holding grid applied blotting freezing
cryo-EM grid placed in to grid

Vitrobot

Figure 2.4 — Overview of cryo-EM grid preparation

Schematic showing the steps taken during cryo-EM grid preparation. Once a
cryo-EM grid is glow discharged, it is placed in a humidity and temperature-
controlled chamber in a Vitrobot. Sample is pipetted onto the grid through a
small side door of the chamber. Automated sample blotting and plunge freezing
steps are performed by the Vitrobot using a user specified blotting duration time.

Data collection

Single particle cryo-EM data was collected on a Titan Krios G2
transmission electron microscope (Thermo Fisher) with a Falcon 4 direct
electron detector (Thermo Fisher). Data was collected with an
accelerating voltage of 300 kV and a nominal magnification of 96,000x,
which corresponds to a pixel size of 0.82 A/pixel. A total of 2,916 cryo-
EM movies were collected in EER format. Full data collection parameters

are shown in Table 2.4.
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Image processing

Cryo-EM movies were imported, motion corrected (MOTIONCOR2) and
the CTF parameters estimated (CTFFIND-4.1) using Relion. 145
particles were manually picked from the micrographs with a particle
picking diameter of 300 A. Picked particles were extracted with a box
size of 400 pixels. Particles where then subjected to reference-free 2D
classification with a mask diameter of 380 A, asking for 5 classes.
Selected particles were then used as a reference for particle autopicking,
with a picking threshold of 0.2 and a minimum inter-particle distance of
200 A, resulting in 229,919 picked particles. Particles were extracted as
previous and imported into cryoSPARC for further processing. Several
rounds of 2D classification were performed, asking for 20 classes with
an initial classification uncertainty factor of 3, number of online-EM
iterations of 40 and batchsize per class of 200. This resulted in 30,899
particles. To generate an initial 3D model, the predicted structural model
of the SPOP oligomer ['% was converted into a density map using
ChimeraX ['81 and the box and pixel size was resized to 400 pixels and
0.82 A/pixel respectively using Relion image handler. The map was
imported into cryoSPARC and low pass filtered to 60 A before being used
as an initial 3D model along with the selected particles for homogenous
3D refinement with C1 symmetry.

Image re-processing using FL SPOP as a reference model

To see whether using the published FL SPOP oligomer model ['81 as an
initial 3D reference would improve the resulting refined 3D model, the FL
SPOP model was converted to a density map and resized as stated
previously. This new initial model was used for homogenous 3D
refinement with this studies’ particles to generate a 3D refined density

map.

Image processing using cryoDRGN and 3D Flexible Refinement

(3DFlex)

To try to resolve any remaining heterogeneity in the data, a cryoDRGN

['81 model was trained using the particles and particle poses that were
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generated when using the SPOP oligomer predicted model ['% as an
initial 3D model reference. First, the particles were downsampled to 128
pixels and a cryoDRGN model was trained with 8 latent dimensions and
50 training iterations. The trained model was then used to generate 20
reconstructions from the downsampled particle data. Particles
contributing to compositional heterogeneity were remove using
cryoDRGN particle filtering, which resulted in a final particle stack of
16,111 particles. The particles were re-extracted at their full box size and
were re-imported into cryoSPARC for 3DFlex. 3DFlex was used to model
the flexibility of the SPOP oligomer within the data. The particles were
downsampled to 128 pixels and a training mesh mask was generated
with a mask dilation of 4 A. The downsampled particles and training mesh
mask were used to train a 3DFlex model with 2 latent dimensions, 32
hidden units and a rigidity prior of 3. Two volume series were generated,
which were used to generate morph movies showing the flexible motion
of the SPOP'8-3%9 gligomer.

2.32 - Cryo-EM grid making and screening of MyD88PP-P
QuantiFoil R1.2/1.3 300 mesh copper grids were glow discharged using
a PELCO easiGlow glow discharge system (Ted Pella), as previously
stated. Cryo-grids were prepared using a Vitrobot MK IV (Thermo Fisher)
with a chamber temperature of 4 °C and 100% humidity. 3 pL of
MyD88PP-P at 0.67 mg/mL was applied to the grid and immediately
blotted for 6 seconds with a blot force of 1, followed by rapid plunge
freezing in liquid ethane. Cryo-EM grids were screened on a
ThermoFisher Titan Krios G2 transmission electron microscope with a
ThermoFisher Falcon 4 direct electron detector, operating at an
accelerating voltage of 300 kV. Micrographs were collected at nominal
magnification of 96,000x, which corresponds to a pixel size of 0.82 A.
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2.33 - Cryo-EM of the MyD88PP-P and SPOP'8-3% complex
Complex formation

The MyD88PP-P-SPOP'8-3%9 complex was formed using purified SPOP'#
3% and a high concentration pre-size-exclusion chromatography stock of
MyD88PP-P. SPOP'8-3% (19 uM) and MyD88PPP (114 uM) were mixed

in either a 1:1, 1:3, 3:1 volumetric ratio.

Grid preparation

Quantifoil R1.2/1.3 300 mesh copper grids were glow discharged using
an PELCO easiGlow glow discharge system (Ted Pella) as previous.
Cryo-EM grids were prepared using a Vitrobot as previous, but with a
blot force of 1.

Data collection

A single particle cryo-EM data set was collected on a cryo-EM grid made
with a 3:1 ratio of SPOP'8-3% and MyD88PP-P. Data was collected on a
ThermoFisher Titan Krios G2 transmission electron microscope with a
ThermoFisher Falcon 4i direct electron detector and SelectrisX energy
filter. Data was collected with an accelerating voltage of 300 kV and
nominal magnification of 165,000x, which corresponds to a pixel size of
0.74 A (full data acquisition settings shown in Table 2.4). A total of 5,624
cryo-EM movies were acquired.

Image processing

Movies were imported into Relion for motion correction using
MotionCor2. The CTF parameters were estimated using CTFFind4. 734
particles were manually picked with a particle diameter size of 200 A.
Picked particles were extracted with a box size of 560 pixels. Extracted
particles were used for 2D classification, asking for 10 classes. Selected
classes resulted in 679 remaining particles, which were used for particle
autopicking with a picking threshold of 0.3 and a minimum inter-particle
distance of 200 A. The resulting 350,738 particles were extracted with a
box size of 560 pixels and imported into cryoSPARC for further
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processing. The particles were subjected to several rounds of 2D
classification with 40 online-EM iterations and a batchsize per class of
200. 154,223 particles were used to generate an initial 3D model, which
was refined using the non-uniform refinement algorithm to generate the

final map.

2.34 - Cryo-EM of the UFL1 ligase-60S ribosome complex

Grid preparation

Cryo-grids were prepared with 0.05% glutaraldehyde crosslinked 60S-
UFL1-UFBP1-CDK5RAP3-UFC1-UFM1 complex at 7.7 mg/mL in 25 mM
HEPES pH 7.5, 50 mM KCI, 5 mM MgCl,, 2 mM DTT (prepared by
Joshua Peter, Yogesh Kulathu lab). Quantifoil R3.5/1 copper 200 mesh
holey grids were glow discharged using a PELCO easiGlow glow
discharge unit at 15 mAmp for 30 s. Cryo-grids were prepared using a
Vitrobot MK IV (ThermoFisher) with a chamber temperature of 4 °C and
100% humidity. 3 uL of protein was applied to the grid and immediately
blotted for 6 s with a blot force of 1, followed by rapid plunge freezing in

cooled liquid ethane.

Data collection

Single particle cryo-EM data was collected on a Titan Krios G2
transmission electron microscope with a Falcon 4i direct electron
detector and SelectrisX energy filter (Thermo Fisher). Data was collected
with an accelerating voltage of 300 kV and nominal magnification of
165,000x, which corresponds to a pixel size of 0.74 A (full data
acquisition settings shown in Table 2.4). A total of 59,394 cryo-EM

movies were acquired.

Image processing

The cryo-EM movies were imported, beam-induced motion corrected
(MOTIONCOR?2) and the CTF parameters estimated (CTFFINDA4.1)
using Relion. Approximately 2.2 million particles were picked from motion
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corrected micrographs using crYOLO-1.6.1 "1 un-trained particle
picking (2019 general model) with a particle box size of 400 pixels and a
picking confidence threshold of 0.2. Picked particles were extracted in
Relion with a particle box size of 588 pixels, re-scaled to 128 pixels (re-
scaled pixel size ~3.4 A). Extracted particles were imported into
cryoSPARC-3.2 for processing. Seven rounds of reference-free 2D class
averages were generated with initial classification uncertainty factor set
between 2-7, number of online-EM iterations set to 40 and batchsize per
class set to 200 and all ribosome-like particles were taken forward. The
selected ~1.6 million particles were used to generate an initial 3D model
with C1 symmetry. The initial 3D model was further refined using the non-
uniform refinement algorithm with the dynamic masking start resolution
set to a value below the resolution of the data (i.e., 1 A), to generate a
refined 3D model and a mask that encompasses the entire box size. The
mask and model were input for 3D variability analysis asking for three
classes. Particles from the class containing ligase bound 60S ribosomes
were taken forward for another round of 3D refinement, this time with
dynamic masking start resolution set to default (12 A) and the dynamic
mask threshold set to 0.1. This was then followed by several rounds of
3D variability analysis, asking for two classes to separate ligase bound
60S ribosomes from unbound 60S ribosomes, which resulted in 356,394
ligase-bound ribosome particles. Particles were then down sampled to
128 pixels and a cryoDRGN-3.2 ['8] model was trained with 8 latent
dimensions and 50 training iterations. CryoDRGN particle filtering
removed 57,386 junk particles, resulting in a final particle stack of
299,008 particles. The homogenous particle population containing
ligase-bound ribosomes were re-extracted in Relion at the full box size.
A 3D model was generated with C1 symmetry, followed by non-uniform
refinement with per particle defocus optimization, Ewald sphere
correction and CTF refinement in cryoSPARC-4.2.1 to generate the
ligase-bound 60S ribosome map.

To further refine the density for the ligase complex, two masks were
created from the final 3D refinement volume using UCSF ChimeraX-
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1.2.5 software: one which encompasses the ligase complex and another
which encompasses the 60S ribosome. The ribosome mask was used
for particle signal subtraction. Signal subtracted particles were then used
for local refinement of the ligase complex, using the ligase mask, to
generate a ligase only map. A cryoSPARC-4.2.1 3DFlex ["®" training
model was generated for the ligase with 6 latent dimensions and a rigidity
prior of 2. The resulting 3DFlex model was used for 3DFlex
reconstruction with 40 Max BFGS iterations to generate the final ligase
only map. The ligase-bound 60S map was sharpened using Phenix-1.2.1
autosharpen map job and the ligase only map was sharpened using
DeepEMhancer ['%92] tight target sharpening protocol.

Model building
Atomic models were built using Coot-0.9.8.1 I8, For the ligase-bound

60S ribosome map, PDB ID 7QWR '3l was used as a starting model by
rigid body fitting the model into the density map, followed by re-building
in Coot. No ligase components were built into the ligase bound ribosome
map except for the UFL1 loop. For the ligase complex, AlphaFold 2.0 [°€]
models of the individual proteins were separated into smaller segments
and then rigid body fitted into the density map, followed by manual re-
building in Coot. The UFL1 CTD (residues 515-786), CDK5RAP3 UUBD
(residues 15-116) and UFM1 displayed poor side chain density and so
the side chains of these regions were set to an occupancy of 0. Atomic
models were refined using Phenix real space refinement ['% and
validated using MolProbity ['81 All 3D density maps were visually
inspected in UCSF ChimeraX-1.2.5 software ['87],

2.35 - Cryo-EM of the UFMylated 60S ribosome

Data collection and image processing

Cryo-EM grids were prepared as previous with 1.5 mg/mL of sample.
Single particle cryo-EM data was collected on a Titan Krios G2

transmission electron microscope with a Falcon 4 direct electron



73

detector. Data was collected with an accelerating voltage of 300 kV and

nominal magnification of 96,000x, which corresponds to a pixel size of
0.82 A (full data acquisition settings shown in Table 2.4). A total of 3,028

cryo-EM movies were acquired. The data was processed as

previous, with the final map being generated from the particles after

several rounds of 3D variability analysis.

Data
collection
parameters

Microscope
Detector
Energy filter

Energy filter
slit (eV)
Accelerating
Voltage (kV)
Magnification
Spot size
llluminated
area (mm)
Pixel size (A)
Defocus range
(mm)

Total electron
dose (e/A?)
Exposure (s)
Number of
frames

Dose per
frame (e/A?)
Number of
movies
Acquisition
mode

AFIS

AFIS range
(mm)

EPU software
version

Data
possessing
parameters

Ligase
bound
60S
ribosome

Ligase
comple
x only

UFMylate SPOP™
d 60S -359
ribosome

FEI Titan Krios G2

Falcon4i
SelectrisX

10

x165,000
8
0.54

0.74
-0.21t0-2.0

33.4

2.67
42

59,394

Yes

3.2.0

Ligase
bound
60S
ribosome

Ligase
comple
x only

Falcon4
300
x96,000
6
0.56 0.64
0.82 0.82
-0.8 to -1.5to0 -
-2.9 3.0
39.8 33.2
6.66 4.01
32 41
0.8
3,028 2,916
Counting
No No
2.14 3.0
UFMylate SPOP'
d 60S -359
ribosome

SPOP™

359_

MyD88P"
ID

Falcon4i

Selectris
X
10

x165,000
8
0.53

0.75

-1.3to-
2.5
40.8

3.25
51

5,624

Yes
3.4.0

SPOP'™

359_

MyD88°"
ID



Symmetry
point group
Final particle
number

Map resolution
(A)

FSC
threshold
Map
sharpening B
factor (A?)

Model
statistics

Bond length
(A) (# > 40)
Bond angles
(°) (# > 40)
MolProbity
score

Clash score

Ramachandra
n outliers (%)
Ramachandra
n allowed (%)
Ramachandra
n favoured
(%)

Rotamer
outliers (%)
CB outliers
(%)

CaBLAM
outliers (%)
Number of
water
molecules

C1
299,008 5,402
2.2 3.2 7.0
0.143
59.28 - -
Ligase Ligase
bound comple
60S x only
ribosome
0.004 0.004
0.595 0.565
1.65 1.82
2.04 9.25
0.02 0.00
1.56 4.77
98.43 95.23
0.95 0.09
0.00 0.00
1.12 2.63
2,164 -

74

30,899

154,223

13.5 7.6

Table 2.4 - Cryo-EM data collection, processing and model validation

statistics
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Chapter 3 — Characterising SPOP binding to
MyD88

3.1 - Chapter introduction

The Myddosome-complex protein, MyD88, was recently identified as a
substrate of the ubiquitin E3 ligase adaptor protein, SPOP [¢2, This
interaction was implicated as a mode of regulating Myddosome signalling
through the ubiquitylation and degradation of MyD88. MyD88 contains a
single SPOP-binding consensus (SBC) motif; however, the molecular
details and mechanism of binding remains unknown. In this chapter,
fluorescence polarization (FP) binding assays and X-ray crystallography
were used to characterise the interaction between SPOP and MyD88.

3.2 - Measuring the binding affinity between MyD88
and SPOP

3.2.1 - Purification of SPOP MATH domain from E. coli cells

In order to investigate the binding interactions between SPOP and
MyD88, a truncation of SPOP which included just the substrate-binding
MATH domain (SPOPMATH; residues 28-166; plasmid cloned by the Dr
Stephanie Wright lab) was expressed and purified from E. coli cells (Fig.
3.1a).
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Figure 3.1 — Purification of the SPOPYA™ domain

a Domain organisation of full-length (FL) SPOP protein and the SPOPMAT™
truncation protein used for Escherichia coli expression. Amino acid numbers
are indicated. MATH is meprin and TRAF homology domain. BTB is Broad-
complex, Tramtrack, and Bric-a-brac domain. CTD is C-terminal domain. N is
nuclear localisation sequence.

b Size-exclusion chromatography chromatogram of SPOPMA™ purified using a
Superose6 Increase 10/300 gl column.

¢ Representative SDS-PAGE gel of SPOPMA™ after size-exclusion
chromatography purification.

This SPOPMATH protein contained an N-terminal His®-tag followed by an
MBP tag to improve solubility. A HRV 3C protease cleavage site was
included to remove the His-MBP tag after affinity purification. The His-
MBP-tagged protein was initially purified via the His-tag using nickel-
affinity purification. The tags were cleaved and the cleaved protein was
isolated by reverse nickel-affinity purification. This protein was further
purified by size-exclusion chromatography to obtain protein used for
further experiments (Fig. 3.1 b, ¢). SPOPMATH eluted at the predicted
monomer position (~25 mL; 17 kDa) from the size-exclusion

chromatography column (Fig. 3.1 b).
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3.2.2 - Measuring SPOPVATH phinding to MyD88 peptides using
a fluorescence polarization assay

In 2009 it had been shown that SPOP substrates contain a five-residue
SBC which was identified as [non-polar]-[polar]-[S]-[S/T]-[S/T], with
SPOP substrates typically containing more than one SBC in their protein
sequence % Since then, many new SPOP substrates have been
identified and their SBCs reported (Table 1.1). Not all of the reported
substrate SBCs have a S/T rich SBC and so a multiple sequence
alignment using all currently known SPOP substrate SBC sequences
was performed using WeblLogo software (University of California,
Berkeley) ['%] to generate an updated SBC motif (Table 1.1, Fig. 3.2 a).
The resulting motif agrees well with the original proposed SBC, but
highlights the occurrence of unusual residues, particularly at position 5
of the SBC (Fig. 3.2 a).

It has been reported that MyD88 contains a single SBC ('**VDSSV'%%)
that is located in its intermediate domain (ID) (Fig. 3.2 b, c, d) 2. This
SBC is unusual as it contains a valine at position 5, which was the third
most occurrent amino acid in the motif search at this position (Fig. 3.2
a). This unusual SBC is further confounded by the fact that MyD88 only
has one known SBC, meaning that the potentially weaker SBC is not
compensated for by multivalent binding to SPOP using several weaker
SBCs. To investigate this further, the binding affinity between MyD88 and
SPOP was measured using an FP assay.

5-carboxyfluorescein (°7V)-labelled MyD88 peptides (either attached to
the N-terminus or linked through an added C-terminal lysine) were used
for binding affinity measurements with SPOPMATH, The 7-mer peptide 57!-
AVDSSVP (Fig. 3.2 ¢ magenta box; Fig. 3.2 d) includes the SBC along
with an amino acid flanking either side. Analysis of the MyD88 protein
sequence near the SBC showed a well-conserved region just N-terminal
to the SBC (Fig. 3.2 ¢). Importantly, this conserved region is still within
the unstructured intermediate domain, as predicted by AlphaFold (Fig.
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3.2 d). To test whether these conserved MyD88 residues are also

involved in SPOPMATH binding, longer MyD88 peptides were also used

for SPOP binding analysis (Fig. 3.2 c; Fig. 3.2 d). These fluorescently

labelled MyD88 peptides were used to measure the binding affinity to the
substate binding domain of SPOP, SPOPMATH "ysing an FP assay. The
SPOPMATH tryncation was chosen over the FL protein for this assay, as

this monomeric form contains only one binding site per molecule,

simplifying protein concentration measurements and Ky calculations.
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MyD88 125-139 AEKPLQVAAVDSSVPK-5F!u 0.18 £0.02

Figure 3.2 — Measuring SPOPYA™ binding to MyD88 peptides

a Motif search of known SPOP substrates using WebLogo software (University
of California, Berkeley) . Amino acids are coloured as follows. Black is
hydrophobic. Green is polar. Red is acidic. Blue is basic. Purple is neutral. A list
of proteins used to derive this consensus is shown in Table 1.1.

b Domain organisation of full-length MyD88. Numbers are residue numbers.
Death is Death domain. ID is intermediate domain. TIR is Toll/interleukin-1
receptor domain. **VDSSV'®is the SPOP binding consensus (SBC).

¢ Multiple sequence alignment of MyD88 from various species aligned using
the UniProt Clustal Omega sequence alignment tool ['%!. SBC shown in black

box. de%% is the SBC where ¢ represents a non-polar amino acid and n

represents a polar amino acid. * represents identical sequence. : represents
conserved sequence. . represents semi-conserved sequence. MyD88 peptides
used for fluorescence polarization assays shown as coloured boxes.

d AlphaFold2 ¥ predicted structural model of MyD88, displayed as a cartoon
figure in ChimeraX ["¥1 MyD88 peptide sequences used for fluorescent
polarization assays are mapped onto the structure in their respective colours as
shown in c.

e Fluorescence polarization assay measuring binding of SPO and various
5-carboxyfluorescein (°™)-labelled MyD88 SBC peptides. SBC shown in bold.
AFluorescence polarization is the normalised fluorescence polarization in milli-
polarization (mP). Lines show the non-linear fit using Prism9’s one site total
binding analysis (GraphPad Prism version 9, GraphPad Software, Boston,
Massachusetts USA, www.graphpad.com). Error bars are standard error of the
mean. Boxed is an enlarged view at lower SPOPMA™ concentrations.

f Table showing the dissociation constants (K4) obtained in e. Bold residues are
the SBC. Standard error of the mean is shown, calculated from 3 independent
experiments.

PMATH

Initially, peptides with either an N-terminal or C-terminal SFlu label were
tested for SPOPMATH binding. However, some of the peptides showed
visible precipitation in the assay buffer; therefore, the binding affinity
could not be accurately measured due to potential concentration
inaccuracies. Ultimately, the C-terminally labelled minimal SBC peptide
could not be used for binding measurements with SPOPMATH,

Strikingly, the MyD88 AEKPLQVAAVDSSVPK-FU peptide showed a
much higher affinity towards SPOPMATH compared to the minimal MyD88
SFl-AVDSSVP peptide, with over a 100-fold difference in affinities of 0.18
+0.02 uM and 32.25 £ 2.08 uM respectively (Fig 3.2 e, f). This extended
MyD88 peptide also represents the highest affinity SPOP binder
measured so far. However, the N-terminally labelled peptide SFl-
AEKPLQVAAVDSSVPRT bound with an affinity of 1.94 + 0.47 uM, which
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is weaker affinity compared to the C-terminally labelled longer peptide
but higher affinity compared to the shorter peptide (Fig 3.2 e, f). The SFlu-
AEKPLQVAAVDSSVPRT peptide also showed a lower maximum FP
value of ~40 mP compared to ~130 mP for the other two peptides. This
could indicate the presence of a fluorophore-bound species which is
lower molecular weight than the expected SPOPMATH.peptide complex,
such as peptide aggregates. Regardless, these data strongly suggests

that the region N-terminal to the SBC is also involved in binding to
SPOPMATH,

To further investigate this extended MyD88 binding sequence, an FP
peptide competition assay was performed. For this assay, the labelled
MyD88 °Fli-AVDSSVP peptide competed for binding to SPOPMATH with
unlabelled MyD88 peptides of varying lengths (Fig. 3.3 a, b).
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d
Protein Residue range Peptide sequence ICs0 (M)
MyD88 133-139 AVDSSVP ~936.9 £ 119.1
MyD88 133-139 AVAAAVP nb
MyD88 133-141 AVDSSVPRT nb
MyD88 128-141 PLQVAAVDSSVPRT ~206.1 +£90.7
MyD88 125-141 AEKPLQVAAVDSSVPRT 22.9+9.2
MyD88 125-141 AEKPLQVAAVAAAVPRT nb

Figure 3.3 — Measuring binding between MyD88 peptides and SPOPMA™

using a fluorescence polarization peptide competition assay
a Protein sequence of Homo sapiens MyD88. SPOP-binding consensus (SBC)

motif shown in black box. qu%% is the SBC where ¢ represents a non-polar

amino acid and & represents a polar amino acid. Numbers are amino acid
numbers. Unlabelled MyD88 peptide competitors used for fluorescence
polarization assays shown as coloured boxes.

b AlphaFold2-predicted structural model of MyD88 displayed as a cartoon
figure in ChimeraX. N is N-terminus. C is C-terminus. MyD88 peptide
sequences used for fluorescent polarization assays are mapped onto the
structure in their respective colours as shown in a.

¢ Peptide competition fluorescence polarization assay probing competitive
binding of various unlabelled MyD88 peptides against a labelled MyD88 peptide
(*"M-AVDSSVP) bound to SPOP"A™ Top are wild-type peptides. Bottom are
DSS to AAA mutant peptides. Lines show the non-linear fit using Prism-9’s
[inhibitor] vs response - variable slope analysis. Error bars are standard error
of the mean.

d Table showing the half maximal inhibitory concentration (ICso) values
obtained in c. Bold residues are the SBC. nb is no measurable binding at the
concentrations tested. Standard error of the mean is shown, calculated from 3
independent experiments.

In support of the previous FP data, the peptide competition assay
showed that the longer unlabelled MyD88 peptide
(">>AEKPLQVAAVDSSVPRT'#") was able to compete out the labelled
peptide better than the other shorter peptides tested (Fig. 3.3 ¢, d). An
intermediate-length peptide containing residues
128PLQVAAVDSSVPRT'! also showed increased competitive binding
compared to the minimal SBC peptide ("33 AVDSSVP'29), but not to the
degree of the AEKPLQVAAVDSSVPRT peptide. This suggests that
residues within both the '2AEK'?” and the '28PLQVA'2 segments
contribute to SPOPMATH binding (Fig. 3.3 ¢, d). Interestingly, the
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AEKPLQVAAVDSSVPRT peptide is predicted to encompass the entire
unstructured ID of MyD88 (Fig. 3.3 b). In addition, two unlabelled MyD88
peptides with *DSS'37 within the SBC mutated to AAA were also tested.
Both of these peptides showed no binding to SPOPMATH at the
concentrations tested, suggesting that the SBC is critical for SPOP
binding, which is not compensated for by additional binding residues
(Fig. 3.3 c, d). Altogether, these analyses suggest that MyD88 interacts
with SPOPMATH ysing an extended binding motif that also includes
residues N-terminal to the known five-residue SBC.

3.2.3 - Does MyD88 contain a second SBC?

Within the sequence of the unstructured N-terminus of MyD88 there is a
sequence that resembles an SBC ('“VSSTS'’; SBC_2) (Fig. 3.4 a, b).
Sequence alignment of MyD88 shows that this SBC_2 is only conserved
in primates (Fig. 3.4 c¢). In previous SPOP-MyD88 studies, deletion of
this SBC_2 motif and subsequent co-purifications and ubiquitylation
assays showed that SPOP was still able to bind to and ubiquitylate
MyD884SBC_2 at levels similar to WT MyD88 [''9l. In the same study,
deletion of the SBC_1 ('3*VDSSV'3*®) motif prevented any detectable
SPOP binding and ubiquitylation of MyD88, suggesting that SBC_1 was
a genuine SBC whereas SBC_2 was not [''9. To study this second
putative MyD88 SBC_2 using a more minimal approach, the interaction
of SPOPMATH with a 7-mer MyD88 PVSSTSSK-*FU peptide was tested.
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MyD88 13-18 SFlu_pVSSTSS 30.27
(SBC_2 short) 14.47

Figure 3.4 — Measuring MyD88 SBC_2 peptide binding to SPOP"A™

a Domain organisation of full-length MyD88. Numbers are residue numbers.
Death is Death domain. ID is intermediate domain. TIR is Toll/interleukin-1
receptor domain. '**VDSSV'* is the known SPOP binding consensus (SBC).
1“vSSTS' is the putative second SBC.

b Alphafold2-predicted structural model of MyD88 displayed as a cartoon figure
in ChimeraX. MyD88 peptide sequence used for fluorescent polarization assays
is mapped onto the structure, as shown in ¢ and d.

¢ Multiple sequence alignment of MyD88 from various species aligned using
the UniProt sequence alignment tool. SBC shown in black box. de%% is the
SBC where ¢ represents a non-polar amino acid and = represents a polar amino
acid. * represents identical sequence. : represents conserved sequence. .

represents semi-conserved sequence. MyD88 SBC_2 peptide used for
fluorescence polarization assays boxed in green.
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d Fluorescence polarization assay probing binding between a range of
SPOPMAT™H concentrations and various 5-carboxyfluorescein-labelled (°7)
MyD88 SBC peptides. Sequences of peptides are shown in e. AFluorescence
polarization is the normalised fluorescence polarization in milli-polarization
(mP). Lines show the non-linear fit using Prism9’s one site total binding
analysis. Error bars are standard error of the mean. Boxed is a zoomed in view
at lower SPOPMA™ concentrations.

e Table showing the dissociation constants (Ky) obtained in d. Bold residues
are the SBC. Standard error of the mean is shown, calculated from 3
independent experiments. SBC_2 short was calculated from 2 independent
experiments.

The MyD88 SBC_2 short peptide (°FU-PVSSTSS) and the MyD88 SBC_1
short peptide (°"Y-AVDSSVP) showed comparable binding to SPOPMATH,
with Kgs of 30.27 £ 14.47 and 32.25 + 2.08 respectively. This is in
contrast with previous reports that MyD88 SBC_2 was dispensable for
SPOP binding "9, It is therefore feasible that this "*PVSSTSS"® region
of MyD88 may act as an additional SBC, at least in vitro. Further
experiments would be needed to validate whether MyD88 uses both
SBCs within a single protomer to engage a SPOP oligomer.

3.2.4 - Comparison of extended MyD88 SBC_1 to other SPOP
substrate SBCs

To date, Pdx1 is the only SPOP substrate reported to have an extended
SPOP binding site, with additional residues N-terminal to the SBC able
to interact with SPOPMATH 163, 991 (Fig. 3.5 a). Comparison of the Pdx1 and
MyD88 protein sequences showed some degree of similarity in the
region N-terminal to the SBC (Fig. 3.5 b). Another SPOP substrate, Puc,
is a SPOP substrate with the highest known affinity of binding to SPOP.
The binding affinity of a Puc SBC peptide (**LACDEVTSTTSSSTA'%)
with SPOPMATH was measured with a Kq of 3.70 + 0.03 uM, whereas the
majority of SBCs have affinities in the mid to high uM range %1, Notably,
a crystal structure of Puc bound to SPOPMATH did not exhibit any
extended binding N-terminal to the SBC (Fig. 3.5 a). To measure how
the binding affinity of MyD88 compares to the extended binder Pdx1 and
the high affinity binder Puc, peptides for Pdx1 and Puc encompassing
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the same region around the SBC as the MyD88 SBC_1 extended peptide
were tested using an FP assay (Fig. 3.5 b).

SPOPMATH
‘}oh -

SBC
S S
(I)TTS;;
MaPdx1 PEQDCAVTSGE
DmPuc_1 DHVTSTTSSS
DmPuc_2 ENLACDHVTSTTISSST

S
ITS;
HsMyD88 124 EAEKPLQVAAVDSSVPRTAELA 145
HsPdx1
MaPdx1

C HsMyD88
150 DmPuc 89 RSRENLACDHVTSTTSISSTAMN 119
1 T
T ) -
3 o
= 100
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'ﬁ 1 b K-5F1lu
g Y/ 5. MyD88 AEKPLQVAAVDSSVP
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d
Protein Residue range Peptide sequence Ka (UM)
MyD88 125-139 AEKPLQVAAVDSSVPK > (.18 + 0.02
Pdx1 220-234 VAEPEQDCAVTSGEEK ™" 6,15+ 1.05
Puc 90-104 SRENLACDEVTSTTSK>"* 1.190 + 0.003

Figure 3.5 — Measuring SPOPYA™ binding to SPOP substrate peptides

a Left - comparison of substrate peptide-bound SPOP structures. SPOPMATH
shown in grey. SPOP substrate peptides shown as colours. Pdx1 PDB ID 6F8F
9 pyuc_1 PDB ID 3HQLP®. Puc_2 PDB ID 3HQL ©%!. Right — Protein sequences
of SPOP binding peptides coloured as shown in left. Grey amino acids were
included in the peptide but not built into model. Black box denotes SPOP

binding consensus (SBC) sequence. qu%% is the SBC where ¢ represents a
non-polar amino acid and = represents a polar amino acid.
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b Sequence alignment of the SBC regions of Homo sapiens (Human; Hs)
MyD88, Hs and Mesocricetus auratus (Golden hamster; Ma) Pdx1 and
Drosophila melanogaster (Fruit fly; Dm) Puckered (Puc). Alignments generated
using EMBOSS Stretcher 1. SBC shown as black box. * represents identical
sequence. : represents conserved sequence. . represents semi-conserved
sequence.

¢ Fluorescence polarization assay probing binding between a range of
SPOPMA™ concentrations and various 5-carboxyfluorescein-labelled (°7)
peptides. SBC shown in bold. AFluorescence polarization is the normalised
fluorescence polarization in milli-polarization (mP). Lines show the non-linear fit
using Prism9’s one site total binding analysis. Error bars are standard error of
the mean.

d Table showing the average dissociation constants (Ky) obtained in ¢. Bold
residues are the SBC. Standard error of the mean is shown, calculated from 2
independent experiments.

The Pdx1 peptide displayed a higher binding affinity to SPOPMATH
compared to most known SPOP substrates, with a Ky of 6.15 + 1.05 uM
(Fig. 3.5 ¢, d). The Puc peptide also displayed relatively tight binding,
with a Kq of 1.190 + 0.003 uM (Fig. 3.5 ¢, d). This Ky is similar to that
reported by Zhuang et al. %%, although different peptide boundaries were
used in this experiment, which may explain the slight difference in Ka.
Notably, the C-terminally labelled MyD88 peptide showed a much higher
binding affinity than both Pdx1 and Puc (Fig. 3.5 ¢, d). Meanwhile the N-
terminally labelled MyD88 peptide showed a comparable Kq as Puc (Fig.
3.2 e, f). Despite the discrepancy between the Kgs of the N-terminally
and C-terminally labelled MyD88 peptides, both values are at least as

high affinity as Puc.

3.2.5 - Isothermal titration calorimetry measurements of
MyD88 and Puc binding to SPOPMATH

To investigate which MyD88 peptide binding measurement represents a
more real Kqs measurement, isothermal titration calorimetry (ITC) was
used. The binding to SPOPMATH was measured by titrating the N-terminal
labelled, C-terminal labelled and unlabelled MyD88 SBC_1 long
peptides. Additionally, binding of the Puc-5F" peptide was also measured

for comparison.
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e
MyD88 long  °f*- MyD88_long Puc™™
MyD88_long  ~fM
Peptide AEKPLQV SFUAEKPLQV  AEKP SRENLAC
sequence AAVDSSVPRT AAVDSSVPRT LQVAAV DEVTSTT
DSSVPK®™ | SK
N (sites) 0.94 £ 0.01 0.96 £ 0.02 0.87 £ 0.01 0.93 £ 0.01
Ka (M-1) 2.51x10° + 3.41x10° + 4.21x10° + 7.30x10° +
1.58x10* 3.44x10* 4.40x10° 6.48x10*
Ks(uM)  3.98 2.93 0.24 1.37
AH -9761.00 £ -8998.00 + -9080.00 -1.44x10*
(callmol)  159.80 197.90 +75.87 + 198.40
AS -8.03 -4.86 -0.15 -21.30
(cal/mol/°)

Figure 3.6 - Isothermal titration calorimetry (ITC) measurements of MyD88
and Puc peptides binding to SPOPMATH

For a-d, peptide sequences are shown in e. Top panel is the raw ITC data with
the baseline shown as a red line. The bottom panel is the integrated heat peaks
plotted against the molar ratio.

a Binding isotherm of 300 uM MyD88_long peptide titrated into 30 uM
SPOPMATH,

b Binding isotherm of 300 uM 5-carboxyfluorescein (°"“)-MyD88_long peptide
(N-terminally labelled with 5Flu) titrated into 30 pM SPOPMAT™,

¢ Binding isotherm of 300 uM MyD88_long->" peptide (C-terminally labelled
with 5Flu) titrated into 30 uM SPOPMATH,

d Binding isotherm of 300 uM Puc-°" peptide (C-terminally labelled with 5Flu)
titrated into 30 uM SPOPMATH,

e Table showing ITC parameters from a-d. N is the stoichiometry of binding. Ka
is the association constant. Ky is the dissociation constant calculated by taking
the inverse of Ka. AH is the enthalpy change. AS is the entropy change. Values
are from a single experiment. Error values are the fitting error.

Overall, the Ky values measured in the ITC experiment agree well with
those measured using the FP assay (Fig. 3.5 d, Fig. 3.6 e). The use of
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ITC allowed for the K¢ measurement of the unlabelled MyD88 peptide
binding to SPOPMATH which was 3.98 puM. This value more closely
resembles the value obtained for the N-terminal labelled MyD88 peptide
(2.93 uM), rather than the C-terminal labelled peptide (240 nM) (Fig. 3.6
e). It is therefore likely that the addition of the fluorophore at the C-
terminus of the MyD88 peptide is contributing to binding to SPOP,
resulting in a 10-fold increase in affinity. Although, this phenomenon does
not seem to be observed in the case of Puc-°F binding to SPOPMATH,
which reported Ky values that were consistent with previous studies 91,
Overall, the binding affinity of 3.98 uM for the MyD88 SBC_1 long peptide
binding to SPOPMATH still represents a relatively high binding affinity,

compared to other SPOP substrates.

3.3 - Determining the X-ray crystallography

structure of a MyD88 peptide bound to SPOPVATH

To visualise the MyD88 peptide-SPOPMATH interaction and infer the
structural basis of MyD88’s extended binding, crystallization trays were
set up. SPOPMATH was mixed with a 3x molar excess of MyD88 peptide
("AEKPLQVAAVDSSVPRT'#"). Plate-shaped crystals appeared after
11 days, and X-ray diffraction data was collected using the Diamond
(Oxfordshire, U.K.) 124 microfocus beamline (full data collection and
processing parameters in Table 2.3). The crystal diffracted to 1.7 A and
data was later truncated to 2.0 A (Fig. 3.7 a, b). The crystal had space
group P21 24 21 with one copy in the asymmetric unit, assuming 40%
solvent content. The structure was solved by molecular replacement
using an apo SPOPMATH structure (PDB ID: 7KPI) 63, The resulting
electron density showed a good fit with the known SPOPMATH structure,
with well resolved additional electron density in the substrate binding
region of SPOP, which represented the MyD88 peptide (Fig. 3.7 c, d).
The MyD88 peptide was built into the density de novo and after several
rounds of model building and refinement, the structure had an Rwork/Riree
of 0.187/0.232 (Table 2.3, Fig. 3.7 d, e).
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Figure 3.7 — X-ray crystallography data collection and model building of
the SPOPMA™.MyD88 peptide crystal structure

a Image of the crystal used for X-ray crystallography data collection. White
arrow points to crystal.

b Diffraction pattern from the X-ray crystallography data collection. Resolution
rings are shown.
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c Initial electron density after molecular replacement with a SPOPMA™ structure
(PDB ID: 7KPI 3 purple sticks). White arrows highlight F.-F. density contoured
at 2.5¢ (green mesh), which corresponds to the MyD88 peptide.

d Omit map showing density of the MyD88 peptide. Fo-F: density contoured at
1.0c.

e Representative image of final 2F.-F. electron density contoured at 1.0c (blue
mesh) and the model shown as green sticks.

The crystal structure shows that almost the full 17-mer MyD88 peptide is
resolved and involved in SPOP binding, consistent with the FP data (Fig.
3.8 a, b). Only the very N-terminal A-125 and C-terminal T-141 are
missing from the structure, likely due to the flexibility of these regions
(Fig. 3.8 a). The MyD88 peptide SBC binds to B-7 of SPOPMATH  as seen
in other SPOPMATH_substrate peptide structures however, there are
additional interactions directly N- and C-terminal to the SBC that are
unique to MyD88.

The crystal structure recapitulates the importance of the SBC, with six
hydrogen bonds observed between the side chains of MyD88 '35DSS"37
and SPOP residues Y-87, K-129 and D-130, with additional MyD88 main
chain or water-mediated hydrogen bonding in this region (Fig. 3.8 c-i).
In addition, SPOP W-131 and F-133 are proximal to MyD88 V134 and
are the main hydrophobics in this region (Fig. 3.8 c-i). These interactions
are similar to what is observed with other SPOP-substrate structures.

Directly N-terminal to the SBC is the linker region containing the small
hydrophobic MyD88 residues '3'VAAV'3 (Fig. 3.8 b). This region
contains a vast network of water-mediated main chain hydrogen
bonding, which is not observed in other SPOPMATH.gybstrate peptide
structures, including the extended binder Pdx1 (Fig. 3.8 c-ii).
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Pdxl1 PEQDCAVTSGE
Puc DEVTSTTI|SSS
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Pep38 EVSIIQGADSTT
Geminin AEGT[VSSSTPpPALPCI
53BP1 PATPTIASSSSISTTPT
BRD3 KADTTTPTT
MacroH2 KAASADSTTEGTPAD

Figure 3.8 — MyD88 bound SPOP"A™ structure

a 2.0 A SPOP"A™ and MyD88 peptide ('*>’AEKPLQVAAVDSSVPRT™') X-ray
crystal structure cartoon coloured by B-factor.

b X-ray crystal structure as in a. The MATH domain of SPOP is shown as a
surface representation in grey. The MyD88 peptide is shown as sticks in cyan.
Black boxes denote regions of the MyD88 peptide. N-term is N-terminus of
MyD88 peptide. SBC is SPOP Binding Consensus. C-term is C-terminus of
MyD88 peptide.

¢ Close up view of the structure as shown in b. Hydrogen bonds shown as black
dashed lines.
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d Left - comparison of substrate peptide-bound SPOPMA™ structures.
SPOPMA™ shown as grey surface representation. SPOP substrate peptides
shown as colours. Right — Protein sequences of SPOP binding peptides
coloured as shown in left. Grey amino acids were included in the peptide but
not built into model. MyD88 is from this study. Pdx1 PDB ID: 6F8G . Puc_1
PDB ID: 3IVV . Puc_2 PDB ID: 3HQL ®°. Ci PDB ID: 3HQM &®°!. Pep38 PDB
ID: 7D3D !"®8. Geminin PDB ID: 7KLZ . 53BP1 PDB ID: 7LIN ¢! BRD3 PDB
ID: 617A "%, MacroH2A PDB ID: 3HQH °. Black box is SPOP binding

consensus (SBC) sequence. de%% is the SBC where ¢ represents a non-polar
amino acid and = represents a polar amino acid.

At the N-terminal region of the MyD88 peptide there are various
electrostatic and hydrophobic interactions (Fig. 3.8 c-iii). Of note,
hydrogen bonding is observed between MyD88 Q-130 with the carbonyl
groups of SPOP K-115 and F-136, as well as between MyD88 K-127 and
SPOP D-82 (Fig. 3.8 c-iii). Additionally, MyD88 L-129 and Q-130 sit
within a hydrophobic pocket of SPOP (F-136, 1-137 and F-141) with the
adjacent MyD88 P-128 and V-131 likely helping to anchor this region of
the peptide to SPOPMA™ (Fig. 3.8 c-iii). Interestingly, a SPOP D140H
mutant showed a reduced SPOP-MyD88 interaction and reduced the
ubiquitylation of MyD88 [''°1. SPOP D-140 sits adjacent to the binding of
this N-terminal region of MyD88, perhaps explaining the loss of SPOP-
MyD88 interaction when mutated from D140H (Fig. 3.8 c-iii). The
MaPdx1-SPOPMATH crystal structure also shows that residues N-terminal
to the Pdx1 SBC are involved in SPOP binding (Fig. 1.8, Fig. 3.8 d) [,
Comparison of two structures shows the MyD88 peptide superimposes
fairly well with the MaPdx1 peptide structure, with an RMSD of 3.46 (Fig.
3.8 d). Interestingly, Pdx1 also has a glutamine bound in the same
position as MyD88 Q-130, which also has two hydrogen bonds to SPOP
(Fig. 1.8).

The C-terminus of the MyD88 peptide is unusual in comparison to other
SPOPMATH_substrate structures. It curves back towards SPOPMATH and
engages in a different conformation in respect to other substrate
peptides, giving the MyD88 peptide a horse shoe-like shape (Fig. 3.8 b,
d). In other SPOP-peptides structures, the polar residue of SBC position



94

five typically hydrogen bonds with SPOP K-129 or D-130, directing the
subsequent residues C-terminal to the SBC in this direction (Fig. 1.7). In
MyD88, this polar residue is replaced with a valine (V-138), preventing
this hydrogen bonding (Fig. 3.8 c-iv). C-terminal to V-138, the N' of
MyD88 R-140 hydrogen bonds to SPOP D-77, anchoring the C-terminus
of the MyD88 peptide away from SPOP K-129 or D-130 (Fig. 3.08 c-iv).
However, the B-factor for the C-terminal region of the MyD88 peptide is
relatively high, likely indicating a lower occupancy or high flexibility of this
region (Fig. 3.08 a).

3.4 - Structure-guided mutations of MyD88

To validate the interactions observed in the crystal structure, and to
probe which MyD88 residues are critical for SPOP binding, point mutant
MyD88 peptides were tested for their binding to SPOPMA™ using an FP

peptide competition assay.
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AAKPLQVAAVDSSVPRT E126A 11.59
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-31 Hydrophobicity 28

Figure 3.9 — Testing structure guided MyD88 mutants for binding to
SPOPVATH
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a Peptide competition fluorescence polarization assay probing competitive
binding of various unlabelled MyD88 mutant peptides against a labelled MyD88
peptide (°""AVDSSVP) bound to SPOPMA™ Lines show the non-linear fit using
Prism-9’s [inhibitor] vs response - variable slope analysis. Error bars are
standard error of the mean. Data is normalised so that the maximum mP value
represents 100% and the minimum mP value represents 0%.

b Table showing ICso values measured for each peptide, as in a. Values are
from a single experiment. nb is no measurable binding at the concentrations
tested. ICsos with a (-) could not be confidently calculated.

¢ SPOP™™ shown as surface representation, coloured by hydrophobicity.
MyD88 peptide shown in cyan. The sidechains of MyD88 leucine-129 and
glutamic acid-130 sit in hydrophobic pocket of SPOP.

As expected, point mutation along SBC residues '3°*DSS'®" impairs
binding to SPOPMATH with D135A and S136A showing the most marked
effects (Fig. 3.9 a, b). This is likely due to the disruption of the hydrogen
bonding network with SPOPMATH " as observed in the crystal structure
(Fig. 3.9 c-i). Interestingly, L129A and Q130A peptides also exhibited a
reduced binding, at similar levels to the *>DSS'®" point mutants (Fig. 3.9
a, b). When looking at the crystal structure, L-129 and Q-130 sit within a
hydrophobic pocket of SPOPMATH (F-136, |-137 and F-141), with Q-130
also forming many charged interactions (Fig. 3.9 c; Fig. 3.9 c-iii). The
mutation from the large hydrophobic leucine to the smaller hydrophobic
alanine would likely lessen the hydrophobic interactions with SPOP,
greatly reducing the 1Cso, despite still maintaining a WT SBC (Fig. 3.9 a,
b). Similarly, mutation from the large polar Q-130 to alanine showed the
largest decrease in binding out of all of the point mutants tested, with an
ICs0 of ~4,078 uM (Fig. 3.9 a, b). This mutation would disrupt the two
hydrogen bonds between MyD88 Q-130 and SPOPMATH as observed in
the crystal structure (Fig. 3.8 c-iii). It is therefore proposed that MyD88
129 Q130 acts as a secondary binding site in addition to the SBC that
contributes to high affinity SPOPMATH binding. However, the affinity of this
second binding site alone is not enough to rescue binding of the SBC
133DSS™¥7 to AAA mutant peptide, at the concentrations measured (Fig.
3.9 a).
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3.4.1 - Testing the effect of MyD88 '2°LQ"3° mutants in cells

With the identification of MyD88 '2°LQ™° as critical SPOP binding
residues by binding assays and an X-ray crystal structure, these residues
were then tested for SPOP binding in a cellular context using the full-
length proteins by Dr Mukul Mishra, Dr Luca Busino lab, University of

Pennsylvania.

Single and double mutation of MyD88 '2°LQ'*° to alanine showed a
complete inhibition of SPOP binding by co-immunoprecipitation from
HEK293T cells (Fig. 3.10 a). Conversely, mutation of SPOP residues
(Y83A, Y83F, R138E) proximal to the MyD88 '?°LQ"3° binding site also
showed a reduced binding of SPOP to MyD88 (Fig. 3.8 c iii, Fig. 3.10
b). Treatment of HEK293T cells expressing either wildtype MyD88 or LQ
to AA MyD88 mutant with the translation blocking drug cycloheximide
showed a stabilisation of MyD88 LQ to AA mutant, compared to wildtype
(Fig. 3.10 c). This suggests that SPOP binding and SPOP-mediated
ubiquitylation and degradation of MyD88 LQ to AA was unable to take
place due to these mutations. Together these data suggest that MyD88
129.Q"3° js important for SPOP binding and that mutation of these
residues protects MyD88 from SPOP-mediated ubiquitylation and

degradation.
a < b c
<3S §
R
28222
&
EE EE E IP Flag SPOP MYD WT MYD LQ/AA
- SPOP Eﬁ §E§|§ CHX: 0 2 46 0246 (hours)
IP Flag MYD88 RELO o Y
L MYD88 5555589 HA Mydss
oo ooo o
BBBBB BB

EV

-t s vinculin

. | SPOPY83A
£  SPOPD140H

_____ SPOP

MYD88

Input MYD88
W - FLAG (SPOP)

.HHUU Vinculin

Figure 3.10 — Testing MyD88 and SPOP extended binding region mutants
in cells

Data generated by Dr Mukul Mishra, Dr Luca Busino lab.

a Immunoprecipitation of FLAG-MyD88 from HEK293T cells expressing either
wildtype (WT) FLAG-MyD88, FLAG-MyD88 mutants. EV is an empty vector
control. Vinculin is a loading control.

b Immunoprecipitation of FLAG-SPOP from HEK293T cells expressing either
WT SPOP or SPOP mutants. SPOPP%2, SPOPY8 SPOPR'% SPOPP'* are
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residues proximal to the MyD88 extended binding region. SPOPY®" and
SPOP™'3 are proximal to the MyD88 SBC.

¢ HEK293T cells expressing either WT MyD88 or MyD88 '2°LQ"*° to AA mutant
were treated with cycloheximide (CHX). Samples are from 0, 2, 4 and 6 hours
after CHX treatment.

MyD88 is frequently mutated in Diffuse Large B-Cell Lymphoma
(DLBCL), with the most prevalent mutation in this cancer, L252P
(frequently referred to as L265P), occurring in the TIR domain 2%, This
mutation is associated with the constitutive assembly of the Myddosome
in the absence of TLR activation, resulting in continuous Myddosome
signalling. In addition to the L252P mutation, there have been reports of
other DLBCL-associated MyD88 mutations of unknown significance.
Within the ID of MyD88, mutations P128T and Q130L (reported as P141T
and Q143L) 2° as well as P128S, V131L and S136l (reported as P1418S,
V144L and S149I) 2°2 have been identified in DLBCL. While S-136 lies
within the SBC, the other mutations are all located in the extended
binding region, that was also shown to also be important for SPOP
binding. It is tempting to speculate that these DLBCL-associated MyD88
mutants cause disease by preventing SPOP binding, thereby preventing
MyD88 ubiquitylation and degradation. This inability to clear MyD88,
either at the free MyD88 or Myddosome level, may promote uncontrolled
Myddosome signalling, leading to cancer progression.

3.4.2 - Post-translational modifications of the MyD88 ID

An analysis of MyD88 post-translational modifications by mass
spectrometry highlighted several modifications occurring within the ID of
MyD88 (analysis by the Dr Luca Busino lab). First, S-136 and S-137 of
the SBC were shown to be phosphorylated. Previous studies had shown
that phospho-mimicking mutations of these two residues prevented
SPOP binding 2. In addition, the mass spectrometry analysis also
identified acetylated K-127 and phosphorylated T-141. To explore the
effect of these MyD88 post-translation modifications on SPOPMATH
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binding, MyD88 peptides containing these post-translational
modifications were used in an FP peptide competition assay.

a

Fluorescence polarization (mP)

AEKPLQVAAVDSSVPRT (WT)

AEKPLQVAAVDS *SVPRT
~¥- AEKPLQVAAVDSS VPRT
9~ AEKPLQVAAVDSSVPRT"

©° AEKP°PLOVAAVDSSVPRT

Normalised FP (%)
(3,
o

1 10 100 1000 10000 ° AEKPLQVAAVDS'S VPRT

Unlabelled peptide (uM)

b
MyD88 peptides'?-14! Modification ICs0 (MM)
AEKPLQVAAVDSSVPRT WT 5.26
AAKPLQVAAVDS SVPRT  phospho S-136 ~3,701.00
AEAPLQVAAVDSS'VPRT  phospho S-137 ~349.30
AEKGLQVAAVDSSVPRT  phospho T-141 3.72
AEK"°PAQVAAVDSSVPRT acetyl K-127 1.20
AEKPLAVAAVDS'S'VPRT  phospho S-136 and S-137 nb

d

-

Figure 3.11 — Testing post-translational modifications of the MyD88 SPOP-
binding region
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a Peptide competition fluorescence polarization assay probing competitive
binding of various unlabelled MyD88 post-translational modification peptides
against a labelled MyD88 peptide (*"""AVDSSVP) bound to SPOPMA™ Lines
show the non-linear fit using Prism-9’s [inhibitor] vs response - variable slope
analysis. Error bars are standard error of the mean. Data is normalised so that
the maximum mP value represents 100% and the minimum mP value
represents 0%.

b Table of ICso values calculated as in a. nb is no binding. Data is from one
independent experiment.

¢ MyD88 acetyl-lysine (K"%)-127 built into the SPOPMA™-MyD88 peptide crystal
structure. MyD88 in cyan. SPOPMA™ in grey. Dashed lines are hydrogen bonds.
d MyD88 phospho-serine (pS)-136 and pS-137 were built into the SPOPMATH-
MyD88 peptide crystal structure. MyD88 is in cyan. SPOP™A™ is in grey.
Dashed lines are hydrogen bonds.

As expected, the double phosphorylation of S-136 and S-137 showed no
measurable binding to SPOPMATH at the peptide concentrations tested
(Fig. 3.11 a). The single phospho mutants of these residues also showed
a marked decrease in SPOPMATH binding compared to the WT peptide,
with phospho S-136 having the most effect (Fig. 3.11 a, b).
Phosphorylation of MyD88, Puc and MacroH2A SBC serine or threonine
residues has been shown to inhibit SPOP binding, and the
phosphorylation of these residues was proposed to be mechanism to
regulate substrate ubiquitylation by SPOP [55. 62,

To rationalise the FP data with the SPOPMATH-MyD88 peptide crystal
structure, the tested post-translational modifications were built into the
crystal structure in an attempt to structurally interpret the FP data. The
addition of phosphoryl groups to MyD88 S-136 and S-137 likely
introduces steric clashes with SPOP residues K-129 and D-130. The
position of the main chain of SPOP substrate peptides near their SBCs
is consistent across the many structures solved (Fig. 3.8 d). The main
chain positioning of the substrate SBC is needed to bring the small,
negatively charged residues at positions three and four of the SBC close
to SPOP D-130 and K-129 for hydrogen bonding. Any changes to this
highly structurally conserved region would likely prevent binding, as
shown by the reduced binding on the MyD88 single phospho-S peptides
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and the complete abrogation of binding with the MyD88 double phospho-
S peptide (Fig. 3.11 a, b).

Acetylation of MyD88 K-127 showed a modest decrease in |ICso from 5.26
uM to 1.20 uM, suggesting acetylation may increase MyD88 binding to
SPOPMATH (Fig. 3.11 a, b). Building of the acetyl-K-127 into the crystal
structure shows the acetyl group would form two hydrogen bonds with
SPOP D-82, increasing the hydrogen bonding from one hydrogen bond
in the WT crystal structure to two (Fig. 3.8 c iii, Fig. 3.11 c). Yet, in the
MyD88 point mutant peptide competition assay, mutation from K127A did
not show much of a change in ICso, suggesting that this residue isn’t
critical for SPOP binding (Fig. 3.9 a). In addition, a SPOP D82K mutation
did not show any marked effect on MyD88 binding (Fig. 3.10 b). This
suggests that while MyD88 K-127 is involved in SPOP binding, as shown
by the crystal structure, it is not critical for binding (Fig. 3.8 c iii).

Interestingly, phospho-T-141 also showed a modest decrease in ICs,
suggesting an increase in SPOPMATH binding (Fig. 3.11 a, b). This
residue is not present in the SPOPMATH-MyD88rertide crystal structure for
the structural interpretation of T-141 phosphorylation. Together this may
suggest that acetylation of MyD88 K-127 and phosphorylation of T-141
may slightly increase binding to SPOP; although, further experimentation
would be needed to prove this as the data are from one independent

experiment.

3.5 — Search for other SPOP substrates with an

extended SBC motif

The identification of an extended SPOP binding site within the ID of
MyD88 prompted a search as to whether other known SPOP substrates
also possess an extended SPOP binding site. To explore this, first, an
extended SPOP binding consensus motif was generated from the
sequences of MyD88 and Pdx1, the two known extended binders (Fig.
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3.12 a). This resulted in an extended SBC motif where a large amino acid
could bind at the position of MyD88 L-129 and a glutamine could bind at
the position of MyD88 Q-130 (Fig. 3.12 a). Additionally, MyD88 P-128
and A-133 are conserved in both proteins (Fig. 3.12 a). Lastly, positions
4 and 5 of the SBC could be relaxed to include any amino acid (Fig. 3.12
a). This extended SBC motif was then expanded by analysing the
respective crystal structures for residues which could potentially bind in
the same manner, with a particular focus on residues at the MyD88
129L.Q™0° position (Fig. 3.9 ¢, Fig. 3.12 b). This expanded consensus
motif was then compared to the sequences of known SPOP substrates
and six potential extended binder candidates were selected for testing
(Fig. 3.12 c, d).

a Ext.  SBC b

Ext. SBC XXXP|\OXKXAWPTSXXXXX XXXX XXXQTSXXXXX
HsMyD88 AEKP AAVDSSVPRT

HsPdx1l VAEPI(DCAVTSGEELL c

MaPdxl GDEPEODSAVTSGEELL Potential SPOP extended binders

T T P O P PR

MyD88 AEKP.OVAAVDSSVPRT
PDX1 VAEPIODCAVTSGEELL
GLI2 NNMPVOWNEVSSGTVDA
DEK SVKSANVKKADSSTTKK
SRC3 NDDDVOKADVSSTGQGV
SENP7 DTDNI.OSEQLSSSSDGS
SETD2 DKGSVOAPEISSNSIKD

CAPRINI1 QPEATOVPLVSSTSEGY

d
Protein Sequence Amino acid UniProtID Ref.
range

MyD88_1 GPGACSAAPVSSTS | 5-21 Q99836 [62]
SLP

MyD88_2 AEKPLOVAAVDSSVP | 125-141 “ [62]
RT

HsPdx1 VAEPE-ODCAVTSGE | 220-236 P52945 [63]
ELL

MaPdx1 GDEP-CDSAVTSGE | 220-236 P70118 [99]
ELL

Puc SRENLACDEVTSTTS @ 89-105 046122 [55]

SS
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Figure 3.12 — Search for SPOP substrates with an extended SPOP binding
consensus (SBC) motif

a Sequence alignment of MyD88 and Pdx1 to generate an extended SBC motif.
Residues in blue are the SBC. Residues in yellow are the extended binding

residues (Ext.). A represents a large amino acid, X represents any amino acid,

¢ represents a non-polar amino acid and = represents a polar amino acid. *
represents identical sequence. : represents conserved sequence. . represents
semi-conserved sequence.

b Potential residues which could correspond to the extended SBC motif, as in
a. Residues were also selected based the SPOPMATM-MyD88 peptide crystal
structure.

c List of SPOP substrates which may have an extended SBC motif with their
sequences shown. Residues in blue are the SBC. Residues in yellow are the
extended binding residues.

d Table of known SPOP substrates. Residues in blue are the SBC. Residues
in yellow are the extended binding residues. Ref. is references.

3.5.1 — Testing potential SPOP substrates containing an
extended SPOP binding consensus motif

To test the six SPOP substrates with suspected extended binding to
SPOP, unlabelled peptides containing the extended SBC motif were
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tested for these six candidate proteins and their binding to SPOPMATH
measured by competition FP assay (Fig. 3.12 ¢, Fig. 3.13).

a
T 550
S =
T 500 -~ SETD2_short
S Caprin1_short
8 450
Py SETD2_long
o .
§ 400 Caprin1_long
N
5
2 350 T ||||||'|'| T ||||||'|'| T ||||||'|'| T ||||||'|'|
L 0.1 1 10 100 1000 10000

[Unlabelled peptide] uM

b
Peptide Peptide sequence ICs0 (M)
SETD2_short EISSNSIKD 75.23
Caprin1_short LVSSTSEGY nb
SETD2_long DKGSVQAPEISSNSIKD ~1079.00
Caprin1_long QPEATQVPLVSSTSEGY ~86.70

Figure 3.13 — Testing Caprin1 and SETD2 for extended binding to
SPOPMATH

a Peptide competition fluorescence polarization assay probing competitive
binding of various unlabelled SPOP substrate peptides against a labelled
MyD88 peptide (*""-AVDSSVP) bound to SPOPMA™ Lines show the non-linear
fit using Prism-9’s [inhibitor] vs response - variable slope analysis. Error bars
are standard error of the mean.

b Table showing the half maximal inhibitory concentration (ICso) values
obtained in a. Bold residues are the SBC. nb is no measurable binding at the
concentrations tested. Values are from 1 independent experiment.

Interestingly, the Caprin1_long peptide displayed a much higher binding
to SPOPMATH compared to the Caprin1_short peptide, suggesting that
residues other than the SBC are involved in binding (Fig. 3.13 a, b).
Despite reporting largely different ICso values, the difference in binding
between the long and short SETD2 peptides is less clear (Fig. 3.13 a,
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b). The SETD2_short peptide reached saturation at the peptide
concentrations tested, whereas the SETD2 long peptide had not,
resulting in a less reliable ICso value being reported for the long peptide
(Fig. 3.13 a, b). While further repeats are needed, this preliminary screen
has identified Caprin1 as a potential SPOP extended binder.

3.6 - Chapter summary

In this chapter it was identified that MyD88 binds to SPOP using an
extended SBC motif. A combination of binding assays and an X-ray
crystal structure allowed the identification of key MyD88 residues
involved in this extended binding and the discovery of a high-affinity
degron sequence. Interestingly, these newly identified residues are also
implicated in DLBCL and potentially offers an explanation on how these
previously uncharacterised MyD88 mutants cause disease. The post-
translational modifications of MyD88 within the extended SPOP binding
region was also explored and it is speculated that these modifications
may help to regulate SPOP-mediated ubiquitylation and degradation of
MyD88. Lastly, it was explored whether other SPOP substrates also
contain an extended SBC motif. Overall, the SPOP-MyD88 binding
interaction has been characterised, which may also allow for designing
targeted therapeutics to modulate this interaction.
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Chapter 4 — Cryo-EM structure determination of
the SPOP oligomer

4.1 - Chapter introduction

The ubiquitin E3 ligase adaptor, SPOP, can homo-oligomerise to form
large assemblies, which allows for efficient binding and ubiquitylation of
substrates. Previous structural efforts had revealed the structure of the
individual protein domains of SPOP, with no structural information of
what the organisation of the FL SPOP oligomer resembles. Here an
attempt is made to obtain the structure of the high-order SPOP oligomer
using cryo-EM.

4.2 - Expression and purification of the SPOP

oligomer

Previous structural determination of SPOP was limited to monomeric and
dimeric forms of the various SPOP domains 5% 100, However, efficient
SPOP-mediated ubiquitylation of substrates occurs when SPOP
oligomerises, for which structural information is lacking 293, Isolation of
FL SPOP from recombinant sources has proved challenging in the past
due to its low solubility and nuclear localisation. Recombinant oligomeric
SPOP had been produced in previous studies using amino acid residues
28-359 (SPOP2-3%9) 981 To produce oligomeric SPOP for structural
studies, a SPOP?8-3%° construct was designed for recombinant E. coli
expression by the Dr Stephanie Wright lab, University of Leeds. This
truncation includes the substrate-binding MATH domain, the BTB
dimerisation domain (which forms BTB-BTB dimers) and the CTD
dimerisation domain (which forms CTD-CTD dimers) (Fig. 4.1 a). In
addition to truncating the protein, an N-terminal His®-tag was added for
affinity purification, followed by an MBP-tag to improve solubility and a
HRV 3C protease site for tag removal.
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1 28 166 177 296 298 359 365 374
FL SPOP MATH BTB CTDM N
28 166 177 296 298 359
SPQP28-359 MATH BTB CTD

Figure 4.1 — Schematic of SPOP protein domains

Domain organisation of full-length (FL) SPOP and the truncation SPO
used in experiments. Amino acid numbers are indicated. MATH is Meprin and
TRAF homology domain. BTB is Broad complex, Tramtrack, and Bric-a-brac
domain. CTD is C-terminal domain. N is nuclear localisation sequence.

P28-359

This truncation of SPOP removes the very N-terminus and the C-terminal
nuclear localisation sequence, which was not predicted to have any
structural or functional significance aside from determining the

subcellular localisation of SPOP (Fig. 4.1 a).

4.2.1 - Purification of SPOP?28-359

The His®-MBP-3C-SPOP%-35° fysion construct was expressed in E. coli
BL21 DE3 cells and purified by nickel-affinity chromatography. The His®-
MBP-tag was cleaved using 3C protease and the cleaved tag was
removed by reverse Nickel-chromatography (Fig. 4.2 a). SPOP?8-3%° was
further purified by size-exclusion chromatography to obtain protein used
for experiments. The size-exclusion chromatogram showed that the
majority of SPOP?8-3%° eluted at ~40 mL with a peak “shoulder” at later
elution volumes, which likely corresponds to SPOP oligomers of
decreasing size (Fig. 4.2 b). Subsequent SDS-PAGE analysis of peak
fractions showed a band at ~37 kDa, which is the predicted molecular
weight of SPOP?3-3%° (Fig. 4.2 c).
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Figure 4.2 — Purification of SPOP?3%

a SDS-PAGE gel of a Nickel-affinity purification of SPOP?%3*° from BL21 (DE3)
cells. FT is flow-through. Ni-sub is nickel subtraction after cleaving the His-tag
from SPOP?-3%9,

b Size-exclusion chromatography chromatogram of SPOP?%3%°. Column is
HiLoad Superdex 200pg 16/600.

¢ SDS-PAGE gel of fractions as in b.

4.3 - Characterising the SPOP?%2-3%9 gligomer

4.3.1 - SPOP%-3% jg able to bind to substrate

One concern with the protein preparation is that the majority of the
protein eluted at an early volume of the size-exclusion chromatography
column. While this was expected due to the large molecular weight and
shape of the SPOP oligomer, it was also plausible that the protein was

aggregated. To test whether SPOP?-3% can bind to substrates, and
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hence likely represents a folded protein, an FP assay was used to
measure binding between various SPOP truncations, including SPOP?%%-
3% and a fluorescently labelled MyD88 peptide (5FU-133AVDSSVP'39).
The SPOP truncations tested also included SPOPMATH which contains
just the substrate binding MATH domain (monomeric), as well as
SPOP?282% which also includes the BTB dimerisation domain (dimeric)
(Fig. 4.3 a, b).

a bkpa
1 28 166 177 296 298 359 365 374 250 -

FL SPOP MATH BTB () AN 150 -

100 -

28 166 75 -

SPOPMATH

8 166 177 296 50 -

2
SPQP2829% MATH BTB

.

37 - ‘ - SPOP?8-359
28 166 177 296 298 359
- SPOPZB-ZSE
SPQP28-359 MATH BTB CTD 25-
20 -
15- - SPOPAT
150 10- ——

100 -
- SPOPMATH

B SPOP?28-296
SPOP28-359

(3]
o
1

T L v ™
50 100 150 200 250 300

e

AFluorescence polarization (mP) ©

.50 Protein concentration (uM)
d
SPOP truncation Ka (uM)
SPOPMATH 32.25+2.08
SPOP28-296 227
SPOP28-359 375

Figure 4.3 — Fluorescence polarization assay measuring binding between
SPOP truncations and a MyD88 peptide

a Domain organisation of full length (FL) SPOP protein and various SPOP
truncation constructs. Numbers indicate residue numbers. MATH is Meprin and
TRAF homology domain. BTB is Broad-complex, Tramtrack, and Bric-a-brac
domain. CTD is C-terminal domain. N is nuclear localisation sequence.

b SDS-PAGE gel of purified SPOP truncations. First lane is molecular weight
standard with molecular weights (kDa) shown to the left.
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¢ Fluorescence polarization assay measuring binding between a fluorescently
labelled MyD88 peptide (*"“"AVDSSVP) and various SPOP truncation proteins.
AFluorescence polarization is normalised fluorescence polarization in
millipolarization units (mP).

d Dissociation constant (Kq) values as in c¢. Data are mean +/- SEM from 3
independent experiments for SPOPMA™. SPOP?-2% gnd SPOP#-3%° gre from 1
independent experiment.

All three SPOP truncations bind to the MyD88 peptide with similar Kgs of
32.25 + 2.08 uM for SPOPMATH 22 7 uM for SPOP?8-2% and 37.5 uM for
SPOP?%-2% (Fig. 4.3 c). Since one MyD88 peptide is able to bind one
MATH domain only, this assay does not distinguish for the multivalent
substrate binding that is possible with SPOP oligomers binding to
substrates with multiple SBCs. Altogether, oligomeric SPOP?8-3%9 is able
to bind to substrate with a similar binding affinity as the minimal,
monomeric SPOPMATH and the dimeric SPOP?8-2%  suggesting that this

protein is a folded oligomer rather than aggregated protein.

4.3.2 - Measuring the molecular weight of the SPOP?23-3%
oligomer

A predicted structural model of the SPOP oligomer [ based on
published crystal structures shows that the oligomer is helical, with
dimerisation interfaces formed across adjacent BTB-BTB domains and
CTD-CTD domains (Fig. 1.11 a). This shape would give the oligomer a
large apparent Stokes radius, which may cause the protein to elute from
the size-exclusion chromatography column earlier than what is expected
for its molecular weight. To explore the oligomeric state of SPOP28-359
further, mass photometry was used to determine the molecular weight.
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Figure 4.4 — Measuring the molecular weight of the SPO
mass photometry

a Molecular mass distribution histogram of 300 nM SPOP?%3%° Data are
representative of a single experiment. Black line is the Gaussian fit of the peak.
Median of the peak (kDa), standard deviation (c; kDa) and number of counts
shown above peak.

b Molecular mass distribution histogram of 3 yM SPOP#*3%*° Data are
representative of a single experiment. Black line is the Gaussian fit of the peak.
Median of the peak (kDa), standard deviation (c; kDa) and number of counts
shown above peak.

oligomer by

Mass photometry measurements were made at 300 nM and 3 uM
SPOP28-3% Comparison of measurements at these two concentrations
shows a clear shift in the mean molecular weight peaks from 52 kDa for
300 nM SPOP?8-3% to 94 kDa for 3 uM SPOP?%-3%° (Fig. 4.4 a, b). In
addition, the 3 uM SPOP?8-3% mass photometry measurements show a
shoulder at higher molecular weights, indicating the presence oligomers
of increasing size (Fig. 4.4 b). The minimum mass detection for this
technique is ~50 kDa, therefore the mass measurement of 52 kDa for
300 nM SPORP likely represents an equilibrium between monomeric (37
kDa) and a dimeric (74 kDa) SPOP?-3%° (Fig. 4.4 a). The mass
measurement of 94 kDa for 3 uM SPOP?8-3% |ikely represents an
equilibrium between dimeric (74 kDa) and tetrameric (148 kDa) SPOP%-
2% (Fig. 4.4 b). The oligomerisation state of SPOP was shown to be
highly concentration dependent and these mass measurements reflect
this (2031,

The high-order oligomerization of SPOP is mediated by both BTB-BTB
and CTD-CTD interactions 3% 9 100 The SPOP BTB dimerization

domains associate with low nanomolar affinity (€1 nM), whereas the CTD
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dimerisation domains have a relatively low dimerization affinity of 36 + 3
uM 031, Therefore, measuring the mass of longer SPOP oligomers would
require increasing the protein concentration. Unfortunately, increasing
the protein concentration further was not possible for mass photometry
as higher concentrations saturated the detector due to molecular
crowding effects. Therefore, the relative low concentrations needed for
mass photometry experiments are too low to produce larger SPOP
oligomers. However, it is clear from these preliminary experiments that
SPOP28-3% can self-associate in a concentration dependent manner, as
has been reported previously, reaffirming that SPOP?8-3%° forms ordered

oligomers.

4.4 - Visualising SPOP?3-3% oligomers by electron

microscopy

4.4.1 - Negative stain-EM of SPOP?23-3%9

With the aim of eventually obtaining the high-resolution cryo-EM
structure of the SPOP oligomer, the SPOP%-3%9 sample was first
visualised by negative stain-EM. Negative stain grids were made with
0.75 mg/mL (20 uM), 1.5 mg/mL (40 uM) and 3 mg/mL (80 uM) SPOP%*-
39 The grids showed that there was protein present on the grid;
however, with the exception of the grids containing the highest protein
concentration, very few oligomers were present (Fig. 4.5).
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- Aggregate

Figure 4.5 — Initial SPOP?%3*° negative stain-EM screening

Negative stain-EM micrograph of 80 uM SPOP?%3% stained with 1% uranyl
acetate. Imaged at a magnification of 39,886x. An example of a SPOP?%3%
oligomer and a protein aggregate are indicated.

The stain used to prepare these negative stain grids was 1% uranyl
acetate, which has a pH of ~4.5. It is possible that this acidic stain caused
the SPOP oligomers to dissociate or denature. Importantly, none of the
negative stain grids displayed any large SPOP oligomers which would
be amenable to negative stain-EM data collection and image processing
(Fig. 4.5).

4.4.2 - Cryo-EM of SPOP28-3%9

To check whether the acidic stain used for negative stain-EM was
causing the SPOP oligomers to dissociate, SPOP?8-3%° was imaged using
cryo-EM. Cryo-EM grids were made with either 0.75 or 3 mg/mL (20 or
80 uM) SPOP2-359_ At 3 mg/mL, the grids appear to be overcrowded with

protein, with clear oligomers difficult to pick out (Fig. 4.6 a).



3 mg/mL SPOP#3* 0.75 mg/mL SPOP?83%°

Figure 4.6 — SPOP?%3* cryo-EM grid screening

a Micrograph of 3 mg/mL (80 pM) SPOP?#3%* cryo-EM grid. Imaged at a
magnification of 96,000x.

b Micrograph of 0.75 mg/mL (20 uM) SPOP?#3%° cryo-EM grid. White arrows
indicate potential SPOP?%3% gligomers. Imaged at a magnification of 96,000x.

At 0.75 mg/mL, the protein seemed less crowded, where some potential
SPOP oligomers could be seen (Fig. 4.6 b). These oligomers appear to
be ~20-60 nm (200-600 A) in length. However, the ice quality was poor
and the number of clear SPOP oligomers was too low to justify collecting
a cryo-EM dataset. From these images it was estimated that a protein
concentration of approximately 0.75-2 mg/mL would be ideal for
visualising SPOP oligomers by cryo-EM. This would be a high enough
concentration to produce SPOP oligomers but would not be too
concentrated so that the grid would be overcrowded with protein.
However, it was clear from the initial EM screening that the SPOP?28-3%°

oligomers would need to be further stabilised.

4.5 - SPOP?3-3%9 pegative stain-EM optimisation

With the intention of producing large, stable SPOP oligomers for cryo-
EM analysis, the SPOP?%3° sample was crosslinked using
glutaraldehyde (GA). This would allow SPOP?8-3%° oligomers to remain
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associated, even after dilution of the protein sample, making it more
amenable to cryo-EM structure determination.

4.5.1 - Optimisation of glutaraldehyde crosslinking

SPOP?283%9 was incubated with various concentrations of GA, on ice, for
30 minutes before analysing the reactions by SDS-PAGE under reducing
and denaturing conditions (Fig. 4.7 a).
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Figure 4.7 — SPOP%-*% glutaraldehyde crosslinking optimisation

a 3-8% Tris-Acetate SDS-PAGE gel under reducing conditions of 20 uM and 40
UM SPOP?%-** treated with either 0%, 0.05% or 0.1% glutaraldehyde.

b Representative image of 1% uranyl formate-stained, 0.05% glutaraldehyde
crosslinked 2.5 uM SPOP?* |maged at a magnification of 39,886x. White
arrows indicate long SPOP?¢-*%° oligomers.

The SDS-PAGE analysis shows that without crosslinker, the majority of
the 20 uM or 40 uM SPOP?28-3% js monomeric (37 kDa) (Fig. 4.7 a). With
the addition of 0.05% GA, several bands are observed, corresponding to
high molecular weight species (Fig. 4.7 a). These bands are separated
by approximately 37 kDa, and therefore likely represent different
oligomeric states of the SPOP?8-359_ |n addition, the band corresponding
to the monomer is less intense in the 0.05% GA samples compared to
the no GA samples, showing that SPOP is incorporated into larger SPOP
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oligomers (Fig. 4.7 a). This is increased further in the 0.1% GA samples,
where higher molecular weight bands can be seen up to the well of the
gel, likely reflecting larger SPOP oligomers or even non-specific

aggregation (Fig. 4.7 a).

4.5.2 - Negative stain-EM of glutaraldehyde-crosslinked
SPOP28-359

With the aim of observing large SPOP oligomers, the 0.05% GA-
crosslinked 40 uM SPOP?8-3% sample was used directly after crosslinking
for analysis by negative stain-EM. This time, 1% uranyl formate was used
as a stain. Compared to uranyl acetate, uranyl formate has a smaller
grain size which allows for finer staining. This is particularly
advantageous for smaller proteins or proteins which have small
dimensions on one of their axes, such as the long but thin shape of
SPOP2-3%  oligomers. Negative stain grids made with protein

concentrations from 0.094—1.5 mg/mL (2.5-40 uM) were screened.

The GA crosslinking seemed to improve the stability of the oligomers for
negative stain-EM. Even at the lowest protein concentration (2.5 uM)
imaged, convincing oligomers were seen (Fig. 4.7 b). There are still a
variety of lengths of oligomers, with some curved shapes seen with the
longer oligomers, which resemble the predicted SPOP oligomer
structural model (Fig. 4.4 a, Fig. 4.7 b). Overall, GA crosslinking likely
provides a more suitable sample for EM studies, where crosslinked
SPOP oligomers remain, even when diluting the sample to lower protein
concentrations. However, oligomeric species were still low and further

optimisation to generate stable SPOP oligomers was required.

4.6 - SPOP'3-3% produces more stable oligomers

Concurrent with the above GA-crosslinked SPOP?8-3% negative stain-EM
optimisation, it was noted that the AlphaFold2 °¢! predicted model of FL
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SPOP shows the N-terminus (residues 21-38) forming a p-sheet with a
region immediately C-terminal to the MATH domain (residues 154-172)
(Fig. 4.8 a). Additionally, generating a predicted structure of a SPOP
dimer using the ColabFold multimer prediction server [2%4 showed that
this additional B-sheet forms a larger B-sheet with the adjacent SPOP
protomer, providing an additional interface that would likely stabilise the
SPOP oligomer (Fig. 4.8 b).
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Figure 4.8 — AlphaFold predicted model of SPOP and SPOP'83%
purification

a AlphaFold ®® predicted structure of full length SPOP. MATH is Meprin and
TRAF homology domain. BTB is Broad-complex, Tramtrack, and Bric-a-brac
domain. CTD is C-terminal domain. NLS is nuclear localisation sequence. N-
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terminus (N) and C-terminus (C) of SPOP indicated. The N-terminal residues
21-38 form a B-sheet with a region immediately C-terminal to the MATH domain
(residues 154-172).

b ColabFold ?* multimer predicted structure of a FL SPOP dimer, showing
parallel B-sheet formed between B-1 of two adjacent SPOP MATH domains.
Residue numbers are indicated. Zoomed out view is shown in the bottom left.
¢ SDS-PAGE gel of a Nickel-affinity purification of SPOP'®** from BL21 (DE3)
cells. Supe is supernatant. FT is flow-through. Cleaved is after incubation with
TEV protease. Ni-sub is nickel subtraction after TEV cleavage.

d Size-exclusion chromatogram of SPOP'®3%°  Column is HiLoad Superdex
200pg 16/600. Coloured lines represent peaks from which fractions were
analysed by SDS-PAGE, as shown in e.

e SDS-PAGE gel of SPOP'®3% fractions, as shown in d.

In the SPOP?8-3%° construct used in previous experiments, this B-sheet is
incomplete due to truncating SPOP at residue 28. Therefore, a longer
SPOP construct spanning amino acids 18-359 (His-MBP-3C-SPOP18-3%9)
was expressed in E. coli and purified in a similar manner to SPOP?28-3%°
(Fig. 4.8 c). SPOP8-3% also eluted from the SEC column at ~40 mL;
however, the elution peak was much sharper compared to SPOP?28-3%

with less of a shoulder at later elution volumes (Fig. 4.2 b, Fig. 4.8 d).

During the purification of His-MBP-3C-SPOP'8-3% it proved difficult to
fully cleave the His-MBP tag from the protein, despite several efforts to
optimise this process (Fig. 4.8 c, e). Likely, the more stable oligomers of
SPOP'8-3% hindered access to the 3C protease cleavage site. This could
theoretically be circumvented by diluting the protein in order to
depolymerise the oligomers. However, SPOP'83% was difficult to
concentrate using centrifugal concentrators, as it would stick to the
membrane and clog it; this was not overcome by changing membrane
material or by adding glycerol to the purification buffer. With the intention
of eventually using this protein for cryo-EM studies, maintaining a high
enough protein concentration after affinity and size-exclusion purification
steps without being able to concentrate the protein proved challenging.
The decision was made to not optimise removal of all of the His-MBP
tag, as further processing of the sample would decrease overall yield.

The protein preparation was scaled-up and purified as previous, without
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any protein concentration steps. Regardless, the remaining His-MBP tag
did not seem to affect the oligomerisation ability of SPOP'8-3%°_ Qverall,
the sharper elution peak, the relative inaccessibility of the His-MBP tag
to protease and the tendency for the protein to stick to centrifugal
concentrator hinted at SPOP'®3%° forming longer or more stable
oligomers compared to SPOP?28-3%9,

4.7 - Negative stain-EM of SPOP18-3%9

SPOP'8-3% was imaged by negative stain-EM without any chemical
crosslinking. The SPOP'83%9 negative stain micrographs showed long,
curved filaments at protein concentrations ranging from 0.5 mg/mL (13
uM) to as low as 0.03 mg/mL (0.8 uM) (Fig. 4.9 a). Some single particles
resembled circles, which likely represent a view of the oligomer similar
to looking down the top of a spring (Fig. 4.9 a).
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Figure 4.9 — Negative stain-EM of SPOP'8-3%°

a Left — Representative negative stain-EM micrograph of SPO oligomers
at 0.125 mg/mL (3.3 uM). Imaged at magnification of 39,886x. Right — Selected
single particle views relative to the predicted SPOP oligomer structure %%,
coloured as follows: purple are MATH domains, green are BTB domains and
blue are CTD domains.

P18-359
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b Representative micrograph from SPOP'83%

showing picked particles (green circles).

¢ Reference-free 2D classes of the SPOP'®** negative stain-EM dataset.

d Negative stain-EM 3D refined map of SPOP'®3% (transparent grey) fitted onto
the predicted SPOP oligomer structure. FSC curve shown at the bottom right,
calculated using the gold-standard FSC cut-off at 0.143.

e Schematic highlighting the radius and pitch of a helix.

negative stain-EM dataset

A negative stain-EM dataset of 101 micrographs was collected and
processed. Despite the SPOP oligomer predicted to be helical structure,
a single particle data processing approach was taken, where boxes along
part of an oligomer were picked and averaged together, without any
helical symmetry imposed (Fig. 4.9 b). This approach was taken largely
due to the helical oligomer having a large hollow helical radius rather
than being a straight helical oligomer, which would complicate data
processing when imposing helical symmetry (Fig. 4.9 e).

The picked single particles were used to generate 2D classes which
show a long, thin filament with a slight curvature seen in some views
(Fig. 4.9 c). Particles from selected 2D classes were used to generate a
3D density map. The 3D density map fitted over the predicted SPOP
model shows a relatively good fit, although the resolution is low due to
limitations of the negative stain (Fig. 4.9 d). Additionally, the reported
resolution is likely an overestimation, with the resulting map not
resembling a 7.43 A map (Fig. 4.9 d). Overall, since the SPOP8-359
sample was shown to form long oligomers by negative stain-EM and a
small negative stain-EM dataset produced a reasonable 3D
reconstruction, the sample was deemed suitable for cryo-EM (Figure 4.9
a, d).

4.8 - Cryo-EM dataset of SPOP18-3%9
Next, SPOP'8-3% was visualised by cryo-EM. The cryo-EM micrographs

show long, curved SPOP'8-3% oligomers, with good enough particle
contrast to see the repeating SPOP units or domains of the oligomer
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(Fig. 4.10 a). A dataset containing 2,916 cryo-EM movies was collected
and processed using a single particle processing approach (full data
collection and processing parameters in Table 2.4). “Single particles”
along an oligomer were picked using a box size large enough to include
several repeating SPOP units. Several rounds of 2D classification
produced classes with enough signal to see individual protein domains.
Two discrete layers along the filament can be seen in the classes. These
layers correspond to the repeating BTB-BTB and CTD-CTD dimer layer
and the MATH domain layer (Fig. 4.10 b).

The initial 3D model algorithm was unable to generate a convincing initial
3D map from the particles de novo. This is likely due to the use of a single
particle processing approach, despite SPOP being a continuous helical
filament rather than an actual single particle. Therefore, there are missing
views of these picked “single particles”, which makes it difficult for the
processing software to reconstruct a 3D map from the 2D images. To
overcome this, the predicted structural model, low pass filtered to 60 A,
was used as an initial 3D model, along with the selected particles, for 3D
model refinement (Fig. 4.10 ¢). The resulting 3D density map agrees well
with the initial 3D model made from the predicted structural model and
closely resembles the features observed in the reference-free 2D classes
(Fig. 4.10 b, c, d).
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Figure 4.10 — Cryo-EM data processing of the SPOP'3% oligomer

a Cryo-EM micrograph of SPOP'®3%°  White arrows indicate SPOP'83%
oligomers. Imaged at a magnification of 96,000x.

b Selected reference-free 2D classes of picked single particles along SPOP'®
39 oligomers.

¢ 3D volume used as an initial density map for 3D model refinement. Volume
was c}g\eated from a predicted SPOP oligomer model "°? and low pass filtered
to 60 A.

d Cryo-EM 3D refined map of SPOP'83%

e 3D map in d fitted onto predicted SPOP oligomer model.

f View of e highlighting map to model fit near MATH domains.

g FSC curve of cryo-EM density map shown in d, calculated using the gold-
standard FSC cut-off at 0.143.
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A concern when refining an initial 3D density map not generated directly
from the data is that the resulting refined 3D map will be biased. Although
this is somewhat mitigated by low pass filtering the initial 3D map so that
the detailed features of the model are erased, there still remains the risk
of bias. Reassuringly, although the predicted structure fits well into the
refined 3D density, there are some subtle differences which are clear,
despite the limited resolution. The SPOP BTB-BTB and CTD-CTD
domain dimers have been structurally characterised previously, and
have dimerisation interfaces that are fairly rigid 55 %01, This is reflected
in the refined 3D map, showing that the BTB and CTD domains of the
predicted oligomer model fit well into the density (Fig. 4.10 e). However,

there are some differences in respect to the fit of the MATH domains.

The predicted SPOP oligomer structure was made by superimposing
various crystal structures of SPOP domains (Fig. 1.11 a). To date,
published crystal structures of SPOP which included the MATH domains
began at residues 26-28, prematurely truncating the predicted MATH-
MATH B-sheet dimer (Fig. 4.8 a, b). Only one structure has shown -
sheet interactions between adjacent MATH domains. A crystal structure
of a SPOP MATH+BTB dimer (residues 26-329) showed p-sheet
interactions between adjacent MATH domains from amino acids 26-31
351 While the SPOPMATH protein (residues 28-166) used in Chapter 3
contains four residues of this B-strand, it is not sufficient to cause
dimerisation, with the protein predominantly observed as monomeric. An
extended SPOPMA™ protein (residues 18-172) appears to form some
dimers in a concentration dependent manner (Dr Stephanie Wright,

personal communication).

The MATH domains used for the predicted SPOP oligomer structure
used in this study begin at amino acid 26 %, When looking at the
predicted structure fitted into the cryo-EM density map, it appears as
though one MATH domain, across a MATH dimer, fits well into the
density whereas the other MATH domain does not (Fig. 4.10 f). One
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explanation for this is that completion of the B-sheet by extending the
MATH domain boundaries to residue 18 rigidifies the MATH dimers,
causing them to have a different positioning in respect to the BTB-CTD

domains.

Regardless, this difference in MATH positioning in the SPOP'8-3% cryo-
EM density map versus the predicted structural model is reassuring, as
it suggests that the 3D density map is not completely biased by the
starting model. Although, this interpretation would have to be confirmed
with high-resolution structural data.

4.9 - Comparison of SPOP18-3% cryo-EM data with
the published cryo-EM structure of SPOP

During optimisation of the SPOP'8-359 sample for high-resolution cryo-EM
structure determination, a study published the 3.6 A cryo-EM structure of
the FL SPOP oligomer (Fig. 4.11 a) ['88], Qverall, this published structure
resembles the SPOP'83% cryo-EM data generated in this thesis;

however, there are some differences.

One notable difference is the orientation of the MATH domains. While
the predicted model showed the MATH domains oriented in a head-to-
head, tail-to-tail orientation, the FL SPOP structure shows the MATH
domains oriented in a head-to-tail orientation (Fig. 4.11 a, b). This
orientation of the MATH domains is surprising, as a previous crystal
structure % from which the predicted SPOP oligomer structural model
was made had shown two adjacent MATH domains to form antiparallel
B-sheets across B-1 (residues 26-31) of one MATH domain and [3-1
(residues 26-31) of another, with the MATH domains oriented in a head-
to-head, tail-to-tail orientation. In addition, the ColabFold multimer
prediction of the SPOP-SPOP dimer shows two adjacent MATH domains
forming parallel B-sheets across (-1 (residues 34-38) of one MATH
domain and B-1 (residues 26-31) of another, with the MATH domains
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oriented in a head-to-tail orientation (Fig. 4.8 b). The FL SPOP structure
[188] shows the two adjacent MATH domains interacting between -1
(residues 34-38) of one MATH domain and the unstructured N-terminus
(residues 21-25) of another, with the MATH domains oriented in a head-
to-tail orientation (Fig. 4.8 b, Fig. 4.11 a). Presumably due to the limited
resolution of the map, there is little secondary structure present across
this MATH-MATH interaction interface. Though, if this interface were to
form B-sheets, then they would be parallel. Despite the differences in the
MATH-MATH orientation and interacting residues between the studies,
the FL SPOP model does seem to fit well with its map (Fig. 4.11 c).
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Figure 4.11 — Comparison of the SPOP predicted structural model with the
published SPOP oligomer structure

a Cryo-EM structure of full length (FL) SPOP (PDB ID 8dwv) "%, Dashed line
box shows a zoomed in view of the MATH domains to show their orientation. a-
helical end of the MATH domain labelled as head. B-sheet end of MATH domain
labelled as tail.

b Predicted structural model of SPOP oligomer 1'%, Dashed line box shows a
zoomed in view of the MATH domains to show their orientation. a-helical end
of the MATH domain labelled as head. B-sheet end of MATH domain labelled
as tail.

c FL ﬁsPB]OP model fitted into the FL SPOP cryo-EM density map (transparent
grey) "

d FL SPOP model '® fitted into cryo-EM density map (transparent grey)
generated in this study.
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Fitting of the FL SPOP structure into the cryo-EM map generated in this
study shows a poor fit between the map and the model (Fig. 4.11 d).
Comparison of the two studies shows that the SPOP oligomer structures
have different helical parameters. The FL SPOP structure reportedly has
a helical pitch of 630 A (twelve SPOP dimers per turn), whereas the
predicted oligomer model had a helical pitch of 510 A (eight SPOP
dimers per turn) (Fig. 4.9 e) 1% 1881 This difference in helical pitch might
suggest that the oligomer is quite flexible, perhaps allowing SPOP to
engage various substrates of different shapes.

Superimposing the Cullin-3 ligase onto the predicted SPOP oligomer
structure and the FL SPOP oligomer structure shows that both are able
to accommodate Cullin-3 without any clashes, with FL SPOP able to
accommodate more Cullin-3 per helical turn due to the larger helical

pitch.

Figure 4.12 — Superimposing Cullin-3 ligase onto SPOP oligomer
structures

a Superimposing the Cullin-3 AlphaFold ¥ model onto the structure of full-
length SPOP (PDB ID 8dwv) ['%1. SPOP is coloured by its domains.

b Superimposing the Cullin-3 AlphaFold ® model onto the predicted structure
of SPOP. SPOP is coloured by its domains.

4.9.1 — Re-processing the SPOP18-3% cryo-EM dataset
As a proof of concept, the SPOP'8-359 cryo-EM dataset was reprocessed
using the FL SPOP model as an initial 3D reference model. As with the
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predicted SPOP model, the FL SPOP model was converted to a 3D
volume using ChimeraX and low pass filtered to 60 A. This low pass
filtered 3D volume was then used for 3D model refinement using the
particles from this study. The resulting 3D map more closely matched the
published FL SPOP map, with the cryo-EM density map showing the
SPOP oligomer having a higher helical pitch compared to previously
(Fig. 4.13 a). However, the cryo-EM map resolution was not improved,
as would be expected from changing from an “incorrect” initial model to
a “correct” initial model (Fig. 4.13 a). Fitting the predicted SPOP oligomer
model into the re-processed 3D density also shows a poor fit (Fig. 4.13
b). Both the initial and re-processed cryo-EM density generated in this
study are not high enough resolution to determine which one is correct;
however, it is also possible that both densities are somewhat correct, and
the SPOP oligomer undergoes significant flexible motion in solution that
could account for the differences in helical pitch. Although residues 1-18
are present in the construct used to gain the structure of FL SPOP ["88],
cryo-EM density for these residues is lacking, suggesting that these are
unlikely to contribute to the differences in oligomer structure.
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Figure 4.13 — Re-processing the cryo-EM dataset with the FL SPOP model
as a reference model

a Re-processed cryo-EM map (transparent grey) with the FL SPOP model '8!
rigid body fitted in.

b Re-processed cryo-EM map (transparent grey) with predicted SPOP oligomer
model "% rigid body fitted in.
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4.10 - Using CryoSPARC 3DFlex to model motion
of SPOP18-3%°

To explore whether any flexible motion of the SPOP'8-3%° oligomer could
be modelled from the cryo-EM data, 3DFlex was used. 3DFlex can model
the non-rigid motion or flexibility motion present in the cryo-EM data. It
can then use this motion model to combine the signal from particles in
different flexible conformations into a single consensus reconstruction to

improve the resolution in these flexible regions.

The resulting 3DFlex model shows the SPOP oligomer undergoing large
motions, particularly a twisting and relaxing motion (Fig. 4.14). The
source of this flexibility appears to mostly occur at the CTD domains,
where there is an expansion and contraction across the CTD
dimerisation interface, resulting in the oligomer twisting and relaxing
respectively. This also results in the MATH domains undergoing a
positional shift where they twist and relax (Fig. 4.14). This twisting and
relaxing motion would effectively change the helical pitch of the oligomer,
reflecting the conformations seen in the FL SPOP model and the
predicted SPOP model (Fig. 4.9 e, Fig. 4.11 a, b).
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Figure 4.14 — SPOP'®3% 3DFlex motion modelling

3DFlex volumes showing the SPOP'®3% gligomer undergoing motion. Black
line illustrates the twisting and relaxing motion of the oligomer, as shown by the
start and end positioning of the MATH domains.
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This flexible motion of the SPOP oligomer makes it a challenging sample
for cryo-EM structure determination. Future attempts to structurally
characterise the SPOP oligomer by cryo-EM would require a much larger
dataset than that collected in this study, followed by extensive 3D
classification steps to isolate SPOP oligomer classes in different
conformations, or the use of flexible motion models such as 3DFlex to
generate a consensus 3D map.

4.11 - Chapter summary

Here it is shown that the SPOP protein domain boundaries starting at
amino acid 28 prematurely truncated the MATH domain, and extending
the boundaries to begin at amino acid 18 produced more stable SPOP
oligomers. SPOP'8-3% was imaged using cryo-EM and a low-resolution
map was generated. The SPOP'®3% cryo-EM dataset was also
compared to the recently published FL SPOP oligomer structure and
some key differences were highlighted. Since the structure of oligomeric
FL SPOP was published, efforts were focussed on gaining the cryo-EM
structure of the SPOP'8-3% gligomer bound to its substrate, MyD88.
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Chapter 5 — Cryo-EM structure determination of

the SPOP-MyD88 high-order oligomer complex

5.1 - Chapter introduction

In the previous chapter, the structure of the high-order SPOP oligomer
was explored using cryo-EM. How this SPOP oligomer engages
oligomeric MyD88 to cause its ubiquitylation is unknown. Here | aim to
produce oligomeric MyD88 and reconstitute the SPOP'8-3%° gligomer with
MyD88 for cryo-EM structure determination.

5.2 - Producing MyD88 protein for structural

studies

5.2.1 - MyD88 protein expression

In order to produce MyD88 protein, two MyD88 plasmids were cloned for
E. coli protein expression, both with an N-terminal His-tag and a TEV
protease cleavage site. The first plasmid was for the expression of FL
MyD88 and the second was a truncated version containing amino acids
1-158 (MyD88PP-D), which includes the Death domain (DD) and both
SBC-containing unstructured regions (Fig. 5.1).

1 54 117 159 293 296
FL MyD88 1 Death ID TIR

“Jssts™ " Upssv'

1 54 117 158

st "*Upssv'*

Figure 5.1 — Schematic of the domain organisation of the MyD88
constructs used for protein expression in E. coli

Amino acid numbers are indicated. FL is full-length. Death is the Death domain.
ID is the intermediate domain. TIR is the Toll/interleukin-1 receptor domain.
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SPOP binding consensus motifs highlighted as green and magenta boxes, with
the amino acid sequences shown.

5.2.2 - Purifying FL MyD88
Expression trials and Ni?* affinity purification of His®-tagged FL MyD88

showed it to be largely insoluble when expressed in BL21 (DE3) cells
(Fig. 5.2 a, b).
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Figure 5.2 — Ni** affinity purification of FL MyD88 from E. coli cells

a SDS-PAGE gel of a nickel-affinity purification of His-TEV-MyD88 from BL21
(DE3) cells.

b anti-His Western blot of the samples shown in a.

MyD88 proteins containing either just the MyD88 Death domain or just
the MyD88 TIR domain have previously been expressed and purified
from bacteria, with both domains able to form long filamentous helical
homo-oligomers, as shown by their respective cryo-EM structures [29%
206 This suggests that both of these domains can be folded by bacterial
chaperones but perhaps the presence of both domains leads to the
formation of inclusion bodies. Efforts were therefore focussed on
producing the MyD88 truncation, MyD88PP-P, in the hopes that this
truncation would be more soluble while still containing the SPOP
interaction motif.
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5.2.3 - Initial purification of MyD88PP-P

A truncation of MyD88 which includes the Death oligomerisation domain
and the SPOP binding ID, MyD88PPP| was cloned for expression in E.
coli cells. The protein was purified via its N-terminal His-tag, followed by
tag cleavage using TEV protease. Following a second Ni?* purification to
remove any His-tag and uncleaved protein, the MyD88PP-P protein was
further purified by SEC. A study which purified a similar construct to the
MyD88PP-P  showed that the protein oligomerises at lower salt
concentrations (20 mM NacCl) in a concentration-dependent manner 2051,
To explore this dependency of oligomerisation on salt condition, the
protein was subjected to SEC under two buffer conditions: one with 150
mM NaCl and one with 20 mM NaCl.
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Figure 5.3 — Size-exclusion chromatography purification of MyD88°°-P
under different salt conditions

a Size-exclusion chromatogram of MyD88PPP purified in buffer containing 150
mM NaCl. Column was Superose6 Increase 10/300 gl.

b SDS-PAGE gel of fractions from a. * is a contaminant band.

¢ Size-exclusion chromatogram of MyD88P°P purified in buffer containing 20
mM NaCl. Column was Superose6 Increase 10/300 gl.

d SDS-PAGE gel of fractions from c¢. * is a contaminant band.
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Under both salt conditions, MyD88PP-P eluted in a peak at ~18 mL (Fig.
5.3 a, ¢). SDS-PAGE analysis of samples from both conditions shows a
MyD88 band just below the 20 kDa molecular weight marker (Fig. 5.3 b,
d). Proteins from the 20 mM NaCl condition eluted slightly earlier
compared to the 150 mM salt condition, likely due to the different ionic
strength affecting how the proteins interact with the column resin, as well
as the different viscosity of the buffers. There is a major contaminant at
~37 kDa which, under higher salt conditions, eluted before MyD88 (Fig.
5.3 a, b). However, under lower salt conditions, this protein eluted in a
single peak after MyD88 (Fig. 5.3 ¢, d). This could be due to the
contaminant interacting with the chromatography column resin under low
salt conditions, increasing the retention time. Alternatively, the
contaminant might oligomerise under higher salt conditions causing it to
elute earlier. Between the two salt conditions, there is no clear formation
of MyD88PP-® oligomers during this purification, likely due to the low
protein concentration that was injected onto the column (<0.7 mg/mL; 40

uM), which is exacerbated by dilution during SEC.

5.2.4 - Co-purifying MyD88PP-P and SPOPMATH

Next, the ability of MyD88PP-P to bind to SPOPMATH was tested. A small-
scale affinity co-purification of His-MBP-SPOPMATH with MyD88PP-P was
attempted. 300 ug of MyD88PP-P and 100 ug of His-MBP-SPOPMATH were
incubated with 100 yL of Ni-NTA beads. After washing the beads of any
unbound protein, the beads were boiled in SDS-PAGE buffer to elute any
bound protein and the samples were analysed by SDS-PAGE.



137

Pg\*\
?\(\
@ '3???0'\0 o o
kDa B R A T
250-
150-

100-
75-

50- -His-MBP-SPOPWAT
37-

20- — — -MyD8gpo-0

+ -
His-MBP-SPOP"*™ His-MBP-SPOPVAT

Figure 5.4 — Co-purification of MyD88°°'° and SPOPVA™

SDS-PAGE gel showing fractions from a co-purification between His-MBP-
SPOPMATH and MyD88PP-P. First lane is the molecular weight standard. Lanes
2 and 3 are protein inputs. Lanes labelled in red include both MyD88 and His-
SPOP. Lanes labelled in blue are a MyD88 only control. FT is the flow-through
after incubating the protein with Ni-NTA beads.

The elution from the boiled beads shows no noticeable difference in
pulling down MyD88PP-'P with or without SPOPMATH suggesting that there
was no binding under these conditions (Fig. 5.4). The concentration of
MyD88 (17 uM) may have been too low to enable binding to SPOP (2.7
uM). The binding affinity between MyD88 SBC_1 and SPOPMA™ was ~2-
4 uM, likely explaining why no binding was observed during this
experiment (Fig. 3.2 e, f, Fig. 3.6 a, e). To date, all studies showing the
interaction between SPOP and MyD88 have used either recombinant
protein immunoprecipitations or isolation from cell extracts, all of which
were visualised by western blotting. Perhaps this reliance on western
blotting alludes to the relatively weak affinity of the SPOP-MyD88
interaction under standard purification conditions, at reasonable protein

concentrations.
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5.2.5 - Initial purification of SPOP'®3% and MyD88PP-P
complexes

MyD88PP-P  contains two SBCs in its protein sequence. It was
rationalised that the SPOP'83% oligomer, rather than the monomeric
SPOPMATH ‘may allow multivalent MyD88PP-P binding, leading to
increased complex formation. In addition, this multivalent binding to
SPOP by MyD88 may increase the local MyD88 concentration at the
SPOP oligomer, helping MyD88 itself oligomerise. To explore whether
SPOP oligomers were able to bind MyD88PP-P, SPOP'8-3% was
incubated with MyD88PP-® and the protein mixture was separated by
SEC. Since SPOP'8-3% gligomers typically elute in the early volumes of
the SEC column due to their large size, it was expected that binding of
MyD88PP-P to SPOP would cause it to co-elute at earlier volumes, rather

than eluting later on, as was shown previously (Fig. 5.3).
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Figure 5.5 — Size-exclusion chromatography of the SPOP'"3% and
MyD88PPP complex

a Size-exclusion chromatogram of the SPOP'®%*° and MyD88"°'® complex.
Column was Superose6 Increase 10/300 gl.

b SDS-PAGE gel of fractions as in a. * indicates contaminant band.

The SEC chromatogram showed a large peak which eluted at ~10 mL,
with much smaller peaks eluting later on (Fig. 5.5 a). SDS-PAGE
analysis of the SEC fractions showed that the majority of SPOP8-359
eluted in the high-molecular weight peak, with less SPOP eluting in the
later fractions (Fig. 5.5 b). Faint bands corresponding to MyD88 are
present in this high-molecular weight peak, suggesting that MyD88PP-P
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was bound to SPOP'8-3%° (Fig. 5.5 b). Fractions from the peak at ~21 mL
showed a contaminant band between 15-20 kDa (Fig. 5.5 a, b).

5.3 — Purifying MyD88PP-P oligomers

As individual proteins, both SPOP and MyD88 have been shown to
oligomerise in a protein concentration-dependent manner. Efforts were
therefore focussed on increasing the protein concentration of MyD88PP-
D in the hopes that oligomeric MyD88 would be able to bind to SPOP at
high enough quantities for cryo-EM studies. This attempt to obtain higher
MyD88PP-IP concentrations is hindered by the inability to concentrate the
protein during any of the purification steps, as the centrifugal
concentrator membrane clogs once concentrations reach >0.4 mg/mL
(23 uM).

Since MyD88PP® cannot be concentrated during any stage of the
purification, the E. coli cell pellet starting material was scaled up and care
was taken during the affinity purification to avoid protein dilution (Fig. 5.6
a). This resulted in an 114 uM MyD88PP-'® sample for purification by SEC.
Injection onto the SEC column and separation in low salt (20 mM NaCl)
buffer showed a peak at ~8 mL, with a smaller peak at ~18 mL, which
had previously corresponded to monomeric MyD88PP-P (Fig. 5.6 b). The
presence of MyD88PPD in this peak was confirmed by SDS-PAGE
analysis (Fig. 5.6 ¢). The SDS-PAGE gel showed four bands across all
fractions from this peak (Fig. 5.6 c¢). The top band likely corresponds to
remaining His-TEV-MyD88PP® (Fig. 5.6 c¢). During MyD88PP-D
purifications where the protein was more concentrated (>23 uM), it
proved difficult to cleave all of the His-tag from the protein. This is in
contrast to previous purifications at lower MyD88 concentrations, where
the resulting protein was monomeric. Therefore, it is likely that the
oligomeric state of MyD88PP-P hinders access to the TEV protease
cleavage site, resulting in heterogenous MyD88 oligomers where some
of the protomers still contain their His-tags. Directly below the His-TEV-
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MyD88PP-P band is the untagged MyD88PP-P band (Fig. 5.6 c). In
addition, there are also two lower molecular weight bands that co-purify

with the MyD88 oligomer (Fig. 5.6 c).
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Figure 5.6 — Purification of the MyD88 oligomer and mass

spectrometry analysis
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a SDS-PAGE gel of a nickel-affinity purification of MyD88°° from BL21 (DE3)
cells. FT is flow-through. Cleaved is after incubation with TEV protease.

b Size-exclusion chromatogram of MyD88PP purification in buffer containing
20 mM NaCl. Column was Superose6 Increase 10/300 gl.

¢ SDS-PAGE gel of fractions from b.

d In-gel digestion mass spectrometry identification of four protein bands shown
in ¢. Performed by Dr Ranjani Ganji. Greyed out protein sequence of human
full-length MyD88 is not present in the MyD88P°° protein. Peptide hits are
highlighted in green. Two MyD88 SPOP binding consensus motifs are boxed in
purple and blue.

To confirm the identity of these four bands, in-gel digestion mass
spectrometry was used (performed by Dr Ranjani Ganji). The mass
spectrometry results indicated that all four bands correspond to H.
sapiens MyD88 (Fig. 5.6 d). Importantly, all four bands have sequence
coverage for the two SBCs meaning that MyD88PP-P should still be able
to bind to SPOP'8-3% (Fig. 5.6 d). All four bands also show coverage at
the very N-terminus of MyD88 and so MyD88PP-P likely is not suffering
from N-terminal degradation during protein purification (Fig. 5.6 d). At
the C-terminus of MyD88PP°  all four bands are missing peptide
coverage from amino acids 141-158 (Fig. 5.6 d). While this could occur
due to the peptide not “flying” well, it could also indicate C-terminal
degradation of the protein. Additionally, bands 1 and 3 are also missing
peptide coverage from amino acids 74-88, which would account fora 1.5

kDa reduction in molecular weight (Fig. 5.6 d).

The mass spectrometry analysis does not however explain the molecular
weight differences observed in the SDS-PAGE gel, as all four bands
show a similar peptide coverage (Fig. 5.6 ¢, d). This is further confused
by the fact that MyD88PP-° runs on an SDS-PAGE at a higher molecular
weight than predicted. Upon overnight dialysis with TEV protease, a clear
shift in molecular weight is observed from a predominant band at ~23
kDa (His-TEV-MyD88PP-® predicted molecular weight 20.5 kDa) to ~20
kDa (MyD88PP-P predicted molecular weight 17.5 kDa) (Fig. 5.6 a).
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The molecular weight difference between bands 1 and 2 could be
attributed to cleavage of the His-TEV tag, with both bands containing
intact MyD88 (Fig. 5.6 c). Perhaps bands 3 and 4 could also represent
tagged and untagged MyD88PP-® however, with C-terminally degraded
MyD88PP-P (Fig. 5.6 c). Alternately, bands 1 and 2, which are higher
molecular weight than expected, could also represent post-translationally
modified MyD88, although the mass spectrometry analysis did not detect
any additional modifications. Overall, the mass spectrometry analysis is
unable to clarify what the four bands visualised by SDS-PAGE represent
(Fig. 5.6 c).

5.4 - Cryo-EM of the MyD88PP-P oligomer

The oligomeric MyD88PP-P sample was next visualised by cryo-EM.
Cryo-EM grids of MyD88PP-P oligomers at 0.6 mg/mL (34 uM) were
prepared and imaged (full data collection and processing parameters in
Table 2.4). The micrographs show long straight filaments of various
lengths, ranging from approximately 20-160 nm (200-1,600 A) (Fig. 5.7
a). The filaments in the micrographs resemble that of the MyD88 Death
domain oligomer structure reported by Moncrieffe et al. 2%, which
showed the Death domains assembled as a tower-like structure with a
helical arrangement of MyD88 protomers (Fig. 5.7 b).



143

Figure 5.7 — Cryo-EM micrograph of the MyD88""'° oligomer

a Cryo-EM micrograph of MyD88PP'® oligomers. White arrows indicate
MyD88PP-P oligomers.

b Cryo-EM structure of the MyD88 Death domain oligomer (PDB ID 6I3N) 2%,
Surface representation of structure is coloured by MyD88 protomer.

Overall, the cryo-EM micrograph confirmed that MyD88PP-° was forming
ordered oligomers (Fig. 5.7 a). Since the structure of the MyD88 Death
domain oligomer has already been elucidated, efforts were then
focussed on gaining the structure of the MyD88PP-® oligomer in complex

with oligomeric SPOP18-359,

5.5 - Purification of the SPOP'8-3%° and MyD88PP-P

oligomer complex

In order to reconstitute a SPOP-MyD88 complex, the SPOP oligomer
(SPOP™-3%9) and truncated oligomeric MyD88 (MyD88PP-P) were
individually recombinantly expressed and isolated from E. coli cells. To
form the SPOP-MyD88 complex, the two SEC purified proteins were
combined, followed by a final SEC purification (Fig. 5.8 a). A peak
beginning at 8 mL and tailing off at later elution volumes corresponded
to the SPOP-MyD88 complex, as shown by SDS-PAGE (Fig. 5.8 a, b).
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Figure 5.8 — Co-purification of the SPOP'3-***-MyD88""° oligomer complex
a Size-exclusion chromatogram of SPOP'™3* and MyD88P""°, using a
Superose6 Increase 10/300 gl column.

b SDS-PAGE gel of protein fractions, as in a.

¢ Cryo-EM micrograph of the SPOP'®3%*-MyD88"°'® complex, purified as in a
and b. White arrows indicate potential complex.

d Cryo-EM micrograph of the SPOP'®***-MyD88P"° complex formed by mixing
of the two individually purified protein. White arrows indicate potential complex.

Fraction 7 of this SPOP-MyD88 complex was then used to make cryo-
EM grids (Fig. 5.8 b). The cryo-EM micrographs show straight MyD88PP-
D oligomers and curved SPOP'8-3%9 oligomers of varying lengths (Fig.
5.8 ¢). Regions which appear to resemble a SPOP-MyD88 complex
show a curved SPOP oligomer seemingly wrapping around a straight
MyD88 filament (Fig. 5.8 c¢). Overall, the oligomers seem fairly short and
there appears to be significant dissociation of the oligomers, as seen by
the background noise in the cryo-EM micrograph (Fig. 5.8 ¢). This may
be due to the fact that the SEC peak fraction used to make these cryo-
EM grids eluted from the column at 0.33 mg/mL (19 uM), causing

oligomer dissociation of both proteins.
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Again, efforts were focussed in increasing the respective protein
concentrations in order to obtain longer oligomers. During previous
protein preparations, the purity of the MyD88PP-P oligomer did not seem
to improve after the SEC step, compared to the input sample (Fig. 5.6 b,
c). Therefore, the more concentrated “input” stock of MyD88PP-D (2
mg/mL; 114 uM) was mixed with purified SPOP'8-3% oligomer (0.72
mg/mL; 19 uM) at 3:1, 1:1 or 1:3 volumetric ratios. Rather than following
this with an additional SEC step, these mixed samples were directly used
to make cryo-EM grids. The resulting cryo-EM micrographs appeared to
have longer oligomers with more clear complex formation, with the best
ratio being a 1:3 ratio of MyD88 to SPOP (Fig. 5.8 d).

5.6 - Cryo-EM dataset of the SPOP18-359.MyD88PP-IP

oligomer complex

A cryo-EM dataset of 5,624 movies was collected for the SPOP8-359-
MyD88PP-P complex (full data collection and processing parameters in
Table 2.4). Single particles were picked centered on the straight MyD88
filaments and the particles were extracted with a box size large enough
to encompass MyD88 and the surrounding SPOP oligomer region (Fig.
5.9 a).
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Figure 5.9 — Cryo-EM dataset of the high-order SPOP'33**.MyD88PP-P
oligomer complex

a Representative micrograph showing autopicked particles as green circles.

b Selected 2D classes. Red boxes show an enlarged view of 2D classes that
potentially show signal for both MyD88PP'P and SPOP'83%°_ A 2D class from the
SPOP'®** cryo-EM dataset is shown at the bottom right for comparison,
highlighting the different SPOP domains. The box sizes used for the SPOP'®
39_MyD88PP-P dataset (756 A) and the SPOP'®3% (465 A) dataset are shown.

2D classes were then generated from the picked particles. The resulting
2D classes showed good secondary structure features for the MyD88PP-

ID oligomer in some classes (Fig. 5.9 b). Signal for SPOP was less clear
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in these classes, with some classes showing uniform circular-shaped
signal along the MyD88 filament, which may represent the MATH
domains of SPOP binding to MyD88PP-P (Fig. 5.9 b). There are also
some classes which show the SPOP'83% oligomer diagonally
overlapping with the MyD88PP-P oligomer, which likely represents a
SPOP-MyD88 complex (Fig. 5.9 b). Importantly, the dimensions of
SPOP observed in these 2D classes is similar to what was observed for
the SPOP8-3% cryo-EM dataset 2D classes (Fig. 5.9 b).

Again, no helical symmetry was imposed during 3D map reconstruction
as MyD88 and SPOP have different helical parameters. Reconstruction
of a 3D density map followed by refinement resulted in a map with a
reported resolution of 7.6 A (Fig. 5.10). The reported resolution is likely
overestimated as the quality of the map does not reflect this. This
overestimated resolution may be the result of using a mask during
refinement which is too tight or may indicate the presence of duplicate
particles from overlapping particle picking and extraction, which would

overinflate the resolution.
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Figure 5.10 — High-order SPOP'#3**.MyD88"""° oligomer complex cryo-EM
map

3D refined cryo-EM map of the SPOP'®**-MyD88P"° oligomer shown in
transparent grey. Cryo-EM structure of the MyD88 Death domain oligomer
(PDB ID 3MOP) % js rigid body fitted into the density. Magenta spheres are
the most C-terminal residue present in the MyD88 Death domain oligomer
structure, which terminates just prior to the SPOP-binding consensus motif-
containing intermediate domain. SPOPMA™ domains are rigid body fitted into
the density. Black arrows indicate additional density that may also represent
SPOP'8%% FSC curve is shown, calculated using the gold standard FSC cutoff
of 0.143.

Overall, the cryo-EM map has a long and thin shape at its centre with
additional blobs of density along the outside (Fig. 5.10). The strongest
density is located towards the middle section along the length of the
oligomer, with the density becoming less discernible at the extreme ends
(Fig. 5.10). Rigid body fitting of the MyD88 Death domain oligomer
structure %% into this middle section of the density shows a reasonable
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fit, with additional circular blobs of density observed just adjacent, similar
to what was observed in the 2D classes (Fig. 5.9 b, Fig. 5.10). Rigid
body fitting of SPOPMA™ domains into this additional density shows a
fairly good fit in terms of the size (Fig. 5.10). Additionally, this placement
of the SPOPMATH domains is consistent with their expected placement to
enable binding of the MyD88 SBCs.

It is clear that further 3D classification steps and the collection of more
cryo-EM data is needed to improve the resolution and interpretability of
this structure. Overall, this low-resolution map provides a first glimpse at
how the SPOP'8-3% oligomer engages the MyD88PP-® oligomer.

5.7 - Chapter summary

Here it was shown that a truncation of MyD88 including residues 1-158
(MyD88PP-D) js able to form high-order oligomers. Additionally, it was
shown that MyD88PP-'P is able to form a complex with oligomeric SPOP&-
3% This high-order SPOP-MyD88 complex was imaged using cryo-EM,
which revealed a low-resolution density map showing curved SPOP
oligomers wrapping around a straight MyD88 oligomer, with the MATH
domains of SPOP engaging MyD88.
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Chapter 6 — High-resolution cryo-EM structure of
the UFL1 E3 ligase complex bound to the 60S

ribosome

6.1 - Chapter introduction

UFMylation is the covalent attachment of the ubiquitin-like molecule,
ubiquitin fold modifier 1 (UFM1), onto lysine residues of target proteins
(1211 This unusual post-translational modification is catalysed by a single
known E3 ligase, the UFL1 E3 ligase complex. The UFMylation target of
this ligase was recently shown to be endoplasmic reticulum (ER) bound
ribosomes, in a mechanism implicated in the ribosome quality control
pathway after protein translation stalling '3 1381, The structure of the
UFL1 ligase complex and the mechanism of ribosome UFMylation
remain unknown. To explore this, cryo-EM was used to elucidate the
high-resolution structure of the UFL1 ligase complex bound to the 60S

ribosome subunit.

6.2 - The UFL1 E3 ligase complex

The UFL1 E3 ligase complex used for cryo-EM studies includes five
proteins, all of which are required for ribosome UFMylation. First, is UFL1
which is the putative E3 ligase. This E3 ligase is unique as it does not
share any domain homology with the RING and HECT classes of
ubiquitin E3 ligases (Fig. 6.1). Next is UFBP1, a UFL1 adaptor protein
which localises the entire ligase complex to the ER membrane via an N-
terminal transmembrane helix (TMH) (Fig. 6.1) ['32. CDK5RAP3 is an
adaptor protein that directs ligase activity towards the ribosome [3'],
Lastly, the complex includes a UFC1-UFM1 mimic where the E2 enzyme,
UFC1, is linked to the C-terminal G-83 of UFM1 through an engineered
isopeptide bond to prevent discharge of UFM1 onto the ribosome (Fig.
6.1). UFC1 contains a UBC domain that is similar to ubiquitin E2



151

enzymes (Fig. 6.1). However, UFC1 lacks a recognisable HPN motif that
is present in ubiquitin E2s, but does contain a catalytic cysteine (C-116).

1 794
pWH WH1 WH2 WH3 WH4 WH5 CcC CTD
PTC

1 314 loop

TMH WH1’ pWH’

1 506
coksrars (ID-CHD- @D D -

UuBD CC RBD CcC

1 167

Figure 6.1 — Schematic of protein domain architecture of the UFL1 E3
ligase complex

Amino acid numbers are indicated. WH is winged helix domain. pWH is partial
WH. CC is coiled-coil. CTD is C-terminal domain. TMH is trans-membrane helix.
UUBD is UFM1-UFBP1 binding domain. RBD is ribosome binding domain. UBC
is ubiquitin-conjugation domain. C116K is UFC1 catalytic cysteine-116 to lysine
mutation, represented by yellow circle. Black circle represents UFM1 C-terminal
glycine-83. Line connecting yellow and black circles represents isopeptide link.

6.3 - Cryo-EM structure determination of the UFL1

ligase — ribosome complex

6.3.1 - UFL1 ligase complex-60S ribosome sample preparation
All protein expression and purification steps were performed by Dr
Joshua Peter (Prof Yogesh Kulathu lab). The recombinant E. coli
expressed UFL1 E3 ligase complex consisting UFL1, UFBP1,
CDK5RAP3 and UFC1-UFM1 was in vitro reconstituted. All proteins
were FL except UFBP1 which began at amino acid 29, removing the N-
terminal trans-membrane helix. The UFL1 ligase complex was combined
with 60S ribosome subunits, isolated from HEK293 cells. This UFL1
ligase-60S ribosome complex was stabilised by glutaraldehyde
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crosslinking and purified by sucrose gradient centrifugation before being
imaged using cryo-EM.

6.3.2 - Cryo-EM data collection and processing

A dataset of ~59,000 cryo-EM micrographs was collected (full data
collection and processing parameters in Table 2.4). Around 2.2 million
particles were picked using crYOLO’s automated particle picking
software ['% (Fig. 6.2). Seven rounds of reference-free 2D classification
resulted in ~1.6 million selected particles. These particles were then used
to generate an initial 3D model, followed by a refined 3D model. During
3D refinement, the dynamic mask start resolution parameter was set to
a value below the resolution of the data (i.e., 1 A) to generate an output
mask for subsequent 3D variability analysis (3DVA). This mask would
allow for the 3DVA algorithm to search for variability within the entire 3D
volume box. The first round of 3DVA separated three major classes: 80S
ribosome, 60S ribosome subunit and UFL1 ligase-bound 60S (Fig. 6.2).
These three classes then underwent further rounds of 3D classification
using 3DVA, as well as a final classification step using cryoDRGN, to
obtain a homogenous particle population consisting of 299,008 particles.
This was then followed by a final round of 3D refinement with per-particle
defocus refinement, Ewald sphere correction and CTF refinement to
generate a ligase-bound 60S ribosome map at a nominal resolution of
2.2 A (Fig. 6.2).
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Figure 6.2 — UFL1 ligase complex-bound 60S ribosome cryo-EM data
processing pipeline

Cryo-EM data processing steps to obtain cryo-EM maps for the 80S ribosome,
60S ribosome subunit, UFL1 ligase-bound 60S ribosome and the UFL1 ligase
complex bound to RPL10a. ~2.2 million picked particles were extracted using a
box size of 588 pixels (pix), rescaled to 128 pix. After several rounds of 2D
classification, ~1.6 million ribosome like particles were selected. All ribosome-
like particles were pooled to generate an initial 3D map, followed by 3D
refinement. During 3D refinement, the dynamic mask start resolution parameter
was set to 1 A to generate a mask for subsequent 3D variability analysis
(3DVA), which separated three major classes: 80S ribosome, 60S subunit and
UFL1 ligase-bound 60S (60S+ligase). These underwent further rounds of
3DVA, with the 60S+ligase particles undergoing an additional classification step
using cryoDRGN. The final particle stacks were then re-extracted using the
original box size, followed by final 3D refinement. To generate the
ligase+RPL10a map, signal corresponding to the 60S ribosome was subtracted
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from the 60S+ligase particles and the region corresponding to the UFL1 ligase
and RPL10a was locally refined. This was followed by 3D flexible refinement to
generate the final map. Final maps were sharpened and are coloured by local
resolution. 3D representation of the angular distributions and FSC curves are
shown for final maps, calculated using the gold standard FSC cutoff of 0.143.

The resulting cryo-EM map showed high-resolution detail for the majority
of the ribosome density, with additional density corresponding to the
ligase complex (Fig. 6.3). However, the density for the ligase complex
was at a lower resolution when compared to the ribosome and was
fragmented in places, with large regions of the ligase complex

unaccounted for (Fig. 6.3).
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UFL1 ligase complex-bound 60S ribosome

UFL1
UFBP1
CDK5RAP3

s 60S ribosome 60S subunit

Figure 6.3 — Comparison of UFL1 ligase complex-bound 60S ribosome
and 60S ribosome only cryo-EM maps

The UFL1 ligase complex-bound 60S cryo-EM map shows additional density in
comparison to the 60S only map. Black arrow indicates fragmented and missing
ligase density.

This missing density was either due to the relative flexibility of the ligase
complex or a lower occupancy of the ligase bound to the ribosome. For
the latter instance, further classification steps did not separate out free
60S ribosome particles from ligase-bound 60S particles. In an attempt to
improve the ligase density, signal corresponding to the ribosome was
subtracted and local refinement of just the ligase region was performed.
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This resulted in a 3.2 A reconstruction of the ligase complex, which
showed more complete density and high-resolution features in most
regions (Fig. 6.4 a). However, some regions of the ligase still displayed
poor density, as shown by the lower local resolution, hindering atomic
model building in these areas (Fig. 6.4 a).
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Figure 6.4 — Local refinement of the UFL1 ligase complex and modelling
motion of the UFL1 ligase complex using 3DFlex

a Cryo-EM map of the UFL1 ligase complex after local refinement, coloured by
local resolution. FSC curve is shown, calculated using the gold-standard FSC
cut-off at 0.143. Black arrow points to missing CDK5RAP3 density.

b 3DFlex generated motion models of the ligase complex. Motion of the ligase
complex is illustrated by showing the start (transparent purple) and end (solid
grey) positions of the ligase complex. Black arrows indicate direction of motion.
¢ Cryo-EM map of the ligase complex after 3DFlex reconstruction, coloured by
local resolution. FSC curve is shown, calculated using the gold-standard FSC
cut-off at 0.143. Black arrow points to resolved CDK5RAP3 density.

To try to account for the flexibility of the ligase complex, CryoSPARC'’s
3DFlex 9" algorithm was used to model the flexible motion of the ligase
and to generate a consensus 3D reconstruction. As expected, the
flexibility modelling showed large motions in the regions of the ligase that
were lower resolution (Fig. 6.4 a, b). The resulting 3DFlex reconstruction
showed a much-improved local resolution in the flexible regions (Fig. 6.4
c). There is also additional density that is reconstructed, which
corresponds to part of CDK5RAP3 (Fig. 6.4 a, c¢). This improved ligase-
only cryo-EM map allowed for atomic model building of the majority of
the ligase complex (Fig. 6.4 a).

6.4 - Overview of UFL1 ligase complex-bound 60S

ribosome structure

The UFL1 ligase complex wraps around the ribosome, contacting the
tRNA binding sites at one end and the peptide exit tunnel/SEC61
translocon binding region at the other (Fig. 6.5 a, b). UFL1 and UFBP1
form the main ligase scaffold, with CDK5RAP3 bridging across these two
proteins (Fig. 6.5 a). UFM1 is situated between CDK5RAP3 and UFBP1
(Fig. 6.5 a). However, there was no clear density for UFC1 and so this
could not be built into the atomic model (Fig. 6.5 a).
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Figure 6.5 — Cryo-EM map and model of the UFL1 E3 ligase complex
bound to the 60S ribosome

a Top - Composite cryo-EM density maps of the UFL1 ligase complex bound to
the 60S ribosome. The 60S ribosome density map is coloured in grey; the ligase
density map is coloured by protein. Bottom — Atomic model of the UFL1 ligase
complex bound to the 60S ribosome.

b Superpositions of this study’s structure with published ribosome structures,
highlighting clashes with 60S ribosome binding components. UFL1 C-terminal
domain (CTD) occupies the aminoacyl (A)-, peptidyl (P)- and exit (E)-tRNA
binding sites, as illustrated by clashes with superimposed A/P and P/E tRNA
(PDB ID 6W6L) 2071,
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¢ UFL1 CTD clashes with the 40S subunit (PDB ID 61P8) %!, Arrow points to
clash.

d UFBP1 a-helix clashes with the SEC61 translocon (PDB ID 6R7Q) 2%, which
binds at the peptide exit tunnel.

The CTD of UFL1 sits in the tRNA binding sites and superposition of
tRNA molecules show that UFL1 would clash with tRNA bound to the
ribosome, suggesting that tRNA would have to dissociate prior to ligase
binding (Fig. 6.5 b). In addition, when superimposing the 40S subunit of
the ribosome, this same region of the ligase shows clashes with the 40S
subunit (Fig. 6.5 c¢). Within the cryo-EM dataset, a population of 80S
ribosome particles were reconstructed to a resolution of 2.4 A (Fig. 6.2).
This final 3D reconstruction of the 80S ribosome, as well as earlier
iterations during the data processing pipeline, did not show any ligase
density present. This suggests that the UFL1 ligase complex
preferentially binds to the 60S ribosome subunit rather than 80S
ribosomes and that re-association of the 40S subunit would be blocked
by the ligase. Although, it cannot be discounted that other conformational
states of the 40S subunit bound to the 60S, such as the various rotated
states of the 40S, may accommodate UFL1 binding.

At the other end of the ligase complex, a long UFBP1 a-helix binds
proximal to the ribosome peptide exit tunnel, where newly formed
polypeptide chains egress from the ribosome (Fig. 6.5 d). This region of
the ribosome is also where the SEC61 translocon is known to interact.
The SEC61 translocon localises ribosomes to the ER membrane and
allows translocation of nascent polypeptides from the peptide exit tunnel
into the ER lumen. Therefore, the structure suggests that the ribosome
would have to be released from SEC61 for the ligase complex to
associate. Collectively, the structural analysis suggests that the UFL1
ligase complex preferentially recognises 60S ribosomes rather than 80S
ribosomes, after removal of the 40S subunit, tRNAs and the SEC61
translocon (Fig. 6.6).
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Figure 6.6 — Schematic of an ER-bound 80S ribosome and a UFL1 ligase
complex-bound 60S ribosome

Left is an ER-bound 80S ribosome that is translationally active. Right is a UFL1
ligase complex-bound 60S subunit that is incapable of initiating translation.
UFL1 is in green. CDK5RAP3 is in magenta. UFBP1 is in blue. UFM1 is in
beige. The UFL1 ligase complex keeps the 60S subunit localised to the ER-
membrane via a transmembrane helix of UFBP1. PTC is peptidyl transferase
centre.

6.4.1 - UFL1-UFBP1 interactions

The structure reveals the presence of a total of seven WH domains, five
from UFL1 (WH1-5), one from UFBP1 (WH1’), and a composite WH
domain (pWH/pWH’) (Fig. 6.7 a). All WH domains except UFBP1 WH1’
contact the ribosome. The interaction interface between UFL1 and
UFBP1 forms across the partial WH domains from the N-terminus of
UFL1 (pWH) and the C-terminus of UFBP1 (pWH’), which come together
to form a composite WH domain (pWH/pWH?’) (Fig. 6.7 b). This interface
is mainly mediated by hydrophobic residues (Fig. 6.7 b).
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Figure 6.7 — UFL1 and UFBP1 winged-helix domains and binding interface
a Structure of the UFL1 ligase complex with winged helix (WH) domains
annotated. pWH is partial WH.

b Close up view of the composite WH formed of pWHs from UFL1 and UFBP1.
Main interacting residues at this interface are shown as ball and stick.

6.4.2 - CDK5RAP3 is a ribosome substrate adaptor

CDK5RAP3 forms the central part of the ligase complex, acting as a
bridge that contacts UFL1, UFBP1 and UFM1 (Fig. 6.8 a). Furthermore,
CDK5RAP3 also helps to anchor the ligase complex onto the ribosome
through a CDK5RAP3 module that interacts with RPL10a, termed the
RPL10a binding domain (RBD) (Fig. 6.8 a). Additionally, CDK5RAP3
also has a coiled coil domain (CCD) and a UFM1-UFBP1 binding domain
(UUBD) (Fig. 6.8 a).
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Figure 6.8 —- CDK5RAP3 domain interactions with the UFL1 ligase complex
and 60S ribosome

a Structural model of the UFL1 ligase complex and ribosome protein RPL10a,
highlighting three protein domains of CDK5RAP3. RBD is ribosome binding
domain. CCD is coiled-coil domain. UUBD is UFBP1 and UFM1 binding
domain.

b Interactions between the RBD of CDK5RAP3 and UFL1 winged helix (WH)
domain 3. Interacting residues shown as ball and stick. Hydrogen bonds are
shown as black dashed lines.

¢ Contacts between arginine-265 of the UFBP1 DDRGK motif and the CCD of
CDK5RAP3. Side chains of the DDRGK motif are also displayed.

d Contacts between the CCD of CDK5RAP3 and ribosome 28S rRNA helix 16
and RPL13. Contacting residues are shown as ball and stick. No contacts were
measured between CDK5RAP3 CCD and RPL13 due to stubbing of side
chains. RPL13 loop highlighted as likely region of contact with CDK5RAP3.

All three domains of CDK5RAP3 make continuous contacts with one or
more ligase subunits, which is consistent with the idea that CDK5RAP3

is an integral component of the E3 ligase complex (Fig. 6.8 a). The RBD
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of CDK5RAP3 makes contacts with WH2, 3 and 4 of UFL1, primarily
through electrostatic interactions (Fig. 6.8 a, b). The CCD contacts WH2
of UFL1 and a loop in UFBP1 WH1’ that contains the conserved
‘DDRGK’ motif (Fig. 6.8 a, ¢). The K-267 of the DDRGK motif has been
suggested to be a target of UFMylation ['30: 2101 With the addition of
CDKS5RAP3 to the UFL1 ligase complex, this DDRGK motif is
sequestered by the CCD, likely preventing UFMylation of UFBP1 at K-
267 and instead directing UFMylation towards the ribosome (Fig. 6.8 c).
Further, UUBD of CDK5RAP3 interacts with UFBP1 WH1’ and UFM1,
although the resolution in this region is too low to see clear side chain
contacts (Fig. 6.8 a). In addition to contacting RPL10a, CDK5RAP3 also
makes contacts with RPL13 and rRNA helix 16 via its CCD (Fig. 6.8 d).
These extensive interactions of CDK5RAP3 with the ribosome and other
ligase components highlight a functionally critical role for CDKSRAP3 in
ribosome UFMylation.

6.4.3 - UFL1 ligase complex interactions with the ribosome
One of the major binding interfaces between the ligase complex and the
ribosome is with the ribosome protein RPL10a (also known as uL1). This
ribosome protein is part of the L1 stalk, a highly dynamic region
composed of RPL10a and helices 76-78 of 28S rRNA (Fig. 6.9 a). The
L1 stalk has a crucial role during protein translation and is involved in the
rotation of the 40S subunit, translocation of tRNA across the P- and E-
tRNA binding sites and removal of E-tRNA from the ribosome [211-213],
Upon UFL1 ligase complex binding, the L1 stalk is locked in a more
closed conformation, contacting both UFL1 and CDK5RAP3 across a
buried surface area of ~1,075 A2 (Fig. 6.9 a, b). This interaction is
predominantly mediated by WH4 and WHS of UFL1 and the RBD of
CDK5RAP3, with extensive hydrophobic and electrostatic interactions
across the interface (Fig. 6.9 b, c, d).
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Figure 6.9 — UFL1 ligase complex interactions with ribosome protein
RPL10a

a Cartoon model of the UFL1 ligase complex bound 60S ribosome cryo-EM
structure, highlighting ribosome L1 stalk.

b UFL1 and CDK5RAP3 bind to RPL10a of the L1 stalk. Cartoon model is
coloured by protein and cryo-EM density is shown in transparent grey. RBD is
CDK5RAP3 ribosome binding domain. WH is winged helix domain.

¢ Main hydrophobic residues involved in RPL10a-ligase interface.

d Hydrogen bonding residues involved in RPL10a-ligase interface. Hydrogen
bonds shown as black dashed lines.

UFL1 also interacts with other ribosome proteins, burying a total surface
area of ~2,356 A? (Fig. 6.10 a). The UFL1 WH domains almost
exclusively interact with ribosomal proteins rather than rRNA, contacting
RPL36a, RPL36, and RPL13 (Fig 6.10 a, b). Besides RPL10a, RPL13
seems to be important for ligase binding and has several hydrogen bonds
with the N-terminal region of UFL1 (Fig. 6.10 b). Additionally, the UFL1
CTD contacts RPL11 and 28S rRNA helices 69 and 38a engage the
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UFL1 CTD (Fig. 6.10 c). These extensive interactions between UFL1
and the 60S ribosome highlight a role for UFL1 as a substrate-recruiting
ligase scaffold.
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Figure 6.10 — UFL1 interactions with the 60S ribosome

a Atomic model of the UFL1 ligase complex bound to 60S ribosome with UFL1
interacting ribosome proteins highlighted. N-terminus (N) and C-terminus (C) of
UFL1 annotated.

b View of UFL1 and RPL13 interactions. Interacting residues shown as ball and
stick. Hydrogen bonds shown as dashed lines.

¢ C-terminal domain of UFL1 binds between 28S rRNA helices 38a and 69,
occluding the tRNA binding sites.

6.4.4 - Catalytic region of the UFL1 ligase complex

The ribosomal protein RPL26 is UFMylated at K-134, located at its
surface exposed C-terminus ['37: 138 The cryo-EM structure shows the
ligase complex wraps around the ribosome in such a way that UFM1,
located at the intersection of UFL1, UFBP1 and CDK5RAP3, orients its
C-terminal G-83 towards the C-terminus of RPL26 (Fig. 6.11). Density
for the RPL26 and UFM1 C-termini are not visible in the cryo-EM maps,
likely due to their flexibility and poor resolution of this area. However, the
missing residues would be long enough to bridge the ~25 A gap from
RPL26 to the ligase-bound UFM1, to allow for UFMylation of RPL26 K-
134 (Fig. 6.11).
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Figure 6.11 — Catalytic region of the UFL1 ligase complex

View of the catalytic region of the UFL1 ligase complex bound to the 60S
ribosome. The UFBP1 UFM1-interacting motif (UFIM) and CDK5RAP3 N-
terminus and alpha helix 1 (1) are bound to UFM1. Distance between the C-
termini of UFM1 and RPL26 in the cryo-EM model is shown as a black dashed
line. Missing residues of UFM1 and RPL26 are shown as dashed lines in their
respective colours. K134 is the RPL26 lysine-134 that is UFMylated.

A 10-residue segment (UFBP1'96-205) connecting WH1' and the long a-
helix arm of UFBP1 binds to UFM1 (Fig. 6.11). The density in this region
was not sufficient to build side chains into the model; therefore,
ColabFold 2% multimer prediction was used to aid model building. This
showed this UFBP1 linker forming a p-strand when bound to 2 of UFM1,
called the UFM1-interacting motif (UFIM) (Fig. 6.11). Additional
interactions with UFM1 are mediated by helix a1 and the N-terminus of
CDK5RAP3 (Fig. 6.11). However, the local resolution of this region was
~4-5 A, which lacked discernible side chain density to unambiguously
locate interacting residues.

Surprisingly, there is no density for the E2 enzyme, UFC1, despite UFC1
being linked to UFM1 through an isopeptide linkage. This lack of UFC1
density could be due to flexibility of UFC1, or could indicate that the cryo-
EM structure represents free UFM1, either pre- or post-ribosome
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UFMylation. Superposition of a UFC1-UFM1 crystal structure (solved by
Dr Helge Magnussen, Prof Yogesh Kulathu lab) onto the cryo-EM
structure shows that the ligase is positioned in such a way to allow room
for UFC1 binding proximal to RPL26 (Fig. 6.12 a).
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Figure 6.12 — Modelling in the UFC1 E2 enzyme onto the cryo-EM structure
of UFL1 ligase complex-bound 60S ribosome

a Crystal structure of a UFC1-UFM1 conjugate (intermediate conformation)
(solved by Dr Helge Magnussen, Prof Yogesh Kulathu lab) superposed onto
the cryo-EM structure of the UFL1 ligase complex-bound 60S ribosome. C-
terminal glycine of UFM1 (G83), catalytic cysteine to lysine mutation of UFC1
(C116K) and most C-terminal residue of RPL26 for which density is present in
the cryo-EM map (V128) are depicted as circles.

b Crystal structure of a ubiquitin-E2 conjugate (PDB ID 7R71) ['*!l in a closed
conformation superposed onto the cryo-EM structure of the UFL1 ligase
complex-bound 60S ribosome, in the same view as a. C-terminal glycine of
ubiquitin (G76), catalytic cysteine to lysine mutation of ubiquitin E2 (UbE2)
(C85K) and most C-terminal residue of RPL26 for which density is present in
the cryo-EM map (V128) are depicted as circles.

Compared to ubiquitin-E2 structures, the UFC1-UFM1 crystal structure
shows UFC1 to be positioned in an intermediate conformation, between
an open and closed conformation (Fig. 6.12 a). Comparison with a
closed conformation ubiquitin-E2 structure ['%4 superposed onto the
cryo-EM structure shows that a more closed conformation would bring
the E2 catalytic cysteine and ubiquitin C-terminal glycine in closer
proximity to the C-terminus of RPL26, which contains K-134 (Fig. 6.12
b).
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6.5 — Cryo-EM of the UFMylated ribosome

To investigate what the structure of the post-UFMylated ribosome looks
like, a UFMylation reaction was allowed proceed by incubating 60S
ribosomes with the UFL1 E3 ligase complex, UFM1, ATP, E1 enzyme
(UBA5) and E2 enzyme (UFC1) (performed by Dr Joshua Peter, Prof
Yogesh Kulathu lab). This reaction was then imaged using cryo-EM. The
resulting cryo-EM reconstruction shows density for the ligase complex
bound to the ribosome, with UFM1 positioned similarly in comparison to
the high-resolution dataset where UFM1 was isopeptide linked to UFC1
(Fig. 6.13). It is therefore possible that the high-resolution pre-
UFMpylation cryo-EM structure may actually mimic the post-UFMylated
state, where UFM1 is then stably bound by UFBP1 and CDK5RAP3.

Although, it is possible that in the case UFMylated ribosomes where the
UFL1 ligase complex is not bound, it would be difficult to see the
relatively small UFM1 covalently attached to the ribosome, particularly
as the linkage is quite flexible. In addition, the dataset is relatively small
and so rarer states, such as a potential non-ligase bound UFMylated
ribosome, may be difficult to detect. Regardless, the UFMylated
ribosome dataset highlights a state where the ligase complex remains
bound to the 60S ribosome, even after UFMylation of the ribosome has
occurred (Fig. 6.13). This raises the possibility that the ligase is a
“reader” as well as a “writer” of UFM1 modification, and that the longer
E3 ligase complex residual time on the ribosome allows for UFBP1-

mediated dissociation of the SEC61 translocon (Fig. 6.5 d).
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Figure 6.13 — Cryo-EM density map of the UFMylated ribosome

Cryo-EM density map of UFMylated 60S ribosome (transparent grey). Structure
of UFL1 ligase complex-bound 60S ribosome is rigid body fitted into the cryo-
EM map. Black arrow points to C-terminal region of RPL26, which contains
lysine-134, the site for UFMylation.

6.5.1 — The UFL1 ligase complex dissociates the 60S ribosome
from the SEC61 translocon

Binding of the UFL1 ligase complex to the 60S would require dissociation
of the 60S from the SEC61 translocon at the ER membrane, leaving the
ligase-60S complex localised to the ER membrane via the TMH of
UFBP1 (Fig. 6.14). In addition to clashes with the SEC61 translocon, the
catalytic region of the ligase complex where UFM1 binds would likely
deform the ER membrane (Fig. 6.14). With the revelation that the ligase
complex remains bound to the UFMylated ribosome, it was speculated
that ribosome UFMylation may trigger the dissociation of 60S from
SEC61. To explore this, the ribosome UFMylation dependency on
SEC61 binding was explored (performed by Mr Rohan Thakur, Prof
Yogesh Kulathu lab).
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Figure 6.14 — UFMylation of the 60S helps to dissociate the 60S ribosome
from the SEC61 translocon

Data in b-e were performed by Mr Rohan Thakur, Prof Yogesh Kulathu lab.

a Ligase binding to the SEC61 translocon-bound ribosome may destabilize the
60S-SEC61 interaction. UFL1 ligase complex structure superimposed onto the
structure of the SEC61-80S ribosome (PBD ID 6r7q) ?°°!. Approximate position
of the ER membrane and ER lumen relative to the SEC61 translocon are
shown.

b Loss of UFMylation leads to accumulation of 60S ribosomes with the SEC61
translocon. SEC613 association with 60S ribosomes was analysed in
membrane fractions from parental WT and CDK5RAP3 KO cells. Lysates were
normalised to uniform RNA concentration (using absorbance at 254nm) and
fractionated on 10-30% sucrose density gradients. Fractions corresponding to
60S from 3 independent replicates were analysed by immunoblotting with
indicated antibodies.

¢ Quantification of immunoblots from b. UFMylated RPL26 band intensity
normalized to intensity of total RPL26 (left) and SEC618 band intensities
normalized to RPL10a. Data show mean + SD. ***p< 0.0001 (Student t-test).
Data are representative of n=2 independent experiments.

d UFMylation mediates dissociation of the 60S ribosome from the SEC61
translocon. In vitro UFMylation reactions were performed on membrane
associated 60S-SEC61 translocon complexes isolated from CDK5RAP3 KO
cells. 60S-SEC61 complexes were incubated with UBA5, UFC1, UFL1 ligase
complex and UFM1, either in the presence or absence of ATP. The reaction
products were separated on a sucrose gradient and analysed by
immunoblotting with the indicated antibodies. Blot is representative of n=2
independent experiments

e Dissociation of 60S from the SEC61 translocon requires the UFIM motif. In
vitro 60S-SEC61 UFMylation and translocon dissociation assay performed as
in d, using UFL1 ligase complex with the UFBP1 UFIM mutant F196A.
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Indeed, in CDK5RAP3 knockout cells, where ribosome UFMylation is
inhibited, there is an increase in ribosome bound to SEC61 compared to
wild-type cells (Fig. 6.14 b, c). In addition, in vitro UFMylation reactions
performed on isolated ER membrane fractions containing SEC61-bound
ribosomes also displayed an increased dissociation from SEC61 when
UFMylation was allowed to proceed (Fig. 6.14 d). Lastly, a F196A
mutation of the UFBP1 UFIM motif, which prevents UFM1 binding,
showed a decrease in SEC61 dissociation (Fig. 6.14 e). These data
combined suggest a key role for ribosome UFMylation in the dissociation
from the SEC61 translocon. It is possible that RPL26 UFMylation and
stable binding of UFM1 post-UFMylation causes the UFBP1 helical arm
to act as a lever, pushing the ribosome from SEC61, allowing the ligase
complex to bind in the conformation seen in the cryo-EM structure.

6.6 - UFL1 loop projects into the ribosome peptidyl

transferase centre

Intriguingly, the cryo-EM map showed an additional density present in
the PTC which could not be attributed to the ribosome. Importantly, this
additional density was not present in the non-ligase bound 60S map (Fig.
6.15 a). Aside from the additional density in the PTC, there is no
additional density observed for nascent polypeptide within the peptide
exit tunnel or any major conformational changes to the peptide exit
tunnel, including tunnel proteins RPL4 (uL4), RPL17 (uL22), and RPL39
(eL39). The well resolved density allowed the building of a 13-residue
segment of UFL1 (UFL1436-448) that is part of an 86-residue UFL1
protrusion from the UFL1 CCD, hereby referred to as the PTC loop (Fig.
6.15 b, c).
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Figure 6.15 — UFL1 PTC loop density and atomic model

a Comparison of cryo-EM density at the ribosome PTC between the UFL1
ligase complex-bound 60S and non-ligase bound 60S maps. Density
corresponding to the UFL1 PTC loop is coloured in green.

b Atomic model of the UFL1 PTC loop bound to the 60S ribosome PTC. Main
chain and side chains of UFL1 shown as sticks. Density for UFL1 loop shown
in  transparent green.  UFL1 PTC loop contains  residues
“3*GGGNAREYKIKKV*®, Contacting rRNA bases are shown as sticks.

¢ UFL1 ligase complex bound 60S ribosome with ligase complex shown as a
cartoon representation and 60S ribosome shown as transparent grey surface
representation. CCD is coiled-coil domain. CTD is C-terminal domain. Dashed
line represents part of the UFL1 PTC loop for which density is missing.

This PTC loop is positioned proximal to the P-tRNA binding site and
remarkably, appears to remodel key translation elongation and
termination bases. 28S rRNA A4548 rotates towards the P-site to stack
with the aromatic ring of UFL1 Y-443 (Fig. 6.16 a). Additionally, 28S
rRNA U4452 flips ~90° to be in proximity to UFL1 G-437, which partially
occludes the aminoacyl (A)-site (Fig. 6.16 b). Importantly, A4548 is a
highly mobile base within the PTC which aids in tRNA positioning for
peptide bond formation and peptide release, while U4452 is involved with
A-tRNA binding ['53-1561 The peptide bond formation catalytic base
A3908, as well as A4385, stacks with UFL1 D-439 and R-441
respectively (Fig. 6.16 c, d). In addition, the positively charged R-441 of
the UFL1 PTC loop sits in a pocket surrounded by the phosphate
backbone of several 28S rRNA bases, with several hydrogen bonds
formed (Fig. 6.16 d).
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Figure 6.16 — Interactions between the UFL1 PTC loop and surrounding
28S rRNA bases

UFL1 PTC loop shown in green. UFL1 residues shown as ball and stick. 28S
rRNA of the 60S ribosome is shown in grey. 60S bases shown as sticks.
Hydrogen bonds shown as black dashed line.

a 28S RNA adenine-4548 moves towards the peptidyl (P)-site to stack with
UFL1 tyrosine-443. Transparent grey 60S model represents non-ligase bound
60S (PDB ID 6r7q) 2. Opaque grey 60S model is UFL1 ligase complex-bound
60S. Black arrow shows the direction of movement.

b 28S RNA uracyl-4452 moves towards the aminoacyl (A)-site to sit proximal
to glycine-437. Transparent grey 60S model represents non-ligase bound 60S
(PDB ID 6r7q) % Opaque grey 60S model is UFL1 ligase complex-bound
60S. Black arrow shows the direction of movement.

¢ UFL1 asparagine-439 stacks with 28S rRNA adenine-3908 and hydrogen
bonds with guanine-3807.

d UFL1 arginine-441 stacks with 28S rRNA adenine-4385 and hydrogen bonds
with surrounding phosphates of the 28S rRNA backbone.
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6.6.1 - Potential function of the UFL1 PTC loop

This binding to and re-arrangement of the PTC bases resembles the
action of protein translation stalling agents, such as the translation of
arrest peptides or binding of antibiotics such as anisomycin (Fig. 6.17)
(2141 However, binding of the PTC loop in order to induce ribosome
stalling does not make much sense in the context of biological function,
as the UFL1 ligase complex is implicated in rescuing stalled ribosomes
rather than causing the ribosomes to stall. Alternatively, the UFL1 PTC
loop may bind to the PTC after a ribosome stalling event in order the
keep the ribosome in an inactive state while the downstream effects of
ribosome UFMylation, ribosome quality control and/or SEC61 release,
takes place. This however contrasts with binding of the UFL1 CTD, which
sterically blocks the tRNA binding sites and 40S subunit, effectively
preventing protein translation from re-initiating (Fig. 6.5 b, c). Instead,
the UFL1 PTC loop may be a detection mechanism for translationally
terminated or stalled ribosomes, acting as a signal to recruit the UFL1
ligase complex. Regardless, as these remodelled PTC bases are critical
for translational elongation and termination, the intricate interactions and
remodelling of the PTC suggest an important role for the PTC loop and
may even suggest UFMylation independent functions for UFL1.

Peptide exit
tunnel
direction

Anisomycin

Erythromycin
Puromycin

Figure 6.17 — Comparison of the UFL1 PTC loop bound to the ribosome
with ribosome stalling agents
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View of the ribosome PTC, highlighting that the UFL1 PTC loop and ribosome
stalling agents bind to similar regions. UFL1 and Onc112 are polypeptides.
Anisomycin, Erythromycin, Puromycin and Harringtonine are small molecules.
Anisomycin PDB ID 4u3m "1, Onc112 PDB ID 4zer ', Erythromycin PDB ID
4wfn 211 Puromycin PDB ID 1q7y #'® and Harringtonine PDB ID 7ucj ',

The binding of the PTC loop also resembles the binding mode of the
ribosome release factor, eukaryotic release factor 1 (eRF1). During
translation termination, eRF1 catalyses the release of nascent
polypeptide from ribosome bound P-tRNA in response to sensing a stop
codon in the mRNA decoding centre [?2°. Both the eRF 1 catalytic domain
and the UFL1 PTC loop bind to the PTC and share similar residues (Fig.
6.18 a). The apex of the eRF1 catalytic domain contains the catalytic
motif, GGQ, whereas the PTC loop apex contains residues 43’ GGN*39
(Fig. 6.18 a). During eRF1-mediated tRNA-peptide hydrolysis, the
glutamine in the GGQ motif is thought to coordinate a water molecule to
mediate nucleophilic attack of the peptide-tRNA ester bond ['%]. Since
asparagine is structurally similar to glutamine, where both amino acids
have an amide group in their side chains, it is possible that the
asparagine in the UFL1 GGN motif may also perform a similar catalytic
role. Superimposition of the PTC loop with structures of P-tRNA-peptide
ribosomes shows that the UFL1 GGN motif coincides approximately with
the tRNA-peptide junction (Fig. 6.18 b). However, the UFL1 PTC loop
differs from the eRF1 central domain in its positioning within the PTC.
eRF1 occupies the A-site of the PTC to catalyse hydrolysis of the
adjacent P-site tRNA-peptide bond, whereas the UFL1 PTC loop
occupies the P-site (Fig. 6.18 a). Therefore, if the UFL1 PTC loop were
performing a similar catalytic role to eRF1 then it would likely act upon
tRNA-peptide occupying the A-site, perhaps after a failure in
translocation of tRNA-peptide from the A-site to the P-site during a
ribosome stalling event. This role for the PTC loop acting as a release
factor is consistent with the UFMylation role in releasing stalled
ribosomes from SEC61, whereby the nascent polypeptide can be
released from the ribosome and then be accessed by cytosolic factors to
result in the degradation of the polypeptide.
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Figure 6.18 — Comparison of UFL1 PTC loop with the eRF1 central domain
a Comparison of the UFL1 PTC loop (P-site) with eRF1 catalytic centre (A-site;
PDB ID 6ip8 ?%!). eRF1 catalytic residues GGQ and UFL1 loop residues GGN
coloured in yellow.

b Comparison of UFL1 PTC loop positioning to structures of stalled ribosomes
with nascent peptides in exit tunnel and tRNA in P-site. UFL1 loop shown in
green, PDB ID 3j92 2" in blue, PDB ID 7qwr "®in purple, PDB ID 6xa1 #?? in
red. N-terminus and C-terminus of loop indicated with green arrows. UFL1
residues GGN coloured in yellow, sits approximately at the P-tRNA-peptide
junction.

eRF1 senses all three stop codons in the mRNA decoding centre by
recognizing the geometry of the UAA, UAG and UGA stop codons during
translation termination, leading to polypeptide release. It is less well
known how polypeptides are released in the case of a ribosome stall,
such as a readthrough of the mRNA poly-A tail (AAA codon). Additionally,
it has been reported that the translation of a hCMV stall peptide re-
arranges the PTC so as to inhibit eRF1 activity 2%, This perhaps
explains the need for an additional release factor other than eRF1, as
different geometry in the mRNA decoding centre (e.g., poly-A tail) and a
re-arranged PTC (induced translation stalling) may prevent the release
factor activity of eRF1.

A key question is whether UFL1 PTC loop binding is coupled to ribosome
UFMpylation, which occurs towards the other end of the ligase complex.
Further experimentation is needed to clarify exactly what the role of the
UFL1 PTC loop is and how exactly the UFMylation of the 60S ribosome
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by the UFL1 ligase complex promotes the ribosome quality control

pathway in cells.

6.7 - Chapter summary

For the first time, the high-resolution cryo-EM structure of the UFL1 E3
ligase complex-bound 60S ribosome has been revealed. The structure
shows the ligase complex wrapped around the ribosome in a unique
substrate binding mode not seen in other E3 ligases. The structure not
only reveals the ligase complex assembly, but also shows how the ligase
complex binds to the ribosome, with UFM1 positioned close to its
UFMylation target, RPL26. The structure solidifies CDK5RAP3 as an
integral part of the UFL1 ligase complex and highlights its role as a
ribosome substrate adaptor. Intriguingly, a UFL1 loop that binds to and
re-arranges the PTC is identified, in a function that remains to be
investigated. Collectively, these results show a fundamental role for the
UFL1 ligase complex in releasing 60S ribosomes from the SEC61
translocon and elucidate the molecular basis for UFMylation in regulating
protein quality control at the ER.
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Chapter 7 — Discussion

The post-translational modification of substrates with ubiquitin or UFM1
controls many cellular processes, which are tightly regulated by the
action of specific E3 ligase complexes. E3 ligases can assemble into a
variety of structures, with some ligases functioning as multi-subunit
protein complexes, as well as forming various oligomeric states, for their
enzymatic action. This diversity in E3 ligase assembly and structure
allows the targeting of a diverse substrate pool. While many structural
studies of E3 ligases have revealed the molecular mechanisms of
substrate specificity and ubiquitylation, there is still a lack of structural
information on how multi-subunit high-order oligomer E3 ligases, such as
the SPOP-Cullin-3 ligase complex, assemble. Additionally, there is no
structural information for the single known UFM1 E3 ligase, the UFL1 E3
ligase complex. Gaining the structures of these E3 ligase complexes will
help to reveal how they target substrates and the molecular mechanisms
of substrate modification. In this chapter the results obtained for this
thesis are summarised and discussed, highlighting why this work was
necessary, how this work benefits the field and what should be studied

next.

7.1 — Characterising SPOP binding to MyD88

At the beginning of this project, an interaction between the ubiquitin E3
ligase substrate binding adaptor, SPOP, and the integral Myddosome
complex protein, MyD88, had been identified 62 118 119 SPOP was
shown to negatively regulate immune signalling by ubiquitylating MyD88,
although various reports had come to different conclusions as to how this
was achieved. Using a combination of biochemical assays and structural
biology, the interaction between SPOP and MyD88 was studied in
Chapter 3.
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7.1.1 - MyD88 binds to SPOP using an extended SPOP-binding
consensus motif

In Chapter 3, it was shown that a MyD88 peptide containing the minimal
SBC (AVDSSVP) bound to SPOPMATH with a Ky of 32.25 + 2.08 uM (Fig.
3.2 e, f). This binding is of moderate strength when compared to other
substrate SBCs, which typically have binding affinities in the mid to high
uM range. Analysis of the MyD88 protein sequence showed a region of
high conservation just N-terminal to the SBC, which was hypothesised
could be involved in SPOP binding (Fig. 3.2 ¢). Indeed, the binding
affinity of a longer MyD88 peptide (AEKPLQVAAVDSSVPRT) was
measured with a Ky of ~2-4 uM, making it the highest known binding
affinity amongst SPOP substrates (Fig. 3.2 e, f, Fig. 3.6 a, e). The
SPOPMATH.\MyD88 peptide X-ray crystal structure helped to corroborate
the binding data (Fig. 3.8). This revealed an unusual extended binding
mode of MyD88 which has only been shown in one other SPOP
substrate, Pdx1 ©3 %1, From a biological context, the need for MyD88 to
possess an extended SPOP-binding motif remains unknown. One
possible reason is that these additional binding residues compensate for
a non-standard SBC, such as MyD88 having a non-standard residue at
SBC position five. Directly N-terminal and C-terminal to the MyD88
peptide used in the crystal structure are the Death and TIR domains,
which both oligomerise to form part of the large multiprotein complex, the
Myddosome (Fig. 3.2 d). Therefore, another possibility is that the binding
of this extended SBC to SPOP orients MyD88 so as to avoid clashes of
the adjacent domains. In addition, this positioning may orient MyD88 in
order to allow optimal access to lysine residues for ubiquitylation by the
Cullin-3 E3 ligase.

The crystal structure of the SPOPMATH-MyD88 peptide complex revealed
the molecular interactions of this extended SPOP-MyD88 binding.
Interestingly, this revealed MyD88 residues '2°LQ'*° sitting within a
hydrophobic pocket of SPOP, which were further validated to be
important for binding through FP peptide competition assays and SPOP
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mutant co-IPs with MyD88 (data of Dr Mukul Mishra, Dr Luca Busino lab)
(Fig. 3.9, Fig. 3.10). This region is also important for the Pdx1 extended
binding motif and likely represents a new secondary binding interface to
SPOP.

This characterisation of the MyD88 extended binding motif builds upon
the original work by Zhuang et al., which first identified the five-residue
SPOP-binding consensus motif in SPOP substrates . Upon the
discovery of Pdx1 as an extended SPOP binder, which also has a non-
standard SBC, a more relaxed SBC was proposed of @-11-S-11-11 (@ is
non-polar amino acid, 17 is polar amino acid) . MyD88 diverges slightly
from this new SBC as it possesses a valine at position 5. With the
identification of Pdx1 and MyD88 possessing extended SBCs, which also
have unusual SBC residues at position 4 and/or 5, it is possible that
additional substrates of SPOP can be identified using a new extended
binding motif. Taking this into account, an extended SBC is proposed of

A-Q-X-X-X-@-11-S-X-X (X is any amino acid, A is large amino acid).

Analysis of the protein sequences of known SPOP binders identified six
potential substrates which may bind to SPOP using an extended SBC
(Fig. 3.13 c). Preliminary data has identified Caprin1 as a potential
extended binder, with potentially more substrates yet to be discovered
(Fig. 3.14). Overall, the identification of a MyD88 extended binding moatif,
the second known substrate to possess this, broadens our
understanding on how SPOP recognises substrates.

There is potentially a second SBC on MyD88 at its N-terminus, with
binding experiments showing SPOPMA™ is able to bind to this sequence
with a similar affinity as the intermediate domain SBC (Fig. 3.4). This is
in contrast with a previous report which states that this SBC was
dispensable for SPOP binding "', Whether this is a true SPOP binding
site in vivo still needs to be explored. In the context of the Myddosome
complex, several MyD88 molecules would present SBCs for SPOP to
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bind to, potentially circumventing the need for multiple degrons in a
protein sequence, as is seen for other substrates.

7.2 - Cryo-EM structure determination of the SPOP

oligomer

SPOP undergoes homo-oligomerisation to form high-order helical
oligomers. This oligomerisation of SPOP was shown to be important for
the efficient ubiquitylation of target substrates, likely by recruiting multiple
Cullin-3 ligase complexes to the substrate. The structural and
biochemical analysis of the interaction between SPOPYATH and MyD88
peptides in Chapter 3 provided insights into how these two proteins
interact. However, a key question is how do these two proteins interact
in the context of their full-length oligomeric structure, and how does this
oligomeric structure help to enhance ubiquitylation? To try to answer this,
SPOP constructs capable of forming high-order oligomers were

produced for structural characterisation using cryo-EM.

7.21 - SPOP residues 18-28 are required for stable SPOP
oligomer formation

At the beginning of this project, SPOP residues 28-359 had been used
to study oligomeric SPOP, as the full-length protein was less soluble and
tended to form nuclear speckles that were difficult to purify from cells for
in vitro study. Analysis of the AlphaFold predicted SPOP monomer and
dimer structures showed an additional pB-sheet forming between two
MATH domains, formed by residues that were not present in the current
construct residue boundaries. Concurrent with this, in chapter 4 it was
shown that that SPOP'-3% produced more stable oligomers than
SPOP?283%9 (Fig. 4.9). Cryo-EM was used to try to determine the structure
of the SPOP'8-3% oligomer, which produced a low-resolution cryo-EM
density map that fit the predicted SPOP oligomer model well (Fig. 4.10

e). Some E3 ligase substrate adaptors have the ability to undergo
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dimerisation or tetramerization, which can either activate or inhibit its E3
ligase activity 2242261 SPOP is an unusual E3 ligase adaptor which has
the ability to form seemingly indefinite high-order oligomers. This study
provides structural confirmation that SPOP achieves this high-order
oligomerisation through alternating dimerization through its BTB domain
dimers and CTD domain dimers.

7.2.2 - Comparison of this study’s SPOP oligomer structure
with the published SPOP oligomer structure

When optimising the SPOP'8-3% sample for obtaining better cryo-EM
data, a study published the structure of the full-length SPOP oligomer
[188] Comparison of the two cryo-EM maps showed large differences in
the helical parameters, with full-length SPOP having twelve dimers per
turn and this study’s SPOP'83%% map having eight dimers per turn.
3DFlex motion modelling was used on this study’s cryo-EM dataset of
SPOP'8-3% which revealed significant motion of the SPOP oligomer
(Fig. 4.14). The SPOP'83% oligomer is seen twisting and relaxing, a
conformational change which would likely alter the number of dimers per
turn and therefore, the shape of the SPOP oligomer. Currently, the
implications of this large plasticity of the SPOP oligomer are unknown. It
is possible that SPOP can adopt a range of conformations in order to
target a varied pool of substrates, from small monomeric proteins to large
oligomeric complexes. Perhaps this motion may also be coupled to the
ubiquitylation of substrate where the SPOP oligomer relaxes or contracts
to bring the substrate closer to ubiquitin-E2 positioned on a Cullin-3 arm.
The exact significance of this flexibility and the molecular mechanism of
how this is achieved remains to be studied. High-resolution cryo-EM data
would help shed light on the molecular basis of how this flexibility within
the SPOP oligomer is achieved. Additionally, the use of new cryo-EM
image processing tools such as 3DFlex would likely be useful for
studying large flexible oligomeric E3 ligase complexes, such as the
SPOP-Cullin-3-Rbx1 ligase complex.



183

7.3 - Cryo-EM structure determination of the SPOP-
MyD88 high-order oligomer complex

There are conflicting reports as to whether SPOP-mediated
ubiquitylation of MyD88 even occurs and whether this ubiquitylation
occurs at the level of the fully assembled Myddosome, activated MyD88
oligomers at the TLR prior to binding of IRAKs, or at free MyD88
protomers. In Chapter 3 it was confirmed through binding data and an
X-ray crystal structure that this interaction indeed occurs; although, these
analyses were performed using minimal domains and peptides, rather
than full-length proteins. Since both SPOP and MyD88 form high-order
oligomers, a key question was how do these large oligomers come
together to form a complex, if at all? To try to answer this, a structural
biology approach was used to image the SPOP-MyD88 high-order

oligomer complex.

In Chapter 5, an attempt was made to produce recombinant full-length
MyD88 which proved to be mostly insoluble when expressed in E. coli
cells (Fig. 5.2). The decision was made to instead produce a truncation
construct of MyD88, MyD88PPP which was still capable of
oligomerisation and importantly contained both the validated and
predicted SBCs. It was also confirmed that MyD88PP-P is able to form
large oligomers in a concentration-dependent manner, as had been
reported previously (Fig. 5.6 b, 5.8 a) (205, MyD88PP-P formed a complex
with SPOP'8-3%  which was then imaged using cryo-EM (Fig. 5.9).
Processing of the cryo-EM data showed the SPOP'8-3% oligomer
wrapping around a MyD88PPP oligomer, with a low-resolution map
suggesting that the MATH domains of SPOP are oriented towards
MyD88, as expected (Fig. 5.10). This provides a first look at how
oligomeric SPOP engages substrate, which has previously only been
demonstrated by structures of the minimal SPOP MATH domain and

short substrate peptides.
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A key question that remains is how oligomeric MyD88 assembles in the
Myddosome. As individual domains, both the DD and TIR domains of
MyD@88 are able to oligomerise into long helical filaments (Fig. 5.8 b) 205
2081 Further structural studies of the full-length MyD88 protein are needed
to reveal how the DD oligomerisation domains and TIR oligomerisation
domains arrange themselves in the context of the full-length MyD88
oligomer. It is likely that when incorporated into the Myddosome, MyD88
does not form long filamentous oligomers. Instead, the MyD88 DDs could
be capped by the IRAKs and the MyD88 TIR domains could be capped
by binding to TLRs, limiting the number of MyD88 molecules in the
Myddosome. Indeed, a report showed that addition of IRAK4PP caused
MyD88PP filaments to instead form 4:6 stoichiometry Myddosomes [2991,
A structure of the MyD88-IRAK4-IRAK2 DD complex and live cell-
imaging estimation revealed a Myddosome stoichiometry of 6:4:4, with
other reports measuring MyD88-IRAK4 stoichiometries of 7:4 and 8:4 [108.
227, 228 \With this stoichiometry, six MyD88 molecules within the
Myddosome could potentially present 6-12 SBCs, allowing for multivalent
SPOP binding and efficient MyD88 ubiquitylation. Another open question
is does the SPOP oligomer ubiquitylate MyD88 in the Myddosome (6-12
SBCs) or at free MyD88 monomers (1-2 SBCs) (Fig. 7.1)? SPOP
substrates typically present two or more SBCs for SPOP binding. From
an evolutionary perspective, the targeting of MyD88 monomers
containing a single SBC to high-order SPOP oligomers, which have the
capability of multivalent binding to substrates, seems less likely (Fig.
7.1). Currently, there is a lack of study on how SPOP interacts with
oligomeric substrates. To our knowledge, this study provides the first
example of the SPOP oligomer engaging an oligomeric substrate,
MyD88.
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Figure 7.1 — Potential modes of MyD88 regulation by SPOP-mediated
ubiquitylation

a Schematic showing the potential binding modes of the SPOP oligomer to
MyD88 for its ubiquitylation. 1. represents the SPOP oligomer ubiquitylating
MyD88 while it is assembled as a hexa-oligomer at the activated toll-like
receptor (TLR), prior to binding of IRAKs, potentially leading to inhibition of
IRAK binding and MyD88 degradation. 2. represents the SPOP oligomer
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ubiquitylating MyD88 while it is assembled in a 6:4:4 stoichiometry
MyD88:IRAK4:IRAK2 Myddosome, potentially leading to disassembly of the
Myddosome and MyD88 degradation. 3. represents the SPOP oligomer
ubiquitylating free MyD88, preventing it from assembling into the Myddosome.
b shows the potential SPOP-MyD88 binding modes as in a. Surface
representation of the structures are shown. The SPOP oligomer is a predicted
structural model "), The death domain truncation Myddosome structure is
shown (PDB ID 3MOP ['%)_For 1. and 2., the AlphaFold ® predicted model of
full-length MyD88 is superimposed based on structural similarity onto the
MyD88 death domains of the Myddosome model. The approximate binding
location of the TLR TIR domains are represented by purple ovals. The SPOP
oligomer is approximately placed so the MATH domains of SPOP are in
proximity to the MyD88 binding sites. For 2., the missing kinase domains of
IRAK4 and IRAK2 are shown as ovals in their respective colours. For 3., the
crystal structure of the SPOP MATH domain and the MyD88 peptide from this
study is superimposed onto the MATH domains of the predicted SPOP
oligomer. The AlphaFold predicted structure of the MyD88 Death and TIR
domains are placed relative to the MyD88 peptide.

Despite the difficulty in reconstructing a SPOP'8-359-MyD88PP-IP cryo-EM
3D map and the limited resolution of the map, the cryo-EM micrographs
and 2D classes appear to show a convincing complex being formed
between SPOP'8-3% and MyD88PP-P (Fig. 5.10). Whether or not this type
of complex forms in cells remains to be seen. Substrates have been
shown to affect the subcellular localisation of SPOP and their binding
may nucleate or increase SPOP oligomerisation. The structure of the
Myddosome alone or in complex with SPOP could reveal whether the
pre-formed SPOP oligomer is able to bind to and ubiquitylate MyD88 at
the Myddosome, or if recruitment to MyD88 triggers SPOP

oligomerisation (Fig. 7.1).

7.3.1 - Future work needed to gain the structure of the SPOP-
MyD88 complex

Robust experiments will need to be designed in order to answer the
outstanding questions to clarify how exactly SPOP-mediated termination
of Myddosome signalling occurs. Optimising the production of the SPOP-
Myddosome complex is crucial to fulfil this. Future efforts should focus
on producing a stable SPOP-MyD88 or SPOP-Myddosome complex at
high enough concentrations for structural characterisation by cryo-EM.
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IRAK4 is constitutively active, where it phosphorylates either IRAK2 or
IRAK1 for activation of the Myddosome complex. In a cellular context,
this may lead to negative regulation of the Myddosome and its
ubiquitylation and degradation. This makes the production of
recombinant Myddosome complex difficult, as mammalian and insect cell
expression systems possess the machinery required to degrade the
Myddosome. On the other hand, bacterial expression of the full-length

Myddosome has not been achieved due to low expression and solubility.

In order to stabilise IRAK4, there is the potential to use kinase inhibitors
such as Staurosporine, as well as mutating the Mg?* co-ordinating D-329
residue of the DFG motif in the kinase domain (IRAK4P32%4) to prevent
the hyper-phosphorylation activity of IRAK4. Additionally, the MyD88
cancer mutation MyD88'2%2" an oligomer stabilising mutation that
promotes Myddosome formation, could be used. This mutation could be
used not only to aid in complex stability for experimental studies but is
also an important avenue for study of disease biology due to the high
prevalence of this mutation in a variety of lymphomas. Since gaining the
high-resolution structure of the SPOP-Myddosome complex by cryo-EM
is not guaranteed, cross-linking mass spectrometry and hydrogen
deuterium exchange mass spectrometry could also be used to visualise
protein-protein interactions within the complex as an integrated structural
biology approach.

Overall, this could provide a workflow where insect cell expressed
Myddosome complex can be reconstituted with various bacterially
expressed SPOP truncations (monomer or oligomer) to probe the effect
of SPOP oligomerization on Myddosome binding, which may shed light
on the mechanism of SPOP termination of Myddosome signalling. It will
also be important to validate binding of the full-length proteins using
biophysical methods to measure Kgs and association in cells.
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7.4 - High resolution cryo-EM structure of the UFL1

E3 ligase complex bound to the 60S ribosome

At the beginning of this project the ribosome had been identified as a
UFMylation target, which was linked to ER-associated RQC after
translation stalling ['37- 731, How the UFL1 E3 ligase complex assembles
and the mechanism of ribosome binding and UFMylation was unknown
at the time.

In chapter 6 the high-resolution cryo-EM structure of the UFL1 ligase
complex bound to the 60S ribosome was elucidated. This revealed an
unusual ligase architecture which wraps around the 60S ribosome, with
three of the complex proteins, UFL1, CDK5RAP3 and UFBP1, binding to
the ribosome. Consistent with previous reports stating that the UFL1
ligase complex assists in RQC after translation stalling, the mode of
UFL1 ligase complex binding would be incompatible with active ribosome
translation, and suggests that the UFL1 ligase complex binds after partial
disassembly of stalled or terminated 80S ribosomes. An unexpected
aspect of the cryo-EM structure was the identification of a UFL1 loop
bound to the PTC (Fig. 6.14). This loop resembles the catalytic region of
the release factor eRF1, and may even act as an alternate release factor
for ER-stalled ribosomes to release stalled polypeptide from tRNA (Fig.
6.17).

7.4.1 - The UFL1 ligase complex in RQC

The RQC mechanism for the rescue of stalled cytosolic ribosomes has
been well studied. However, in the case of ER-bound ribosomes, the
prematurely terminated nascent polypeptide is inaccessible to the
cytosolic Listerin E3 ligase complex, potentially leading to build up of
unfolded protein in the ER lumen. There is therefore a need for an
additional RQC pathway for stalled ER-bound ribosomes, a process that
involves the UFL1 E3 ligase complex.
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A key question is do the Listerin and UFL1 ligases work together to result
in the rescue of stalled ribosomes and degradation of polypeptide?
Superimposition of the UFL1 ligase complex and the Listerin ligase
complex show that they can bind to the 60S simultaneously, without
producing any major clashes (Fig. 7.2). This could provide a mechanism
for ER-RQC where the UFL1 ligase complex is initially recruited to the
stalled peptide-tRNA-60S ribosome complex after dissociation of the 40S
subunit. Catalytic action by the UFL1 PTC loop may hydrolyse the
peptide-tRNA bond, releasing tRNA from the ribosome and allowing the
CTD of UFL1 to fully bind. It is possible that NEMF could then bind to the
CTD of UFL1 (Fig. 7.2 a). Contrary to the UFL1 ligase complex binding,
during cytosolic RQC, NEMF recognises and binds to P-tRNA of the
stalled peptide-tRNA-60S complex. Once bound, NEMF then recruits
Listerin E3 ligase to the 60S. In the case of ER-RQC, the UFL1 ligase
complex-bound 60S after tRNA removal could potentially structurally
mimic this peptide-tRNA-60S complex, with the CTD of UFL1 resembling
a tRNA molecule, both in localisation and structural shape (Fig. 7.2 b).
The UFL1 CTD could then allow NEMF to bind and recruit Listerin ligase
to the 60S. Currently this is relatively unexplored, but the potential
models outlined here may provide a possible mechanism in the role of
UFM1 regulation of ER-RQC.

Prior to this work, it was unknown how the ribosome dissociated from
SEC61, both during normal translation termination and in the case of
ribosome stalling. In CDK5RAP3 knock-out cells, there was an increased
accumulation of SEC61 on 60S ribosomes compared to WT, which was
shown to be UFMylation dependent (data by Rohan Thakur, Yogesh
Kulathu lab) (Fig. 6.14). Interestingly, the UFL1 ligase seems to not only
act as a writer but also a reader of UFM1, where UFM1 remains stably
bound to UFBP1 and CDK5RAP3 after UFMylation of K-134 on RPL26.
This stable binding of UFM1 likely clashes with the ER membrane,
causing the long alpha helical arm of UFBP1 to displace the 60S from
SEC61.
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The dissociation of the 60S from SEC61 then reveals the stalled nascent
polypeptide to the cytosol, which can now be ubiquitylated by the Listerin
ligase complex and degraded. Additionally, this binding mode of the
UFL1 ligase complex could help to serve as a mechanism to keep the
ribosome inactive while downstream processing takes place, by sterically
blocking 80S ribosome reassembly and translation initiation. Whether or
not the UFL1 ligase complex directly participates in tRNA removal, is able
to recruit NEMF/Listerin and the exact coordination of the ER-RQC steps
are unknown. Overall, this role of the UFL1 ligase complex in rescuing
stalled ER-bound ribosomes may also explain why ER stress occurs
when the UFM1 system is knocked out, as unfolded polypeptides may

accumulate in the ER lumen.
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Figure 7.2 — Structures of the UFL1 ligase complex and the Listerin
ubiquitin E3 ligase complex bound to the 60S ribosome

a NEMF-Listerin ubiquitin E3 ligase complex (PDB ID 3J92) 22", Listerin is the
E3 ligase. NEMF is a substrate adaptor. Missing Listerin model depicted as
dashed line. Approximate location of the SEC61 translocon is depicted as a
purple oval.

b C-terminal helices of UFL1 have a similar fold and localisation as the mRNA
sensing domain of eRF1 (PDB ID 6ip8) 2% which mimics the structure of an
anti-codon stem of a tRNA molecule.
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7.4.2 - Future work needed to determine the role of the UFL1
PTC loop

Further study is needed to assess whether the UFL1 ligase complex
directly assists in 40S subunit and tRNA removal, either by itself or with
other termination factors, as part of the RQC process. Due to similarities
with release factors, it will be important to validate whether the UFL1 PTC
loop has catalytic activity against the peptide-tRNA bond. Deletion or
mutagenesis of the UFL1 PTC loop in cells may reveal whether this loop
is critical for stalled ribosome recognition, peptide release from the 60S
or other ER-RQC steps. Whether or not the UFMylation of RPL26 is
coupled to the action of the UFL1 PTC remains to be seen.

7.5 - Conclusion

Collectively, the data presented in this thesis provides a basis for solving
the high-resolution structures of two E3 ligase complexes, which will aid
in understanding their biological functions and allow for structure-based
therapeutics to be designed. This sets the groundwork for investigating
the binding mechanism between SPOP and the Myddosome, in order to
understand how exactly SPOP terminates Myddosome signalling.
Understanding this mechanism of Myddosome negative regulation is
crucial, since termination of Myddosome signalling is needed to allow the
differentiation of haematopoietic stem cells into other blood cell lineages
and to prevent auto-immune disease. The gaining of the high-resolution
structure of the UFL1 ligase complex bound to the 60S ribosome has
revealed how the single known ligase capable of ligating UFM1 acts to
help rescue stalled ER-ribosomes, a fundamental process in normal and

disease biology.
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