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ABSTRACT
Let-7 microRNA (miRNA) plays a crucial role in the control of cell differentiation and
proliferation, which also makes it a suppressor for the occurrence and development of tumors.
Pre-let-7 is one of the intermediates in the maturation process of let-7 and two
uridylyltransferases - ZCCHC6/TUT7, and ZCCHC11/TUT4 - play essential roles in the
downstream processing of let-7 pre-miRNA. In the absence of RNA binding protein Lin28A,
they perform 3 mono-uridylation, leading to pre-let-7 maturation. In the presence of
Lin28A, they together form a TUT4(7)-Lin28A-pre-let-7 holo-complex and perform oligo-
uridylation, which subsequently leads to exonucleolytic pre-let-7 degradation. However, with
no full structural information about TUT4/7, especially the lack of a complex structure with

pre-let-7, their detailed uridylation mechanism is still a mystery.

X-ray crystallography and cryo-EM are the mainstream for structure determination and have
been developed tremendously in the past decades. This project combined both techniques
for structural study of TUT4/7 in apo or complex forms with pre-let-7 in the presence or

absence of Lin28A, in order to unravel the details of the uridylation mechanism at atomic level.

With regards to protein purification, | have established and optimized high throughput (HTP)
cloning and expression methods for TUT4/7 based on the £.coli system. An optimized two-
step purification protocol allows for the purification of both TUT4 and TUT7 in full length or
truncated forms. Assays confirm both full length TUT4 and TUT7 are catalytically active. These
highly purified proteins are essential milestones on the way to our goal of structural

characterization of TUT4 (7) by X-ray crystallography and cryo-EM.

In the case of TUT7, | have determined the crystal structure of the TUT7 catalytic module (CM)
at 2.6 A, which can serve as a basis for fragment screening trials aiming for identifying small
molecules with oncogene inhibition potential. With cryo-EM, | reconstructed four high-
resolution structures. The dynamic TUT7 full length apo structure is resolved at 4 A, showing
anoverall “C-shape” model with two nucleotidyltransferase domains (NTDs) connected by
flexible linkers. The 3.7A binary complex of TUT7 with pre-let-7 reveals the mono-uridylation
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state, in which the pre-let-7 stem locks onto the CM, stabilizing the dynamic active-site cleft,
while the pre-let-7 PRE loop region is close to the let-7 interacting module (LIM) but without
a direct interaction or the interaction is transitory/dynamic. The zinc finger regions of the LIM
are missing in this complex. Finally, two ternary complex structures were obtained from the
TUT7/pre-let-7/Lin28A complex, determined at 3.8 A and 3.6 A respectively. The zinc finger
in the LIM is visualized in both structures, while in conformation-I, the CM is missing,
presumably due to the flexible linker regions connecting the LIM and CM, representing a pre-
oligo-uridylation state. The other ternary complex in conformation-Il reveals the additional
densities of CM and a novel structure of zinc knuckle-1, of which the latter binds to the RNA
stem, showing a second activated pre-oligo-uridylation state. The four high-resolution
structures presented allow a full description of conformational changes from mono- to oligo-

uridylation.

In the study of TUT4, the TUT4 CM crystalised and diffracted to 4.5 A, indicating the possibility
of obtaining well-diffracting crystals for subsequent fragment screening trials (Li, 2020); while
the TUT4 LIM in complex with inhibitory nanobody S2A4 diffracted to 5 A and is under
optimization currently. Using cryo-EM, a 3.7 A ternary complex of a truncated TUT4
(TUT4_miniF)/pre-let-7/Lin28A was determined, showing a similar assembly to one of the
models of TUT7/pre-let-7/Lin28A (conformation-I). Furthermore, the cold shock domain of
Lin28A was identified in another TUT4_miniF/pre-let-7/Lin28A model solved at 12 A. The
TUT4 full length protein was purified successfully recently and preliminary cryo-EM trials
together with pre-let-7/Lin28A show a different shape compared to TUT4_miniF/pre-let-

7/Lin28A and close to structure of the TUT7 ternary complex in conformation-Il.

The structural work undertaken in this project establishes a strong basis for further
understanding the uridylation mechanism at atomic level. This detailed information will
provide important details for the rational design and improvement of TUT inhibitors with the
potential to improve prospects for cancer patients suffering from a range of malignancies,

including some of unmet need.
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1.1 Post-transcriptional gene regulation: A brief review

1.1.1 RNA Modification and the example of N6-methyladenosine

Ribonucleic acid (RNA) is a biological macromolecule, and serves as a bridge transferring
genetic information from DNA to proteins, in a process known as the central dogma
(Mansourian, 2011).  Structurally, RNA consists of three components, a ribose sugar, of which
the carbons are labeled 1' to 5 , a phosphate group, linking 3' to the sugar, and a base
(adenine (A), uracil (U), guanine (G) or cytosine (C)), which attaches to the 1’ carbon of the
sugar (Moore & Steitz, 2003; Nissen et al., 2000; Nombela et al., 2021; Nomura, 1987). The
hydrogen bonds formed by the bases, between adenine and uracil or guanine and cytosine,
can lead to formation of double stranded helical structures similar to A-form DNA, and by
folding of single and multiple strands. It creates diverse structural RNAs playing critical roles

in various cellular processes (Nomura, 1987).

As with biomacromolecules like DNA and proteins, RNAs can be modified by forming covalent
bonds attached to functional groups (Drygin lu et al., 1988; Drygin lu et al., 1979). Recently
emerging evidence has shown RNA modification as a critical post-transcriptional regulator of
gene expression and cell fate (Barbieri & Kouzarides, 2020; Wood et al., 2021; Xue et al., 2022).
This process is a highly specific and efficient way to regulate the functions of biological
macromolecules. There are over 100 RNA post-transcriptional modifications on various types
of RNAs (Li & Mason, 2014). The ribose sugar and nucleobases in RNAs can both be modified
at different positions (Dhanoa & Housner, 2007; Faria & Ulrich, 2008). All known RNA species
are modified, with ribosomal RNA (rRNA) and transfer RNA (tRNA) being most affected
(Barbieri & Kouzarides, 2020). Such changes can generally be divided into terminal
modifications, like 5° cap and 3’ poly(A) tail, and internal modifications, such as 6-
Methylguanosine (m6G), 5-methylcytosine (m5C) and pseudouridylation (Behm-Ansmant et
al., 2004; Fabian & White, 2004; Jiang et al., 2007; Tomikawa, 2018; Xin et al., 2022; Zhang et
al., 2022). In recent years, the finding of RNA modifications on non-coding RNAs, such as
microRNAs or IncRNAs, has shown their direct functional effects on gene expression and cell

fate (Norbury, 2013).
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Figure 1.1 Schematic diagram of m6A RNA methylation modification process and
components involved in this pathway, including writers, readers, erasers and base pairing. In
writer processes, m6A METTL family members catalyze and transfer methyl groups to the
6’ of adenosines. Methyladenines would be recognized by responsible readers via the
YTHDF domain and YTHDF domain-containing proteins, and demethylase enzymes
subsequently remove methyl at the 6 of adenosine. This figure is adapted from (Zhou et al.,

2020).
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The best characterized and earliest RNA modification is that occurring at position 6 of

adenosine termed N6-methyladenosine (m6A) (Barbieri & Kouzarides, 2020).

N6-methyladenosine (m6A) RNA methylation is a universal modification in mRNAs, long
intergenic non-coding RNA, primary-microRNA and rRNA (Alarcon et al., 2015). The whole
process of m6A modification comprises writers, readers, erasers and base pairing (Luo et al.,
2022). As shown in Figure 1.1, for writers, they consist of m6A METTL family members: METTLS,
METTL5, METTL14, METTL16, cofactors Zinc-finger CCHC-type containing protein 13
(ZC3H13), cofactors Wilms tumor 1 associated protein (WTAP), Vir-like m6A
methyltransferase associated (VIRMA; also known as KIAA1429), RNA-binding motif protein
15 (RBM15/15B) and Cbl proto-oncogene-like 1 (CBLL1; also known as HAKAI) (Zhou et al.,
2020). Altogether, those enzymes catalyze and transfer methyl groups to the 6 of
adenosines. The YTHDF domain and YTHDF domain-containing proteins are responsible as
readers to recognize the methyl at the 6 of adenosine and subsequently demethylase
enzymes: Fat mass and obesity-associated protein (FTO) and AlkB homolog 5 (ALKBH5) erase
methylation from RNAs (Kim & Siddiqui, 2021). This dynamic modification on adenosines
influences RNA transcription, maturation, localization and metabolism (Cai et al., 2022; Liu et
al., 2020; Madugalle et al., 2020). As a vital RNA epigenetic modification, emerging evidence
shows that m6A on mRNAs contributes to the self-renewal of cancer stem cells, promoting
cancer proliferation and resistance to chemotherapy (chDai et al., 2018). Further studies will
focus on revealing the detailed mechanism of the close link of m6A to cancers, the
relationship between m6A and DNA in the regulation of gene expression, and the connections
among different types of RNA modifications in the near future (Qiao et al., 2022; Zhou et al.,

2020).
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1.1.2 Polyadenylation

Polyadenylation is a process of adding a poly(A) tail to RNA transcripts and another example
of mMRNA maodification (Proudfoot et al.,, 2002). Structurally, poly(A) tails form a single-
stranded A-form-like helix, in which all adenosines are stacked on top of each other (Saenger
et al., 1975; Tang et al., 2019). In the 1970s, pioneering work proved that the poly(A) tails on
mMRNAs play a significant role in efficient translation, with the finding that after fertilization,
sea urchin eggs would have tens of cytoplasmic transcripts being polyadenylated within an
extremely short time, while maternal mMRNAs which have a short poly(A) chain were found to
be translationally quiescent (Dworkin & Dworkin-Rastl, 1985; Slater et al., 1972). The following
finding was that the polyadenylation modification on mRNAs is to control their fate and as an
important way to regulate the translation processes in the cytoplasm (Richter, 1999). The
Poly(A) tail modification on mRNAs also contributes to the stability of mRNAs, and acts as a
master regulator of gene expression in the cytoplasm (Barnhart et al., 2013; Eads & Hand,

2003).

Polyadenylation is a complicated event, as shown in Figure 1.2. Initially, in the cell nucleus,
RNA polymerase Il synthesizes the transcripts of pre-mRNAs based on the DNA template. In
subsequent processing, the pre-mRNAs would be modified including, 5° capping, splicing,
3’ cleavage and polyadenylation (Proudfoot et al., 2002). During polyadenylation, Nuclear
poly(A)-binding N protein (PABPN) controls the addition of poly(A) chain and then
polyadenylated mRNAs are exported to the cytoplasm. In the cytoplasm, they initially bind to
the 40S ribosome subunit, and subsequently the complete 80S ribosome will conduct
translation, with the assistance of cytoplasmic poly(A)-binding protein C (PABPC) closely
attached to the poly(A) tail (Mangus et al., 2003). However, removal or shortening the length
of the poly(A) tail leads to PABPC mRNA degradation by exonucleases, such as CCR-NOT and
PAN2-PAN3 complexes (Jonas et al., 2014; Miller & Reese, 2012; Wolf & Passmore, 2014).
Thus, PABPC is considered as a key factor for mRNA stability. Emerging evidence in vivo and
vitro indicates that the PABPC located at the 3' end of mRNAs prevents exonucleases

accessing mRNAs, which therefore have their half-lives extended (Swartwout & Kinniburgh,
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1989). Besides, polyadenylation modification is also found regulating the biogenesis of other

types of RNAs, like tRNAs, rRNAs, snRNAs and snoRNAs (Reinisch & Wolin, 2007).
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Figure 1.2 mRNA polyadenylation and mRNA poly(A) tails regulating gene expression from

pre-mRNA transcription in the nucleus to degradation in the cytoplasm. In the cell nucleus,
the transcripts of pre-mRNAs are synthesized by RNA polymerase Il based on the DNA
template, and would be modified by processes such as 5 capping, splicing, 3' cleavage
and polyadenylation, in which the latter is controlled by Nuclear poly(A)-binding N protein
(PABPN) for the addition of poly(A) chain and then polyadenylated mRNAs are exported to
the cytoplasm. In the cytoplasm, the polyadenylated mRNAs are continually processed by
40S/80S ribosomal particles, PABPC and degraded by exonucleases, like CCR-NOT and

PAN2-PANS3 complexes. This figure is taken from (Passmore & Coller, 2022).
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1.1.3 Uridylation

Uridylation is similar to polyadenylation, but in a discovery about RNA modification made in
rather recent years, involves addition of non-templated uridines to the 3' end of RNAs (Yu
& Kim, 2020). However uridylation is different from polyadenylation, which is mainly catalyzed
by canonical poly(A) polymerases (PAPs) to create a poly(A) tail, in that non-canonical
polymerases uridylate RNAs by adding mono- or oligo-uridines to their 3' ends (Stewart,
2019; Weill et al., 2012). However, both poly(A) and U tails are recognized as central aspects
in the regulation of gene expression and cell fate, and thus have direct influence on cancers
(Posner & Laubenbacher, 2020; Yates et al., 2013). The enzymes involved are members of the
terminal nucleotidyltransferases (TENTs) family of enzymes (Yu & Kim, 2020). Over the last
two decades, 11 different members have been found in mammals and classified based on
their substrate specificity and phylogenetic analysis (Warkocki, Liudkovska, et al., 2018;
Yashiro & Tomita, 2018). As presented in Figure 1.3, structurally, all TENTs have two key types
of domains, the Nucleotidyltransferase domain (NTD1) and Poly(A) polymerase-associated
domain (NTD2) (Faehnle et al., 2017a). NTD2 has three conserved aspartates, which are
essential for catalytic activity. They bind a magnesium ion and assist the incorporation of
nucleotides at the 3 end of RNAs (Martin et al., 2000). As shown in Figure 1.4, the crystal
structure of TUT7_CM in complex with RNA and UTP reveals that the two aspartates on the
left as viewed (Asp 1058 and Asp 1060) bind to the Mg’ ion to stabilize the B- and y-
phosphate of the uridine triphosphate (UTP) moiety, and then the third aspartate (Asp 1119)
attracts the RNA 3’ -hydroxyl group, allowing nucleophilic attack to the UTP a-phosphate.
Subsequently, the 3' - hydroxyl on the nucleotide residue in the -1 position of the RNA
substrate is in close proximity to the a-phosphate of the NTP, which nucleophilically attacks
the a-phosphate, and finally the phosphodiester bond will form, releasing diphosphate
(Cheng et al.,, 2017; Lunde et al., 2012; Munoz-Tello et al., 2012). Other domains and motifs,
like KA-1—kinase associated domain (in TENT1), ZCCHC-type zinc knuckle domain, RNA
recognition motifs, etc. are found in diverse TENTs, and exert various biological functions,

such as substrate specificity.

Among all TENTs, Cidl was the first identified as a non-canonical PAP in yeast and
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subsequently revealed as a terminal uridylytransferase (Bai et al., 2011; Rissland et al., 2007;
Rissland & Norbury, 2009). Non-canonical PAPs are conserved across different organisms,
and their functions are quite diverse on different types of RNAs. A well-characterized
mechanism involving 3"  uridylation is the regulation of pre-let-7 miRNA (Yashiro & Tomita,
2018). A single uridine addition to group Il pre-let-7 miRNAs promotes their processing by
Dicer to mature let-7, while oligo-uridine addition results in their degradation by exonuclease
Dis3L2 (Chang et al, 2013; Faehnle et al., 2014; Yates et al., 2013). TUT4, TUT7

uridylytransferases and Lin28A RNA binding proteins are critical enzymes and cofactors in this

process.
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Figure 1.3 RNA terminal nucleotidetransferases in mammals. A phylogenetic tree analysis
based on the specificity of their substrates and amino acid sequence alignment is presented
on the left. A brief schematic diagram shows the domain architectures of each member of
TENTs is shown on the right. The nucleotidytransferase domain and Poly(A) polymerase-
associated domain are conserved in all TENT family members, while TUT1 is unique as a result
of the additional presence of an RNA recognition motif and Kinase-associated 1 domain. This

figure is adopted from (Yu & Kim, 2020).
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Figure 1.4 Catalytic site of the TUTases, shown for the human TUT7_CM (963-1365) and drawn
from PDB:5WO0O. A. Overview of crystal structure of human TUT7_CM (cyan) in complex with
UTP and dsRNA (orange yellow ribbon). B. Close-up view of catalytic site of TUT7_CM,

presenting three aspartates in positions 1058, 1060 and 1119 (Faehnle et al., 2017).
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1.2 Let-7 family: A key suppressor of oncogenes
1.2.1 Discovery of let-7 microRNAs and biogenesis

MicroRNAs are a class of small non-coding RNAs, which have a length of 19-25 nucleotides
(nts) (Hagan & Croce, 2007; Nagandla et al., 2021). Their primary function is acting as negative
regulators of their targeted mRNAs (Davis-Dusenbery & Hata, 2010; Lin & Gregory, 2015). So
far, there are thousands of miRNAs identified in diverse organisms regulating around 30% of
total gene expression in mammals (Lewis et al., 2005). They are involved in cell differentiation,
metabolism, proliferation and immune response processes, maintaining cellular homeostasis,
and are often considered to link to many disease occurrences especially cancers due to their
abnormal expression and dysfunction, e.g. let-7 microRNAs (miRNAs) (Balzeau et al., 2017,

Bartel, 2004; Chen et al., 2019).

Let-7 miRNAs comprise a set of highly conserved members and were one of the first two
miRNA types to be discovered together with Lin41 (Reinhart et al., 2000). The let-7 family was
originally identified in the nematode, C. elegans as a regulator of developmental timing
(Rougvie, 2001). Let-7 family miRNAs are evolutionarily conserved across various eukaryotic
species. In Drosophila, there is only one let-7 microRNA, which has the same sequence to the
one in C elegans, but there are 12 classifications located in vertebrates, encoding 9 mature
let- 7 miRNAs as shown in Figure 1.5 (Ma et al., 2021; Roush & Slack, 2008; Ruby et al., 2006).
All let-7 microRNAs undergo biogenesis from primary transcripts and hairpin precursors to
mature let-7 in a post-transcriptional manner (Triboulet et al., 2015). The key transcripts are
precursor RNAs (pre-let 7), which are regulated by uridylytransfeases. Pre-let-7 miRNAs fall
into two groups — group | with a 2-nt uridines overhang at the 3' end of pre-miRNA stem,
while group Il contain a 1-nt uridine overhang. Group Il pre-let-7 miRNAs require the
addition of a non-templated uridine to their 3' end to promote their being processed by
Dicer to mature let-7 (Heo et al., 2012). There is strong evidence that this type of post-
transcriptional modification has significant impact on gene expression and cell fate, either
positively or negatively (Kim et al., 2015). As depicted in Figure 1.6, the synthesized RNA
transcripts are initially cleaved by the Drosha/DGCR8 complex in the nucleus (Duman et al.,

2022; Lin et al., 2020). The pre-let-7 hairpin product consists of 50 to 75 nucleotides (Gregory
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et al., 2004) and is transported to the cytoplasm by the exportin-5/Ran-GTP complex. In the
cytoplasm, group | pre-let-7 pre-miRNAs with 2-nt uridine overhang is directly recognized
and specifically processed by Dicer, while the group Il pre-let-7 with 1-nt overhang (90% of
all pre-let-7 forms) requires the addition of uridine to the 3' end for Dicer to process
efficiently (Heo et al., 2012). This uridylation reaction is mainly catalyzed by two transferases
ZCCHC11 (TUT4) and ZCCHCS6 (TUT7) with close mediation by RNA binding protein Lin28A.
In the absence of Lin28A, mono-uridylation occurs and produces pre-miRNAs with a 2-
nucleotide 3" overhang, which is ultimately recognized and processed by the Dicer/TRBP
complex. This leads to the maturation of let-7 miRNA. Subsequently, the let-7 interacts with
Ago2, base-pairs with its targeted mRNAs, and forms the RNA-induced silencing complex
(RISC) to promote mRNA degradation and/or translational inhibition. In the presence of
Lin28A, it binds to the terminal loop of pre-let-7, and then recruits the TUT4/7 to add a short
polyU-tail to pre-let-7, which thus blocks the Dicer cleavage. An exonuclease Dis3I2,
responsible for poly-U RNA degradation was confirmed to participate in the degradation of
the uridylated pre-let-7 miRNAs, leading to a low expression level of let-7 (Chendrimada et

al., 2005; Faehnle et al., 2014; Haase et al., 2005; Hutvagner et al., 2001; Yates et al., 2013).
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1.2.2 Functions

1.2.2.1 Translation and regulation

Mature let-7 expression level increases following cell differentiation and proliferation. In turn,
there is no detection of mature let-7 in embryonic stem cells, while pri-let-7 and pre-let-7
can be found in these cells, indicating the biogenesis of let-7 is tightly regulated by diverse
factors, including post-transcriptionally (Hagan et al., 2009; Parisi et al., 2017; Rahkonen et al.,
2016). Lin28 RNA binding protein was found to inhibit the generation of mature let-7
(Thomson et al., 2006). There is an intertwined relationship between them: Lin28A can bind
pre-let-7 and block its biogenesis, while let-7 can silence the mRNAs of Lin28A through RISC
action (Heo et al.,, 2008; Kim & Kim, 2012). As a result, studies began investigation of the
mechanisms behind the interactions within this complex (Newman et al., 2008; Rybak et al.,
2008). Several research groups have demonstrated that the high-expression of Lin28A in

cancers leads to the loss of let-7 miRNAs (Albino et al., 2016; De Almeida et al., 2018).
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Figure 1.5 Genes of the let-7 family and their mature miRNA expression patterns in diverse

tissues and cell types in mice. (A) Classification of let-7 members. (B) Secondary structure of
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precursor-let-7 miRNAs. (C) Sequence alignment of let-7 members. “GAGGUAG”

conserved in all let-7 miRNA family members. (D) The abundance of let-7 miRNAs expressed

in diverse tissues and cell types of mice. All let-7 microRNAs have high expression level in

diverse cells and organs. This figure is adapted from (Chen, 2013).
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Figure 1.6 Diagram of let-7 microRNA biogenesis. RNA transcript primary-let-7 (pri-let-7) is
initially processed by DGCR8/Drosha complex in the nucleus and the subsequently generated
precursor-let-7 (pre-let-7) is exported into the cytoplasm. In the absence of RNA binding
protein Lin28A, TUTases add a single uridine to the 3' end of pre-let-7. Mono-uridylated
pre-let-7 is processed by Dicer to mature let-7, which regulates gene expression via RISC
complex. In the presence of Lin28A, TUTases add oligo uridines to the 3'  end of pre-let-7.
This modification blocks the Dicer cleavage and oligo-uridylated pre-let-7 is recognised by
the exonuclease Dis312, which subsequently degrades oligo-uridylated pre-let-7. This figure

is taken from (Menezes et al., 2018).
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1.2.2.2 Let-7 and oncogenes

Let-7 is regarded as a significant suppressor for several oncogenes, and thought to be related
to many instances of cancer due to its abnormal expression and dysfunction (Yashiro &
Tomita, 2018). An early study reported the reduced expression of let-7 in human lung cancers
for the first time in 2004. From 143 lung cancer cases that had undergone potentially curative
resection, they found the expression level of let-7 was positively correlated to the survival
period of lung cancer patients. The group with low expression levels of let-7 had significantly
shorter survival time after potentially curative resection than those who had a high expression
level of let-7, while overexpression of let-7a or let-7f caused the inhibition of cancer cell
proliferation (Takamizawa et al., 2004). The following study in 2005, showed that 60/RAS, a
critical oncogene, was regulated negatively by members of the let-7 family. All human mRNAs
of RAS genes have complementary sites to the let-7 sequence in their 3'  UTRs, which causes
the blocking of RAS gene expression after let-7 binding (Johnson et al., 2005; Steinemann et
al., 2010). The importance of this inhibiting mechanism has been proved further in the
RAS/MAPK pathway. RAS induces epithelial to mesenchymal transition (EMT) by
downregulating E-cadherin, and subsequently let-7 can inhibit the expression of RAS genes
and prevent the malignant transformation of tumor cells (Hameiri-Grossman et al., 2015;
Oliveira-Mateos et al., 2019). Besides, oncogenes, like c-MYC and HMGA2, also have
complementary sites with let-7 family members (Kim et al., 2009; Wu et al., 2015). Recently,
emerging evidence in diverse cancers shows that the mutations of let-7 cause the
overexpression of RAS, c-MYC, and HMGAZ2 (loannidis et al., 2005; Lee & Dutta, 2007; Ranjbar
et al.,, 2018), and promote the development of tumorigenesis. Other targets such as HER2,
Bcl-2 and CDC25A are also shown to be regulated by let-7 by a similar mechanism (Li et al.,
2020; Singh & Saini, 2012; Wielgos et al., 2017). Thus, let-7 regulates the renewal of stem cells
and the cell cycle (Fairchild et al., 2019, 2021; Rybak et al., 2008; Torres Fernandez et al., 2021).
These results indicate let-7 is a critical cellular regulator of oncogenes and anti-tumor agent,
which highlights mechanisms leading to its suppression as targets for better treatment of

cancer patients.
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miRNA Clinical value

Let-7i - reduced expression shortens recurrence-free survival.
- reduces sensitivity to cisplatin.

- increased expression increases sensitivity to paclitaxel.

- reduced expression causes a worse prognosis for the patient.

Let-7a - hyperexpression reduces overall survival, sensitivity to platinum and taxanes.

- hyperexpression increases the sensitivity to platinum drugs.
- reduces the sensitivity to taxanes.

- reduces sensitivity to taxanes, doxorubicin, interferon a.

- let-7a should be considered together with Lin28B and IGF-Il, of which Lin28B is the main
element with the worst prognostic value in hyperexpression.

Let-7d.c - reduced expression causes a worse prognosis for the patient.

Let-7e - reduced expression shortens recurrence-free and overall survival.
- reduces sensitivity to cisplatin.

- increases sensitivity to cisplatin.

- increased expression reduces sensitivity to paclitaxel.

- reduced expression causes a worse prognosis for the patient.

Let-7d - reduced expression causes a worse prognosis for the patient.

- proves to be an oncosuppressive miRNA.

Let-7g - prolongs recurrence-free survival.
- increases sensitivity to paclitaxel and vinblastine, does not affect sensitivity to carboplatin.

Let-7f - reduced expression causes a worse prognosis for the patient.

Figure 1.7 Clinical roles of diverse let-7 family members. Most let-7 miRNAs have clinical
significance. Let-7g, which is studied in this thesis, affects recurrence-free survival and

sensitivity to paclitaxel and vinblastine. This figure is taken from (Ferneza et al., 2021).
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1.3. Lin28: regulator of the self-renewal of stem cells

1.3.1 Discovery and function

Cell lineage abnormal 28 (Lin28) gene was initially found in C. elegans as a key regulator
controlling the timing of developmental events and participating in heterochronic processes
(Ambros & Horvitz, 1984). Another study proved that inactivating mutations accelerate the
differentiation of subcutaneous and vulvar stem cells at the transition stage from Larval stage
2 (L2) to L3, while activating mutations promote the self-renewal of L2 larval stem cells (Moss

et al.,, 1997)

Lin28 is highly conserved across diverse organisms. In C. elegans, there is only one encoded
Lin28 protein, while in vertebrates, there are two paralogs, Lin28A and Lin28B (Yang & Moss,
2003), which both belong to the zinc finger CCHC-type (ZCCHC) superfamily (Wang et al.,
2021). Structurally, shown in Figure 1.8, Lin28 consists of two conserved RNA-binding
domains, a cold-shock domain (CSD) at the N-terminus and a tandem CCHC (Cys-Cys-His-
Cys) zinc-finger (ZnF) domain at the C-terminus (Balzeau et al., 2017; Nam et al., 2011). Lin28B
is longer in sequence than Lin28A, with additional putative nucleolar localization signal (NoLS)
and nuclear localization signal (NLS) motifs (Balzeau et al., 2017; Chen et al., 2019; Kang et al.,

2017).
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Figure 1.8 Schematic diagram of Lin28A and Lin28B proteins from human. Both proteins
consist of cold shock domain (CSD) and Zinc knuckle domain, while Lin28B has additional
inclusion of nucleolar localization signal (NoLS) and nuclear localization signal (NLS) motifs.

This figure is adapted from (Balzeau et al., 2017).
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1.3.2 Lin28A and let-7

Lin28A and let-7 were first discovered and studied together in the nematode Caenorhabditis
elegans in the regulation of developmental timing (Ambros & Horvitz, 1984). As previously
discussed, Lin28A can block the biogenesis of let-7 by recruiting uridylytansferases
TUT4/TUTY to add oligo-uridines at the 3° end of pre-let-7, which subsequently is degraded
by Dis3I2 exonuclease (Chang et al., 2013). This is an indirect regulation for downstream target
oncogenes. On the other hand, the CSD and Zinc Knuckles (ZK) domain of Lin28A can bind
the NGAU and GGAG of precursor-let-7 (pre-let-7) respectively, aiding the recruitment of
TUTases to add a U-tail. This modification prevents onwards processing by Drosha as well as
Dicer, causing the low expression level of mature let-7. The Lin28/let-7 axis has been studied

in diverse pathways both in vivo and vitro, Figure 1.9.

The structure of a Lin28A/pre-let-7 complex showed for the first time how the CSD and ZK
domains of Lin28A interact with two distinct single-stranded (ss) regions of pre-let-7
(Loughlin et al., 2011; Nam et al., 2011). The CSD circles the loop of pre-let-7, while the ZK
domain interacts with the GGAG motif at the 3' end of pre-let-7. The variable linker between
the two domains of Lin28A is missing from the structure due to flexibility. The electrical
potential diagram for the complex shows that positively charged surfaces on both domains
are towards RNA throughout (Nam et al., 2011) (Figure 1.10). This structure itself provided
useful details for potential development of therapeutics drugs aiming to affect let-7

processing.
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Figure 1.9 Lin28A is tightly linked with let-7 miRNAs in the regulation of biological functions.
The expression level of Lin28 and let-7 miRNAs is negatively correlated. Lin28 has highest
expression level in stem cells, while let-7 miRNAs express more in differentiated cells. The
abnormal expression of Lin28 in differentiated cells would cause issues like transformation of

normal cells to highly aggressive tumors. This figure is taken from (Balzeau et al., 2017).

Figure 1.10 Structures of mouse Lin28A/PreE-let-7 complex. (A) The monomeric complex
shown in stereo mode. A purple dotted line shows the interdomain linker regions of Lin28A.
(B) Presentation of the electrostatic potential on the surface of the complex. The different
color shows the electrostatic potential from negative charge (red) to positive charge (blue).
(C) Dimeric crystallographic complex shows domain swapping around the PreE-let-7. The
unwrapped domains are noted with a purple dotted line. This figure is taken from (Nam et

al., 2011).
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1.3.3 Lin28A and SUMOylation

Lin28A is subject to diverse modifications, such as methylation, phosphorylation and
acetylation (Kim et al., 2014; Tsanov et al., 2017; Wang et al., 2014). These changes alter the
intracellular localization, activity and stability of Lin28A (Wu et al., 2022). Recently, Jianxiu
Yu' s lab proved the Lysine (K) at the position 15 of Lin28A can be SUMOylated, depicted in
Figure 1.11. This modification enhances the interaction between Lin28A and pre-let-7,
promotes the oligo-uridylation activity of TUT4 to pre-let-7, and thus decreases the final
expression level of mature let-7. In conclusion, SUMOylation negatively regulates let-7 and
may be considered as a marker for early diagnosis and prognostic evaluation of tumors (Dou

et al., 2020).
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Figure 1.11 SUMOylation modification on Lin28A leads in the degradation of pre-let-7 and

promotes the growth of tumor in vivo. The SUMO1 has a highly positively charged surface,
increasing the binary interaction of pre-let-7 to SUMOylated Lin28A via binding to the
negatively charged miRNAs. The intense interaction promotes the recruitment of TUT4 to add
oligo-U tail to pre-let-7 and thus blocks the processing by Dicer to mature let-7. This
uridylation process can be inhibited by cisplatin paclitaxel but promoted via hypoxia. This

figure is adapted from (Dou et al., 2020).



1.3.4 Lin28A and cancers

Lin28A is a regulator of cell proliferation and differentiation via let-7 dependent and
independent pathways (Balzeau et al., 2017). As shown in Figure 1.12, by blocking the
regeneration of mature let-7, Lin28A upregulates the expression of RAS, c-MYC, and
HMGA1/2, causing the evasion of growth suppressors, genome instability, enabling
replicative immortality and finally accelerating tumorigenesis (Chen et al., 2016; Li et al., 2013;
Oh et al.,, 2010). However, without the assistance of let-7, Lin28A still can bind the mRNAs of
several oncogenes and various cell cycle factors to promote the expression of oncogenes,
resulting in the development of tumors. For example, in ovarian cancer, Lin28A can bind
directly to the mRNAs of bone morphogenetic proteins (BMP4) and subsequently induce the
overexpression of BMP4. This process would promote cell proliferation and tumor growth
(Balzeau et al., 2017). Besides, Lin28 proteins participate in cell growth, development and
metabolism (Nguyen & Zhu, 2015; Shyh-Chang & Daley, 2013; Thornton & Gregory, 2012;
Xu et al.,, 2009). In total, evidence reveals the close relationship between Lin28 and cancers

and suggests a therapeutic dawn in this area for clinical research.
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Figurel.12 Lin28 proteins have significant influence on cancer hallmarks by either let-7
dependent or let-7 independent pathways. Evading growth suppressors, inducing
angiogenesis and avoiding immune destruction can be mediated only in the presence of let-
7, while other pathways can be affected in the conditions with or without the participation of

let-7 miRNAs. This figure is adapted from (Balzeau et al., 2017).
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1.4. TUTases : a class of non-canonical poly(A) polymerases

1.4.1 Discovery

There are two homologous uridylyltransferases involved in both mono- and oligo-U addition:
TUT4 and TUT7. TUT4/7 are members of the non-canonical polyA polymerase family involved
in 3" uridylation of pre-let-7 miRNAs. Overall, human TUT4 and TUT7 share 48% sequence
identity, and 69% sequence similarity in their catalytic module (CM) (Faehnle et al., 2017a).
Unlike most uridylyltransferases, TUT4 and TUT7 are modular, multi-domain enzymes
(Faehnle et al., 2017a; Lim et al., 2014; Yamashita et al., 2019). Structurally, shown in Figure
1.13, TUT4/7 consists of a classical Cys-His-His-Cys (CHHC) zinc finger (ZF), which is known
to bind RNAs, DNAs, or proteins. At the N- and C-terminus of TUT4 and TUT7, there are two
nucleotidyltransferase domains (NTD1 and NTD2) connected by a flexible internal region. In
addition, TUT4 and TUT7 both have three Cys-Cys-His-Cys (CCHC) zinc knuckles. The C-
terminal NTD2 is the catalytic module and promotes mono-uridylation, while NTD1 is
responsible for the interaction with the Lin28A:pre-let-7 complex but has no transferase

activity due to the loss of key aspartate residues in catalytic sites (Thornton et al., 2012).

ZK1 K2 ZK3
TUT4 —"“""—*T“W
1 254 335 723 913 1315 1374 1645
ZF NTD1/LIM NTD2/CM
ZK1 IK2 ZK3
U7 S W XK s
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ZF NTD1/LIM NTDZ/CM

Figure 1.13 Schematic diagram of domain architectures of human TUT4 and TUT7. TUT4 and
TUT7 have similar composition with two nucleotidyltransferase domains (NTD1 (blue) and
NTD2 (green)), zinc finger (teal) and multiple zinc knuckle motifs (red star).
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1.4.2 TUTases structures

1.4.2.1 Cidl

Caffeine-induced death-suppressor protein 1 (Cidl) is a member of the family of putative
nucleotidylransferases and was initially found in a study of mitosis in fission yeast, as a
regulator controlling cell cycle (Wang et al., 2000), which uridylates polyadenylated mRNAs
and stimulates their decay (Rissland & Norbury, 2009). It was the first poly-U polymerase to
have its structure revealed at atomic level and shows the basis of UTP selectivity and RNA
binding. Structurally, a histidine residue discriminates UTP from ATP, and three patches on
the enzyme surface formed by basic amino acid side chains create a critical motif, which
captures the RNA (Yates et al., 2012). Later, a proposed model for the catalytic cycle was
developed with the solution of higher-resolution structures in multiple states (Yates et al.,

2015),

1.4.2.2 TUT7 CM

The Leemor Joshua-Tor lab determined the human TUT7 catalytic module (CM) in apo and
complex forms with either dsRNA, U2, U5 or UTP (Faehnle et al., 2017). The N-terminus
consists of five B-strands closely wrapped and two a-helices, while the C terminus has six o-
helices and four short B-strands connected by several long loops, in which the ZK2 can be
visualized with the presence of dsRNA. Between the N and C loop, a cleft is formed, which
captures the UTP in the bottom of the cleft where the 3° end of dsRNA binds to the top edge
of the cleft. Structures solved with diverse substrates bound reveal that the RNA-binding
pocket orients the group Il pre-let-7 to favor mono-uridylation, while the ZK2 of TUT7 aids

oligo-uridylation by engaging the extension of the oligo-U tail (Faehnle et al., 2017).

1.4.2.3 TUT4 LIM

The Tomita lab solved the human TUT4 Lin28A-interacting module (LIM) structure (Yamashita
et al, 2019). Overall, the human TUT4_LIM (NTD1) is similar to human TUT7_CM (NTD2),
consisting of very similar components including nc-palm and fingers regions. The
distinguishing finding in this structure is the Zinc finger (ZF) at the N terminus, which is made
of by three 3-strands and five a-helices. A zinc ion binding motif consists of Cys206, Cys309,
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His322 and His328 (Yamashita et al., 2019). The TUT4_LIM structure demonstrates that the ZF
of TUT4_LIM is homologous to those of double-stranded RNA binding zinc-fingers; this ZF

enables the ternary complex formation with pre-let-7 and Lin28A.

Figure 1.14 Comparison among Yeast Cid, human TUT7_CM and human TUT4_LIM A. Cid1l
drawn from PDB:4e80. Blue and green color present the fingers domain and palm domain
respectively. B. TUT7_CM drawn from PDB:5w0n. Blue and green color present the fingers
domain and palm domain respectively. C. TUT4_LIM drawn from PDB: 6iw6. Blue, green and
yellow color present the fingers domain, palm domain and zinc finger respectively. D. Super-
position of the TUT4_LIM (green) and TUT7_CM (blue) with the catalytic Asp loci labelled for
each. The LIM module (NTD1) loses uridylation activity due to the mutation on the second

key residue from aspartate to asparagine (Asn414) compared to the Asp1060 in CM of TUT7.
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1.4.3 Functions

1.4.3.1 TUTases and let-7

Let-7 expression is closely controlled by the uridylyltransferases TUT4 and TUT7 by targeting
the precursor let-7 (pre-let-7) (Faehnle et al., 2017a; Thornton et al., 2012; Yu et al., 2020).
As previously discussed, pre-let-7, processed by RNA Il polymerase Drosha (Mondol et al.,
2015), can be divided into two groups. Group | with a 2-nt overhang at the 3' end, can be
processed by Dicer directly to mature let-7, while group I, accounting for 90% of transcripts,
with a 1-nt overhang at the 3' end, needs to be mono-uridylated by TUT4 or TUT7, and can
then be processed by Dicer. However, with the presence of Lin28A protein, TUT4/7 can add
oligo-uridines to 3’ of pre-let-7, which subsequently leads to exonucleolytic pre-let-7
degradation (Chang et al., 2013; Loughlin et al., 2011; Mayr et al., 2012; Norbury, 2013; Roos

et al., 2015; Rybak et al., 2008; Yu & Kim, 2020).

1.4.3.2 TUTases and mRNA/histone mRNA

Besides pre-let-7, TUTases also target other types of RNAs, like mRNAs (Norbury, 2013;
Yashiro & Tomita, 2018; Yu & Kim, 2020). In cells, TUT4/7 selectively recognize and uridylate
mRNAs, which already have short polyA tails (less than ~25nts). Knockout experiments
demonstrate that the great majority of mRNAs lose the oligo-U-tails after the deletion of
TUT4/7, leading to the increasing of their half-lives in vivo (Holmquist et al., 2022; Lackey et
al., 2016; Lim et al., 2014). A well-characterized system is of TUT7 regulating histone mRNAs.
Histone mRNAs are not polyadenylated, ending instead with a conserved loop and their
expression levels are tightly correlated with the mammalian cell cycle (Harris et al., 1991).
Expression levels of histone mRNAs will surge at the beginning of S-phase while rapidly
decreasing at the end of S-phase. The expression regulation of histone mRNAs mainly occurs
at their 3' end by diverse mechanisms (Holmquist et al., 2022; Mossanen-Parsi et al., 2021,

Potter-Birriel et al., 2021).

The whole process of histone mRNAs uridylation is shown as Figure 1.15. In the cell nucleus,
the processed histone mRNAs leave a 5-nt tail in the 3'  end after the stem-loop. This then
recruits SLBP and 3' hExo proteins to form a ternary complex (Jaeger et al., 2006; Whitfield
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et al., 2004) before the 3' hExo nuclease hydrolyzes and removes 2 nts inthe 3°  end (Jaeger
et al., 2006). There, if 3' hExo trims more than 2 nts, TUT7 adds one uridine to the 3" end
during S-phase. However, at the end of S-phase, 3' hExo trims more nucleotides and
subsequently TUT7 adds a long U-tail, which marks histone mRNAs to be degraded by the

exosome (Holmquist et al., 2022; Lackey et al., 2016).

g - |
- '.

Figure 1.15 Proposed model of TUT7 and 3' hExo involved in histone mRNA degradation.

Histone mRNA in the cell nucleus would be processed by SLBP/3" hExo, and then leave a 5-
nt tail in its 3" end. TUT7 participates the regulation of histone mRNA accompanied by the
change of the length of its 3" end tail during cell division. A long oligo-uridine tail is a sign

for being degraded by the exosome. This figure is adapted from (Holmquist et al., 2022).
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1.4.3.3 TUTases and Retrotransposition

Besides histone mRNAs, TUTases have also been shown to restrain retrotransposition by
uridylating the LINE-1 mobile elements. Andrzej Dziembowsk’ s lab proved thatthe 3" ends
of LINE-1 mRNAs are pervasively uridylated in various human and mouse cellular models
(Warkocki, Krawczyk, et al., 2018). In their proposed model, TUT7 adds a uridine tail to LINE-
1 mRNAs in the cytoplasm and inhibits the initiation of reverse transcription of LINE-1 mRNAs:
they are then reimported to the nucleus, whereas TUT4 uridylates LINE-1 mRNAs and
destabilizes them to be degraded. All these processes are assisted by MOV10 helicase and

two LINE-1 coded proteins: L1-ORF1p and L2-ORF2p, shown in Figure 1.16.
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Figure 1.16 Proposed model of TUT4/7 involved in restricting L1 Retro-transposition. MOV10
assists the complex formation of LINE-1 mRNA, L1-ORF1p, L1-ORF2p and TUTases. This

figure is taken from (Warkocki, Krawczyk, et al., 2018).
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1.4.3.4 TUTases and Antiviral defence

TUTases participate in innate immune processes (Lin et al., 2021; Minoda et al., 2006). In C.
elegans, the CDE-1 TUTase homologous enzyme uridylates the 3’ end of its natural pathogen,
Orsay virus' (OrV) RNA genome and promotes its degradation in a manner independent of
the RNAI pathway (Le Pen et al., 2018), shown in Figure 1.17. Similar trials were performed on
mammalian TUT4 and TUT7. The TUT4(7) knockdown group has a higher infection level with
Influenza A Virus (IAV), indicating TUT4(7) may act as an early barrier against IAV infection in

mammalian cells, like CDE-1 against Orsay virus in C. elegans (Le Pen et al., 2018).
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Figure 1.17 Schematic presentation shows the virus terminal uridylation is parallel to antiviral
RNAI in immune-defense pathways of C. elegans. They both play a key role to protect against

virus infection as an innate immune response. This figure is adapted from (Le Pen et al., 2018).
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1.4.4.5 TUTases and the Immune system

Cytokines are a class of small proteins with molecular weight around 5-25 kDa, responsible
for cell signaling regulation (Barker et al., 2018; Quagliato & Nardi, 2018). Their expression is
controlled by RNA binding proteins and diverse microRNAs that target their mRNAs (Chen et
al., 2011). TUT4 (ZCCHC11) was shown to be involved in cytokine expression as a regulator of
the Toll-like receptor (TLR) pathway, in which TUT4 interacts with TIFA after LPS treatment
and subsequently inhibits the activation of NF-kappaB (Minoda et al., 2006) shown in Figure
1.18. Besides, Joseph Mizgerd' s lab demonstrated that TUT4 directly regulates microRNA-
26, which binds to the 3' UTRs of IL-6 mMRNAs. The additional terminal uridines on miRNA-
26 added by TUT4 facilitate silencing of the mRNAs of IL-6, reducing the expression of IL-6,

and thereby TUT4 negatively regulates the expression of IL-6 (Jones et al., 2009).

1.4.4.6 TUTases and Nanobody agents

Nanobodies, also known as a single-domain antibodies, are developed from the variable
domain of the heavy-chain-only antibodies found in camelids and selectively bind specific
antigens (Harmsen & De Haard, 2007). Compared with antibodies and Fab fragments,
nanobodies are small, highly robust, resistant to extreme environments and even fully
reversible from an unfolded state caused by high temperature (Doshi et al., 2014). They have
also been developed into nanobody toolkits, such as Megabody and Legobody reagents,
aiding the determination of small protein structures by cryo-EM and image reconstruction

(Uchanski et al., 2021; Wu & Rapoport, 2021).

Recently, the Piotr Sliz lab systematically screened and identified a series of nanobodies, which
target the LIM of human TUT4 by developing a functional epitope selection approach. A
functional nanobody, Nb-S2A4, tightly binds to the Lin28A/pre-let7 interaction module and
inhibits both monouridylation and oligouridylation activity of TUTases to pre-let-7g by
blocking the ternary interaction, shown in Figure 1.19. In vivo experiments demonstrated that
cells expressing Nb-S2A4 contain higher levels of the mature let-7 microRNA species than
those without Nb-S2A4 expression and thus the overexpression of Nb-S2A4 affects the cell
cycle directly or indirectly (Yu et al., 2020).
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Figure 1.18 Proposed model of functional Nanobody S2A4 showing its inhibition of Lin28A

mediated oligo-uridylation and Lin28A independent mono-uridylation. In Lin28 mediated

oligo uridylation, S2A4 attaches to the zinc finger regions of TUT4, where a ternary complex

forms with pre-let-7 and Lin28A, and thus inhibits the oligo uridylation. In Lin28 independent

mono uridylation, the presence of S2A4 inhibits the binding of TUT4 to pre-let-7 and thus

blocks the mono uridylation. This figure is taken from (Yu et al., 2020).
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1.5. X-ray crystalogrphy and cryo-EM in structural biology
1.5.1 X-ray crystallography

1.5.1.1 History

X-ray crystallography is an experimental approach revealing atomic information about
macromolecular structure (Wery & Schevitz, 1997). So far, at least 14 scientists, working in X-
ray related fields, have been awarded Nobel Prizes. Roentgen was awarded the first Nobel
Prize in Physics in 1901, for his breakthrough discovery of X-rays. Laue, and William and
Lawrence Bragg were awarded Nobel Prizes in 1914 and 1915 respectively, honoring their
contribution to the discovery of X-ray diffraction and determination of crystal structures (Shi,
2014). After that, around 10 scientists were awarded Nobel Prizes. The latest Nobel Prize
related to X-ray crystallography was awarded to Kobilka in 2012 for the structure

determination of GPCRs (Kobilka et al., 1987) (Figure 1.20).

1.5.1.2 Principles of X-ray diffraction

The goal of X-ray crystallography is to obtain three dimensional molecular structures from
purified and crystallised samples (Smyth & Martin, 2000). In a well-diffracting crystal, the
crystalline structure induces a beam of incident X-rays to diffract into multiple specific
directions. The forward diffracted beams are imaged using a CCD detector (Zhao & Sakurai,
2017). Subsequently, after calculating the angles and intensities of these diffracted beams,
and following Fourier transformation (a mathematical transform) (Hirschmugl & Gough, 2012;
Su & Lee, 2020), a three-dimensional file of density of electrons within the crystal is produced
by crystallographic software such as Phenix and CCP4 (Adams et al., 2010; Collaborative
Computational Project, 1994; Hough & Wilson, 2018; Moriarty et al., 2016). The produced
density map assists in locating the positions of atoms and chemical bonds using software
such as Coot (Emsley & Cowtan, 2004; Goddard et al., 2005; Lam & Siu, 2017) and Phenix
(Adams et al., 2002). The first determined biological macromolecule by X-ray was of
myoglobin in 1957 by John Kendrew (Kendrew et al., 1958). After that, X-ray has commonly
been used to solve biological components and large complexes, according to the workflow

shown in Figure 1.20.
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Figure 1.19 The history of X-ray crystallography marked by breakthroughs from 1914. X-ray

crystallography nowadays has wide application such as small molecule-based drugs

screening and identification. This figure is adapted from (Shi, 2014).
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Figure 1.20 The principles of X-ray crystallography and a brief flow chart showing the structure
determination process for the human TUT7_CM crystal structure in this project. Initially, pure
TUT7 CM with a single band as determined by staining with Coomassie blue, was obtained.
Then diamond-shaped crystals were diffracted at Diamond Light Source and the data
collected were automatically processed by ISPyB via combined software such as PHASER
(McCoy et al., 2007), XIA2 (Gildea et al., 2022; Winter et al., 2013) and XDS (Brown et al., 2007;
Kabsch, 2010). Molecular replacement was applied in this project to solve the phase issue.
Finally, the TUT7 CM model was built and refined by using Coot (Emsley & Cowtan, 2004;

Goddard et al., 2005; Lam & Siu, 2017) and Phenix (Adams et al., 2002).
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1.5.2. Cryo-EM

1.5.2.1 History

Cryo-EM is an approach to determine macromolecular structures especially suited to larger
and more complicated biological complexes (Lyumkis, 2019). It became increasingly powerful
from about 1995 onwards. Then from about 2013 it became routine to determine atomic
structures de novo from it. Prior to that it still played a very important role in setting crystal
structures in context and understanding virus structure as well as the structures of the
macromolecular machinery of cells (Frechin et al., 2022). In 2017, the Nobel Prize in chemistry
was awarded to three scientists, Jacques Dubochet, Joachim Frank, and Richard Henderson,
who had made significant contributions to the development of this technique. Recently, with
the development of both hardware and software, like the Falcon 4 camera, Relion (Scheres,
2012) and Cryosparc software (Punjani et al., 2017; Scheres, 2012), cryo-EM has become a
routine tool for structure determination of macromolecules to atomic resolution (Assaiya et

al., 2021).

1.5.2.2 Principle

Single-particle analysis (SPA) is a process of imaging biological macromolecular samples by
electron microscopy in a frozen-hydrated state before using the images to reconstruct 3D
models (Lyumkis, 2019). A vast number of particles with different orientations are captured in
the micrographs. Subsequently, the sub-regions containing particles are extracted
computationally. The individual particles will be divided into different classes aiming to
remove poorly imaged, damaged and spurious particles. Qualified particles are selected and
used to reconstruct 3D models based on the relative angles of orientations. Depending on
the resolution, the maps determined can be fitted with homologous models, predicted
models, crystal and NMR structures, or used themselves for the de novo construction of a

model, generating 3D structures (Wu & Lander, 2020; Xu & Dang, 2022) (Figure 1.21).
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Figure 1.21 Flow chart of Cryo-EM sample preparation and the advancements in hardware

and software for the cryo-EM in recent years. Besides this, the development of diverse types

of grids are a key factor to solve TUT structures. In this thesis, all samples were applied onto

gold grids for subsequently structural determination. This figure is taken from (Assaiya et al.,

2021).
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1.6. Issues and aims

1.6.1 Issues

Let-7 RNA is widely expressed in somatic cells and regulates cellular differentiation and
proliferation (Yashiro & Tomita, 2018). Emerging evidence proves the importance of the
TUT4(7)/Lin28/let-7 pathway in regulating the biogenesis of let-7, which finally affects the
expression of diverse oncogenes. Overall, emerging evidence indicates that TUTases or Lin28

proteins may be targets for inhibition by novel drugs with clinical application.

There is a proposed model of TUT4/7 switching from mono-uridylation to oligo-uridylation
states based on the solved structures of TUT4 LIM and TUT7 CM in apo and dsRNA bound
forms (Faehnle et al., 2017a; Yamashita et al., 2019). The transition states modeled between
mono- and oligo-uridylylation, with or without the presence of Lin28A are shown in Figure
1.23 (Yashiro & Tomita, 2018). But it is still unclear how the LIM of TUT4/7 interacts with the
ZF domain of Lin28A and the GGAG motif of pre-let-7. Does this interaction change the way
pre-let-7 binds the CM of TUT4/7, compared to the mono-uridylylation state? More
structural work needs to be done to reveal the mysteries of the TUT4/7: pre-let-7: Lin28A

pathway.
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1.6.2 Aims

As detailed already, we now know significantly more than previously concerning the
structure-function relationship of the catalytic regions of TUT7 and the Lin28A-interaction
modaule. A better understanding of the mechanism of the TUTases in regulating RNA turnover
would be greatly assisted by the structures of full-length enzyme, with or without RNA and

Lin28A. This is a strong focus of my DPhil project. | list my strategies and aims as follows.

a) The full-length enzymes are appropriate for cryo-EM structure determination, and this is
likely to prove the best route to achieving an atomic model of apo mammalian TUTases.

b) Structure determination by cryo-EM may be assisted by inclusion of pre-let-7 miRNA and
Lin28A in complexes — increasing the size of the target and potentially its conformational
homogeneity. More importantly, the determination of binary or ternary complex structures
will provide significant insights into the mechanical basis of TUTases action on target RNAs.
Our RNAs were either synthesized by collaborators in the University of Oxford or by Genscript.
c) In addition, we sought to obtain crystallised forms of sub-complexes providing atomic
snapshots of interactions between TUTases, Lin28A and pre-let-7. Achieving this goal will
benefit from reagents we have already generated as well as the crystallised TUT7 catalytic

module.

We still know relatively little about the recognition and binding of pre-miRNA and other RNA
substrates by TUT4/7, and the mechanical basis for the switch under Lin28A from mono- to
oligo-uridylation. Structures of ternary complexes will reveal more information with value for
both an understanding of fundamental biological mechanisms and for drug discovery

programmes targeting the Lin28/Let-7 axis.

49



Mono-uridylylation

In the absence of Lin28

»

A

Oligo-uridylylation
In the presence of Lin28

Unstable Lin28-interacting
module (LIM)
ZK2 displat
ZK2
Catalytic module (CM)
B
In the absence of Lin28
Unstable =/ Product release
ZK2 displaced Y, ZK2 displaced 5]
ZK2 o ; 22 y HOJ
5 )
5 -anchor s~/ Q) 500" @ -II]‘* k2 ZK2 displaced
g L Y
—» —» "
Translocation - £
e
Palm Finger Mono-uridylylation L
In the presence of Lin28
Stable S5tE

ZK2 displaced
ZK2

>

Translocation

5
5
ZK ZK2 engaged
~‘ UMP
incorporation
3

ZK2 engaged
) ZK2 engaged
.‘ umMmp /|
incorporation
Translocation Translocation Oligo-uridylylation

Figure 1.22 Proposed models of Lin28A mediated oligo-uridylation and Lin28A independent

mono-uridylation by either TUT4 or TUT7. In mono-uridylation, TUT4(7) forms an unstable

complex with pre-let7 miRNA without the participation of Lin28, while with the presence of

Lin28, a stable ternary complex consisting of TUT/pre-let-7 miRNA/Lin28 benefits the

addition of oligo uridines, in which the ZK2 of TUT7 is thought to aid oligo-uridylation by

supporting the extension of the oligo-U tail. This figure is taken from (Yashiro & Tomita, 2018).
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1.7. Overview of this thesis
This thesis provides a structural and mechanistic description of human TUT4 and TUT7 in

regulating pre-let-7 miRNAs, using both X-ray crystallography and cryo-EM methods.

Charter 1, this chapter, gives a brief review of TUTases involved in the uridylation of pre-let-

7, and an introduction to the techniques of X-ray crystallography and cryo-EM.

Charter 2, describes the basic techniques and experimental protocols used in this thesis. The
optimized high throughout cloning and expression pipeline benefits the successful

purification of a series of TUT4/7 proteins in both full length and truncated forms.

Charter 3, shows structural studies of TUT7 in different forms with or without RNA in the
presence or absence of Lin28A. The TUT7_CM was solved by X-ray crystallography at 2.6 A
for subsequent fragment screening and soaking trials (Li, 2020). The high-resolution cryo-EM
maps of TUT7 apo, binary complex with pre-let-7 and ternary complex with pre-let-7/Lin28A
allow for description of the conformational changes involved in the reaction cycle and

confirmed the ternary interactions among diverse components.

Charter 4, introduces the structural exploration of TUT4 with or without pre-let-7 and Lin28A.
The high-resolution map of TUT4_miniF ternary complex with pre-let-7 and Lin28A shows a
similar overall structure to the TUT7 ternary complex in one of the conformations observed
for it. A low-resolution map of the TUT4_F ternary complex indicates additional features for

further exploration.

Charter 5, shows a detailed structural analysis of cryo-EM structures of both TUT4 and TUT7

in various states. The ternary interface among TUT4_LIM, pre-let-7 and Lin28A is dissected,

to reveal the significance of the RNA GGAG motif in the formation of ternary complex.
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Charter 6, summarizes the results for the project overall, including the HTP pipeline, structure
studies of TUT7(4) CM, TUT7(4) apo and pre-let-7 bound forms with or without Lin28A, and

prospective future TUT7(4) studies.

In conclusion, the work undertaken in this thesis is a deep exploration into the uridylation
mechanism regulated by TUT4/7, and the results reveal the detailed conformational changes
at atomic level based on five high-resolution cryo-EM maps. Our research provides the
structural and mechanistic framework that is recognized as wanting in studies of TENTSs, which
will prove invaluable in the search for an understanding of underlying mechanism informing

cancer cell biology and also inhibitor drug development.
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Chapter 2 Methods
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2.1. High throughput (HTP) cloning and expression screening

2.1.1 Concept

Ligation Independent Cloning (LIC) is an alternative to restriction enzyme/ligase cloning
techniques developed from the 1990s onwards (Aslanidis & de Jong, 1990). The key element
in its application is creation of long overhangs with complementary sites between inserted
genes and vectors, utilizing the 3' -5 exonuclease activity of T4 DNA polymerase. As
described in Figure 2.1, the vectors are digested by Bsal enzyme and then treated by T4 DNA
polymerase in buffer containing dGTP. The PCR products are also treated with T4 DNA
polymerase instead with the presence of dCTP containing buffer. Digested PCR products and
vectors are mixed at a ratio of 3:1 and subsequently transformed. The annealed fragments

have 4 nicks, which can be repaired by £.coli in vivo (Gradia et al., 2017).

2.1.2 KRX stain

E.colibacteria are commonly used to produce recombinant protein quickly in cell culture, with
excellent features of well- established protocols and relatively low cost. (Zerbs et al., 2014).
While the targets addressed in the work described in this thesis might have been expected to
benefit from a eukaryotic expression system, the Promega Corporation proprietary strain KRX,
a single step competent cell derivative of £.coli (Schwarzhans et al., 2017), was used here. It
has mutations rendering the bacteria endA-, recA-, ompT- and ompP-, and is marketed as
providing advanced features for cloning and protein expression together, the latter of which
can be controlled tightly with the change of concentration of its inducer Rhamnose. These

features out-compete either BL21 (DE3) or DH5a.

2.1.3 Pipeline

To obtain challenging proteins, various constructs of target genes need to be tested, and
vectors containing different solubility tags are chosen. In this thesis, three vectors, pNIC-bio2
(8x His), pHGT-bio (6x His and GST) and pNIC-MBP2 (6x His and MBP) are described as in
use for LIC, with the same restriction enzyme site of Bsal in common and the same
complementary sequences matching to the PCR products. In this case, one pair of primers for

one gene can be applied for all three vectors at the same time. The whole pipeline is described
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as follows.

The primers were designed and synthesized first. PCR products were confirmed by agarose
gel electrophoresis and then digested with Dpnl overnight in a 37 °C oven aiming to remove
template vectors. On the next day, Dpnl treated PCR products were recovered, and
subsequently treated by T4 DNA polymerase. Digested PCR products and vectors were mixed
at a ratio of 3:1 and then transformed into KRX competent cells before 1-hour incubation at
room temperature. The cells were spread onto LB-Agar plates containing 5 % sucrose and
kanamycin after recovery for 5 hours at 37 °C shaker at 200 rpm. After around 18-hours’

incubation at 37 °C, colonies were observed. Two colonies were picked per construct into 1.5
ml EP tubes containing 1ml LB medium with 0.2 % Rhamnose. They were placed in a 37 °C
shaker at 200 rpm to incubate for 7 hours. 2 ul of each sample were diluted in 10 pl of ddH:O
for SDS-PAGE analysis to determine the levels of protein expression. Colonies with decent
amounts of protein expression were selected to perform small scale expression and
purification followed by large scale purification. Overall, this provides an extremely highly

efficient method, enabling the testing of hundreds of alternative constructs.
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Figure 2.1 Schematic diagram of LIC cloning A-B. Overview of LIC cloning into vectors. This
figure is taken from (Gradia et al., 2017). C-E. Diagrams of pNIC-bio2, pNIC-MBP2 and pHGT-
bio vectors used in this project. F. Terminal information of pNIC-bio2, pNIC-MBP2 and pHGT -

bio vectors.
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2.2 Polymerase chain reaction (PCR)

221 PCR

For PCR amplification, primers were designed according to target gene sequences using
Snapgene software (from Dotmatics; available at snapgene.com). The PCR program setting is

shown in Table 2.1

Ingredients Volume
2x AmpClone-HiFi 254l
Template (plasmid 5 ng/ul) 1yl
Primer Forward (10 pmol) 1yl
Primer_Reverse (10 pmol) 1yl
Total 50 pl
95 °C 60 sec
95°C 10 sec
62 °C 30 sec
Cycles of 32
72 °C 10 sec/1kb
72 °C 5 min
12 °C 10 min

Table 2.1 PCR required conditions for Ligation Independence cloning (LIC) are shown as table

above. These conditions are applied for all constructs preparation in this thesis.
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2.2.2 Agarose gel electrophoresis

The PCR products were confirmed by agarose gel electrophoresis. To prepare the Agarose
gel, 1 g of agarose powder was weighed and then put into a conical flask (250 ml) containing
100 ml 1x TBE buffer. The above flask was heated in a microwave for 2 minutes to dissolve
the agarose completely. The solution cooled slowly until around 60 °C and then 10000x dye
(SYBR Gold nucleic acid gel stain, Thermal Fisher) was added to 1x. The above solution was
poured into the mold with comb insertion until the gel solidified completely. Then, 2 ul PCR
products were taken out, mixed with 0.5 ul 5x DNA loading buffer followed by adding into
agarose gel holes individually. Agarose gel electrophoresis was performed for 40 minutes at
120 V. When electrophoresis was completed, the gel was imaged, and the presence of target

gene fragments was confirmed using Bio-Rad Geldoc and software.

2.2.3 PCR product recovery steps

PCR products were transferred into 1.5 ml EP tubes individually followed by adding 5x volume
of CP binding buffer and mixing thoroughly. The mixture was subsequently transferred into
HiBind® DNA Mini tubes respectively, which were centrifuged at 13,000 g for 1 minute. The
filtrate in collection tubes were discarded, and then 700 ul DNA Washing Buffer (SPW Washing
Buffer) was added into Mini tubes following by centrifugating at 13,000 g for 1 minute. The
washing step was repeated twice, and the filtrate in the collection tubes was discarded. Finally,
the HiBind® DNA Mini tubes were put into the empty collection tubes and centrifuged at
13,000 g for 2 minutes to remove the remaining washing buffer. After washing thoroughly,
HiBind® DNA Mini tubes were put into new EP tubes, 50 ul sterilized deionized water was
added into HiBind® DNA Mini tubes for incubating for 1 minute, and then the above tubes
were centrifuged at 13,000 g for 1 minute. The eluted solution in the EP tubes contained PCR
products fragments, which was verified by agarose gel electrophoresis and quantified by

nanodrop.

If PCR products were impure with more than one band, the PCR products needed to be
recovered from the agarose gel. The recovery steps were as follows. The PCR products
obtained above were separated into different bands according to various molecular sizes by
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agarose gel electrophoresis. The agarose gel containing the target fragment bands was cut
under UV, and bands were put into 1.5 ml EP tubes and weighed. Subsequently, 1 ml of
binding buffer (XP5) for 1 g agarose gel was added. Then, the above EP tubes were put into
a water bath at 42 °C until the gel was completely dissolved. The gel solution was
subsequently transferred into HiBind® DNA Mini tubes, which were centrifuged at 13,000 g
for 1 minute. The following washing and elution steps were the same as the applied above in

PCR products recovery.
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2.3 Plasmid extraction and translation

2.3.1 Plasmid extraction

10 ul of glycerol stock frozen in -80 C° freezer was taken out with a pipette tip, which was
placed in a 50 ml tube containing 10 ml LB medium (with corresponding antibiotics already
added) followed by culturing in a 37°C shaker at 200 rpm overnight. On the next day, the
above bacteria cells were centrifuged to remove the supernatant LB medium by 4,000 g for
5 minutes. The pellets were dried and then 250 pl HiBind® solution-| was added to resuspend
the cell pellets followed by adding 250 ul HiBind® solution-II, which was inverted 4-5 times
until the solution became clarified. Then 350 ul HiBind® solution-Ill was added to the above
tubes and mixed by inverting them 5-10 times, and subsequently the tubes were centrifuged
at 13,000 g for 10 minutes. The supernatant was taken out from the above EP tubes and
transferred into HiBind® DNA Mini tubes followed by centrifuging at 13,000 g for 1 minute.
The filtrate in the collection tubes was discarded. 700 pul DNA Washing Buffer (SPW Washing
Buffer) was added into Mini tubes followed by centrifugation at 13,000 g for 1 minute. The
washing step was repeated twice, and the filtrate in the collection tubes was discarded. Finally,
the HiBind® DNA Mini tubes were put into the empty collection tubes and centrifuged at
13,000 g for 2 minutes to remove the remaining washing buffer. After washing thoroughly,
HiBind® DNA Mini tubes were put into new EP tubes, 50 ul sterilized deionized water was
added into HiBind® DNA Mini tubes for incubating for 1 minute, and then the above tubes
were centrifuged at 13,000 g for 1 minute. The eluted solution in the EP tubes contained PCR
products fragments, which was verified by agarose gel electrophoresis and quantified by

nanodrop.

2.3.2 KRX Transfection

KRX competent cells frozen in a -80 °C freezer were taken out and placed on ice until they
thawed completely. Then 3 ul of the prepared plasmids (the concentration of the plasmids
should be higher than 5 ng/ul) or the LIC cloning reaction products were added into 100 pl
of competent cells. The cells were mixed well and incubated on ice for 5 minutes. After 5
minutes of incubation on ice, the above EP tubes were placed in a 42 °C water bath and

heated for 15 seconds. Subsequently, the above EP tubes were taken out and placed on ice

61



for 2 minutes. After the ice treatment, 1 ml of sterilized LB medium was added to the above
EP tubes individually, which were subsequently placed in a 37 °C shaker to culture for about
4 hours. After 4 hours, the above EP tubes were centrifuged to remove most of the
supernatant by centrifugation at 10,000 g, 25 °C for 1 minute for removing the supernatant
and about 100 ul LB solution was left, which was used to gently resuspend cell pellets with a
pipette tip. Finally, cells were spread on Agar-plates (with corresponding antibiotics already
added), and then the plates were placed in a 37 °C oven overnight. On the next day, single

colonies had grown on the plates, and could be picked for the next step.

2.3.3 Small scale expression screening

The constructed plasmids with correct sequences were transferred into RS or BL21 expression
strains. On the next day, single colonies were picked and then placed in 15 ml tubes
containing 4 ml of LB medium individually (with corresponding antibiotics already added).
After overnight culture, 1 ml cells were taken out for seed preservation. Then, IPTG was added
to the remaining 3 ml bacterial cells with a final concentration of 0.5 mM, which was cultured
in a 37 °C shaker for a 3-hour induction. After induction, 1 ml of bacterial cells were
centrifuged followed by removing the supernatant LB medium, and then 100 ul of protein
loading buffer was added. The cell pellets were resuspended in tubes and placed in a 100°C
metal bath to heat for about 10 minutes. Finally, tubes were centrifuged at 13,000 g, 25°C for

1 minute, 10 ul supernatant was taken out, and the expression was examined by SDS-PAGE.

2.3.4 KRX competent cells preparation

Reagents required: LB medium (sterilized), 100 mM CaCl. solution (sterilized and filtered), 50 %

glycerol solution (sterilized). The procedures were as follows:

10 ul of glycerol stock of KRX from the -80 °C freezer was taken out using a pipette tip, which
subsequently was placed in a 50 ml tube containing 20 ml LB medium (no antibiotics),
followed by culturing in a 37 °C shaker at 200 rpm overnight. On the next day, 1 ml of the
above bacterial cells were taken out and put it in a conical flask (250 ml) containing 100 ml

fresh LB medium. The above flask was put in a 37 °C shaker at 200 rpm for culturing until the

62



OD value of the bacterial cells reached about 0.4. This process took around 2 hours. Then,
the 100 ml cells were split into two 50 ml tubes and centrifuged at 4,000 g, 4 °C for 10 minutes.
The cell pellets were dried and 50 ml of 100 mM CaCl. solution were added to the tubes. The
cells were resuspended gently and placed on ice followed by a 4-hour incubation. After that,
the supernatant was removed by centrifugation at 4,000 g, 4°C for 10 minutes followed by
resuspending the cells with 10 ml of 100 mM CaClz solution, and then 50 % glycerol solution
was added with the final glycerol concentration of 10 % in the solution, which was placed on
ice overnight. Finally, the competent cells were aliquoted into sterilized 1.5 ml EP tubes, 100

ul per tube. Then all tubes were flash-frozen with liquid nitrogen and stored in the -80 °C

freezer.
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2.4 Protein purification

2.4.1 Cell culture

10 pl of glycerol stock of bacteria expressing the protein of interest from the -80 °C freezer
was taken out using a pipette tip, which subsequently was placed in a 50 ml tube containing
20 ml LB medium (with corresponding antibiotics already added), followed by culturing in a
37 °C shaker at 200 rpm overnight. The next day, tubes were taken out and added into fresh
LB medium with corresponding antibiotics at a ratio of 1:50 into a large flask (2 L). This was
placed in a 37 °C shaker at 200 rpm. When the ODsw value of the cells reached 0.8-1,
Rhamnose was added with a final concentration of 0.1 % for a 36-hour induction at 20 °C.
After that, the bacterial cells were harvested by centrifugation at 4,000 g 25 °C for 10 mins to
remove the supernatant LB medium. Then the cell pellets were dried, and they can be

immediately purified or frozen in the -80 °C freezer.

2.4.2 lon exchange chromatography

To further improve the purity of proteins of interest, ion exchange chromatography is widely
used to remove contaminated proteins. For the work described in this thesis a heparin column
was selected due to its excellent features of separating diverse proteins with different Pls, and
especially nucleic acids from target proteins. Since TUTases and Lin28A have several zinc
fingers/knuckles and/or RNA binding domains, the heparin column is a good choice to

remove contaminating nucleic acids and not the target proteins.

The procedures were as follows. Fi” st,” he column was washed with de-gassed and filtered
water before equilibration with buffer A: 20 mM HEPEs, pH 7.5 and 50 mM NaCl, flow rate 1
ml/min. Then, proteins were diluted with 5x sample volumes using buffer A and the diluted
sample was filtered to remove precipitants before loading onto the heparin column. After
loading, the column was washed with 10x column volumes, and subsequently gradient elution
was performed with the setting at 1 ml/min flow rate for 25 minutes from 0 % to 100 % buffer
B: 20 mM HEPEs, pH 7.5 and 1000 mM NaCl. The peaks of the UV trace at wavelength of 280
nM were collected in different fractions, which were examined by SDS-PAGE. All protein

samples as determined by staining with Coomassie blue in this thesis are under reducing
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conditions.

2.4.3 Size exclusion chromatography
Samples for crystallography and cryo-EM require proteins with high purity and homogeneity.
Size exclusion chromatography can be utilized to separate target proteins from contaminants

and aggregates based on different molecular weights. The procedures were as follows.

First, the column was washed with de-gassed and filtered water, which subsequently was
equilibrated with buffer C: 20 mM HEPES, pH 7.5 and 100 mM NaCl. The speed and pressure
limitation depend on different types of columns. Then the SEC program was performed with
the setting at 0.4 ml/min flow rate for 60 minutes after injecting the sample, which had been
already concentrated and centrifuged. The peaks of the UV trace were collected in different

fractions, which were examined by SDS-PAGE.

65



2.5. Crystallography

2.5.1 Principles of crystallography

The growth of crystals is closely related to the solubility of proteins, and the solubility of
proteins is affected by many factors including metal ions, salts, pH with diverse buffers, and
so on. Most proteins are soluble under physiological conditions, but with increasing
concentrations of precipitants in their buffers, proteins become less soluble, causing them to
crystallise or precipitate, a phenomenon termed “salting out” . However, the salting out of
disordered proteins will become precipitants, and only when the conditions in the reservoirs
are suitable, and the protein is sufficient ordered, can the precipitants become ordered
crystals (Koopmann et al., 2012). Screening and optimizing conditions are a time-consuming
and labor-intensive process since many factors affect the stability of proteins. There are
several methods to obtain crystals, such as the classic batch crystallization, liquid-liquid
diffusion, and gas-liquid diffusion (llari & Savino, 2017). In this project, the gas-liquid diffusion
method is selected for the crystallization screening and optimization of the human
TUT4/TUT7 catalytic module (CM). This is the most common method in crystallization
experiments. The mixed droplets in wells contain different types of precipitants, in which the
precipitant concentrations will gradually increase up to the concentrations in the reservoir

pool.

As the concentration of precipitants continue to increase, the solubility of the proteins will
continue to decrease until the protein  “precipitates” . If the conditions are appropriate, the
ordered accumulation of proteins in the process of precipitation will become crystals,
otherwise they will be disordered precipitants. Gas-liquid diffusion can be carried out in the
form of hanging drops or sitting drops. The hanging drop device (Figure 2.3A) is designed to
have a drop (approximately 2ul) mixed with reservoir buffer at a ratio of 1:1 placed on an
inverted coverslip, suspended over the pool wells. The coverslip and the pool fluid well are
sealed with Vaseline. The sitting drop crystallization device (Figure 2.3B) is designed to
accommodate the mixed droplets on the shelf next to the well. Both methods require an air-
tight environment so that the droplets will be equilibrated against the well reservoir over time,
and not evaporate (llari & Savino, 2017; Van Driessche et al., 2018)
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Figure 2.2 Cartoon schematic diagram of vapor diffusion. A. Hanging method. B. Sitting drop
method. The latter is chosen for TUT7 CM crystallization due to its excellent features of high
throughput screening and low demand of proteins. This figure is taken from (llari & Savino,

2017).

67



2.5.2 Coarse screening

The purified and frozen proteins were removed from the -80 °C freezer where they had been
stored and placed on ice to thaw completely. The samples were centrifuged to remove any
precipitants before crystallography trials. Different commercial coarse screen plates from
Hampton research company were used. Crystallisation plates from TPP Labtech or SWISSCI
companies were used in this project and crystallization set up used a Mosquito robotic liquid
dispenser. Protein and reservoir buffers were mixed at a ratio of 0.1 pl: 0.1 ul, and then crystal
plates were sealed with high-definition transparent tape after the program had completed
prior to storage in a Rock Maker imager at 4 °C or 20 °C. Crystal plates were imaged every

other day in the first week, then once a week after that.

2.5.3 Condition optimization

Diffraction of crystals was initially assessed using beamlines at the Diamond Light Source, via
remote data collection protocols. High-resolution crystals were repeated, while poor-
resolution crystals would be optimized on the basis of their precipitant conditions. The
strategy was to slightly change the conditions around those originally identified via coarse
screening. Normally, the crystalised conditions consist of diverse concentration of salt ions, a
range of pH in different buffers, besides a certain concentration of precipitant such as PEG,
and so on. Because the pH of the reservoir buffer and precipitants, like PEG and salts used,
affect the growth of the crystal significantly, the pH gradient and precipitant concentration
gradient optimization was attempted first. A 96-Well plate can be used to optimize
precipitant concentration and pH range at the same time in horizontal and vertical directions.
Similarly, other components in the crystal growth conditions could be optimized by this

method.

2.5.4 Crystal diffraction and data collection

Before picking up crystals, materials need to be prepared, such as different sizes of loop rings,
cryo-protectants, pucks and other related materials. Generally, the cryo-protectant solution
was to add glycerol to the original reservoir solution at a varied concentration around 20%,
but if the glycerol did not work very well, other cryo-protectant reagents could be tried, like
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Ethylene Glycol, MPD, PEG400, etc. Increasing the concentration of the precipitant on the
basis of the original reservoir solution was another strategy to protect the crystals. Frozen
crystals were sent to and used on beamlines at the Diamond Light Source, via remote data

collection protocols.

2.5.5 Data processing and model building

The data collected at Diamond Light Source were automatically processed by ISPyB via
combined software such as PHASER (McCoy et al., 2007), XIA2 (Gildea et al., 2022; Winter et
al., 2013) and XDS (Brown et al., 2007; Kabsch, 2010). Preliminary results were exported
indicating the resolution of the crystals’ diffraction. The collected two-dimensional
diffraction images correspond to different crystal angles, requiring the use of mathematical
Fourier transform methods to convert 2D images into a 3D electron density map for later 3D
model building. A critical issue is to determine the phase of the diffracted beams giving rise
to spots, and details of phasing and model building are provided in the relevant results section

below, Section 3.2.3.
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2.6 Negative staining

2.6.1 Grid preparation and data collection

Negative staining is an easy and quick tool to visualize proteins via electron microscopy. The
proteins are stained by a heavy metal solution such as uranyl acetate. The substantial
differences of densities between the stain and proteins create obvious contrast, enabling the
visualization of proteins. Appropriately purified proteins were first imaged using negative-
stain EM to confirm their homogeneity. 3.5 ul samples of different concentrations were loaded
to glow-discharged Formvar/ carbon-coated 300 mesh copper grids (Agar Scientific). Excess
sample was blotted away with filter paper after incubation for 1 min. Then grids were washed
with deionized water twice followed by staining with 0.75 % uranyl acetate for 1 min. Excess
stain was removed and then grids were imaged on the FEI T12 electron microscope. Images
were taken at the following conditions: voltage 120kV, 63,000x magnification with a maximal
electron dose of 15 electrons per A’ producing a pixel size of 3 A/pixel using the

accompanying CCD camera.

2.6.2 Data processing

Raw negative stained images were processed using both EMANZ2 and Spider software.
Generally, the raw images were imported into EMANZ2 (Tang et al., 2007), to pick particles
manually or automatically. The coordinates of all particles were extracted and exported, and
subsequently were processed by Spider (Shaikh et al., 2008) to generate 2D classification

images and reconstruct 3D models.
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2.7. Cryo-EM

2.7.1 Sample grids preparation and data collection

The qualified samples confirmed by negative-staining EM went on to be used for cryo-EM
trials. Generally, a 3.5 ul aliquot of sample was applied to commercial grids (Au C-flat, 2/1,
200 mesh) and before that the grids were glow-discharged (in a Harrick Plasma system) for
30 s at middle level plasm after 1-min evacuation. The parameters for blotting were 4 seconds
with -5 force, at 4 °C and 100 % humidity using a Vitrobot (FEl). Cryo-EM movies were
collected using FEI Tecnai™ Glacios transmission electron microscopes (TEMs) with an energy
filter (GIF Quantum, Gatan) and a direct electron detector (K2 Summit, Gatan), and further via
an FEl Titan Krios, a 300 keV ultra-high-performance, automated, three condenser

transmission electron microscope with a K3 summit camera.

2.7.2 Data processing

Raw images collected from Glacios or Krios microscopes were imported into cryoSPARC
(Punjani et al., 2017; Scheres, 2012). After motion correction and the finding of the contrast
transfer function (CTF), qualified images were curated manually to proceed further. Small
subsets of images were first chosen for manual particle picking aiming to generate templates.
Subsequently, the templated picked particles were extracted to calculate 2D class averages,

and particles falling into good 2D classes were chosen to reconstruct 3D models.
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2.8. Site-directed mutagenesis
Figure 2.4 shows the site-directed mutagenesis strategy used in this thesis (Adachi &

Fukuhara, 2012).

This method includes primers design, two rounds of PCR, PCR product purification, cloning
and sequencing. There are four primers to be designed for one mutagenesis. The forward_1
refers to the starting sequence of the target gene (around 20 bp), while the reverse_1
comprises the ending sequence of the target gene (about 20 bp). The forward_2 and
reverse_2 are complementary, and the sites of interest need be replaced by target sequences.
Two rounds of PCRs were performed aiming to obtain final products, and the program setting
for PCR is shown as Table 2.1. If the products are impure, they need to be recovered from the
resolved bands out of the agarose gel electrophoresis. The subsequent procedures are similar

to those given in section 2.1 after the right sequences are confirmed.

Target sequence
(wild-type)
CTeTcCCAGCCCaECeAT [BEET 5

$°-600G0aC coAT BEET CEERGER06-3"
3 -codSECaTaCAG] G6GCGGGT ACCOOTTECCGCOGCO00CCCTCRGCCC-5
-—
Reverse vector primer
Original plasmid

-

5 ic ds ofi
(5" ylated and 3' T-
Ligation
cCTh GGCC GG
E GaA Accoo o
C PCR-amplified 3' A-overhang vector )

Forward vector primer

Mutagenic plasmid

Mutagenic plasmid

PCR check

| |

Correct Incorrect

Figure 2.3 Schematic diagram of site-directed mutagenesis based on the TA strategy (The
bases, T and A on PCR-amplified vector sticky ends provides direct and efficient site-directed

mutagenesis). This figure is adapted from (Adachi & Fukuhara, 2012).
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2.9. Uridylation assay

All ingredients listed in Table 2.3 were mixed with corresponding amounts in EP tubes
TUTases were added as the last component, which initialized the start of the reaction. Then
the above EP tubes were placed in a metal bath and the reaction temperature was set up at
37 °C. After incubating for 0, 5, 10, 20 minutes respectively, 10 pl of TF termination solution
was added to quench the reaction. Subsequently, the temperature of the metal bath was
adjusted to 95 °C, in which the nucleic acid chains in the tube were fully denatured, marking
the finishing of the assays. Finally, all samples were examined by performing Urea-denaturing

acrylamide gel electrophoresis and imaged by iBright 5000 (Thermo Fisher).

Ingredient Volume
TUT4/7 1 pl (0.5 pM)
pre-let-7g-3’CY 1l (5 uM)
10x buffer Tl
ddH20 74l
Terminal buffer 10 pl

Table 2.2 Reaction system of uridylation assay. (10x buffer: 200 mM HEPES, pH 7.8, 1000 mM
NaCl, 50 mM MgCl;, 0.5 uM ZnCl,, 50% Glycerol, 25 mM DTT, 2U RNAase inhibitor

(ThermoFlsher). TF buffer: 1% SDS and 0.5 mM EDTA, pH 8.0).
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Chapter 3 Characterization of TUT7
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3.1. Introduction

TUT7 participates in diverse biological pathways by mono- or oligo-uridylating target RNAs
including pre-let-7 miRNAs, histone mRNAs and piRNAs (Heo et al., 2009; Holmquist et al.,
2022; Lim et al., 2014; Zhao et al., 2022). Previous structural studies by Leemor Joshua-Tor’ s
group has presented the atomic details of the TUT7 Catalytic Module (CM) in complex with
various substrates including UTP, dsRNA, oligo-U2 and oligo-U5, indicating conformational
changes from the transient mono-uridylation state to an oligo-uridylation state (Faehnle et
al., 2017a). However, how the Lin28A interaction module (LIM) of TUT7 interacts with the zinc
knuckles region of Lin28A and pre-let-7 is still unclear. Therefore, | started exploring how
TUT7 catalyzes pre-let-7 with or without the presence of Lin28A by cryo-EM. Meanwhile,
given the significance of TUT7 as a tumor suppressor, | used X-ray crystallography aiming to
obtain well-diffracting crystals in the presence of potential inhibitors provided by a

collaborator for better understanding of their inhibition mechanisms.

As a result, by a high throughput (HTP) cloning and expression screening pipeline, high quality
TUT7_CM1 and _CM2 truncated proteins were obtained, and the crystal structure of
TUT7_CM2 was resolved at a resolution of 2.6 A. It was also shown that the TUT7_CM2 crystals
are reproducible. These crystals have been evaluated as a potential substrate for

determination of inhibitor complexes as part of a drug discovery programme.

Subsequently, | set out to explore how the full length TUT7 works on pre-let-7 in the presence
or absence of Lin28A. By HTP cloning and expression screening trials and optimization of the
purification protocol, the challenging full length TUT7 was successfully purified and showed
its specific enzymatic activity. Negative staining results showed that it has good quality
considering its homogeneity, and an obvious linker connects the LIM and CM indicating the

dynamic nature of this enzyme.

| further determined the cryo-EM structures of TUT7 apo, its binary complex with pre-let7g,
and ternary complex with pre-let7g and Lin28A at resolutions ranging from 3.6 A to 4 A.

These results reveal the conformational transitions from mono- to oligo-uridylation states.

75



The flexible parts of TUT7 were missing in the apo structure, although the NTD1 and NTD2 of
the LIM and CM respectively were resolved. In the binary complex, pre-let-7 was confirmed
to bind the catalytic pocket of TUT7_CM without the participation of the LIM zinc finger.
However, two distinct ternary complex structures were reconstructed. Complex 1
(conformation-1) had the CM missing (disordered), and presents a pre-oligo-uridylation let-
7 state in which the pre-miRNA has been captured, while Complex 2 (conformation-II)
revealed all of the integral components in a fully engaged complex, indicating an activated
state but remaining pre-oligo-uridylation as a result of the presence of CaCl; and UTPa S .
The zinc finger of TUT7 LIM was visualized in both structures, engaged with the pre-let-7 in
the presence of two zinc knuckles of Lin28A, an interaction missing in the TUT7 binary

complex structure without Lin28A.

This chapter provides the most advanced and systematic structural characterization of human
TUT7 targeting pre-let-7 miRNA of which | am aware, via combined techniques of X-ray
crystallography and cryo-EM, which presents a good model to explain how TUTases work on

pre-let-7 miRNA.
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3.2. Methods and Results

3.2.1. Design of TUT7 in both full length and truncated forms

For both X-ray crystallography and cryo-EM, proteins with high quality are necessary. TUT7
consists of multiple domains including two nucleotidyltransferase domains (inactive NTD1
and active NTD2), connected by a flexible region, three CCHC zinc knuckles motifs scattered
at the C-terminus, and a C2H2 zinc finger, which is located in the LIM module (Figure 3.1A).
Due to the previous failures in expressing full-length TUT7 and difficulties of obtaining decent
truncated forms from either insect cells or £ co/i, | initially attempted to express the TUT7 in
HEK293 by the transient transfection-secretion method (Aricescu et al., 2006), but | failed to
detect the expression of TUT7 by western blot. Aiming to obtain appropriately purified TUT7
protein, | used an HTP cloning and expression screening method based on £.coli strain KRX,
as outlined in Chapter 2. Before that | performed a secondary structure, prediction and
identified putative disordered regions of TUT7 using the online server PrDOS (Protein
DisOrder prediction System) (Figure 3.1B). Based on disorder probability, | designed a large
number of primers, which | used for HTP cloning and expression screening of TUT7 in diverse

forms (Table 3.1)
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Figure 3.1 Overview of human TUT7 A. Schematic representation of domains of human TUT7,
consisting of two nucleotidyltransferase domains (NTD1(blue) and NTD2(green)), zinc finger
(teal) and multiple zinc knuckle motifs (red star). B. Prediction of natively disordered regions
of human TUT7, analyzed by PrDOS, showing the potentially flexible regions including two

terminus and internal domain (Ishida & Kinoshita, 2007).

Primers Sequence
TUT7_IF TACTTCCAATCCATG GGCGATACCGCCAAGC
TUT7_194F TACTTCCAATCCATG GAGCAGGACGGCGATCTGG
TUT7_963F TACTTCCAATCCATG GTCGTGTGTAGCCTGTGTA
TUT7_973F TACTTCCAATCCATG CACCTGAAAAAGGACTGCC
TUT7-983F TACTTCCAATCCATG AAGAGGATCCAGCTCGAAC
TUT7 633R TATCCACCTTTACTGCT GTGAGGCAGGGCAAAGTAC
TUT7_643R TATCCACCTTTACTGCT AGGCTTCAGCAGGCTGCTC
TUT7_1336R TATCCACCTTTACTGCT GGTCAGCACGTCGGGGTCA
TUT7_1365R TATCCACCTTTACTGCT TTTCCGCCGCATGGGGCAA
TUT7_1494R TATCCACCTTTACTGCT GCTCTCTTGCTGTGTCCGC

Table 3.1 Primer sequences of human TUT7 used for HTP cloning.

78



3.2.2 Purification of TUT7_CMs

The gene of human TUT7 was synthesized to order by Thermo Fisher Scientific, and the
sequences of both amino acids and the DNA are provided in the Appendix. The HTP cloning

and expression screening of TUT7 CM constructs were carried out as follows.

Eight TUT7_CM truncated proteins, labelled from TUT7_CM1 to TUT7_CM8 individually, were
sub-cloned into pHGT-bio vector with a TEV cleavable 6x His tag at the N-terminus (vector,
a gift from SGC (now CMD), Oxford). The protein expression levels were first confirmed by
SDS-PAGE analysis of the whole cell lysate after cloning and sequencing (Figure 3.2A-B). Then,
they were expressed in KRX stain in TB medium containing kanamycin antibiotics at 37 °C for
8 hours followed by adding inducer Rhamnose at a final concentration of 0.1 % and culturing
for another 36 hours at 22 °C. They were subsequently purified on a small scale. The Tris
buffer-Ni used for Ni-NTA purification contained 20 mM Tris-base (pH 8.0), 500 mM NaCl, 5
mM MgCF’, 50 uM ZnCI* and 5% Glycerol. Bacteria cells were harvested by centrifugation at
5,000g, 25 °C for 10 mins. The cell pellets were resuspended using Tris buffer-Ni at the
corresponding volume (5 ml buffer for 1 g pellets), plus adding additional lysozyme,
homemade benzonase and imidazole at a final concentration of 1 mg/ml, 10 pg /ml, 20 mM
respectively. The lysate was sonicated in 5s-on-4s-off cycles for a total of 30 minutes and
then followed by centrifugation at 18,000 g, 4 °C for 40 mins. The supernatant was poured
into Ni-NTA columns (Sigma), which had been pre-equilibrated with Tris buffer-Ni containing
20 mM imidazole. Subsequently the columns were washed with 2x column volumes of Tris
buffer-Ni containing 20 mM imidazole and followed by elution with 2.5 ml Tris buffer-Ni
containing 300 mM imidazole, and the buffer of eluates were immediately exchanged using
a PD10 column (Sigma) aiming to remove the Imidazole. Then the TEV proteases were added
into protein solutions at a molar ratio of 1:20 and subsequently incubated at 4 °C overnight.
The next day, the protein solutions were poured into fresh Ni-NTA columns individually which
were pre-equilibrated with Tris buffer-Ni aiming to remove contaminated proteins, cleaved
GST tag and TEV proteases. The flow-through fractions containing target proteins were
examined by SDS-PAGE and seven TUT7_CMs were of good vyield and purity (Figure 3.2C).
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Then they were concentrated individually to perform size exclusion chromatography and
three TUT7_CMs were sufficient with a single peak on size exclusion chromatography and a
single band as determined by staining with Coomassie blue. They were candidates for the

subsequent crystallography trials (Figure 3.2D).

80



A. B. C.

12 3456 78 12 345 6 78 1 2 3 4 5 6 7 8

1.5k
kb

D.
2 6
67891011 (01/06) 67891011 (05/06)
| aaT | Pnses PR 02280 0m) P224P230 | P2BNPU | PURRUS2 P. .
] —— — e
im ¥ i § - I\ -
: \ H -~ [\ H
; N : i
L ! t. i—: 1
3
¢ » - » - s & L ° L » » © ) © »n L] » 100
3 ‘7:!:"“ 7 >
1 PIBTPIMT | PIMSPISE P '} PUST-PU6A  PUSSPUTS PGP PY. .
- _ . - i (il .
i“’ “ i i o /\A “ g
é »d Tw * [ o d
1 BHBMEE 1 : A, i
. i LI (R
o &
PR OR e ey Yme s e @ % e w e o™ o om owm ow
4 8 Volume (m) >
67891011 (0/06)
PUSLPYSS | PUS6PYTE | PUTI-PIET P. . NP1 naent P8P P1/30-PL :
—— e R Tl B o= T
£ i.\m i = * H
i / i [ »
PR H o4
H 1844854 i H H
< © s - 3
0o & ° 0o 3
° L x » - % “ » L » 0w ® » © 0 © » © L w
i Volume (ml) » Vohume (ml) >
- 67891011 (04/06)
PISIPISE | PSSP | PSPNE P2 .
]
T —
-
i A\ H
\ <
§ :
3

Figure 3.2 HTP cloning, expression and purification of TUT7_CMs A. Agarose gel
electrophoresis analysis of PCR products of TUT7_CMs. Lanes 1-8 present TUT7_CM1(963-
1336), TUT7_CM2(973-1336), TUT7_CM3(983-1336), TUT7_CM4(993-1336) TUT7_CM5(963-
1365), TUT7_CM6(973-1365), TUT7_CM7(983-1365) and TUT7_CM8(1004-1365) respectively,
same below. B. SDS-PAGE analysis of expression of TUT7_CMs. C. SDS-PAGE analysis of
recombinant TUT7_CMs eluted from IMAC using Ni-NTA columns. D. Size exclusion

chromatography profiles of TUT7_CMs.
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3.2.3 Crystallography of TUT7_CM

The TUT7_CM1 was purified on a large scale (6 Liters of TB medium) using the same protocol
referred to in section 3.2.2. 2 mg TUT7_CM1 from 6-liter TB medium with 95% purity were
obtained via batch Ni-NTA affinity chromatography and size exclusion chromatography on
Superdex 200 Increase 10/300 (GE) using HEPES buffer-GF1 containing 20 mM HEPES (pH
7.8) and 150 mM NaCl (Figure 3.3A-B). The homogeneous peak-fractions were pooled
together and concentrated to 28 mg/ml for subsequent crystallization trials. Using a Mosquito
nanofluidics machine and the sitting drop method, six commercial crystallization plates were
selected for coarse screens. All plates were then monitored by recording images on the Rock
Maker imager at 20 °C. TUT7_CM1 crystalised on the third day in various conditions. Then
two conditions (condition1 with 0.1 M NaCl 0.1 M Bis-Tris pH 6.5, 1.5 M ammonium sulfate,
overall pH 6.9. Condition2 containing: 0.1 M Bis-Tris pH 6, 0.4 M ammonium sulfate) were
optimized via additives based on the initial reservoir buffer conditions (Figure 3.3C-D). Larger
crystals appeared on the third day and were subsequently harvested at the seventh day to
perform diffraction experiments at the Diamond Light Source. The best resolution of the
crystals from both coarse screens and additive optimization was 4 A processed via the

multiple auto-processing pipeline ISPYB at Diamond.

To obtain high-resolution diffracting crystals, | then purified TUT7_CM2 on a large scale (6
Liters TB medium) using the same protocol as 3.2.2; TUT7_CM2 is a shortened version
compared to TUT7_CM1 in its C-terminal region. 2 mg TUT7_CM2 from 6-liter TB medium
with 95% purity were obtained and confirmed by size exclusion chromatography and SDS-
PAGE analysis (Figure 3.4A-B). The concentration used for crystallization trials was 20 mg/ml.
Six commercial crystallization condition plates from the Hampton research company were
selected for coarse screens using the sitting drop method. One condition (2.8 M sodium
acetate pH 7.0) with large and regular crystals was chosen to optimize its pH and salt
concentrations (Figure 3.3C). Both coarse screened and optimized crystals were harvested for
subsequent diffraction trials. In the optimized condition, the crystals diffracted to better than
2.6 A consistently. The auto-processing diffraction data from this condition were exported for

subsequent structure determination. The data were phased using the TUT7_CM apo structure
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(PDB:5WOB) as a search model via Phenix (Adams et al., 2002). Refinement was performed
using Coot (Emsley & Cowtan, 2004; Goddard et al., 2005; Lam & Siu, 2017) and Phenix
(Adams et al., 2002) and the structure analyzed by Pymol (Bramucci et al., 2012). The data
collection and refinement statistics for this TUT7_CM structure, refined to 2.6 A resolution, are

reported in the Appendix.

These crystals represent important starting points for studies of small molecule inhibition

mechanisms and structure-based drug design and refinement. It is hoped that these crystals

can be soaked with the inhibitors supplied by a commercial company (Figure 3.3D-E).
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Figure 3.3 Purification and crystallization of TUT7_CM1 A-B. Size exclusion chromatography
profiles and SDS-PAGE analysis of TUT7_CM1. Arrow indicates the correct homologous peak
and red line cuts off the fractions used for SDS-PAGE analysis. C. TUT7_CM1 crystals of coarse
screening (left) and additive optimization (right) obtaining from condition_1 (0.1 M NaCl 0.1
M Bis-Tris pH 6.5, 1.5 M ammonium sulfate, overall pH 6.9. Condition2 containing: 0.1 M Bis-
Tris pH 6, 0.4 M ammonium sulfate) D. TUT7_CM1 crystals of coarse screening (left) and

additive optimization (right) obtaining from condition_2 (2.8 M sodium acetate pH 7.0).
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Figure 3.4 Purification and crystallization of TUT7_CM2 A-B. Size exclusion chromatography
profiles and SDS-PAGE analysis of TUT7_CM2. C. Crystals of coarse screening (left) and
additive optimization (right) obtaining from condition_1 D. Overall structure of TUT7_CM2.
Blue and green color presents the nc-palm domain and finger domain respectively. The
purple dots are zinc ions. The nc-Palm domain (cyan) consists of five B-strands closely
wrapped by three a-helices, while the Fingers domain (green) has six a-helices. The two

domains are connected by a long a-helix.
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3.2.4 Purification of TUT7_LIM
Obtaining the LIM module of TUT7 was significant for exploring the interaction with Lin28A

and pre-let-7. The group of Kozo Tomita expressed the TUT4 LIM module (residues 254-723)
with a deletion of an internal putative disordered region, which crystalised and then led to a
2.4 A crystal structure (Yamashita et al., 2019). Based on this work and amino acid alignment,

two pairs of primers were design aiming to obtain TUT7_LIM with high quality.

The LIM module of TUT7 was sub-cloned into the pHGT-bio vector with a TEV cleavable 6x
His GST tag at the N-terminus. The expression was successfully assessed, and subsequently
small-scale purification was performed, as described in 3.2.2 (Figure 3.5A-B). 5 mg TUT7_LIM1
and 6 mg TUT7_LIM2 from 2-liter TB medium with 85% purity were obtained from IMAC using
Ni-NTA columns (Figure 3.5C), which were aliquoted and flash-frozen by liquid nitrogen

followed by storing in a -80 °C freezer for subsequent assay work.

~&= 70kDa

50 kDa

1.5kb
1 kb

Figure 3.5 Cloning, expression and purification of TUT7_LIM A. Agarose gel electrophoresis
analysis of PCR products of TUT7_LIMs. Lanes 1-2 show the TUT7_LIM1(194-643) and
TUT7_LIM2 (194-633) respectively, same below. B. SDS-PAGE analysis of expression of
TUT7_LIMs. A-b indicate different colonies. C. SDS-PAGE analysis of recombinant TUT7_LIMs

eluted from IMAC using Ni-NTA columns.
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3.2.5 Purification of Lin28
Human Lin28A_middle deletion (Lin28A_MD), Lin28A, Lin28B, Sumo_Lin28A constructs were

synthesized to order by Twist Bioscience. The sequences of both amino acids and DNA are

provided in the Appendix. Purification of Lin28A_MD was initially tried as follows.

The Lin28A_MD gene was amplified by PCR and sub-cloned into pHGT-bio vector with a TEV
cleavable 6x His tag at the N-terminus using the LIC method. Expression could be detected
by SDS-PAGE analysis and subsequently it was purified on a small scale (Figure 3.6A-B).
Lin28A_MD was expressed in KRX stain £. co/iin TB medium at 37 °C, in which Rhamnose was
added at a final concentration of 0.1 % when the ODsw of the strain reached around 0.8-1
followed by culturing for 36 hours at 22 °C. The bacterial cells were harvested by
centrifugation at 5,000 g, 4 °C for 10 minutes. Then, the cell pellets were resuspended using
Tris buffer-Ni with the corresponding volume (10 ml buffer for 0.5 g pellets) plus additional
lysozyme, homemade benzonase and imidazole at a final concentration of 1 mg/ml, 10 pl/ml,
20 mM respectively. The lysate was sonicated in 5s-on-4s-off cycles at 4 °C for a total of 30
minutes. After centrifugation at 18,000 g, 4 °C for 40 mins, the purification procedures
following were similar to those given in section 3.2.2. Finally, the Lin28A_MD was obtained
with high yield and purity after size exclusion chromatography (Figure 3.6C-E). However, the
ratio of 260 nm: 280 nm was significantly high, around 2. Agar gel electrophoresis confirmed
the presence of a high concentration of nucleic acid contamination (Figure 3.6F). Since both
the CSD domain and ZK domain have high binding affinity to RNAs, the presence of high
levels of nucleic acid contamination are not unexpected. To remove nucleic acid
contamination, two additional procedures were introduced into the purification protocol of
Lin28A_MD. First, PEI was added to the sonicated lysate at a final concentration of 1 mg/ml
and incubated on ice for 10 mins followed by centrifugation at 20,000 g, 4 °C for 60 minutes.
Another step was to perform anion exchange chromatography via a Q column (Sigma). Using
the optimized protocol, most of the nucleic acid contaminations were removed, which was
confirmed by Agar gel electrophoresis (Figure 3.6G-1). Although the ratio of 260 nm: 280 nm
was still around 0.9 indicating the presence of a small amount of nucleic acid contaminations,

the protein could be used for the following assay trials and cryo-EM experiments. Finally, 5
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mg Lin28A_MD from 6-liter TB medium with 95% purity were obtained, concentrated to 2
mg/ml, aliquoted into 1.5 ml EP tubes and flash-frozen using liquid nitrogen followed by

storage in a -80 °C freezer.

The recombinant Lin28A full length, Lin28B and sumo_Lin28A were subsequently constructed
with a TEV cleavable 6x His tag at the N-terminus and purified by reference to the Lin28A_MD
purification protocol (Figure 3.7A). The yields of Lin28A full length, Lin28B and sumo_Lin28A
were 2 mg, 1 mg and 1 mg respectively with 95% purity from 2-liter TB medium using Ni-NTA
affinity chromatography and ion exchange in small scale purification (Figure 3.7B-D), which
were aliquoted into 1.5 ml EP tubes respectively and flash-frozen using liquid nitrogen

followed by storage in a -80 °C freezer.
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Figure continues on next page
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Figure 3.6 Cloning, expression and purification of Lin28_MD A. Agarose gel electrophoresis
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analysis of PCR products of Lin28_MD. B. SDS-PAGE analysis of expression of Lin28_MD. C.
SDS-PAGE analysis of recombinant Lin28_MD eluted from IMAC using Ni-NTA column. D-E.
Size exclusion chromatography profiles and SDS-PAGE analysis of Lin28_MD, Arrow indicates
the correct peak and red line cuts off the fractions used for SDS-PAGE analysis, same below.
The peakl and peak2 show the monomeric and dimeric Lin28A_MD respectively. F. Agarose
gel electrophoresis analysis recombinant Lin28A_MD elution from IMAC from Ni-NTA column
and fractions from size exclusion chromatography. G. lon exchange chromatography profiles
and SDS-PAGE analysis of Lin28A_MD. Green curve and mud vyellow curve show the
concentration of buffer B and salt respectively. H. Size exclusion chromatography profiles and
SDS-PAGE analysis of Lin28A_MD. |. Agarose gel electrophoresis analysis recombinant
Lin28A_MD elution from IMAC using Ni-NTA column, fractions from ion exchange and

fractions from size exclusion chromatography.
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Figure 3.7 Cloning and purification of Lin28A_F, Lin28B and SUMO_Lin28A A. Agarose gel
electrophoresis analysis of PCR products of Lin28A, Lin28B and sumo_Lin28A, lanes 1-3
present Lin28A (1-209), Lin28B (1-250) and Sumo_Lin28A (1-301) respectively. B-C. SDS-

PAGE analysis of recombinant Lin28B, Lin28A and sumo_Lin28A from size exclusion

chromatography.
Primers Sequence

Lin28A_middleD_1F TACTTCCAATCCATG GGCTCTGTGTCCAACC
Lin28A_middleD_209R TATCCACCTTTACTGCT ATTCTGCGCCTCCGGCAGC
Lin28A_1F TACTTCCAATCCATG GGCTCTGTGTCCAACC
Lin28A 209R TATCCACCTTTACTGCT ATTCTGCGCCTCCGGCAGC
Lin28B_1F TACTTCCAATCCATG GCAGAAGGTGGAGCTT
Lin28B_250R TATCCACCTTTACTGCT GGTCTTCTTACGTTTCTGA
Sumol_IF TACTTCCAATCC ATGAGTGATCAAGAAGCTA
Sumo_Lin28A_medium_F GGTGGTCATAGCACCGTTAAGGCGGCGGAAGAGGC
Sumo_Lin28A_medium_R GCCTCTTCCGCCGCCTTAACGGTGCTATGACCACC

Table3.2 Primer sequences of human Lin28 used for LIC cloning.
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3.2.6 Purification of TUT7
3.2.6.1 Two-step purification

TUT7 full length or large truncated forms containing the two nucleotidyltransferase domains
were purified for subsequent cryo-EM trials, since both domains were essential for the
interaction with pre-let-7 and Lin28A. Three constructs were made, TUT7 1-1336 (T7F_NF1),
TUT7 1-1375 (T7F_NF2), TUT7 1-1495 (TUT7_F). They were all sub-cloned into pHGT -vector
with a TEV cleavable 6x His tag at the N-terminus and their expression levels were successfully
examined by SDS-PAGE analysis of whole cell lysate. Small scale purification used the same
protocol referred to in 3.2.2. The SDS-PAGE analysis results indicated the presence of targeted
proteins but with low yield and serious degradation issues. To increase the binding affinity
and obtain pure protein, a single Streptavidin-tag was selected aiming to obtain pure proteins.
The new Strep-tag was introduced to the C-terminus together with the design of new reverse
primers. The expression level of the new batch of TUT7_NFs were examined by SDS-PAGE
(Figure 3.8A-B). Meanwhile, the purification protocol was optimized into a two-step

purification as described in Chapter 2 and is shown as follows.
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Figure 3.8 Cloning, expression and purification of TUT7 near full length (NFs) A. Agarose gel
electrophoresis analysis of PCR products of TUT7_NF1, TUT7_NF2 and TUT7_F respectively in
lanes 1-3, same below. B. SDS-PAGE analysis of expression of TUT7_NF1, TUT7_NF2 and
TUT7_F individually. A-b indicate different colonies. C. SDS-PAGE analysis of recombinant

TUT7_NF1, TUT7_NF2 and TUT7_F eluted from IMAC using Strep resins.
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3.2.6.2 Purification of TUT7_MiniF

TUT7_MiniF was first expressed in KRX at 37 °C. The inducer Rhamnose was added into TB
medium at a final concentration of 0.1 % when the OD of the strain reached around 0.8-1
followed by culturing for 36 hours at 20 °C. The bacterial cells were harvested by
centrifugation at 5,000 g, 25 °C for 10 minutes. The pellets were resuspended using the Tris
buffer-Strep (100 mM Tris, pH 7.8, 300 mM NaCl, 5 mM MgClz, 50uM ZnCl;, 1 % Glycine, 1 %
Sucrose, 3 % Glycerol and 0.05 % Tween-20, as optimized conditions) with the corresponding
volume (10 ml buffer for 0.5g pellets), plus additional 10 pg/ml homemade benzonase and 2
mM PMSF. The lysate was sonicated followed by centrifugation at 20,000 g, 4 °C for 45
minutes. The sonicated lysate was incubated with Ni-NTA resins by rotating at 7 rpm, 4 °C
for 3 hours aiming for better binding. Then the lysate was removed by centrifugation at 1,000
g, 4 °C for 2 minutes, followed by thoroughly washing the resins with Tris buffer-Strep
containing 20 mM Imidazole. The fusion protein was eluted by Tris buffer-Strep plus 300 mM
imidazole. Elution fractions were examined by SDS-PAGE and pooled together followed by
adding TEV proteases at a molar ratio of 1: 20 and were incubated at 4 °C overnight. The next
day, the digested protein was incubated with Strep resins, which were pre-equilibrated by
Tris buffer-Strep. The binding procedure was done with rotating at 7 rpm, 4 °C for 5 hours,
and subsequently the resins were removed by centrifugation at 1,000 g, 4°C for 2 minutes.
The streptavidin resins were washed and eluted by Tris buffer-Strep or buffer containing 50
mM biotin respectively. The eluted fractions were confirmed with good purify, but the yields
were too low making it hard to perform subsequent ion-exchange or size exclusion
chromatography (Figure 3.8C). To obtain high vyields of protein, the protocol was further

optimized as follows.

The bacterial cell culture and lysate preparation procedures were the same as given above.
After centrifugation, the supernatant was poured into Falcon tubes (50ml) and TEV proteases
were added at a ratio of 1mg TEV proteases for 50ml supernatant followed by incubating at
4 °C overnight to cleave the 6xHis GST tag at the N-terminus. The next afternoon, streptavidin
resins pre-equilibrated with Tris-buffer-Strep were added into the TEV proteases digested
supernatant and binding facilitated by rotating at 7 rpm and 4 °C overnight. The following
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morning, the Falcon tubes were centrifuged at 1,000 g, 4 °C for 2 mins and then the
supernatant was poured out. The streptavidin resins were packaged into a column, followed
by washing with 10 ml Tris buffer-Strep per 1 ml streptavidin resins. The Strep-tag fusion
proteins were eluted by Tris buffer-Strep containing 50mM biotin and examined by SDS-
PAGE with high yield (Figure 3.9A). The eluted fractions contained contaminated proteins and
nucleic acids. Anion exchange by Heparin column was selected aiming to remove the
contaminations. The eluted fractions were confirmed by SDS-PAGE, showing better purity
(Figure 3.9B). Good fractions were pooled together and concentrated to perform size
exclusion chromatography. The peak fractions were examined by SDS-PAGE (Figure 3.9C).
The final yield of TUT7_miniF was 2 mg with 90% purity from 12-liter TB medium, which were
concentrated to 2 mg/ml. The concentrated proteins were aliquoted into 1.5 ml EP tubes and
flash-frozen by liquid nitrogen followed by storing in a -80 °C freezer for the subsequent

assays and cryo-EM trials.
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Figure 3.9 Purification of TUT7_mini full-length A. SDS-PAGE analysis of recombinant
TUT7_miniF eluted from IMAC using Strep resins. B. lon exchange chromatography profiles
and SDS-PAGE analysis of TUT7_miniF. Arrow indicates the correct peak and red line cuts off
the fractions used for SDS-PAGE analysis, same below. Green curve and mud yellow curve
show the concentration of buffer B and salt respectively. C. Size exclusion chromatography

profiles and SDS-PAGE analysis of TUT7_miniF.
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3.2.6.3 Purification of TUT7_Full length

The purification protocol of TUT7_F was similar to 3.2.6.2, while differences were as follows.

Due to the low yields of TUT7_F, a large batch of bacterial cells were cultured. A twin-Strep
tag was selected to replace the single Strep tag at the C-terminus to improve the binding
affinity of Strep-tag fusion protein to streptavidin resins. The purification protocol was again
a two-step purification. Importantly, fresh streptavidin resins from IBA commercial company
were used for each batch of purification, since regenerated streptavidin resins have inefficient
binding affinity confirmed according to the experience of a number of trials in the case of
TUT7 full length purification. Finally, different batches of eluted fractions were pooled
together for anion exchange and size exclusion chromatography. Peak fractions were
examined by SDS-PAGE and pooled together followed by concentration to 1 mg/ml (Figure
3.10A-C). The final yield of TUT7_F was 1 mg with 90% purity from 12-liter TB medium. The
concentrated proteins were aliquoted, flash-frozen and stored in the -80 °C freezer for

subsequent assays and cryo-EM trials.
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Figure 3.10 Purification of TUT7 full length A. SDS-PAGE analysis of recombinant TUT7_F
eluted from IMAC using Strep resins. B. lon exchange chromatography profiles and SDS-
PAGE analysis of TUT7_F. Arrow indicates the correct peak and red line cuts off the fractions
used for SDS-PAGE analysis. Green curve and mud yellow curve show the concentration of
buffer B and salt respectively C. Size exclusion chromatography profiles and SDS-PAGE

analysis of TUT7_F.
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3.2.7 Pre-let-7 RNA preparation and assay

The pre-let-7d was supplied by collaborators Dr Afaf el-Sagheer and Professor Tom Brown
from the Department of Chemistry, University of Oxford. Pre-let-7g was synthesized by the
GenScript Biotech Corporated. The RNA sequences are shown in Table 3.3, and the folding

of the pre-let-7 preparation is presented as follows.

The RNA powders were dissolved into RNAase free water and aliquoted into 200 ul PCR tubes
(40 pl for each of them). All tubes were flash-frozen by liquid nitrogen and stored in the -
80 °C freezer for future assays. RNA folding buffer consisted of 40 mM HEPES (pH7.5), 200mM
NaCl, 2 mM EDTA (pH7.5). One tube containing 40 ul pre-let-7 was taken out of the -80 °C
freezer and thawed at room temperature. Subsequently, tubes containing 40 ul RNA and 80
ul folding buffer respectively were put in a PCR machine with a temperature setting of 95 °C.
After heating 1 minute, 40 ul heated folding buffer was added into the pre-let-7 containing
tube, heated for another 2 minutes and then taken out. The tube was left at room temperature
for 45 minutes and then put on ice for the following trials. The RNA was sensitive to
degradation, so all tips and tubes needed to be sterilized and processed by DCEP water to

remove RNA nuclease.

TUT7_F was catalytically active as confirmed by biochemical assays referred to in the protocol
at 2.9 in Chapter 2. TUT7_F can only add oligo uridines to 3' of pre-let-7 in the presence of
Lin28A (Figure 3.11). Catalytically dead mutant TUT7_F (TUT7_FD), purified using similar
purification protocol of TUT7_F (not shown), presented neither mono-uridylation activity nor
oligo-uridylation activity (Figure 3.11). The active TUT7_F was considered qualified for

subsequent cryo-EM trials.
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RNA Sequence

Pre-let-7-d AGAGGUAGUAGGUUGCAUAGUUUUAGGGCAGGGAUUU
UGCCCACAAGGAGGUAACUAUACGACCUGCUGCCUUUU

UGAGGUAGUAGUUUGUACAGUUUGAGGGUCUAUGAUA
pre-let-7-g CCACCCGGUACAGGAGAUAACUGUACAGGCCACUGCC
UUGC

cY3-
let-7-2-5°CY3 UGAGGUAGUAGUUUGUACAGUUUGAGGGUCUAUGAUA
pre-let-/-g- CCACCCGGUACAGGAGAUAACUGUACAGGCCACUGCC
UUGC

Table 3.3 Sequences of RNAs used for assays and cryo-EM

TUTT_F TUT7_FD

2:0 5 10 20 0 5 10 20:20; 20 20 Mins

TUTases e T e e e .
Lin28A e e S BEE B B S
Pre-let-7 + 1+l + 1+l + 1+ +1+

8

Oligo-U

Mono-U ' ‘

pre-let-7 . - ' - - oW w

Figure 3.11 Uridylation of pre-let-7 by TUT7 in vitro. Mono-uridylation of pre-let-7 by TUT7_F
in the absence of Lin28A at timepoints: 0, 5, 10, 20 mins presenting in lanes 2-5. Oligo-
uridylation of pre-let-7 by TUT7_F in the presence of Lin28A at timepoints: 0, 5, 10, 20 mins
presenting in lanes 6-9. Lanes 1 and 10 show negative control with or without Lin28A. Lanes
11-12 present the uridylation of pre-let-7 by TUT7_FD in the absence and presence of Lin28A.
The reaction products were separated by 15% (w/v) polyacrylamide gel electrophoresis under

denaturing conditions.
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3.2.8 Assembly of TUT7 with pre-let-7 in the presence or absence of Lin28A

TUT7 was taken out from -80 °C freezer and melted on ice slowly. The TUT7 was mixed with
the folded pre-let-7 at a molar ratio of 1:1.5 and with UTP @ S with a final concentration of
100 uM plus 2mM CaCl.. The mixed sample was incubated on ice overnight. The second day,
the above sample was concentrated to 120 ul and injected into Superdex 200 Increase 5/150
(GE) after centrifugating at 15,000 g, 4 °C for 10 minutes. Size exclusion chromatography was
performed with HEPES buffer-GF2: 20 mM HEPES (pH7.8), 100 mM NaCl, 2 mM CaCl; and 2

mM DTT and the peak fractions were examined by SDS-PAGE (Figure 3.12A-B and E).

TUT7 was incubated with pre-let-7 using the same protocol above. The next day, Lin28A was
added to the TUT7/pre-let-7 mixture at a molar ratio of 1.5:1. After a 3-hour incubation on
ice, the sample was concentrated to 120 ul volume and injected into Superdex 200 Increase
5/150 (GE) which was pre-equilibrated with HEPES buffer GF2: 20 mM HEPES (pH7.8), 100
mM NaCl, 2 mM CaCl; and 2 mM DTT after centrifugation at 15,000 g, 4 °C for 10 minutes.

The peak fractions were examined by SDS-PAGE (Figure 3.12C and E).
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Figure 3.12 Assembly of TUT7 with pre-let-7 with or without Lin28A A. Size exclusion
chromatography profile of apo TUT7 in the presence of UTPaS. B. Size exclusion
chromatography profile of TUT7/pre-let-7 in the presence of UTPaS. C. Size exclusion
chromatography profile of TUT7/pre-let-7/Lin28A in the presence of UTPaS. D. Size exclusion
chromatography profile of PEGlylated TUT7 in the presence of UTPasS. The elution volumes
of peakl for apo TUT7, TUT7/pre-let-7, TUT7/pre-let-7/Lin28A and PEGlylated TUT7 are
1.62ml, 1.54ml, 1.52ml and 1.7ml respectively. E. SDS-PAGE analysis of apo TUT7, TUT7/pre-

let-7, TUT7/pre-let-7/Lin28A and PEGlylated TUT7 from size exclusion chromatography.
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3.2.9 PEGylation modification of TUT7

TUT7 is not only a small protein but also consists of several putatively disordered regions.
These cause alignment issues for particle images due to the low signal to noise ratio.
Optimization in buffer conditions and of the protein itself were attempted. Small particles
tend to stick to the air-water interface during vitrification, and in this project, a PEGylation
method was selected as it prevents the particles from sticking to the air-water interface where

they were prone to denaturation (Zhang et al., 2021). The PEGylation trial was as follows.

TUT7 was prepared in HEPES buffer: 20 mM HEPES (pH7.8), 100 mM NaCl, 2 mM DTT. NHS-
PEG4-Azide (Thermo Fisher) was added at a final concentration of 2 mM. The reaction was
incubated on ice for 2 hours, quenched by adding Tris buffer (pH 8.0) at a final concentration
of 50 mM and then concentrated to 120 pul followed by size exclusion chromatography on
Superdex 200 Increase 3.2/300 (GE) after centrifugation at 15,000g, 4 °C for 10 minutes. The
peak fractions were examined by SDS-PAGE, and subsequent qualified fractions were selected

for cryo-EM trials (Figure 3.12 D and E).
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3.2.10 Negative staining of TUT7
To identify the level of TUT7 homogeneity and quality for further investigation by cryo-EM

trails, | first performed negative stain EM imaging of the TUT7_miniF and TUT7_F. Particles
were uniformly dispersed, and particle sizes were observed as expected (Figure 3.14A, C). Raw
images were collected and around 9,000 and 15,000 particles were picked manually for
TUT7_miniF and TUT7_F respectively to generate 2D class averages (Figure 3.14B, D). The
features of TUT7_F suggest a ring-like conformation, indicating that the N- and C-terminal
regions may be in close contact with each other. Although little information can be obtained
from the negative stain EM analysis due to their low resolution, the sample quality has thereby

been confirmed as good in terms of particle size and distribution.

Figure 3.13 Negative staining of TUT7 A. Representative negative staining micrograph of
TUT7_miniF. B. Gallery of reference-free 2D class averages of TUT7_miniF. C. Representative

negative stain micrograph of TUT7_F. D. Gallery of reference-free 2D class averages of TUT7_F.
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3.2.11 Cryo-EM imaging of TUT7 on Glacios microscope

Given good negative staining results, | proceeded with cryo-EM trials of TUT7. Grids with
optimal ice thickness were successfully obtained (Figure 3.12A), on which the particles were
sufficiently mono-dispersed for analysis. 1,310 movies were collected using the Glacios
microscope at the Division of Structural Biology/Oxford Particle Imaging Centre, and around
300,000 particles were selected using manual and template-based picking and roughly
120,000 particles were selected from good classes via their 2D class averages to reconstruct
a TUT7 initial 3D model (Figure 3.12B). Six different classes were then generated in subsequent
hetero-refinement and one of them showed good quality with non-uniform refinement. The
structure of TUT7 was obtained at a resolution of 8.6 A. Overall, the “C-shaped”

architecture of TUT7 is slightly different from the “L-shape” human dicer (Liu et al., 2018b)

(Figure 3.12C-D).
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Figure 3.14 Cryo-EM analysis of TUT7 apo A. Representative negative staining micrograph of

TUT7 apo. B. Gallery of reference-free 2D class averages of TUT7 apo. C. Gold standard FSC

(0.413) curves for TUT7 apo reconstructions. D. Low-resolution model of TUT7 apo.
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3.2.12 Cryo-EM imaging of TUT7 on Krios microscope

The high-resolution model of TUT7 apo was difficult to obtain due to difficulty in performing
alignments and the damage to particles at air-water interfaces. An optimization strategy was
to label the TUT7 protein with NHS-PEG4-Azide (Thermo Fisher), which improved the
contrast of the particles significantly. Modified particles had better alignment than the
unmodified group. Both 2D class images and 3D model thereby gained significant
improvement, ultimately the TUT7 apo structure was determined at 4 A using the dataset
from the PEGylated sample Figure (3.13A-E). The obvious CM density was fitted with the
solved crystal structure of TUT7_CM2. Since there was no available crystal structure of
TUT7_LIM, the AlphaFold TUT7_LIM obtained from the AlphaFold Protein Structure Database
was used as a starting point (Q5TAX3). Both modules, the LIM and CM, docked well into the
map, except that the zinc finger in the LIM could not be fitted in due to the poor appearance
of the density, indicating the flexibility of that region. Both the N-terminus (1-202 aa) and C-
terminus (1365-1495) were missing, which was consistent with the disordered region
prediction. The docked model was then processed by multiple rounds of real-space
refinement in Phenix (Adams et al., 2002) and manual rebuilding in Coot (Emsley & Cowtan,
2004; Goddard et al., 2005; Lam & Siu, 2017)). The generated model was used for subsequent
analysis. To validate the quality of models, Fourier shell correlation (FSC) between the map
and the refined model was calculated (FSCsum). Then the model was compared to both first
half map (FSC work) and the second half map (FSC free) aiming to detect any signs of
overfitting. All figures were made using Chimera (Goddard et al., 2005), Pymol (Bramucci et

al., 2012) and Coot (Emsley & Cowtan, 2004; Goddard et al., 2005; Lam & Siu, 2017).

The binary complex and ternary complex samples obtained from 3.2.8 were used for cryo-
EM. Optimal grids were collected on a Krios microscope and processed by Cryosparc
(Punjani et al., 2017; Scheres, 2012), outputting a 3.7 A model for the binary complex and two
ternary complex models with resolutions at 3.8 A and 3.7 A. For the binary complex (Figure
3.14A-E), similar to TUT7_apo, the TUT7_CM2 and Alpha-fold TUT7_LIM were applied for
docking with an additional predicted pre-let-7g structure generated from ViennaRNA Web

Services (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). The docked model
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was then processed by multiple rounds of real-space refinement in Phenix (Adams et al., 2002)
and manual rebuilding in Coot (Emsley & Cowtan, 2004; Goddard et al., 2005; Lam & Siu,
2017). The generated model was used for subsequent analysis. With respect to the ternary
complex (Figure 3.15A-H), the Lin28A zinc knuckle domain was extracted from the solved
crystal structure (PDB:3TS2) and applied for docking into the ternary complex map. In addition,
the predicted pre-let-7g was used and fitted into the map. The docked model showed that
the stem region of the pre-let-7g, in particular, fitted fairly well to the map, but that there
were significant variations from the predicted structures in other regions. In early analysis, the
online normal-modes and Phenix (Adams et al., 2002) driven Namdinator server was used in

map interpretation (https://namdinator.au.dk/) but as the reconstruction resolution improved

a combination of manual rebuilding in Coot (Emsley & Cowtan, 2004; Goddard et al., 2005;
Lam & Siu, 2017). and real-space refinement in Phenix (Adams et al., 2002) were exclusively

used for subsequent analysis.
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Figure 3.15: Legend on next page
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Figure 3.15 Cryo-EM image processing workflow of TUT7 apo A. Representative raw
micrograph of TUT7 apo. B. Gallery of reference-free 2D class averages of TUT7 apo. C. Data
processing workflow of TUT7 apo. D. Gold standard FSC curves for TUT7 apo reconstructions.

E. Orientation distribution heat map of TUT7 apo.
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Figure 3.16 Cryo-EM image processing workflow of TUT7 with pre-let-7 A. Representative
raw micrograph of TUT7/pre-let-7 complex. B. Gallery of reference-free 2D class averages of
TUT7/pre-let-7 complex. C. Data processing workflow of TUT7/pre-let-7. D. Gold standard
FSC curves for TUT7/pre-let-7 complex reconstructions. E. Orientation distribution heat map

of TUT7/pre-let-7 complex.
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Figure 3.17 Cryo-EM image processing workflow of TUT7 with pre-let-7 and Lin28A A.
Representative raw micrograph of TUT7/pre-let-7/Lin28A complex. B. Gallery of reference-
free 2D class averages of TUT7/pre-let-7/Lin28A complex (related to conformation-I). C.
Gallery of reference-free 2D class averages of TUT7/pre-let-7/Lin28A complex (related to
conformation-Il). D. Data processing workflow of TUT7/pre-let-7/Lin28. E. Gold standard FSC
curves for TUT7/pre-let-7/Lin28A complex reconstructions (related to conformation-Il). F.
Orientational

distribution heat map of TUT7/pre-let-7/Lin28A complex (related to

conformation-Il). G. Gold standard FSC curves for TUT7/pre-let-7/Lin28A complex
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reconstructions (related to conformation-I). H. Orientation distribution heat map of

TUT7/pre-let-7/Lin28A complex (related to conformation-1).
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3.3 Discussion

The application of an HTP pipeline has benefited the successful purification of both full length
TUT7 and diverse truncated forms. Using X-ray crystallography, the TUT7_CM was resolved
at 2.6 A, and is therefore shown as a promising candidate for fragment screening trials (Li,
2020), thus providing a structural basis for drug design and potential binding pocket
prediction. Four cryo-EM structures containing TUT7 in diverse states reveal the uridylation

activity switching mechanism from mono-uridylation to oligo-uridylation.

There are still unclear aspects to the regulation of oligo-uridylation by TUTases. Since the
pre-let-7 we used currently belongs to group Il that has a 1-nt overhang in the 3' end and
the presence of 2 mM CaCl: blocks the uridylation activity, it is still unclear how TUTases work
on the pre-let-7 when fully active or when oligo-uridylating to create a longer poly-U tail.
Although we term conformation-Il of the two ternary complexes an “engaged complex”
for oligo-uridylation, it remains potentially pre-active. Uridylation activity states imaged
without CaClz and UTP a S or with pre-let-7g with different lengths of U-tails could be studied
in complex with the enzyme by cryo-EM to provide further mechanistic details. We reason
that TUT7 with substrates: pre-let-7+1U, pre-let-7+4U and pre-let-7+8U in the presence of
Lin28A should represent an appropriate selection of the continuous state changes to simulate
the whole oligo-uridylation process, showing us the different conformational changes
between LIM and CM domains. The obvious relative flexibility of the LIM and CM — particularly
highlighted by the capture complex (conformation-I) in which the CM is unresolved —
suggests a basis for moving along an extending U-tail for a LIM-bound pre-let-7g in the
process of oligo-uridylation. There are plans to study the structures of these representative

complexes in the near future.

116



Chapter 4 Characterization of TUT4
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4.1. Introduction

TUT4 is homologous to TUT7 in mammalian organisms. They both consist of multiple domains
and are involved in similar cellular processes. However, they have different distributions and
expression levels in diverse cells and tissues (Heo et al., 2008; Kim et al., 2015; Lim et al., 2014).
Kozo Tomita’ s group solved the crystal structure of the Lin28A interaction module (LIM) of
human TUT4, which is similar to the human TUT7_CM structure overall, but presents a
distinctive zinc finger, potentially binding RNA and Lin28A (Yamashita et al., 2019) — and, of
course, is catalytically inactive. A better understanding of the mechanism of the TUTases in
regulating RNA turnover would be greatly assisted by the structure of a full-length enzyme,
with or without RNA and Lin28A. This chapter is a parallel study to that on TUT7 and explores

the structures of TUT4 involved in uridylation regulation of pre-let-7.

| first obtained good quality TUT4_CM protein, which crystalised and diffracted to 4.5 A.
Optimization such as via varied buffer conditions and by generating truncated forms are
currently being investigated. The LIM truncated protein was purified successfully. Meanwhile,
the nanobodies S2A4 and CB11 were purified aiming to explore the potential interface with
TUT4_LIM and unravel how S2A4 blocks pre-let-7/Lin28A access to TUT4_LIM. The two
nanobodies were used in cryo-EM to stabilize the flexible TUT4, while the functional
nanobody S2A4 was mixed with TUT4_LIM for crystallography. The complex crystals diffracted

to 5 A and optimization trials are being currently performed.

In cryo-EM, | found TUT4 to be more flexible than TUT7, perhaps reflecting its greater
molecular weight and the associated presence of greater regions of disorder. Low-resolution
models of TUT4 with or without pre-let-7 and Lin28A show similar conformational transitions
from mono- to oligo-uridylation states compared to TUT7-containing cryo-EM structures

(see Chapter 3).

Recently, | reconstructed a high-resolution model of TUT4_miniF with pre-let7 and Lin28A
ternary complex at 3.7 A, from which the ternary complex interface was confirmed and in
which the significant "AGGAG” motif in pre-let-7 plays a crucial role in its formation. The
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low-resolution model of TUT4_F ternary complex with pre-let-7 and Lin28A indicates

additional densities and potentially novel conformational changes.

This chapter concludes that both TUT4_CM and TUT4_LIM/S2A4 crystals have the potential
to be optimized for high resolution diffraction and become candidates for inhibitor soaking
trials or providing the inhibition mechanism by solving the complex structure of
TUT4_LIM/S2A4. The cryo-EM results indicate TUT4_miniF ternary complex was in the pre-
oligo uridylation engaged state (equivalent to TUT7 ternary conformation-I) and there are
promising signs of being about to resolve TUT4_F ternary structures in novel states, revealing

a fuller story of TUT4 in uridylation regulation of pre-let-7.
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4.2 Methods and Results

4.2.1 Purification and crystallography of TUT4_CM

TUT4 consists of multiple domains including two NTDs, three zinc knuckles and a zinc finger
located in the TUT4_LIM. Compared to TUT7, TUT4 is larger, presenting additional challenges
in protein expression and purification (Figure 4.1A-B). Table 4.1 shows all primer sequences

used for HTP cloning and expression of TUT4 in diverse forms.

The gene of human TUT4 was synthesized to order by Thermo Fisher Scientific. The sequences

of both amino acids and DNA are provided in the Appendix.

TUT4_CM was sub-cloned into pHGT-bio vector with a TEV cleavable 6x His GST tag at the
N-terminus and purified by reference to the protocol at 3.2.2. However, the yields and purity
of TUT4_CM were inadequate for subsequent crystallography trials. The optimizing step was
to add a single Strep-tag onto the C-terminus of TUT4_CM, which can be included with the
redesign of the reverse primer (Figure 4.2A-B). As for TUT7, a two-step purification was
performed. Ultimately, high yield and pure TUT4_CM were obtained after a combination of
anion exchange chromatography and size exclusion chromatography. The homogenous peak
fractions were confirmed by SDS-PAGE (Figure 4.2C-E). Finally, 5 mg TUT4_CM from 10-liter
TB medium were obtained with 95% purity and concentrated to 20 mg/ml for subsequent
crystallography trials. Six commercial crystallisation condition plates were selected for coarse
screens using a Mosquito robot set up and sitting drop plates (TTP technology). The plates

were sealed and monitored in a Rock Maker imager at 20 °C.

One week after screens, small crystals appeared in conditions: 0.1 M BIS-TRIS PH5.5, 25 % w/v
PEG3350, 0.2 M lithium sulfate. The initial crystals were optimized by supplementing the initial
conditions with additives. Both initial and optimized crystals were harvested for diffraction
trials at Diamond Light Source (Figure 4.2F-G). The best crystals diffracted to 4.5 A. More
recently, another optimization of pH and salt concentrations was attempted, and bigger

crystals were obtained and are ready for diffraction testing.
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Figure 4.1 Overview of human TUT4 A. Schematic representation of domains of TUTA4,
consisting of two nucleotidyltransferase domains (NTD1 (blue) and NTD2 (green)), zinc finger
(teal) and multiple zinc knuckle motifs (red star). B. Prediction of native disorder regions of
human TUT4, showing the potentially flexible regions including two terminus and internal

domain, analyzed by PrDOS (Ishida & Kinoshita, 2007).
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Primers

Sequence

TUT4 1F TACTTCCAATCCATG GAAGAGAGCAAGACCCTGAAG
TUT4 _25F TACTTCCAATCCATG GCCGTGCAAGTGATCGGCAA
TUT4 49F TACTTCCAATCCATG AGCCCCAACAGAAACAGCAGCA
TUT4_254F TACTTCCAATCCATG GAGATGGACTACCTGGAAAACGC
TUT4_923F TACTTCCAATCCATG CACTCCAAGAACGACTGCCC
TUT4_943F TACTTCCAATCCATG ACCAACAGATTCCGCGAGAT
TUT4 537R TATCCACCTTTACTGCT CAGAGGAGGCTTCCGCTGTT
TUT4_723R TATCCACCTTTACTGCT CTTGAAGTCCACGGTGCTCTTGT
TUT4_1284R TATCCACCTTTACTGCT TGTCAGCACTCTGCTGTCGA
TUT4_1315R TATCCACCTTTACTGCT CAGCAGGCTCTTTCTCTTGGG
TUT4_1400R TATCCACCTTTACTGCT TGCACCTGATGAGGAGGCT
TUT4 1624R TATCCACCTTTACTGCT TGTGGCGCATCTGTCTTGG
TUT4 1644R TATCCACCTTTACTGCT CGGACACATTGCCTCTAGGAGG
S2A4 1F TACTTCCAATCCATG catatgaaatatttactac

SZA4_1 12R TATCCACCTTTACTGCT ttagctgetcacggtcace

CBI11_IF TACTTCCAATCCATG catatgaaatatttactac

CB_112R TATCCACCTTTACTGCT ttagctgetcacggteace

Table 4.1 Primer sequences of TUT4 and Nanobodies used for LIC cloning.
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Figure 4.2 Cloning, expression, purification and crystallization of TUT4_CM A. Agarose gel
electrophoresis analysis of PCR products of TUT4_CMs. B. SDS-PAGE analysis of expression
of TUT4_CMs. C. SDS-PAGE analysis of recombinant TUT4_CMs eluted from IMAC using Strep
resins. D. lon exchange chromatography profiles of TUT4_CM. Arrow indicates the correct
peak and the red line cuts off the fractions used for SDS-PAGE analysis, same below. Green
curve and mud yellow curve show the concentration of buffer B and salt respectively. E. Size
exclusion chromatography profiles and SDS-PAGE analysis of TUT4_CM1. Peakl shows the
aggregates volume and peak2 contains the soluble TUT4_CM1. F. TUT4_CM crystals of coarse
screening (left) and additive optimization (right) obtained from the condition 0.1 M BIS-TRIS

PH5.5, 25 % w/v PEG3350, 0.2 M lithium sulfate.
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4.2.2 Purification of TUT4 LIM
The LIM of TUT4 is significant for exploring the interaction with Lin28A and pre-let-7. Kozo

Tomita’ s group expressed the TUT4_LIM (254-723 aa) with a deletion of an internal putative
disordered region, which crystalised and then led to the determination of a 2.4 A crystal
structure (Yamashita et al., 2019). Based on this work and the secondary structure prediction,

| designed a set of primers for HTP cloning and expression of human TUT4_LIM.

The LIM of TUT4 was sub-cloned into the pHGT-bio vector with a TEV cleavable 6x His GST
tag at the N-terminus. Small scale purification was performed by reference to section 3.2.2
but failed to obtain pure proteins using Ni-NTA affinity chromatography and ion exchange.
Then a single Strep tag was added to the C-terminus and purified using the two-step
purification protocol referred to at 3.2.6.1 (Figure 4.3A-C). An issue for TUT4_LIM purification
was heat shock protein contamination with a molecular weight around 70 kDa. To solve it,
ATP at a final concentration of 5 mM was added to the sonicated lysate and incubated on ice
for one hour followed by centrifugation at 20,000 g, 4 °C for 45 minutes. After Ni-NTA affinity
chromatography, the eluted fractions were pooled together for ion exchange on an S column
(Cytiva) and subsequently pure fractions were selected for size exclusion chromatography.
Qualified proteins were obtained after anion exchange and size exclusion chromatography
(Figure 4.3D-E). Peak fractions with better than 95% purity were pooled together and
concentrated to 5 mg/ml with final yields of 5 mg from 10-liter TB medium. The concentrated
proteins were aliquoted and flash-frozen with liquid nitrogen followed by storing in a -80 °C

freezer for subsequent assays, crystallography and cryo-EM work.
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Figure 4.3 Cloning and purification of TUT4_LIMs A. Agarose gel electrophoresis analysis of
PCR products of TUT4_LIMs. B. SDS-PAGE analysis of recombinant TUT4_LIM1 eluted from
IMAC using Ni-NTA column. C. SDS-PAGE analysis of recombinant TUT4_LIM2 eluted from
IMAC using Strep resins. D. lon exchange chromatography profiles of TUT4_LIM1, Arrow
indicates the correct peak and red line cuts off the fractions used for SDS-PAGE analysis, same
below. Green curve and mud yellow curve show the concentration of buffer B and salt
respectively. E. Size exclusion chromatography profiles and SDS-PAGE analysis of TUT4_LIM1.

Peakl shows the aggregates volume and peak?2 contains the soluble TUT4_LIM1.

127



4.2.3 Purification of S2A4 and CB11

The genes of the S2A4 and CB11 nanobodies were synthesized to order by Twist Bioscience.
The sequences of both amino acids and DNA are provided in the Appendix. The purification

of nanobodies was as follows.

The S2A4 and CB11 were sub-cloned into pINC-MBP2 vector with a TEV cleavable MBP 6xHis
tag at the N-terminus (gift from the SGC (now CMD), Oxford) (Figure 4.4A-B). The purification
protocol was similar to 3.2.2. Both nanobodies had high vyield and purity in small scale
purification. Contaminating proteins including the MBP tag and TEV proteases were removed
by reverse IMAC using Ni-NTA column, followed by performing size exclusion
chromatography in HEPES-buffer-GF1. The peak fractions were confirmed by SDS-PAGE
(Figure 4.4C). 5 mg S2A4 with 95% purity and 3 mg CB11 with 70% purity from 3-liter TB
medium were obtained and concentrated to 2 mg/ml respectively. All aliquoted tubes
containing pure proteins were flash-frozen in liquid nitrogen and stored in a -80 °C freezer

for the following trials.
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Figure 4.4 Cloning, expression and purification of nanobodies A. Agarose gel electrophoresis
analysis of PCR products of S2A4 and CB11 in lanes 1-2, same below. B. SDS-PAGE analysis
of expression of S2A4 and CB11. C. SDS-PAGE analysis of recombinant S2A4 and CB11 from

IMAC using Ni-NTA columns.
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4.2.4 Crystallography of TUTALIM in complex with S2A4
S2A4 is a functional nanobody blocking the oligo-uridylation of TUT4 to pre-let-7 by

disrupting the ternary interaction in the presence of Lin28A, which has been confirmed to
bind the zinc finger of TUT4_LIM. The atomic details of a TUT4_LIM/S2A4 complex structure

would provide better understanding of the inhibition mechanism of S2A4 to TUTA4.

The purified TUT4_LIM and S2A4 were incubated on ice at a ratio of 1:1.5 for half an hour.
The mixed sample was concentrated and centrifuged before performing size exclusion
chromatography. Homogeneous peak fractions were examined by SDS-PAGE and pure
fractions were selected for subsequent crystallography trials (Figure 4.5A-B). TUT4_LIM:S2A4
was concentrated to 12 mg/ml and centrifuged before performing crystallographic coarse
screens. Six crystallisation condition plates from Hampton research were chosen for screening
using Mosquito robotic set up and sitting drop vapor diffusion. The screen plates were stored

and imaged in a Rock Maker imager at 20 °C.

Needle-shaped crystals were visualized in the second week, and optimization with additives
was performed around the initial conditions but bigger crystals could not be obtained. To
obtain better crystals, gradients of pH and PEG concentrations were prepared based on the
initial conditions. Two plates were made and stored at 4 °C and 20 °C individually. Bigger
needle-shape crystals were visualized in conditions consisting of 0.350 M Sodium di-
Hydrogen Phosphate and 0.650 M di-Potassium Hydrogen Phosphate at both 4 °C and 20 °C
(Figure 4.5C). Subsequently, the crystals were harvested and diffracted in the Diamond Light
Source with the best resolution 5 A. Another route to optimization would be to make shorter

versions of TUT4_LIM to crystalise with S2A4 and this exploration is under further investigation.

On the other hand, TUT4_LIM in complex with CB11 was prepared using the same protocol
given above for TUT4_LIM/S2A4. A 20 mg/ml sample was used for coarse screens and tiny
needle-shape crystals were obtained and later harvested for diffraction at the Diamond Light

Source. However, the best resolution was 8 A for both initial and optimized crystals (not
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shown). Other optimization strategies like seeding and additives were selected aiming to

obtain crystals with higher quality.
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Figure 4.5 Crystallisation of TUT4_LIM in complex with Nanobody S2A4 A-B. Size exclusion
chromatography profiles and SDS-PAGE analysis of TUT4_LIM/S2A4, Arrow indicates the

correct peak and red line cuts off the fractions used for SDS-PAGE analysis. C. Crystals of

TUT4_LIM/S2A4.
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4.2.5 Purification of TUT4_miniF construct

Initially, different TUT4 near full length truncated forms were confirmed for successful
expression (Figure 4.6 A-B). Then, TUT4_miniF, which consisted of the two
nucleotidyltransferase domains, was amplified followed by sub-cloning into pHGT-bio vector
with a TEV cleavable 6x His GST tag at the N-terminus, was chosen for large scale purification
due to its good yield. The first attempt at purification was by Ni-NTA affinity chromatography
using the protocol referred to at section 3.2.2. However, | failed to obtain protein of sufficient
quality due to the serious degradation with multiple bands in SDS-PAGE gel as determined
by Coomassie blue (not shown). Then, a Strep-tag was added to the C-terminus with design
of a new reverse primer. Again, a two-step purification protocol was followed. TUT4_miniF
formed oligomers (Faehnle et al., 2017a; Yamashita et al., 2019) and thus DTT was added to
the TUT4_miniF containing solution at a final concentration of 3 mM during all purification
steps. Pure TUT4_miniF was obtained after combined trials of anion exchange by heparin and
size exclusion chromatography (Figure 4.7A-C). Peak fractions with good purity were pooled
together and concentrated to 2 mg/ml. The final yield of TUT4_miniF was 3 mg with 90% purity
from 12-liter TB medium after size exclusion chromatography, which subsequently were
concentrated to 1.5 mg/ml. The concentrated proteins were aliquoted into EP tubes and
flash-frozen by liquid nitrogen followed by storing in a -80 °C freezer for subsequent assays

and cryo-EM trials.
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Figure 4.6 HTP cloning and expression of TUT4 near full length A. Agarose gel electrophoresis
analysis of PCR products of TUT4_NFs. Lane 1-6 present TUT4_NF1 (254-1315), TUT4_NF2
(254-1400), TUT4_NF3 (254-1649), TUT4_NF4 (1-1400), TUT4_NF5 (1-1624), TUT4_NF6 (1-
1649) respectively, same below. B. SDS-PAGE analysis of expression of TUT4_NFs. a-c

indicates different colonies.
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Figure 4.7 Purification of TUT4 mini full length (TUT4_miniF) A. SDS-PAGE analysis of
recombinant TUT4_miniF after IMAC using Strep resins. B. lon exchange chromatography
profiles and SDS-PAGE analysis of TUT4_miniF. Arrow indicates the correct peak and red line
cuts off the fractions used for SDS-PAGE analysis. Green curve and mud yellow curve show
the concentration of buffer B and salt respectively. C. Size exclusion chromatography profiles
and SDS-PAGE analysis of TUT4_miniF. Peakl shows the aggregates volume and peak?2

contains the soluble TUT4_miniF.
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4.2.6 Purification of TUT4_F
TUT4_F gene was amplified by PCR and sub-cloned into pHGT-bio vector with a TEV

cleavable 6x His GST tag at the N-terminus and a single Strep-tag at the C-terminus, which
was initially purified using the two-step purification protocol detailed elsewhere. However, |
failed to obtain useful amounts of purified protein due to the extremely low yields and serious
degradation issues. TUT4_F has a greater molecular size and is more flexible than TUT7_F,
potentially accounting for the expression issues of low yields and serious degradation with
multiple bands in SDS-PAGE gel as determined by Coomassie blue (not shown). Although |
elevated the purification scale to 48-liter TB medium, | still could not get enough protein.
Optimization was attempted aiming to obtain a high quality TUT4_F preparation. The key
modification was to add a twin-Strep-tag to the C-terminus of TUT4, which enhances the
binding affinity of TUT4_F to streptavidin resins greatly, and also to decrease the
concentration of NaCl to 150 mM. Considering there was a small amount of biotin in £.col
and its presence affected the binding process of TUT4_F to streptavidin resins, the biotin
blocking solution (BioLock, IBA) was added into the lysate and incubated for one hour before
centrifugation. Then after eluting from streptavidin resins, the eluted fractions were pooled
together and concentrated followed by size exclusion chromatography to remove most of
the aggregates (Figure 4.8A-B). The soluble peaks were examined by SDS-PAGE and pooled
together to perform anion exchange chromatography via a heparin column. This step was to
remove contaminated proteins and most of the nucleic acid contamination. The pure fractions
confirmed by SDS-PAGE were pooled together and concentrated to perform size exclusion
chromatography (Figure 4.8C). The series of chromatography steps improved the purity of
TUT4_F despite decreasing the final yield obtainable. In total, several batches of purified
TUT4_F were combined together for final size exclusion chromatography (Figure 4.8D). 1 mg
TUT4_F was obtained with 85% purity from 48-liter TB medium after size exclusion
chromatography and concentrated to 1 mg/ml. The concentrated protein was aliquoted and
flash-frozen by liquid nitrogen followed by storing in a -80 °C freezer for subsequent assay

and cryo-EM trials.
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Figure 4.8 Purification of TUT4 full length A. SDS-PAGE analysis of recombinant TUT4_F
eluted from IMAC using Strep resins. B. SDS-PAGE analysis of recombinant TUT4_F fractions
from size exclusion chromatography. C. lon exchange chromatography profiles and SDS-
PAGE analysis of TUT4_F. Arrow indicates the correct peak and red line cuts off the fractions
used for SDS-PAGE analysis, same below. Green curve and mud yellow curve show the
concentration of buffer B and salt respectively. D. Size exclusion chromatography profiles
and SDS-PAGE analysis of TUT4_F. Peakl shows the aggregates volume and peak2 contains

the soluble TUT4_F.
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4.2.7 Assays of TUT4

TUT4_miniF was catalytically active as confirmed by biochemical assays referred to in the
protocol at 2.9 in Chapter 2. TUT4_miniF can only add oligo uridines to 3' of pre-let-7 in the
presence of Lin28A (Figure 3.11). Catalytic dead mutant TUT4_miniF (TUT7_FD), purified using
similar purification protocol of TUT4_miniF (not shown), presented neither mono-uridylation
activity nor oligo-uridylation activity (Figure 3.11). The active TUT4_miniF was thus qualified

for subsequent cryo-EM trials.
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Figure 4.9 Uridylation of pre-let-7 by TUT4_minF in vitro. Mono-uridylation of pre-let-7 by
TUT4_miniF in the absence of Lin28A at timepoints: 0, 5, 10, 20 mins presenting in lanes 2-5.
Oligo-uridylation of pre-let-7 by TUT4_miniF in the presence of Lin28A at timepoints: 0, 5,
10, 20 mins presenting in lanes 6-9. Lane 1 and 10 show negative control with or without
Lin28A. Lanes 11-12 present the uridylation of pre-let-7 by TUT4_miniFD in the absence and
presence of Lin28A.The reaction products were separated by 15% (w/v) polyacrylamide gel

electrophoresis under denaturing conditions.
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4.2.8 Assembly of TUT4/pre-pre-let 7/Lin28A

The assembly of TUT4 with pre-let-7 with or without Lin28A uses the same protocol referred
to in 3.2.8. Generally, the TUT4_miniF or TUT4_F were incubated with the folded pre-let-7
overnight plus 100 uM UTPa S and 2 mM CaCl.. The second day, the mixed sample was
concentrated for size exclusion chromatography or incubated with Lin28A for 3 hours
followed by size exclusion chromatography. The homogeneous peak fractions of apo
TUT4_miniF/ or TUT4_F, TUT4_miniF/pre-let-7 or TUT4_F/pre-let-7, and TUT4_miniF/pre-let-
7/Lin28A or TUT4_F/pre-let-7/Lin28A were examined by SDS-PAGE (Figure 4.10A-C and E)
(Figure 4.11A-C). Good quality fractions were selected for subsequent assays and cryo-EM

trials.
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Figure 4.10 Assembly of TUT4_miniF with pre-let-7 with or without Lin28A  A. Size exclusion
chromatography profile of apo TUT4_miniF in the presence of UTPaS. B. Size exclusion
chromatography profile of TUT4_miniF/pre-let-7 in the presence of UTPasS. C. Size exclusion
chromatography profile of TUT4_miniF/pre-let-7/Lin28A in the presence of UTPaS. The
elution volumes of peakl for apo TUT4_miniF, TUT4_miniF/pre-let-7 and TUT4_miniF/pre-

let-7/Lin28A are 1.71ml, 1.66ml, 1.62ml respectively. D. SDS-PAGE analysis of apo TUT4_miniF,

TUT4_miniF  /pre-let-7 and  TUT4_miniF/pre-let-7/Lin28A  from size  exclusion
chromatography.
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Figure 4.11 Assembly of TUT4_F with pre-let-7 with or without Lin28A A. Size exclusion
chromatography profiles and SDS-PAGE analysis of apo TUT4_F. Arrow indicates the correct

peak and red line cuts off the fractions used for SDS-PAGE analysis, same below. B. Size

exclusion chromatography profiles and SDS-PAGE analysis of TUT4_F with pre-let-7. C. Size

exclusion chromatography profiles and SDS-PAGE analysis of TUT4_F with pre-let-7 and

Lin28A. The peakl contains the TUT4_F/Lin28A/pre-let-7 ternary complex and the peak?2

shows the excess Lin28A/pre-let-7.
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4.2.9 Assembly of TUT4 with Nanobodies: S2A4

The TUT4 structure in complex with S2A4 should reveal its inhibition mechanism, which will
be of further value in understanding TUT4/7 mechanism and druggability. To solve the
complex structure, TUT4 and S2A4 complex samples was prepared for cryo-EM single particle

analysis.

TUT4_miniF was incubated with S2A4 at a ratio of 1:1.5 on ice for an hour. The mixed sample
was concentrated, with which size exclusion chromatography was performed after spinning
down aggregates at 15,000 g, 4 °C for 10 minutes. The homogenous peak fractions were
examined by SDS-PAGE (Figure 4.12 A-B) and flash-frozen with liquid nitrogen followed by

storing in a -80 °C freezer for the subsequent cryo-EM trials.
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Figure 4.12 Assembly of TUT4_minniF with S2A4. Size exclusion chromatography profiles and
SDS-APGE analysis of TUT4_miniF with Nanobody-S2A4. Arrow indicates the correct peak
and red line cuts off the fractions used for SDS-PAGE analysis. Peakl contains the

TUT4_miniF/S2A4 and peak?2 presents the excess TUT4_miniF.
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4.2.10 Negative staining of TUT4

Negative stain EM trials were performed to check the quality of TUT4_miniF protein and
images collected for initial data processing. Around 10,000 particles were picked manually to
generate 2D class averages (Figure 4.13A-B). The gross features of TUT4_miniF appear the
same as for TUT7_F. The TUT4_miniF appeared to have a high degree of homogeneity and
was a good candidate for further assessment by advanced EM with Talos and Krios
microscopes. | purified the TUT4_F recombinant protein more recently in a large-scale
purification. Negative staining was performed to identify its quality and provide the rough
features of TUT4_F. Single particles were observed and around 15,000 single particles were
extracted to generate the 2D class averages (Figure 4.13C-D). The negative staining results

suggested good subsequent performance under cryo-EM analysis.

Figure 4.13 Negative staining of TUT4miniF and TUT4F A. Representative negative stain
micrograph of TUT4_miniF. B. Gallery of reference-free 2D class averages of TUT4_miniF. C.
Representative negative stain micrograph of TUT4_F. D. Gallery of reference-free 2D class

averages of TUT4_F.
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4.2.11 Grafix for assembling the ternary complex

To obtain complete ternary complex of TUT4_F with pre-let-7 and Lin28A, cross-linking with
glutaraldehyde was introduced to fix the dynamic ternary complex. A gradient of glycerol and
glutaraldehyde was prepared according to the molecular weight of target proteins and their
complexes (Stark, 2010) (Figure 4.14A). Buffer A contained 20 mM HEPES (pH7.8), 100 mM
NaCl, 2 mM CaClz, 2 mM DTT, 5% Glycerol and buffer B consists of 20 mM HEPES (pH7.8), 100
mM NaCl, 2 mM CaClz, 2 mM DTT, 30 % Glycerol plus 0.2 % glutaraldehyde. The gradient
solution was made using a Gradient Master 108 with the setting of 15°, 2 mins in a total
volume of 15 ml. Finally, 200 ul concentrated ternary complex, which was pre-assembled,
concentrated and centrifuged to remove aggregates, was added into the tube containing the
gradient solution. Ultracentrifugation was performed with the following settings: 40,000g, 4 °C
for 13 hours. The next day, tubes were taken out from the centrifuge and the equilibrated
solution was removed manually from the top layer to the bottom layer into 1.5 ml EP tubes,
in 500 pl aliquots. Then, 50 pl buffer C (1 M Tris, pH 8.0, 100 mM NaCl, 2 mM CaClz, 2 mM
DTT) was added to quench the reaction. All fractions were examined by SDS-PAGE (Figure
4.14B). The TUT4_F ternary complex samples were separated well as observed at and
represented by different bands (Figure 4.14B). The fractions with proteins of expected
molecular weight were selected for subsequent cryo-EM trials. Both grids made by
crosslinked or non-crosslinked samples respectively were imaged on a Talos microscope.
Compared to the complexes without crosslinking, those with had better contrast and
distribution obvious in the raw images. A small dataset was collected, which led to good 2D
classes. Further images were then collected on a Krios microscope with 3,000 movies captured,
followed by processing using Cryosparc (Punjani et al., 2017; Scheres, 2012) (Figure 4.14C-D).
However, poor alignment of particles was observed, causing blurring of the 2D class averages,
and therefore high-resolution details could not be resolved. We hypothesized this was due
to the nonspecific crosslinking for the ternary complex leading to a series of mixed states,
which could not be separated well during the data processing. Other strategies like PEGylation

of the ternary complex and graphene grids are currently under investigations.
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Figure 4.14 Grafix of TUT4_F with pre-let-7 and Lin28A A-B. Principle and workflow of Grafix.
C. SDS-PAGE analysis of cross-linking TUT4_F/pre-let-7/Lin28A fractions from Grafix. D.
Representative raw micrograph of TUT4_F ternary complex. E. Gallery of reference-free 2D

class averages of TUT4_F ternary complex.



4.2.12 Cryo-EM structures of TUT4 from Krios microscope

To resolve the structure of TUT4 complexed with pre-let-7g and Lin28A, we therefore
proceeded with analysis of the directly assembled complex without fixation. Good 2D class
averages could be obtained from the sample. Ultimately, two structures were determined at
3.7 A (Figure 4.15 A-E) and 12 A (not shown), respectively. The crystal structure of TUT4_LIM,
zinc domain of Lin28A and predicted pre-let-7g structure were docked into the cryo-EM
maps, before multiple rounds of real-space refinement in Phenix (Adams et al., 2002) and
manual rebuilding in Coot (Emsley & Cowtan, 2004; Goddard et al., 2005; Lam & Siu, 2017).
The two conformations obtained show slight differences in the region of the PRE loop of pre-
let-7, in which the lower resolution structure appears to show the CSD domain of Lin28A
binding to the PRE loop of the pre-let7-g. The overall structure is similar to the TUT7 ternary
complex (in conformation-I, capture complex) and like that structure both of the TUT4 ternary

complexes lack density for the TUT4_CM.

The TUT4_miniF and TUT4_miniF/pre-let-7 were imaged on a 200 kV Talos (not shown). The
processed 2D classification results of apo TUT4_minF show its similarity with TUT7 apo, in
which two blobs are connected by flexible parts. The pre-let-7 stem was visualized in the
binary complex of TUT4_miniF and pre-let-7 from the 2D classification results. The two
samples are scheduled for data collection on the Krios microscope aiming to obtain high-

resolution structures.

Finally, the serious degradation issues of the flexible TUT4 full length protein were solved. The
fractions with good quality ternary complex assembly were selected for cryo-EM trials. The
2D classification results show different 2D class averages compared with both TUT4_miniF
ternary complex and TUT7 ternary complex. This conclusion was confirmed by the low-
resolution model, as shown in Figure 4.16A-E. The TUT4_F ternary complex is similar to the
TUT7 ternary complex (in conformation-Il, the engaged complex) but shows additional
densities compared to it. These results indicate the urgency for obtaining a high-resolution
TUT4_F/pre-let-7/Lin28A ternary complex structure, which would show us more detailed

information especially for the unidentified densities.
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The functional nanobody, S2A4 was selected to stabilize the flexible TUT4, for both
TUT4_miniF and TUT4_F (not shown). However, no good 2D class averages were obtained
from the dataset collected on the 200 kV Talos. This seems reasonable since the S2A4 was
reported to bind the dynamic zinc finger of LIM so as to block the ternary interaction. | also
applied another nanobody, CB11 to the EM trials which would not disrupt the interaction at
low concentration. We hypothesized this nanobody may stabilize the ternary complex.
However, worse 2D class averages were obtained compared to the sample without CB11
addition. More biochemistry and cryo-EM work for this complex will be explored in the near

future.

145



C. 7077 movie stacks

Motion correction& CTF estamition

Exposure curation
A

6233 micrographs
Manual picking & Template picking 186,227 particles

2D classification
y Non-uniform refinement

744,687 Particles Refine 3D/CtfRefine/Polish

Initial model reconstruction

A‘ A
h o
K Juu @

D. E.
GSFSC Resolution: 3.694
1.0 100
—— No Mask (4.34) -3 —
—— Loose (3.94)
0.8 —— Tight (3.74)
—— Corrected (3 74)
102 ¢
0.6 5 @
3 E
@ 5
0.4 © 0
02
N\ 2 3 I
0.0 - B . B — . -n -3w4 -m2 -m4 O w4 n2 34 n
oc 16A £ 5.3A 4A 3.2A 27A Azimuth

Figure 4.15: Legend on next page
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Figure 4.15 Cryo-EM image processing workflow of TUT4_miniF with pre-let-7 and Lin28A A.
Representative raw micrograph of TUT4_miniF/pre-let-7/Lin28A complex. B. Gallery of
reference-free 2D class averages of TUT4_miniF/pre-let-7/Lin28A complex. C. Data
processing workflow of T TUT4_miniF/pre-let-7/Lin28A complex. D. Gold standard FSC curves
for TUT4_miniF/pre-let-7/Lin28A complex reconstructions. E. Orientation distribution heat

map of TUT4_miniF/pre-let-7/Lin28A complex.
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Figure 4.16 Cryo-EM image processing workflow of TUT4_F with pre-let-7 and Lin28A A.
Representative negative staining micrograph of TUT4_F/pre-let-7/Lin28A complex. B. Gallery
of reference-free 2D class averages of TUT4_F/pre-let-7/Lin28A complex. C. Data processing
workflow of T TUT4_F/pre-let-7/Lin28A complex. D. Gold standard FSC curves for
TUT4_F/pre-let-7/Lin28A complex reconstructions. E. Orientational distribution heat map of

TUT4_F/pre-let-7/Lin28A complex.
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4.3 Conclusion

Purified samples of the challenging TUT4 enzymes, including in both full length and truncated
forms were successfully obtained via different purification methods. These expressed forms
aided structural studies by X-ray crystallography and cryo-EM. Both the TUT4_CM and TUT4
LIM in complex with nanobody S2A4 diffract to 4.5 A and 5 A, respectively. Optimized trials
are under investigation aiming for high-resolution structure determination. On the cryo-EM
side, the successful determination of a truncated TUT4/pre-let-7/Lin28A ternary complex
enables us to visualize the interaction interface of proteins and RNA at a residue level. Other
cryo-EM trials, such as TUT4 full length with pre-let-7/Lin28A, show regions of density not
observed in other ternary complexes, indicating the urgent need for the determination of this

complex in more detail, and this is under investigation currently.

TUT4 and TUT7 have different distributions and expression levels in diverse cells and tissues
(Heo et al., 2008; Kim et al., 2015; Lim et al., 2014). Although the structures of TUT7 in diverse
states has been well studied already in work described in Chapter 3, TUT4 would be worth
exploring in complex with pre-let-7g in forms containing diverse U-tails at their terminus to
compare with complex structures of TUT7 for a better understanding of their uridylation
mechanism. Clearly, structural methods will continue to play an important role in exploring

for both TUT7 and TUT4 how the regulation of pre-let-7 maturation occurs.
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Chapter 5 Structural analysis of TUTases
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5.1 Introduction

Group Il pre-let-7 microRNAs require the addition of a mono-uridine to their 3' end by
TUTases TUT4 or TUT7, and subsequently can be efficiently processed by Dicer into mature
let-7 miRNAs (Heo et al., 2012). However, in the presence of Lin28A RNA binding protein,
both TUT4 and TUT7 add oligo-uridine tracts to the 3" end of a bound pre-let-7, whether
of group | (already in possession of a 2-nt 3"  overhang) or group Il. An exonuclease Dis312,
responsible for poly-U RNA degradation was confirmed to participate in the degradation of
the oligo-uridylated pre-let-7 miRNAs, leading to a low expression level of let-7 (Chang et
al., 2013; Faehnle et al., 2014; Ustianenko et al., 2013). To date, the mechanism for a switch
from mono- to oligo-uridylation has remained unknown, although it has been investigated
both in vivo and vitro and also been argued to involve a move from a distributive enzymatic
mechanism to a processive one (Heo et al., 2012; Piskounova et al., 2011; Thornton et al.,

2012; Yates et al., 2015).

To better understand the uridylation mechanism involved in the biogenesis of mature let-7, |
used single-particle cryo-EM to study the structures of the TUTases TUT4 and TUT7 with or
without pre-let-7 miRNA in the presence or absence of Lin28A (Chapters 3 and 4). The
recombinant wild-type human TUT7 full-length and human Lin28A were purified from £.coli.
The pre-let-7g was synthesized as the substrate for structural studies, and this pre-miRNA
transcript has been broadly used in previous studies of TUT4/7 activity (Faehnle et al., 2017a;
Yu et al, 2020). To reconstitute the TUT7/Lin28A/pre-let-7 holo ternary complex, the
recombinant TUT7 was mixed with Lin28A and pre-let-7 and the complex then purified by
gel-filtration chromatography. By a similar method, the TUT7/pre-let-7 binary complex was
obtained. Using the assembled sample complexes, | embedded the TUT7 particles in diverse
combinations in vitreous ice with good contrast and solved a series of cryo-EM structures of
TUTY in different functionally related states and with resolution ranging from 3.6 A to 4 A.

254-1315

To compare with TUT7, a truncated TUT4 , which is named TUT4_miniF in previous
chapters (TUT4 presented in this chapter indicates this truncated form), was purified from

E.coli and assembled with Lin28A and pre-let-7g before polishing by size-exclusion
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chromatography. | succeeded in reconstructing two models with slight differences in the PRE-
element region of the let7-g pre-miRNA. A high-resolution ternary complex was solved at
3.7 A and was similar to the TUT7 ternary complex in a conformation (conformation-I, capture
complex), in which the enzyme’ s catalytic module (CM) was flexible and unresolved,
unengaged with its 3° pre-miRNA target. Whereas a low-resolution module showed
additional densities in the pre-element regions, to which the cold-shock domain (CSD) of
Lin28A is expected to bind, and different from the binding of the Lin28A twin CCHC zinc
fingers observed in the TUT7 ternary complexes in both conformation-I and conformation-ll
(in which the TUT7 CM is engaged and resolved at the 3' end of the pre-miRNA, an

“engaged” complex).

Thus, in all, four structures determined are of TUT7; alone (apo), bound to pre-let-7g miRNA
(binary complex), and in two states with both the pre-let-7g miRNA and Lin28A. The fifth
structure is of human TUT4 bound with pre-let-7g and Lin28A. The cryo-EM data collection
and refinement statistics are reported in the Appendix. Together, the structures | describe
reveal the basis for mono- or oligo-uridylation via alternative enzymatic conformations and
protein-RNA interfaces, induced either by the selective binding of a pre-let-7 miRNA, or by
the initial binding of the pre-let-7 miRNA to Lin28A, followed by engagement of both the

pre-miRNA and Lin28A itself directly with TUT7/4.

152



5.2. Results
5.2.1. Cryo-EM structure determination of apo TUT7 and TUT7/4 complexes

As detailed previously, TUT4 and TUT7 are multi-domain enzymes whose specific targeting
of RNAs makes use of three zinc fingers, combined with two copies of a nucleotidyltransferase
domain (NTD), one inactive in the N-terminal half of the polypeptide (pseudo-NTD) and one
active in the C-terminal half (Figure 5.1A-B) (Yates et al., 2013; Yu & Kim, 2020). Structures
have previously been determined for the N-terminal Lin28A-interacting module (LIM) of
TUT4 including its pseudo-NTD domain (Yamashita et al., 2019), and for the C-terminal
catalytic module (CM) of TUT7 (Faehnle et al., 2017b), as well as for Lin28A bound with RNA
constructs representing pre-let-7d/f/g miRNAs (Nam et al.,, 2011; Wang et al., 2017). The
human TUT4 LIM (Yamashita et al., 2019) was found to have a very similar basic architecture
to that of the TUT7 CM (Faehnle et al, 2017b). The TUT4 LIM structure was however
distinguished by the presence of its zinc finger domain at the N-terminus which is
homologous to those of double-stranded RNA-binding zinc-fingers (Yamashita et al., 2019).
The TUT7 CM structure was previously solved crystallographically in apo and complex forms
with dsRNA, U2, U5 or UTP (Faehnle et al., 2017b). In these CM structures, the second TUT
zinc knuckle (ZK2) could be visualized bound with both U2 and U5. The diverse substrate
complexes revealed that the RNA-binding pocket orients a group |l pre-let-7 to favor mono-
uridylation, while the ZK2 of TUT7 is thought to aid oligo-uridylation by supporting the

extension of the oligo-U tail (Faehnle et al., 2017b).

Lin28, as a key regulator controlling the timing of developmental events and participating in
heterochronic processes, is highly conserved across diverse organisms (Moss & Tang, 2003).
In C. elegans, there is only one encoded Lin28 protein, while in humans there are two paralogs,
Lin28A and Lin28B (Moss & Tang, 2003; Piskounova et al., 2011). Lin28 proteins are comprised
of a cold-shock domain (CSD) and a zinc knuckle domain belonging to the zinc finger CCHC-

type (ZCCHC) superfamily (Figure 5.1C).
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As described, to better understand the uridylation mechanism involved in the biogenesis of
mature let-7, single-particle cryo-EM has been used to study the structures of TUT4 and TUT7

without and with pre-let-7g miRNA (Figure 5.1D), in the absence or presence of Lin28A.
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Figure 5.1. Cryo-EM structures of TUT7 in apo and binary complex with pre-let-7. (A) Human
TUT7 domain organization. (B) Human TUT4 domain organization. (C) Human Lin28A domain
organization. (D) Nucleotide sequence of pre-let-7g, presented in a predicted secondary
structure. (E) Overall structure of the TUT7 alone, shown as a 4 A cryo-EM density map and
cartoon representations in two views related by a 90° rotation, as indicated. A handed model
of TUT7 apo is presented at the upper right corner.The canonical palm and fingers domains
of the nucleotidyltransferase (NTD) canonical fold are colored as follows, N-terminal pseudo-
NTD (from LIM) red and pink and C-terminal NTD (CM) blue and cyan. (F) Overall structure
of the TUT7/pre-let-7g binary complex, shown as a 3.7 A cryo-EM density map and cartoon
representations of fitted coordinates and in two views related by a 150° rotation, as indicated.
TUT7 colored as in panel E, zinc-knuckle 1 orange, pre-let-7g yellow. (G) Cartoon model of
TUT7 in complex with pre-let-7g, highlighting the relative arrangements of domains in a C-

shape with the pre-miRNA. (H) Zoomed-in view of UTPasS within the catalytic pocket.
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5.2.2. Loose association between nucleotidyltransferase domains characterizes the TUT7

apo state

The TUT7 structure in an apo state at 4 A revealed an overall “C-shape” conformation
composed of two right-handed conformers (Figure 5.1E) distinct from the “L-shape” of
human Dicer which in addition remains similar in its conformation throughout its activity cycle
(Liu et al., 2018a). This difference suits Dicer's role asa “tape-measure” protein capable of
recognizing the length associated with a correctly-generated pre-miRNA, hence its need for
a fixed dimension, whereas the TUTs need to be able to function in two different modes
(mono- and oligo-uridylation) and, further, to be able to act processively on a bound pre-

miRNA substrate under the influence of Lin28A.

The two nucleotidyltransferase domains (NTDs) within TUT7 were both resolved in the apo
map. Surprisingly, there was no obvious density for the backbone link connecting the LIM and
CM, with only a small region of the linking density visible associated with the LIM (see later,
Figure 5.3A), and several other regions were undetermined due to likely flexibility as well.
Nevertheless, for maintenance of the distinctive “C-shape” structure, the two NTDs of the
enzyme must interact directly, albeit relatively weakly. The interface between the LIM and CM
is occupied by several non-polar and polar amino acids, indicating the likelihood of a
hydrophobic lateral interaction, as observed also in Dicer through the RNase llla and lllb
domains (Liu et al., 2018a). This model shows us for the first time the overall “C-shape” of

TUT7 (and we posit, TUT4) in a state prior to substrate binding.
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5.2.3. TUT7 alone binds pre-let-7g miRNA via end-capture of the target 3’ end

A 3.7 A map of TUT7 in a binary complex with a pre-let-7g (Figure 5.1F-G) shows the RNA
stem bound into the catalytic cleft of its CM, with the cytosine single nucleotide overhang at
the pre-miRNA 3 end and UTPaS bound and stabilized by the critical residues; F1045,
N1124, N1130, R1152, S1170, Y1171, H1286 (Figure 5.1H; Figure 5.3B) (H1286 is equivalent
to H336 in the yeast homolog that is known to be critical for uracil selection (Lunde et al.,
2012; Munoz-Tello et al., 2012; Yates et al., 2012)) . The let-7-g pre-element is oriented away
from the CM and, lacking contact with ordered protein structure, was found to be relatively
disordered, presumably due to some intrinsic flexibility. Compared to the above apo TUT7
model, a larger part of the TUT7 polypeptide region linking the LIM and CM, that includes its
zinc knuckle-1 (ZK1) region, was resolved (Figure 5.3C) with a defined but dynamic interface
between the LIM and CM domains (Moviel, Appendix). Interpretation of contacts made by
TUT7 with the RNA stem was assisted by modeling of its ZK1, which fitted well into a clearly
visualized but relatively low-resolution region of density (Figure 5.1F, Figure 5.3C). The ZK1
region had not been resolved in the previous structural study of the LIM alone (Faehnle et al.,
2017b), which instead provided an atomic model for ZK2, a region of TUT7 which supports
oligo-uridylation by engaging the extending U-tail (Faehnle et al., 2017b), but which is absent
from our structure. The roles of all three TUT4/7 zinc knuckles were probed in a recent NMR-
based study that made use of pre-let-7i as a target (Chaves-Arquero et al., 2021). While
binding of TUT4 ZK2 and ZK3 to RNA was shown, it was concluded that ZK1 had lost its ability
to interact with RNA due to two key mutations within its CCHC motif after the first cysteine
and the single histidine, where the relevant amino acids were mutated from a variable bulky
mostly hydrophobic residue to a serine (Chaves-Arquero et al., 2021). Alignment of the amino
acids of the three zinc knuckles of TUT7 (Figure 5.3D) showed the residue after the first
cysteine was serine, but the one after the histidine was leucine, different from the situation in
TUT4 where it is another serine (Chaves-Arquero et al., 2021). Nevertheless, in the binary
complex resolved, the lysine (K969) after the second TUT7 cysteine is shown to interact with
the U5 and G6 of pre-let-7 using its sidechain (Figure 5.3E). This reveals that one of the
functions for ZK1, at least in TUT7, is to recruit or stabilize pre-let-7 for mono-uridylation
through a direct interaction with its linker loop.
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Figure 5.2: Legend on next page
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Figure 5.2. Cryo-EM structures of TUT7 in complex with pre-let-7g and Lin28A. (A) Overall
structure of the TUT7/pre-let-7g/Lin28A ternary complex conformation-I, shown as a 3.8 A
cryo-EM density map and cartoon representation (C-terminal NTD (CM) fingers blue and
palm cyan; LIM zinc finger is colored sand, Lin28A zinc knuckle dark orange, pre-let-7g
miRNA yellow. (B) Cartoon model of TUT7/pre-let-7g/Lin28A ternary complex conformation-
| in two views related by a 90° rotation. Colors as in panel A. (C) Overall structure of the
TUT7/pre-let-7g/Lin28A ternary complex conformation-Il, shown as a 3.6 A cryo-EM density
map and cartoon representation. Colors as in panels A and B, plus TUT7 zinc knuckle 1 and
linker region in bright orange, and pseudo-NTD from the LIM (fingers red and palm pink). (D)
Cartoon model of TUT7/pre-let-7/Lin28A ternary complex-Il in two views, related by a 90°
rotation as indicated. Areas shown in expanded views below are boxed. (E) Zoomed-in view
of TUT7 ZK1 bound to prelet-7. The black dotted lines link atoms within 3.8 A of one another.
(F) Zoomed-in view of domain interaction between TUT7 LIM and TUT7 CM. The black dotted

lines link atoms within 3.8 A of one another.
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Figure 5.3: Legend on next page
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Figure 5.3. Structural details of TUT7 in diverse states. (A) Cartoon models of TUT7 in apo
state and bound with pre-let-7g miRNA (binary complex). Coloring as in Figures 5.1 and 5.2,
with density associated with the linking polypeptide region between the LIM and CM that
contains ZK1 shown in grey mesh. (B) Zoomed-in view of UTPasS within the catalytic pocket,
related to Figure 5.1H. (C) Cartoon models of TUT7 bound with pre-let-7g miRNA (binary
complex). (D) Sequence alignment of ZK1-ZK3 from TUT7 and TUT4; red asterisks highlight
the residues after the first cysteine and first histidine in the CCHC knuckle architecture,
respectively. (E) Close-up of K969 that follows the second CCHC motif cysteine interacting
with pre-let-7g in the binary complex. (F) As A and B for the TUT7 ternary complex in
conformation-Il, again showing the linker region density in grey mesh. (G) The alternative
interface found in the ternary complexes in which R970 and K969 interface with pre-let-7g

miRNA. (H) Close-up of the physical interface between the LIM and CM in the ternary complex.
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5.2.4. Lin28A modifies target pre-miRNA recognition by prior association

Two distinct conformations (-1 and -11) of the TUT7 ternary complex were resolved at 3.8A
and 3.6A resolutions, respectively. In conformation-I, most of the pre-let-7g could be
resolved. In this conformation, the RNA stem interacts with both the TUT7 LIM and pre-
element domain, while the let-7g *AGGAG” region coordinates with the zinc finger of TUT7
and zinc knuckle domain of Lin28A, forming a stable ternary complex (Nam et al., 2011)
(Figure 5.2A-B). In this conformation, despite a clear density for the pre-element, no density
was observed for the CSD of Lin28A, presumably due to the relative flexibility between the
LIM+Lin28A and pre-let-7g. Based on the position of the RNA, this complex is believed to
represent the initial step in oligo-uridylation, a “capture” state in which the pre-let-7 has

begun association with TUT7 but not yet completed its engagement.

In conformation-II (Figure 5.2C-D), the CM density missing in conformation-| due to intrinsic
flexibility could be entirely resolved as well as the LIM-CM linker region including the ZK1
domain (Figure 5.3F). R970 forms two hydrogen bonds with U13 and U14 in the RNA stem
while K969 binds the sugar backbone of G66 (Figure 5.2, Figure 5.3F) which is different from
the binary complex in which its sidechain instead interacts with U5 and G6 (Figure 5.3E). These
interactions aid the translocation of pre-let-7 to close the catalytic pocket of the CM and
stabilize the overall TUT7 conformation. The higher-resolution model enabled observation of
intramolecular interactions at a residue level, especially for the interface between the LIM and
CM. For example, a hydrophobic interaction formed by ring-stacked residues F389 and F1267,
and a H390-induced polar interaction with T1266 and T1272 stabilize the interface (Figure
5.2F, Figure 5.3H), thus also confirming the role of a similar interface in the TUT7 binary
complex (Figure 5.1F), and presumably the apo state also. Together, these interactions ensure

maintenance of the distinctive C-shape structure of TUT4/7.

Both models of ternary complexes revealed the ZK domain of Lin28A attached to its
“AGGAG™ recognition sequence in the pre-let-7 together with the zinc finger of the TUT7
LIM. To explore the potential conformational changes in the overall structure, a 3D
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conformational variability analysis was performed. The TUT7 LIM and Lin28A were found to
be stable, while the pre-element of pre-let-7g miRNA exhibited density that could be
assigned to a set of flexibly-related conformations. The angle between the pre-element and
RNA stem changed from around the initial (frame #1) 70° to a final (frame #20) 40° (Movie2,
Appendix). The finding was repeated via the same analysis for the ternary complex in
conformation-IlI (Movie3, Appendix). This result is consistent with a previous study, in which
it was concluded that in solution, the pre-let-7 alone may adopt different conformations with
various stem stabilities (Liu et al., 2018a), which is now observed in cryo-EM structures bound
to TUTY. Since the CSD was thought to bind in the pre-element region this may explain why

this density could not be resolved.

Altogether, comparison of the two TUT7 ternary complexes and the binary and apo structures
(Fig. 5.3A-1, Figure 5.4A-H) indicates that the presence of Lin28A has changed how the pre-
let-7 engages with the enzyme, directing it away from direct binding to the CM active site (as
in the binary complex) and towards a two-stage process in which, first, the LIM and Lin28A
capture the stem and pre-element, and then the CM engages with the 3'  end. Further details
of the first of these steps — the capture complex — were provided by determination of the

equivalent structure for TUT4, also with Lin28A and pre-let-7g.
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Figure 5.4: Legend on next page
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Figure 5.4. Structural comparison of TUT7 and TUT4 cryo-EM and crystal structures. (A-C)
Cartoon models of TUT7 in apo state, as a binary complex with pre-let-7g, and in ternary
complex with pre-let-7g and Lin28A (conformation-Il). Domains are colored as in the main
figures and zinc ions are blue spheres. (D) Superimposition of the TUT7 apo (white) and pre-
let-7-g bound cryo-EM structure from the TUT7/pre-let-7g/Lin28A ternary complex
conformation-Il (colored), aligning by the TUT7 CM. (E-F) Superimposition of the TUT7/pre-
let-7g binary complex (deep grey) and the TUT7/pre-let-7g/Lin28A complex conformation-
Il (colored), in two views related by 90° as shown, and aligning by the TUT7 CM. (G) Cartoon
model of TUT7/pre-let-7g/Lin28A ternary complex conformation-I. (H) Superimposition of
the TUT7/pre-let-7g/Lin28A complex conformation-| (pale green) and conformation-ll
(colored), aligning by the TUT7. (I) Cartoon model of the TUT4/pre-let-7g/Lin28A ternary
complex reported here. (J) Superimposition of the TUT7/pre-let-7g/Lin28A ternary complex
conformation-I (pale green) and TUT4/pre-let-7g/Lin28A ternary complex (colored), aligning
by the TUT4 LIM. (K) Crystal structure of the TUT4 LIM (PDB: 6iw6). (L) Superimposition of the

crystal structure of the TUT4 LIM (pink) and TUT4/pre-let-7g/Lin28A, aligning by the TUT4.
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5.2.5. TUT4 capture complex determined at higher resolution

A 3.7 A cryo-EM structure was obtained for the TUT4/Lin28A/pre-let-7 in the oligo-
uridylation capture state found also with TUT7 ternary conformation-I. This structure enabled
a clearer identification of the interactions between the LIM module of TUT4, Lin28A and the
pre-let-7 (Figure 5.5A). Although the CM of TUT4 is not well defined in the 3D map, density
apparently derived from it can be visualized in 2D class averages of the complex, roughly
oriented in the same view compared to the TUT4 ternary complex in conformation-I (Figure
5.5B), in line with this being a capture state prior to CM engagement with the open end of
the pre-let-7g. The *AGGAG™ recognition sequence from pre-let-7g was observed trapped
into a positively-charged pocket created by TUT4 and Lin28A (Figure 5.5C-D). Together with
the TUT7 ternary complexes this structure therefore provides the first demonstration that
TUT4 interacts directly with Lin28A, an up-to-now unresolved key question in the field. In this
ternary interface, a hydrophobic patch is formed between G276, L277, 1316 from TUT4 LIM
(which are conserved in TUT7) and prolines 156 and 168 of Lin28A (Figure 5.5E-F, Figure 5.6).
Overall, the structures of the TUT4 and TUT7 LIMs are very similar (RMSD 1.22 A over 302
core backbone Ca atoms, 2.18 A over all 380 pairs) (Figure 5.41-]). Compared to the crystal
structure of TUT4 LIM (Yamashita et al., 2019) (Figure 5.4K), the angle between the helices o4
in the zinc finger and a5 in the palm sub-domain is reduced by the binding of pre-let-7g

(Figure 5.4L).

The pre-let-7g is observed bound to three main interfaces in the TUT4 capture complex
(Figure 5.7A), which we have termed interface-1, interface-2 and interface-3 respectively
(Figure 5.7B-F). In interface-1, the TUT4 LIM P667, R669, R670 and N688 interact with A64
and G65 at their deoxyribose and phosphate group (Figure 5.7C). The pre-let-7 A17 and C18
backbone regions were bound by R327 and K321 respectively in the second interface region
(Figure 5.7D). Interface-3 is critical to the ternary interaction: in this region the zinc finger of
the TUT4 LIM is observed to bind the “AGGAG™ region of pre-let-7 and the two zinc knuckles
of Lin28A. The sidechains of four positively-charged residues R283, R286, H320 and K324

from the LIM participate in the interaction with G51, A52, G53 and A54 of the pre-let-7g
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(Figure 5.7E-F). Mutagenesis of TUT4 (Figure 5.8A) in interfaces -2 and -3 abolished the
enzyme' s capacity to oligo-uridylate pre-let-7 in the presence of Lin28A (Figure 5.8B-D),
due to a much-reduced ability to form a TUT/pre-let-7g/Lin28A ternary assembly (Figure
5.8E). Although mutations in the interface-1 affected the formation of ternary complex (Figure
5.8E), they did so less than interface-2 and -3 mutations, and still permitted oligo-uridylation,
albeit with a lower efficiency compared to wild-type (Figure 5.8B). However, all mutants were
shown to add a single uridine to pre-let-7g in the absence of Lin28A (Figure 5.8B). It is
surprising that mutations in the ZK1 region which binds to the RNA stem in the TUT7 ternary
conformation-Il, had no effect on oligo-uridylation activity (Figure 5.8B, E). But it is notable
that the key interactions observed in TUT4 complexes involve residues conserved in TUT7,
with the one notable difference that L691 in human TUT4 is P613 in TUT7, and is a polypeptide
locus in interface-1 besides U16 of pre-let-7g; and otherwise only the conservative
substitution of R669 in human TUT4, for K591 in TUT7 (Figure 5.6). It is notable that higher-
order assemblies of TUT4/pre-let-7g/Lin28A can be observed in the shift assays testing
complex assembly in the presence of mutations in the three interfaces (Figure 5.8E) and a
concentration-dependent formation of these larger complexes was confirmed by titrating

pre-let-7g with Lin28A and TUT4 alone and together (Figure 5.8F).

The two zinc knuckles of Lin28A interact with the “AGGAG™ motif of pre-let-7g, in a similar
way to the previously-solved isolated complexes (Loughlin et al., 2012; Nam et al., 2011).
Based on these structures, it was concluded that the double zinc knuckles motif recognizes
two AG dinucleotides separated by a single nucleotide spacer (Loughlin et al., 2012; Nam et
al., 2011). Perhaps due to the use of a modified RNA sequence mimicking the full pre-let-7g,
the exact basis for recognition observed differed from the one identified here. In the
previously solved crystal structures the Lin28A ZK1 binds with the A54 of pre-let-7g via a
hydrogen bond from the Y140 sidechain, whereas we observe the tyrosine binding with G51,
A52 and G53 (Figure 5.7A,E). In all, the pre-let-7 miRNA is sandwiched between Lin28A and
the TUT4 LIM (Figure 5.5C-D, Figure 5.7B-F, Figure 5.9A) as it was in the TUT7/pre-let-

79/Lin28A complex (Figure 5.9B-C) and so as to engage with the pre-miRNA in a
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fundamentally different way to that observed for the binary TUT7/pre-let-7g complex set for
mono-uridylation (Figure 5.9D). The binding mode and overall conformation of the pre-let-
7g miRNA appears to be remarkably consistent in all three Lin28A-containing complexes
(Figure 5.9A-C), apparently due to the LIM/Lin28A clasp (Figure 5.7F) and other key interfaces
shown by mutational data to be the specific interactions responsible for ensuring efficient and

processive oligo-uridylation.
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Figure 5.5: Legend on next page.
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Figure 5.5. Cryo-EM structure of TUT4 in complex with pre-let-7g with Lin28A. (A) Overall
structure of TUT4/pre-let-7/Lin28A, shown as a 3.7 A cryo-EM density map and cartoon
representations in four views, related by 90° and 180° rotations, as shown. Colors are as
previously: pseudo-NTD (LIM) fingers and palm cyan and blue respectively, LIM zinc finger
and linking density towards CM is colored sand, pre-let-7g yellow and Lin28A zinc knuckle
dark orange. (B) A typical 2D class average representing the poorly-resolved density from the
CM (marked by a red arrowhead). (C) Electrostatic surface potential of TUT4/pre-let-
79/Lin28A. The positively and negatively charged regions are colored from blue to red
respectively. (D) Zoomed-in view of the pre-let-7g 50GGAGA54 region in a positively
charged pocket created by the TUT4 zinc finger and zinc knuckle domain of Lin28A (black
dashed arrows). € Cartoon model of TUT4 /prelet-7g/Lin28A ternary complex, colors as in
other panels. (F) Zoomed-in view of TUT4/Lin28A interface. Black dotted lines mark distances
atoms within 3.8 A and the magenta dotted line shows the distance between two atoms of

3.8-4 A
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Figure 5.6. Sequence alignments of TUTs and Lin28A. (A) The amino acid sequences of human
TUT4 (HsTUT4) and TUT7 (HsTUT7) are aligned with those of the TUT4 or TUT7 proteins from
other organisms: California sea lion, Cow, Little brown bat and Xenopus laevis. Secondary
structural elements revealed by TUT7 structure determined in the present study, are depicted
above the sequences, with a-helices and B-sheets shown as cartoon helices and arrows,
respectively. Conserved interaction site residues are shaded while nonconserved interaction
site residues are colored and unshaded. (B) The amino acid sequences of human Lin28A
(HsLin28A) is aligned with those of the Lin28A proteins from other organisms: California sea

lion, Cow, Little brown bat and Xenopus laevis.
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Figure 5.7. Pre-let-7 recognition by TUT4 and Lin28A. (A) A schematic of pre-let-7
recognition by TUT4 and Lin28A, based on the structure reported here (see also Figure 5.5).
(B) Structure of TUT4/Lin28A bound to pre-let-7g. C-F. Zoom-in views of the different

interfaces bound to pre-let-7g: interface-1 (C), interface-2 (D) and interface-3 (E, F).
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Figure 5.8. Effects of mutants at the TUT4/pre-let-7g interface on uridylation activity. (A) SDS-
PAGE of recombinant TUT4 wild type and its mutants. (B) In vitro uridylation of pre-let-7 by
wild-type TUT4 and mutants, in the absence or presence of Lin28A, as indicated. Pre-let-7 =
substrate; pre-let-7-U = synthetic mono-uridylated product as marker. (C) Relative oligo-
uridylation activity of wild-type or the indicated mutant TUT4 enzymes. Error bars: standard
deviations. (D) In vitro uridylation of pre-let-7g by TUT4 and its variants in the presence of
Lin28A. (E) Electrophoretic mobility shift assay of pre-let-7g for wild-type TUT4 and mutants
in the absence or presence of Lin28A. (F) Electrophoretic mobility shift assay of pre-let-7g

with increasing concentrations of Lin28A alone, TUT4 alone, and Lin28A+TUT4 together.
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Figure 5.9. Density maps for the bound pre-let-7g in diverse states from TUT7 and TUT4 (A)
Overview of the TUT4/pre-let-7g/Lin28A complex with density for the pre-miRNA alone
displayed. Protein regions are colored as elsewhere. (B) TUT7/pre-let-7g/Lin28A in

conformation-I. (C) TUT7/pre-let-7/Lin28A in conformation-Il. (D) TUT7/pre-let-7g binary

complex.
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5.2.5. A mechanism for switching between mono- and oligo-uridylation in TUT4/7

Together the structures determined have shown that Lin28A induces a large conformational
change, including of the CM and the Zinc finger in the LIM, on engagement with pre-let-7g
miRNA and TUT4/7. After binding to pre-let-7g/Lin28A, the zinc finger in the TUT7 LIM was
observed with good density, whereas it was unobserved in TUT7 apo or binary states because
of mobility/disorder (Figure 5.4A-C, G). In the TUT4 ternary complex similarly the LIM was
well-resolved in complex with Lin28A and pre-let-7g miRNA (Figure 5.41). Where pre-let-7
miRNA was shown to be flexible it was previously found to form a fixed conformation within
the context of a ternary Dicer complex incorporating TRBP (Liu et al., 2018a); similarly a well-
ordered pre-let-7g conformation was observed here after TUT4/7 binding alongside Lin28A.
Overall, the role of Lin28A appears to be to (i) directly interact with the pre-let-7 miRNA; (ii)
to enable the LIM Zinc finger to also bind to the pre-let-7 RNA (since this interaction is absent
in the TUT7 binary complex); (iii) to directly interact with the TUT LIM domain as well. The
structures of TUT7 and TUT4 bound to pre-let-7g miRNA and to Lin28A allow us to propose

a mechanistic model for mono-uridylation and for oligo-uridylation, as follows (Figure 5.10).

In the mono-uridylation process, the TUT7 alone presents a pre-state (Figure 5.1E, Figure
5.10A(i)). Next, TUT7 recruits the pre-let-7, binding its open stem (binary complex, Figure
5.1F). The catalytic pocket engages with the 3' end of the RNA, while the ZK1 binds to the
RNA stem via key residue K969 (Figure 5.3E). This stabilized state aids the addition of a single
uridine, indicating the binary complex we observe as an engaged active state (Figure 5.10A(ii)).
Finally, the mono-uridylated pre-let-7 becomes unstable, which subsequently leads to the
release of product (Figure 5.10A(iii)). In the presence of Lin28A the order of events during
pre-let-7 capture and engagement changes. The pre-let-7 firstly binds to Lin28A and then
recruits the TUT enzyme via binding to the LIM as a capture complex (Figure 5.2A-B, Figure
5.5, Figure 5.7, Figure 5.9, Figure 5.108B(i-iii)), before engagement of the CM with the open
stem and 3' end (Figure 5.2C-F, Figure 5.10B(iv-v)). By altering the mode of binding, the
intervention of Lin28A enables a much more extensive engagement with pre-miRNAs than in

its absence. By defining different ways in which TUT4/7 interact with pre-let-7 miRNAs in the
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absence and presence of Lin28A our structures provide a mechanistic basis for understanding
the role played by Lin28A in driving oligo-uridylation and downstream degradation of pre-
miRNAs. They also show for the first time that Lin28A forms direct contacts with TUT4/7 as

well as with its target RNA.
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(ii) Mono-uridine addition (iii)) Mono-uridylated RNA release
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Figure 5.10. Proposed models of mono-uridylation and oligo-uridylation. (A, i) The pre-let-7
is initially recognized by apo TUT 4 or 7 and subsequently the substrate is Mono-uridylated
to add a single UMP to its 3'  end, resulting in a mature Class Il pre-let-7 miRNA. (A, ii-iii)
The mono-uridylated pre-let-7 is then released due to the distributive activity of TUT4/7 in
the absence of Lin28A. (B, i-ii) In pre-state-0, the pre-let-7 is initially recognized by Lin28A.

(B, iii) In pre-state-1, the binary complex of pre-let-7/Lin28A recruits the zinc finger of the
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TUT to form a ternary complex near the critical let-7 pre-miRNA GGAG binding region. This
is equivalent to TUT7 conformation-I (Figure 5.2) and to the TUT4 complex (Figures 5.5 and
5.7). (B, iv) In the active state, the 3' end of pre-let-7 is bound into the catalytic pocket of
the TUT CM, stabilizing its orientation with respect to the TUT LIM, pre-let-7 miRNA and

Lin28A. (B, v) The oligo-uridylated pre-let-7 is released as its attachment becomes

destabilized.
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5.3. Discussion

The uridylation mechanism of pre-let-7 by TUT4/7 involving the activity switch from mono-
uridylation to oligo-uridylation has been proposed in previous studies (Balzeau et al., 2017,
Menezes et al., 2018). The CM alone favors addition of a single uridine to the group Il pre-
let-7 by an unstable interaction, and this state is distributive in its activity and only forms
transitory complexes without the assistance of Lin28A. Thus, in the absence of Lin28A, TUT4/7
function similarly — as previously discussed — to the homologous single-NTD yeast enzyme
Cid1. Without Lin28A, the mono-uridylated pre-let-7 would release before the occurrence of
oligo-uridylation, while with Lin28A oligo-uridylation occurs (Heo et al., 2012). Lin28A
regulates this “activity switch” , we now show, by recruiting the TUT zinc finger to the

“AGGAG” motif of the pre-let-7 and forming a stable ternary complex, which supports
processive oligoU addition by the CM. The ZK2 of TUTs aids this process by engaging the U
tail (Faehnle et al., 2017a; Yamashita et al., 2019). Previous studies could not provide answers
to questions such as, how Lin28A affects the LIM of TUTases and how the latter interacts with

pre-let-7. This work provides important steps towards answering such questions.

The five solved cryo-EM structures of the TUTases in different states enabled an analysis of
the uridylation mechanism and identification of the ternary interactions occurring among
TUTases, pre-let-7 and Lin28A. The two TUT7 ternary complexes presented different
relocating states before oligo-uridylation has occurred. However, due to the flexibility of the
TUT7 enzyme, there were still around 700 aa residues which could not be reconstructed, the
study of which is a very challenging mission for studies of the future. Given the ways in which
engagement with pre-let-7 and with Lin28A has been shown here to affect the relative
order/disorder of TUT4/7, it is quite possible that resolving the missing (to date disordered)
regions of TUT4/7 will require determination of their structures with other co-factors and
substrates bound, which might relate to their roles regarding other aspects of RNA silencing
and mRNA turnover or to the role identified for them in suppressing viral replication, or

another biological role entirely.

The findings summarized in this chapter provide a framework for understanding the effects
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of TUT4/7+Lin28A on pre-miRNAs, and thus for the role played by TUT4/7 and Lin28A in a
wide range of cancers (Fu et al., 2014, Hagan et al., 2009; Hallett & Hassell, 2011; Heo et al.,
2009; Kim et al., 2020; Medhi et al., 2022; Piskounova et al., 2011; Thornton & Gregory, 2012,
Ustianenko et al., 2018; Zhao et al., 2014), indicating the potential to tackle TUT inhibition by
targeting the key residues interacting with pre-let-7 and Lin28A as a treatment regulating the
expression of let-7 for cancer patients in clinical research of the near future. However, it
does not show how TUT4/7 target histone mRNAs (Lackey et al., 2016), or a broader range of
MmRNAs (Lim et al., 2014) including that of interleukin-6 (IL6) (Jones et al., 2009). Further
studies will be needed to provide an equivalent mechanistic understanding for TUT4/7
targeting these alternative substrates, and a more detailed understanding of the molecular

basis for the critical and varied roles played by these enzymes in cell biology (Yu & Kim, 2020).
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Chapter 6 Conclusion
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6.1 HTP method for TUTases study

Due to the difficulties of expressing flexible human TENTase proteins from our past
experiences of structural studies, including a range of different expression systems and
cloning strategies, an efficient high throughput (HTP) technique was established and
optimized for this project based on the protocol applied in the Oxford Protein Production
Facility (OPPF). A series of TUT4 and TUT7 constructs in both truncated forms and full length
were purified successfully with high quality and yield for subsequent functional assays and
structural studies. The two-step purification protocol employed benefits target proteins with
low yield and serious degradation issues. Diverse combinations of reagents were used as
means for avoiding aggregate formation especially for the purification of flexible full length
TUT7 and TUT4 enzymes. Encouraged by the success in obtaining TUT4/7 proteins, other
challenging TENT family members like human TENT4A and TENT4B, are under exploration
using this method. TENT4A and TENT4B were found to add mixed GA tails to the 3' of
mRNAs of HBV together with ZCCHC14 protein and thus prevent the mRNAs from being
degraded by nucleases (Lim et al., 2018). The preliminary results already show promising yield
and quality in small scale purification, and initial structural results are available, while assays

show that they are catalytically active (not shown).

6.2 Structural study of TUT7_CM

Leemor Joshua-Tor' s group pioneered the structural studies of TUT7_CM, and they
succeeded in expressing the TUT7_CM in insect cells (sf9) for crystallographic studies (Faehnle
et al.,, 2017a). | successfully obtained a highly expressing construct of TUT7_CM using an HTP
cloning and expression method, which was purified in homogeneous form from £.coli. This is
by far the simplest method to obtain TUT7_CM protein and lay the foundation for subsequent
crystallographic studies. After optimization, repeatable crystals of TUT7_CM diffracted to 2.6
A. Further structural work will, it is hoped, focus on revealing the inhibition mechanism of

candidate inhibitors, perhaps in commercial partnership.

6.3 Structural characterization of TUT7

| successfully solved the cryo-EM structures of apo TUT7, TUT7/pre-let-7 binary and

TUT7/pre-let-7/Lin28A ternary complexes using the purified TUT7 full length protein, the
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construct of which was generated by an HTP cloning and expression method. The 4 A TUT7
apo structure reveals that the “C-shape” overall architecture by the maintenance of an
apparent interaction between LIM and CM. No linker is visualized, and the residues from 1-
205 and 1365-1495 are undetermined structurally due to their flexible nature. The pre-let-7
RNA stabilizes the CM and reduces the dynamism of the overall structure. This benefits the
alignment of particles and thus a high-resolution model of the TUT7/pre-let-7 binary
complex was determined at 3.7 A. In this complex structure, the RNA stem locks at the catalytic
pocket and pre-element region of the RNA was not resolved. The zinc finger in LIM was not
fully resolvable and could not be modelled but a small proportion of the 2D class averages
obtained for the sample indicates the likelihood of interaction between the zinc finger of LIM
and pre-let-7 or this binding is a transient state. Unexpectedly, | obtained two distinctive
classes of 3D maps for the ternary complex of TUT7/pre-let-7/Lin28A. The first structure
(conformation-1) has the density for the CM missing but the zinc finger and NTD1 of
TUT7_LIM can be visualized, which is bound to Lin28A and pre-let-7. These positively-
charged residues (R223, R226, H260, K264, E265, R267, N610) are confirmed to interact with
RNA in diverse regions. It was hypothesized that this model presents a pre-oligo-uridylation

“capture” state. In the second structure, the pre-let-7 stem is bound to the CM. Although
the densities of CM are poor, the zinc finger of LIM is clearly bound to the RNA stem, while
the 3' end of RNA is very close to the cleft of the CM, indicating the formation of a ternary
complex representing an active “engaged” state. These RNA interacted residues confirmed
in the ternary complex above (conformation-1) are visualized in this conformation-Il complex.
Besides, the K969 and R970 in the zinc knuckle-1 show clear interaction with the RNA stem.
In this high-resolution model, a hydrophobic interaction formed by residues F389 and F1267,
and a H390-induced polar interaction with T1226 and T1272 was validated and obviously
stabilizing the interface. All in all, the four cryo-EM structures of TUT7 in different forms
represent the conformational transitions from the apo to mono- and oligo-uridylation states.
The interfaces among the TUT7 zinc finger, pre-let-7 and Lin28A are identified for the first
time. The detailed atomic information provides us with a uridylation mechanism of pre-let-7

regulated by TUT7, modulated by the presence or absence of Lin28A.
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The future exploration for TUT7 will focus on how TUT7 works on other RNAs in diverse
pathways. For example, TUT7 in particular uridylates histone mRNAs and regulates their
biogenesis together with other components such as 3' hExo (Holmquist et al., 2022).
Questions like ‘How TUT7 uridylates and adds oligo-uridines to hmRNAs without the
assistance of Lin28A’ and ‘How TUT7 coordinates with 3' hExo and SLMP when
processing the hmRNAs’  will be interesting to answer. Other questions such as  ‘how TUT7
participates in the modification of piRNA localized in the nucleus’ (Holmquist et al., 2022)

also need answering.

6.4 Structural analysis of TUT4

On the crystallography side, both TUT4_CM and TUT4_LIM in complex with S2A4 can crystalise
and diffract to 4.5 A and 5A respectively, indicating high-resolution structures of both could
be obtained, with crystal improvement, to help understand the uridylation mechanism at
atomic level and provide detailed information to reveal how the functional nanobody S2A4

interacts with LIM and then blocks the ternary interaction with pre-let-7 and Lin28A.

Furthermore, the challenging TUT4 full length protein was successfully obtained for structural
studies. Although cryo-EM structures of TUT7 in diverse forms provide us with detailed
information on how TUT7 works on pre-let-7, TUT4 is worth exploring at an atomic level since
it has a different distribution in cells and distinct substrate specificity compared to TUT7. The
cryo-EM work initially focused on the TUT4_miniF/pre-let-7/Lin28A ternary complex, for
which | reconstructed two distinct models at 3.7 A and 12 A respectively. One of them is
similar to the TUT7 ternary complex in conformation-1, in which the CM is missing, and the
zinc finger interacts with pre-let-7/Lin28A. These positively-charged residues confirmed in
the TUT7 ternary complex, are conserved and the same in TUT4 and interact with pre-let-7.
Three hydrophobic residues, G276, L277, 1316 in TUT4_LIM, together with two Prolines of
Lin28A form a hydrophobic lateral contact, indicating the direct interaction between TUT4
and Lin28A. Interestingly, the second structure of the TUT4 ternary complex has additional
densities on the loop region of pre-let-7, and | hypothesize it is likely to be the CSD domain

of Lin28A, which was fit well with the crystal structure of Lin28A’ s CSD domain. Other forms
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of TUT4_miniF such as apo TUT4_miniF and TUT4_miniF/pre-let-7 binary complex were
imaged on the 200 kV Talos microscope, showing decent 2D class averages. They were similar
to apo TUT7 and the TUT7/pre-let-7 binary complex. Krios data collection is scheduled soon
aiming for high-resolution structure determination. Besides, the purified TUT4_F was
assembled with pre-let-7 and Lin28A and also imaged on the 200 kV Talos, revealing a
different shape with additional densities compared to the TUT4_miniF/pre-let-7/Lin28A. The
missing CM part or additional unidentified parts in the N-terminus may account for the extra
densities; otherwise, the TUT4 may take different conformations. Nevertheless, it is worth
exploring the full-length ternary complex and comparing it with the truncated form and TUT7
ternary complex. The apo TUT4_miniF and TUT4_F both show high levels of flexibility, such
that high-resolution structures would be hard to obtain. | expressed and purified two
nanobodies: S2A4 and CB11, which could be used for stabilizing the TUT4 in trials of the

future.

Future studies for TUT4 will focus on obtaining high-resolution ternary complex structures of
TUT4_F/pre-let-7/Lin28A, especially in different functional states based on newly designed
pre-let-7 substrates with different lengths of uridines at the 3" terminus, aiming to capture
different stages in oligo-uridylation. A key question to answer is, when TUT4 adds oligo-U to
3" , does uridylated pre-let-7 still bind to the CM, and how conformational changes happen
between the LIM and CM during the extension of RNA. The new models should provide us
with a better understanding of the uridylation mechanisms regulated by TUTases. Besides,
TUT4 participates in the immune pathways such as those triggered by Toll-like receptors. It
would be interesting to know if there is a direct interaction between TUT4 and TIFA after LPS
simulation (Minoda et al., 2006). My focus will be on solving the complex structure by cryo-
EM and understanding their physical interactions. TUT4 is also reported to work with E3
ligases such as TRIM 71 and TRIM25, which bind to TUT4 and the pre-let-7 stem respectively
(Choudhury et al., 2014, Torres Fernandez et al., 2021). How do these E3 ligases affect TUT4
working on pre-let-7 and, how does TUT4 uridylate the piRNA without the assistance of
Lin28A? What are the differences between the mechanisms by which TUT4 works on double
stranded pre-let-7 and single-stranded piRNA? (Holmquist et al., 2022) The opportunity to
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answer a series of interesting questions in the near future has been firmly established.
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