
Imperial College London

Department of Infectious Disease

Section of Synthetic and Structural Biology

Structure-function analysis of protein
complexes regulating Rag signalling within the
mTOR pathway and structural studies of the

ΦKZ non-virion RNA polymerase
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Abstract

FLCN mutations are associated with Birt-Hogg-Dubé (BHD) syndrome, a hereditary syndrome

which, ultimately, results in kidney cancer. FLCN forms complexes with two folliculin inter-

acting proteins (FNIPs). The FLCN complex is a GAP for RagC/D therefore being a positive

modulator of mTORC1. The double nucleotide-bound setting, with the Rag GTPase het-

erodimer being able to simultaneously bind to both GTP and GDP, is a unique feature to

the Rags amongst others GTPases, which suggests that the FLCN-GAP mechanism activity

towards RagC/D is likely to be novel.

We have purified the Spodoptera litura FLCN-FNIP2 complex and the RagA-RagC complex.

Using cryo-EM we have provided a structural 3D model for the S.litura FLCN-FNIP2 com-

plex. Comparison of our 3D reconstruction to that of the human FLCN-FNIP2 complex shows

that the architecture and domain organisation of the FLCN-FNIP complex is conserved in

S.litura and that the complex retains the same conformation in the absence of the Rag GTPase

heterodimer.

Bacteriophage ΦKZ is one of a few exceptional bacterial viruses to encode two multisubunit

RNAPs able to transcribe all genes needed throughout the infection cycle. Previous biochemical

studies have demonstrated that the ΦKZ non-virion RNAP is a 5-subunit complex able to

initiate transcription from specific promoters. The complex is formed by four β/β′-like subunits

and a fifth subunit with no homology to any other protein with known function but crucial for

the assembly of a functional enzyme, promoter recognition and transcription initiation.

Here, we have determined for the first time the ΦKZ non-virion RNAP structure at 3.3 Å

resolution with and without DNA using cryo-EM. The structures provide first insights into the

organisation of the four split β/β’-like subunits and the location of gp68 within the complex.

Moreover, structural comparisons show that gp68 is structurally similar and is positioned at

the same location as bacterial σ factors.
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Chapter 1

Introduction

1.1 Folliculin, a multi-functional protein involved in

nutrient signaling and lysosomal positioning

The FLCN gene has been identified as responsible for Birt-Hogg-Dubé (BHD) syndrome, an

hereditary renal cancer syndrome, which is associated with the development of renal oncocy-

tomas, a specific histological type of kidney cancer (Toro et al., 1999). According to the Global

Cancer Observatory, in 2020 there were more than 400 000 cases of kidney cancer diagnosed

and over 170 000 deaths. The estimated risk of people with BHD developing kidney cancer is

between 15-30 % (ttps://www.cancer.net/cancer-types/birt-hogg-dube-syndrome). FLCN has

been identified as a tumour suppressor (Vocke et al., 2005; Birt et al., 1977) as most of the

mutations found in the FLCN gene in BHD patients result in truncation of the protein (i.e.

insertion/deletion, nonsense open reading frames, or the loss of proper mRNA splicing), there-

fore causing loss of function (Lim et al., 2010). The FLCN gene encodes the protein folliculin

(FLCN). The identification of FLCN mutations as the cause of BHD-associated tumours led to

an increase in studies investigating the loss of FLCN function in kidney cancer, revealing that

mutations affecting this protein led to distinct phenotypes depending on the cellular context.

1
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Hence, FLCN is a multi-functional protein involved in several cellular processes, such as en-

ergy and nutrient homeostasis, membrane trafficking and lysosomal biogenesis and positioning

(Schmidt and Linehan, 2018).

FLCN forms a complex with two larger Folliculin interacting proteins (FNIP)s, FNIP1 (Baba

et al., 2006) and FNIP2 (Hasumi et al., 2008b; Takagi et al., 2008). The same behaviour has

been found in yeast, where respective orthologues Lethal with Sec13 (Lst)7 and Lst4 also form

a stable complex (Pacitto et al., 2015). Due to their close relationship with FLCN, FNIPs

have also been suggested to act as tumour suppressors (Hasumi et al., 2015; Mo et al., 2019),

however further studies are needed to support this. Structural studies have reported that both

FLCN and FNIP contain both longin and Differentially expressed in neoplastic versus normal

cells (DENN) domains (Nookala et al., 2012; Zhang et al., 2012; Pacitto et al., 2015). These

protein folds are associated with the regulation of small GTPases. Consistently, functional

studies have shown that the FLCN-FNIP complex is involved in the modulation of the Rag

and Rab GTPases (Dodding, 2017; Schmidt and Linehan, 2018), which in turn regulate the

mTORC1 signaling pathway, and membrane trafficking and lysosomal positioning, respectively.

1.1.1 The mTORC1 signaling pathway

The Target of Rapamycin (TOR) was first identified in Saccharomyces cerevisiae (Heitman

et al., 1991) and few years later the mammalian homologue, mammalian TOR (mTOR) was

identified by two different research groups (Brown et al., 1994; Sabatini et al., 1994). mTOR

is the catalytic core of two distinct complexes associated with different accessory proteins that

perform different functions (Kim et al., 2002; Loewith et al., 2002; Sarbassov et al., 2004;

Shimobayashi and Hall, 2014; Laplante and Sabatini, 2012): mTORC2, which is associated

with cell survival, metabolism and cytoskeletal functions, and mTORC1, a central regulator

of metabolism and cell growth (Rabanal-Ruiz and Korolchuk, 2018; Oh and Jacinto, 2011).

The central components of mTORC1 are mTOR, which provides the catalytic core, regulatory-

associated protein of mTOR (RAPTOR) (Kim et al., 2002; Loewith et al., 2002; Hara et al.,

2002), andmammalian lethal with Sec13 protein 8 (mLST8) (Chen et al., 2003; Kim et al., 2003),
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while proline-rich Akt substrate of 40 KDa (PRAS40) and DEP domain containing mTOR

interacting protein (DEPTOR) complete the complex but have a mainly regulatory function

(Peterson et al., 2009; Haar et al., 2007; Oshiro et al., 2007). The mTORC1 signaling pathway

ensures that the cell only grows under optimal conditions, hence its dysregulation causes several

metabolic disorders and cancers (Saxton and Sabatini, 2017; Mossmann et al., 2018; Guertin

and Sabatini, 2007). mTORC1 is a member of the PI3K-related protein kinases (PIKKs)

family with serine/threonine kinase activity towards target substrates. When conditions are

favourable, mTORC1 promotes anabolic processes, such as cell proliferation or cell growth,

through the phosphorylation of ribosomal protein S6 kinase (S6K) and eukaryotic translation

initiation factor 4E-binding protein (4E-BP) (Rabanal-Ruiz and Korolchuk, 2018; Kim and

Guan, 2019).

The level of activation of mTORC1 depends on two different pathways, which are regulated

by three small GTPases. The current understanding is that any of the pathways is sufficient

to activate mTORC1 independently: mTORC1 is recruited to the lysosome by the Ras-related

GTP-binding protein (Rag GTPase) heterodimer where is fully activated by GTP-bound Ras

homolog enriched in brain (Rheb) (Sancak et al., 2008; Long et al., 2005; Ramlaul and Aylett,

2018; Rabanal-Ruiz and Korolchuk, 2018). Multiple signals are integrated to finely regulate

mTORC1 activation. It is believed that signals corresponding to the intracellular nutrient

state, such as amino acid availability, are usually integrated through the Rag GTPase axis. On

the other hand, external and survival stimuli, such as growth factors or stress, are thought to

regulate mTORC1 activity through the modulation of the Rheb nucleotide state. However, it

is not clear how the integration of these stimuli is balanced in different cell types and contexts.

Both axis are regulated independently by different multiprotein complexes. The TSC com-

plex (TSCC), composed of two large subunits, tuberous sclerosis complex protein (TSC) 1 and

TSC2, also known as hamartin and tuberin respectively (Tomasoni and Mondino, 2011), and

a smaller protein called TBC1D7 (Dibble et al., 2012), negatively modulates mTORC1 acting

as a GTPase activating protein (GAP) towards Rheb (Tee et al., 2002; Zhang et al., 2003).

On the other hand, the regulation of the Rag GTPases axis is more intricate and involves

multiple protein complexes with GAP and Guanine exchange factor (GEF) activity: Rag and
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mTORC1 regulator (Ragulator), a GEF for RagA/B, FLCN-FNIP, a GAP towards Rag C/D,

GAP activity towards Rags (GATOR) 1 a GAP towards RagA/B, GATOR2, an inhibitor of

GATOR1, and KPTN IKTFG2 C12orf66 and SZT2 (KICSTOR), which is thought to regu-

late the GATOR1 complex (Ramlaul and Aylett, 2018; Rabanal-Ruiz and Korolchuk, 2018;

Peng and Jewell, 2020). Hence, the mTORC1 signaling pathway involves several multiprotein

complexes that integrate distinct signals that will ultimately output an on/off signal for the

activation of mTORC1 (Figure 1.1).

Figure 1.1: The mTORC1 signaling pathway is regulated by different stimuli. (Left)
When nutrients are low mTORC1 is not recruited to lysosomes. Conversely, FLCN is recruited
to the lysosome interacting with RagA/B-GDP, downstream of GATOR1 GAP activity (shown in
pink). Low energy levels activate AMPK (activation is shown in black arrows) which is thought to
phosphorylate Raptor and TSCC, both events having an inhibitory effect on the mTORC1 activity
(inhibition is shown in black lines with a bar at the end). AMPK is also thought to bind and
phosphorylate FLCN-FNIP (putative binding is indicated by a doted black line terminated with
black dots). (right) In the reverse situation, when nutrients and growth factors are available, FLCN
disperses from the lysosome, after exerting its GAP activity towards RagC/D, to leave space for
mTORC1 recruitment, while GATOR1 is inhibited by GATOR2 and Ragulator and SLC38A9 exert
their GEF activity towards RagA. The appropriate Rag GTPase nucleotide state recruits mTORC1
to the lysosome. In parallel, growth factors inhibit TSCC which in turn exposes Rheb on the
lysosomal surface to allosterically activate mTORC1. Figure adapted from (de Mart́ın Garrido and
Aylett, 2020) under a Creative Commons Attribution License (CC-BY).
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1.1.2 The Rag GTPases communicate nutrient availability to

mTORC1 depending on their nucleotide binding state

The fact that mTORC1 depends on nutrient availability is generally accepted, however how the

direct stimuli are sensed inside the cell is still unclear. Lately, a group of proteins have been

reported to act as metabolic sensors for the mTORC1 signaling pathway, being able to sense

the level of amino acids. Some of these metabolic sensors are cytoplasmatic nutrient sensors

(Sestrins, CASTORs and S-adenosylmethionine sensor upstream of mTORC1 (SAMTOR)),

amino acid transporters (SLC38A9) and the v-ATPase, located at the lysosomal membrane

(Rabanal-Ruiz and Korolchuk, 2018; Ramlaul and Aylett, 2018). Most of the intracellular

signals, such as amino acid levels, will end up converging on the Rag GTPase heterodimer.

The Rag GTPases are anchored at the lysosomal membrane through the pentameric complex

Ragulator (Sancak et al., 2010; Bar-Peled et al., 2012), and together, they form the platform

that will recruit mTORC1 to the lysosome if there are favourable conditions for cell growth.

In mammals, there are four distinct Rag GTPases: RagA and RagB, which are paralogues

between them (90% sequence identity in humans) and orthologues of yeast Gtr1 (Schürmann

et al., 1995), and RagC and RagD which are paralogues between them (81% sequence identity)

and orthologues of yeast Gtr2 (Sekiguchi et al., 2001). Members of the Rag family include

typical functional elements which are characteristic to all GTPases of the Ras family: the P-

loop, guanine binding motifs, and switch region I (SWI) switch region II (SWII) (Figure 1.2)

(de Mart́ın Garrido and Aylett, 2020). In order to transmit the nutrient status to mTORC1,

SWI and SWII adopt different conformations depending on their nucleotide setting. Each Rag

GTPase comprises two distinct domains: the C-terminal domain (CTD) and the nucleotide

binding domain (NBD). The large CTDs are responsible for the Rag GTPase heterodimerisa-

tion, while there is no direct contact between their NBDs, located on the other side of the

enzyme and facing opposite directions (Figure 1.2) (de Mart́ın Garrido and Aylett, 2020).
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Figure 1.2: The structure of the Rag GTPase heterodimer. A) Schematic representation of
the human Rag GTPases with domains coloured accordingly and typical regulatory elements from
GTPases highlighted in small boxes. Top ruler represents number of amino acids. B) RagA-RagC
heterodimer structure with GTP and GDP bound respectively (PDB: 6U62) (Rogala et al., 2019).
Both Rag GTPases are shown in cartoon representation, with RagA shown in gold and RagC in
yellow. C) Structure of the RagA-RagC heterodimer in its active nucleotide state (PDB: 6U62)
(Rogala et al., 2019). Switch and interswitch regions from RagA-GTP are coloured according to
the legend on the left. D) Structure of the RagA-RagC heterodimer when it forms a complex with
Ragulator and FLCN-FNIP2 (PDB: 6NZD) (Lawrence et al., 2019). In this case, the Rag GTPase
heterodimer is in its inactive nucleotide binding state, that is RagA-GDP and RagC-GTP (XTPγS).
Switch and interswitch regions from RagC-GTP are coloured according to the legend on the right.
Figure adapted from (de Mart́ın Garrido and Aylett, 2020) under a Creative Commons Attribution
License (CC-BY).

The two sub-types of Rag GTPases form heterodimers between them, RagA/B-RagC/D, with

RagA/B-GTP and RagC/D-GDP being the active conformation that recruits mTORC1 to

the lysosomal membrane through a direct interaction with the mTORC1 component Raptor

(Sancak et al., 2008). Kinetic assays with radiollabelled nucleotides (Shen et al., 2017) have sug-

gested that the unique heterodimeric Rag GTPase architecture allows crosstalk between them.

When one subunit is bound to GTP the heterodimer adopts a conformation that impedes the

binding of a second GTP or induces fast GTP hydrolysis if it happens. Furthermore, structural

studies have shown how the nucleotide states of the NBD is sensed by the corresponding CTD

(Anandapadamanaban et al., 2019), adopting different conformations depending on the nu-

cleotide state of the Rag GTPase. Another distinct feature of the Rag GTPase heterodimer is
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its low basal GTPase activity compared to other members of the Ras family (Shen et al., 2017;

Frech et al., 1994), which indicates that they are more dependent on their GAPs (GATOR1

for Rag A/B and FLCN-FNIP2 for RagC/D) to switch between nucleotide state. Overall, the

active conformation of the Rag GTPase heterodimer, bound to both GDP and GTP, and the in-

tersubunit crosstalk are unique features that provide them with a larger number of possibilities

for nucleotide binding states in comparison to other small GTPases (Mishra and Lambright,

2016), allowing them to interact specifically with a wide range of regulators to finely modulate

the recruitment of mTORC1 to the lysosomal membrane.

Upon amino acid availability, the active Rag GTPase nucleotide state, RagA/B-GTP and

RagC/D-GDP, is promoted, hence recruiting mTORC1 to the lysosome. When amino acid lev-

els are low, the situation is reversed, favouring the opposite nucleotide setting, RagA/B-GDP

and RagC/D-GTP, which results in the release of mTORC1 from the lysosomal membrane.

Recent structural studies have shed light on the molecular basis of Rag GTPase signal trans-

duction to mTORC1 (Rogala et al., 2019; Anandapadamanaban et al., 2019). The structure of

the Ragulator-Rag-Raptor complex revealed that Raptor (mTORC1 component) firstly binds

to RagA-GTP in a transient manner and is only fully attached to the Rag GTPases upon RagC

binding to GDP (Rogala et al., 2019). In parallel, the structure of the mTORC1-RagA-RagC

complex showed how Raptor interacts with the Rag GTPases by contacting their NBDs and

that their switch regions play a crucial role in the binding, making sure that mTORC1 is only

recruited at the lysosome when the appropriate Rag GTPase setting is promoted (Ananda-

padamanaban et al., 2019). Furthermore, the authors showed that the binding of Raptor to

the Rag GTPases did not cause any conformational changes to mTORC1, hence reinforcing

the hypothesis that mTORC1 needs to be allosterically activated by Rheb-GTP after being

recruited to the lysosome by the Rag GTPases. Consistently, combination of the new struc-

tures with previous structural studies (de Araujo et al., 2017; Yonehara et al., 2017; Yang

et al., 2017) showed that the Rag GTPases and Rheb would bind mTORC1 through different

interfaces (Figure 1.3).

The Rag GTPases are anchored to the lysosome through Late Endosomal/Lysosomal Adaptor

MAPK and mTORC activator/regulator (LAMTOR) 1, a member of the Ragulator complex,
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where they recruit mTORC1 upon amino acid availability (Sancak et al., 2010; Bar-Peled et al.,

2012). The five-subunit Ragulator complex (LAMTOR1 (p18), LAMTOR2 (p14), LAMTOR3

(MP1), LAMTOR4 (HBXIP) and LAMTOR5 (C7orf59)) has an elongated shape and serves as

a scaffold for the Rag GTPase heterodimer, with LAMTOR1 being attached to the lysosome

through myristoylation and palmitoylation sites within its N-terminus (Bar-Peled et al., 2012;

Sancak et al., 2010; Nada et al., 2009). Structural studies have shown that the CTD of RagC

interacts with LAMOTR2 and LAMTOR3, leaving the NBDs exposed as required for their

interaction with the mTORC1 component, Raptor (Su et al., 2017; Yonehara et al., 2017;

de Araujo et al., 2017). Apart from being a platform for the Rag GTPases, Ragulator is also a

GEF for Rag A/B, hence favouring the active Rag GTPase nucleotide setting (GTP-bound Rag

A/B) (Bar-Peled et al., 2012). Recently, the lysosomal amino acid sensor SLC38A9 has been

reported to cooperate with Ragulator to perform its GEF activity through a novel mechanism

(Shen and Sabatini, 2018).
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Figure 1.3: Architecture of the mTORC1 complex at the lysosome. The
mTORC1–Rheb–RagAGTP–RagCGDP–Ragulator complex at the lysosome. The Rap-
tor–Rag–Ragulator complex (PDB 6U62) (Rogala et al., 2019)) was superimposed with the
mTORC1–Rheb complex (PDB 6BCU) (Yang et al., 2017) to generate the model. Individual
complex subunits are colored and indicated by color-coded text. Figure adapted from (Peng and
Jewell, 2020).

1.1.3 The Folliculin complex and its interacting partners

1.1.3.1 Structural organisation of the FLCN complex

The FLCN protein forms complexes with both FNIP1 (Baba et al., 2006) and FNIP2 (Takagi

et al., 2008; Hasumi et al., 2008a), and the same behaviour has been found for their orthologues

in yeast, Lst7 and Lst4 (Pacitto et al., 2015). The FLCN protein is 579 amino acids in length

and has a molecular weight of 64 kDa in humans. FLCN is highly conserved across species,

from mouse (92% sequence identity to human) to Drosophila melanogaster (28% sequence

identity to human), and is expressed in a wide range of tissues, such as lung, kidney brain or

heart (Nickerson et al., 2002). Many attempts to determine the structure of the FLCN-FNIP
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complex failed until recently. The first structural insights into the structure of the FLCN-

FNIP complex came from a crystal structure of the C-terminus (341-566) of FLCN at 2 Å

resolution (Nookala et al., 2012) (PDB 3V42). The structure revealed that this fragment of

the FLCN protein displayed structural similarity with the DENN family of proteins, displaying

the typical α/β architecture with a β-sheet core with helices packed on each side, and a mostly

helical domain (Figure 1.4). DENN domains are usually associated with N-terminal longin

domains, and comparative studies with the DENN1B full domain predicted that FLCN was

likely to include a longin-like domain at its N-terminus.

The FLCN interacting partners, the FNIP proteins, are much larger (130 kDa for FNIP1 and

122 kDa for FNIP2 in humans) and contain large unstructured regions, which complicates their

structure determination. Both FNIPs are highly similar (74% sequence similarity in humans),

and their sequence is mostly conserved from human to C.elegans, with the exception of the

C-terminus, which is slightly divergent between species. Interestingly, FNIP1 and FNIP2 have

been reported to form multimeric complexes (Hasumi et al., 2008a), however their functional

relevance is still unclear. First sequence analysis revealed that, similarly to FLCN, they are

likely to contain longin and DENN domains, however these domains contain large disordered

regions within them, which are probably involved in phosphorylation events as they are rich in

serines and threonines. The crystal structure of the N-terminus of Lst4, the FNIP yeast ortho-

logue (Pacitto et al., 2015) (PDB 4ZY8), confirmed that this domain has a longin architecture

formed by central sandwich of five β-strands with α helices packed on both sides.
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Figure 1.4: Structural biology of the FLCN and the FNIP proteins. A) The FLCN
structure. (Top) Schematic diagram of the human FLCN sequence with its domain highlighted in
coloured boxes. (Bottom) Crystal structure of the human FLCN DENN domain (341-566) from two
different views. B) The FNIP structure. (Top) Schematic diagram of the human FNIP proteins.
(Bottom) Crystal structure of the Kluyveromyces lactis longin domain from two different views
Figure adapted from (de Mart́ın Garrido and Aylett, 2020) under a Creative Commons Attribution
License (CC-BY).

The DENN domain family is a group of proteins that have been reported to act as nucleotide

exchange factors for small GTPases (Yoshimura et al., 2010). Usually, a full DENN domain is

thought to comprise three subdomains: the upstream longin domain, also known as u-DENN

and thought to occur independently, the DENN core and the downstream d-DENN, which are

thought to occur together (Levivier et al., 2001). The longin domain is usually responsible for

the interaction with the small GTPases. The fact that both the FLCN protein and the FNIPs

contain DENN and longin domains suggests that they may interact with the Ras-superfamily

of small GTPases, hence supporting a role for the FLCN-FNIP complex in the regulation of the

Rag and Rab GTPases (Nookala et al., 2012; Petit et al., 2013b; Tsun et al., 2013; Zhao et al.,

2018; Starling et al., 2016). In 2019, two cryogenic electron microscopy (cryo-EM) structures

of the lysosomal FLCN-FNIP2 complex bound to RagA-RagC and Ragulator were published

(Shen et al., 2019; Lawrence et al., 2019), revealing the architecture of the complex for the first

time.
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1.1.3.2 Folliculin acts as a GTPase activating protein to modulate the Rag

GTPase nucleotide binding state

The FLCN-FNIP complex acts as a GAP for RagC/D, hence promoting its GDP-bound state

and being a positive regulator of mTORC1 (Tsun et al., 2013). Under starved-conditions,

FLCN is recruited to the lysosome interacting with RagA/B-GDP. Upon nutrient recovery,

FLCN dissociates from the lysosome to allow RagC/D-GTP to recruit mTORC1 where it will

be fully activated by Rheb-GTP (Figure 1.1). Coimmunoprecipitation experiments reported

that both RagA and RagC coimmunoprecipitated with FLCN coexpressed with FNIP2, which

suggests that both proteins of the complex are needed to perform its function (Petit et al.,

2013a; Tsun et al., 2013). The same behaviour was found in yeast orthologues, Lst7 and Lst4,

where the loss of either Lst7 or Lst4 decreased TORC1 activity equally (Péli-Gulli et al., 2015).

Hence FLCN is a key modulator of the recruitment of mTORC1 to the lysosomal membrane,

playing a crucial role in the transduction of the nutrient signaling state. The regulation of the

RagA-RagC GTPase nucleotide state is performed by multiple protein complexes which prob-

ably need to be coordinated with FLCN. Accordingly, recent studies have placed the FLCN

GAP activity downstream of the GATOR1 complex (Meng and Ferguson, 2018). When amino

acid and energy levels are low, GATOR1 GAP activity promotes RagA/C-GDP, which recruits

FLCN-FNIP to the lysosomal membrane, while mTORC1 remains at the cytoplasm and TSCC

is at the lysosome inhibiting Rheb. Upon nutrient and growth factor availability, FLCN dis-

perses from the lysosome after performing its GAP activity towards RagC/D, which leaves

space for mTORC1 to be recruited at the lysosome by RagA/B-GTP and RagC/D-GDP. In

parallel, growth factors inhibit TSCC, which in turn allows the build up of Rheb-GTP that

then allosterically activates mTORC1 (Figure 1.1).

Considering that both the FLCN and FNIP2 proteins are required to promote RagC/D-GDP

and that they are recruited to the lysosomal membrane by interacting with the other GTPase

counterpart RagA/B-GDP, the mechanism by which the FLCN-FNIP2 complex performs its

GAP activity is likely to be novel. Moreover, while it is currently accepted that FLCN-FNIP is

a positive modulator of mTORC1, BHD-associated renal tumours containing germline muta-
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tions in the FLCN gene were reported to have an increase in mTORC1 activity and substrate

phosphorylation levels (Baba et al., 2008; Hasumi et al., 2009; Khabibullin et al., 2014). These

discrepancies suggest that the tumor suppressor activity of FLCN must be associated, not only

with the mTORC1 activation, but also with other signaling pathways, supporting the notion

of FLCN as a multifunctional protein involved in several cellular processes.

1.1.3.3 Other FLCN interacting partners: the AMP-activated protein kinase

and the Rab GTPases

Consistent with the apparently disparate phenotypes caused by the tumour suppressor FLCN,

other interacting partners have been reported for the FLCN-FNIP complex, apart from the Rag

GTPase heterodimer. Another central regulator of metabolism is the AMP-activated protein

kinase (AMPK), which is allosterically activated by high AMP/ATP ratios, an indicator of low

energy levels (Carling, 2004; Shackelford and Shaw, 2009). When AMPK is activated it pro-

motes ATP production through the activation of catabolic processes, acting in an antagonistic

manner to mTORC1. AMPK inactivates mTORC1 through the phosphorylation of Raptor and

TSC2 (Inoki et al., 2002; Gwinn et al., 2008), which provides a mechanism for the crosstalk

between these two metabolic pathways.

The coordination between mTORC1 and AMPK provides a more sophisticated mechanism by

which cell growth adapts to different conditions. Accordingly, mTORC1 inactivation by AMPK

is not the only relationship between these two pathways. FLCN has been reported to bind to

AMPK through the FNIPs, and both FLCN and FNIP phosphorylation levels are affected by

AMPK signaling and amino acid starvation, which in turn negatively regulate mTORC1 (Baba

et al., 2006; Hasumi et al., 2008a; Takagi et al., 2008). Furthermore, depletion of FLCN has been

found to constitutively activate AMPK (Possik et al., 2014, 2015; Yan et al., 2014; El-Houjeiri

et al., 2019), and FNIP1 mutations have been associated with an increase in the AMPK activity

(Siggs et al., 2016), suggesting that both FLCN and FNIP are involved in negative regulation

pathways for AMPK. Finally, recent studies have shown that the increased FLCN expression

causes Transcription factor EB (TFEB) translocation to the nucleus in a manner-independent
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of mTORC1, through AMPK-dependent dephosphorylation (Collodet et al., 2019). All these

observations point at FLCN-FNIP coordinating metabolism not only through mTORC1, but

also through AMPK signaling, however the functional relevance of the FLCN-FNIP interaction

with AMPK remains unclear.

The lysosome is the location where mTORC1 activation occurs, however this is not the only

function of this organelle in cell signaling. The lysosomal function is dependent on their bidi-

rectional movement between the peripheral and centrosomal regions of the cell through micro-

tubular filaments (Matteoni and Kreis, 1987). Interestingly, the intracellular distribution of

lysosomes has been correlated with nutrient availability in HeLa cells (Korolchuk et al., 2011).

Low amino acid levels result in the clustering of lysosomes around the centrosomal region and,

in the reverse situation, upon amino acid sufficiency, lysosomes move closer to the plasma

membrane. The clustering of lysosomes around the plasma membrane has been suggested as

a mechanism to put in closer proximity the mTORC1 activation site with growth factor sig-

naling (Korolchuk et al., 2011). Moreover, depletion of microtubule motors has been reported

to disrupt the Rag GTPase-dependent mTORC1 activation, supporting a relationship between

lysosomal positioning and mTORC1 activation. During autophagy, vesicles are moved towards

the centrosomal region of the cell where they are fused to the lysosomes which, ultimately,

will degrade their contents. During starvation, the translocation of TFEB and Transcription

factor binding to IGHM Enchancer 3 (TFE3) to the nucleus promotes lysosomal biogenesis and

autophagy (Sardiello et al., 2009; Settembre et al., 2011), hence explaining the requirement for

lysosomal clustering around the centrosomal region of the cell during starvation. This links

the inhibition of mTORC1 activity to activation of catabolic processes through the lysosome

(Rabanal-Ruiz and Korolchuk, 2018; Kim and Guan, 2019). Hence, the relationship between

mTORC1 and the lysosome is crucial to associate the lysosomal function with nutrient avail-

ability and to coordinate the appropriate cellular response.

In previous sections, how FLCN promotes mTORC1 recruitment to the lysosome through the

Rag GTPases, when nutrient levels are sufficient, has been extensively covered. However, the

FLCN-Rag GTPase interaction is not the only lysosome-related function of this multifunctional

protein. Pull-down assays have recently shown how FLCN interacts with Rab7 and Rab34
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through their common partner RILP, a component of the lysosomal positioning machinery

(Starling et al., 2016). This interaction identifies a connection between lysosomal positioning

machinery and mTORC1 pathway, which could be associated with the centrosomal clustering

of lysosomes during starvation (Figure 1.5). Both FLCN and FNIP2 have been reported to

include DENN domains (Zhang et al., 2012), which are typical found in proteins acting as

GEF for Rab GTPases (Levivier et al., 2001). FLCN seems to interact with RILP through

its C-terminal DENN domain, a different region than that interacting with the Rag GTPases.

Although no GEF or GAP activity has been reported for Rab34, FLCN has been identified

as a GAP for Rab7, involved in EGFR trafficking (Laviolette et al., 2017). Conversely, other

studies support that FLCN acts as a GEF for other Rab GTPases, which are also involved in

vesicular trafficking (Nookala et al., 2012). Currently, the FLCN interaction with the Rab-RILP

complex seems to be involved in the promotion of lysosomal clustering around the centrosomal

region of the cell during starvation, however, further studies are required to provide a molecular

mechanism for this interaction and to clarify the role of FLCN in membrane trafficking.
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Figure 1.5: Lysosomal positioning in response to nutrient availability. Under starvation
conditions, mTORC1 activity is abolished and lysosomes cluster in the perinuclear region to favor
catabolic processes such as autophagy. Lysosomal clustering around the nucleus is favored by FLCN-
RILP-Rab contacts on the Golgi and the inhibitory BORC-Ragulator interaction. At the same time,
TFEB is relocalized to the nucleus to favor lysosomal biogenesis. When nutrient levels are recov-
ered, FLCN disperses from the lysosome and the BORC-Ragulator interaction is broken. Kinesin
dependent pathways, such as PtdIns3-Rab7-Kinesin and BORC-Arl8-Kinesin, are promoted to favor
dispersal of the lysosomes. In parallel, TFEB relocalizes to the cytoplasm, where it is non-functional.
Nutrients promote the recruitment of mTORC1 to the lysosome through the Rag GTPases, which
occurs closer to the plasma membrane allowing full activation by growth factors through the Rheb
axis. Figure adapted from (de Mart́ın Garrido and Aylett, 2020) under a Creative Commons Attri-
bution License (CC-BY).

FLCN is not the only member of the mTORC1 signaling pathway that is implicated in lysosomal

function. The Ragulator complex, responsible for anchoring the Rag GTPases to the lysosomal

membrane, has been reported to interact with BORC, a member of the lysosomal positioning

machinery, under starvation conditions (Filipek et al., 2017; Pu et al., 2017) (Figure 1.5). The

interaction results in the inhibition of lysosomal transport towards the plasma membrane, hence

resulting in centrosomal lysosomal clustering. Moreover, RILP has been suggested to interact

with and regulate the v-ATPase (De Luca et al., 2014) and mTORC1 has also been reported

to modulate v-ATPase function (Peña-Llopis et al., 2011).

All these examples provide evidence of the intimate connection between lysosomal positioning

and mTORC1 signaling within nutrient signaling. FLCN is likely to play a crucial role in

this crosstalk between mTORC1 and the lysosome through interactions with the Rag and Rab
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GTPases. Interestingly, both FLCN and FNIP are also involved in AMPK signaling, which

reinforces its crucial role in the coordination of several metabolic processes within the cell. How

this pleiotropic protein coordinates all these cellular processes is still a question that remains

unanswered. Structure-function studies will hopefully shed light of the functional relevance

of the FLCN protein, which will hopefully contribute to a better understanding of its role in

BHD-associated and other tumours.

Two structures of the FLCN-FNIP2 complex bound to the Rag GTPase heterodimer and

Ragulator were published (Shen et al., 2019; Lawrence et al., 2019) while I was undertaking

this project, revealing the molecular basis of FLCN-FNIP2 recruitment to the lysosome and its

GAP activity towards RagC-GTP.
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1.2 Bacteriophage ΦKZ; a giant virus encoding its own

transcriptional machinery

1.2.1 Bacteriophage biology and medical interest

Viruses are a group of highly diverse macromolecular machines that share two common features:

all viruses require a host organism to replicate and are formed by proteinacious capsids that pack

and protect their genome, formed by either single- or double-stranded DNA or RNA (Prasad

and Schmid, 2012). Apart from these common features, viruses exhibit great variability in

their size, genome organisation, host interactions, and capsid architecture. All viral capsids

have evolved to protect the encapsulated genome, and to successfully deliver it to a specific

host. Viruses can infect and replicate in organisms from the three kingdoms of life, including

bacteria, archaea and eukaryotes, which suggest that they probably have multiple evolutionary

origins (Moreira and López-Garćıa, 2015).

Viruses that infect bacteria are known as bacteriophages. When they were discovered over

a century ago (Twort, 1915; D’Herelle, 1917), their potential application to combat bacterial

infectious diseases soon became apparent, however the failure of many studies and the discovery

of antibiotics caused a loss of interest in the study of bacteriophages. During the 1940s, a

series of studies by Max Delbrück and their collaborators on bacteriophage physiology and

their relationship with their hosts led to a renewed interest in bacteriophage biology (Ellis and

Delbru ck, 1939; Delbru ck, 1940a,b), with studies on bacteriophage genetics beginning in the

next few years. These studies established the fundamentals of current bacteriophage biology

and the foundations of molecular biology.

Bacteriophages are thought to be the most abundant organism in the planet, to an extent

that their numbers can be translated to approximately a trillion of bacteriophage particles for

every grain of sand in the Earth (Comeau et al., 2008). They have been isolated from multiple

environments populated by bacteria, which has facilitated sequencing of their genomes. Bacte-
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riophage genomes are extraordinarily diverse; they consist of either single or double stranded

DNA or RNA, include sizes from 4 to 725 kb and they can be circular or linear (Ackermann,

1998). Based on the nature of their genomic material, bacteriophages have been classified into

13 families, with tailed phages of the Myoviridae, Siphoviridae and Podoviriade families, repre-

senting most of the currently identified bacteriophages (Sharp, 2001). Bacteriophage genomes

usually show a mosaic architecture of genes that have been rearranged over years of evolution

by means of horizontal gene transfer, with bacteriophages infecting the same host exhibiting

great diversity within their nucleotide sequence (Hatfull et al., 2006; Kwan et al., 2005). Al-

though the number of bacteriophage genomes that have been sequenced during recent years has

dramatically increased, it is believed that they only represent a small fraction of the predicted

number of bacteriophages in the biosphere, and that they probably encode multiple proteins

yet to be discovered.

Over the years, bacteriophages have been used as model organisms to elucidate fundamental

principles of biology, such as the discovery of mRNA as the intermediate between DNA and pro-

teins (Brenner et al., 1961) and that nucleotides are read in groups of three, as codons, to form

proteins (Crick et al., 1961). Apart from being excellent model organisms for molecular biology

research, the use of bacteriophages to kill pathogenic bacteria that cause infectious diseases has

been postulated as a successful alternative to antibiotics (Kakasis and Panitsa, 2019; Burrowes

et al., 2011). When bacteriophages were initially discovered, the idea of bacteriophage therapy

was of great interest and was implemented in some cases, however it was quickly subsided due

to the use of antibiotics. Recently, antimicrobial resistance has been increasing, becoming a

major global health problem that has led to a renewed interest in bacteriophage therapy. The

fact that bacteria gain resistance against antibiotics does not imply that they are resistant to

bacteriophage lytic mechanisms. Bacteriophages with a lytic infection cycle are those able to

kill their host at the end of their cycle, in comparison to lysogenic bacteriophages that are

capable of integrating part of their genome into the host genetic material.

There are several publications reporting promising results of bacteriophage therapy in animals

and in humans (Kakasis and Panitsa, 2019), however, despite its potential, many studies have

reported bacteriophage therapy failure due to bacteriophage selection, preparation and stor-
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age (Gill and Hyman, 2010), as well as their narrower spectrum of activity. In addition, its

implementation would require to put in place regulations for bacteriophage production and

administration (Fauconnier, 2018), which are currently missing. Another issue may be the risk

of immunological response. Although previous clinical and animal trials have not resulted in

serious immunological reactions, it is crucial to test for it for every single bacteriophage. De-

spite its limitations, some countries have been using bacteriophage therapy for nearly a century

(Reardon, 2014), and, hopefully, with recent advances in the knowledge of bacteriophage biol-

ogy, bacteriophage therapy will overcome antibiotic resistance. Overall, since bacteriophages

were discovered more than a century ago, their study has revealed several insights into the

fundamentals of biology, such as DNA replication, gene regulation or protein folding, as well

as presented these organisms as important biotechnological and medical tools. A full under-

standing of bacteriophage biology is therefore key to understanding their evolutionary origins,

as well as providing valuable information to overcome some of the limitations of bacteriophage

therapy.

1.2.2 Bacteriophage ΦKZ

Bacteriophage ΦKZ is the prototypical member of a family of giant bacterial viruses distantly

related to the Myoviridae (Krylov and Zhazykov Zh., 1978; Krylov et al., 2007). It infects

Pseudomonas aeruginosa, which is an intrinsically antibiotic resistant opportunistic pathogen

of special concern in medical practice as it kills tens of thousands annually (Stover et al., 2000).

In 2017, the World Health Organisation published a list of bacteria which are the most common

causes of infections in hospitals, for which new antibiotics or alternative therapies are urgently

needed (https://www.who.int/news/item/27-02-2017-who-publishes-list-of-bacteria-for-which-

new-antibiotics-are-urgently-needed). Indeed, P.aeruginosa was included in the list and it

was identified as one of the most critical pathogens for medical practice. As bacteriophage

ΦKZ can effectively combat P.aeruginosa infections, it is considered a potential candidate

for bacteriophage therapy (Pires et al., 2015). There has been some evidence of successful

bacteriophage therapy for antibiotic resistant strains (Hall et al., 2012; Med Sci et al., 2018;
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Pires et al., 2015), however there are still some major concerns about the use of bacteriophage

therapies in medical practice, such as their safety or their limited activity spectrum. Full

understanding of the life-cycle of bacteriophage ΦKZ, as well as its evolutionary origins and

the function of the proteins encoded by its large genome, may provide very valuable information

to design therapies against serious P.aeruginosa infections.

When bacteriophage ΦKZ was discovered 40 years ago, it was the first bacteriophage classified

as “giant” due to its exceptional size. ΦKZ comprises an icosahedral head encapsulating a large,

densely packed DNA genome (280 334 bp), followed by a contractile long tail terminating in a

baseplate (Mesyanzhinov et al., 2002)(Figure 1.6). First Electron Microscopy (EM) micrographs

revealed further details about the morphology of the bacteriophage (Smirnova et al., 1983) and

confirmed its huge size, with the head measuring 120 nm diameter and the tail being 180 nm

long in its fully extended state and measuring 20 nm in diameter (Figure 1.6). The DNA inside

the head is packed around a proteinacious cylinder of unknown function, called the inner body,

displaying a highly ordered packed DNA (Krylov et al., 1984). Later EM studies suggested

slightly larger measurements, however these differences might be due to the use of different

microscopes and/or measuring techniques.

The first three-dimensional reconstruction of the ΦKZ head came with the advent of new cryo-

electron microscopy methods, 30 years after the first ΦKZ micrographs were reported (Fokine

et al., 2005). The 18 Å resolution reconstruction revealed that the capsid is mostly formed by

copies of capsid protein, gp120, arranged into a surface lattice of hexamers with triangulation

number T = 27. A 28 Å resolution reconstruction of the full bacteriophage revealed that the

genomic DNA inside the capsid is organised into a spool-like structure around the inner body

formed at a roughly ≈32°angle against the long axis of the capsid (Fokine et al., 2007), a novel

organisation previously unreported in bacteriophages at that time. The same authors reported

that the tail consists of a neck, a collar and a contractile sheath assembled around the tail

tube, and that the baseplate has a flat hexagonal shape in comparison to the dome-shaped

hexagonal aspect of T4 phages (Fokine et al., 2007). Later EM studies found that the inner

body was extremely sensitive to radiation damage (Wu et al., 2012), a quality that could be

used to distinguish the proteinaceous component from the surrounding DNA. The shape and
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position of the inner body suggests that it may be involved in DNA packaging, however, further

studies are required to confirm that. Currently, available reconstructions of ΦKZ provide an

overall architecture of the bacteriophage morphology, however they lack high resolution features

that would reveal further details, such as the protein composition of important parts of the

bacteriophage, like the tail tube or the baseplate, as well as the role of the intriguing inner

body.

Figure 1.6: Bacteriophage ΦKZ morphology and pseudo-nucleus maturation in
P.aeruginosa cells. A) Schematic diagram about the ΦKZ morphology. Measurements of the
head and tail are representative, as they are variable between different studies. B) Electron mi-
croscopy images showing the time-course of the ΦKZ infection and pseudo-nucleus maturation in
P.aeruginosa cells. Minutes after infection are indicated at the top of each image. White arrows
point at bacterial nucleoid; black arrows at round compartments (RC); blue arrows at the pseudo-
nucleus at different stages of maturation; red arrows at new bacteriophage capsids. Figure adapted
from (Danilova et al., 2020) under a Creative Commons Attribution License.

The massive genome of bacteriophage ΦKZ was sequenced in the early 2000s (Mesyanzhinov

et al., 2002). The ΦKZ genome has a low GC content in comparison to its host. It has 306 open

reading frames (ORFs) and six tRNAs. Intriguingly, only 59 bacteriophage-encoded proteins

show significant sequence homology to other proteins with known function and only 11 of them

are homologous to other double-stranded DNA (dsDNA) bacteriophage proteins, indicating that

ΦKZ is a distinct evolutionary strand of the Myoviridae family. The ΦKZ genome sequencing

was the starting point for a large number of subsequent studies that aimed to characterise this

unique bacteriophage (Miroshnikov et al., 2006; Yakunina et al., 2015; Orekhova et al., 2019;

Chaikeeratisak et al., 2017a; Danilova et al., 2020; Mendoza et al., 2020; Aylett et al., 2013).

One of these studies found another interesting feature in the bacteriophage ΦKZ genome: it

included three virion proteins and two others that were not associated with the virion with high
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homology to the two largest subunits of bacterial DNA-directed RNA polymerase (RNAP)s, β

and β′, suggesting that ΦKZ encodes two RNAPs. Later, ΦKZ development and transcription

proved to be insensitive to rifampicin, confirming that the bacteriophage relies on its self-

encoded enzymes for gene expression (Ceyssens et al., 2014). Recently it was reported that

during infection, ΦKZ forms a proteinaceous “nucleus” within the host cytoplasm that protects

its genome from the host immunity mechanisms, such as CRISPR-Cas and restriction enzyme,

(Chaikeeratisak et al., 2017a,c; Danilova et al., 2020; Mendoza et al., 2020) and traffic through

a bacteriophage-encoded tubulin-like cytoskeleton (Chaikeeratisak et al., 2017a,b; Aylett et al.,

2013; Chaikeeratisak et al., 2019) (Figure 1.6).

Overall, bacteriophage ΦKZ encodes many proteins that the host would typically be expected

to provide, making it a really interesting life-from to study. These sophisticated mechanisms

imply a unique infection cycle with intriguing evolutionary parallels to their eukaryotic equiv-

alents. A deep understanding of the bacteriophage ΦKZ life-cycle in P.aeruginosa, including a

detailed characterisation of all the proteins involved in its regulation, would be crucial to fully

understand the evolution of this interesting family of giant bacteriophages and would hopefully

contribute to improve potential bacteriophage therapy approaches.

1.2.3 The transcriptional apparatus of bacteriophage ΦKZ

1.2.3.1 DNA-dependent RNA polymerase, the central enzyme of transcription

During the development of all living organisms, cells specialise into distinct cell types thanks

to the expression of different genes. The first step of gene expression is transcription, which

is the synthesis of RNA from a DNA template. Gene transcription is tightly regulated and is

performed by a large molecular machine, the DNA-directed RNA polymerase (RNAP) (Cramer,

2002). Whereas bacteria and archaea usually use a single RNAP to transcribe all genes,

eukaryote organisms use specialised RNAPs which transcribe different gene classes (Werner

and Grohmann, 2011). Based on subunit composition and conserved amino acid sequence,

RNAPs can be divided into two evolutionarily unrelated families. The first family comprises
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single-subunit RNAP (ssRNAP)s, which are composed of a single polypeptide. This group of

polymerases usually transcribe genes of mitochondria, chloroplasts and some bacteriophages

(Cermakian et al., 1997). The second family is formed by multi-subunit RNAP (msRNAP)s

which transcribe genes from all organisms, from bacteria to humans. Together with some RNA-

dependent RNAPs, msRNAPs form a superfamily of “two-barrel” RNAPs (Iyer et al., 2003),

with eubacterial genomes encoding the simplest form of msRNAPs. The conserved double psi

beta-barrel (DPBB) domains are split between the two largest subunits (β and β′ in bacteria),

and together form the catalytic site (Figure 1.7). The DPBB of the largest subunit (β′ in bac-

teria) contains the universally conserved motif DxDGD, with the three aspartates coordinating

one Mg2+ ion essential for catalysis. The two largest RNAP subunits on their own are catalyt-

ically inactive and require additional universally conserved subunits. In bacteria, a dimer of α

subunits and the ω subunit are required to assemble a functional complex (Zhang et al., 1999;

Heyduk et al., 1996; Minakhin et al., 2001). The RNAP core (ββ′α2ω in bacteria) is evolution-

arily conserved amongst all three domains of life (Sweetser et al., 1987) and is responsible for

DNA binding and RNA synthesis.
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Figure 1.7: Structure of the catalytic centre of the “two-barrel” RNAPs family formed
by interacting DPBBs from the β and β′ subunits. The metal-coordinating DxDGD motif
included in the β′ subunit and the functionally important lysines of the β subunit projecting into
the catalytic cleft are shown in ball and stick representation. The two DPBBs are juxtaposed in
an asymmetric head to tail configuration. Figure adapted from (Iyer et al., 2003) under a Creative
Commons Attribution License.

A transcription cycle can be divided into three stages: initiation, elongation and termination.

The RNAP core (ββ′α2ω in bacteria) is catalytically sufficient and can perform elongation

and termination on its own, however, it requires accessory factors to initiate transcription

from specific promoters (Saecker et al., 2011). On one hand, bacterial transcription initiation

is modulated by one of the several σ factors, whose binding to the RNAP core allows the
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enzyme to specifically recognise and melt DNA promoters, hence positioning the catalytic

site at the transcription start point (Paget, 2015; Lonetto et al., 1992). On the other hand,

in archaeal and euakryotes transcription initiation is more sophisticated and involves a wide

range of transcriptional factors which are evolutionarily unrelated to bacterial σ factors (Werner,

2007; Vannini and Cramer, 2012). Usually, bacterial genomes encode a principal σ factor which

transcribes constitutive genes needed for the maintenance of the basic cell functions, and a

variable number of alternative σ factors involved in specific functions, such as stress responses

or morphological changes (Gruber and Gross, 2003; Browning and Busby, 2004). In E.coli σ

factors can be classified in two main families, the σ70 and the σ54. σ70-related factors are encoded

in all bacterial genomes and contain four conserved regions (Lonetto et al., 1992; Gruber and

Gross, 2003). The most N-terminal region, region 1, is thought to have an inhibitory effect on

DNA binding. Region 2 can be divided into four subregions and is involved in the recognition

of the -10 element of bacterial promoters and DNA melting for transcription bubble formation,

while region 3 is responsible for the recognition of the -10 extended element. Finally, region 4

recognises the -35 promoter region and interacts with transcriptional activators (Paget, 2015).

Several structures of bacterial RNA polymerases have been determined since the crystal struc-

ture of Thermus aquaticus RNAP (PDB: 1HQM) was first reported in 1999 (Zhang et al.,

1999), all of them contributing to a full understanding of the molecular basis of transcription.

Bacterial RNAPs have a particular crab-claw shape with an internal channel running alongside

the enzyme (Figure 1.8). The two largest subunits, β and β′ form the catalytic centre with

their respective DPBBs, and also serve as a scaffold for the DNA, the DNA-RNA hybrid and

the RNA formed during transcription. One of the pincers of the crab-claw interacts with the

downstream dsDNA, which runs alongside the main DNA channel until it reaches the catalytic

cleft, while the RNA-DNA hybrid usually expands perpendicularly to the downstream dsDNA.

The two largest subunits are highly conserved amongst bacteria, however they also contain large

sequences of lineage-specific insertions (Lane and Darst, 2010b), which are usually located at

the periphery of the complex, where density maps are usually of relatively low quality. Com-

parison with other cellular RNAPs, revealed a conserved architecture amongst msRNAPs with

the active site buried at the centre of the enzyme and other conserved structural elements (Lane
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and Darst, 2010a). The β′ subunit comprises a long bridge helix that separates the main sec-

ondary channels and a trigger loop that alternates between a helical and extended conformation

throughout nucleotide addition reaction. The N-terminus of the β′ subunit forms the clamp,

a flexible element that encloses the DNA and DNA-RNA hybrid within the catalytic centre of

the enzyme. The lid is included in the clamp and separates the dsDNA strands. The β1 and

β2 domains included in the β subunit, also known as protrusion and lobe, form a channel that

holds the non-template single-stranded DNA (ssDNA) during transcription bubble formation.

The flap, also included in the β subunit, guides the elongated RNA transcript through the

RNA-exit channel.

Figure 1.8: Architecture of bacterial msRNAPs. The structure of the Thermus thermophilus
elongation complex (PDB 2O5J) (Vassylyev et al., 2007) in two different views. Relevant conserved
structural elements encircled in black dotted lines and pointed out with black arrows.

1.2.3.2 Bacteriophage ΦKZ encodes its own multi-subunit RNAPs

The majority of bacteriophages have evolved efficient mechanisms to redirect the host tran-

scription machinery to recognise viral promoters, hence ensuring sequential gene expression

throughout the distinct developmental stages of their life cycle (Nechaev and Severinov, 2003).

An increase in genome sequencing and bioinformatic studies over the last decades has unveiled

the presence of distant homologues of RNAP subunits in some eukaryotic viruses, bacterio-

phages and prophages, which are known as “non-canonical” RNAPs (Sokolova et al., 2020,

2017; Yakunina et al., 2015; Ahn and Moss, 1992). Some bacteriophages, such as T7, N4 or

Xp10, encode their own ssRNAPs responsible for transcribing specific subsets of genes during
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different stages of infection (Lenneman and Rothman-Denes, 2015; Kroger and Schroeder, 1981;

Falco et al., 1977, 1980; Semenova et al., 2005). These viruses use different strategies. T7-like

phages initially recruit the host RNAP to transcribe early bacteriophage genes, which encode a

ssRNAP that will transcribe middle and late bacteriophage genes (Steitz, 2004). Alternatively,

N4-like bacteriophages encode two ssRNAPs which transcribe early and middle bacteriophage

genes respectively, and recruit the host RNAP to transcribe bacteriophage late genes (Cho

et al., 1995; Gleghorn et al., 2008). One rare exception is a multisubunit RNAP isolated from

Bacillus subtilis PBS2 infected cells (Clark et al., 1974; Clark, 1978), however minimal infor-

mation about the PBS2 genomic sequence has complicated the study of this intriguing enzyme

and its relationship to other RNAPs. Similarly to bacteriophage PBS2, the giant members of

the bacteriophage ΦKZ family were reported to encode two sets of proteins homologous to the

two largest subunits of canonical msRNAPs (Ceyssens et al., 2014).

Bacterial RNAPs are inhibited by the antibiotic rifampicin, which binds the β subunit of the

enzyme deep in the active site channel and prevents elongation of the RNA transcript after

2 to 3 nucleotides have been added (Campbell et al., 2001). The life cycle of ΦKZ in Pseu-

domonas aeruginosa is unaffected by the host RNAP inhibitor rifampicin, which indicates

that ΦKZ is independent of the host transcription machinery and provides its own RNA poly-

merases throughout the infection cycle (Ceyssens et al., 2014). Whereas almost all known

bacteriophage-encoded RNA polymerases are single subunits, ΦKZ is one of only a few viruses

to encode multisubunit RNAPs (msRNAPs) (Clark et al., 1974; Yakunina et al., 2015; Sokolova

et al., 2017). Bacteriophage ΦKZ encodes two sets of proteins homologous to subregions of the

two largest subunits of bacterial RNAP, β and β′ subunits and it does not seem to possess ho-

mologues for the α or ω subunits, which are usually required for the assembly of a catalytically

active enzyme in bacterial msRNAPs (Heyduk et al., 1996; Minakhin et al., 2001).

The ΦKZ virion RNAP (vRNAP) is formed by at least four polypeptides (gp178, gp149, gp180,

and gp80), and is is injected together with the bacteriophage genome to express ΦKZ early genes

(Ceyssens et al., 2014) (Figure 1.9). The ΦKZ vRNAP specifically initiates transcription from

early promoters characterised by an AT-rich consensus element and an upstream non-conserved

motif. Early transcription occurs independently of bacteriophage protein production, which
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indicates that all elements needed for early transcription are provided by the virion. Conversely,

transcription of middle and late promoters needs bacteriophage protein synthesis. Amongst the

transcribed early bacteriophage genes, there are those encoding a non-virion RNAP (nvRNAP)

which transcribes all further genes needed for the assembly of new bacteriophages that will end

up lysing the cell host (Figure 1.9). Many interesting questions remain unanswered regarding

the biology of these non-canonical msRNAPs, including how the subunits assemble without

canonical α and ω subunits, or how they recognise specific bacteriophage promoters. Moreover,

further investigation of the function, structure and evolution of non-canonical msRNAPs may

reveal new insights into the evolutionary origins of msRNAPs.

Figure 1.9: Bacteriophage ΦKZ transcription strategy. Each transcription stage is repre-
sented with an image and a description below. ΦKZ particles are represented in brown and the host
cell (P.aeruginosa) in grey. The rest of the elements are labelled in the figure.

1.2.3.3 The ΦKZ non-virion RNA polymerase

In 2015, the ΦKZ nvRNAP was isolated from ΦKZ-infected P.aeruginosa cells (Yakunina et al.,

2015). The same authors demonstrated that the enzyme is formed by five polypeptides: gp55,

gp68, gp71-73, gp74, and gp123. Gp55 and gp74 were found to be homologous to the N- and

C-terminus of the bacterial β′ subunit, with gp55 including the first DPBB domain (Figure

1.10) (Yakunina et al., 2015). The gp71-73 subunit was found to be homologous to the C-

terminal half of the bacterial β subunit including the second DPBB, while gp123 appeared

to be a highly divergent homologue of the N-terminus of the bacterial β subunit. The fifth
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subunit of the enzyme, gp68, had no similarity to any other protein family, although several

homologues were found in other members of the ΦKZ family, suggesting that it is crucial

to perform the nvRNAP function (Yakunina et al., 2015). Intriguingly, the ΦKZ non-virion

RNAP is sufficient to recognise and transcribe from bacteriophage late promoters without

any homologues to bacterial subunits α or ω, or any initiation factors, such as bacterial σ

factors or archaeal or eukaryotic transcription factors, suggesting a different mechanism for

assembly and promoter recognition. Furthermore, the ΦKZ nvRNAP recognises a late promoter

consensus sequence that overlaps with the transcription start point (5’-TATG-3’) (Figure 1.11)

(Yakunina et al., 2015), in contrast to the -10 and -35 promoter consensus elements of bacterial

promoters, suggesting a novel mechanism for promoter recognition. Conversely, ΦKZ middle

promoters are not efficiently recognised by the nvRNAP in vitro (Yakunina et al., 2015). This

observation suggests that middle promoters might be recognised by a modified version of either

the vRNAP or nvRNAP or, alternatively, that a bacteriophage-encoded DNA-binding factor

could specifically recruit one of the non-canonical polymerases to the middle promoters.

Figure 1.10: Schematic diagram of the conserved sequence and structural regions of
the ΦKZ nvRNAP subunits. Each subunit is represented as a box with a different colour.
Evolutionarily conserved sequence regions similar to bacterial msRNAPs are labeled according to
the Lane and Darst nomenclature (Lane and Darst, 2010a,b). The DPBB domains that form the
nvRNAP catalytic centre as well as the aspartate triad are marked with a black line underneath
the corresponding subunit. Figure adapted from (Yakunina et al., 2015) under a Creative Commons
license.
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Figure 1.11: Middle and late promoters of the ΦKZ nvRNAP subunits. Sequence logos of
the ΦKZ middle and late promoters. Figure adapted from (Yakunina et al., 2015) under a Creative
Commons license.

To further investigate the role of the intriguing fifth subunit of the ΦKZ nvRNAP, Orekhova

et al. created a co-expression system with two plasmids: one encoding the four β/β′-like

subunits, and a second encoding only the fifth subunit, gp68 (Orekhova et al., 2019). With this

system they could produce four-subunit (4s) recombinant nvRNAP, including the four proteins

homologous to the two largest bacterial RNAP subunits, and five-subunit (5s) recombinant

complexes including all the components of ΦKZ nvRNAP. In vitro transcription assays revealed

that complexes lacking gp68 were unable to elongate existing RNA or bind to a DNA-RNA

hybrid, demonstrating that gp68 is essential for even the most basic biological functions of the

complex (Orekhova et al., 2019). Similarly, the nvRNAP of another member of the family of

giant bacteriophages, Bacillus subtilis AR9, also encodes four β/β′-like subunits and requires a

fifth subunit for promoter recognition (Lavysh et al., 2016; Sokolova et al., 2017). However, AR9

remains catalytically active in the absence of the fifth subunit, which suggests a less intimate

integration into the complex. An unusual msRNAP was previously isolated from B.subtilis

infected with PBS2, however the enzyme was isolated in two forms from infected cells: a five-

subunit complex and a four-subunit complex, in contrast with ΦKZ nvRNAP, which was only

purified as a 5s complex from ΦKZ-infected P.aeruginosa cells (Yakunina et al., 2015).

Overall, bacteriophage ΦKZ encodes its own msRNAPs which are able to sequentially transcribe

all genes needed for the bacteriophage-life cycle, hence being completely independent from the

host transcription machinery. The ΦKZ nvRNAP has been purified and biochemically charac-
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terised, demonstrating that it is a five-subunit complex including four subunits homologous to

the two largest bacterial subunits, and a fifth one with no homology to any other protein with

known function, which plays an important role in promoter recognition and transcription initia-

tion. Apart from encoding its own transcription machinery, ΦKZ forms a pseudo-nucleus upon

infection which is positioned at the centre of the cell through tubulin-like filaments. Hence, the

giant bacteriophage ΦKZ encodes multiple proteins with intriguing evolutionarily parallelisms

to both prokaryotes and eukaryotes. A proper study of all the components involved in the ΦKZ

life-cycle in P.aeruginosa would provide useful knowledge on its evolution and its relationships

with its host.
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1.3 Objectives

Most important cellular functions are regulated by dynamic multiprotein complexes that can

alternate between different conformational states. These complexes are usually difficult to

characterise due to their size and flexibility, however recent advances in the cryo-EM field, in

particular direct electron detectors and improved software, have allowed the structural determi-

nation of large multiprotein complexes at high resolution by single-particle analysis. mTORC1

is a clear example of a large complex composed of several subunits which acts as a central

regulator for metabolism, ensuring that cell growth only occurs under favourable conditions.

The structure of mTORC1 was determined by cryo-EM (Aylett et al., 2016b; Yang et al., 2016,

2017) providing a complete structure of this kinase. The regulation of mTORC1 involves sev-

eral complexes that need to be coordinated to integrate multiple signals and generate a single

output: the activation or the inhibition of the kinase. The recruitment of mTORC1 to the

lysosome and the complexes involved in its regulation have been relatively well characterised in

recent years, and the discussion is now moving towards the kinetics and inter-communication

between these regulatory complexes.

This PhD project was initially focused on the study of one of the protein complexes regulating

Rag GTPase signaling within the mTORC1 pathway that was still poorly characterised; the

FLCN complex. We aimed to use structural biology to provide a mechanistic model to explain

at a molecular level how the Rag GTPase nucleotide state was modulated by the FLCN complex.

To do so we had planned to use single-particle cryo-EM to determine the structure of the FLCN-

FNIP2 complex and the molecular basis of its interaction with the Rag GTPase heterodimer.

However, after we made substantial progress on the structural characterisation of the FLCN

complex on its own, two structures of its complex with the Rag GTPases and Ragulator,

responsible for anchoring the Rag GTPases at the lysosome, were published by other groups

(Shen et al., 2019; Lawrence et al., 2019). Moreover, immediately after that, there was a college

closure for 3 months due to the COVID-19 pandemic. After these three months, access to the

lab was still limited, causing major disruptions to the progress of the project.
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Considering that I had previously been involved in structural studies of bacteriophage MS2

capsids (de Mart́ın Garrido et al., 2020) and my supervisor, Dr. Aylett, had previously studied

components of the interesting bacteriophage ΦKZ, we established a collaboration with Dr.

Yakunina’s group based at Peter the Great St. Petersburg Polytechnic University. This group

is working on the study of the bacteriophage ΦKZ, in particular its transcriptional machinery,

and they have recently purified the ΦKZ nvRNAP (Yakunina et al., 2015; Orekhova et al.,

2019). Bacteriophage ΦKZ is independent of the host transcriptional machinery and is one of

a few bacteriophage exceptions to encode its own set of multi-subunit RNAPs, a virion-RNAP

and a non-virion RNAP (nvRNAP). Our collaborators showed that the non-virion RNAP is

formed by four subunits homologous to the bacterial β/β′-subunits and a fifth one with no

homology to other proteins with known function, but essential for transcription initiation.

However, how this fifth subunit is involved in transcription initiation and promoter recognition

at a mechanistic level is still poorly understood. Therefore, the aim of this collaboration was to

use cryo-EM to determine for the first time the structure of the ΦKZ nvRNAP and elucidate

the function of the intriguing fifth subunit in transcription.
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Materials and Methods

2.1 General Procedures

2.1.1 PCR

Routine polymerase chain reactions (PCRs) were performed using the Phusion® High-Fidelity

PCR Kit (New England Biolabs, UK). We used the conditions recommended by the manu-

facturer and adjusted the volume accordingly depending on the final reaction volume (Table

2.1).

Table 2.1: Volumes and final concentrations used for standard PCR reactions. Volumes
are indicated for a 50 µL reaction. Phusion DNA Polymerase, 5X Phusion HF or GC Buffer and
dNTPs were provided by the Phusion® High-Fidelity PCR Kit (New England Biolabs, UK).

35
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After adding the appropriate volume of each component in a tube, reactions were mixed and

liquid collected at the bottom of the tube. Reactions were performed using a Biometra TRIO

Series Thermal Cycler (Analytik Jena, Germany) using the parameters indicated in Table 2.2.

Samples were left at 4 °C until collection from the Thermal Cycler and stored at -20 °C until

use.

Table 2.2: Conditions used to run standard PCR reactions. Table showing the cycle condi-
tions used to run standard PCR reactions. The annealing temperature was adapted for each set of
primers and the extension time to the length of the amplified fragment.

2.1.2 E.coli transformation

For cloning procedures, plasmids were transformed by heat shock into NEB 10-beta Competent

E.coli cells (New England Biolabs, UK). After thawing a tube of cells on ice, we added 1-2

µL of plasmid into one aliquot and carefully tapped the tube to mix the cells with the DNA

(vortexing or mixing with the pipette could damage the cells). We left the mixture on ice for

30 minutes (min) and then tubes were incubated at 42 °C for 45 seconds (s). After heat shock,

we left the cells on ice for 5-10 min and plated them on a Lysogeny broth (LB) (Bertani, 2004)

agar plate containing the required antibiotics (100 µg/mL ampicillin).

2.1.3 Golden Gate Reaction

To transfer the genes into their corresponding expression vectors we used the Golden Gate

strategy (Engler et al., 2008). This methodology utilises from the restriction enzyme BsaI

to specifically insert a DNA fragment flanked with specific restriction sites into a destination

plasmid containing those cleavage sites. The advantage of using BsaI is that this enzyme cuts
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outside the restriction enzyme sites. We prepared reactions at a final volume of 20 µL using

the conditions indicated in Table 2.3.

Table 2.3: Standard volumes used to perform Golden Gate reactions. Table showing the
components used to run a golden gate reaction. Components marked with a * were obtained from
New England Biolabs (UK).

After adding the appropriate volume for each component, liquid was collected at the bottom

of the tube and the assembly reaction was run in a Biometra TRIO Series Thermal Cycler

(Analytik Jena, Germany) for 30 cycles alternating 2 min and 30 s at 37°C and 2 min and 30 s

at 16 °C. After the last cycle, reactions were incubated at 37°C for 10 min and left at 4°C until

collection. Reactions were transformed into NEB 10-beta Competent E.coli cells as indicated

in section 2.1.2.

2.1.4 HiFi assembly

We used the NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, UK) to

assemble multiple DNA fragments. This method is very efficient and allows assembly of several

DNA fragments with varied overlapping ends (15-30 bp) regardless of their length. Generally,

0.1 pmol of each fragment were mixed. Quantities of each fragment were added, and then the

same volume of the 2X NEBuilder® HiFi DNA Assembly Master Mix was added. If the number

of fragments was higher than 5 the quantity of each fragment was reduced to <0.1 pmol to

avoid having more than 0.5 pmols in total, as recommended by the manufacturer. After proper

mixing of the DNA fragments with the HiFi Assembly Master Mix, the reaction was incubated

for 1 h at 50 °C. For assemblies with more than five fragments, incubation time was usually
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increased to 2h.

2.1.5 Agarose Gel Electrophoresis

We prepared 1 % agarose gels by mixing one tablet containing 0.5 g of agarose (Agarose Tablets,

Meridian Bioscience, USA) with 50 mL of 1x TBE buffer (89 mM Tris, 89 mM boric acid and

3.2 mM EDTA) and left it to dissolve for 5 min at room temperature. After that, the mixture

was heated for 1 min and let to cool down at room temperature for 10-15 minutes. Then, 5

µL of SYBR Safe (Invitrogen, Thermo Fisher Scientific, USA) were added and the liquid was

poured into a horizontal electrophoresis system (Bio-Rad Laboratories, Inc., USA). The gel

was left to cool down at room temperature for 30min-1h. Samples were prepared by mixing

them with Gel Loading Dye, Purple (6X) (Bio-Rad Laboratories, Inc., USA). After loading the

samples into the gel wells, gels were run in TBE buffer at 75-100V for 40-60 minutes (voltage

and time were adjusted depending on the length of the DNA fragments analysed).

2.1.6 SDS-PAGE

Sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) was performed using

4–20 % Mini-PROTEAN® TGXTM Precast Protein Gels (Bio-Rad Laboratories, Inc., USA).

15 µL of sample were diluted with 5 µL of 4x LDS Sample Buffer (Expedeon, now Abcam,

UK) and heated at 90 °C for 2-3 min. Gels were run at 200 V for 36-40 min in 1x SDS

buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS). To visualise proteins, gels were stained with

InstantBlue® Coomassie (Abcam, UK) for 2h-overnight and subsequently destained with water

for 2h-overnight. Gels were imaged on a Gel Doc XR+ (Bio-Rad Laboratories, Inc., USA) using

the preset protocol for Coomassie stain.
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2.1.7 Native PAGE and Gel-shift

Native PAGE was performed using 4–20 % Mini-PROTEAN® TGX™ Precast Protein Gels

(Bio-Rad Laboratories, Inc., USA). Samples were prepared by mixing 10 µL of each sample

with 10 µL of 2X Loading Buffer without SDS (63.5 mM Tris-Cl pH=6.8 and 40% Glycerol).

Loading Buffer was prepared without any tracking dye to avoid masking the signal of Cy5-

oligonucleotides. Hence, one well was loaded with 4x LDS Sample Buffer (Expedeon, now

Abcam, UK) to monitor the front of the gel. 20 µL of samples were loaded on the gel, that was

run for 20-24 min at 200 V if it was run at room temperature (for DNA gels) or 40 min at 120

V if the gel was run at 4 °C (for gel-shifts to check DNA-protein binding).

2.1.8 Mass spectrometry

Protein bands of interest were manually excised from a Coomassie-stained SDS-PAGE gel.

Individual gel slices were prepared for mass spectrometry through extensive washing with ul-

trapure water. Samples were analysed at the Mass spectrometry and Proteomics facility of the

University of St Andrews.

2.1.9 General Protocols for the preparation of EM grids

2.1.9.1 Grid washing and plasma cleaning

Grids were washed with ultrapure water and ethyl acetate (Sigma-Aldrich, USA) to eliminate

any kind of plastic contaminants arising from the Quantifoil grid production. After washing,

grids were left to air-dry.

Usually, grids are plasma cleaned prior to sample application to remove any contaminants

accured during production or washing, and to render them hydrophilic. Grids were plasma

cleaned using a Basic Plasma Cleaner PDV-23G-2 (Harrick Plasma, USA) for 10-15 s in air

using the high mode setting.
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2.1.9.2 Preparation of Graphene Oxide covered grids

Preparation of cryo-EM samples on Graphene Oxide (GrOx) covered grids is routinely done in

our lab using a well-established protocol that has been successful in obtaining high-resolution

structures of different complexes (de Mart́ın Garrido et al., 2021c,b; Ramlaul et al., 2021). This

method uses GrOx flakes usually prepared using the Hummers method (Hummers and Offe-

man, 1958). A 1 % GrOx and 0.01 % n-Dodecyl-beta-Maltoside (DDM) solution was prepared

by mixing 2.5 µL of Graphene Oxide 2 mg/mL (Sigma-Aldrich, USA), 2.5 µL of 1 % DDM

(GLYCON Biochemicals GmbH, Germany) and 245 µL of ultrapure water (final volume 250

µL). Immediately before use, the mixture was vortexed vigorously for 1 min to ensure that the

GrOx flakes were properly suspended.

To prepare GrOx-covered transmission electron microscope (TEM) grids, 5 µL of GrOx-DDM

suspension and 5 µL of ultrapure water were dropped onto a piece of paraffin. Firstly, the

grid was gently deposited on top of the GrOx suspension droplet and incubated for 1 min with

the carbon-covered side in contact with the liquid. After incubation, the grid was lifted with

negative-action tweezers and the droplet of water subsequently recovered by gently touching

the liquid gently with the copper side of the grid. At this point, while holding the grid with

the tweezers, there should be a droplet of GrOx-DDM suspension on the carbon-covered side

of the grid and a droplet of water on the copper side. Then, the grid was carefully blotted with

the water droplet-side down against a piece of filter paper. The principle here is that blotting

of the water will settle the GrOx suspension throughout the grid by capillary action.



2.2. The FLCN complex and its interacting partners 41

2.2 The FLCN complex and its interacting partners

2.2.1 Materials

2.2.1.1 Plasmids

All Spodoptera litura genes were individually cloned in a pG plasmid (Figure 2.1) making use of

the Golden Gate method (Engler et al., 2009)(see section 2.1.3). The pG plasmid is a derivative

of the expression vector used by the Prof. Wigley group (Rees et al., 2017). It contains an

Ampicillin resistance gene for selection of transformed colonies and Tn7 transposition sites

for subsequent site-specific integration into the bacmid in DH10MultiBac cells (Berger et al.,

2004). After that, genes were assembled into multiple-gene pG vectors using the NEBuilder

HiFi Assembly kit (see section 2.1.4).

Figure 2.1: The pG plasmid map. Representative diagram of the pG plasmid map with the
main elements of the plasmid indicated. Figure made with SnapGene.

2.2.1.2 Genes and proteins

S.litura gene sequences were identified by multiple alignment using Basic Local Alignment

Search Tool (BLAST). Sequences were codon-optimized for Spodoptera frugiperda expression,

checked for restriction enzymes sites, and ordered through Integrated DNA technologies (USA).

All constructs included an SBP tag (Keefe et al., 2001) for affinity purification in one of the
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proteins. All protein constructs used are listed in (Table 2.4) and were sequenced verified using

Eurofins TubeSeq services.

Table 2.4: List of protein constructs used for Sl FLCN-FNIP2 and RagA-RagC purifi-
cation. Table showing the list of constructs used in Chapter 3. The tagged protein in each construct
is indicated.

2.2.2 Protein Expression

2.2.2.1 Virus generation and amplification

We expressed both Sl FLCN-FNIP2 and Sl RagA-RagC in insect cells (Sf9) using the Multi-

Bac baculoviral expression system (Berger et al., 2004). Genes encoding subunits of each

protein complex were cloned together into a pG plasmid (Figure 2.1) containing Tn7 transpo-

sition sites, which allowed subsequent integration of the expression cassette into the bacmid in

DH10MultiBac cells (Berger et al., 2004). After transposition, positive colonies were selected

and the bacmid DNA was purified by ethanol precipitation using the buffers included in the

QIAGEN Plasmid Plus Kit (QIAGEN, Netherlands).

We usually screened 2-4 bacmids from different positive colonies for each construct. Transfection

of purified bacmids was achieved by mixing the DNA with CellfectinTM II Reagent (Thermo

Fisher Scientific, USA). 2 mL of Sf9 cells grown in Insect-XPRESSTM Protein-free Insect Cell

Medium (Lonza, Switzerland) at 0.5 x 106 cells/mL were grown in a 6-well plate and then

transfected with the bacmid-Cellfectin mix. Cells were left to incubate for 72 h at 27°C.

Viruses were amplified in Sf9 cells, by infecting 50 mL of Sf9 cells at 1 x 106 cells/mL with

the 2 mL transfected cells, and left incubating at 27 °C and agitated at 130 rpm. After 72h,

cells were harvested by centrifugation at 1000 rcf for 10 min and viruses were isolated collecting

the supernatant, which was designated as generation of viruses 1 (P1). A second round of

amplification was performed by infecting 50 mL of Sf9 cells at 1 x 106 cells/mL with 1 mL of
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P1 (infection rate 1:50) and leaving them incubating for 72 h at 27 °C and agitated 130 rpm.

The second generation of viruses (P2) were finally isolated by centrifugation at 1000 rcf for

10 min. Viruses were kept at 4 °C until use with 1:50 dilution of Fetal Bovine Serum (FBS)

(Sigma-Aldrich, USA).

2.2.2.2 Establishment of protein expression conditions

Expression of Sl FLCN-FNIP2 and Sl RagA-RagC was firstly tested with harvested cells from

the P2 virus amplification. After virus isolation by centrifugation, the pellet was resuspended

in 5 mL of the corresponding Resuspension Buffer (see Table 2.5 and 2.6), supplemented with

HaltTM Protease Inhibitors Cocktail 100X (Thermo Fisher Scientific, USA). Cells were lysed

by sonication in a beaker placed on ice, for 2 min with a pulse of 1 s on and 4 s off, at 40%

amplitude. Cell debris was separated from the soluble fraction by centrifugation for 25 min at

18 000 rpm, 4 °C and the supernatant was collected for subsequent analysis on SDS-PAGE.

After testing that both Sl FLCN-FNIP2 and Sl RagA-RagC were soluble and successfully

expressed in the P2 generation of viruses, protein expression was scaled up by infecting larger

volumes of Sf9 cells under the same conditions. For Sl FLCN-FNIP2 complexes, 400 mL of Sf9

cells were infected with 8 mL of previously tested P2 virus (keeping an 1:50 infection ratio) and

incubated at 27 °C and 130 rpm for 72h. For Sl RagA-RagC complexes, 200 mL of Sf9 cells

were infected with 4 mL of previously tested P2 virus (1:50 infection ratio) and incubated at

27 °C and agitated at 130 rpm for 48h.

2.2.3 Purification of the Sl FLCN-FNIP2 complex

After 72h, 400 mL of Sf9 cells infected with P2 Sl FLCN-FNIP2 virus were harvested by

centrifugation for 10 min at 1000 rcf. Cells were resuspended in 20 mL of Resuspension buffer

(Table 2.5). Lysis was performed by sonication in a beaker placed on ice for 2 min 30 s, with

a pulse of 1 s an 4 s off, and at a 40% amplitude. Cell debris was separated from the soluble

fraction by centrifugation for 45 min at 18 000 rpm, 4 °C, and the supernatant fraction was
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collected for subsequent purification.

All the affinity purification steps were performed at 4 °C. 20 mL of supernatant was loaded onto

a 5 mL StrepTrap™ HP (Merck KGaA, Germany) pre-equilibrated with 5 column volumes (CV)

(50 mL) of Resuspension Buffer (Table 2.5). Proteins that bound to the column non-specifically

were washed out with 5 CV of Resuspension Buffer (Table 2.5). To try to minimise aggregation,

SBP-tagged proteins were eluted with the minimum possible volume. The column was filled

with 4 mL of Elution buffer (Table 2.5) and left incubating for 10 min. After incubation,

elution was performed using a syringe in 2.5 mL fractions of Elution Buffer (Table 2.5). After

purification, the column was washed with 5 CV of 100 mM Tris-Cl pH=8.0 and stored in 20 %

ethanol. Elution fractions were left on ice until injection into the gel-filtration column.

Samples from affinity purification were analysed by SDS-PAGE and the elution fraction display-

ing the highest amount of protein in the gel (usually Elution fraction 1) was subsequently in-

jected in a Superdex 200 10/300 GL column (GE Healthcare, now Cytiva, USA) pre-equilibrated

with SEC Buffer (Table 2.5). The protein was monitored through changes in absorbance in 230

nm and 280 nm and the retention volume was compared to Gel-filtration standards (Bio-Rad

Laboratories, Inc., USA) composed of: thyroglobulin (670 000 Da), γ-globulin (158 000 Da),

ovalbumin (44 000 Da), myoglobin (17 000 Da), and vitamin B12 (1 350 Da). Gel-filtration

was performed on an ÄKTA purifier 10 (GE healthcare, now Cytiva, USA) for 24 mL at 0.25

mL/min and collecting 0.25 mL fractions. Representative fractions were analysed by SDS-

PAGE. Protein concentration was determined using a DS-11+ Spectrophotometer (DeNovix,

USA). Samples were immediately used for cryo-EM sample preparation (0.1-0.3 mg/mL). Sam-

ples used for GTPase assays were stored at 4 °C for a maximum of 24 h until use.

Table 2.5: List of buffers used for Sl FLCN-FNIP2 purification.
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2.2.4 Purification of the RagA-RagC complex

After 48 h, 200 mL of Sf9 cells infected with P2 Sl RagA-RagC virus were harvested by

centrifugation for 10 min at 1000 rcf. Lysis and affinity purification was performed as explained

in Section 2.2.3 using the buffers in Table 2.6.

All the eluted fractions from the affinity purification that contained Sl RagA-RagC complexes

according to SDS-PAGE, were concentrated with Amicon Ultra centrifugal filter units Ultra-15,

MWCO 30 kDa (Millipore, USA) up to 2 mL by sequential centrifugation rounds of 12 min

at 4000 rpm, 4 °C. 2 mL of concentrated sample were injected into a Superose 12 100/300

GL column (GE Healthcare, now Cytiva, USA) pre-equilibrated in SEC buffer (Table 2.6)

using an ÄKTA purifier 10 (GE healthcare, now Cytiva, USA). Gel-filtraion was run for 24 mL

at 0.25 mL/min and collecting 0.25 mL fractions. Representative fractions were analysed by

SDS-PAGE and samples containing Sl RagA-RagC complexes were concentrated up to 200 µL.

Protein concentration was determined using a DS-11+ Spectrophotometer (DeNovix, USA). 10

µL aliquots at 37 mg/mL were flash frozen and stored at -80 °C until use.

Table 2.6: List of buffers used for Sl RagA-RagC purification.

2.2.5 FLCN-FNIP2-RagA-RagC complex formation

2.2.5.1 Size-exclusion chromatography

To prepare FLCN-FNIP2 complexes with RagA-RagC, the limiting factor was usually the

FLCN-FNIP2 concentration obtained after size-exclusion chromatography, which was very vari-
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able (0.1-2 mg/mL), as the sample was prone to aggregation, concentration was avoided during

FLCN-FNIP2, hence limiting the achievable final concentration.

To prepare FLCN-FNIP2-RagA-RagC complexes in the presence of GTPγS, we initially di-

luted Sl RagA-RagC complexes to a final concentration of 30 µM with Resuspension Buffer

supplemented with 1 mM MgCl2 and 0.5 mM GTPγS. Then we mixed equal volumes of the Sl

RagA-RagC mixture with Sl FLCN-FNIP2 complexes at 15 µM (2:1 ratio) and incubated these

at 4 °C for 15 min. After incubation, complexes were injected onto a pre-equilibrated Superdex

200 10/300 GL (GE Healthcare, now Cytiva, USA) with SEC Buffer (Table 2.6) supplemented

with 1 mM MgCl2. 0.25 mL fractions were analysed by SDS-PAGE.

To prepare FLCN-FNIP2-RagA-RagC complexes in the presence of GppNHp and GDP, we

initially mixed Sl FLCN-FNIP2 with Sl RagA-RagC at 1:2 ratio (2.3 µM and 4.6 µM respective

final concentrations) in SEC Buffer (Table 2.6) supplemented with 100 µM GppNHp, 100 µM

of GDP and 1 mM MgCl2. The mixture was left incubating for 5 h at 4 °C. After incubation,

complexes were injected onto a pre-equilibrated Superdex 200 10/300 GL (GE Healthcare, now

Cytiva, USA) with SEC Buffer (Table 2.6) supplemented with 1 mM MgCl2. 0.25 mL fractions

were analysed by SDS-PAGE.

2.2.5.2 Density gradients: GraFix and Prefixation

For asymmetric and dynamic macromolecular complexes, structural heterogeneity can be a lim-

iting factor to achieve high-resolution reconstruction by cryo-EM. Commonly used separation

techniques, such as chromatography or dialysis, may result in increased complex disruption

because they involve exposure to various surfaces. The combination of density gradients with

chemical fixation, also know as GraFix (Kastner et al., 2008; Stark, 2010) provides a highly re-

producible method which successfully stabilises macromolecular complexes and separates them

from aggregates and other contaminants. In our laboratory we use several variations of GraFix.

Prior to prefixation, we performed a cross-linking screening using serial dilutions of glutaralde-

hyde (GTA) and analysing complex formation on SDS-PAGE. Before the addition of the fixation
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agent, Sl FLCN-FNIP2 complexes were mixed with Sl RagA-RagC at a final concentration of

0.6 µM and 1.2 µM respectively in SEC buffer supplemented with 100 µM GTPγS and 1mM

MgCl2. Samples were mixed with ten serial 2-fold dilutions of cross-linking reagent, from 0.5 %

to 0.002 %. After cross-linking, samples were mixed with SDS-loading buffer and subsequently

analysed by SDS-PAGE.

For prefixation we used a modification of PreFix (de Mart́ın Garrido et al., 2021a). 10-30%

glycerol gradients were prepared with resuspension buffer (Table 2.5) supplemented with the

appropriate percentage of glycerol. The top buffer containing 10% glycerol was supplemented

with 0.05% GTA. Sl FLCN-FNIP2 complexes and Sl RagA-RagC complexes were mixed at

a final concentration of 0.8 µM and 1.6 µM respectively with resuspension buffer (Table 2.5)

supplemented with 1 mM MgCl2 and 100 µM of GTPγS, and were left incubating for 10 min

on ice. To apply the sample to the gradients, some liquid was removed from the top (500 µL).

Gradients were centrifuged at 30 000 rpm for 19 h at 4 °C. After centrifugation, gradients were

fractionated into 0.25 mL fractions with a peristaltic pump connected to an AKTA purifier 10

(GE healthcare, now Cytiva Life Sciences, Global Life Sciences Solutions, USA). Fractions were

then analysed by SDS-PAGE.

2.2.6 GTPase assays

2.2.6.1 Malachite green Phosphate assay kit

GTPase assays were initially performed using the Malachite green Phosphate assay kit (Sigma

Aldrich, UK). This kit uses a malachite green reagent that forms a stable dark green color

with free phosphate released after GTP hydrolysis, resulting in a colorimetric product that

can be detected at 620 nm (600-660nm). Therefore the kit provides a direct procedure for

measuring the NTPase activity in a microplate by measuring the absorbance at 620 nm, which

is proportional to the enzyme activity.

All samples and standards of the assay were run in triplicate in a final volume of 40 µL on a 96-

well plate. The assay provides a Phosphate Standard solution to prepare Phosphate Standards
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to associate the detected absorbance with the quantity of phosphate. Phosphate Standards

were prepared as recommended by the provider: 0, 12.5, 25, 31.25, 37.5 and 50 µM. After

plotting the absorbance for each known phosphate concentration ([Pi]), the experimental data

was fitted by linear regression (Figure 2.2).

Figure 2.2: Malachite Green GTPase assay Phosphate Standards curve. After plotting
the absorbance (y axis) for each known phosphate concentration (x axis, [Pi] in µM) experimental
data was fit into a linear equation by linear regression. The equation is displayed on the graph.

2.2.7 GTPase-GloTM Assay

The GTPase-GloTM Assay (Promega, USA) has a different principle to that of the previous

assay (Malachite green Phosphate assay): it detects the remaining GTP after a GTP hydrolysis

reaction. The GTP is initially converted to ATP using the GTPase-GloTM reagent, and the

ATP is finally detected using a luciferase and luciferin substrate to produce bioluminescence.

Based on that, the GTPase activity is inversely correlated to the amount of light produced.

Each reaction was run in triplicate in a final volume of 10 µL on a 96-well plate. A positive

control to measure the initial quantity of GTP in the reactions was prepared by diluting GTP at

a final concentration of 5 µM in GTPase/GAP buffer supplemented with 1 mM DTT. Negative

controls were prepared by adding 10 µL of GTPase/GAP buffer and 10 µL of SEC buffer (used

to purify the proteins Figure 2.5) on the plate wells. A 2x RagA-RagC GTPase solution (1

µM, as recommended by the manufacturer) was prepared in GTPase/GAP Buffer containing

1 mM DTT. Then, serial dilutions of 2x FLCN-FNIP2 were prepared in GTPase/GAP Buffer
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containing 1 mM DTT containing 10 µM GTP (2.4, 1.2, 0.6, 0.3, 0.15, 0.8 µM). Reactions were

started by adding 5 µL of 2x RagA-RagC GTPase to 5 µL of each 2x FLCN-FNIP concentration.

Reactions were left for 3h at room temperature.

During incubation we prepared the Reconstituted GTPase-GloTM Reagent by mixing 0.8 µL of

GTPase-GloTM Reagent 500x with 0.2 µL of ADP 10 mM in 399 µL of GTPase/GAP buffer,

following the instructions of the manufacturer (Promega, USA). After 3h, 10 µL of the recon-

stituted GTPase-Glo TM Reagent were added to each well and the plate was incubated for a

further 30 min at room temperature. After incubation, 20 µL of Detection Reagent were added

and luminescence was measured in a CLARIOstar microplate reader (BMG LABTECH, Ger-

many) in relative light units (RLU). For data analysis, background luminescence corresponding

to the average of the wells containing GTPase/GAP buffer wells was substracted from samples

measurements, and then triplicate values for each condition were averaged between them. Error

bars represent the standard deviation between triplicates. One-way ANOVA tests performed

with GraphPad Prism were used for statistical analysis, with P < 0.05 taken to be significant.

2.2.8 Single-Particle Electron Microscopy

2.2.8.1 Negatively-stained specimens

Negatively-stained grids were prepared using a variation of the carbon floating method (Harris,

1982) using a support floatation block (de Mart́ın Garrido et al., 2021a,c). Mica sheets with a

deposited layer of amorphous carbon were floated in a well containing Sl FLCN-FNIP2 sample

(0.1 mg/mL), before floating in another well containing 2 % (w/v) uranyl acetate. The floating

carbon was then recovered onto a washed and plasma-cleaned Quantifoil R 1.2/1.3 300 copper

mesh grid (Quantifoil, Germany) and left to air-dry. Grids were imaged on a Tecnai T12

BioTwin (Thermo Fisher Scientific, USA) electron microscope at a magnification of 52 000 fold

operated at 120 kV.
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2.2.8.2 Vitreous specimens

Quantifoil R 1.2/1.3 on 300 copper mesh grids (Quantifoil, Germany) were washed and plasma-

cleaned for 40 s on low mode using a Basic Plasma Cleaner PDC-23G-2 (Harrick Plasma, USA).

Samples were then applied to the grids and blotted for 0 s with a blot force of -25 using a

Vitrobot Mark IV (Thermo Fisher Scientific, USA) at 4 °C and 100 % humidity and plunged

into liquid ethane. The blotting pads were prepared using Whatman filter paper number 41,

55 mm (GE Healthcare Life Sciences, now Cytiva, USA).

2.2.8.3 Data Collection and Image Processing

Cryo-grids of Sl FLCN-FNIP2 complex were imaged on a Titan Krios G3i (Thermo Fisher

Scientific, Waltham, MA, USA) equipped with a K3 direct electron detector (GATAN, San

Diego, USA) at the London Consortium for Electron Microscopy microscope located at the

Francis Crick Institute institute (London, UK). Micrographs were collected at a magnification

of 81 000 fold, an acceleration voltage of 300 kV, and a total dose of 40 e-/Å2, at a defocus of

-1 µm and using a Volta phase plate (VPP) (Table 2.7).

Table 2.7: Summary of data collection parameters for the Sl FLCN-FNIP2 high-
resolution data using a VPP. Data was collected on a Titan Krios G3i (Thermo Fisher Scientific,
USA) equipped with a K3 direct electron detector (GATAN, San Diego, USA) at the London Con-
sortium for Electron Microscopy microscope located at the Francis Crick Institute (London, UK).

A total of 3 146 movies were aligned and weighted by dose using MotionCor2 (Zheng et al., 2017)
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to obtain a final image. Poor quality micrographs were discarded visually based on irregularities

of the Thon rings estimated by CTFFIND4 (Rohou and Grigorieff, 2015). From a total of 2 409

processed images, 1 889 319 particles were selected using BATCHBOXER (Tang et al., 2007).

Particles were classified into two-dimensional class averages over several rounds of refinement

using RELION3 (Zivanov et al., 2018), with only two views of the complex converging into

high-resolution classes. A total of 181 177 particles corresponding to those classes were further

classified in three-dimensional averages using a reference map filtered to 10 Å created with the

human FLCN-FNIP2 structure as a model (Shen et al., 2019; Lawrence et al., 2019). These were

further classified without alignment into five classes in three-dimension. Three class averages

including 180 891 particles were retained for further refinement with 152 767 yielding a final

reconstruction of the Sl FLCN-FNIP2 complex reaching 5.7 Å according to an independent

half-set FSC of 0.143.

2.2.9 Structural model generation

Structural models were initially generated with Swiss-Model (Waterhouse et al., 2018) using

the recent human FLCN-FNIP2 structure as a model (Shen et al., 2019; Lawrence et al., 2019).

Initially, the Sl protein sequences of FLCN and FNIP2 were aligned with the respective human

sequences using CLUSTAL Omega (Sievers et al., 2011). Then the FLCN-FNIP2 PDB files

(PDB 6NZD, 6ULG) were provided to Swiss-Model which generated structural models for both

Sl FLCN and Sl FNIP2 independently. Large unstructured regions of Sl FNIP2 were deleted

prior to fitting into the 5.7 Å resolution map. The final models were fitted in the map and

included the following sections: 1-430 for Sl FLCN (all sequence) and 27-138, 297-501, 894-1047

for Sl FNIP2.
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2.3 The ΦKZ non-virion polymerase

2.3.1 ΦKZ non-virion RNAP expression and purification

ΦKZ nvRNAP complexes were purified by Dr. Yakunina’s group at Peter the Great St. Peters-

burg Polytechnic University (Russia). Reproduced here for the readers benefit. We performed

the gel shift for the P119L RNA/DNA template and all the cryo-EM.

2.3.1.1 Plasmids

Our collaborators designed a co-expression system to express recombinant ΦKZ nvRNAP which

is functionally equivalent to the native polymerase and can be obtained at larger amounts with

a less laborious protocol (Orekhova et al., 2019).

Briefly, the ΦKZ nvRNAP individual genes, gp55, gp74, gp71-73 and gp123 were cloned into a

set of pET-based plasmids and later assembled in a single pnvCo-Ex plasmid (Orekhova et al.,

2019). The pGp68 plasmid was also produced earlier as detailed in Orekhova et al. (2019).

This system allows expression of 4s nvRNAP, which only includes the four β/β′ -like subunits,

and co-expression of the full complex, 5s ΦKZ nvRNAP.

2.3.1.2 Protein expression and purification

BL21(DE3) E.coli cells were transformed by one or two plasmids with compatible origin to

express 4s and 5s nvRNAP respectively. Expression was induced by the addition of 1 mM

IPTG on OD600 = 0.5-0.7 and performed at 22 °C for 3 h.

Recombinant ΦKZ nvRNAP complexes were purified as previously described (Orekhova et al.,

2019). For subunit complex validation, 1 g wet mass of each corresponding cell pellet was

disrupted by sonication in 10 mL of buffer A containing 5 mM Imidazole (Table 2.8) followed

by centrifugation at 11 000 rcf for 30 min at 4 °C. The soluble fraction was loaded onto a HisTrap
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HP 1 mL (GE Healthcare Life Sciences, now Cytiva, USA) previously equilibrated, and then

washed with buffer A with 5 mM Imidazole (Table 2.8). Recombinant complexes were then

eluted with buffer A containing 250 mM Imidazole (Table 2.8). Size-exclusion chromatography

was performed on a Superdex 200 Increase 10/300 GL (GE Healthcare Life Sciences, now

Cytiva, USA) in TGED buffer with 200 mM NaCl (Table 2.8).

Table 2.8: List of buffers used for the ΦKZ nvRNAP purification and biochemical assays.

For purification of gp68 without a tag, 1 g wet mass of cell pellet was resuspended in 10 mL

TGED buffer with 50 mM NaCl and disrupted by sonication. Clarified lysate was passed

through a HiTrap Q XL column (GE Healthcare Life Sciences, now Cytiva, USA) equilibrated

in the same buffer. The resulting sample was loaded onto a HiTrap Heparin HP (GE Health-

care Life Sciences, now Cytiva, USA) followed by washing using TGED buffer with 100 mM

NaCl. The protein was eluted using TGED buffer with 200 mM NaCl. The eluted fractions

were concentrated (Amicon Ultra-4 Centrifugal Filter Unit with Ultracel-30 membrane, EMD

Millipore, Merck, USA) and purified by size exclusion chromatography using a Superdex 200

Increase 10/300 (GE Healthcare Life Sciences, now Cytiva, USA) in TGED buffer with 200

mM NaCl.
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2.3.2 DNA-template preparation

The following experiments were performed by Dr. Yakunina’s group unless stated.

The RNA-DNA hybrid and all types of DNA templates used for biochemical assays were pre-

pared by our collaborators in Dr. Yakunina’s group as previously described (Orekhova et al.,

2019). All the oligonucleotides used are listed in Table 2.9.

Table 2.9: List of oligonucleotides used for biochemical assays with the ΦKZ nvRNAP
purification and biochemical assays. Data provided by our collaborators in Dr. Yakunina’s
group.

The P119L-4nt DNA template and P119L RNA-DNA template used for cryo-EM were prepared

by myself at Imperial College London. Oligonucleotides were ordered through Integrated DNA

technologies (IDT). DNA and RNA/DNA templates were prepared by mixing an equal volume

of each oligonucleotide at a final concnetration of 1 µM, incubated at 95 °C for 5 min and cooled

down to 30 °C by increments of -1.1 °C/min. After that, annealed oligonucleotides were left

on ice for 10 min and kept at -20 °C until use. To check that oligonucleotides were properly

annealed they were analysed on native PAGE and stained with SYBR Safe (Invitrogen, Thermo

Fisher Scientific, USA). All the oligonucleotides used for cryo-EM purposes are listed in Table

2.10.
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Table 2.10: List of oligonucleotides based on the ΦKZ P119L promoter used for cryo-
EM. All the oligonucleotides were ordered from IDT and were annealed as indicated in section 2.3.2.

2.3.3 Mass spectrometry

The following experiments were performed by Dr. Yakunina’s group unless stated.

Protein bands of interest were manually excised from the Coomassie-stained SDS or native

TBE-PAGE. Individual slices from SDS or native PAGE were prepared for mass-spectrometry

through in situ trypsin digestion at 37 °C for 4h as previously described (Yakunina et al., 2015).

In the case of TBE-PAGE slice gels, no washing step was performed.

2.3.4 Electrophoretic mobility shift assay and photo-crosslinking

The following experiments were performed by Dr. Yakunina’s group unless stated.

The Electrophoretic mobility shift assay (EMSA) was performed as previously described (Orekhova

et al., 2019). For photocrosslinking reactions, 10 µL containing 5 pmol of the template DNA

and 7.5 pmol of ΦKZ nvRNAP were incubated in transcription buffer (see Table 2.8) for 15 min

at 37 °C. To induce the formation of covalent cross-linking, the mixture was irradiated for 15

seconds with ultraviolet (UV) radiation, using a RAPOP-100 femtosecond laser system and an

ATsG800-17 third harmonic generator (“Avesta-Project”). The radiation parameters (the 3rd

harmonic) were; radiation pulse energy of 10 µJ, pulse duration of 80 fs, repetition frequency

of 2 kHz, and beam diameter of 2 mm. The resulting average power was 20 mW, and the
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radiation power density in the pulse was 4 GWcm-2. To break down unsuccessfully crosslinked

complexes, heparin was added to the reaction mixture to a concentration of 100 g/L and the

reaction mixture was incubated at 37 °C for 10 minutes. Samples were resolved by EMSA in

DNA loading buffer (8.3% glycerol) or SDS-DNA loading buffer (8.3% glycerol, 0.2% SDS, 30

mM EDTA) before loading onto the 8% TBE-polyacrylamide gel.

2.3.5 Native PAGE and in vitro transcription

The following experiments were performed by Dr. Yakunina’s group unless stated.

Native PAGE and in vitro transcription reactions were performed by our collaborators as pre-

viously described (Orekhova et al., 2019).

Native PAGE performed at Imperial College to confirm ΦKZ nvRNAP binding to the P119L

RNA/DNA template were performed as indicated in section 2.1.7. To visualise DNA, gels were

stained with SYBR Safe (Invitrogen, Thermo Fisher Scientific, USA) and imaged on a Gel Doc

XR+ (Bio-Rad Laboratories, Inc., USA). To visualise the Cy5-RNA, gels were imaged on a

ChemiDoc XRS+ (Bio-Rad Laboratories, Inc., USA) using the Cy5 channel.

2.3.6 Limited proteolysis

The following experiments were performed by Dr. Yakunina’s group unless stated.

10 pmol of ΦKZ nvRNAP and 20 pmol of its complexes with DNA-templates were digested

in 100 mM Tris-Cl pH 8.5 supplemented with 0.09 mg/mL trypsin (Sigma-Aldrich, USA) for

30 min at 22 °C. The proteolysis reactions were quenched through the addition of SDS-PAGE

sample buffer, followed by immediate incubation of each sample at 100 °C for 5 minutes. The

resulting samples were analyzed by SDS-PAGE (8 and 10 % polyacrylamide gels).
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2.3.7 Single-Particle Electron Microscopy for the ΦKZ nvRNAP

complex

2.3.7.1 Cryo-EM sample preparation

ΦKZ nvRNAP complexes were exchanged into sample buffer, to a final concentration of 0.1-0.3

mg/mL. Samples of ΦKZ nvRNAP were adsorbed to a thin film of graphene oxide deposited

upon the surface of holey carbon copper grids (R2/1, 300 mesh, Quantifoil, Germany). Grids

were blotted for 1-2 s, left incubating with sample for 4 s and plunge-frozen with a blot force

of -6.

2.3.7.2 Calculation of reference density

Using an FEI F20 electron microscope (Thermo Fisher Scientific, USA), a total of 257 micro-

graphs were collected from a nvRNAP cryo-grid on an early Falcon direct electron detector.

Micrographs were collected at 81 000 fold magnification, an acceleration voltage of 200 kV,

and a total dose of 50 e-/Å2, over a defocus range of -2 to -5 µm (Table 2.11). After align-

ing the frames and dose-weighting them using MotionCor2 (Zheng et al., 2017) and rejecting

poor-quality micrographs based on irregularities in the Thon rings estimated by CTFFIND4

(Rohou and Grigorieff, 2015), a total of 45 980 particles were selected semi-automatically using

BATCHBOXER (Tang et al., 2007). Particles were then classified into 2D class averages using

RELION 3.0 (Zivanov et al., 2018) and well-defined classes including 18 508 particles were

selected for initial three-dimensional reconstruction. Initial models were generated using the

stochastic gradient descent approach in RELION 3.0 (Zivanov et al., 2018), yielding an initial

reconstruction to 14 Å resolution by an independent half-set FSC of 0.143. The 14 Å resolution

map was then filtered to 50 Å and used as reference for automatic refinement. Reconstructions

from the initial models were consistent with class-averages, therefore they were used for further

refinement of high-resolution data.
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Table 2.11: Summary of data collection parameters for the ΦKZ nvRNAP data collec-
tion for calculation of reference density. Data was acquired at the EM facility of the Centre
for Structural Biology located at Imperial College London using an FEI F20 electron microscope
(Thermo Fisher Scientific, USA).

2.3.7.3 Data Collection and Image Processing

ΦKZ nvRNAP cryo-grids were imaged on a Titan Krios G3i (Thermo Fisher Scientific, USA)

equipped with a K3 direct electron detector (GATAN, USA) at the London Consortium for

Electron Microscopy microscope located at the Francis Crick Institute institute (London, UK).

The microscope was operated at 300 kV, at a magnification of 48 000 fold and over an applied

defocus range of -0.75 to -3.25 µm, and a total exposure of 51.2 e-/Å2. A total of 10 741 frames

were recorded automatically using EPU with a pixel size of 0.85 Å (Table 2.12).

A total of 10 741 movies were aligned, summed and weighted by dose according to the method

of Grant and Grigorieff using MotionCor2 (Zheng et al., 2017) to obtain a final image. Poor-

quality micrographs were rejected based on decreased estimated maximum resolution on CTF

estimation using CTFFIND4 and visually based on irregularity of the observed Thon rings.

Particles were selected using BATCHBOXER (Tang et al., 2007), and refinement thereafter

performed using RELION 3.0 (Zivanov et al., 2018). 2D reference-free alignment was performed

on 3 179 799 initial particles to exclude those that did not yield high-resolution class averages.

Of these, 1 043 026 particles were retained for further refinement, and after a further screening

based on CTF parameters for higher resolution, 855 016 particles that generated high-resolution

class averages of micrographs collected at defocus values over 1 µm contributed to an initial
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refinement to high resolution using the auto-refinement procedure in RELION 3.0 (Zivanov

et al., 2018), reaching just under 3 Å according to an independent half-set FSC of 0.143. These

were then classified without alignment into nine classes in three-dimensions and the class with

the largest ordered fraction of the molecule was retained for final high-resolution refinement.

This final gold-standard refinement of ΦKZ nvRNAP from 50 085 particles reached 3.3 Å

according to an independent half-set FSC of 0.143.

Table 2.12: Summary of high-resolution data collection parameters for the ΦKZ nvR-
NAP. Data was acquired on a Titan Krios G3i (Thermo Fisher Scientific, USA) equipped with
a K3 direct electron detector (GATAN, San Diego, USA) at the London Consortium for Electron
Microscopy microscope located at the Francis Crick Institute institute (London, UK).

2.3.7.4 Modelling and refinement

Sequence analysis using BLASTp implied that the ΦKZ subunits, overall, were more simi-

lar to the RNAP structure of M.tuberculosis amongst other structures available in the PDB

(PDB 6EDT) (Boyaci et al., 2019). Therefore, initial models for the most homologous regions

of the ΦKZ nvRNAP were prepared using SWISS-MODEL (Waterhouse et al., 2018) based

on Mycobacterium tuberculosis RNAP structure (PDB 6EDT) (Boyaci et al., 2019). Despite

Mycobacterium tuberculosis RNAP being the closest structural homologue available overall,

homology was variable amongst the four β/β′-like subunits.

Structural models for the full-length of gp71-73, the full-length of gp74 and the C-terminus

of gp55 (290-419) were well-defined and could be fitted into the density guided by secondary

structural elements. After fitting models into the density, molecular models were then rebuilt
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with COOT (Emsley et al., 2010; Emsley and Cowtan, 2004) and extended outwards from well-

defined reference points to the remaining regions of the four homologous proteins. A structural

model was built for most of gp71-73, gp74, excluding its central region, and the C-terminus of

gp55 (Table 2.13) using the high-resolution 3 Å map. The 3.3 Å map was used to build the

N-terminus of gp55, corresponding to the clamp, and assist with the building of other regions

(Table 2.13). Gp123 structural models were variable and contained large sections without

defined secondary structure, which was expected given its weak homology to the N-terminus

of the bacterial β subunit (Yakunina et al., 2015). After building gp71-73, gp74 and gp55,

guided by secondary structure predictions (Drozdetskiy et al., 2015), a structural model for

the N-terminus and C-terminus of gp123 was built in COOT (Emsley et al., 2010; Emsley and

Cowtan, 2004) (Table 2.13).

Table 2.13: Summary of the coverage of the ΦKZ nvRNAP structural model. The sections
of sequence that were built for each ΦKZ nvRNAP subunit are indicated in numbers.

The fifth subunit, ΦKZ-gp68 had no homology to any other protein with known function

(Yakunina et al., 2015), therefore it was not possible to generate any reliable structural model.

The C-terminus of gp68 was built into the remaining density using COOT (Emsley et al., 2010;

Emsley and Cowtan, 2004), initially as a poly-alanine model, before the sequence register was

eventually established based upon the identification of clear patterns of large side-chains and

secondary structure elements predicted by the JPred server (Drozdetskiy et al., 2015) (Table

2.13).
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The atomic model was refined with PHENIX real-space refine (Afonine et al., 2012). A summary

of the refinement statistics can be found in Table 2.14 including the B-factor calculated with

B-average (CCP4). The cryo-EM density maps for the ΦKZ nvRNAP complex are publicly

available in the EM Databank under accession codes EMD-12885 and EMD-12886, and the

corresponding molecular models have been deposited in the protein data bank under accession

codes PDB 7OGP and 7OGR. Electron micrographs allowing reproduction of the structural

results have been deposited as EMPIAR-10709. Homology searches and Cα comparisons were

carried out using the DALI-lite server (Holm and Sander, 1995), while surface area calculations

were performed using the PISA server.

Table 2.14: Model refinement statistics for the ΦKZ nvRNAP structure.

2.3.8 Single particle Cryo-EM for ΦKZ nvRNAP complexes with

the P119L promoter

2.3.8.1 Cryo-EM sample preparation

To prepare ΦKZ nvRNAP complexes bound to DNA, nvRNAP complexes were mixed at 0.1

mg/mL final concentration with the P119L-4nt DNA template (Table 2.10) at a 1:3 ratio and

left incubating for 10 min at room temperature. After that, nvRNAP-DNA complexes were

separated from free nvRNAP and excess nucleic acids by size-exclusion over a Superose 6 10/300

GL (GE Healthcare Life Sciences, now Cytiva, USA) run at 0.25 ml/min. Fractions of 0.25 mL

were collected and analysed by SDS-PAGE.
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Cryo-EM samples for the ΦKZ nvRNAP complexes bound to the P119L RNA/DNA template

were prepared immediately after the transcription reaction. We mixed ΦKZ nvRNAP at 0.1

mg/mL final concentration and the RNA/DNA scaffold P119L (Table 2.10) at a 1:1 ratio in

transcription buffer (Table 2.8) in the presence of 1 mM ATP, CTP and GTP. Reaction were

incubated for 30 min at 37 °C. After incubation, ΦKZ nvRNAP complexes bound the P119L

RNA/DNA template were adsorbed to a thin film of graphene oxide deposited upon the surface

of holey carbon copper grids (QuantifoilTM R 2/1 on 300 copper mesh)(Quantifoil, Germany).

After application of sample to the grids, samples were plunge-frozen in liquid ethane using a

Vitrobot Mark IV (Thermo Fisher Scientific, USA) at 4 °C and 100 % humidity, -6 blot force,

4 s waiting time and 0.5-1 s blotting. The blotting pads were prepared with Whatman number

41 filter paper 55 mm discs (GE Healthcare Life Sciences, now Cytiva, USA).

2.3.8.2 Screening of vitrification conditions

ΦKZ nvRNAP-P119L RNA/DNA template cryo-grids were imaged on a Glacios cryo-TEM

(Thermo Fisher Scientific, USA) equipped with a Falcon 4 direct electron detector located

at the EM facility at the Centre for Structural Biology at Imperial College London. The

microscope was operated at 200 kV, at a magnification of 150 000 fold and over an applied

defocus range of -1.2 to -2.5 µm, and a total exposure of 52 e-/Å2 (Table 2.15). A total of 1 600

movies were recorded automatically using EPU with a pixel size of 0.94 Å/pixel (Table 2.15).

Movies were aligned, summed and weighted by dose according to the method of Grant and Grig-

orieff using MotionCor2 (Zheng et al., 2017) to obtain a final image. Poor-quality micrographs

were rejected based on low estimated resolution on CTF estimation, and irregularities of the

observed Thon rings. Particles were selected using BATCHBOXER (Tang et al., 2007), and re-

finement performed using RELION 3.0 (Zivanov et al., 2018). 2D reference-free alignment was

performed on 535 289 initial particles to exclude those that did not yield high-resolution class

averages. Of these, 156 304 particles yielding high-resolution 2D class averages were retained

for further refinement. Those particles contributed to an initial refinement to high resolution

using the auto-refinement procedure in RELION 3.0 (Zivanov et al., 2018) and reaching 4.7 Å
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according to an independent half-set FSC of 0.143.

Table 2.15: Summary of collection parameters for the ΦKZ nvRNAP complexes bound
to P119L RNA/DNA (initial model). Data was acquired on a Glacios cryo-TEM (Thermo
Fisher Scientific, USA) equipped with a Falcon 4 direct electron detector located at the EM facility
at the Centre for Structural Biology at Imperial College London.

2.3.8.3 High-resolution Data Collection and Image Processing

ΦKZ nvRNAP complexes bound to the P119L RNA/DNA template were imaged on a Titan

Krios G3i equipped with a Falcon 4i direct electron detector and a Selectris Filter (Thermo

Fisher Scientific, USA) at the Electron Bio-Imaging Centre (eBIC) at Diamond Light Source.

The microscope was operated at 300 kV, at a magnification of 150 000 fold and over an applied

defocus range of -1.4 to -2.9 µm, and a total exposure of 51 e-/Å2. A total of 3 092 frames were

recorded automatically using EPU with a pixel size of 0.92 Å/pixel (Table 2.16).

Frames were were aligned and dose-weighted with MotionCor2 (Zheng et al., 2017) and CTF

parameters were estimated with CTFFIND4 (Rohou and Grigorieff, 2015). Micrographs dis-

playing irregularities in their Thon rings and those that did not contain high-resolution infor-

mation according to the power spectrum fitting were discarded, retaining 2 545 micrographs for

further refinement. 1 198 587 particles were selected semi-automatically with BATCHBOXER

(Tang et al., 2007) and were classified in 2D class averages with RELION4 (Kimanius et al.,

2021) leaving CTF information up to the first peak intact. Particles yielding high-resolution
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class averages (265 839) were retained for further refinement. This set of particles was further

classified in six 3D classes without alignment using a high tau fudge value (tau2 fudge = 16).

One of the classes containing 83 389 particles had better defined density for the DNA and

the peripheral regions of the complex. CTF and aberration refinement (including beam-tilt,

anisotropic magnification and per-particle CTF estimation) and Bayesian polishing using RE-

LION 4 (Kimanius et al., 2021) were performed on this set of particles, which finally contributed

to an 3.3 Å initial reconstruction, according to an independent half-set FSC of 0.143, using the

auto-refinement procedure in RELION4. Particles contributing to this high-resolution recon-

struction were further refined to improve density in the catalytic core, DNA and gp68 NTD

regions. 3D classification with fine angular search (sigma ang = 2) yielded a class with well-

defined DNA at the downstream region and the catalytic core, which included 39 919 particles.

Those particles contributed to a high-resolution reconstruction using the auto-refinement pro-

cedure in RELION4 which reached 3.3 Å resolution according to an independent half-set FSC

of 0.143.

Table 2.16: Summary of high-resolution data collection parameters for the ΦKZ nvR-
NAP bound to the RNA/DNA scaffold P119L template. Data was acquired on a Titan
Krios G3i equipped with a Falcon 4i direct electron detector and a Selectris Filter (Thermo Fisher
Scientific, USA) at the Electron Bio-Imaging Centre (eBIC) at Diamond Light Source.

2.3.8.4 Modelling and refinement

Structural models for the uncompleted regions of the ΦKZ nvRNAP structure (7OGP) (de Mart́ın Gar-

rido et al., 2021b) were generated using AlphaFold2 (Jumper et al., 2021). These models cor-
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responded to middle domain of gp74 (367-545), middle domain of gp123 (143-337), gp55-clamp

(1-291) and N-terminus of gp68 (1-318). Molecular models were then rebuilt with COOT (Em-

sley and Cowtan, 2004; Emsley et al., 2010) and expanded from the well-defined regions, as

most of the secondary structure elements were already in agreement with the map (Table 2.17).

The density for the gp68 N-terminal region was not resolved at high-resolution in the 3.3 Å

reconstruction, but the Alphafold2 structural model could be docked into the density.

At the catalytic core, the 6 bp RNA hybridised along the template ssDNA strand was built in

COOT (Emsley and Cowtan, 2004; Emsley et al., 2010) according to the RNA scaffold sequence

(5’-GUAGA-3’). The downstream dsDNA was well-defined in our reconstruction and, based on

the RNA sequence, sequence for the template dsDNA strand was assigned at the catalytic core,

and expanded to the downstream dsDNA up to position +23 relative to the transcription start

site. The ssDNA strand forming the transcription bubble was visible up to position -5 relative

to the transcription start site, whereas the non-template ssDNA strand was not visible. The

connection of the template strand forming the transcription bubble with the upstream dsDNA

was not well-resolved in our reconstruction. The upstream dsDNA region was lower resolution

than the downstream dsDNA, however at low contours the phosphate backbone was visible and

a 17 bp dsDNA structural model with unassigned sequence was built in COOT (Emsley and

Cowtan, 2004; Emsley et al., 2010).

Table 2.17: Summary of the coverage of the ΦKZ nvRNAP complex bound to P119L
RNA/DNA structure Sections of sequence that were built for each ΦKZ nvRNAP subunit are
indicated with numbers.
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The atomic model was refined with PHENIX real-space refine (Afonine et al., 2012). A summary

of the refinement statistics can be found in Table 2.18 including the B-factor calculated with

B-average (CCP4). Homology searches and Cα comparisons were carried out using the DALI-

lite server (Holm and Sander, 1995), while surface area calculations were performed using the

PISA server.

Table 2.18: Model refinement statistics for the structure of the ΦKZ nvRNAP bound
to the P119L RNA/DNA promoter.



Chapter 3

The Folliculin complex and its

interacting partners

FLCN is a tumor suppressor associated with Birt-Hogg-Dubé (BHD) syndrome, a hereditary

syndrome which, ultimately, causes kidney cancer. Since its discovery, it has been established

that FLCN forms stable complexes with two folliculin interacting proteins (FNIPS). Both FLCN

and FNIPs are thought to comprise longin and DENN domains, however little information is

available about the interaction within them at a structural level. Longin and DENN domains

are typically involved in the regulation of small GTPases. Accordingly, the FLCN complex

is a positive modulator of mTORC1 through its GAP activity towards the RagC/D GTPase.

Intriguingly, other studies have shown that FLCN requires RagA/B-GDP to be recruited to the

lysosome. The double nucleotide-bound setting, with the Rag GTPase heterodimer being able

to simultaneously bind to both GTP and GDP, is a unique feature of the Rags in comparison to

other GTPases, which suggests that the mechanism by which FLCN perform its GAP activity

towards the RagC/D GTPase is likely to be novel. In this chapter we aimed to provide structural

insights about folliculin (FLCN) and its interacting partners. We used cryo-EM to investigate

the structure of the FLCN-FNIP2 complex on its own, as well as its interaction with the Rag

GTPase heterodimer which would hopefully provide further details about their roles in the

mTORC1 signalling pathway.

67
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3.1 Structural studies of the Sl FLCN-FNIP2 complex

3.1.1 Expression and purification of the Sl FLCN-FNIP2 complex

The FLCN-FNIP2 complex was expressed using the MultiBac baculoviral expression method

(Berger et al., 2004) at the well-established Baculovirus expression facility at Imperial College

London. This expression system had previously been used to express dynamic and labile com-

plexes, such as mTORC1 or mTORC2 (Aylett et al., 2016a; Stuttfeld et al., 2018). Previous

attempts in our lab to express the human (Homo sapiens) FLCN-FNIP2 and the yeast or-

thologues Lst7-Lst4 (Saccharomyces cerevisiae) using the baculoviral expression system were

unsuccessful. Hence, FLCN-FNIP2 complexes from different insect species were tested in the

baculoviral expression system, with Spodoptera litura complexes giving the highest expression

yield (data obtained prior to the start of this project by Kailash Ramlaul). Both S.litura FLCN

and FNIP2 are similar to their respective homologues in humans, with more than 30% of the

sequence being identical and conserving most of the secondary structure elements (sequence

similarity 32.87 % for FLCN, and 35.7% for FNIP2 )(Figure 3.1 and 3.2).
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Figure 3.1: Sequence alignment of S.litura and human FLCN The results were computed
with PROMALS3D. Residues in blue represent β-sheets whereas residues in red represent α helices.
The last line represents the consensus secondary structure following the same colour code.
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Figure 3.2: Sequence alignment of S.litura and human FNIP2 The results were computed
with PROMALS3D. Residues in blue represent β-sheets whereas residues in red represent α helices.
The last line represents the consensus secondary structure following the same colour code. Black
lines represent regions where the sequence is omitted as there is a large unstructured region.
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We therefore cloned both Sl FLCN and FNIP2 genes into a pG vector (see Chapter 2) (Rees

et al., 2017) including Tn7 transposition sites to allow specific integration of the expression

cassette into the bacmid. We then transected Sf9 cells with the generated bacmids and collected

the assembled viruses to infect a large amount of cells for protein production. The largest

protein of the complex, FNIP2, included an SBP tag (Keefe et al., 2001) at the C-terminus, while

the FLCN protein was left without a tag. After harvesting the cells, the complex was purified

by means of affinity chromatography using a Streptrap resin, and subsequent Size-exclusion

chromatography (SEC) to separate the complex from aggregates and other contaminants (see

Chapter 2). Analysis by SDS-PAGE revealed the presence of two proteins with similar molecular

weights to FLCN and FNIP2 (48 kDa and 117 KDa respectively) that co-eluted together after

affinity purification (Figure 3.3). The presence of both proteins was later validated by mass-

spectrometry (MS) (Figure 3.3), thus confirming that the FLCN and FNIP2 proteins form a

stable complex in insect cells.
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Figure 3.3: Affinity purification and mass spectometry of the FLCN-FNIP2 complex. A)
SDS-PAGE showing the eluted fraction obtained after affinity purification using a Streptrap resin. B)
Sl FLCN sequence with peptides identified by MS highlighted in red. Peptides were analysed against
the Mascot internal database. C) Sl FNIP2 sequence with peptides identified by MS highlighted in
red. Peptides were analysed against the Mascot internal database.

Initially, we were concentrating eluted fractions after the affinity purification, however we ob-

served that samples tended to aggregate. We therefore minimised the elution volume during

affinity chromatography to 2 mL and immediately loaded it onto the gel-filtration column.

The analysed sample yielded a broad peak at around 12 mL of elution volume (Figure 3.4).

SDS-PAGE and MS later confirmed that this peak corresponded to the FLCN-FNIP2 complex.

Although in SEC macromolecules are eluted according to their hydrodynamic radius (Rh), which

accounts for their shape and size, we compared the elution volume of the Sl FLCN-FNIP2 com-

plex with that of protein standards with known molecular weight to have an estimation of its

oligomeric state. The SlFLCN-FNIP2 complex has a theoretical molecular weight of 165 KDa

and its gel-filtration profile showed that it had a similar retention volume to protein standards

of 158 kDa (Figure 3.4), which indicated that the complex was probably in a monomeric form
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in solution. To confirm the oligomeric state of the complex in solution, we attempted to per-

form SEC-MALS, however we could only observe an aggregated peak at void volume, which

indicated that complexes were probably aggregating at room temperature.

Figure 3.4: Size-exclusion chromatography of the FLCN-FNIP2 complex. A) SEC profile
of Sl FLCN-FNIP2 complex (blue) and protein standards (dotted grey line). B) Coomassie-stained
SDS-PAGE of eluted SEC fraction containing the assembled FLCN-FNIP2. Molecular weight stan-
dards are displayed on the left for comparison.

3.1.2 Screening of vitrification conditions

Before preparing frozen samples, we initially investigated the overall architecture of the complex

by negative staining. We imaged negatively-stained specimens on an FEI Tecnai 12 Twin

equipped with an LaB6 filament and a CCD camera (F216, TVIPS). Observed micrographs

were well-populated (≈120 particles/micrograph) and exhibited clear single particles (Figure

3.5). Although the size of the particles appeared to be quite small by visual inspection, we

collected enough images to generate 2D class averages using RELION 3 (Zivanov et al., 2018).

The classes were smaller than expected for a complex of this size (165 kDa) measuring 90 Å in

length. Presumably, due to the large disordered regions comprised within both proteins only

the core of the complex was converging into 2D class averages. Amongst the classes, we could

observe a consistent elongated shaped with two differentiated domains (Figure 3.5).

Due to the small size of the particles, we considered that we would need a high-resolution

data collection using a VPP to generate a three-dimensional reconstruction of the FLCN-

FNIP2 complex. The VPP is a technology that has previously been successful in resolving



74 Chapter 3. The Folliculin complex and its interacting partners

the structures of sub-200 kDa protein complexes at atomic resolution (Khoshouei et al., 2017;

Liang et al., 2017). We optimised the vitrification conditions in-house using an FEI Tecnai F20

(Thermo Fisher Scientific, USA) microscope equipped with a Falcon II at the Imperial College

Centre for Structural Biology. We prepared cryo-EM grids using the eluted sample from the

gel-filtration at a final concentration of 0.1 mg/mL, avoiding any further concentration steps

that caused sample aggregation. To obtain thin layers of vitreous ice we treated the grids mildly

with the plasma cleaner on low mode on a Harrick Basic Plasma cleaner (see Chapter 2) to

render them sufficiently hydrophilic for the sample to spread properly across the grid, but to

avoid high blotting times which could result in dry sections throughout the grid. We obtained

thin layers of vitreous ice using plasma-cleaned grids for 40 s on low mode, blot force of -25

and blot time of 0s (Figure 3.6) (see Chapter 2). Due to the small appearance of the particles

we could not generate high-resolution 2D classes or observe many features of the particles with

the F20, but we could observe single particles homogeneously distributed throughout the grid.

Figure 3.5: Negatively-stained grids of the FLCN-FNIP2 complex. A) Representative
micrograph of a negatively-stained grid of the FLCN-FNIP2. Image taken with a Tecnai T12 Twin
microscope equipped with a CCD camera. B) Representative 2D class averages obtained with RE-
LION. The pink line indicates a measurement of 90 Å.
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Figure 3.6: Cryo-EM screening of FLCN-FNIP2 samples. Representative micrograph of a
cryo-EM grid of the FLCN-FNIP2 complex. The small size of the particles prevented the generation
of any meaningful 2D classes.

3.1.3 High-resolution data collection using a Volta phase plate and

image processing

Having established the vitrification conditions to visualize FLCN-FNIP2 complex by TEM,

we collected a high-resolution dataset on a Titan Krios equipped with a Gatan K3 camera at

LonCEM (The Francis Crick Institute) using a Volta phase plate. Introducing a phase plate at

the back focal plane results in a phase shift of the unscattered beam from the scattered beam,

which are combined again where the image is formed, generating a phase delay. Optimally in

TEM, such phase shift converts the CTF from a sine-shape function to a cosine-shape function,

hence preserving the signal at low spatial frequencies and enhancing contrast (Wang and Fan,

2019). The use of a phase plate allowed us to collect movies very close to focus (-1 µm). Overall,

the particle density was lower than would have been ideal as we were observing between 10-20

particles/micrograph. Despite the low particle density, single particles were clearly visible on

the micrographs and had an apparent consistent size and “banana-like” shape (Figure 3.7).
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Figure 3.7: High-resolution data collection using a Volta phase plate of the FLCN-
FNIP2 complex. A) Representative micrograph of the data collection. Particles are highlighted
with green boxes. B) Representative 2D class averages obtained with RELION.

By the time we were processing the high-resolution data for the Sl FLCN-FNIP2 complex, two

structures of the human FLCN-FNIP2 complex had been released (Shen et al., 2019; Lawrence

et al., 2019). We therefore used the human structure to generate references to run our 3D

classification. We initially aligned and dose-weighted the frames with MotionCor2 (Zheng et al.,

2017) and then we estimated the CTF parameters and the phases with CTFFIND4 (Rohou

and Grigorieff, 2015). Then, we semi-automatically selected nearly 2 million particles that

were further classified into 2D class averages with RELION 3 (Zivanov et al., 2018). Particles

converged into two 2D classes corresponding to two different views of the complex (Figure 3.7,

an indication that the sample was likely to be preferentially oriented on the grid probably due

to its elongated shape. We further sorted out the set of particles that converged into high-

resolution 2D class averages by means of 3D classification without alignment and subsequent

3D classification with a fine local angular search (sigma ang 2). After classification, 152 767

particles yielded a 3D reconstruction at 5.7 Å resolution according to an independent half-set

FSC of 0.143 (Figure 3.8, 3.9).
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Figure 3.8: Data processing scheme for the cryo-EM high-resolution data collection
of the FLCN-FNIP2 complex. Schematic diagram depicting the data processing procedure.
Particle numbers retained at each stage of the process are indicated below each 3D reconstruction.
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Figure 3.9: Cryo-EM reconstruction of the Sl FLCN-FNIP2 complex. A) At the top,
different views of the Sl FLCN-FNIP2 5.7 Å map. At the bottom, the corresponding angular
distribution for each view. Most of the views correspond to the front view (left) which indicates that
the complex is strongly preferentially oriented in the grids. B) Global FSC curves for the final map.
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Overall, the SlFLCN-FNIP2 complex had an elongated C-shape architecture reminiscent to the

human complex (Shen et al., 2019; Lawrence et al., 2019) (Figure 3.10), as we had previously

observed in the micrographs (Figure 3.7). The angular distribution of the particles contributing

to the model was uneven, with most of the particles displaying a front view covering the most

elongated axis of the particle and bottom views (relative to Figure 3.9). The number of particles

displaying side views (relative to Figure 3.9) was low, explaining the under-representation

of these views in the 2D classes. The preferential orientation of particles at the air-water

interface restricted the angular information available for the three-dimensional reconstruction

and, ultimately, limited the achievable resolution. After applying a B-factor with RELION

post-processing, the effect of preferential orientations was actually more pronounced, and there

were no high resolution features at all in the areas with small number of projections. Despite

the complex being highly preferentially oriented on the grid, our 3D model had sufficient detail

to fit Sl FLCN and FNIP2 structural models generated using the human structures as template

(Shen et al., 2019; Lawrence et al., 2019).

Figure 3.10: Structural comparison of the Sl FLCN-FNIP2 3D reconstruction with the
human FLNC-FNIP2 structure. A) The 5.7 Å reconstruction of the Sl FLCN-FNIP2 complex.
B) Structure of the human FLCN-FNIP2 complex determined by (Lawrence et al., 2019) (PDB
6NZD).
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3.1.4 Architecture of the Sl FLCN-FNIP2 complex

The 5.7 Å three dimensional reconstruction of the Sl FLCN-FNIP2 had an elongated C-shape

of 94 Å in length comprising an elongated tip and a wider base of 60 Å. Due to the particles

being preferentially oriented on the grid (at the air-water interface), the map had several regions

that were not resolved to high resolution. At the time the results of this chapter were obtained,

AlphaFold2 had yet to be released (Jumper et al., 2021), so we initially generated structural

models with Swiss-Model (Waterhouse et al., 2018) using the human structures as templates

(Shen et al., 2019; Lawrence et al., 2019). We deleted the large unstructured regions of FNIP2

and fitted both, FLCN and FNIP2 structural models into the 5.7 Å reconstruction.

Figure 3.11: Architecture of the Sl FLCN-FNIP2 complex. A) Schematic representation of
the domain organisation of Sl FLCN and Sl FNIP2. Regions covered by the Swiss-Model structural
models are represented with a grey line. B) The Swiss-model structural models for FLCN (light
green) and FNIP2 (dark green) fitted in the 5.7 Å map. The length of the reconstruction is indicated
on the left and it is the distance between the Cα of Asn96 of the FNIP2 longin, and the Cα of
Glu335 of the FLCN DENN model. The width of the base of the complex is indicated at the bottom
and it is the distance between the Cα of Thr344 of FNIP2 longin domain and the Cα of Val201
of the FLCN longin domain. C) The structure of the human FLCN-FNIP2 complex (PDB 6NZD)
(Lawrence et al., 2019). The length is the distance between the Cα of FNIP2 Asn136 and FLCN
Pro428. The width is the distance between the Cα of FNIP2 Tyr371 and FLCN Asn249.
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Both models fitted quite accurately into the reconstruction (real-space correlation coefficient at

5.7 Å calculated with Chimera of 0.73 for the Sl FLCN model and 0.66 for the Sl FNIP2 model)

and showed that the overall architecture of the human FLCN-FNIP2 complex was preserved

in Spodoptera litura (Figure 3.11). No extra regions were observed in the Sl FLCN-FNIP2 in

comparison to that of the human structures (Shen et al., 2019; Lawrence et al., 2019). According

to the structural models based on the human structures, the domain organisation of the human

FLCN FNIP2 complex (Shen et al., 2019; Lawrence et al., 2019) was also conserved in S.litura.

The FLCN longin and DENN domains were physically separated, whereas both FNIP domains

were located at the centre of the complex interacting within them. The human structures

of the FLCN-FNIP2 complex were part of a complex with the Rag GTPase heterodimer and

Ragulator (Shen et al., 2019; Lawrence et al., 2019), whereas our 3D reconstruction was obtained

from isolated Sl FLCN-FNIP2 complexes. Given that both structures had the same overall

architecture and probably the same domain organisation according to structural models, we

could confirm that the FLCN-FNIP2 complex retains its conformation in the absence of the

Rag GTPase heterodimer.
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3.2 Preliminary structural studies of the

SlFLCN-FNIP2-RagA-RagC complex

3.2.1 Expression and purification of the Sl RagA-RagC complex

The FLCN-FNIP2 complex is known to interact with the Rag GTPase heterodimer in mam-

malian cells to regulate the mTORC1 signaling pathway, and the same behaviour has been

found in yeast (Péli-Gulli et al., 2015; Petit et al., 2013b; Tsun et al., 2013). We therefore

attempted to form a FLCN-FNIP2-RagA-RagC complex and perform single-particle cryo-EM

to provide the molecular mechanism for the role of FLCN in the regulation of mTORC1 ac-

tivity. We initially cloned the Sl RagA and RagC sequences into a suitable vector to express

them using the same baculoviral expression system used for the FLCN complex (Figure 2).

The largest protein of the complex, RagC, included an SBP tag (Keefe et al., 2001) at the C-

terminus, whereas RagA was left untagged. We generated bacmids containing the RagA-RagC

genes, and transfected Sf9 cells to generate viruses. We amplified the virus obtained and used

the final generation (P2) to infect a larger volume of Sf9 cells. After harvesting the cells, the

RagA-RagC complex was purified by means of affinity purification using a Streptrap column

and subsequent gel-filtration (see Chapter 2).

After affinity purification, two proteins of similar molecular weight to RagA (36 kDa) and

RagC (44 kDa) eluted together. Subsequent mass spectrometry and gel-filtration confirmed

that they formed a complex with an elution volume of 14 mL over a Superose 12 column.

Overlapping the RagA-RagC elution profile with that of protein standards confirmed that the

eluted peak was located as expected for a complex with the theoretical molecular weight of the

Rag GTPase heterodimer (80 kDa) (Figure 3.12), although this comparison is not accurate as

macromolecules are separated according to estimated shape an size (Rh) in SEC, it is commonly

used as an estimation. Overall, both SEC and SDS-PAGE results corroborated the prior results

that Sl RagA and RagC form a stable complex in insect cells.
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Figure 3.12: Purification of the RagA-RagC heterodimer. A) Size-exclusion chromatography
profile of the RagA-RagC heterodimer after affinity purification (blue) and protein standards (dotted
grey line). B) SDS-PAGE of the central fraction of RagA-RagC elution peak.

The FLCN complex acts as a GAP for the RagC/D GTPase, promoting the GDP-bound

RagC/D state and, therefore, acting as a positive regulator of mTORC1. To verify that the

insect complexes expressed using the baculoviral system were functional we attempted to assess

the FLCN-FNIP2 GAP activity using a GTPase assay. Firstly, we used the Malachite Green

Phosphate Assay kit (Sigma-Aldrich, USA), which generates a colorimetric product propor-

tional to the GTPase activity of the present enzyme in the reaction. These results showed

that the RagA-RagC GTPase heterodimer had a small amount of intrinsic GTPase activity

([Pi]=25 ± 1.8 µM), and that in the presence of FLCN-FNIP2 the GTPase activity was consid-

erably increased ([Pi]=46 ± 2.9 µM). Unexpectedly, the FLCN-FNIP2 complex also displayed

a considerable amount of GTPase activity ([Pi]=30 ± 1.4 µM) (Figure 3.13), which made these

results difficult to interpret.

As we could not get reliable results with the Malachite Green assay, we then tried the GTPase-

GloTM Assay (Promega), which detects the amount of GTP remaining after GTP hydrolysis

(see Chapter 2) (Mondal et al., 2015). The GTPase activity is therefore inversely correlated

to the amount of light produced. To assess the FLCN GAP activity towards RagA-RagC,

we titrated serial dilutions of the GAP complex (FLCN-FNIP2) over a fixed concentration

of the Rag GTPase heterodimer. Firstly, we measured the RLU without any protein which

indicated the initial quantity of GTP (Figure 3.13). Our results showed that the RagA-RagC

heterodimer was able to hydrolyse a small amount of GTP due to its intrinsic GTPase activity
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(Figure 3.13). Consistently with the previous assay, the FLCN-FNIP2 complex also showed

a substantial level of unexpected GTPase activity. We presumed that the activity could be

caused by some contaminant that was pulled down with the FLCN complex and possessed

GTPase activity, as there were still some extra bands in the SDS-PAGE gel after gel-filtration

(Figure 3.4). The titration of FLCN-FNIP2 over a fixed concentration of RagA-RagC GTPases

still promoted the GTPase activity in a dose-dependent manner, and this increase was still

higher in comparison to the unexpected FLCN-FNIP2 basal activity. However, these results

were not sufficient to distinguish whether or not this increase in GTPase hydrolysis was due to

the specific FLCN GAP activity or the intrinsic GTPase activity observed in our FLCN-FNIP2

sample.
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Figure 3.13: FLCN-FNIP2 GAP activity towards the RagA-RagC GTPase heterodimer.
A) Malachite green GTPase assay. The [Pi] concentration represents the free phosphate liberated
after GTP hydrolysis in three different conditions: RagA-RagC 50nM, FLCN-FNIP2 350 nM and
combination of both complexes. B) GTPase-GloTM assay using serial dilutions of FLCN-FNIP2 (40,
80, 150, 300, 600 and 1200 nM) over a fixed concentration of RagA-RagC (50 nM). Luminiscence
(RLU) represents the quantity of GTP left on the sample after the reaction. In both charts error
bars on top of each column represent the standard deviation between triplicates. Both data sets
were analysed with an ordinary one-way ANOVA with P < 0.05 taken to be significant.

3.2.2 Optimisation of Sl FLCN-FNIP2-RagA-RagC complex

formation

The FLCN-FNIP2 complex is recruited to the lysosome interacting with GDP-bound RagA/B,

where it performs its GAP activity towards GTP-bound RagC/D, to promote the mTORC1
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activating state, RagC/D-GDP (Meng and Ferguson, 2018). To provide a detailed mechanism at

a molecular level of how FLCN performs its GAP activity towards the Rag GTPase heterodimer,

we firstly attempted to form a stable complex of FLCN-FNIP2 bound to RagA-RagC using the

GTP analogue, GTPγS. This analogue replaces one of the oxygens of the γ-phosphate of GTP

with a sulfur, thus creating a nucleotide that can only be slowly hydrolyzed, which facilitates

the study of the active form of GTPases (Spoerner et al., 2007).

We therefore mixed the purified FLCN-FNIP2 with an excess of RagA-RagC in the presence of

GTPγS. In the SEC profile, we observed a peak that was shifted in comparison to the FLCN-

FNIP2 peak (elution volume of 10.5 mL and 12.25 mL respectively), and a later peak including

the RagA-RagC excess (12.75 mL elution volume) (Figure 3.14). SDS-PAGE analysis confirmed

that the 10.5 mL peak had the four components of the complex: FLCN, FNIP2, RagA and

RagC. The FLCN-FNIP2-RagA-RagC would have a theoretical molecular weight of 245 kDa

assuming a 1:1:1:1 stoichiometry. Although macromolecules are eluted according to their Rh

in SEC, comparison of the complex SEC profile with that of protein standards showed that

the putative complex had an elution volume lower than that expected for a complex of 245

kDa. This observation suggested three different scenarios: the complex could have a different

stoichiometry than 1:1:1:1 between subunits, it was mostly aggregated, or the shape of the

protein complex was very different to that of the protein standards (mostly globular), hence

affecting its elution volume.

To analyse the quality of the complex, we prepared negatively-stained grids concentrating the

fractions corresponding to the first eluted peak in the gel-filtration profile to a final concentra-

tion of 0.3 mg/mL and imaged them on a Tecnai T12 Twin microscope. We observed that most

of the sample was forming large aggregates (Figure 3.15) and, although there were some areas

that were free of aggregation that contained some single particles, the density within those

areas was exceptionally low and the particles appeared smaller than would be expected (Figure

3.15), a sign of complex break down. The high level of aggregation observed in the micrographs

was in line with the SEC profile, as the “complex peak” was too close to the void volume for

a complex with a theoretical molecular weight of 245 kDa (Figure 3.14). Moreover, concentra-

tion of the sample after size-exclusion chromatography probably promoted aggregation, as we
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previously observed for Sl FLCN-FNIP2 complexes (see section 3.1.1).

Figure 3.14: FLCN-FNIP2-RagA-RagC complex formation in the presence of GTPγS
A) Size-exclusion chromatography profile of the FLCN-FNIP2-RagA-RagC complex in the presence
of GTPγS (blue) overlapping with the FLCN-FNIP2 profile (orange dotted line) and protein stan-
dards trace (dotted grey line). B) SDS-PAGE of the representative fractions of the size-exclusion
chromatography profile. The elution volume of each fraction is indicated at the top of the gel in mL.

Figure 3.15: Negative staining screening of the sl FLCN-FNIP2-RagA-RagC complex
formation in the presence of GTPγS. On the left, representative micrograph with aggregation.
On the right, representative micrograph of an area free of aggregation. Scale bars are located at the
bottom-right of each image.

The previous results showed an indication of FLCN complex binding to the Rag GTPase het-

erodimer in the presence of GTPγS according to the gel-filtration profile, however these com-

plexes were prone to form large aggregates and to dissociate when applied to negatively-stained

grids (Figure 3.15). For this reason, we decided to try a more aggressive method that would

stabilise the complex: cross-linking. The addition of a fixation agent directly into the sample

solution can sometimes result in the appearance of artefacts and aggregation due to non-specific

interactions. Chemical fixation over a density gradient, also known as GraFix, is usually an

efficient method that combines sedimentation of complexes in a density gradient with mild
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chemical fixation (Kastner et al., 2008), successfully diluting aggregates and other contami-

nants. Prior to the density gradient, we performed a cross-linking screen to determine the

optimal concentration of chemical fixation reagent that was needed to form complexes without

obtaining a great deal of aggregation. We tested a wide range of glutaraldehyde percentages

(0.004% to 0.5%), with concentrations between 0.032%-0.062% resulting in a proper compro-

mise between complex formation and aggregation according to SDS-PAGE analysis (Figure

3.16)

Figure 3.16: Cross-linking screening and density gradient fixation of the FLCN-FNIP2-
RagA-RagC complex in the presence of GTPγS. A) SDS-PAGE of crosslinked complexes with
serial dilutions of glutaraldehyde. Percentage of cross-linker is indicated at the top of the gel. B)
SDS-PAGE after fractionation of density gradient.

To perform the density gradient cross-linking, we used a modified version of GraFix. Instead of

adding the cross-linker to the denser solution to create a fixation reagent gradient in the same

direction as the density gradient, the fixation agent was added to the less dense buffer, so that

complexes were firstly fixated and then separated over the density gradient, hence minimising

dissociation. After centrifugation, gradients were fractionated and analysed by SDS-PAGE. The

FLCN-FNIP2-RagA-RagC complex has a theoretical molecular weight of 245 kDa assuming a

1:1:1:1 stoichiometry. In the gel we could observe that, while the FLCN-FNIP2 and RagA-RagC

bands were disappearing proportionally to the quantity of fixation reagent added, a higher

molecular weight band around 250 kDa appeared, which could presumably be the complex

(Figure 3.16). We therefore prepared negatively-stained grids with fractions containing the

250 kDa band and imaged them using a Tecnai T12 Twin microscope. We could observe an

even distribution of particles that appeared much larger than the FLCN-FNIP2 complex on
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its own (Figure 3.5 and 3.17), we therefore proceeded to collected images to generate 2D class

averages. Indeed, the 2D classes appeared larger than the FLCN-FNIP2 averages with some

classes being 370 Å in length, however they were not consistent in size, nor in shape (Figure

3.17), which indicated that proteins were probably being randomly cross-linked, instead of being

fixed through a specific interaction, and further optimisation was needed to achieve formation

of a stable complex.

Figure 3.17: Screening of FLCN-FNIP2-RagA-RagC negatively-stained grids after den-
sity gradient fixation. A) Representative micrograph of crosslinked FLCN-FNIP2-RagA-RagC
after density gradient. B) Representative 2D class averages. Pink arrow indicates 37a Å.

In parallel, we also investigated the effect of using other GTP analogues which provide different

intermediate states, because the binding of FLCN-FNIP2 to the Rag GTPase heterodimer

is dependent on the GTPase nucleotide state (Meng and Ferguson, 2018; Tsun et al., 2013;

Petit et al., 2013a). We initially tried GDP-BeF3, an analogue that mimics the GDP–Pi state,

however, sample was aggregating immediately after adding the GDP-BeF3 as we could observe

a white precipitate in the solution. We then tried to form a complex in the presence of both

GDP and GppNHp, a non-hydrolyzable GTP analogue that binds tightly to GTPases in the

presence of Mg2+ and forms stable Ras complexes (Michael Spoerner et al., 2005). Apart from

the GTP analogue, we also added GDP to promote the proper conformation of GDP-bound

RagA, which is thought to be crucial for the FLCN-FNIP2 GAP activity towards RagC-GTP

(Meng and Ferguson, 2018). We mixed the FLCN-FNIP2 complex (2.3 µM) with 2x excess of

RagA-RagC (4.6 µM) in buffer supplemented with GDP and GppNHp. Complexes were left

incubating on ice for 5h and then analysed by gel-filtration and SDS-PAGE. In the gel-filtration
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profile, we could observe a peak just before the FLCN-FNIP2, which had the four proteins of

the complex in the gel (Figure 3.18). We therefore prepared negatively stained grids and imaged

them using a Tecnai T12 microscope (Thermo Fisher Scientific, USA). Grids displayed an even

distribution of particles across the holes, however the particles appeared smaller than expected

(80-90 Å long, similar to the FLCN-FNIP2 size) and they did not have a consistent size and

shape (Figure 3.18). The low intensity of the peak and the large amount of unbound FLCN-

FNIP2 and RagA-RagC indicated that complex was probably not stable enough to be held

together on the grid.

The FLCN complex is thought to bind to the Rag GTPase heterodimer interacting with GDP-

bound RagA and then performing its GAP activity towards GTP-RagC (Meng and Ferguson,

2018). To try to stabilise the complex, we intended to design a point mutation in RagA to

lock its GDP-bound state. Unfortunately, while we were performing the cloning for the new

construct, as well as optimising the conditions for the formation of a complex with FLCN-FNIP2

and the Rag GTPase heterodimer, two cryo-EM structures of this complex bound to Ragulator,

responsible for anchoring the Rag GTPases to the lysosome, were published (Lawrence et al.,

2019; Shen et al., 2019). In the following discussion, we will make a detailed comparison between

the published structures and our results, as well as discussing their biological significance.
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Figure 3.18: FLCN-FNIP2-RagA-RagC complex formation in the presence of GppNHp
and GDP. A) Size-exclusion chromatography profile of the FLCN-FNIP2-RagA-RagC complex
with GppNHp and GDP (blue) overlapped with the profiles of FLCN-FNIP2 (dotted orange line)
and protein standards (dotted grey line). B) SDS-PAGE of eluted fractions from size-exclusion chro-
matography. The corresponding elution volume is indicated at the top each lane. C) Representative
micrograph of a negatively-stained grid of FLCN-FNIP2. Image taken with a Tecnai T12 Twin
microscope equipped with a CCD camera.
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3.3 Discussion

mTORC1 is a central regulator of metabolism and cell growth that ensures that cells only grow

under favorable conditions (Rabanal-Ruiz and Korolchuk, 2018). Regulation of mTORC1 is

highly dependent on the nucleotide state of the Rag GTPase heterodimer, which in turn is

regulated by several multiprotein complexes with GAP and GEF activity (Ramlaul and Aylett,

2018). FLCN-FNIP is one of the modulators of the Rag GTPase heterodimer nucleotide state

because it possesses GAP activity towards RagC/D, thus promoting the activation of mTORC1.

Furthermore, FLCN is involved in other cellular functions, such as membrane trafficking and

lysosomal positioning, through the regulation of Rab GTPases (de Mart́ın Garrido and Aylett,

2020). Due to its important function, mutations affecting the entire FLCN gene were found

to be responsible for BHD syndrome (Nickerson et al., 2002), which ultimately, can result in

the development of kidney cancer. Hence, a proper understanding of the FLCN complex at

a molecular level can provide useful knowledge for the understanding of the development of

tumours associated with BHD.

In this chapter, we aimed to use cryo-EM to determine a structure of the FLCN complex bound

to its partner FNIP2, as well as the Rag-GTPase heterodimer to provide a detailed mechanism of

the FLCN regulation in the mTORC1 signaling pathway. Firstly, we successfully expressed and

purified the Spodoptera litura FLCN-FNIP2 complex and obtained an intermediate-resolution

reconstruction of the Sl FLCN-FNIP2 complex. In parallel, two high-resolution structures of

the human FLCN-FNIP2 complex bound to RagA-RagC-Ragulator were published (Shen et al.,

2019; Lawrence et al., 2019) (Figure 3.19). These structures allowed us to generate structural

models for the Sl FLCN and FNIP2 proteins and fit them into our reconstruction. Comparison

between the S.litura structural model and the human structure, showed that they share the same

architecture and domain organisation, and that both are missing large unstructured regions

found in FNIP2, which are probably flexible elements involved in regulatory events events

through phosphorylation (Hasumi et al., 2008a; Takagi et al., 2008). The human FLCN-FNIP2

structure show that both FLCN and FNIP2 contain the predicted longin and DENN domains
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(Nookala et al., 2012; Zhang et al., 2012; Pacitto et al., 2015), which are typically encountered

in proteins interacting with small GTPases (Yoshimura et al., 2010). The human structures

also show that the FLCN and FNIP2 interact through two distinct interfaces (Shen et al.,

2019; Lawrence et al., 2019). At the top of the complex, the two DENN domains interact

through a long α-helix located towards the C-terminus of each domain. On the other side

of the complex, the FLCN and FNIP2 N-terminal longin domains heterodimerize forming a

ten β-sheet platform, in a similar manner to that found in the GATOR1 subunits NPRL2

and NPRL3, a GAP for Rag A/B (Shen et al., 2018). The heterodimerisation through the

longin domains forms a platform that is accessible for the interaction with the Rag GTPase

heterodimer, a typical behaviour for the longin domains that have previously been found to

interact with small GTPases (Levine et al., 2013; Kinch and Grishin, 2006).

Figure 3.19: Organisation of the FLCN-FNIP2 complex at the lysosomal membrane.
Full Structure of the FLCN-FNIP-Rag GTPase-Ragulator complex (PDB: 6NZD) (Lawrence et al.,
2019) from two different views depicted in a cartoon representation. The inset shows how the residue
Arg164 of the FLCN and the nucleotide bound to RagC are pointing different directions, thus making
less plausible that this is the conformation of the complex with GAP activity. Figure adapted from
(de Mart́ın Garrido and Aylett, 2020) under the terms of a CC BY license.

In the second part of this chapter, we aimed to use cryo-EM to investigate at a molecular level

how FLCN-FNIP2 binds the Rag GTPase heterodimer and exerts its GAP activity towards Rag

C/D. We successfully expressed and purified the Sl RagA-RagC heterodimer but, unfortunately,

while we were optimising the formation of an Sl FLCN-FNIP2-RagA-RagC complex, the two

cryo-EM structures of the human complex bound to the lysosomal Ragulator were released at
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a resolution of 3.6 Å (Lawrence et al., 2019) and 3.3 Å (Shen et al., 2019), respectively. In the

following section I will use the human structure to understand the issues we were having while

trying to form a stable complex between the Sl FLCN-FNIP and the Rag GTPase heterodimer.

The FLCN-FNIP2-RagA-RagC-Ragulator complex displays an elongated architecture with the

Rag GTPases located at the centre (Figure 3.19). The RagA-RagC GTPases contact Ragulator

with their respective C-terminal domain (CTD)s, as previously reported in other structures

(de Araujo et al., 2017; Yonehara et al., 2017), while the NBDs contact both FLCN and FNIP2

(Figure 3.19).

Interestingly, although FLCN is a GAP for RagC, both structures show that FLCN and FNIP2

contact both Rag GTPases, suggesting a unique mechanism for catalysis. The high-resolution

of both models and comparison with GATOR1, a GAP for RagA/B (Shen et al., 2018), led

to the identification of FLCN-Arg164 as the catalytic residue responsible for the GAP activity

towards RagC (Shen et al., 2019; Lawrence et al., 2019), however, this residue is pointing away

from the nucleotide bound to RagC in both structures (Figure 3.19). The fact that the catalytic

residue is far from the nucleotide when FLCN-FNIP2 is bound to the lysosome, explains why

the FLCN complex is inactive at the lysosomal membrane when amino acid levels are low. The

authors suggest that a conformational change must occur so that FLCN can exert its GAP

activity towards RagC/D, and that their structure is probably representing an intermediate

towards GTP hydrolysis (Shen et al., 2019). Our Sl FLCN-FNIP2 reconstruction shows that

the overall architecture of the complex is preserved when is not bound to the Rag GTPase,

which suggests that the conformational change is likely to be local, around the catalytical

arginine.

Furthermore, the architecture of the human FLCN-FNIP2-RagA-RagC-Ragulator complex pro-

vides a molecular mechanism to explain why the nucleotide state of the Rag GTPases controls

FLCN recruitment to the lysosome under starvation conditions, and its further dissociation

when nutrient levels are restored: when nutrient levels are high, the Rag GTPase heterodimer

bound to the lysosomal membrane through Ragulator, is in its active state, RagA-GTP RagC-

GDP and can bind the mTORC1 component, Raptor. Upon starvation, the inactive Rag

GTPase heterodimer, RagA-GDP RagC-GTP, adopts a “wide-open” conformation, enlarging
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the cleft between its NBDs, and leaving enough space to bind to the FLCN-FNIP complex

(Figure 3.20). Because the FLCN complex uses the same interface as mTORC1 to bind the

Rag GTPases, it needs to dissociate from the lysosome when nutrient levels are recovered, hence

leaving the RagA-RagC NBDs cleft available for mTORC1 binding (Figure 3.20).

Figure 3.20: The Rag GTPase heterodimer nucleotide states. On the left, the RagA-
RagC adopts a “wide-open” conformation when they are in their inactive nucleotide setting RagA-
GDP and RagC-GTP which is able to accommodate the FLCN-FNIP2 complex between the NBDs
(PDB 6NZD). On the right, when the Rag GTPase heterodimer is in its active nucleotide state
(GTP-RagA-RagC-GDP) it adopts an open conformation able to bind to mTORC1 (PDB 6SB2)
(Anandapadamanaban et al., 2019).

Both cryo-EM structures show that the FLCN-FNIP2 complex requires the Rag GTPase het-

erodimer to be in a “wide-open” conformation to fit within its NBDs. This conformation of the

Rag GTPases is only achieved through a particular nucleotide state (GDP-RagA and RagC-

GTP), which indicates that the binding of FLCN-FNIP2 is extremely dependent on the Rag

GTPase nucleotide setting (Figure 3.20). In both human FLCN-FNIP2 structures bound to

the Rag GTPases, their conformation was locked introducing mutations that promote their
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appropriate nucleotide state to bind the FLCN-FNIP2 complex (Shen et al., 2019; Lawrence

et al., 2019). In our attempts to form a complex, we were using wild-type RagA and RagC.

Indeed, we were observing a small quantity of FLCN complex bound to RagA-RagC in the

presence of GDP and GppNHp (Figure 3.18), but it was not stable enough to hold together

under negatively-stained conditions. Considering the strict requirement for GDP-bound RagA

and GTP-bound RagC for FLCN-FNIP2 to bind the Rag GTPase heterodimer, and the fact

that the Rag GTPases have a basal GTPase activity, we presume that there was probably a

fraction of the Rag GTPases in the right nucleotide setting which was able to bind FLCN-

FNIP2, but such fraction was probably only a small proportion and not stable enough to hold

together in the grids. With the available structures (Shen et al., 2019; Lawrence et al., 2019),

we also checked whether or not any of our tags were disrupting any key interactions for complex

formation. Both FLCN and FNIP2 interact with the Rag GTPase heterodimer through their

N-terminal longin domains, and our constructs had the tag on the C-terminus of FNIP2. The

tag is also non-disrupting for the FLCN-FNIP2 interaction as we obtained an intermediate-

resolution reconstruction that displayed the same conformation as the human high-resolution

structure. On the other hand, our RagA-RagC construct contained a tag in the C-terminus

of RagC. The Rag GTPase heterodimer interacts with the FLCN-FNIP2 complex through the

cleft formed between their NBDs, while the CTDs heterodimerize. We could express and purify

a RagA-RagC stable complex, which indicates that the tag was not affecting the heterodimeri-

sation of the Rag GTPases, and given than the interaction through FLCN occurs via their

NBDs, it is very unlikely that the CTD tag was interfering in complex formation. Another

noticeable feature of the published structures is that they both include the Ragulator complex

(Shen et al., 2019; Lawrence et al., 2019). This complex is responsible for anchoring the Rag

GTPases to the lysosome and to some extent, this interaction can also affect the proper Rag

GTPases conformation.

The nucleotide setting of the Rag GTPase heterodimer is key for the FLCN-FNIP2 binding.

RagC binds GTP 4-fold tighter than RagA (RagC Kd=11 nM, and RagA Kd=47 nM) and

both bind GDP with less affinity (RagC Kd=41 nM, and RagA Kd=76 nM) (Shen et al., 2017).

Moreover, GTP dissociates from both Rag GTPases much more slowly than GDP (Shen et al.,



3.3. Discussion 97

2017). However, the unique heterodimeric architecture of the Rag GTPases allows them to have

intersubunit communication so that binding of GTP to one subunit inhibits association and

promotes the hydrolysis of GTP on the other subunit (Shen et al., 2017). This mechanism en-

sures that the Rag GTPase heterodimer is maintained in its active or inactive state. Therefore,

we would expect that without introducing any mutations in the Rag GTPase heterodimer, we

would have a major population of either GTP-RagA-RagC-GDP (active) or GDP-RagA-RagC-

GTP (inactive) and that half of our FLCN-FNIP2 complexes should be able to bind to the Rag

GTPase inactive conformation. According to our SEC profiles and our grids we had a very

small pool of FLCN complexes binding to the Rag GTPase heterodimer, suggesting that the

complex was being disrupted even with the appropriate Rag GTPase nucleotide state. The in-

troduction of mutations that lock the appropriate nucleotide state of the Rag GTPases and the

presence of Ragulator was probably key to obtain stable FLCN-FNIP2 complexes with the Rag

GTPases. If the human structures would not have been published, we would have generated

Rag GTPase mutations that would lock their nucleotide state, as some studies were already

pointing to it being key for FLCN binding (Meng and Ferguson, 2018), and ordering of the

Ragulator genes had already mentioned in our discussions. Furthermore, if Alphafold had been

available to us we would have been able to generate a structural model of the FLCN-FNIP2

complex that we could have used to optimise our FLCN-FNIP2 and Rag GTPase expression

constructs, for example, deleting the large unstructured regions of FNIP2, which are not part

of the core of the FLCN-FNIP2 complex. Without accurate structural models it was not clear

which regions should be deleted without compromising complex formation.

The published structures of the human FLCN-FNIP2 complex bound to RagA-RagC-Ragulator

shed light on how FLCN regulates the Rag GTPase heterodimer nutrient state at the lysosome

under starvation conditions, however, there are still many questions that remain unanswered.

FLCN mutations affecting the entire gene are responsible for BHD syndrome, including mu-

tations in the C-terminal DENN domain of FLCN. Based on the structure, mutations in this

domain would not disrupt the interaction with the Rag GTPases, which indicates that this

domain must be involved in other important functions. As we previously highlighted in the

introduction, FLCN DENN domains have been reported to interact with Rab GTPases to
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modulate membrane trafficking (Nookala et al., 2012), and FLCN has also been involved in

lysosomal positioning through its interaction with other members of the Rab family (Starling

et al., 2016) and with autophagy (Goodwin et al., 2021). Moreover, FLCN-FNIP can also in-

teract with AMPK, another regulator of nutrient signalling. Hence, FLCN is a multifunctional

protein involved in several cellular processes which require a wide range of different interact-

ing partners. How this versatile protein coordinates all these cellular functions still remains

unclear.



Chapter 4

Structure of the ΦKZ non-virion RNA

polymerase

Bacteriophage ΦKZ is one of a few exceptional bacterial viruses to encode two multisubunit

RNAPs which transcribe all genes needed throughout the different stages of the infection cycle.

The study of these non-canonical msRNAPs can provide useful information with respect to the

foundations of transcription, as well as the intriguing evolution of bacteriophages. Previous

biochemical studies have demonstrated that the ΦKZ non-virion RNAP is a 5-subunit complex

able to initiate transcription from specific promoters. However, little is know about the function

of each subunit during the transcription reaction. Intriguingly, the fifth subunit, gp68, has no

homology to any other protein with known function but has been reported to be crucial for

the assembly of a functional enzyme, promoter recognition and transcription initiation. In

this chapter, we aimed to determine the structure of the ΦKZ non-virion RNA polymerase in

order to provide first insights into its architecture, the organisation of the four split β/β’ -like

subunits, and the role of gp68. To determine the structure of this five-subunit complex ( 329

KDa) we chose cryo-EM, which is particularly powerful for large multiprotein complexes and

requires minimal quantities of sample.

99
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4.1 Preparation of ΦKZ non-virion RNA polymerase

complexes

ΦKZ nvRNAP complexes were prepared by Dr. Yakunina’s group at Peter the Great St.

Petersburg Polytechnic University (St. Petersburg, Russia) (de Mart́ın Garrido et al., 2021b).

Complexes were expressed in Escherichia coli using an established co-expression system with

one plasmid containing the four β/β′-like proteins and a second one containing the fifth subunit,

gp68 (Orekhova et al., 2019). This system allowed the generation of both 4-subunit (4s) complex

containing the four nvRNAP subunits with homology to the two largest bacterial subunits, and

5-subunit (5s) nvRNAP complexes including all the subunits of the enzyme. To determine if

the purified complexes were active, our collaborators performed an in vitro transcription assay

with an RNA/DNA scaffold. 5s complexes containing all the subunits of the enzyme were able

to elongate the existing RNA, however 4 subunit complexes were unable to start transcription,

suggesting a crucial role of gp68 in transcription initiation (Orekhova et al., 2019).

Figure 4.1: Size-exclusion chromatography of the ΦKZ nvRNAP. A) SEC profile of the
ΦKZ nvRNAP (blue). B) Coomassie-stained SDS-PAGE of eluted nvRNAP fraction containing
the five subunits of the complex. Data generated by Dr. Yakunina’s group. Figure adapted from
(de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution License.
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As 5s complexes proved to be functional, we used them for further structural analysis using

cryo-EM (de Mart́ın Garrido et al., 2021b). Complexes were expressed in E.coli using the

same protocol described in Orekhova et al. (2019); de Mart́ın Garrido et al. (2021b). Briefly,

after harvesting and lysing the cells, ΦKZ nvRNAP complexes were purified by nickel affinity

chromatography and subsequent gel-filtration (Chapter 2). The presence of all the subunits

forming the complex was validated by SDS-PAGE, which showed unique bands for each subunit

and no contaminants: gp74 (77 kDa), gp71-73 (74 kDa), gp123 (63 kDa), His6-gp55 (56 kDa),

and gp68 (59 kDa) (Figure 4.1 A, B). After that, bands were analysed by mass-spectrometry,

confirming the presence of the five subunits that form the nvRNAP complex (Orekhova et al.,

2019; de Mart́ın Garrido et al., 2021b). To investigate the role of gp68, this subunit was also

cloned into a single plasmid and expressed independently using E.coli cells. The purified free

gp68 was only used in biochemical experiments (de Mart́ın Garrido et al., 2021b) performed by

our collaborators.
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4.2 Optimisation of vitrification conditions for the ΦKZ

nvRNAP

Initial screening of frozen samples was performed in-house at the Electron Microscopy facility

of the Centre for Structural Biology (Imperial College London, UK), using an FEI Tecnai

F20 electron microscope equipped with a Falcon II direct electron detector. Purified nvRNAP

complexes were frozen and shipped at 4 °C by our collaborators in Dr. Yakunina’s group. Upon

arrival, samples were immediately aliquoted, flash frozen in liquid nitrogen and stored at -80 °C

until use. To prepare cryo-EM samples we thawed one of the frozen aliquots and diluted it to a

final concentration of 0.3 mg/mL. We adsorbed purified ΦKZ nvRNAP complexes to a thin film

of graphene oxide deposited onto holey carbon copper grids. We chose this method because it

had already been widely optimised in our lab, and it had been successful in the preparation

of frozen samples of multiprotein complexes de Mart́ın Garrido et al. (2021c); Ramlaul et al.

(2021).

We found that nvRNAP complexes were easily adsorbed to the graphene oxide film and we could

prepare well-populated cryo-EM grids (≈70-90 particles/micrograph) with a low concentration

of sample (0.1-0.3 mg/mL) (Figure 4.2 A), which was very convenient as we were working

with shipped sample from our collaborators in Russia. After screening different vitrification

conditions, we determined that we were consistently achieving thin layers of vitreous ice with

a blot force of -6, waiting times of 4-10 s to allow complexes to adhere to the graphene oxide

film, and 1-2 s blotting times (Figure 4.2 A)(see Chapter 2). Micrographs of ΦKZ nvRNAP

contained single particles with consistent size (≈ 100 Å), and several orientations of these could

already be appreciated by eye (Figure 4.2 A). We therefore set up a collection using the FEI

Tecnai F20 electron microscope available in the college facility (see Chapter 2).
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Figure 4.2: Screening of vitrification conditions for the ΦKZ nvRNAP. A) Representative
micrograph of frozen nvRNAP complexes adsorbed to a graphene oxide film deposited onto a copper
grid. Pink line represents the length of a particle measuring 100 Å. B) 2D class averages representing
different views of the complex.

We performed single-particle analysis to obtain an initial 3D reconstruction that would provide

information about the overall shape of nvRNAP complexes. After initial pre-processing of the

collected movies with MotionCor2 (Zheng et al., 2017) and CTFFIND4 (Rohou and Grigorieff,

2015), 18 508 particles that classified into well-defined 2D class averages (Figure 4.2 B) were

selected to generate an initial 3D reconstruction. Initial models were generated using the

stochastic gradient descent (SGD) approach in RELION 3 (Zivanov et al., 2018) and yielded

an initial three-dimensional reconstruction of the complex at 14 Å resolution according to an

independent half-set FSC of 0.143 (Figure 4.3). This low resolution reconstruction was then

filtered to 50 Å and used as an initial reference for further refinement. The initial reconstruction

showed a reminiscent shape to that of bacterial msRNAPs, which was not surprising considering

the reported sequence homology (Yakunina et al., 2015), and it also displayed a clear internal

channel typical of these enzymes.
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Figure 4.3: Initial reference-free three-dimensional reconstruction of the ΦKZ nvRNAP.
A) Reference-free 3D reconstruction of the complex at 14 Å resolution showing different views of the
structure. B) Global FSC curve for the 14 Å reconstruction.



4.3. High-resolution data collection, image processing and model building for the ΦKZ nvRNAP105

4.3 High-resolution data collection, image processing

and model building for the ΦKZ nvRNAP

After determining the optimal vitrification conditions for ΦKZ nvRNAP complexes, we collected

a larger data set on a Titan Krios G3i equipped with a K3 direct electron detector at the

London Consortium for Electron Microscopy (The Francis Crick Institute). Micrographs were

well-populated (≈ 150 particles/micrograph) and single particles were clearly visible, which had

the same shape and dimensions as previously observed while screening in-house (Figure 4.4 A).

We therefore collected a set of 10 741 movies (see details in Chapter 2). Frames were aligned

and dose-weighted using MotionCor2 (Zheng et al., 2017) and CTF estimation subsequently

performed with CTFFIND4 (Rohou and Grigorieff, 2015). Based on the CTF estimation,

micrographs with low estimated resolution and irregularities in the observed Thon Rings were

discarded. After particle selection and extraction, particles were refined in 2D reference-free

alignment to exclude ice contaminants and other types of particles. Over a million particles (1

043 026) classified into high-resolution 2D class averages, which included different views of the

particle (Figure 4.4).

Figure 4.4: High-resolution data collection of ΦKZ nvRNAP complexes. A) Representa-
tive micrograph of the ΦKZ nvRNAP complex adsorbed to a graphene oxide film deposited onto a
copper grid. B) Representative 2D class averages displaying different views of the complex.
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Figure 4.5: Data processing scheme for the cryo-EM high-resolution data collection
for the ΦKZ nvRNAP complex. Flow-chart depicting the data processing procedure. Particle
numbers retained at each stage of the process are indicated below each 3D reconstruction. Well-
resolved peripheral regions are highlighted in pink circles in the class retained for further refinement
to obtain the 3.3 Å reconstruction. Figure adapted from de Mart́ın Garrido et al. (2021b) under a
Creative Commons Attribution License.

Due to the large amount of particles we performed further screening based on the CTF param-

eters to retain particles that were likely to contain high-resolution information. We therefore

selected all particles that generated high-resolution 2D class averages of micrographs collected

at defocus values over 1 µm. Those particles yielded an initial reconstruction at 3.0 Å resolution
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according to an independent half-set FSC of 0.143 (Figure 4.6 A-D). This initial reconstruction

included the better ordered regions of the core of the enzyme at high-resolution, with most areas

being resolved at higher resolution than 3.5 Å (Figure 4.6 B). However, some peripheral areas

still showed weak density (Figure 4.6 A), particularly the area corresponding to the clamp, a

mobile element that can adopt different conformations which are key to perform the enzyme’s

function (Chakraborty et al., 2012). Extensive sorting by means of 3D classification without

alignment and focused refinement, finally yielded a 3.3 Å resolution with the peripheral areas

of the enzyme better resolved (Figure 4.7). The 3.3 Å map was used to assist the building of

a molecular model for the peripheral regions of the nvRNAP, particularly, the clamp (Figure

4.5).

Figure 4.6: High-resolution 3D reconstruction of the ΦKZ nvRNAP core. A) 3 Å recon-
struction of the ΦKZ nvRNAP in different views. The map was generated including particles that
classified into high-resolution class averages from micrographs collected over 1 µm defocus. B) Local
resolution map of the ΦKZ nvRNAP 3 Å reconstruction calculated using BLOCRES. C) Angular
distribution plot of the ΦKZ nvRNAP 3 Å reconstruction. D) Global FSC curve for the ΦKZ nvR-
NAP 3 Å reconstruction.
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Figure 4.7: High-resolution 3D reconstruction of the ΦKZ nvRNAP including the
clamp. A) 3.3 Å reconstruction of the ΦKZ nvRNAP including the clamp depicted in different
views. The map was generated after extensive sorting of the particles with 3D classification without
alignment and focus refinement. B) Local resolution map of the ΦKZ nvRNAP 3.3 Å reconstruction
calculated using BLOCRES. C) Angular distribution plot of the ΦKZ nvRNAP 3.3 Å reconstruction.
D) Global FSC curve for the ΦKZ nvRNAP 3.3 Å reconstruction.

Overall, the nvRNAP reconstruction had a shape reminiscent of the typical “crab-claw” appear-

ance of bacterial msRNAPs with an internal channel running along the side of the enzyme, and

two pincers at each side of the channel (Sutherland and Murakami, 2018). This resemblance was

not unexpected given the previously reported sequence similarity between four of the nvRNAP

subunits and the two largest bacterial subunits β and β′ (Yakunina et al., 2015). Sequence

analysis by BLASTp identified that the ΦKZ subunits were mostly similar to the RNAP struc-

tures of Mycobacterium tuberculosis (PDB 6EDT) (Boyaci et al., 2019). We therefore used

this structure as a template to generate homology models for the four β/β′-like subunits of

the nvRNAP using SWISS-MODEL (Waterhouse et al., 2018) (Alphafold2 was not available at

that time). Models for the gp71-73, the gp74 and the C-terminus of gp55 (290-419) were well-

defined, whereas models for gp123 were very variable and had large sections without defined
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secondary structure, which was not unexpected given its weak homology to the C-terminus of

the bacterial β subunit. As gp68 had no homology to any other protein with known function

(AR9 structure yet to be released) and Alphafold2 was not available at that time, we could

not generate any reliable structural model for this subunit. Using the well-defined models of

gp71-73, gp74 and gp55, and the highest-resolution map (3 Å resolution) (Table 4.8), positions

for the most conserved structural elements of the four β/β′-like subunits were established and

expanded from them to provide an atomic model in Coot (Emsley and Cowtan, 2004; Emsley

et al., 2010) (Figure 4.8) covering the majority of gp71-73, most of gp74 and gp123, excluding

their middle domains, and the C-terminus of gp55 (Figure 4.9) (see Chapter 2).

Figure 4.8: Representative high-resolution density for the ΦKZ nvRNAP 3 Å map.
gp71-73 (A) and gp68 (B) molecular models fitted into the 3 Å map. Molecular models are displayed
in blue, and the map is displayed as a grey mesh.
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The N-terminus of gp55, including the clamp, was completed using the 3.3 Å reconstruction,

which had better defined density for some peripheral regions (Figure 4.9). After building an

atomic model for the the four subunits with homology to bacterial msRNAPs, which formed

the core of the enzyme, we noticed that there was an extra domain displaying a mostly helical

topology located at the bottom of the map, between gp55 and gp71-73 (Figure 4.9). Guided

by secondary-structure predictions (Drozdetskiy et al., 2015), we could assign the additional

domain to the C-terminus of the nvRNAP fifth subunit, gp68 (covering residues 304-413 and

429-521) (Figure 4.9). Overall, combining both the 3 Å and the more completed Å 3.3 re-

constructions, we built an atomic model for 73% of the complex, providing a structure of the

ΦKZ nvRNAP for the first time and identifying the location of its intriguing fifth subunit, gp68

(Figure 4.9 and 4.10).

Figure 4.9: Building a molecular model for the ΦKZ nvRNAP. A) 3.3 Å map with the
molecular model of the five-subunit ΦKZ nvRNAP depicted in cartoon representation fitted into the
density. B) Schematic diagram of the built sections for each ΦKZ nvRNAP subunit.



4.3. High-resolution data collection, image processing and model building for the ΦKZ nvRNAP111

Figure 4.10: Ramachandran plot of the ΦKZ nvRNAP structure including the clamp.
Ramachandran plots were computed with Molprobity (Lovell et al., 2003).
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4.4 Architecture of the ΦKZ nvRNA polymerase

The five-subunit ΦKZ nvRNAP complex preserved the β/β′ architecture of eubacterial msR-

NAPs (Sutherland and Murakami, 2018; Zhang et al., 1999). One side of the enzyme was formed

by the β′-like subunits, gp55 and gp74, whereas the β-like subunits, gp71-73 and gp123, were

located on the opposite side, with the internal DNA channel running between them (Figure

4.11). The most peripheral regions of the complex that would encircle the channel at the top

of the enzyme were weakly resolved in our 3D reconstruction. However, through comparison to

other eubacterial msRNAP structures, we could confidently assign them to the middle domains

of gp74 and gp123 (Figure 4.12). In bacterial msRNAPs the location of these two domains

corresponds to one of the pincers that interacts with the downstream dsDNA, which would

explain their flexibility in the absence of nucleic acids. Sequence analysis of these domains

did not identify any of the universal conserved regions of the β and β′ subunits (Lane and

Darst, 2010b; Yakunina et al., 2015), which suggested that they had probably evolved from

lineage-specific insertions of different bacteria species.

Figure 4.11: Architecture of the ΦKZ nvRNAP. Two different views of the ΦKZ nvRNAP
structure represented in cartoon. Each subunit is coloured as indicated in the figure. Figure adapted
from de Mart́ın Garrido et al. (2021b) under a Creative Commons Attribution License.
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Figure 4.12: Low resolution features of the ΦKZ nvRNAP reconstruction. Three-
dimensional map with a Gaussian filter applied coloured in light grey, with fitted nvRNAP structure
represented as a cartoon. Extra density is highlighted in dotted-line rectangles coloured according
to the subunit they are expected to correspond to. Figure adapted from de Mart́ın Garrido et al.
(2021b) under a Creative Commons Attribution License.

The structure revealed that the fifth subunit of the ΦKZ nvRNAP, gp68, was integrated into

the complex making extensive contacts with gp71-73 (1 848 Å2 of interface buried surface area)

and, to a lesser extent, with gp55 (446.10 Å2 of interface buried surface area) (Figure 4.11, Table

4.1). We found that the interaction within them was mostly governed by hydrogen bonds and

charge-charge interactions (Figure 4.13), with 4% and 15.5% of the solvent-accessible area of

gp68 contributing to the interaction with gp55 and gp71-73, respectively (Table 4.1). Our

collaborators (Dr.Yakunina’s group) also performed co-purification experiments in which they

co-expressed pairs of subunits with one affinity-tag and evaluated recovery of both proteins.

Consistent with our structure, their results showed that gp68 co-purified with both gp71-73

and gp55 de Mart́ın Garrido et al. (2021b). The N-terminus of gp68 was not visible in our

model. However, we could observe some weakly-resolved density at the front of the enzyme

encircling the channel that we hypothesized might correspond to the N-terminal domain of the

fifth subunit, gp68 (Figure 4.12).
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Figure 4.13: Integration of gp68 in the ΦKZ nvRNAP complex. A) Inset displaying a region
of the gp68-gp55 interface. B) Inset displaying a region of the gp71-73-gp68 interaction. In both
panels, hydrogen bonds are depicted as a dotted yellow line and residues involved in the interaction
are labelled accordingly. Figure adapted from de Mart́ın Garrido et al. (2021b) under a Creative
Commons Attribution License.

Table 4.1: Buried surface area of the gp68 interaction with gp55 and gp71-73.Values
extracted from PDBePISA server (https://www.ebi.ac.uk/pdbe/pisa/). Table adapted from
de Mart́ın Garrido et al. (2021b) under a Creative Commons Attribution License.
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4.5 Structural comparison with bacterial multisubunit

RNAPs

The ΦKZ nvRNAP is a pared down version of bacterial msRNAPs. The five-subunit complex

with split β and β′ -like subunits proved to be sufficient to initiate transcription without ac-

cessory subunits α and ω, which are present in bacterial, archaeal and eukaryotic msRNAPs

(Yakunina et al., 2015). Accordingly, the overall appearance of the nvRNAP was smaller than

bacterial msRNAPs (Figure 4.14). Comparison of each ΦKZ nvRNAP β′ -like subunit with

structures available in the PDB (Holm and Sander, 1995) showed that the closest structures to

each subunit corresponded to different bacterial species (Table 4.2).

Figure 4.14: Structural comparison of the ΦKZ nvRNAP with bacterial msRNAPs. A)
Structure of the ΦKZ nvRNAP depicted in cartoon representation with the β-like subunits coloured
in magenta, the β′-like subunits coloured in blue, and gp68 in orange. B) M.tuberculosis RNAP
structure (PDB 6EDT). Subunits are coloured as indicated in the figure.
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Table 4.2: Structural similarity of the ΦKZ nvRNAP subunits and bacterial msRNAPs
structures. Table showing the top DALI restults for each nvRNAP subunit. The RMSD was
computed by DALI (Holm and Sander, 1995).

In line with with the observations made by previous sequence analysis (Yakunina et al., 2015),

we found that the key active structural elements and the catalytic residues of the ΦKZ nvR-

NAP were well-conserved. At the catalytic cleft, the two DPBBs were contributed by gp71-73,

containing two conserved lysines (K386 and K394) believed to interact with the RNA tran-

script, and by gp55, which included the universally conserved DxDGD (417DFDGD421) near its

C-terminus, responsible for the coordination of a catalytic Mg2+ conserved in all nucleotidyl-

transferases (Zhang et al., 1999; Iyer et al., 2003; Yokoyama et al., 2002).

Figure 4.15: The catalytic core of the ΦKZ nvRNAP. Cartoon representation of the ΦKZ
nvRNAP structure with each subunit coloured following the same scheme as in previous figures.
Inset of the catalytic core showing the two DPBBs in gp55 and gp71-73. Side chains of universally
conserved residues are represented as sticks and indicated with labels.
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The structural elements that govern the transcription reaction were also conserved in the ΦKZ

nvRNAP structure. The bridge helix and trigger helix/loop, which switch between alternate

conformations during nucleotide addition (Yokoyama et al., 2002; Wang et al., 2006), were

found in the β-like subunit gp74 (bridge helix: 243-279, trigger helix/loop: 366-393). Similarly

to the situation in bacterial msRNAPs, the bridge helix crossed from the β′ side of the enzyme

to the β side, however, we found that it was partially disordered at the central region, losing

the typical helical conformation. As for the the trigger loop, only the beginning of the helix

was clearly visible in our reconstruction (366-384), probably due to the absence of nucleic acids

(Figure 4.16). In gp74, we also found one of the Zn2+ binding domains (C288, C341, C350,

C353) observed in bacterial msRNAPs (Figure 4.16) (Yokoyama et al., 2002).

Figure 4.16: Architectural elements of the ΦKZ nvRNAP gp74 subunit. nvRNAP struc-
ture with bridge helix and trigger loop-helix indicated in arrows. Color scheme is the same as in
previous figures. On the left, inset showing the Zn2+ binding domain with each Cys labelled accord-
ingly. Figure adapted from (de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution
License.

The clamp, a flexible element whose position is key to regulate entry of single-stranded DNA

to the active site, was also conserved in the ΦKZ nvRNAP, and was located within the C-

terminus of gp71-73 (643-692) and the N-terminus of gp55 (9-286) (Figure 4.17). We could

partially observe the lid (211-223) and the two clamp helices (225-273) (Figure 4.7), only in

the subset of particles that yielded the most completed structure (3.3 Å map). However, other

parts of the clamp were still weakly resolved in our reconstruction, probably due to the ability

of this element to adopt different conformations throughout the reaction cycle (Chakraborty

et al., 2012).
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Figure 4.17: Architecture of the ΦKZ nvRNAP clamp. nvRNAP structure with clamp
highlighted. Color scheme is the same as in previous figures. On the right, inset showing the clamp
comprised within gp55 and the C-terminus of gp71-73. The clamp helices are pointed with arrows
and the lid is indicated by a circle. Figure adapted from (de Mart́ın Garrido et al., 2021b) under a
Creative Commons Attribution License.

The flap was also visible in our structure. The core of the flap (198-206 and 368-375) retained the

typical β-sandwich configuration, however the flap-tip-helix was not conserved in our structure.

Instead, gp71-73 contained a small loop with a single helix turn (249-254) that interacted with

gp68 (Figure 4.17). The flap-tip-helix is not conserved in archaeal or eukaryotic msRNAPs

because it plays bacterial-specific roles during different stages of transcription (Lane and Darst,

2010a), as well as regulatory functions, which would explain why this element became obsolete

in the ΦKZ nvRNAP.

Figure 4.18: Comparison between the ΦKZ nvRNAP and the bacterial flap. The ΦKZ
nvRNAP structure with the flap highlighted with a square. Color scheme is the same as in previous
figures. On the right, inset showing the flap found in gp71-73 and the E.coli flap (PDB 5UAC). Figure
adapted from (de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution License.
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4.6 Gp68 is involved in the assembly of a functional

nvRNAP

The five-subunit ΦKZ nvRNAP is sufficient to initiate transcription from late phage promoters,

without needing accessory subunits α and ω to assemble a catalytically active enzyme (Yakunina

et al., 2015; Orekhova et al., 2019). We previously observed that the four β/β′-like subunits

contained conserved structural elements and catalytic residues from bacterial subunits, we

therefore wanted to further investigate if gp68 was involved in complex assembly. For this

purpose, our collaborators (Dr.Yakunina’s group) expressed and purified gp68 independently

in a single plasmid instead of coexpressing it with the rest of subunits (de Mart́ın Garrido et al.,

2021b). Using the independently purified gp68, they assembled the full nvRNAP complex in

vitro by adding gp68 to 4s, which included the four β/β′-like subunits. The in vitro-assembled

complexes contained all five subunits forming the ΦKZ nvRNAP and bound DNA templates

containing the specific promoter consensus sequence, similar to 5s-complexes assembled in vivo

(Figure 4.19 A). However, the in vitro assembled complexes were unable to initiate transcription

from a specific phage late promoter (Figure 4.19 B). These results suggested that gp68 probably

needs to be included in the complex at early stages of complex assembly to form a catallytically

active polymerase.

Figure 4.19: Gp68 is necessary for the assembly of an active nvRNAP. A) Native PAGE of
4, and 5 subunit complexes prepared through the addition of gp68 at different points, and EMSA with
a 212 bp specific dsDNA-template containing the KZP119L promoter sequence (long DNA, from -64
to +148, (Table 2.9), and assemblies of recombinant nvRNAP complexes and independently purified
gp68-His and gp68 samples. B) Urea-PAGE of the transcription assay from the RNA-DNA hybrid
shown above. Activity is indicated by decreased mobility (lane 5s). Data provided by Dr.Yakunina’s
group. Figure adapted from (de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution
License.
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In eubateria, the dimeric α subunits serve as an organising platform for the assembly of the

catalytically active core. Both β and β′ interact with the α-dimer, with universally conserved

regions βa14 and βa15 being essential (Lane and Darst, 2010b) for this interaction. Sequence

analysis showed that these regions are well-conserved in the ΦKZ nvRNAP subunit gp71-73

(Yakunina et al., 2015). Consistently, we observed that the structure of βa14 (368-442) and

βa15 (547-656) was also preserved in the nvRNAP, except for a small insertion loop in gp71-73

(551-556) close to the α binding interface (Figure 4.20). Furthermore, we observed that gp68

interacted with the bottom-helix (643-656) of the universally conserved region βa15 of gp71-73

(Figure 4.20), hence supporting a role of gp68 in the assembly of a catallytically active centre,

as previously suggested by biochemical assays (Figure 4.19). This interaction, however, was in

a different region than the bacterial β-α interface.

Figure 4.20: Interaction of gp68 with the universally conserved motif βa15. On the right,
two different views of the nvRNAP with gp68 in orange and regions βa14 and βa15 of gp71-73 in
pink. (Top-left) Inset showing the E.coli βa15 interaction with one of the α subunits. gp71-73 βa15
(pink) is superimposed on the E.Coli structure (legend in the figure) to show that it has a longer
loop including residues 551-556. (Bottom-left) Inset showing the interaction of gp68 with region
βa15 of gp71-73. Figure adapted from (de Mart́ın Garrido et al., 2021b) under a Creative Commons
Attribution License.
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4.7 Gp68 is structurally and functionally similar to

bacterial σ factors

Considering that the five-subunit polymerase can initiate transcription from specific promoters

without requiring any extra subunits (Yakunina et al., 2015; Orekhova et al., 2019), we wanted

to investigate the potential involvement of the the fifth subunit, gp68, in DNA binding. To

identify which subunits were involved in the interaction with DNA, our collaborators in Dr.

Yakunina’s group (Peter the Great St. Petersburg Polytechnic University St. Petersburg, Rus-

sia) performed an EMSA combined with photo-crosslinking (de Mart́ın Garrido et al., 2021b).

Mass spectrometry identified both gp123 and gp68 within the band corresponding to the fully

denatured complex containing the DNA binding subunits (Figure 4.21 A), which confirmed

our hypothesis that gp68 was involved in DNA binding. After that, they performed limited

proteolysis with two different DNA templates: a fork junction short DNA (from -12 to +15

nucleotide on non-template strand), and a long DNA (from –64 to +148 bp)(Table 2.9). In the

absence of DNA, an N-terminal fragment of gp68 was released (1-382) after trypsin treatment.

When the short DNA was present, there was a weak protective effect of the full gp68 and in the

presence of long DNA such protective effect against gp68 proteolysis (Figure 4.21 B) was even

stronger (de Mart́ın Garrido et al., 2021b). The protection of gp68 in the presence of DNA

confirmed the involvement of gp68 in DNA binding. Furthermore, if the DNA was long enough,

the binding resulted in a more compact complex with the full-length of gp68 being involved in

DNA binding.



122 Chapter 4. Structure of the ΦKZ non-virion RNA polymerase

Figure 4.21: Gp68 of the ΦKZ nvRNAP is involved in DNA binding. A) TBE-PAGE of
UV cross-linked DNA bound complexes. Bands extracted for subsequent mass-spectrometry analysis
are highlighted in squared boxes. B) Protection of gp68 from limited proteolysis by DNA templates.
Both short and long templates are based on the KZP119L promoter sequence (Table 2.9); the short
template extends from -12 to +15 nucleotides from transcription start (marked +1), whereas the
long template indicates a full 212 bp PCR-fragment. The full gp68 and the N-terminal fragment of
gp68 extending to 382 residues are marked by arrows. Data provided by Dr.Yakuninas group (at
Peter the Great St. Petersburg Polytechnic University (St. Petersburg, Russia) Figure adapted from
(de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution License.

Superimposition of the nvRNAP structure with that of bacterial msRNAPs, usingM.tuberculosis

RNAP as an example, showed that the C-terminus of gp68 was at the same location within

the complex as in bacterial σ factors, covering region 4 (Figure 4.22). After this observation,

we performed a comparison of the gp68 structure with other structures available in the PDB

using the DALI server (Holm and Sander, 1995). The comparison showed that the C-terminus

of gp68 which is in the same position as the σ region 4, had a weakly similar fold to a more

N-terminal part of other bacterial σ factors (region 2), making it difficult to interpret (Cα

RMSD 3.964 when residues 36-91 of σC were superimposed on residues 324-356 and 379-401

of gp68, as suggested by DALI (Holm and Sander, 1995))(Figure 4.23). The closest similar

structure to the C-terminus of gp68 was a fragment of the M.tuberculosis σC, a member of the

extracytoplasmic function (ECF) σ factors (Ebastien Rodrigue et al., 2006).
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Figure 4.22: Gp68 is positioned identically to eubacterial σ-factor On the left, comparisons
of the M. tuberculosis RNAP (PDB 6EDT) and ΦKZ nvRNAP and, on the right, superimposition
indicating colocation of gp68 and bacterial σA factor. Figure adapted from (de Mart́ın Garrido et al.,
2021b) under a Creative Commons Attribution License.

Figure 4.23: Gp68 is structurally similar to eubacterial σ-factor. A) Sequence alignment
based on structural similarity made with DALI. The top part shows the amino acid sequences of
gp68 and Mtb σ c. Below, secondary assignments are represented with H (helix), E (strand) and L
(coil). The most frequent amino acid type is coloured in each column B) Superimposition of Mtb σc

(PDB: 2o7g) on gp68 depicted in ribbon representation. Figure adapted from (de Mart́ın Garrido
et al., 2021b) under a Creative Commons Attribution License.

Comparing the gp68 structure with that region of σ that was in the same location (region

4), we noticed that the gp68 C-terminus was considerably more expanded, making a larger

interaction with the rest of the complex (2 311.10 versus 1 495.40 Å2), and therefore anchoring

gp68 steadily in the complex (Table 4.3). Moreover, we noted that purification of the ΦKZ

nvRNAP from P.aeruginosa-infected cells failed to obtain a complex without gp68, and the use

of several chromatographic steps, including buffers with high NaCl concentration (up to 600
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mM) did not disrupt the complex (Yakunina et al., 2015; Orekhova et al., 2019). Observing

the electrostatics of the gp68 region visible in our model (C-terminus), we could not observe

any region with a positively charged pocket that could potentially interact with DNA (Figure

4.24), apart from some patches located at the peripheral region.

Figure 4.24: Electrostatic potential surface of the ΦKZ nvRNAP. Electrostatic potential
surface of the ΦKZ nvRNAP molecular model with blue regions representing positive charges, red
representing negative and white neutral. Inset, cartoon representation of gp68 and electrostatic
potential surface of the same region. Figure adapted from (de Mart́ın Garrido et al., 2021b) under
a Creative Commons Attribution License.

Table 4.3: Comparison of the buried surface area of nvRNAP gp68 and σ factor A from
M. tuberculosis. Values extracted from PDBePISA server (https://www.ebi.ac.uk/pdbe/pisa/).
Table adapted from (de Mart́ın Garrido et al., 2021b) under a Creative Commons Attribution License.
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4.8 Discussion

Bacteriophage ΦKZ is one of a few exceptional bacterial viruses that encode a pair of non-

canonical multi-subunit msRNAPs that are able to transcribe all genes needed to complete

the bacteriophage life-cycle (Ceyssens et al., 2014). In 2015, purification of the ΦKZ nvRNAP

revealed that it is formed by four subunits homologous to the two largest bacterial subunits

and a fifth one shared amongst ΦKZ-like phages but with no homology to any other protein

with known functionality that is essential for promoter recognition and transcription initiation

(Yakunina et al., 2015; Orekhova et al., 2019). The low sequence similarity of the fifth subunit

and its crucial role for the enzyme function suggested that the transcriptional mechanism

was likely to be novel and posed new questions about the evolution of these non-canonical

msRNAPs.

In this chapter we have determined for the first time the three-dimensional structure of the ΦKZ

nvRNAP, revealing that this enzyme preserves the conserved β/β′-architecture of eubacterial

RNAPs, but includes a fifth subunit, gp68, embedded in the complex. Structural comparison

with bacterial msRNAPs showed that most of the structural elements involved in the reaction

cycle, as well as the catalytic centre are conserved, suggesting that the mechanisms of polymeri-

sation and catalysis are likely to be similar to those in bacterial msRNAPs. ΦKZ, however, has

developed a minimal but sophisticated polymerase with split subunits that does not rely on the

canonical subunits α and ω for the assembly of a catalytically active core. The structure also

revealed that the fifth subunit, gp68, is embedded in the complex making extensive contacts

with gp71-73 (homologous to the C-terminus of the β subunit), and to a lesser extent to gp55

(homologous to the N-terminus of the β′ subunit), identifying for the first time the position of

this subunit within the complex and confirming that it is an integrated member of the ΦKZ

nvRNAP.

Comparison with bacterial msRNAPs showed that gp68 is positioned identically to, and exhibits

structural homology to eubacterial σ factors. Moreover, biochemical assays suggested that gp68

is involved in DNA binding, which is congruent with a σ-like activity. Any of these observations
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made on their own would not be sufficient to draw any conclusion, however, if we observe all

of them in combination we can suggest that gp68 has probably evolved from an ancestral σ

factor but has diverged considerably. The gp68 region visible in our structure overlaps with

the location of region 4 of σ70-like factors of group 1 (Paget, 2015) and, conversely, the same

region has a weakly similar fold to region 2 of another bacterial σ factor belonging to the

ECF group, making it difficult to interpret and indicating that the structural homology is

low. The ECF group comprises the most abundant and heterogeneous σ factors, which are

important for bacterial stress adaptation and are associated with virulence. Hence, similarity

of the C-terminus of gp68 with a member of the most diverse σ group supports our hypothesis

of gp68 being highly divergent from bacterial σ factors, yet conserving their function. Region

4 of bacterial σ factors interacts with the -35 element of bacterial promoters (Paget, 2015).

ΦKZ nvRNAP specifically recognizes late promoters with a consensus sequence 5’-TATG-3’

overlapping with the transcription initiation site, and there is no conserved sequence in the -35

region of these promoters. Likewise, the assembly and stabilisation of the active site must occur

through a different mechanism, and the fifth subunit gp68 probably plays an important role

in both processes. Given the extreme sequence and structural divergence between gp68 and

bacterial σ factors, and the fact that gp68 is integrated in the complex, promoter recognition

and transcription initiation are also expected to happen through a different mechanism.

The structure of the ΦKZ nvRNAP shows that the fifth subunit, gp68, is embedded in the

complex and single-particle cryo-EM analysis failed to identify any nvRNAP class completely

missing the gp68 subunit after sorting from over 3 million particles. Purification of native

nvRNAP from ΦKZ-infected P.aeruginosa cells showed that the five subunits were present in

equimolar amounts, which would be unexpected if gp68 could be separated from the complex

(Yakunina et al., 2015). Furthermore, during purification of both native nvRNAP (Yakunina

et al., 2015) and recombinant 5s nvRNAP (Orekhova et al., 2019) several chromatographic

steps were used, which included use of high-salt buffers (up to 600 mM NaCl) which did

not disrupt the 5s nvRNAP complex. Comparison of the C-terminal fragment of gp68 with

the C-terminal fragment of bacterial σ factors (region 4), showed that gp68 was substantially

expanded, establishing a larger interaction with the rest of the complex. Furthermore, we could
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not observe any putative DNA-binding pocket in the C-terminal region of gp68 modelled in

our structure. We therefore suggest that the C-terminus of gp68 may have a mainly integrative

and stabilising role, whilst the N-terminus, flexible in our structure, would be more intimately

involved in DNA binding. All these observations support a conclusion that gp68 is steadily

embedded in the ΦKZ nvRNAP complex. Integration of the σ-like subunit in the ΦKZ nvRNAP

complex suggests that the exchange of σ factor for alternate promoter selection probably became

unnecessary for the bacteriophage life cycle. Consistently, the gp71-73 β-like subunit of ΦKZ

has evolved to reduce the flap-tip helix to a small loop with a single helix turn, which makes

extensive interactions with gp68. The flap-tip-helix is associated with the proper positioning

of the σ to recognise the -35 promoter element (Lane and Darst, 2010a). In the nvRNAP

structure, the orientation of the σ factor probably became redundant, as the putative σ-like

subunit, gp68, is already held in place by being embedded in the polymerase complex.

The ΦKZ nvRNAP is structurally similar to several bacterial msRNAPs available in the PDB,

however different RNAPs seem closer depending on the metric used and the subunit that is

being compared. Moreover, the β/β′-like subunits of the ΦKZ nvRNAP have been split into

halves. These observations are an example of the great evolutionary distance between the

ΦKZ nvRNAP and canonical msRNAPs. We speculate that the initial transfer of the rpoB

and rpoC bacterial genes (encoding β and β′ respectively) would suppose an evolutionary

advantage for ΦKZ, and that the β/β′-like split subunits might have appeared due to intron

mobility events resulting involving genome rearrangements. Possessing its own transcriptional

system with split subunits would suppose increased tolerance of host variation, which will

ultimately increase the bacteriophage fitness. Furthermore, we would speculate that the split

subunits might have evolved to meet the import requirements to the ΦKZ “pseudo-nucleus”

(Chaikeeratisak et al., 2017a,b). Although the rules that govern protein internalisation into

the proteinacious “pseudo-nucleus” are not fully understood, it has been demonstrated that

smaller proteins are more easily imported (Mendoza et al., 2020).

The five-subunit ΦKZ nvRNAP is catalytically active on its own and does not require accessory

subunits α and ω. Purification of the ΦKZ nvRNAP from ΦKZ infected cells resulted in a five-

subunit complex and purification of the ΦKZ nvRNAP with proteins from the bacterial host
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has been previously unsuccessful (Ceyssens et al., 2014; Yakunina et al., 2015), which would

exclude the possibility of the ΦKZ nvRNAP requiring host-encoded α or ω subunits. Genes

encoding these two subunits (rpoA and rpoZ) are located in a different location in the host

genomic DNA than that of genes encoding the two largest subunits β and β′, rpoB and rpoC

respectively, which are located in the same operon (Barry et al., 1979). Considering that the

ultimate reason for gene transfer would be evolutionary fitness, the lack of α and ω subunits in

the ΦKZ genome implies that they are not required to produce a functional msRNAP and their

transfer would have implied extra DNA to be replicated by bacteriophage, which represents a

fitness disadvantage because the life cycle becomes longer.

Our de novo structural model for the C-terminus of gp68 is in the same position within the

complex as in bacterial σ factors and matches σ structures in DALI (Holm and Sander, 1995).

Moreover, biochemical studies have shown that this subunit is involved in DNA binding and is

essential for promoter recognition and transcription initiation (Orekhova et al., 2019). There-

fore, we have evidence that gp68 is probably a distant homologe of bacterial σ factors, but

that it has diverged to a greater degree in comparison to other four β/β′-like subunits to be

permanently anchored to the nvRNAP complex. We would speculate that the acquisition of

a σ factor by the bacteriophage would have happened before the operon containing rpoB and

rpoC genes, providing an evolutionary advantage that led to its retention, while rpoB and rpoC

genes would have been acquired later by the bacteriophage to favour the compatibility of the

existing phage σ-like subunit with bacteriophage promoters, which would explain the greater

divergence of gp68 in comparison to the other nvRNAP subunits.

Apart from bacteriophage ΦKZ there are a few other exceptions that encode msRNAPs, which

is the case of Bacillus subtilis bacteriophage PBS2 (Clark et al., 1974; Clark, 1978) and AR9

(Lavysh et al., 2016; Sokolova et al., 2017). Due to the lack of information about its genome

sequence, little is known about PBS2. However, it has been found that Bacillus subtilis bacte-

riophage AR9 also encodes four proteins homologous to eubacterial β and β′ subunits, and a

fifth subunit, gp226, crucial for promoter recognition, suggesting a similar mechanism to ΦKZ

nvRNAP. The AR9 nvRNAP complex, however, remains catalytically active in the absence

of the fifth subunit (Sokolova et al., 2017), indicating reduced dependence on this subunit to
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assemble a catalytically active enzyme, in comparison to what we report for the ΦKZ nvRNAP.

Recently, a structure of the AR9 nvRNAP bound to its promoter was published, identifying

the fifth subunit, gp226, as a promoter-specificity subunit (Fraser et al., 2021). Given the great

similarity between the AR9 nvRNAP polymerase structure and the ΦKZ nvRNAP structure

reported in this chapter, we surmise that the location of the gp68 N-terminus is probably

similar within the rest of the complex and that gp68 is likely to perform a similar function as

the AR9 promoter-recognition subunit, consistent with our hypothesis that gp68 has probably

evolved from an ancestral σ factor. The consensus sequences of specific promoters recognised

by these two non-canonical polymerases are completely different. While the AR9 nvRNAP

recognises a -11 element in the template strand containing uracyls, the ΦKZ nvRNAP recognises

a conserved sequence overlapping with the transcription initiation site, which suggests that

promoter recognition and bubble formation could occur by divergent mechanisms. In AR9,

the requirement for uracils in the promoter consensus sequence would allow the bacteriophage

to avoid unnecessary transcription from the host genome, whereas in ΦKZ, the formation of

the “pseudo-nucleus” physically separates the viral genome from the host genetic material.

Furthermore, despite the fact that AR9 infects a Gram-positive host and ΦKZ infects a Gram-

negative one they encode similar transcriptional machinery to be independent of their respective

host, implying intriguing evolutionary relationships. Further structural studies of the ΦKZ

nvRNAP bound to specific promoters will be required to properly understand how transcription

is achieved in these interesting giant bacteriophages.



Chapter 5

Structure of the ΦKZ non-virion

RNAP bound to its promoter P119L

In the previous chapter, we described for the first time the architecture of the ΦKZ non-virion

RNA polymerase, a non-canonical msRNAP comprising four β/β′-like subunits and a fifth

subunit with no homology to any other protein with known function which is essential for

promoter recognition and transcription initiation. We also provided structural comparisons

to eubacterial msRNAPs and suggested that the fifth subunit, gp68, had probably evolved

from a common ancestor with bacterial σ factors. However, the reported structure was lacking

important parts of the enzyme, such as the N-terminus of gp68 or the middle domains of gp123

and gp74. In this chapter, we aimed to determine the structure of the ΦKZ non-virion RNA

polymerase bound to its specific promoter ΦKZ P119L, to provide more details about the role

of the intriguing fifth subunit and the transcription mechanism of this non-canonical nvRNAP.

130
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5.1 Preparation of ΦKZ nvRNAP complexes with the

late promoter P119L promoter

The ΦKZ nvRNAP specifically recognizes and initiates transcription from late bacteriophage

promoters, which are characterised by a consensus 5’-TATG-3’ motif overlapping with the

transcription start site in the last guanosine (+1) (Yakunina et al., 2015). Substitutions to

any of the positions of the consensus region lead to a severe decrease in transcription, and

the downstream sequence has also been reported to be essential to form a functional promoter

specifically recognised by the nvRNAP (Yakunina et al., 2015).

To prepare stable nvRNAP-DNA complexes, we designed a DNA template based on the specific

ΦKZ late promoter P119L containing a pre-opened transcription bubble to facilitate polymerase

binding. The DNA template covered positions -38 to +40 relative to the transcription start site

(+1) and included a pre-opened 4-nucleotide artificial bubble created through the introduction

of missmatches between -1 and -4 in the non-template strand, just before the transcription start-

ing site (P119L-4nt)(Figure 5.1). Our collaborators tested whether or not the ΦKZ nvRNAP

could bind the P119L-4nt DNA template by gel-shift (Figure 5.1). Their results confirmed that

the nvRNAP could indeed bind to the newly designed DNA template, we therefore prepared

nvRNAP-DNA samples with the P119L-4nt template to perform single-particle analysis using

cryo-EM.
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Figure 5.1: Analysis of the ΦKZ nvRNAP binding to the P119L-4nt DNA template.
A) The form and sequence of the P119L-4nt DNA template. Transcription start site is coloured
in green and the consensus region is highlighted in bold and underlined font. Nt indicated the
non-template strand and T indicates the template strand. B) Analysis of the binding of the ΦKZ
nvRNAP to the designed DNA template by gel shift (6% TBE-gel stained with SYBR-Gold). ΦKZ
nvRNAP and DNA quantities are indicated on top of each lane. Data provided by our collaborators
in Dr.Yakunina’s group (Peter the Great St. Petersburg Polytechnic University, St. Petersburg,
Russia)

Figure 5.2: Gel filtration profile of ΦKZ nvRNAP complexes bound to the P119L-
4nt DNA template. A) Gel-filtration profile of ΦKZ nvRNAP complexes in the presence of the
P119L-4nt DNA template. The dotted lines indicate the peak selected to prepare cryo-EM grids.
B) SDS-PAGE analysis of the gel filtration fractions of ΦKZ nvRNAP complexes in the presence of
P119L-4nt DNA template.

Wemixed ΦKZ nvRNAP complexes with the P119L-4nt template at a 1:3 ratio and analysed the

resulting complexes by gel-filtration (Figure 5.2). We could observe two peaks corresponding to

the ΦKZ nvRNAP according to SDS-PAGE analysis (Figure 5.2). Both peaks had higher A260

than A280, indicating the presence of nucleic acids. We selected the central fraction of the first
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peak (higher retention volume), and prepared cryo-EM grids using the same conditions that we

had previously used to prepare ΦKZ nvRNAP frozen samples: graphene-oxide coated grids, -6

blot force, waiting time of 10s, and blotting time 0.5-1s (see Chapter 2). We could observe thin

layers of ice and single particles distributed within the holes. Particles appeared very similar

to the ΦKZ nvRNAP holoenzyme in shape and size, however it was not possible to appreciate

any nucleic acids bound by visual inspection. Hence, we collected 5 311 movies in a Titan

Krios G3i equipped with a K3 direct electron detector at the London Consortium for Electron

Microscopy (The Francis Crick Institute) (Figure 5.3). We performed initial single-particle

analysis to identify if there was any DNA bound to the enzyme (Figure 5.4). After aligning

frames with MotionCor2 (Zheng et al., 2017) and estimating CTF parameters with CTFFIND4

(Rohou and Grigorieff, 2015), we extracted nearly 3 million particles. We performed initial 2D

classification to clean up the dataset and particles yielding high resolution class averages were

further classified in three dimensions. None of the classes appeared to have DNA bound to

them despite extensive sorting (Figure 5.4). We hypothesized that the complexes were probably

disrupted upon freezing, as ΦKZ nvRNAP complexes with late promoters have reported to be

highly unstable (Yakunina et al., 2015).

Figure 5.3: Representative micrograph of ΦKZ nvRNAP complexes bound to the
P119L-4nt DNA template. Representative micrograph of the high-resolution data collection
of ΦKZ nvRNAP complexes in the presence P119L-4nt DNA template.
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Figure 5.4: Data processing scheme for the ΦKZ nvRNAP complexes and P119L-4nt
DNA template. Flow-chart representing the data processing procedure followed to sort out par-
ticles with and without DNA, however we could not identify any particles bound to the P119L-4nt
template. Particle numbers retained at each stage are indicated.

We could not observe ΦKZ nvRNAP-DNA complexes using the P119L-4nt template in the

results of our single particle analysis (Figure 5.4). To further stabilise the complex, we aimed

to obtain a transcribing complex of the ΦKZ nvRNAP, a strategy that has been successful

in obtaining cryo-EM structures for other polymerases (Glyde et al., 2018; Liu et al., 2017).

For this purpose, we designed a DNA template covering positions -35 to +40 of the specific

ΦKZ late promoter P119L, containing a 4-nucleotide artificial bubble and a 5 nucleotide RNA

scaffold at the transcription start site. We moved the pre-opened bubble to minimise mutations

within the consensus region that could compromise polymerase binding, and we placed it at

the transcription start point (introducing mismatches between +1 and +4 in the non-template

strand) to ease accommodation of the RNA template (Figure 5.5 A). To start transcription, we

mixed ΦKZ nvRNAP complexes at a final concentration of 0.1 mg/mL with the RNA/DNA

scaffold at a 1:1 ratio and added ATP, CTP and GTP. We did not add any UTP so that the

reaction could not proceed beyond the first A encountered by the polymerase in the template

strand and we could control the length of the transcript. Under these conditions, the nvRNAP

should transcribe +3 nucleotides (up to +8 position). We let the reaction run for 30 minutes

and, after that, we confirmed the presence of a RNA/DNA-nvRNAP complex by observing a gel
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shift in the DNA band in the presence of polymerase (Figure 5.5 B). Once we had stable ΦKZ

nvRNAP-RNA-DNA complexes, we prepared samples for cryo-EM using the same conditions

and the same freezing parameters that we used for the preparation of nvRNAP complexes

without DNA (see Chapter 4 and 2).

Figure 5.5: Analysis of the ΦKZ nvRNAP binding to the P119L RNA/DNA template.
A) The form and sequence of the P119L RNA/DNA tempalate. The transcription start site is
coloured in green and the consensus region is highlighted in bold and underlined font. B) Analysis
of the binding of the nvRNAP to the designed RNA/DNA template by gel shift. 4–20 % Mini-
PROTEAN TGX Precast Protein Gel (Bio-Rad Laboratories, USA) stained with SYBR-Safe (left)
and imaged in the Cy5 channel (right). Samples run in each lane of the gel are indicated at the top
of each image.
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5.2 Preliminary structural analysis of the ΦKZ

nvRNAP complex bound to the P119L promoter

We performed screening of the ΦKZ nvRNAP-DNA cryo-EM grids, at the EM facility at the

Centre for Structural Biology at Imperial College London using a Glacios cryo-TEM (Thermo

Fisher Scientific, USA) equipped with a Falcon 4 direct electron detector. The Glacios micro-

scope included an auto-loader that allowed us to screen up to twelve grids at a time, which

sped up the optimisation of the cryo-EM conditions. We found thin layers of vitreous ice in

graphene oxide-covered grids blotted for 0.5s (Figure 5.6 A). Micrographs were well-populated

with particles distributed across the grid holes (≈150 particles/micrograph) that displayed a

similar shape and size to those seen in previous nvRNAP collections (see Chapter 4), (Figure

5.6 A). Despite using a more powerful microscope, it was still hard to observe any nucleic acids

by visual inspection, so we collected 1 600 movies with the Glacios cryo-TEM (see Chapter 2

for collection parameters).

Figure 5.6: Initial structural analysis of ΦKZ nvRNAP complexes bound to the P119L
RNA/DNA template. A) Representative micrograph of ΦKZ nvRNAP complexes bound to the
P119L RNA/DNA template adsorbed to a graphene oxide film deposited onto a copper grid. B)
Representative 2D class averages representing different views of the ΦKZ nvRNAP complex bound
to the P119L RNA/DNA template. Inset, showing a magnified view of a high-resolution 2D class
average with DNA highlighted in pink squares.

Frames were aligned and dose-weighted with MotionCor2 (Zheng et al., 2017) and CTF pa-

rameters were estimated using CTFFIND4 (Rohou and Grigorieff, 2015). Initially, particles

were semi-automatically selected with BATCHBOXER (Tang et al., 2007) and then classified
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in 2D class averages with RELION 3 (Zivanov et al., 2018). 2D classification was performed

leaving the frequencies up to the first peak of the CTF intact to generate references to re-select

particles more accurately. After re-boxing, a total of 528 792 particles were further classified in

two dimensions, with 156 304 yielding high-resolution class averages (Figure 5.6 B). Amongst

these classes, we could observe different views of the nvRNAP and we could also appreciate

DNA entering and exiting the polymerase in some classes (Figure 5.6 B, inset). Particles yield-

ing high-resolution 2D classes were retained for further refinement (156 304), yielding a 4.7 Å

reconstruction according to an independent half-set FSC of 0.143 (Figure 5.7).

Figure 5.7: Data processing scheme for initial cryo-EM data collection of ΦKZ nvR-
NAP complexes bound to the P119L RNA/DNA template. Flow-chart depicting the data
processing procedure. Particle numbers retained at each stage of the processing are indicated below
each 3D reconstruction. On the bottom-right, the global FSC curve for the 4.7 Å reconstruction.
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We fitted the nvRNAP structure that we obtained in the previous chapter (de Mart́ın Garrido

et al., 2021b)(PDB 7OGP) into the new 4.7 Å 3D reconstruction to make a direct comparison

between the two conditions, and we could clearly observe new regions of density in the new

map. Comparison with an E.coli RNAP transcribing complex (PDB 6GH5), confirmed that the

new 3D reconstruction had DNA entering and exiting the ΦKZ nvRNAP channel in a similar

manner to that in bacterial msRNAPs, as previously seen in some 2D class averages. The

density for the downstream DNA was well-defined, whereas the density for the upstream DNA

was weakly resolved in the 4.7 Å initial reconstruction, an indication that this region of DNA

had a certain degree of flexibility in its position within the complex. We could also observe clear

density with defined secondary structure elements in the regions that we previously allocated to

the middle domains of gp74 and gp123, which were not resolved in the previous ΦKZ nvRNAP

reconstruction. Furthermore, the new map had some extra density at the front of the enzyme

in contact with the DNA in the region that we previously suggested that could correspond to

the N-terminus of gp68.

Figure 5.8: Initial comparison of the ΦKZ nvRNAP-DNA reconstruction with an E.coli
transcribing complex. On the left, nvRNAP structure (see Chapter 4, PDB 7OGP) fitted to the
4.7 Å map. On the right, E.coli RNAP structure (PDB 6GFW) fitted to the corresponding EM map
(EMDB-4397). Each subunit is coloured accordingly. The density which presumably corresponds
to the DNA is indicated with black arrows and the region of the map that could correspond to the
N-terminus of gp68 is highlighted in a dotted orange square.
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5.3 High-resolution data collection and model building

We recovered the grid used for the Glacios collection and set up a high resolution data collection

at eBIC (Diamond Light Source) using a Titan Krios G3i equipped with a Falcon 4i Direct

Electron Detector and a Selectris filter (Thermo Fisher Scientific, USA). We selected new grid

squares that were not imaged in the previous collection and micrographs appeared to be equally

populated with nvRNAP particles (≈150 particles/micrograph) (Figure 5.9). A total of 3 092

movies were aligned and dose-weighted with MotionCor2 and RELION4 (Zheng et al., 2017;

Kimanius et al., 2021) and CTF parameters were estimated with CTFFIND4 and RELION4

(Rohou and Grigorieff, 2015; Kimanius et al., 2021), with 60% of the micrographs (1 827)

containing Thon rings extending to higher resolutions than 4 Å (Figure 5.9).

Figure 5.9: High-resolution data collection of the ΦKZ nvRNAP in complex with an
RNA/DNA P119L template. A) Representative micrograph of nvRNAP complex bound to
P119L RNA/DNA scaffold adsorbed to a graphene oxide film deposited onto a copper grid. B) Thon
rings simulated with the estimated CTF parameters (bottom left) and experimental power spectrum
fitted. C) Representative 2D class averages representing different views of the ΦKZ nvRNAP in
complex with the P119L RNA/DNA template.

A total of 2 981 060 particles were semi-automatically selected with BATCHBOXER and further

classified in 2D class averages with RELION4 (Kimanius et al., 2021). After that, the subset of

particles yielding high-resolution class averages was further classified in 3D without alignment

using a high tau fudge value (tau2 fudge 16) to try to separate particles with and without

DNA. We selected 83 389 particles that yielded a high resolution class with the downstream
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DNA region and the catalytic core well-defined. After CTF and aberration refinement (beam

tilt, anisotropic magnification and per-particle CTF estimation), and Bayesian polishing, this

set of particles yielded a 3.3 Å resolution reconstruction according to an independent half-set

FSC of 0.143, that was used as reference for further refinement. After 3D classification with

fine angular search (sigma ang 2), 39 919 particles yielded a 3.3 Å resolution reconstruction

according to an independent half-set FSC of 0.143 (Figure 5.10), which had better definition

of the catalytic core and some peripheral regions.
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Figure 5.10: Data processing scheme for the high-resolution cryo-EM data collection
of the ΦKZ nvRNAP complex bound to the P119L RNA/DNA template. Flow-chart
depicting the data processing procedure. Particle numbers retained at each stage of the process are
indicated below each 3D reconstruction.
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Figure 5.11: High-resolution 3D reconstruction of the ΦKZ nvRNAP bound to the
P119L RNA/DNA template. A) 3.3 Å reconstruction of the ΦKZ nvRNAP bound to the
P119L RNA/DNA template in different views. B) Local resolution map of the 3.3 Å reconstruction
calculated using BLOCRES. C) Angular distribution plot of the 3.3 Å reconstruction. D) Global
FSC curve for the 3.3 Å reconstruction.
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The map provided better resolution for some sections that were weakly-resolved in the previous

ΦKZ nvRNAP structure, hence providing better coverage of the structural model (Figure 5.11).

Particularly, regions of density forming the two pincers encircling the downstream DNA that

we had previously assigned to the middle domains of gp123 and gp74, and the clamp were

better resolved, probably because of the presence of nucleotide. We therefore generated models

of these regions with Alphafold2 (Jumper et al., 2021) (gp74 middle domain: 367-545, gp123

middle domain: 143-337) and fitted them in the 3.3 Å map (Figure 5.14). The Alphafold2

model for the gp123 middle domain fitted very accurately in the density, with a real-space

correlation coefficient of 0.7 at 3.3 Å calculated with Chimera, we therefore used it as a guide

to build a molecular model for this domain. The gp74 structural model fitting was not that

accurate (real-space correlation coefficient of 0.4 on fitting), however we were still able to use it

to establish sequence register and build a molecular model of this domain. The ΦKZ nvRNAP-

DNA map at 3.3 Å resolution allowed us to built 97 % of the sequence of the four β/β′-like

subunits (gp71-73, gp123, gp55 and gp74) (Figure 5.12 and 5.13).

Figure 5.12: Representative high-resolution density of the ΦKZ nvRNAP-P119L
RNA/DNA template 3.3 Å map. RNA (A) and gp71-73 (B) molecular models fitted into
the 3.3 Å map. Molecular models are displayed in blue, and the map is displayed as a grey mesh.
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Figure 5.13: Ramachandran plot of the ΦKZ nvRNAP structure bound to the P119L
RNA/DNA template. Ramachandran plots were computed with Molprobity (Lovell et al., 2003).

After building models for the four subunits with homology to the two largest bacterial msR-

NAPs subunits, the new 3D reconstruction had a lower resolution extra density region located

at the front of the DNA channel. We could clearly appreciate α helices in that region, indicat-

ing that the density corresponded to a new protein domain. The only sequence of protein that

could correspond to this novel region was the N-terminus of gp68. Indeed, a structural model of

this region generated with Alphafold 2 (Jumper et al., 2021) (residues 1-318) fitted accurately



5.3. High-resolution data collection and model building 145

into the density with a real-space correlation coefficient of 0.6 at 3.3 Å resolution according to

Chimera, and most of the α helices already coinciding with the density, thus identifying the

position of the N-terminus of gp68 in the nvRNAP structure (Figure 5.14).

Figure 5.14: New features of the high-resolution 3D reconstruction of the ΦKZ nvRNAP
bound to the P119L RNA/DNA template. A) 3.3 Å resolution reconstruction of the ΦKZ
nvRNAP complex bound to the P119L RNA/DNA template with the previous nvRNAP structure
without DNA fitted (PDB 70GP) (de Mart́ın Garrido et al., 2021b). B) 3.3 Å resolution recon-
struction of the ΦKZ nvRNAP complex bound to the P119L RNA/DNA template with the previous
nvRNAP structure without DNA fitted (PDB 70GP) (de Mart́ın Garrido et al., 2021b) and models
for gp74 middle domain (396-533), gp123 middle domain (146-336), and gp68 N-terminus and linker
(1-273) fitted.

Below the N-terminus of gp68 we could see some weakly resolved density that clearly cor-

responded to dsDNA, as the phosphate backbone was visible. Comparison with bacterial

msRNAPs transcribing complexes allowed us to assign this density to upstream DNA (Fig-

ure 5.15). In our map, the resolution of this section was not high enough to assign sequence

and it was poorly connected with the core of the enzyme, despite extensive sorting. However,

at low contour (0.0046), we could trace the phosphate backbone and fit a 17 bp dsDNA model

with unknown sequence. In the Glacios collection, we had the same occupancy issue with the

4.7 Å resolution reconstruction (Figure 5.8), we therefore presumed that this DNA region was

flexible. The downstream DNA and the core were better resolved than the upstream DNA.

At the core of the enzyme in close proximity to the two DPBB domains, we could observe a

6-nucleotide RNA transcript (Figure 5.15). We placed the bases of our initial RNA scaffold

with one additional transcribed base (5’-GUAGAC-3’) into the density and they fit accurately.

Based on the position of the RNA, we could assign sequence for the DNA and expanded it
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towards the downstream region, however the density was too weak to expand the sequence

towards the upstream region, and the connection through the ssDNA forming the transcription

bubble was not resolved.

Figure 5.15: The upstream DNA and the RNA of the the ΦKZ nvRNAP bound to the
P119L RNA/DNA template. Structure of the 3.3 Å ΦKZ nvRNAP complex bound to the P119L
RNA/DNA template including a docked model of the upstream DNA and the N-terminus of gp68.
Each subunit is coloured as indicated. (Top-right) Inset of the catalytic centre of the ΦKZ nvRNAP.
RNA is represented in grey and template DNA in firebrick red, whereas density is represented in a
grey mesh. (Bottom-right) Density represented in grey at low contour (0.0046) with a model with
unknown sequence of dsDNA fitted.
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5.4 Architecture of the ΦKZ nvRNAP bound to the

KZP119L promoter

The new 3.3 Å resolution reconstruction allowed us to provide an atomic model for most of the

four β/β′-like subunits (gp71-73, gp123, gp55 and gp74) covering 97 % of their sequence, and

to dock an accurate structural model for the N-terminus of gp68 (Figure 5.16). Moreover, the

structure included a 6-bp RNA transcript along the template strand at the catalytic core, as well

as the downstream dsDNA accommodated in the polymerase channel. As we mentioned above,

the upstream dsDNA was not resolved to high enough resolution to assign sequence, however we

could dock a dsDNA model tracing the phosphate backbone. As we saw in the ΦKZ nvRNAP

holoenzyme structure without DNA, the overall shape resembles that of bacterial msRNAPs

and most of the structural elements involved in the transcription reaction were observed to be

conserved (de Mart́ın Garrido et al., 2021b). Accordingly, the DNA entering and exiting the

nvRNAP channel was positioned in a similar manner to that in bacterial msRNAPs (Figure

5.16).
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Figure 5.16: Structure of the ΦKZ nvRNAP complex bound to the P119L RNA/DNA
template and structural comparison to an E.coli transcribing complex. A) Form and
sequence of the P119L RNA/DNA template used to prepare nvRNAP complexes bound to DNA.
The consensus sequence is represented in bold and underlined font. The transcription initiation site
is coloured in green. Residues that were visible in our structure are represented in grey. Nt indicates
non-template strand and T indicates template strand. B) Schematic representation of the coverage
of our structural model. Each nvRNAP subunit is represented in a different color. Regions built in
the structure are represented with dotted grey boxes. Regions with an accurate structural model
are represented with grey lines, and important features with black lines. C) Structure of the ΦKZ
nvRNAP bound to the P119L RNA/DNA template including a docked model of the upstream DNA
and the N-terminus of gp68. Each subunit is coloured as indicated. D) Structure of an E.coli RNAP
transcription initiation complex (PDB 4YLP)(Yuhong Zuo et al., 2015).

Comparing the structure of the ΦKZ nvRNAP complex with and without DNA (PDB 7OGP,

Chapter 4), we found three regions that were better resolved in the presence of nucleic acids:

the clamp (included in gp55), the middle region of gp74, and the middle domain of gp123

(Figure 5.14). Furthermore, other structural elements of the the holoenzyme which are key

for transcription had different conformations in the ΦKZ nvRNAP structure bound to the
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P119L RNA/DNA template. The trigger loop was fully visible in the ΦKZ nvRNAP structure

bound to the RNA/DNA template, displaying an helix/loop conformation, and the bridge helix

was in a fully helical conformation, in comparison to the nvRNAP structure with DNA (PDB

7OGP)(see Chapter 4)(de Mart́ın Garrido et al., 2021b).

Figure 5.17: The ΦKZ nvRNAP trigger loop. (Left) The ΦKZ nvRNAP complex bound to the
P119L promoter with the trigger loop region highlighted. (Right) Inset showing the ΦKZ nvRNAP
trigger loop and bridge helix.

The clamp is a mobile element that oscillates between different conformations throughout the

transcription reaction, adopting a closed conformation that stabilises the DNA during the

RNAP promoter open complex (Chakraborty et al., 2012). In the ΦKZ nvRNAP structure

bound to RNA/DNA template, we could observe that the clamp was fully ordered with the

two clamp helices and the lid adopting similar conformations to those in bacterial msRNAP

transcribing complexes (Figure 5.18). The lid interacted with the flap to enclose the RNA

exit channel in the same way as in bacterial msRNAPs. Notably, we found that the rudder,

responsible for stabilising ssDNA within the transcription bubble (Kuznedelov et al., 2002),

was absent in the ΦKZ nvRNAP (Figure 5.18). At the N-terminus of gp55, close to the clamp,

we also built the second Zn2+ binding domain conserved in all multisubunit msRNAPs, which

is involved in promoter recognition (Lane and Darst, 2010a,b).
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Figure 5.18: Structural comparison of the ΦKZ nvRNAP and E.coli RNAP structural
elements included in the clamp. A) Structure of the ΦKZ nvRNAP complex bound to the
P119L RNA/DNA template. Inset shows the structural elements of the clamp and the Zn2+ binding
domain comprised at the N-terminus of gp55. B) E.coli RNAP transcribing complex (PDB 4YLP)
(Yuhong Zuo et al., 2015). Inset showing the structural elements of the clamp. Note, that the rudder
is absent in the ΦKZ nvRNAP structure.

The middle domains of gp123 and gp74 were also better ordered in the structure of the ΦKZ

nvRNAP complex bound to the P119L RNA/DNA template. We found that these domains

were located at the top of the enzyme forming the polymerase channel in the downstream DNA

section. Indeed, we observed that the gp123 middle domain (146-336) formed the tip of one

of the pincers that holds the downstream dsDNA (Figure 5.19). This domain corresponded

to the bacterial β2 domain (also known as lobe), which covers the downstream dsDNA (Lane

and Darst, 2010a). In the structure of the ΦKZ nvRNAP bound to the P119L RNA/DNA

template, we observed that the gp123 middle domain interacted with the downstream DNA

through a disordered loop containing positively charged residues (192TKRDLGN198) preserving

the same function observed in bacterial msRNAPs (Figure 5.19). We performed a structural
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comparison of the gp123 β2 domain using the DALI server and found that the closest structural

homologue was the β subunit of M.tuberculosis (RMSD 2.9 according to DALI), although gp123

had additional insertions (Figure 5.20).

Figure 5.19: The ΦKZ gp123 middle domain interacts with the downstream DNA. ΦKZ
nvRNAP structure bound to the P119L RNA/DNA template. On the right, inset corresponding to
the squared region of the ΦKZ nvRNAP structure. The inset shows the interaction of gp123 with the
upstream dsDNA through a half-disordered loop. Residues T192 and K193 (visible in our structure)
interact with the DNA phosphate backbone at residues +11 and +12 relative to the transcription
start point.

Figure 5.20: The ΦKZ nvRNAP and M.tuberculosis RNAP β2 domain comparison. ΦKZ
nvRNAP structure bound to the P119L RNA/DNA template. On the right, the inset corresponds to
the squared region of the ΦKZ nvRNAP structure and it shows superimposition of the M.tuberculosis
β2 domain (PDB 6JCY) on the gp123 middle domain using the structural alignment provided by
DALI.
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The other domain that was newly-resolved in the ΦKZ nvRNAP structure bound to the P119L

RNA/DNA template was found in gp74. This domain was an insertion in the trigger loop

(396-533). The E.coli RNAP also has a lineage-specific insertion in the trigger loop, compris-

ing residues 942-1129 of the β′ subunit, which is involved in different stages of transcription

(Sutherland and Murakami, 2018). We observed that the ΦKZ nvRNAP trigger loop insertion

in gp74 had a different topology to that of the equivalent E.coli insertion (Figure 5.21).

Figure 5.21: Comparison of the ΦKZ nvRNAP and the E.coli RNAP trigger loop
insertions. A) ΦKZ nvRNAP structure bound to the P119L RNA/DNA template showing the
location of the gp74 trigger loop insertion. Inset shows the interaction between the Arg508 of gp74
and phosphate backbone of +14 base relative to the transcription start site. B) ΦKZ nvRNAP
bound to the P119L RNA/DNA template showing the gp74 trigger loop insertion C) E.coli RNAP
transcribing complex (PDB 4YLP) showing the position of the β′ insertion loop (942 to 1129).

This insertion is absent in the M.tuberculosis RNAP structure and the DALI server failed to

identify any bacterial msRNAP subunits available in the PDB with structural homology to the

gp74 trigger loop insertion. The trigger loop insertion was located next to the gp123 middle
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domain, enclosing the downstream dsDNA and interacting with its phosphate backbone through

positively charged residues (Arg508) (Figure 5.21). After the second helix of the trigger loop,

bacterial msRNAPs have another structural domain known as the jaw, which is not conserved

in archaeal and eukaryote msRNAPs.
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5.5 Organisation of the ΦKZ nvRNAP catalytic core

At the catalytic center of ΦKZ nvRNAP structure bound to the P119L RNA/DNA template,

we observed clear density for a 6-bp RNA transcript hybridised along the single-stranded DNA

template (Figure 5.15). However, the non-template ssDNA forming the transcription bubble

was not visible in our map. In bacterial msRNAPs, the fork loop 2 (FL2) and switch 3 (SW3) of

the β subunit, and the lid and rudder included in the β′ subunit form a network of interactions

with the DNA and RNA strands to stabilise the transcription bubble. Most of the structural

elements at the catalytic centre of the ΦKZ nvRNAP involved in transcription bubble formation

were similar to those in bacterial msRNAPs (Figure 5.22 A), except for the rudder of the β′

subunit, which was absent in the homologous nvRNAP subunit gp55 (Figure 5.18).

Figure 5.22: The catalytic center of the ΦKZ nvRNAP complex bound to the P119L
RNA/DNA promoter. A) Structural elements involved in the transcription bubble formation in
the ΦKZ nvRNAP. Each subunit is depicted with a different colour: gp123 in magenta, gp71-73 in
pink, gp55 in blue, gp74 in light blue and gp68 in orange. B) The catalytic core of the ΦKZ nvRNAP.
The two DPBBs are contributed by gp55 and gp71-73 and the gp68 linker invades the catalytic cleft.
Inset shows the aspartate triad (417DFDGD421) contacting the last residue transcribed (+6) and the
two universally conserved lysines (K386 and K394) contacting the RNA transcript in the upstream
nucleotides.
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As we observed in the ΦKZ nvRNAP structure without DNA (chapter 5), the catalytic cleft was

formed by the two conserved double-ψ-β-barrel (DPBB) domains found in gp55 and gp71-73.

The universally conserved motif 417DFDGD421 was included in gp55 forming a similar loop to

that found in E.coli transcribing complexes. The three aspartates contained in this motif are

meant to coordinate the first catalytic Mg2+ needed for the nucleotide addition reaction. The

three aspartates are located as if the Mg2+ would be contacting the recently added nucleotide

(3’), however the ion was not visible at the resolution of our map. The other DPBB found in

gp71-73 contained two positively charged lysines (K386, K394) that interacted with the nascent

RNA. At the catalytic cleft, we could also observe the gp68 linker forming a loop in a similar

manner to the bacterial σ3.2 loop (Figure 5.22 B), which will be later discussed in this chapter.
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5.6 The role of Gp68

Previous biochemical studies demonstrated that the fifth subunit of the ΦKZ nvRNAP, gp68,

is required to assemble a functional enzyme and is essential for promoter recognition and tran-

scription initiation. Furthermore, structural analysis of the nvRNAP holoenzyme suggested

that gp68 had probably evolved from an ancestral bacterial σ factor (de Mart́ın Garrido et al.,

2021b; Yakunina et al., 2015; Orekhova et al., 2019). Resolving the structure of the ΦKZ nvR-

NAP complex bound to a specific P119L RNA/DNA template allowed us to partially build

the gp68 linker and to dock a structural model for the gp68 N-terminus. We observed that

the gp68 subunit was formed by two domains, the CTD (314-521) and the N-terminal domain

(NTD)(1-272) which were physically separated by a linker (273-313). The overall structure of

gp68 and its position within the complex resembled that of bacterial σ factors (Figure 5.23)

Figure 5.23: The gp68 architecture and position within the complex is similar to bac-
terial σ factors. A) Structure of the ΦKZ nvRNAP complex bound to the P119L RNA/DNA
template with gp68 highlighted. B) E.coli RNAP transcription initiation complex with the σ factor
highlighted (PDB 4YLP).
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As we previously observed in the ΦKZ nvRNAP structure without DNA, the gp68 CTD domain

corresponded to the bacterial σ region 4, however, we observed that the gp68 CTD was more

expanded and established a larger interaction with the rest of the complex making extensive

contacts with gp71-73 and gp55 (de Mart́ın Garrido et al., 2021b)(Chapter 4). Region 4 of the

bacterial σ factor is a mostly helical domain that interacts with the conserved -35 element of

bacterial promoters through an helix-turn-helix (HTH) motif (Murakami et al., 2002; Campbell

et al., 2002). According to our structure, the gp68 CTD was in a position suitable to interact

with the upstream DNA through two different interfaces. The first contact involved a disordered

loop (415-427) that was positioned in a similar position within the complex than the helix-turn-

helix motif of σ (Figure 5.24). The second putative gp68-DNA contact involved an extended

loop (445-460), which would contact the DNA in a more downstream region through its tip.

The electrostatic potential and the amino acid composition of both the disordered loop and

the extended loop (rich in positively charged and hydrophobic amino acids), supported a role

of these two gp68 CTD regions in DNA binding. Due to the limited resolution of our map in

some regions, we could not assign sequence to the upstream DNA, hence assignment of specific

promoter regions involved in interactions with the gp68 CTD was not achievable.

Figure 5.24: Structural comparison of the gp68 CTD with bacterial σ4 region. A) The
ΦKZ nvRNAP gp68 CTD structure. The electrostatic potential is depicted as a transparent surface
with blue regions representing positively charged regions, white neutral, and red negatively charged
regions. The black dotted line encircles the two putative DNA binding interfaces of the gp68 CTD.
B) E.coli σ region 4 (PDB 4YLP). The helix-turn-helix motif is encircled with a black dotted line.
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At the active center of the nvRNAP, we observed that the gp68 linker invaded the catalytic

cleft in a similar manner to the σ3.2 loop. The tip of the gp68 linker was disordered in our

structure, however it ran towards the 5’ end of the RNA transcript, in a similar manner to the

bacterial σ finger (Figure 5.25). At the end of the gp68 linker, before starting the gp68 NTD,

we found a loop (274-280) that interacted with the consensus sequence of the P119L promoter

(Figure 5.25). We found that Thr278 of gp68 specifically interacted with nucleotide -4 in the

template strand (relative to the transcription start site). Interestingly, this loop is at the same

position as a HTH motif found in σ region 3.1 (Figure 5.25), which binds to an extension of

the -10 element.

Figure 5.25: Structural comparison of the gp68 linker with region 3 of bacterial σ
factors. A) The structure of the ΦKZ nvRNAP gp68 linker in orange, the RNA in brown and the
DNA in firebrick red. Inset showing the loop region. B) E.coli σ factor region 3 (PDB 4YLP) in
orange, RNA in brown and DNA in firebrick red. Inset showing the HTH motif comprised in the σ
region 3.1.
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The N-terminus of gp68 was not resolved at high-resolution in the ΦKZ nvRNAP-P119L

RNA/DNA template structure, however we could dock an accurate structural model gener-

ated with Alphafold2 (Jumper et al., 2021). According the to the model, the gp68 NTD was

located in a similar position to region 2 of bacterial σ factors. Moreover, the N-terminus of

gp68 would interact with the two α helices of the clamp, which are a binding surface for σ

factors in eubacterial msRNAPs (Lane and Darst, 2010a). Although the topology of the gp68

NTD is quite divergent from that of bacterial σ factors, the electrostatic potential surface of

that domain supported a role in DNA binding (Figure 5.26).

Figure 5.26: Structural comparison of the gp68 NTD with bacterial σ region 2. A)
Structural model of the gp68 NTD of the ΦKZ nvRNAP. Electrostatic potential is represented as
a transparent surface with blue regions representing positive charges, red representing negative and
white neutral. gp68 is depicted in orange and DNA in firebrick red. B) Region 2 of the E.coli σ70

(PDB 4YLP). σ is depicted in orange and DNA in firebrick red.
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5.7 Structural comparison of the ΦKZ and AR9

nvRNAPs

By the time we had obtained the structure of the ΦKZ nvRNAP complex bound to the P119L

RNA/DNA template, a pre-print of the AR9 nvRNAP structure bound to its promoter had

been released (Fraser et al., 2021). Similarly to bacteriophage ΦKZ, AR9 encodes two multi-

subunit RNAPs that are sufficient to transcribe all genes needed for the assembly of new viruses

(Lavysh et al., 2016; Sokolova et al., 2017). The AR9 nvRNAP is formed by four subunits with

homology to the two largest eubacterial RNAP subunits, β and β′, and a fifth subunit, gp226,

with no homology to any other protein with known function which appears to be crucial for

transcription (Sokolova et al., 2017; Lavysh et al., 2016). Considering the common features of

the nvRNAPs encoded by these two distantly related bacteriophages, in the following section

we performed an extensive comparison of the structural information available for these two

non-canonical msRNAPs.

Before making any comparisons, it is important to note that our ΦKZ nvRNAP-DNA structure

is bound to an RNA/DNA template based on its specific promoter P119L containing a 4-

nucleotide transcription bubble at the transcription start point, whereas the AR9 nvRNAP

structure was bound to a 3’-overhang dsDNA template mimicking one half of the transcription

bubble, without any RNA present (Fraser et al., 2021). Overall, the two nvRNAPs had a

similar shape, displaying the typical “crab-claw” architecture of bacterial msRNAPs but having

a smaller appearance, probably due to the presence of split β/β′-like subunits. The AR9

nvRNAP also contains the conserved structural elements that govern the reaction cycle, except

for the β′ rudder.
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Figure 5.27: Structural comparison of the ΦKZ and AR9 nvRNAPs. (Left) Structure
of the 3.3 Å ΦKZ nvRNAP complex bound to the P119L RNA/DNA template including a docked
model of the upstream DNA and the N-terminus of gp68. Each subunit is coloured as indicated.
(Right) Structure of the AR9 nvRNAP (Fraser et al., 2021). Each subunit is coloured following the
same colour-code than for the ΦKZ nvRNAP for comparison.

The AR9 subunit homologous to the C-terminus of the bacterial β′ subunit contained an in-

sertion after the trigger loop (referred to as TL domain in the AR9 pre-print), as we observed

for ΦKZ gp74. Superimposition of the two trigger loop insertion domains showed that they

had a nearly identical fold (Cα RMSD 2.4 Å), with most secondary structure elements being

found at the same place (Figure 5.28). We found that the gp74 insertion was in a different

position to that in the AR9 structure, probably because both structures were obtained with

DNA templates mimicking different transcription intermediates. Intriguingly, we observed that

the Zinc finger domain located at the N-terminus of the β′-like subunit gp55 was absent in the

AR9 equivalent subunit gp270.
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Figure 5.28: Structural comparison of the ΦKZ and AR9 nvRNAP trigger loop inser-
tions. A) (Left) The ΦKZ nvRNAP structure bound to the P119L RNA/DNA template with the
trigger loop insertion highlighted. (Right) The AR9 nvRNAP structure bound to its promoter with
the trigger loop insertion highlighted. The figure shows how the position of the trigger loop insertion
depends on the position of the DNA. B) Superimposition of the AR9 trigger loop insertion (395-511)
(green) on the ΦKZ trigger loop insertion (396-533) (blue).

Although the percentage of sequence similarity between them was not extremely high (18%)(Fig-

ure 5.29), the promoter recognition subunit of AR9, gp226, had the same structural organisation

as that of the ΦKZ gp68: two helical domains, the NTD and CTD, connected by a linker. The

CTDs of the two promoter recognition subunits of the ΦKZ and AR9 nvRNAPs (gp68 and

gp226, respectively) were found to be structurally similar (Cα RMSD 3.651 Å when residues

262-461 of gp226 were superimposed on residues 274-521 of gp68). Both domains were located

in the equivalent position of region 4 of bacterial σ factors, however the bacteriophage subunits

were more expanded as previously observed (see Chapter 4) (de Mart́ın Garrido et al., 2021b).
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Figure 5.29: Sequence alignment of the ΦKZ and AR9 nvRNAP promoter recognition
subunits. The results were computed with PROMALS3D. Residues in blue represent β-sheets
whereas residues in red represent α helices. The last line represents the consensus secondary structure
following the same colour code.

The CTD of AR9 gp226 contacted the DNA at approximately region -35 through a loop (386-

395) (Fraser et al., 2021) in contrast to region 4 of bacterial σ factors that utilizes a HTH

motif (Murakami et al., 2002; Campbell et al., 2002). The authors termed this CTD gp226

region as the pseudo--35element-binding motif (Fraser et al., 2021). The equivalent region in

ΦKZ gp68 was a disordered loop rich in hydrophobic residues (414-428) that could potentially

interact with the upstream DNA (Figure 5.30). Whereas in the AR9 nvRNAP structure the

only DNA binding region of the promoter-recognition subunit CTD was the pseudo--35element-

binding motif, in the ΦKZ gp68 CTD we could observe a second putative interface through

the tip of an extended loop (442-462). Although we could not draw any conclusions about the

nature of this interaction because the upstream the DNA is low resolution in our structure, the

electrostatic potential of the loop supported a role in DNA binding (Figure 5.24).
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Figure 5.30: Structural comparison of the ΦKZ and AR9 nvRNAP promoter recognition
subunit CTDs. A) The AR gp226 (cyan) CTD (Fraser et al., 2021) superimposed on the ΦKZ
gp68 CTD (orange). The gp68 extended loop and the pseudo--35element-binding motif are encircled
with black dotted line. The upstream DNA of the ΦKZ nvRNAP-DNA is depicted in green and the
upstream DNA of the AR9 nvRNAP-DNA structure in firebrick red. B) σ70 region 4 (orange) of an
E.coli transcribing complex. Upstream DNA is depicted in green.

The NTD of gp68 was not resolved at high-resolution in the ΦKZ structure bound to the P119L

RNA/DNA template (Figure 5.14), however we were able to generate a model with Alphafold2

(Jumper et al., 2021) that we could accurately fit into the map. The overall structure of the

model was similar to the AR9 gp226 NTD and was located in the same position within the

rest of the complex. Although the sequence similarity between gp68 and gp226 is low (18%)

(Figure 4.23), the resemblance of their three-dimensional structures suggested that gp68 NTD

could also be involved in promoter recognition and bubble formation. The authors of the AR9

structure found that the closest structural homologue to the AR9 gp226 was the E.coli σE factor

in region 2 and 4 of σ, as well as the σ finger, with an RMSD of 4.2 Å when superimposed onto

residues 184-316 (Fraser et al., 2021). Most of the superimposed residues belonged to the NTD

of gp68 which was not well-resolved in our structure, we therefore could not perform a direct

comparison.
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Figure 5.31: Structural comparison of the ΦKZ and AR9 nvRNAP promoter recognition
subunit NTDs. A) The ΦKZ gp68 NTD structural model (orange). B) The AR9 gp226 NTD
structure (Fraser et al., 2021) specifically interacting with the DNA and stabilising the transcription
bubble.
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5.8 Discussion

We have previously determined the structure of the ΦKZ nvRNAP revealing that the fifth

subunit, essential for promoter recognition is embedded within the complex, and probably

evolved from an ancestral σ factor (de Mart́ın Garrido et al., 2021b)(Chapter 4). In bacteria,

transcription initiation requires the binding of a σ factor to specifically initiate transcription

from bacterial promoters (Saecker et al., 2011). Apart from recognising promoter elements,

σ factors are also involved in the stabilisation of the open promoter complex, stimulation of

RNA synthesis and interaction with other transcriptional activators. Bacteria usually encode

a principal σ factor responsible for transcribing most of the constitutive genes and also contain

alternative σ factors which transcribe genes involved in specific functions, such as virulence-

associated genes or those involved in stress response (Paget and Helmann, 2003; Browning and

Busby, 2004). During elongation, when RNA transcripts reach 12-15 nucleotides in length, σ

factor dissociates from the msRNAP core (ββ′α2ω) (Mooney et al., 2005). In this chapter,

we have presented a high-resolution structure of the ΦKZ nvRNAP bound to an RNA/DNA

template based on its specific promoter P119L, revealing interesting insights and evolutionarily

relationships of these non-canonical msRNAPs.

The structure shows that the DNA is loaded in a similar manner to bacterial msRNAPs, using

universally conserved structural elements found in the split β/β′-like subunits. We noted that

the only element that was not conserved in the ΦKZ nvRNAP was the rudder, found within

the clamp and involved in the stabilisation of the unwound DNA in transcription elongation

complexes, suggesting that other parts of the enzyme are probably involved in this function.

The presence of nucleic acids revealed the structure of novel domains that were weakly-resolved

in the ΦKZ nvRNAP structure without DNA (PDB 7OGP) (de Mart́ın Garrido et al., 2021b),

including the clamp, the gp74 trigger loop insertion and the gp123 middle domain, equivalent

to the bacterial β2 domain. All these regions are probably involved, to some extent, in the

stabilisation of the open promoter complex. We therefore suggest that they probably transition

between different conformations, adopting a closed conformation, being closer to the core of



5.8. Discussion 167

the enzyme, that stabilises the transcription bubble in the presence of DNA. The gp123 middle

domain structure was closer to the M.tuberculosis β2 domain. M.tuberulosis is a member of

the Actinobacteria class which, unlike E.Coli, lacks any lineage-specific insertion in the RNAP

β subunit (Lane and Darst, 2010b; Hubin et al., 2017), hence explaining why gp123 middle

domain is identified as structurally closer to M.tuberculosis. Conversely, similarly to E.coli, the

ΦKZ nvRNAP gp74 subunit has a trigger loop insertion, however the structure of this insertion

is not similar to any other bacterial msRNAP structure. These observations are in line with

previous structural comparisons showing that each nvRNAP subunit was structurally similar to

different bacterial subunits (see Chapter 4), hence suggesting that the four β/β′-like subunits

are distant homologues of the bacterial subunits.

At the catalytic core of our ΦKZ nvRNAP structure bound to the P119L template, we could

observe a 6 bp RNA transcript. The DNA/RNA template used to prepare nvRNAP bound

to DNA initially contained an RNA scaffold of 5 bp (Figure 5.5), and we added ATP, CTP

and GTP so that transcription will occur until the first A encountered at the template strand,

incorporating +3 nucleotides and resulting in a final 8-nucleotide RNA transcript. We speculate

that we could be capturing structures within two different scenarios. On the one hand, we

could be capturing an intermediate of abortive initiation. In bacterial msRNAPs, it is known

that short RNA/DNA hybrids (< 10 nucleotide transcript) are unstable and usually result

in abortive transcription due to accumulated stress (Yuhong Zuo et al., 2015; Goldman et al.,

2009). However, abortive initiation would not yield a single addition at high levels, so we should

be detecting other intermediates (+2 or +3 transcribed nucleotides) during sorting in single-

particle EM analysis, which was not the case for ΦKZ-DNA complexes. On the other hand, in

our structure it is noticeable that, unlike the downstream dsDNA, the upstream dsDNA and

the N-terminus of gp68 were resolved at a lower resolution than the core of the enzyme, hence

suggesting some flexibility in these regions. Moreover, we have previously observed thatΦKZ

nvRNAP-DNA complexes were not sufficiently stable on the grid. During data processing, we

noted that classes without the gp68 NTD had the same RNA length, we therefore speculate that

it is more plausible that with our P119L RNA/DNA template, the nvRNAP is experiencing

promoter release after a single nucleotide addition, and that the stabilisation of nvRNAP-DNA
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complexes would need further exploration.

Although the resolution of the upstream DNA region and the N-terminus of gp68 was lower than

that of the core of the enzyme, we could dock structural models for those two elements. The

fifth subunit of the ΦKZ nvRNAP is formed by two helical domains, CTD and NTD separated

by a flexible linker. The gp68 CTD preserves the same architecture with and without nucleic

acids (see Chapter 4)(de Mart́ın Garrido et al., 2021b) and probably contacts the upstream

DNA in two different regions through a disordered loop and an extended loop. According to

our structural model, the gp68 NTD is located in the same position within the complex as

region 2 of other bacterial σ70-like factors. Region 2 of bacterial σ factors specifically interacts

with the -10 element of bacterial promoters, hence participating in promoter recognition and

stabilisation of the open promoter complex. Considering both the structural model and the

position within the complex of gp68, we suspect that the gp68 NTD would be involved in

promoter recognition and transcription bubble formation. The gp68 linker and the NTD were

completely disordered in the nvRNAP holoenzyme structure without DNA and, although the

resolution was substantially improved, the NTD was only resolved to intermediate resolution in

the ΦKZ nvRNAP structure bound to the RNA/DNA P119L-template, which suggested that it

is probably a mobile element. Previous limited proteolysis results showed that full-length gp68

was protected from proteolysis in the presence of DNA and that such protection was stronger

with longer dsDNAs (de Mart́ın Garrido et al., 2021b) (Chapter 4). We therefore propose

that the gp68 linker and NTD would transition from an open state, further from the nvRNAP

core, to a closed conformation during promoter recognition, playing a crucial role in promoter

recognition and bubble formation and stabilisation.

The overall architecture of the ΦKZ nvRNAP complex bound to the P119L RNA/DNA pro-

moter resembles that of the AR9 nvRNAP bound to its specific promoter, which was recently

released (Fraser et al., 2021). Both nvRNAPs have split subunits homologous to the two largest

bacterial subunits, β and β′, conserving most of the structural elements that are involved in

the transcription reaction cycle. Notably, both nvRNAPs contain an insertion in the trigger

loop with no homology to any bacterial msRNAP subunits. Moreover, the rudder is also absent

in the AR9 nvRNAP. The fact that the split subunits of the AR9 and the ΦKZ nvRNAP are
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similarly divergent from bacterial msRNAPs subunits, supports the notion that more giant

bacteriophage may have evolved from a similar ancestor to encode their own non-canonical

msRNAPs.

The promoter recognition subunit is also structurally similar in the ΦKZ and the AR9 nvR-

NAP. Both subunits are positioned in the same location within the complex and display the

same domain organisation: a CTD and an NTD separated by a flexible linker. Similarly to our

observations in the ΦKZ nvRNAP, the gp226 NTD was not visible in the AR9 nvRNAP struc-

ture without DNA, suggesting that this domain probably transitions from an open to closed

conformation during promoter recognition. The consensus sequence of promoters recognised by

AR9 nvRNAP is located between positions -11 and -8 relative to the transcription start site,

while the consensus sequence of late promoters recognised by the ΦKZ nvRNAP overlaps with

the transcription start site (5’-TATG-3’). Moreover, unlike ΦKZ, the AR9 genome contains

uracils in the template strand. The authors showed that the AR9 promoter-recognition sub-

unit recognises an A-rich motif of the non-template strand upstream of the consensus region

and forms a specific pocket for the U-rich consensus region together with the β-like subunit

gp105, providing a specific mechanism for promoter recognition and bubble formation (Fraser

et al., 2021). Due to the low resolution of our map in the gp68 NTD region, including the con-

nection of the transcription bubble with the upstream DNA, is still unclear how this subunit

specifically recognises ΦKZ late promoters.

The CTD of gp68 has two putative binding interfaces with the DNA in comparison to the

unique pseudo--35element-binding motif found in the promoter-recognition subunit of AR9.

We could not observe an equivalent of the gp68 extended loop in the gp226 subunit of AR9,

which suggested that this interaction was likely to be specific to the ΦKZ nvRNAP. Due to

the low resolution of our map in the upstream DNA section, we could not not establish which

specific nucleotides were involved in this interaction, however from the comparison with the

AR9 structure we surmise that the gp68 extension loop would contact the DNA in a more

downstream sequence than the pseudo--35element-binding motif of AR9 gp226. Unlike bacterial

promoters, which have a conserved -35 element, neither AR9 promoters nor ΦKZ promoters

recognised by their respective nvRNAPs show sequence conservation in regions interacting with
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the promoter-recognition CTD, which suggests that the interaction is likely to be novel and

sequence independent. We found only one distinct feature between the β/β′-like subunits of

AR9 and ΦKZ nvRNAP. Unlike ΦKZ gp55, the β′-like subunit of AR9 gp270 lacks the Zn2+

binding domain conserved at the N-terminus of bacterial β′ subunits. This Zn2+ binding domain

is conserved in all multi-subunit msRNAPs and is involved in promoter recognition.

Considering the differences between the DNA binding interface in the promoter-recognition

subunit, the absence of the N-terminal β′ Zn2+ binding domain in the AR9 nvRNAP, and

the low similarity between promoters recognised by the ΦKZ nvRNAP, we suspect that the

promoter recognition mechanism of the ΦKZ and AR9 nvRNAPs must be divergent. The high

level of similarity between the four β/β′-like subunits of the AR9 and ΦKZ nvRNAP, compared

to the greater degree of divergence between their promoter recognition subunits both in sequence

and, to a lesser extent, structure, is in line with our hypothesis of the σ subunit being transferred

initially to the bacteriophage genome and being mutated to favour viral promoter recognition,

hence being highly diverged from bacterial σ. Genes encoding the β/β′-like subunits would

have been transferred later, thus explaining the greater degree of divergence of the promoter

recognition subunit with respect to one other.

Bacteriophage AR9 infects Gram positive B.subtilis, which is not closely related to the ΦKZ

host Gram negative P.aeruginosa. Moreover, AR9 contains uracil in their genomic DNA. The

fact that these two apparently distant bacteriophages encode similar transcriptional machinery

suggests that this behaviour could extend to more giant bacteriophages. However, we specu-

late that each promoter-recognition subunit would have probably evolved to meet the promoter

requirements of each bacteriophage genome. Unlike AR9, bacteriophage ΦKZ forms a proteina-

cious “pseudo-nucleus” which protects the DNA during infection (Chaikeeratisak et al., 2017a,b;

Danilova et al., 2020; Mendoza et al., 2020). This shield could promote a special rearrangement

to facilitate promoter recognition which would also explain some divergences observed between

their promoter-recognition subunits and why, unlike AR9 (Sokolova et al., 2017), the ΦKZ

nvRNAP does not remain catalytically active in the absence of the fifth subunit. Moreover, we

suspect that ΦKZ nvRNAP subunits might possibly be imported individually into the pseudo-

nucleous where they would be further assembled into a functional complex. Unlike bacterial
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σ factors, the fact that the promoter recognition subunit is unique and is integrated into the

complex might provide an advantage for bacteriophage fitness, thus minimising the amount of

DNA needing to be packed and the quantity of genes needing to be transcribed.

Overall, we suggest that AR9 and ΦKZ, and probably other giant bacteriophages, have devel-

oped a minimal but elegant five-subunit polymerase without canonical α and ω subunits that

can transcribe from late phage promoters that only contain a small consensus region using a

novel promoter-recognition subunit embedded in the complex. The fact that the fifth subunit

is integrated into the complex and contacts the DNA in promoter regions that do not show

sequence conservation, supports our previous hypothesis that, unlike in bacterial msRNAPs,

the exchange of σ-like factors became redundant in bacteriophage ΦKZ and AR9 life cycles.

The overall structure of the two non-canonical nvRNAPs is similar between them, conserving

the main structural features of eubacterial msRNAPs, and having the promoter-recognition

subunit in the same location. However, we observed that the CTD domain of the promoter-

recognition of the ΦKZ nvRNAP establishes a second DNA binding interface absent in the

subunit of AR9 through an extended loop. Furthermore, promoters recognised by these two

non-canonical polymerases are very different. From these observations, we propose that despite

having developed a very similar nvRNAP containing a novel promoter-recognition subunit with

no homology to any other protein with known function, AR9 and ΦKZ nvRNAPs are likely

to have slightly divergent mechanism for promoter recognition and transcription initiation. It

would be interesting to design a DNA template from the ΦKZ P119L promoter that would

mimick the current AR9-DNA structure to perform an exhaustive comparison between these

interesting polymerases.
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Conclusions and outlook

6.1 Conclusions

6.1.1 The Folliculin complex and its interacting partners

FLCN is the gene responsible for BHD syndrome, an hereditary disease that predisposes carriers

to the appearance of fibrofolliculomas, lung cysts, and an increased risked of developing kidney

cancer. The FLCN protein forms complexes with two larger FNIP proteins, FNIP1 and FNIP2,

and together they regulate Rag and Rab GTPases. The Rag GTPases are responsible for the

recruitment of mTORC1 to the lysosome. mTORC1 is a central regulator of metabolism that

ensures that cells only grow under optimal conditions. When nutrients are available mTORC1

is recruited to the lysosome by the Rag GTPase heterodimer where it is allosterically activated

by the Rheb GTPase in the GTP-bound form. The regulation of the Rag GTPase nucleotide

state involves several multiprotein complexes with GAP and GEF activity. The FLCN-FNIP2

is one of these complexes, as it possesses GAP activity for the Rag C/D GTPase, hence being

a positive modulator of mTORC1.

The structure of the FLCN-FNIP2 complex bound to the Rag GTPase heterodimer and Ragu-

lator, which anchors the GTPases at the lysosomal membrane, was published in 2019, revealing

172
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the molecular mechanism by which the FLCN-FNIP complex binds to the Rag GTPases (Shen

et al., 2019; Lawrence et al., 2019). In this work, we have presented a 5.7 Å 3D reconstruction of

the Sl FLCN-FNIP2 complex and preliminary studies of the Sl FLCN-FNIP2 complex binding

to the Rag GTPase heterodimer. We have demonstrated that the Sl FLCN-FNIP2 retains the

same architecture as in the human complex, and that the complex preserves the same confor-

mation in the absence of the Rag GTPase heterodimer. Failed attempts to obtain a stable Sl

FLCN-FNIP2 complex bound to the Rag GTPases, reinforced the fact that the FLCN-FNIP2

interaction with the Rag GTPases is highly dependent on their nucleotide setting. Apart from

the regulation of the Rag GTPases, FLCN is also involved in the modulation of the Rab GT-

Pases, which are involved in membrane trafficking and lyososomal positioning. How FLCN

coordinates all these functions is still unknown and might well contribute to understanding its

role as a tumour suppressor.

6.1.2 The ΦKZ non-virion RNAP

The second part of my work was focused on the ΦKZ nvRNAP. Bacteriophage ΦKZ is a member

of a family of giant bacteriophages which infects P.aeruginosa, a pathogen of great medical

concern. The large genome of bacteriophage ΦKZ encodes many proteins that are usually

provided by the host. Amongst these proteins encoded by the ΦKZ genome, there are those

encoding two multi-subunit RNAPs; a virion RNAP which transcribes early bacteriophage

genes, and a non-virion RNAP which transcribes late bacteriophage genes (Ceyssens et al.,

2014). We have determined for the first time the structure of the ΦKZ nvRNAP on its own,

and bound to a RNA/DNA template based on its specific promoter P119L.

The structure of the ΦKZ nvRNAP revealed that the overall architecture is very similar to that

of bacterial msRNAPs, conserving most of the structural elements involved in the transcription

reaction in four split subunits homologous to the bacterial β and β′ subunits. However, the

ΦKZ nvRNAP includes an extra fifth subunit, gp68, which occupies the same location within

the complex as bacterial σ factors but is integrated into the complex. Biochemical studies have

previously reported that gp68 is essential for promoter recognition and transcription initiation
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(Yakunina et al., 2015; Orekhova et al., 2019). The structure of the ΦKZ nvRNAP bound to an

RNA/DNA template based on the specific P119L promoter supports a putative role of gp68 in

promoter recognition. The structures suggest that the gp68 NTD transitions between an open

conformation, far from the nvRNAP core, to a closed conformation, close to the nvRNAP core,

when the enzyme is bound to its specific promoter, suggesting that this domain is probably

involved in promoter recognition.

Comparison of the ΦKZ nvRNAP structure bound to its promoter with that of AR9 nvR-

NAP bound to its specific promoter revealed that the overall architecture and the position

within the complex of the promoter-recognition subunit is similar in these two non-canonical

msRNAPs, suggesting that this transcriptional mechanism could be extended to more giant

bacteriophages. The promoter-recognition subunit is integrated in both ΦKZ and AR9 nvR-

NAPs, suggesting that the exchange of alternative factors was probably redundant for the

bacteriophage life-cycle. Although their promoter recognition subunits have a similar struc-

ture, they have a low percentage of sequence identity, and differences in their DNA binding

interfaces. Therefore, we speculate that the σ subunit was initially acquired by the bacterio-

phage and was mutated substantially to specifically recognise viral promoters. Further studies

of these non-canonical nvRNAPs can provide valuable information about the evolution of giant

bacteriophages. Moreover, the study of the transcription machinery of bacteriophage ΦKZ will

hopefully help to understand its life cycle in P.aeruginosa.
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6.2 Future Work

6.2.1 The Folliculin complex and its interacting partners

With the publication of the human lysosomal FLCN complex structure, the molecular mecha-

nism by which it regulates the Rag GTPase activity, which in turn modulates mTORC1, has

been elucidated. However, the Rag GTPase heterodimer nucleotide state is regulated by several

multiprotein complexes. How all these complexes coordinate to interact with the Rag GTPase

heterodimer at the lysosomal membrane is still unknown and is probably more complicated

than the current structures indicate. Tomographic studies of the lysosomal membrane under

different nutrient conditions may be a suitable approach to study the Rag GTPase activation

at the lysosomal membrane and to understand how they bind to all their regulators. Moreover,

both FLCN and FNIP have phosphorylation sites, and the FLCN phosphorylation appears to

affect complex formation, with both FNIP1 and FNIP2 preferentially binding phosphorylated

FLCN (Baba et al., 2006; Takagi et al., 2008). FNIP2 contains large unstructured regions

that are thought to be involved in phosphorylation events that are not visible in the cryo-EM

structure (Shen et al., 2019; Lawrence et al., 2019). Generation of mutants of these phosphory-

lation sites could be an approach to further study their functional relevance in the FLCN-FNIP

complex formation and interaction with the Rag GTPase heterodimer.

The FLCN-FNIP2 complex is also involved in other cellular functions, interacting with the

Rab GTPases. As a future perspective, it would be really interesting to investigate FLCN-Rab

complexes at a structural level to further understand how the FLCN-FNIP complex interacts

with the Rab GTPases and coordinates this function with the regulation of the Rag GTPase

heterodimer. Particularly, the FLCN interaction with RILP-Rab complexes places FLCN at

the intersection between nutrient signalling and lysosomal positioning (Starling et al., 2016).

Preliminary studies in our lab attempted to purify an in vitro Sl FLCN complex with RILP-Rab,

however the complex could not be recapitulated in insect cells, suggesting that this behaviour

might be not conserved in all organisms or, more likely, that there are more proteins involved
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in the interaction. The Sl FLCN-FNIP2 complex retains the same conformation when is not

bound to the Rag GTPases, a behaviour that is probably preserved in the human complex

given their structural similarity. Structural studies of the FLCN interaction with RILP-Rab

might reveal whether or not the same conformation is retained in the interaction with other

FLCN interacting partners.

Germline mutations affecting the whole FLCN gene are known to be responsible for BHD

syndrome. Most mutations found in BHD patients result in frameshifts (insertion/deletion),

nonesense open reading frames or loss of proper mRNA splicing, causing protein truncation.

The FLCN protein interacts with the Rag GTPases through its N-terminal longin domain,

however mutations affecting BHD patients have been also reported in the FLCN DENN domain.

To further understand how folliculin coordinates all its functions, one strategy could be the

generation of FLCN mutants with most common mutations found in BHD patients to perform

structural studies.

6.2.2 The ΦKZ non-virion RNAP

A complete mechanism for transcription initiation by the ΦKZ nvRNAP is still missing. We

have determined the structure of this non-canonical msRNAP with and without DNA, reveal-

ing its architecture for the first time, however our structure of the ΦKZ nvRNAP bound to

its specific promoter P119L still lacks high-resolution information for important parts of the

complex, such as the N-terminus of gp68, the complete transcription bubble and the upstream

dsDNA. Conversely, the AR9 nvRNAP structure bound to its specific promoter (Fraser et al.,

2021) provides a molecular model for both the N-terminus of the promoter-recognition subunit

and the upstream dsDNA.

In the future, it will be really interesting to determine the structure of the ΦKZ nvRNAP bound

to its specific promoter using a DNA template as similar as possible to that used for the AR9

nvRNAP structure determination (Fraser et al., 2021) to perform a direct comparison of the

two non-canonical nvRNAP structures. Moreover, it is also noticeable that we could only get

the ΦKZ nvRNAP to add one nucleotide to the RNA/DNA P119L template. This observation,
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combined with the flexibility of the N-terminus of gp68 and the upstream dsDNA, suggests that

our structure might be capturing a promoter release intermediate. Therefore, further studies

of the ΦKZ nvRNAP transcription requirements might be needed in order to obtain a stable

structure bound to its promoter. The vRNAP transcribes early phage promoters, whereas

the nvRNAP specifically transcribes phage late promoters (Ceyssens et al., 2014; Yakunina

et al., 2015; Orekhova et al., 2019). Which polymerase transcribes middle phage promoters

is still unknown, however it might be possible that a bacteriophage-encoded DNA-binding

factor could specifically recruit one of the non-canonical polymerases to the middle promoters.

Binding studies with ΦKZ-encoded DNA-binding factors might reveal new insights into the

transcriptional machinery of bacteriophage ΦKZ.

Biochemical studies have demonstrated that gp68 is crucial for the assembly of a functional

complex, revealing that when gp68 is added in vitro to 4s complex containing the four β/β′-

like subunits, is not able to start transcription from an RNA/DNA template, unlike in vivo

assembled 5s ΦKZ nvRNAP complexes. Structural analysis of the in vitro assembled complexes

might reveal what happens when gp68 is added a posteriori and why these complexes are not

functional. Furthermore, to provide a full mechanism of the transcription cycle, generation of

gp68-CTD and gp68-NTD deletions and point mutations on residues that interact with the

DNA would be essential to understand the role of each domain during transcription. Another

approach to study the role of gp68 in transcription would be to link the NTD to the core of the

polymerase to freeze transcription intermediates and study the transition from open to closed

conformation of this domain.
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Kailash Ramlaul, Wencheng Fu, Hua Li, Natàlia de Martin Garrido, Lin He, Manjari Trivedi,

Wei Cui, Christopher H.S. Aylett, and Geng Wu. Architecture of the Tuberous Sclerosis

Protein Complex. Journal of Molecular Biology, 433(2):166743, 1 2021. ISSN 00222836. doi:

10.1016/j.jmb.2020.166743.

Sara Reardon. Phage therapy gets revitalized. Nature, 510(7503):15–16, 2014. ISSN 14764687.

doi: 10.1038/510015A.

David M. Rees, Oliver Willhoft, Chia Liang Lin, Rohan Bythell-Douglas, and Dale B. Wigley.

Production and Assay of Recombinant Multisubunit Chromatin Remodeling Complexes.

Methods in enzymology, 592:27–47, 2017. ISSN 1557-7988. doi: 10.1016/BS.MIE.2017.03.015.

Kacper B. Rogala, Xin Gu, Jibril F. Kedir, Monther Abu-Remaileh, Laura F. Bianchi, Alexia

M. S. Bottino, Rikke Dueholm, Anna Niehaus, Daan Overwijn, Ange-Célia Priso Fils,
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Appendix A: Principles of Transmission Electron

Microscopy
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1 Introduction

A central topic of study in molecular biology is the understanding of how macromolecules develop their

role within the cell. A discipline that has substantially contributed to the major molecular biology

knowledge is structural biology. The aim of structural biology is to elucidate three-dimensional (3D)

structures of macromolecular complexes to high enough resolution to provide an atomic model to

further understand their function in biological processes. There are different approaches to determine

the 3D structure of macromolecules. Throughout history, the most popular technique has been X-

ray crystallography, which yields high-resolution structures providing that the complex of interest

can crystallise. Another technique which can provide exclusive information about dynamics and

interactions is nuclear magnetic resonance (NMR), however it is very complicated for larger molecules.

Apart from their own limitations, both techniques require a high concentration of the pure complex,

which can be difficult to achieve with certain samples. Using cryogenic electron microscopy (cryo-EM)

the structure of multiprotein complexes that were unable to crystallise have been determined, and over

the last decades the number of structures deposited in the Electron Microscopy Data Bank (EMDB)

has dramatically increased, which is an example of the popularity of this technique.

The first transmission electron microscope (TEM) was built in 1932 by the German physicist Ernst

Ruska (Knoll and Ruska, 1932) who was later awarded with the Nobel Prize in Physics in 1986. The

main challenge of observing biological samples under the TEM is to preserve their integrity under the

electron microscope vacuum requirement. Initially, specimens were stained with a solution of heavy

metal salt, such as uranyl acetate or uranyl molybdate, in order to visualise them under the electron

microscope (Brenner and Horne, 1959). However, high resolution features and interior details were lost

with this technique. Although specimen fixation is still used nowadays, especially at initial phases of

structural analysis, it was vitrification that allowed high-resolution structure determination. Firstly,

Taylor and Glaeser (Taylor and Glaeser, 1974) accomplished 3 Å resolution diffraction patterns with

frozen hydrated catalase crystals, demonstrating that freezing could preserve sample integrity under

the TEM vacuum. However, it was the implementation of plunge freezing by Dubochet and colleagues

(Adrian et al., 1984; Dubochet et al., 1982) that implemented a practical methodology for freezing of

hydrated samples in vitreous ice, therefore introducing cryo-EM.

Combination of plunge freezing with the idea of computationally averaging many TEM images of

individual molecules in equal or similar conformations (Frank et al., 1978), became what we now

known as single-particle cryo-EM. In single-particle analysis (SPA) micrographs are interpreted as

two-dimensional (2D) projections from an object. Combining such projections and taking a sufficiently

large angular range, the object of study can be eventually recovered in 3D reconstruction (De Rosier
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and Klug, 1968). Such reconstruction is a 3D map revealing not only the shape of the object but

also density variations in the interior of the object. In order to limit radiation damage, microscopes

are used at low dose, hence several tens of thousands of particles need to be averaged to increase the

signal-to-noise (SNR) and to provide several different views needed for the 3D reconstruction.

Since the development of SPA, fast progress was made with symmetric particles, such as icosahedral

viruses. In 1997, SPA of Hepatitis B virus resolved α- helices (Böttcher et al., 1997; Conway et al.,

1997), and in 2010 a de novo atomic reconstruction was built for aquareovirus and adenovirus (Liu

et al., 2010; Zhang et al., 2010). Progress on SPA for asymmetric complexes have been slower because

averaging and reconstruction is more complicated. First developments in image processing for asym-

metric particles were made in 1980 with study of negatively-stained ribosomes (Radermacher et al.,

1987a; Verschoor et al., 1984). Such techniques were gradually improved and adapted for cryo-EM,

until the structure of the ribosome was determined near to 10 Å resolution (Gabashvili et al., 2000).

Since 2013 evolution in cryo-EM has been that fast that it is considered a revolution (Kühlbrandt,

2014), mainly by virtue of the development of direct electron detectors (McMullan et al., 2016) and

new powerful computational algorithms, which have facilitated the generation of reliable and high

enough resolution structures to obtain atomic level details with cryo-EM. Nowadays, SPA techniques

have improved to a point where high-resolution 3D maps in the range of 2-4 Å can be routinely

achieved and then used to build atomic models, which shows that this technique can currently reach

similar resolutions to those obtained by X-ray Crystallography.

2 The electron microscope

A TEM is an analytical tool that allows visualisation of specimens in the microspace and nanospace

order by virtue of high energy electrons (100 keV or higher). Electrons have a much shorter wave-

length compared to light, hence, electron microscopy can reveal levels of detail unreachable by light

microscopy, allowing detailed structural analysis at high resolution. Similar to the conventional light

microscope, the electron microscope is formed by a radiation source, a system of lenses and a de-

tection and recording system. Since electrons are also scattered by molecules in the air, the entire

column of the microscope containing the beam needs to be at vacuum. To preserve the vacuum during

sample insertion, there are airlock mechanisms. The requirement of vacuum, however, is incompatible

with the naturally hydrated state of biological samples, which was resolved by the introduction of

vitrification to prepare cryo-EM samples (Adrian et al., 1984; Dubochet et al., 1982).

The resolution of electron microscopes have improved up to the point that it is currently possible

to resolve single atoms. In order to obtain such high-resolution information it is essential to have
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a highly coherent electron source, a well-aligned system, a precise detector and a convenient sample

(Franken et al., 2020). And yet, even if all those conditions are met some samples do not enable high

resolution, such as extremely radiation sensitive specimens or those with high tendency to aggregate.

Figure 1: Schematic diagram of the electron microscope internal structure. The beam is shown

in blue, grey brackets represent lenses, label with their name and the microscope function that controls

them, black bars are apertures, and the red arrows is the specimen and its intermediate images. The paths

of scattered are drawn in orange and green. Phase plate is indicated with an * as it is optional. Figure

adapted from (Franken et al., 2020) under a Creative Commons license.

2.1 Electron sources

In an electron microscope, electrons are emitted by the cathode, kept at high negative voltage. There

are two types of electron sources that are commonly used: thermionic cathode and field emission

gun (FEG). The principle of thermionic cathodes is that when metals are heated at sufficiently high

temperatures, electrons will be released from their surface. The standard thermionic cathode is a v-

shaped wire made of tungsten heated to 2 500-3 000 K. Another typical material used as electron source

is lanthanum hexaboride (LaB6), which produces electrons from a smaller area at the crystal vertex

and have a lower work function, therefore producing a more coherent beam and leading to higher

brightness than that of the tungsten filament. Additionally, LaB6 cathodes have a longer lifespan

because they can be heated at lower temperatures than those made of tungsten, approximately 1

400-2 000 K. The cathode filament is surrounded by a cup-shaped electrode with an aperture of ∼1

mm and kept at a slightly more negative potential than that of the cathode (∼500 V). This metallic
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disc is called Wehnelt cylinder and allows the electrons from the cathode to exit towards a restricted

area, thus focusing the emitted electrons towards the optic axis (Frank, 2006).

In FEGs the exit of electrons is enhanced and directionally focused by the application of an intense

electric field (in the region of 2 kV) to a very thin tip of tungsten, 15-25 nm radius. The restriction of

emission from the cathode to a very small angular range by means of the extremely thin tip, produces

extraordinary brightness and beam coherence. Moreover, all the electrons have the same energy,

which ultimately defines their wavelength. At present FEGs are the current choice for high-electron

microscopes, however they are more susceptible to contamination and require a much higher voltage.

Regardless the type of cathode used as electron source, the emitted electrons are then accelerated

through high energy voltages in the range of 50-300 kV, depending on the microscope.

2.2 Lens system

After being emitted, electrons travel 1-2 m through the column, kept at vacuum, from the top to the

bottom. Unlike photons, electrons cannot be focused through glass lenses and, instead, the column

contains a set of electromagnetic lenses that contribute to the magnified image formation of the object.

Each lens is formed by a coil of copper wire with current running throughout and a hole in the centre

through which the beam travels.

After the electron source there are two condenser lenses that control the spot size (C1) and the

intensity (C2) (Figure 1). These lenses are part of the illumination system and define how the beam

impacts on the specimen. The first lens, C1, is normally located immediately below the Wehnelt

cylinder and forms a demagnified image of the source, whereas the second condenser is used to define

the physical spot size and the angle of convergence that illuminates the specimen. Additionally, the

angle of convergence can be controlled by the C2 aperture. The C2 aperture removes electrons with

large angular spread, hence improving beam coherence. The beam coherence determines how different

electrons from the same source are scattered and generate a different diffraction pattern, and depends

on how small is the source and also the microscope optics. Smaller apertures are usually preferable

but they also reduce beam intensity, therefore the smallest possible C2 aperture that still provides

sufficient beam intensity should be used. In EM it is important to illuminate the specimen using a

parallel electron beam in order to prevent image deterioration. That means that the angle with which

the electron beam interacts with the specimen is zero, which is known as parallel illumination (Glaeser

et al., 2011). In microscopes with two condenser lenses, parallel illumination can only be achieved for

a single beam intensity. For this reason, modern microscopes usually have more condensers, allowing

parallel illumination at a wide range of C1 and C2 positions (Herzik, 2021).
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Below the condenser lenses sit the objective lens, which are the first lens contributing to image for-

mation. The specimen is normally located in the middle of the objective lens, immersed between the

magnetic field, which makes the design of mechanisms of insertion quite complex. After interacting

with the sample, electrons are focused by the objective lens, which also provide the primary magni-

fication (20-50K). Parallel beams are focused at the the back focal plane with electrons scattered at

the same angle being focused at the same point. Therefore, the focusing of incident beams is achieved

at the back focal plane, where a diffraction pattern is formed. The objective aperture is placed at the

back focal plane and determines what portion of the scattered rays contribute in the image forma-

tion, excluding electrons scattered at high angles, therefore improving image contrast and acting as a

low-pass filter. Low energy electrons are usually caused by inelastic scattering. Removing electrons

scattered at high angles with the objective aperture increases amplitude contrast, however it also lim-

its the resolution. Therefore, a relatively large objective aperture is recommended for high-resolution

data collections (Cheng et al., 2015).

After the objective lenses the beam goes through the intermediate lenses, located between the object

and the projector lenses. There can be one or several intermediate lenses that can be tuned in strength

to produce a wide range of magnifications. In some cases there are particular settings to change from

imaging to diffraction mode. Finally, the projector lenses magnify the image and project it to the a

fluorescent screen (usually phosphor) or another system to acquire and store images. The fluorescent

screen is normally a metal plane coated with a layer of fluorescent material that converts the electrons

into light, thus allowing direct visualisation of the object image. Regions where electrons do not pass

through the sample appear dark in the image while regions where electrons are strongly scattered

appear brighter in the image, with a range of greys depending on the way electrons interact with the

sample and how they are scattered.

Electromagnetic lenses lead to a series of aberrations that affect the focal point within the lens, hence

affecting image quality and, ultimately, limiting resolution: spherical aberration (Cs), chromatic aber-

ration (Cc), astigmatism and coma (Figure 2) (Hetherington, 2004). These aberrations are especially

important in the condenser lenses, which determine the beam quality, and the objective lens, where

aberrations can be magnified. Spherical aberration is the effect of the electromagnetic field in the lens

being variable, which means that beams passing further away from the lens centre will be focused

more strongly than electrons travelling close to the lens centre. As a consequence the focal length

is variable the image point is blurred (Figure 2). Spherical aberration can be corrected with small

objective apertures or with asymmetric spherical aberration correctors (Hosokawa et al., 2013).

Chromatic aberration arises when the lens focuses electrons depending on their energies. Electrons
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with lower energies are bent more strongly by the lenses, which results in blurring of the final im-

age (Figure 2 C). Variations in electron energy are usually associated with high voltage fluctuations,

electron energy spread in the primary beam and loss of energy during inelastic scattering events.

The development of FEG electron sources has substantially improved the beam coherence, there-

fore decreasing chromatic aberration. Furthermore, chromatic aberration can be reduced using a

monochromator, which select a particular energy spread (Tiemeijer et al., 2012).

Astigmatism in the electron microscope appears when there is an asymmetric magnetic field in the

lens, which usually results in the lens being stronger in one direction than in the perpendicular

direction. The appearance of astigmatism results in the focus point varying within x and y position

in the lens, which usually results in the image of a point becoming an ellipse instead of a circle. The

majority of microscopes include special corrector elements, stigmators, underneath the objective lens

to compensate astigmatism (Orlova and Saibil, 2011) and, ultimately, small remaining levels can be

corrected computationally.

Coma aberration appears when the direction of illumination is different to the direction of the true

optical axis, resulting on a point being focused in different positions. The extent to which coma is

present is usually determined measuring the defocus of images taken at different beam tilts. The axis

with respect to the objective lens by the electron beam where coma become negligible is called the

coma-free axis. Coma needs to be minimized when setting up high-resolution collections (Glaeser

et al., 2011). Originally, a method for coma-free alignment was proposed by Zemlin et al. (1978),

however the procedure was based in the evaluation of several optical diffractograms, which was quite

laborious. Currently, in modern electron microscopes and detectors coma-free alignment can be per-

formed automatically.
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Figure 2: Lens aberrations. a) A perfect lens has a focal point (F). b) Spherical aberration originates

from the fact that electrons that go through the lens experience a stronger electromagnetic field when

passing closer to the coil compared to electrons that pass through the center of the lens, resulting in a focal

area of least confusion, rather than a point. c) A C2 aperture can reduce the size of this area. d) Chromatic

aberration results from variations in electron speed. Slower electrons (blue) will be focused more compared

to faster electrons (red) and the electron magnetic lens will have a focus range rather than a single focal

point. Figure adapted from (Franken et al., 2020) under a Creative Commons License.

2.3 Detector systems

The last component of the electron microscope that have a great impact on the image quality is the

detection system, located at the image plane. Originally, photographic films or sctintillator-based

digital cameras, such as charge-coupled device (CCD) and complementary metal oxide semiconductor

(CMOS) were the standard detectors for recording images of frozen specimens under the electron

microscopy. Nevertheless, the development of direct electron devices (DED) (Bammes et al., 2012;

McMullan et al., 2016) caused a resolution revolution in the the cryo-EM field (Kühlbrandt, 2014).

The performance of detectors can be specified with two parameters: the detective quantum efficiency

(DQE) and the modulation transfer function (MTF) (McMullan et al., 2009a). DQE provides a

measurement of how much the detector degrades the original signal of the image by comparing the
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SNR in the output with that in the input, as defined in Equation 1:

DQE =
(S/N)2OUT

(S/N)2IN
(1)

DQE is normally plotted as a function of spatial frequency. A detector with a DQE of 1 would be a

perfect detector with zero addition of noise. For a pixelated detector, the maximum spatial frequency

that can be recorded by the detector depends on the pixel size. This defines the Nyquist limit,

which corresponds to a wavelength of 2 pixels and represents the largest spatial frequency that can

be obtained by a pixelated image. Thus, the Nyquist limit sets the maximum resolution achievable

at twice the pixel size, spatial frequencies above the Nyquist limit suffer aliasing. The MTF, which is

also a function of spatial frequency, measures how the detector responds to a signal of fixed amplitude

and is set by different factors, such as the pixel size or the spreading of electrons in the detector. A

detector with MTF of 1 would retain perfectly the relative amplitude of that spatial frequency.

Photographic films were the most popular detector system in cryo-EM for several years. The basic

principle of photographic films is that when electrons impact on a photographic emulsion of silver

halide crystals, just as light, they make silver halide grains which are later developed into visible

silver grains. Films provide decent resolution, however they are associated with laborious and te-

dious procedures that prevent processing of large number of images and automated data acquisition.

Scintillator-based digital cameras, such as charge-coupled device (CCD) or complementary metal ox-

ide semiconductor records electron indirectly by transforming them into photons with a phosphor

scintillator layer. The CCD was invented by W.S. Boyle and G. E. Smith, which were later awarded

with a Nobel Prize (Boyle and Smith, 1970), and soon gained popularity due to the implementation

of automated data collection systems (Suloway et al., 2005). Compared to films, scintillator-based

detectors have the ability to directly record digital images, allowing high-throughput data collection

and control of imaging parameters, however, they have a low DQE at high spatial frequencies close

to Nyquist because they rely on an indermediate process and usually suffer delocalisation. Although

films provided higher resolutions than CCD cameras, the latter were more popular due to their power

to record many images automatically.

CCD cameras were the most common detector until the development of DED (Bammes et al., 2012;

Clough et al., 2014; McMullan et al., 2016). Direct electron detection using a CMOS-based active

pixel was a promising alternative to CCD cameras. These cameras directly detect electrons without

the need for a scintillator. Moreover, they provide immediate access to digital images, while having a

comparable DQE at high spatial frequencies to that of photographic films (McMullan et al., 2009a,b),

being able to reach resolutions close to Nyquist (Bammes et al., 2012). Beam-induced movement is

another limiting factor to achieve high resolution in cryo-EM (Brilot et al., 2012). The high frame
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rate of CMOS-based DED allowed for correction of such movement by recording a movie throughout

exposure (McMullan et al., 2016). A single exposure is fractionated into a set of frames, which can

then be aligned to correct for movement of the sample and dose-weighted to account for radiation

damage of the specimen.

DED can be operated in integrating mode or counting mode. In counting mode, a low electron dose

is used to illuminate the sample so that individual electron impacts can be identified. The low dose

minimises the probability of two electrons hitting the same point being detected as a single one, a

phenomenon known as conicidence loss (McMullan et al., 2016). Electron counting further enhances

the DQE of DED. Apart from being operated at low dose, the detection of individual electrons requires

a rapid frame rate, to minimise coincidence loss. The new generation of detectors are known as super-

resolution DED, and they usually have a high frame rate and are able to find the centre of the peak

to sub-pixel accuracy (Li et al., 2013b).

3 Principles of image formation

Unlike X-rays, electrons interact strongly with matter by scattering, and they can be focused by

electromagnetic lenses, hence allowing the study of matter by imaging rather than only by diffraction,

which includes structural phase information. The wavelength of an electron is a function of its speed,

therefore it decreases with increasing acceleration voltage. The lower the wavelength, the higher the

resolving power (Franken et al., 2020). For these properties electrons are quite optimal to study

biological specimens at high resolutions, however there are two main aspects to be considered during

imagining: samples must be analysed at vacuum and they can suffer radiation damage.

A TEM image is formed by the interaction of electron waves (beam) with the sample. After electrons

interact with the sample the resulting image is magnified through a series of lenses (see section 2.2).

Upon sample interaction, electrons can be elastically or inelastically scattered. Elastic scattering

involves no transfer of energy and has a wide angular distribution, hence providing high-resolution

information. On the other hand, inelastic scattering involves transfer of energy. Inelastically scattered

electrons can either return to a lower energy state or can be ejected as secondary electrons generating

highly reactive free radical species (Frank, 2006). Both low energy electrons and free radicals can

damage the sample, hence creating radiation damage, and increasing undesired background. Their

effect can be attenuated using energy filters that prevent low energy electrons from arriving to the

detector, which results in an increase of the amplitude contrast.

After the beam interacts with the sample, each point produces a spherical wave (scattered) and a

plane wave (unscattered). Electrons that are elastically scattered contribute to the contrast of the
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image. On the one hand, the scattered electrons at high angles are removed by placing an aperture

at the back focal plane of the objective lens, which generates amplitude contrast. On the other hand,

the phase difference between elastically scattered electrons and unscattered electrons when they are

combined at the image plane, creates phase contrast. Biological specimens are usually approximated

as weak phase objects, which means that they do not change the amplitude of the incident electron

wave, but alter the phase slightly. For this reason, there is hardly any contrast. Phase contrast,is

generated by going out of focus by allowing the scattered wave (spherical) to propagate a away from

the initial point. Alternatively, phase contrast can be generated by the introduction of a phase plate

at the the back focal plane of the objective lens (see below) (Franken et al., 2020).

The contrast transfer function (CTF) is a mathematical expression that defines how the transmission

electron microscope transfer information to the image as a function of spatial frequency (k) (Frank,

2006). This mathematical expression is a quantitative relationship between the wave function of the

electron beam after sample interaction and the contrast of the final image. The CTF includes a sin

and cos terms as per Equation 2:

CTF (k) = 2[sin(γ(k)) −Wcos(γ(k))] (2)

where W is a constant related to the ratio of amplitude contrast to phase contrast, and, in the absence

of astigmatism, γ(k) is represented by Equation 3:

γ(k) = 2π(−0.5∆zλk2 + 0.25Csλ
3k4) (3)

where λ represents the wavelength of electrons, Cs is the spherical aberration coefficient and ∆z is

the defocus (distance of the specimen to the focal plane). Defocus values are negative when the focal

plane of the objective lens is below the sample (underfocuse) and positive when the focal plane is

above the sample (overfocus).

According the Equations 2 and 3, contrast provided by features of different spatial frequencies follows

a pattern of oscillations that includes positive and negative values between -1 and 1, and zero values

(Figure 3). When the CTF is zero, no contrast is transferred and the information corresponding

to those spatial frequencies is lost. The position where the CTF is zero can be modified by the

defocus value, therefore at high-resolution collections we usually collect at different defocus values to

recover the information lost for each value. Due to the imperfections on the image system, the CTF is

attenuated at high spatial frequencies (Figure 3). This effect can be modelled by an envelope function

which includes terms accounting for the beam incoherence, beam energy spread and sample drift.

This envelope function is also dependent on the defocus value (Figure 3). Therefore, it is possible to
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tune the defocus value to improve contrast in high resolution spatial frequencies, using large defocus

values. However at this values the decay of the CTF at high spatial frequencies is also higher.

Figure 3: The contrast transfer function. Simulations of CTF at 1.2 µm (red) and 3.0 µm (blue)

defocuses , with an acceleration voltage of 200 kV and angular spread of 0.07 mrad. Note that 3 µm defocus

generates sufficient contrast for particles with a molecular weight of ∼300 kDa, CTF envelope drops to close

to zero at 3-4 Å resolution. Figure adapted from (Cheng, 2015).

The CTF imposes another problem and that is the change of sign of the contrast (Figure 3). For

this reason images must be corrected to obtain an undistorted image of the object, where contrast is

not affected by the changes in intensity or the sign of the CTF and envelope function. The simplest

solution is to apply a phase correction to make all the contrast values positive by phase flipping, which

is achieved by multiplying by -1 the experimental images in Fourier space at the spatial frequencies

where the contrast is negative (Frank, 2006). However, this approach does not correct for the decay

of intensity at high spatial frequencies caused by the envelope function. To correct for the fading of

contrast at high spatial frequencies a more sophisticated approach such as the Wiener filter is needed

(Frank, 2006).

A simplified expression for image formation in reciprocal sapce (k) is given by Equation 4:

I(k) = CTF (k)Φ(k) +N(k) (4)

Where CTF(k) is the CTF (including the envelope function), Φ(k) is the Fourier transform of the

projection of the imaged object, and N(k) represents the noise, which is usually dependent on the

spatial frequency. The Wiener filter is a function F(k) that when is multiplied by the Fourier transform

of the experimental image in reciprocal space, results in an approximation of the Fourier transform of

the projection of the object unaffected by the CTF and the addition of noise (Frank, 2006). For the

case of a single 2D image of a particle, it can be demonstrated that the Wiener filter allowing for the
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optimal approximation with minimized mean-square error is (Equation 5):

F (k) =
CTF (k)

CTF (k)2 + 1
SNR(k)

(5)

A good estimation of the SNR is required to apply a Wiener filter to avoid excessive amplification of

the noise, and enable recovery of high-resolution information. Despite the application of the Wiener

filter, during data collection it is still required to collect data at different defocus values to recover

information at the spatial frequencies values where the CTF is zero. Furthermore, to apply The

Wiener filter it is necessary to estimate some parameters such as the spherical aberration, the defocus

values or the astigmatism. This is normally done by mathematical approaches where different values

are fitted to the power spectrum of the experimental images in a procedure named CTF estimation

(Mindell and Grigorieff, 2003; Rohou and Grigorieff, 2015; Zhang, 2016).

Alternatively to the defocus scheme, the introduction of a phase plate at the back focal plane causes a

phase shift between the scattered and unscattered beam. Phase plates are well-implemented in light

microscopy (Zernike, 1955). In electron microscopy, the newest phase plate, also known as Volta phase

plate (VPP), was developed by the Baumeister group (Danev and Baumeister, 2016; Danev et al.,

2014). The VPP consists of a thin carbon film heated to 200-240 °C which builds up a charge at the

back focal plane when interacting with the unscattered beam. This results in a phase shift of the

unscattered beam from the scattered beam, which are combined again where the image is formed,

generating a phase delay. In TEM, such phase shift converts the CTF from a sine-shape function to

a cosine-shape function, hence preserving the signal at low spatial frequencies and enhancing contrast

(Wang and Fan, 2019). The phase shift contributes to the CTF of the image and can be determined

during CTF estimation (Rohou and Grigorieff, 2015; Zhang, 2016). The introduction of a phase

plate suppresses the requirement of imaging out of focus, however, imaging exactly at focus is time-

consuming and implies a lack of CTF information. Therefore, phase plate collections are usually

performed at a very small amount of defocus, making CTF correction possible. High resolution data

collection using a VPP introduction a small defocus has been successful for the structure determination

of small biological samples, such as the 64 kDa haemoglobin (Khoshouei et al., 2017) and the GPCR-

G-protein complex (Liang et al., 2017) at atomic resolution.

4 Sample preparation

One of the main challenges of cryo-EM is to prepare specimens so that they are preserved and hydrated

inside the vacuum of the microscope. Furthermore, biological specimens are usually low contrast which

complicates their direct observation. Initially, negative staining with heavy salt metals, such as uranyl
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acetate, was the solution to provide high enough contrast, however only the shape of the molecule

could be reconstructed, without being able to observe the interior of molecules.

When sophisticated averaging methods were developed, it was possible to use other methods which

provided less contrast but preserved molecules in a aqueous-like environment: glucose embedding,

tannic acid, vitreous ice and cryo-negative staining (Frank, 2006). Ice embedding has proved to be the

best method to preserve the interior features of molecules, being able to achieve atomic resolution and

resulting in a really popular method in structural biology, cryo-electron microscopy (cryo-EM). Ideally,

after vitrification macromolecules preserve the same particle distribution, orientation and structure

that they previously had in solution. However, this is not the case for most of the macromolecules of

interest, with main issues being adsorption to the air-water interface, decreased number of particles

and preferential orientation (Glaeser, 2018). There are many different approaches to overcome these

problems which are normally used in parallel, such as optimisation of buffer components or cross-

linking to stabilise the sample, the use of detergents to cover the air-water interface, use of a rapid

plunge-freezing robot (Noble et al., 2018), or immobilisation of the sample through an additional

support film (de Mart́ın Garrido et al., 2021).

4.1 Biochemical considerations

Single-particle analysis requires a homogeneous and stable sample for the determination of the 3D

structure through computational averaging of images of the same molecule of study under identical

or similar conformations (Frank et al., 1978). Therefore, protein purification procedures must be

extensively optimised to provide a homogeneous sample suitable for single-particle cryo-EM.

The first step of sample preparation is the optimisation of the buffer components to try to stabilise

sample in solution. Most popular strategies include the addition of stabilising co-solutes (polyamines,

glycerol or trehalose), pH optimisation and salt concentration for the protein of study. However,

some of these buffer additives are incompatible with freezing (de Mart́ın Garrido et al., 2021). To

protect macromolecules from hydrophobic interfaces which will cause sample denaturation, buffers

are sometimes supplemented with detergents (Chen et al., 2019; Cheng et al., 2015), however these

approaches require extensive screening and usually complicate optimisation of ice thickness (Glaeser

et al., 2016). Moreover, many macromolecular complexes are incompatible with some detergents.

When the macromolecule in question is a multiprotein complex sample stabilisation usually requires

further stabilisation. Indeed, most proteins regulating important cellular processes form weak and

dynamic multiprotein complexes that usually oscillate between different conformations (Alberts, 1998),

hence compromising their stabilisation in solution. Both the large size of these complexes and their
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flexibility depending on their functional state complicates their study by X-ray crystallography and

leaves cryo-EM as a suitable technique for their structural analysis. Each complex is stable in an

aqueous solution under specific conditions. If the dissociation constant (Kd) of the complex in question

is available, it is possible to estimate the concentration where the complex would remain intact.

However, if this concentration is substantially high, the use of cross-linking agents might be necessary

to stabilise the complex. The addition of a cross-linking agent is usually beneficial to hold together

its subunits, however it usually introduces artifacts caused by non-specific interactions, inter-particle

fixation and aggregation (de Mart́ın Garrido et al., 2021). Density gradient cross-linking, which

was initially investigated by Kastner an colleagues as “GraFix”, (Kastner et al., 2008; Stark, 2010),

successfully stabilise dynamic multiprotein complexes while diluting large aggregates and artifacts.

However, samples derived from density gradients usually require buffer exchange prior to cryo-EM

sample preparation, which can be problematic for some complexes.

4.2 Support choice

The standard support for TEM specimen preparation is a perforated amorphous carbon foil, with

1-2 µm diameter holes placed across a 3 mm metal mesh grid (Russo and Passmore, 2016) (Figure

4). The grid requires a small size due to the small column diameter (less than 1 cm diameter) and

to avoid large beam movements. Upon vitrification, sample is spanned across the hole which can be

distributed with irregular spacing and size hole, or located in regular arrays. An even distribution of

the holes is more commonly used, as it facilitates automated data acquisition within the holes.

Grids are made of metal as they have conductivity for electrons and heat and they are malleable. The

most popular metal for the grid is copper, although other materials such as gold are also commonly

used (Figure 4). Samples can be deposited directly onto the grid to form a thin layer of liquid

throughout the holes, or onto an additional thin layer of another material to provide adherent surface

and minimise contact with the air-water interface (Russo and Passmore, 2016). Amorphous carbon is

usually the standard material for perforated foils because it is relatively electron transparent, cheap

and easy to produce. Thin and flat carbon films can be easily prepared by deposition onto mica using a

carbon evaporator at high vacuum (Fujiyoshi, 1998). However, amorphous carbon foils also have some

limitations, such as contribution to beam-induced movement (Brilot et al., 2012) and contribution to

specimen charging (Russo and Passmore, 2014b) (Figure 4).
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Figure 4: Types and design of cryo-EM specimen support: Top view and section diagrams of typical

specimen support geometries, comprising a perforated foil on a metal mesh grid. Sometimes an additional

thin continuous film is added to the foil to change its surface properties. Three different magnifications are

shown (a)–(c) along with lists of materials used for each component of the support. The most commonly

used materials are in bold. Figure adapted from Russo and Passmore (2016) under a Creative Commons

License.

Immobilisation of particles to an extra layer of an appropriate support film onto the grid is a popular

method to minimise interactions between macromolecules and the air water interface. An extra layer

of amorphous carbon film, usually reduces charge-induced movement and the concentration of sample

required (Grassucci et al., 2007), but it increases background noise, hence reducing contrast. There are

some alternative supports, such as titanium silicon (TiSi) (Rhinow and Kühlbrandt, 2008) or graphene

(Geim, 2009). Graphene is a single atom thick layer of sp2 carbon which is nearly transparent at the

spatial frequencies of interest of cryo-EM (Meyer et al., 2007; Pantelic et al., 2011), therefore having

a low noise contribution which can be removed by Fourier masking. Moreover, it has high conduc-

tivity and mechanical strength. Due to its extraordinary properties graphene has been proposed as

a theoretically ideal support for cryo-EM specimen preparation. There are well-established protocols

for the direct transfer of Cu-grown graphene monolayers to cryo-EM grids (Naydenova et al., 2019;

Regan et al., 2010), however the application of sample to these grids usually involves laborious han-

dling steps which contribute to film contamination from the air, and expose protein samples to the

air-water interface. Graphene monolayers are susceptible to airborne contaminants, which increase

their hydrophobicity, hence preventing recruitment of macromolecules. Nevertheless, graphene can be

chemically modified to render it hydrophilic (e.g converting it into graphene oxide) (Palovcak et al.,

2018; Pantelic et al., 2010), or treated with hydrogen-plasma cleaning to convert it to its partially hy-

drogenated form (Russo and Passmore, 2014a), however the former usually causes the loss of graphene
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properties and the latter requires expensive equipment. Recently, the direct wetted preparation of

graphene supported cryo-EM samples using a support floatation block has been reported, avoiding

airborne contamination and the requirement of further treatment (de Mart́ın Garrido et al., 2021).

Prior to sample application, grids are usually washed with water and organic solvents (i.e. ethyl

acetate) to remove residual organic contamination that has accrued during the grid production process.

Further treatment of the grids is needed to remove any contamination that has not been washed off and

to render them hydrophilic for proteins to adsorb onto them. This processes can be achieved generating

a plasma with air (glow-discharge) or using more sophisticated equipment that uses amines, argon or

hydrogen.

4.3 Negative staining

Negative staining was firstly introduced by Brenner and Horne (1959) and has been widely used

to visualise specimens under the TEM at high contrast. Typically, to prepare negatively-stained

specimens, the sample is initially applied to a carbon-coated grid, followed by application of a 2

% uranyl acetate solution. Then the excess of liquid is blotted away and grids are left to air-dry.

Although uranyl acetate is the most commonly used stain because is particularly electron dense and

it decays at a very low rate, other heavy salt metals, such as uranyl formate or ammonium molybdate

can be used.

Under the TEM, heavy salt metals produce high-contrast, whereas biological molecules are composed

of mostly relatively light atoms. Therefore, in a micrograph of a negatively-stained specimen the

biological specimens appear lighter than the background, as they are scattered less strongly. Although

heavy salt metals can go into specimen cavities to some extent, the structural information provided

by negative staining is usually limited to the shape of the molecule. Furthermore, particles of a

certain size can usually be stained unevenly, with sections far away from the carbon being under-

stained and without contributing to the projection of the image, and the stain and air-drying may

cause specimen distortion due to dehydration and flattening (Frank, 2006). For these reasons, the

achievable resolution by negative staining is limited, however this technique is still currently used

at early stages of structural analysis to assess sample quality through a quick and straightforward

procedure.

4.4 Vitrified specimens

Flash-freezing of purified suspensions of macromolecular complexes prevents the crystallisation of

water during the freezing process, resulting in vitrified complexes that preserve their native structures
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(de Mart́ın Garrido et al., 2021). This process is usually done in a chamber with controlled temperature

and humidity (Adrian et al., 1984; Dobro et al., 2010; Dubochet et al., 1988; McDowall et al., 1983).

After blotting, a thin layer remains in the hole, which is subsequently flash-frozen into low temperature,

usually liquid ethane. The specimen must be frozen very quickly to prevent formation of crystalline

ice, which would generate strong scattering on its own. For cryo-EM purposes, grids need to be made

of a material with a low heat capacity (the amount of heat required to increase the temperature of

one mole of substance by 1 K). Conversely, the cryogen needs to have a high heat capacity and has to

be able to remain liquid in the widest range of temperature possible. Liquid ethane is usually used to

flash-freeze biological specimens as it evaporates very slowly, hence preventing ice crystallisation. A

mixture of liquid ethane and propane is also commonly used. After vitrification, frozen samples must

be kept at liquid nitrogen to prevent melting and formation of crystalline ice.

Vitrified samples for electron microscopy must be thin to preserve phase contrast and prevent multiple

scattering events (Grimm et al., 1996; Leapman and Ornberg, 1988), ideally no more than 100-200 nm

and as thin as 20-30 nm (these values might change for each sample and the technique that is being

used). The requirement of a thin layer of vitreous ice means that complexes are close to the air-water

interface (Noble et al., 2018), which causes a wide range of damaging effects to the sample, including

denaturation and preferential orientation. Moreover, when specimens are irradiated by the electron

beam they move and build-up charge (Berriman and Rosenthal, 2012; Brink et al., 1998; Henderson

and Glaeser, 1985) which ultimately limits resolution. The sample support itself can contribute to

this movement (Russo and Passmore, 2014b), therefore the support choice is key for cryo-EM sample

preparation. Currently, preparation of vitrified specimens is usually done with automated equipment

that allow fine control of blotting parameters and control of the environmental conditions, such as

temperature and humidity (Frederik and Hubert, 2005).

Ideally, macromolecules preserve the same identical particle distribution, orientation and structure

than they had when they were in solution prior to freezing. However, many macromolecules of

interest tend to be problematic to prepare in the form of vitrified samples, adsorbing to the air-water

interface, suffering preferential orientations and decreasing the number of particles during vitrification.

Preferential orientations may result in limitation of high resolution of the final 3D reconstruction

(Naydenova and Russo, 2017). Although in some cases, a tilt collection may improve resolution

(Zi Tan et al., 2017) in these cases, it is desirable to know the origin of such preferences. Sometimes

the shape of the particle can be prone to preferential orientations, for example a ring-shape is more

likely to fall on a top view than a side one, however adsorption to the air-water interface also increases

preferential orientations.
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5 Data processing

In single-particle electron microscopy, micrographs are interpreted as projections from an object.

Hence, combining such projections and taking a sufficiently large angular range the object can be

eventually recovered in 3D. To generate a 3D reconstruction, many images from identical or similar

molecules are averaged to enhance the SNR, as well as to provide different views needed to obtain a

complete 3D reconstruction. Providing that there are a sufficient number of images containing high-

resolution information and that those images are aligned and classified appropriately, single-particle

cryo-EM can generate a 3D reconstruction at atomic resolution. An atomic model can then be built

de novo after sequence assignment on the 3D map.

A significant amount of time in single-particle cryo-EM analysis is taken by data processing. The

main steps of data processing will be discussed in the following sections including motion correction,

CTF estimation, selection and particle extraction, generation of an initial structure and its refinement

and assessment of resolution.

5.1 Micrograph pre-processing

5.1.1 Motion correction

One of the main barriers limiting resolution in cryo-EM is noise. Noise can come from different sources:

• Background noise arising from the solvent (ice) or the support. The contrast of the proteins is

only slightly larger than the contrast of water, therefore biological specimens produce really low

contrast.

• Shot noise, caused by statistical variations in the number of electrons hit the detector.

• Radiation damage.

• Beam-induced specimen movement.

• Conformation and compositional changes in the sample (structural noise).

The combination of all these types of noise impose a limit in the achievable resolution, thus the

signal-to-noise ratio (SNR) is an important parameter to measure the limits of resolution. SNR is

importantly affected by radiation damage, which limits the amount of useful information per electron

when exposure time increases. New direct electron detectors benefit from a high frame rate which

can correct beam-induced specimen movement (blurring) by recording a movie throughout exposure,

which means that a single exposure is fractionated into subframes of very short exposure, so that the
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motion is diminished and the noise remains constant. Then, movies can be corrected for the beam-

induced motion during image acquisition by aligning the frames (by registering identical features) and

summing the registered subframes to produce a motion-corrected image.

The first motion correction alogrithms were MotionCorr from the lab of Yifan Cheng (Li et al., 2013a),

and Unblur, developed by the Griegoreff lab (Grant and Grigorieff, 2015). Unblur, averages groups of

adjacent subframes to an optimum dose to improve the SNR (it was done using rotavirus particles).

In MotionCorr, they diagnosed that beam-induced motions were higher in the first few frames, where

the amount of high-resolution information was at its maximum, so discarding these initial frames,

resolution was improved. The two current approaches for motion correction are a Bayesian particle

polishing approach in RELION (Zivanov et al., 2019) and MotionCorr2 (Zheng et al., 2017), the

successor of MotionCorr, which overcome the particle size limit imposed by the previous algorithm.

MotionCorr2 algorithm is based on an experimental model that describes that local motion varies

smoothly throughout exposure and that nonuniform motions are projections of complex 3D sample

deformation onto the image plane. The algorithm uses a 2D polynomial function depending on time

to describe these projections. The image is firstly divided into patches, and motions within each patch

are determined iteratively by cross-correlation. These motions are then used to fit the 2D polynomial

function at each individual pixel and then summed with/without radiation-damage weighting. Al-

though particle polishing shows greater accuracy when correcting beam-induced movement, it requires

a 3D reconstruction to use as a reference to align noisy experimental images and weight them.

The amount of noise present in all frames is constant, however the signal fades towards the latest

frames, therefore decreasing the SNR. Baker et al modelled the relationship between electron exposure

and SNR as a function of spatial frequency, and established a theoretical optimal exposure for each

spatial frequency (Baker and Rubinstein, 2010). These optimal exposures could then be used to

calculate weights for each frame. Since these theoretical studies, motion correction algorithms usually

include a dose-weighting scheme, which usually down weights latter frames of a movie with low SNR,

thus improving significantly resolution. The RELION approach particle polishing is based in modelling

signal deterioration using B-factors and then dose-weighting using the B-factors model (Zivanov et al.,

2019).

5.1.2 CTF estimation

To correct for the CTF decay at high spatial frequencies a more sophisticated approach such as the

Wiener filter is needed. To apply this filter it is necessary to provide some parameters such as spherical

aberration or astigmatism, which are intrinsic from each microscope, or the defocus values, which have
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to be determined for each data collection.

Estimation of CTF parameters is usually done per each micrograph. Usually, the estimation of

the CTF parameters is achieved by calculating the experimental power spectrum of the images and

then comparing to the changes in contrast produced by different values of the parameters. Values

yielding the best cross-correlation between the theoretical and experimental data are used for the

determination of the CTF (Mindell and Grigorieff, 2003; Rohou and Grigorieff, 2015; Zhang, 2016).

The cross-correlation coefficient and the estimated resolution are usually used to estimate the goodness

of the fit. Other parameters estimated by the CTF include the defocus value, the angle of astigmatism

and the phase shift if a phase-plate has been used.

After obtaining a 3D reconstruction which will have enhanced SNR than the individual images, CTF

parameters can be refined for each individual particle, which allow for more accurate CTF determina-

tion and, therefore, better recovery of high-resolution information (Zivanov et al., 2018). Furthermore,

CTF refinement can also estimate other aberrations, such as beam tilt or anisotropic magnification,

however this would only work with a high-resolution reconstruction.

5.2 Particle pre-processing and extraction

After micrograph pre-processing, coordinates for the particles have to be determined on each mi-

crograph. There are different approaches for particle selection. Manual particle selection by visual

micrograph inspection can be very accurate, however it is usually very time-consuming and impractical

for large data sets. An alternative is to select particles semi-automatically by generating a template

after manual selection of few hundreds of particles. This approach is very dependent on the template

quality and one has to be careful because you can end up selecting noise instead of signal. Moreover,

if the template is generated with external data it is important to consider that the grey scale might be

different. Template-based approaches are implemented in BOXER (Tang et al., 2007) and RELION

(Scheres, 2015) and they usually result in several false positives that need further classification. Latest

software based on deep-learning train neural networks to identify particles of interest (Bepler et al.,

2019; Wagner et al., 2019). These algorithms are usually able to automatically pick unusually shaped

proteins (see (Ramlaul et al., 2021) for an example).

After coordinates have been assigned for a good set of particles, those must be extracted into smaller

boxes and normalised to the same grey scale. The box size must be slightly larger than the appearance

of the particle on the micrograph due to the effects of the CTF. Initially, to accelerate extraction and

initial classification steps, during particle extraction is common to average sets of pixels together to

obtain an image with enhanced contrast and of smaller size. However, after particle sorting, particles
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need to be re-scaled to their original size in order to obtain a high-resolution reconstruction.

5.3 Two-dimensional and three-dimensional classification

After extraction, particles are usually cleaned up from false positives, contaminants, ice crystals or

particles without high-resolution information by 2D classification. Briefly, in this process similar

particles are group, aligned and averaged into different 2D classes, which improves the SNR and

allows the generation of well-defined views of the particles. Most modern 2D classification techniques

combine the assignment of particles to class averages with particle alignment to the generated classes.

Usually, we distinguish between supervised and unsupervised classification. The former groups classes

according to their similarity to a prototype or reference, while the second one groups particles depend-

ing on their similarity between them without any further guidance. Various strategies of unsupervised

classification have been proposed to align and classify large sets of single-particle EM images, most of

them based on the K-means clustering algorithm (Joyeux and Penczek, 2002). In this algorithm, the

user can provide a number of classes (K) or, alternatively, initial K classes are generated by random

distribution of particles. Then particle images are compared with the set of classes using cross-

correlation for class assignment. The process is iterative, hence based on the new class assignments,

new class averages are calculated and the whole procedure is repeated until a stable classification is

achieved (Cheng et al., 2015).

Alternatively, RELION has implemented an expectation-maximisation a posteriori approach based

on regularised likelihood optimisation (Scheres, 2012). In this approach, the user provides the set

of particles with respective coordinates, the CTF estimated parameters, a tau value, which is an

overestimation of the signal for regularisation, a particle diameter, and the number of classes for

classification (K). Particles are initially distributed in random K classes. During expectation, particles

are rotated to be similar to the model, whereas during maximisation the class is improved based on

the better matches. Instead of assigning particles to a class it assigns a weight (or probability) based

on the likelihood of this particles to belong to a particular class. To calculate the SNR, RELION

initially assumes that the signal is correct and calculates the noise by subtraction, and the process is

repeated iteratively.

After cleaning the data set by 2D classification, the aim of single-particle is to reconstruct the 3D

object of study from the structural information contained in its 2D images. The extracted classes

after 2D classification represent a set of 2D images corresponding to projections of the imaged 3D

object. 3D reconstruction is usually achieved by back-projection: several 2D images representing

different views of the object are back-projected from different angles to reconstitute the 3D object
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(Penczek, 2010). An accurate reconstruction of the original 3D object can only be achieved if there

are projections from several views.

For 3D reconstruction is essential to accurately determine the three Euler angles. If a previous 3D

structure is available (e.g a low-resolution negative-stain EM 3D reconstruction, a filtered X-ray model

or a filtered EM map of an homologue), it is possible to use it as a template for assignment of the three

Euler angles by projection matching, however one has to be cautious as the grey scale and the SNR

will be different. If any previous structure is available, ab initio 3D structure determination might

be required. Theoretically, determination of a de novo 3D reconstruction could be done by serial

tomography tilts, as the tilt angle is known a priori, however this process is very time-consuming.

A experimental method for ab initio 3D structure determination which was very popular until the

appearance of reliable computational algorithms, is the random conical tilt (RCT) approach (Ra-

dermacher et al., 1987b). This method is based on the fact that one of the orientation parameters

is already known (tilt angle) and the others can be computed in a robust manner. RCT generates

reliable structures, however it is time-consuming and requires additional experimental data. Alter-

natively, computational de novo structure determination algorithms can be used. These approaches

determine five orientation parameters for each projection (the three Euler angles and two transla-

tions) to iteratively improve the 3D structure based on a mathematical criterion. Currently, ab initio

structure determination algorithms based on stochastic gradient descent (SGD) are implemented in

both RELION (Zivanov et al., 2018) and cryoSPARC (Punjani et al., 2017). In this approach, an

initial structure is calculated with random set of particles. Then the process is repeated iteratively

by aligning different subsets of particles to the current models and updating the models with the

assigned orientations. The gradient represents the difference between the previous structure and the

newly generated one. The final structure would be the one with the minimum gradient.

After obtaining an initial map, the structure is refined by 3D projection matching which consists in

the modification of the orientation parameters of each projection to achieved a better match with

back projections of the initial structure (Penczek, 2010).

5.4 Resolution and Post-processing

Refinement is usually monitored by the Fourier shell correlation (FSC) curve, which is used to define

the resolution of the 3D reconstruction (Cheng et al., 2015). To obtain the FSC, data is randomly split

in two half-sets. A 3D refinement is performed for particles belonging to each half-set independently

against the same 3D template, resulting in two half-maps. The similarity between the 3D Fourier

transforms of both maps is then compared by cross-correlation at each spatial frequency. The FSC

curve represents the cross-correlation values of the two half-maps plotted as a function of spatial
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frequency or resolution. A cut-off value for the FSC to determine the resolution of the reconstruction

must be chosen to determine the resolution of the reconstruction obtained when both half-maps are

combined. There are several criterion, however, for cryo-EM maps a threshold of 0.143 is usually set,

based on the relationship between EM results and X-ray crystallography (Rosenthal and Henderson,

2003).

After refinement, RELION implements a post-processing algorithm which masks the final map, re-

calculates the FSC with the mask (which can be automatically generated or provided by the user),

weights the FSC (as it comes from two half-maps), and applies a B-factor. The falloff at high spatial

frequencies in EM is usually represented by a Gaussian term called B-factor, which can be considered

analogous to the temperature factor in X-ray crystallography (Rosenthal and Henderson, 2003). The

most common procedure to estimate the B-factor in cryo-EM is from the Guinier plot, which repre-

sents the logarithm of the average structure (amplitude scattering) versus the square of the frequency

(1/d2). A Guinier plot normally consists of two distinct regions: (i) a pronounced decay dependent

on protein shape and solvent and (ii) a relatively flat region corresponding to secondary structure and

atomic features at high resolution. In the Guinier plot the scattering amplitude is normally described

by a factor that includes the difference between scattering from the protein and from the solvent

(ρ− ρ0)(Rosenthal and Henderson, 2003). By applying a negative B-factor the falloff of the signal is

sharpened so that all spatial frequencies contribute equally.
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