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Lay Summary

Cells store their genetic information into a ‘biological hard drive’ called nucleus.

These information are crucial for a proper functioning of cells. The information is

stored in a sequence of nucleotides (A, C, G, T) that form DNA. Once a cell divides

into two daughter cells, this information must be copied so that each daughter cell

receives a complete identical genetic information.

During my PhD, I investigated how cells duplicate their DNA. This process

is called DNA replication. Replication start from origins of replication and goes

through until it terminates at the end of the genome. Replication factories, scattered

throughout the genome copy the DNA at an impressive rated of 3000 nucleotides

per minutes and an error rate of 1 nucleotide in a billion. In the process of DNA

replication the two strands of DNA are separated, and new daughter strands are

built using the base pairing rules which specify that A pairs with T and G pairs

with C.

Understanding the mechanism and regulation of DNA replication is important

not only for the basic biology of the process but also for medicine. Genetic disease,

like cancer, is caused by mutations in DNA replication and repair. Proteins, which

are involved in the replication of the DNA double strand, may be at high levels in

those cells that are dividing quickly. Thus, any drug that is able to inhibit DNA

replication, and thus slowing down cell division, may be used for treating cancer.
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Abstract

Previous studies suggest a degree of homology between eukaryotic replication, tran-

scription and translation proteins and archaeal ones. Hence, Archaea are considered

a simplified model for understanding the complex molecular machinery involved in

eukaryotic DNA metabolism. DNA replication in eukaryotic cells is widely studied.

In recent years, DNA replication studies expanded on the archaeal DNA replication

machinery.

P. abyssi was the first archaeon whose genome was fully sequenced. Genome

sequencing and comparative genomics have highlighted an MCM-like protein in P.

abyssi. In this study, I report the biochemical and structural characterisation of

PabMCM. PabMCM is explored as model for understanding more complex eukary-

otic MCM proteins and unravelling the biochemical mechanism by which MCM

proteins release their helicase activity.

The crenarchaeon Sulfolobus solfataricus possesses a simplified toolset for DNA

replication compared to Eukaryotes. In particular, S. solfataricus has a subset of

the eukaryotic Okazaki fragment maturation factors, among which there are a het-

erotrimeric DNA sliding clamp, (the proliferating cell nuclear antigen, PCNA), the

DNA polymerase B1 (PolB1), the flap endonuclease (Fen1) and the ATP-dependent

DNA ligase I (LigI). PCNA functions as a scaffold with each subunit having a spe-

cific binding affinity for each of the factors involved in Okazaki fragment maturation.

Here, the 3D reconstruction of PCNA in complex with the Okazaki fragment mat-

uration proteins PolB1, LigI and Fen1 is reported.
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Chapter 1

Introduction

1.1 DNA replication: an overview

DNA replication is the biological mechanism by which dividing cells replicate the

bulk of their DNA. DNA replication is a semi–conservative process [Kornberg and

Baker, 1992]. Replication occurs with the two strands of the DNA duplex being

copied by base pairing with complementary nucleotides. The result of this process

is two DNA duplexes identical to each other and to the parental DNA duplex [Korn-

berg and Baker, 1992]. During DNA replication, several proteins establish multiple

interactions in an astonishing coordination of enzymatic activities aimed to repli-

cate the genetic information. Large multi protein complexes are recruited onto DNA

forming the ‘replisomes’ [Kornberg and Baker, 1992].

DNA replication is carried out in three stages: initiation, elongation and termi-

nation [Kornberg and Baker, 1992]. Initiation begins at specific sequences, called

origins of replication, with the recruitment and activation of replication initiator pro-

teins, resulting in the formation of the pre–initiation complex (pre–IC), in eukary-

otes [Bell and Dutta, 2002] and archaea [Barry and Bell, 2006] or the pre–priming

complex in bacteria [Mott and Berger, 2007]. The initiation phase terminates with

the recruitment of more replicative factors, such as polymerases, resulting in the

assembly of the replication fork [Kornberg and Baker, 1992]. Upon activation of

the replication fork, replication proceeds either unidirectionally (e.g. viruses) or

bidirectionally (e.g. bacteria, eukaryotes and archaea) from the origin to the sites

1



of termination [Kornberg and Baker, 1992]. DNA is replicated by enzymes known

as DNA–dependent DNA polymerases mostly known as DNA polymerases. DNA

polymerases synthesise the complementary strand of DNA in 5’–3’ polarity, using an

RNA fragment as primer and the single–stranded DNA as template. RNA primers

are needed since DNA polymerases require a free 3’–OH to perform the synthesis of

the complementary strand [Kornberg and Baker, 1992]. Owing to the anti–parallel

configuration of the DNA double strand, during DNA replication, one daughter

strand (the leading strand) is synthesised continuously, while the second daughter

strand (lagging strand) is synthesised discontinuously by short RNA–primed DNA

fragments, also known as Okazaki fragments [Kornberg and Baker, 1992]. Okazaki

fragments are then processed, resulting in the removal of the RNA primer and lig-

ation of two, adjacent, Okazaki fragments. As a consequence, the new daughter

strand is covalently ligated into one continuous complementary strand [Kornberg

and Baker, 1992].

DNA replication terminates in bacteria when the replication fork runs into spe-

cific regions of the chromosomal DNA, called the termination sites. The termination

step is mediated by association of specific DNA–binding proteins with the termina-

tion sites, which arrest the coming replication fork at the specific point [Kornberg

and Baker, 1992].

The mechanism of DNA replication has been extensively studied and is relatively

well understood in simple organisms like E. coli [Johnson and O’Donnell, 2005].

On the other hand, eukaryotic DNA replication mechanisms are far more complex

than in prokaryotes. Although the core replicase components are structurally and

functionally quite similar, a larger network of protein–protein and DNA–protein

interactions is required for assembly, propagation and regulation of the eukaryotic

replication fork [Takeda and Dutta, 2005].

Archaea, which represent a separate domain of unicellular organisms, have

eukaryotic–like replisomes. These organisms can therefore be used to understand

the eukaryotic replisomes [Edgell and Doolittle, 1997]. Additionally, investigating

the archaeal replisomes could lead to discovery important biochemical processes

unique in these organisms.
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1.2 Archaea as model to study DNA replication

Carl Woese first reported Archaea as a separate domain of life [Woese and Fox, 1977].

Since then, a growing interest in these fascinating organisms and their unique evo-

lutionary lineage has come into being [Barry and Bell, 2006; Lindås and Bernander,

2013]. Archaea belong to a domain of prokaryotic organisms which thrive in the

most diverse range of environments, including those with high temperature (hyper-

thermophiles), high osmotic pressure (halophiles) and extreme pH (acidophiles and

alkalophiles), often in combination with anaerobic growth conditions [Pikuta et al.,

2007]. Moreover, non-extremophilic archaea are globally distributed in both marine

and terrestrial environments [Robertson et al., 2005]. Currently, phyla recognized

within the domain Archaea are: Euryarchaeota [Woese et al., 1990]; Crenarchaeota

[Woese et al., 1990] and Thaumarchaeota [Brochier-Armanet et al., 2008]. Several

new archaea lineages have been discovered so far, but their phylum status awaits

confirmation [Lindås and Bernander, 2013].

Over the past 20 years, genome sequencing of a number of archaea has shed light

on an interesting similarity between eukaryal and archaeal proteins involved in repli-

cation, transcription and translation [Edgell and Doolittle, 1997; Olsen and Woese,

1997; Lindås and Bernander, 2013]. Archaea also present bacterial–like features,

including the lack of a nucleus, the presence of single circular chromosomes and the

organization of a large fraction of genes into operons. Introns have not been found in

any archaeal gene [Olsen and Woese, 1997; Barry and Bell, 2006; Edgell and Doolit-

tle, 1997]. Comparisons of the amino acid sequences and structural evidence of the

component of archaeal replisomes suggest that archaeal replicative proteins are more

similar to eukaryal than analogous bacterial proteins (Table 1.1) [Edgell and Doolit-

tle, 1997]. Interestingly, many studies have been documenting an eukaryotic–like

cell cycle with characteristic checkpoint–like inhibition of the genome segregation

and cell division. The cell cycle of S. solfataricus is the best characterised to date

[Lindås and Bernander, 2013].

Features such as simplicity of the archaeal replicative machinery and thermosta-

bility of hyperthermophilic archaeal proteins, have made hyperthermophilic archaea
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an appealing model for studying DNA replication.

1.2.1 The euryarchaeon Pyrococcus abyssi

The euryarchaeon Pyrococcus abyssi (Pab) was first isolated from deep–sea hy-

drothermal vent in the North Fiji basin, at 2000 m depth [Erauso et al., 1993].

Vital cells are highly motile cocci of 0.8–2 µm in width with a polar tuft of flagella.

P. abyssi grows at temperatures between 67◦C and 102◦C under atmospheric pres-

sure, with an optium temperature of 96◦C and a doubling time of 33 minutes. P.

abyssi can grow under hydrostatic pressures of 20–40 MPa.

P. abyssi shows a bacterial–like mode of replication [Myllykallio et al., 2000].

Like bacteria, P. abyssi possesses a single origin of replication, high replication

rate (∼20 kb/min) and bidirectionality of the replication fork [Myllykallio et al.,

2000]. Nonetheless, only eukaryal–like proteins are encoded by P. abyssi ’s genome

(Table 1.1)[Cohen et al., 2003].

1.2.2 The crenarchaeon Sulfolobus solfataricus

Sulfolobus solfataricus (Sso) was first isolated in the Solfatara volcano (Pisciarelli,

Naples, Italy) [Zillig et al., 1980]. S. solfataricus thrives in volcanic springs with

optimal growth occurring at pH 2–3 and temperatures of 75–80 ◦C [Huber and

Prangishvili, 2006]. S. solfataricus is acidophilic and thermophilic with irregularly

shaped cells (∼2 µm) and flagellar. S. solfataricus has been extensively used as

model organism for research on mechanisms of DNA replication, cell cycle, transcrip-

tion, RNA processing, and translation [Pfeifer F, 1994]. S. solfataricus possesses the

most eukaryotic–like mode of replication among archaea (Table 1.1) [Duggin and

Bell, 2006]. Similarly to the multi origin organisation of eukaryotic chromosomes,

in S. solfataricus three origins (OriC1,OriC2,OriC3) of replication were discovered

to be active in initiation of DNA replication [Robinson et al., 2004; Lundgren et al.,

2004].
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Table 1.1: DNA replication eukarytic–like proteins from P. abyssi and S. Solfataricus.

P. abyssi S. Solfataricus

Complex Protein Gene name (AN)a

Cdc6/Orc1 Cdc6/Orc1 cdc6 (PAB2265)

cdc6–1 (SSO0257)

cdc6–2 (SSO2184)

cdc6–3 (SSO0771)

MCM Mini–Chromosome maintenance cdc21 (PAB2373) mcm (SSO0774)

DNA polymerase I polI (PAB1128) dpo1 (SSO0552)

DNA pol II
DNA polymerase II small subunit polB (PAB2266)

dpo2 (SSO1459)
DNA polymerase II large subunit polC (PAB2404)

DNA polymerase III polB (PAB2266) dpo3 (SSO0081)

RNAse HII rnhB (PAB0352) rnhB (SSO2384)

DNA primase
DNA Primase small subunit priS (PAB2235) priS (SSO1048)

DNA Primase big subunit priL (PAB2236) priL (SSO0557)

RP–A

Replicative protein A14 rpa2 (PAB2164)

ssb (SSO2364)Replicative protein A29 rpa3 (PAB2165)

Replicative protein A39 rpa1 (PAB2163)

PCNA PCNA pcna (PAB1465)

pcna1 (SSO0397)

pcna2 (SSO1047)

pcna3 (SSO0405)

Flap–endonuclease 1 fen (PAB1877) fen (SSO0179)

DNA Ligase I lig (PAB2002) lig (SSO0189)

RF–C
Replication factor C small subunit rfcS (PAB0068) rfcS (SSSO0768)

Replication factor C large subunit rfcL (PAB0069) rfcL (SSO0769)
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Figure 1.1: Origin of replication architecture of some well studied organisms. (A) DNA
replication origins in three well–studied archaeal models. Origins are indicated with rectangular
boxes while initiator proteins are shown in dark ovals. (B) Functional elements in some well-
studied replication origins. The AT-rich DNA–unwinding elements (DUE) represent the sites
where unwinding occurs during formation of the ‘open complex’ [Leonard and Méchali, 2013].
E. coli oriC contains five classes of DnaA box consensus [Mott and Berger, 2007]. ‘R’ and ‘I’ site
are Dna box consensus for DnaA initiator protein [Mott and Berger, 2007]. IHF and Fis DNA
box consensus for IHF and Fis DNA-bending proteins [Mott and Berger, 2007; Leonard and
Méchali, 2013]. Archaea oriC contains three classes of functional elements. Origin recognition
box (ORB) and mini origin recognition box (mORB) are the box consensus for Orc6/Cdc6
initiator protein. DUEs are not yet well defined in Sulfolobus [Leonard and Méchali, 2013]. S.
cerevisiae autonomously replicating sequences (ARS) is composed of four functional elements
(A, B1, B2, B3) [Gilbert, 2001]. S. pombe, origin of replication consist of multiple AT–rich
elements that contribute partially to origin activity [Gilbert, 2001]. In both, budding and fission
yeast the initiator protein is a multi protein complex formed of ORC, which binds to the origin
and recruits Cdc6 and Cdt1 [Bell and Dutta, 2002].
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1.3 Archaeal origins of replication

An origin of replication is a specific DNA sequence at which replication is initiated

on a chromosome [Kornberg and Baker, 1992].

Bacterial chromosomes have a single origin of replication, termed oriC, which

directs the formation of the pre–priming complex at the origin of replication [Mott

and Berger, 2007]. In E. coli, oriC is approximately 250–bp in length and con-

tains five classes of repeat sequences, referred to as DnaA boxes, which consist of

sequence–specific binding sites for the initiator protein DnaA and the architectural

factors IHF and Fis (Figure 1.1 B) [Mott and Berger, 2007].

In eukaryotic species, the sequences required for initiation vary significantly

among different organisms (Figure 1.1 B) [reviewed in Gilbert, 2001]. For example,

some systems require specific DNA sequences, whereas in others any DNA sequence

can promote initiation of DNA replication [Bell and Dutta, 2002]. Evidence sug-

gests that in higher eukaryotes, origins are defined by a variety of other DNA binding

proteins rather than sequence–specific DNA recognition elements [Barry and Bell,

2006].

P. abyssi was the first Archaeon whose chromosomal replication origin (oriC) was

identified in vivo [Matsunaga et al., 2001]. Subsequently, more origins of replication

were discovered [Barry and Bell, 2006; Wu et al., 2014]. Archaea use a single or

multiple origin(s) of replication to replicate the bulk of their DNA (Figure 1.1 A)

[Kelman and Kelman, 2004; Robinson and Bell, 2005; Wu et al., 2014]. The archaeal

origin(s) of replication consists of an origin(s) region (oriC ) and one or more initiator

genes called Orc6/Cdc6 [Barry et al., 2007]. The origin(s) region consists of a AT-

rich DNA–unwinding elements (DUE) flanked by several conserved repeated motifs

known as origin recognition boxes (ORBs) [Kelman and Kelman, 2003; Leonard

and Méchali, 2013]. Although the number, orientation, and spacing of ORBs vary

among archaea, ORB motifs can be classified in two major classes: a long ORB motif

(22–35 bp) and a shorter ORB motif (12–13 bp), termed mini–ORB. Both consist

of inverted repeats with dyad symmetry. Mini–ORBs are often found in multiple

(7–15) direct repeats analogous to some bacterial origins [Leonard and Méchali,
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2013].

1.4 DNA replication: initiation phase

In 1963, Jacob et al.’s seminal paper proposed the ‘replicon model’, an intriguing

mechanism by which a trans–acting initiator protein would bind a cis–acting repli-

cator DNA sequence to initiate the replication of DNA in bacteria. Over the past 50

years, the ‘replicon model’ has proved to be extremely accurate, and the cis–acting

DNA sequence is now know as the origin of the replication, whilst DnaA, ORC–

Cdc6–Cdt1 and Orc6/Cdc6 are known as trans–acting initiator proteins in bacteria,

eukaryotes and archaea, respectively [Bell and Dutta, 2002; Mott and Berger, 2007;

Barry and Bell, 2006].

The replication process begins in an ordered fashion with the recruitment of

initiator proteins at the origin [Bell and Dutta, 2002]. In eukarya and archaea, initi-

ation results in the assembly of a nucleoprotein complex termed the pre–replicative

complex (pre–RC) [Bell and Dutta, 2002; Barry and Bell, 2006], while in bacteria this

is termed the pre–priming complex [Mott and Berger, 2007]. Initiation is mandatory

to assembling two bidirectional replication forks at the origins of replication [Bell

and Dutta, 2002; Mott and Berger, 2007; Kornberg and Baker, 1992].

Careful coordination of initiation of DNA replication, with the events occurring

during the cell cycle, is vitally important in order to maintain genome stability [Blow

and Dutta, 2005]. This coordination is achieved in two steps: origin licensing and

origin activation [Bell and Dutta, 2002; Blow and Dutta, 2005].

1.4.1 Origin licensing

Origin licensing marks the origin(s) to prevent premature activation of chromosomal

replication, while activation of the origin(s) ensures that chromosomal replication is

timed with the cell cycle.

The bacterial model of pre–priming complex formation is provided in Figure 1.2.

Origin licensing entails regulation of DnaA proteins and DNA methylation at the

level of interspersed ‘GATC’ sites [Mott and Berger, 2007]. Further events ensure
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origin unwinding within the DUE consensus and loading of the replicative helicase

DnaB. Activation is stimulated after the replicative fork is assembled [Kornberg and

Baker, 1992].

In eukaryotes, origin licensing is achieved by assembling the pre–replicative com-

plex (pre–RC) in an ATP–dependent manner. The eukaryotic pre–RC is a nucleo-

protein complex composed of ORC, Cdc6, Cdt1 and mini–chromosome maintenance

protein complex (MCM2-7) [Bell and Dutta, 2002; Blow and Dutta, 2005]. ORC is

recruited at the origins during late G2–phase/early M phase, which in turn recruits

Cdc6, Cdt1 and the MCM2-7 complex during G1 phase. The principal function of

ORC, Cdc6 and Cdt1 is to load the MCM2-7 protein complex, hence forming the

pre–RC [Bell and Dutta, 2002; Takeda and Dutta, 2005].

Archaeal origin(s) licensing occurs in an eukaryotic–like fashion (Figure 1.2)

[Barry et al., 2007; Leonard and Méchali, 2013; Wu et al., 2014]. Most archaeal

genome sequenced to date, with only few exceptions, contain at least one gene ho-

mologous of both ORC and Cdc6 [Barry et al., 2007]. Owing to the homology with

both ORC and Cdc6, archaeal Orc/Cdc6 genes are usually annotated as Orc1/Cdc6–

x [Barry et al., 2007].

In vivo studies with PabOrc1/Cdc6 proteins shown that PabOrc1/Cdc6 binds

to the oriC throughout the cell cycle, similarly to the eukaryotic ORC [Matsunaga

et al., 2001; Bell and Dutta, 2002]. Biochemical observation of other archaeal

Orc1/Cdc6 proteins have shown specific origin binding to ORB elements as well

as unwinding an oriC in vitro [Matsunaga et al., 2010; Robinson et al., 2004].

Bioinformatic analyses, of S. solfataricus genome, revealed a new initiator pro-

tein called Whip (Winged–Helix Initiator Protein, Whip). Whip show a sequence–

specific binding to the oriC3 of origin of S. solfataricus and hence it has been

suggested as candidate for the missing archaeal Cdt1 [Robinson and Bell, 2007].

Structural studies of Orc1/Cdc6 from P. aerophylum and Orc2/Cdc6 A. pernix

revealed that Orc1/Cdc6 proteins consist of three structural domains, two N–

terminal AAA+ modules and a C–terminal winged helix (WH) fold [Liu et al., 2000;

Singleton et al., 2004]. This structural evidence confirms that Orc1/Cdc6 proteins

belong to the family of AAA+ ATPases. In the same group, appear proteins termed
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clamp loaders [Takeda and Dutta, 2005], ATP-fuelled molecular machines which

open, load and close ring–shaped molecules onto DNA [Jeruzalmi et al., 2002]. It

was suggested that ORC and Cdc6 may have a role as clamp loaders since ATP

binding and hydrolysis is required for Cdc6–dependent loading of MCM2-7 com-

plex [Takeda and Dutta, 2005]. Nevertheless, EM studies of yeast pre–RC complex

showed that the ORC–Cdc6 complex forms a ring-shaped structure [Speck et al.,

2005] with ORC arranged as Orc1–4–5–2–6–3 and Cdc6 closing the gap between

Orc1 and Orc–3 and hence forming an heptamer ring with dimensions similar, to

those of the ring-shaped MCM helicase [Chen et al., 2008; Sun et al., 2012]. Recent

cryo–EM studies revealed the architecture of the yeast pre–RC complex. The over-

all structure forms a double heptameric ring, Cdt1 forms extensive contacts with

MCM2-5-7 while the ORC–Cdc6 complex showed structural similarity to the repli-

cation factor C clamp loader, hence suggesting a conserved mechanism of action

[Sun et al., 2013].

The crystal structures of ApeOrc1/Cdc6•DNA [Gaudier et al., 2007] and the

heterodimeric SsoOrc1/Cdc6–1–3•DNA bound [Dueber et al., 2007] showed that

DNA binding is mediated by a C–terminal WD domain that inserts deeply into the

major and minor grooves, widening them both, resulting in unwinding of the duplex

at the binding site [Gaudier et al., 2007; Dueber et al., 2007]. Additionally, DNA

contacts are also established though the N–terminal AAA+ domain. Interestingly,

the crystal structure of DnaA shows a striking structural similarity with the archaeal

Cdc6/Orc1 [Erzberger et al., 2002]. DnaA binds to DNA through its WD domain

while contacting the ATPase domain of the neighbouring DnaA forming an higher

order oligomer [Takeda and Dutta, 2005]. Similar observations, from the crystal

structure of the heterodimeric SsoOrc1/Cdc6-1–3•DNA, suggested a similar higher

order organisation [Dueber et al., 2007].

Origin licensing is achieved in two steps: recruitment and loading of the replica-

tive helicase at the origin and the principal function of ORC, Cdc6 and Cdt1 is

to carry out, in an ATP–dependent manner, the loading of the MCM2-7 complex

(herein MCM2-7), hence forming the pre–RC [Bell and Dutta, 2002]. Several studies

indicate that MCM2-7 is the replicative helicase during S phase [Labib et al., 2001;
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Forsburg, 2004; Moyer et al., 2006].

Several studies in the past few years have revealed the events occurring during

MCM2-7 loading. In vitro reconstruction experiments (loading assay), with purified

ORC, Cdc6, Cdt1 and MCM2-7 revealed the events occurring during origin licensing

[Frigola et al., 2013; Fernández-Cid et al., 2013; Randell et al., 2006; Remus et al.,

2009; Takara and Bell, 2011] and a model of MCM2-7 loaded onto DNA as a double

hexamer has been put forward [Samson and Bell, 2013].

Previous MCM2-7 loading assay with OCR, Cdc6, Cdt1, MCM2-7, showed that

in the presence of ATP, MCM2-7 was loaded onto DNA in a high–salt stable complex.

By contrast, in the presence of ATPγS, no MCM2-7 was loaded onto DNA [Randell

et al., 2006; Remus et al., 2009]. This suggested a two step loading, in which MCM2-7

is first recruited (high–salt unstable complex) and then loaded, in a ATP–dependent

manner (high–salt stable complex) [Randell et al., 2006; Remus et al., 2009]. ORC

associates with the origins in an ATP–dependent manner and in turn is needed for

recruiting Cdc6. Additionally, ORC controls ATP binding and hydrolysis of Cdc6.

ORC–Cdc6•DNA is required for recruiting Cdt1 and MCM2-7 to the origin via the

interaction of Cdt1 with Cdc6 [Randell et al., 2006; Remus et al., 2009].

Recently, a Cdt1–independent MCM2-7 recruitment via ORC–Cdc6•DNA has

been observed in the presence of ATPγS. However, MCM2–4–6, the catalytic sub–

complex of MCM2-7 [Ishimi, 1997; Kaplan et al., 2003; Lee and Hurwitz, 2001],

was at substoichiometric levels [Frigola et al., 2013], hence suggesting that Cdt1

stabilises MCM2-7 during recruitment. Recruitment of the Cdt1–MCM2-7 com-

plex [Remus et al., 2009] via the interaction with Cdc6 triggers ATP hydrolysis by

Cdc6, releasing Cdt1 [Frigola et al., 2013; Randell et al., 2006]. Recruitment occurs

via the interaction of the ORC–Cdc6•DNA bound with the C–terminal domain of

Mcm3, which in turn stimulates ATP hydrolysis of ORC–Cdc6 [Frigola et al., 2013].

Interestingly, the C–terminus of Mcm3 is needed for loading both MCM2-7 hex-

amers [Frigola et al., 2013]. Hence an ORC–Cdc6–MCM2-7 complex could be an

important intermediate in recruiting a second MCM2-7. Fernández-Cid et al. [2013]

have shown that the C–terminal domain of Mcm6 has an autoinhibitory effect on

the association of MCM2-7 with ORC–Cdc6. The interaction of Cdt1 with Mcmc6
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[Yanagi et al., 2002; Liu et al., 2012] reduces this inhibitory activity, hence promot-

ing MCM2-7 loading. ATP–hydrolysis by Cdc6 releases Cdt1 [Fernández-Cid et al.,

2013]. Samson and Bell [2013] proposed a model by which MCM2-7 is loaded as

double hexamer (Figure 1.3).

Similar in vitro loading assays with PfuMCM and PfuOrc1/Cdc6 suggested that

another factor may be required for MCM loading since no high–salt stable complex

was observed. Hence suggesting that only recruitment was occurring [Akita et al.,

2010].

1.4.2 Origin activation

Origin activation is operated by two kinases, a cyclin dependent kinase (CDK)

and a Dbf dependent kinase (DDK), which activate the pre–RC into pre–IC with

subsequently recruitment of additional replication factors (Figure 1.2) [Bell and

Dutta, 2002; Takeda and Dutta, 2005]. Interestingly, genome–wide transcription

mapping indicates that serine–threonine protein kinases show cyclic induction in

Sulfolobus species, suggesting that regulatory factors similar to eukaryotic CDKs

may be present in archaea [Wu et al., 2014].

Additional recruited factors include the GINS complex and the Cell division

cycle 45 protein (Cdc45). These factors are spatially associated with the origin and

temporally regulated throughout the S phase [Takeda and Dutta, 2005].

GINS (Go–ichi–ni–san, 5–1–2–3 in Japanese) was originally discovered as an

essential initiator factor in S. cerevisiae [Takayama et al., 2003]. GINS plays a

key role in the normal progression of the replication fork during S phase [Gambus

et al., 2006]. In this respect, GINS allows association of Cdc45 with MCM2-7 at

the replicaiton fork [Gambus et al., 2006]. Cdc45, GINS and MCM2-7 form the

‘CMG’ complex (Cdc45–GINS–MCM2-7) or ‘unwindosome’ which localizes at the

replication fork during DNA replication [Pacek et al., 2006; Moyer et al., 2006].

EM studies with D. melanogaster (Dme) CMG complex suggest that GINS and

Cdc45 seal the gap between Mcm2 and –5, and that in the presence of ATP, the

planar configuration of MCM2–7 is stabilised [Costa et al., 2011]. This induced

conformational change would allow the appropriate juxtaposition of two functional
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Figure 1.3: Model for pre–RC formation. (A) Cdt1–independent recruitment of MCM2–7
through the interaction of MCM3 C–terminus [Frigola et al., 2013]. (B) In the presence of
Cdt1, the autoinhibitory effect of MCM6 C–terminus is reduced and the Cdt1–MCM2–7 can
establish interactions with Orc–Cdc6•DNA bound [Fernández-Cid et al., 2013]. Upon ATP
hydrolysis, Cdt1 is released with subsequent rearrangement of the MCM3/5/7 into an ‘open–
book’ configuration. Another round of MCM2–7 recruitment and loading occurs in the same
way, resulting in the formation of a double hexamer [Samson and Bell, 2013]. [Figure from
Samson and Bell, 2013]
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motifs (Walker A and Arg–finger) in both Mcm2 and 5 subunits and form the active

MCM2-7 [Costa et al., 2011].

Electron microscope studies on the GINS complex showed a ring–like shape and,

because of its stimulating activity on DNA pol–α, it was suggested to function as a

sliding clamp [Kubota et al., 2003; De Falco et al., 2006]. However, structural studies

with the human heterotetrameric GINS complex revealed a tapered flat central cleft

[Kamada et al., 2007]. Work in yeast, shed light on another factor, chromosome

transmission fidelity protein 4 (Ctf4), which interacts directly with GINS and DNA

pol–α coupling their activities [Gambus et al., 2009]. This interaction has been

structurally determined and Ctf4 resolves to work as a bridge to couple the activity

of GINS and DNA pol–α [Simon et al., 2014].

The archaeal GINS complex was originally identified in S. solfataricus in an

attempt to identify interacting partners of SsoMCM [Marinsek et al., 2006]. In vivo

and in vitro studies suggests that SsoGINS complex is a dimer of dimers consisting

of two GINS proteins, GINS23 and GINS51, with GINS15 interacting with itself

and GINS23 [Marinsek et al., 2006]. In P. furiosus, PfuGINS complex stimulates

PfuMCM activity, which is otherwise very weak [Yoshimochi et al., 2008]. Similar

results were reported for DmeMCM2–7, which in the absence of GINS complex

and Cdc45 has weak helicase activity [Ilves et al., 2010]. It is possible that similar

mechanisms of activation occur in archaea. The three dimensional structure of

the archeal GINS complex from T. kodakarensis (Tko) revealed that the overall

assembly of TkoGINS complex is a dimer of dimers similar to the human GINS,

hence suggesting a similar role at the replication fork [Oyama et al., 2011].

Cdc45 was originally isolated as cold–sensitive mutant in yeast and it was shown

to be essential for cell viability [Zou et al., 1997]. Previous sequence analysis sug-

gested sequence similarities between the conserved DHH domain of Cdc45 and bac-

terial RecJ, which is a 5’–3’ single–strand DNA exonuclease [Sanchez-Pulido and

Ponting, 2011]. Homologs of RecJ have been identified in archaea [Marinsek et al.,

2006], and it was suggested that archeal RecJ might have a similar role of Cdc45 at

the replication fork.

Structural studies of a truncated form of T. thermophilus RecJ protein revealed a
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typical DHH fold [Yamagata et al., 2002]. Biochemical characterisation of an active

ssDNA DNA–specific 5’–3’ exonuclease from T. kodakarensis, named GAN nuclease

(GINS–associated nuclease) revealed an interaction with TkoGINS15, which in turn

stimulates TkoRecJ’s nuclease activity [Li et al., 2011].

To date, no functional activity has been reported for Cdc45. However recent data

suggest a model whereby Cdc45 may act as a molecular wedge and help unwinding

DNA duplex during DNA replication [Szambowska et al., 2014].

The initiation phase terminates with origin unwinding and recruitment of single–

strand binding proteins, primases, loading of sliding clamps and DNA polymerases

for initiating DNA synthesis (discussed below)[Takeda and Dutta, 2005].

1.4.3 The archaeal Mini–chromosome maintenance

MCM genes encoding proteins were first described in yeast as mutants whose muta-

tions abolished the ability of the cells to maintain a plasmid containing a centromer

and a replication origin [Maine et al., 1984; Takahashi et al., 1994].

MCM proteins are representative of a group of conserved nuclear proteins im-

plicated in DNA replication of archaeal and eukaryal genomes [Kearsey and Labib,

1998]. In eukaryotes, the best known MCM proteins, are a family of six conserved

proteins, which form the replicative helicase MCM2-7, directly implicated in the

initiation and elongation step of DNA replication [Labib et al., 2001; Labib, 2000].

Although a few eukaryal MCM proteins have been identified to date, not all MCM

proteins are directly involved in DNA replication [Maiorano et al., 2006; Kearsey

and Labib, 1998].

Homologues of eukaryal MCM proteins have been identified in all archaeal

genomes sequenced to date [Barry and Bell, 2006]. Conversely to eukaryotes, ar-

chaea have only one MCM gene homologous of the MCM2-7 family [Barry and Bell,

2006]. It has been proposed that MCM is also the replicative helicase in archaea

[Sakakibara et al., 2009b; Barry and Bell, 2006].

M. thermoautrophicum was the first archaeal MCM protein whose properties

were studied. Recombinant MthMCM was shown to bind ssDNA and dsDNA; hy-

drolyse ATP, in the presence of DNA; and possess, 3’→5’ ATP–dependent DNA
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helicase [Kelman et al., 1999].

All archeal MCM proteins possess helicase activity and both DNA–dependent

and –independent ATPase activity [Kelman et al., 1999; McGeoch et al., 2005; Barry

et al., 2007; Atanassova and Grainge, 2008; Jenkinson and Chong, 2006; Fletcher

et al., 2003] with the exception ofMkaMCM, which is inactive [Bae et al., 2009]. Like

the eukaryotic MCM4/6/7, archaeal MCM proteins have a 3’→5’ helicase activity

[Barry and Bell, 2006]. By contrast, the bacterial DnaB possesses a 5’→3’ helicase

activity [Kornberg and Baker, 1992].

EM studies suggest that archaeal MCM proteins adopt a double hexameric as-

sembly, although hexameric single rings, heptameric single rings, double heptameric

rings and filamentous form have been reported [Gómez-Llorente et al., 2005; Chen

et al., 2005; Bae et al., 2009; Costa et al., 2006a; Pape et al., 2003; Slaymaker et al.,

2013].

In archaea, the MCM proteins contain about 650 amino acids and can be divided

in three structurally different domains: N–terminal, AAA+ and helix–turn–helix

(HTH) (Figure 1.4A).

The architecture of the N–terminal domain of archaeal MCM proteins

The N–terminal domain is required for DNA binding and multimerisation of the

MCM complex [Fletcher et al., 2003; Kasiviswanathan et al., 2004].

The N-terminal has also a role in regulation of the ATPase activity, helicase

activity and substrate specificity. MCM proteins with deleted N–terminus have

higher ATPase activity, robust helicase activity and altered range of substrate that

can melt [Barry et al., 2007; McGeoch et al., 2005; Jenkinson and Chong, 2006].

The crystal structure of the N–terminal domain ofMthMCM and SsoMCM shows

a three domain (A, B and C) architecture (Figure 1.4 A) and a central positively

charged channel, large enough (23 Å) to accommodate either ssDNA or dsDNA

[Fletcher et al., 2003; Liu et al., 2008]. The central channel is decorated with β–

hairpins (C domain), which have been shown to bind both ssDNA and dsDNA

[Fletcher et al., 2003; Kasiviswanathan et al., 2004; Poplawski et al., 2001; Mc-

Geoch et al., 2005]. The A domain plays a role in regulating helicase activity [Ka-
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siviswanathan et al., 2004] and recent studies provided evidence for a DNA binding

site [Costa et al., 2008]. The B domain contains a zinc–finger motif (C4 type),

which binds to ssDNA. Mutations of this motif affect DNA–dependent ATP hydrol-

ysis and helicase activity, but not the oligomeric structure [Kasiviswanathan et al.,

2004; Poplawski et al., 2001]. The C domain is involved in multimerisation of MCM

proteins into a ring [Kasiviswanathan et al., 2004]. Additionally, the C domain con-

tains an highly conserved N–terminal communication loop (NCL) [Sakakibara et al.,

2008]. Mutational analyses and structural studies demonstrated that the NCL has

a key role in communication between N–terminal domain and the AAA+ module of

adjacent subunits within the MCM ring [Sakakibara et al., 2008; Barry et al., 2009].

The architecture of the MCM AAA+ catalytic domain

MCM proteins are member of the AAA+ superfamily of ATPases. Members of

this superfamily use the energy from cycles of ATP binding, hydrolysis and release

of ADP to effect DNA melting and translocation along the DNA duplex [Ogura

and Wilkinson, 2001a; Snider et al., 2008]. An important advance in understand-

ing the structural biology of MCM proteins came with the crystal structure of the

monomeric SsoMCM (residues 7–601, lacking the 85 HTH domain) [Brewster et al.,

2008] (Figure 1.4 B) and, more recently, the structure of the monomeric full–length

MkaMCM [Bae et al., 2009]. These structures revealed the AAA+ catalytic domain

folds into two distinct domains: an α/β–domain and a three–strands helical domain

called the α–domain or lid domain [Brewster et al., 2008; Bae et al., 2009]. The two

domains are connected by the α/β–α linker (Figure 1.4 A) [Brewster et al., 2008;

Bae et al., 2009]. Common structural motifs of the active site of AAA+ superfamily

of ATPases are: Walker A and B, sensor 1 and 2, and arginine–fingers, which carry

out cycles of ATP binding, hydrolysis and release of ADP. The energy released for

this process drives conformational changes in the motor that are required for the

power stroke [Ogura and Wilkinson, 2001a; Snider et al., 2008].

Modelling of the SsoMCM crystal structure into the 3D–EM map of the dou-

ble hexameric ring of MthMCM, allowed the generation of the first models of a

hexameric assembly of SsoMCM (Figure 1.5 A). This model showed that individual
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subunits have a ‘cis’ and a ‘trans’ face (Figure 1.5 B). In this respect, the ‘cis’–acting

structural motifs are the Walker A, B and sensor 1 whilst sensor 2 and arginine–

finger are the ‘trans’–acting structural motifs [Brewster et al., 2008; Bae et al., 2009;

Moreau et al., 2007].

The structure also revealed three β–hairpins: the H2I–hairpin, the PS1–hairpin,

both pointing toward the central channel, while the third one, the Ext-hairpin is

located exteriorly on the surface of the hexameric ring [Brewster et al., 2008].

The glutamate switch is another motif found in the AAA+ domains which ‘senses’

the presence or absence of ligand (DNA in the case of MCM) and induces reposi-

tioning of the key glutamate residue in the Walker B thus regulate ATPase activity

upon ligand binding control [Zhang and Wigley, 2008; Beattie and Bell, 2011].

The C–terminal HTH domain

The C–terminal HTH domain might have a regulative role, in particular, a negative

effect on the helicase activity of MCM complex [Barry et al., 2007; Jenkinson and

Chong, 2006]. Deletion of the HTH domain showed increased ATPase and helicase

activity [Barry et al., 2007; Jenkinson and Chong, 2006].

The MCM complex is a 3’→5’ helicase and, as such, it translocates along DNA

in a 3’→5’ direction whilst melting DNA [Bell and Botchan, 2013]. The motor

that drives the DNA melting process is the AAA+ module. Cycles of ATP bind-

ing, hydrolysis and release within the active site of the AAA+ module drive the

conformational changes, within the MCM complex, required for effecting DNA un-

winding [Bell and Botchan, 2013]. As, in other example of AAA+ proteins, the active

site in the MCM complex is located between the subunits forming the ring [Ogura

and Wilkinson, 2001a; Snider et al., 2008]. This bipartite nature of the active site

provides a mechanism for communication between subunits. Studies on SsoMCM

have shown cooperation between subunits [Moreau et al., 2007]. Barry et al. [2009]

suggested that this cooperation depends on the NCL. In particular, during cycles

of ATP binding, hydrolysis and release of ADP, the PS1–hairpin, within the sub-

unit, is repositioned to establish contact with the NCL in the neighbour subunits,
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Figure 1.5: Model of hexameric assembly of SsoMCM and proposed unwinding mode.
(A) Model of hexameric assembly of SsoMCM. Left, side view in which is visible the side
channel between subunits. Right, the same hexamer rotated 90◦to a top view down the central
channel, looking from the C–terminal face. (B) Steric–exclusion model of a single SsoMCM
helicase. DNA is shown as black lines. SsoMCM helicase is shown while translocating along
the DNA with one single strand of DNA passing through the inner channel. The other strand
is displaced ahead of the C–terminal domain [Bell and Botchan, 2013; Brewster et al., 2008].
Ext, β–hairpin on the exterior of the helicase; H2I, helix–2 insertion β–hairpin; PS1, pre–sensor
1 β–hairpin; NT, N-terminal β–hairpin;.
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which in turn repositions its N–terminal β–hairpin. Evidence suggests that a second

β–hairpin in the AAA+, the H2I–hairpin, undergoes to nucleotide–depending repo-

sitioning [Jenkinson and Chong, 2006]. The crystal structure of SsoMCM showed

that these to β–hairpins are in close apposition to each other, suggesting that these

two elements may function as single module [Beattie and Bell, 2011].

To explain the helicase activity of the archaeal MCM complex, several models

have been proposed [Sakakibara et al., 2009b]. However, data suggest a simple

steric–exclusion model whereby a single hexameric MCM moves along ssDNA while

displacing a second ssDNA ahead of it [McGeoch et al., 2005; Rothenberg et al.,

2007; Graham et al., 2011; Bell and Botchan, 2013] (Figure 1.5 B).

1.5 DNA replication: elongation phase

The DNA duplex is replicated during the elongation phase, after two replisomes per

origin have been assembled [Kornberg and Baker, 1992]. The antiparallel structure

of DNA requires lagging strand synthesis to proceed in the opposite direction of the

replication fork. Thus, during chromosomal DNA replication the leading strand is

replicated continuously while the lagging strand is extended discontinuously in the

opposite direction, respect to the leading strand, by short RNA–DNA fragments,

the Okazaki fragment (Figure 1.6) [Kornberg and Baker, 1992].

At the onset of the elongation phase, the duplex DNA is opened and unwinded

and the newly exposed ssDNA is coated with single–strand binding proteins (SSB).

The DNA primase, which synthesizes the short RNA primers for the initiation of

DNA synthesis, recruited to the replication bubble along with the replicative poly-

merases to initiate rapid and processive bidirectional DNA synthesis [Kornberg and

Baker, 1992]. A crucial event in this phase is the polymerases switch from the pri-

mase to the high processivity polymerases, which, at least in eukaryotes, is most

likely catalysed by the replication factor C (RFC) [Hubscher and Seo, 2001]. RFC is

a DNA–dependent ATPase, which catalyses the opening of PCNA in order to load it

on DNA duplex at the replication fork [Kelch et al., 2011] ([RFC are reviewed in Yao

and O’Donnell, 2012]). It is known that PCNA confers processivity to replicative
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Figure 1.6: Model of the architecture of replication fork in archaea. DNA is indicated
in black. Names of the enzymes are shown. RNA primers (in grey) are synthesised by primase.
MCM is shown as a hexameric assembly with the leading strand exiting from the side channel
of the ring. MCM intercats with GINS, which in turn interacts with the primase. Single–strand
DNA binding proteins, binds the ssDNA a stabilise it during replication. DNA polymerases
extend the RNA primers on both leading and lagging strand. PCNA can act as molecular ‘tool
belt’ and ‘carries’ enzymatic activities (PolB1, Fen1 and LigI) for Okazaki fragment maturation
along the lagging strand (Adapted from [Barry and Bell, 2006]).
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polymerase [Kornberg and Baker, 1992].

In bacteria, the organisation of the replication fork has been well characterised

[reviewed in Johnson and O’Donnell, 2005]. It is known that the DnaG, which

associate with the replicative helicase DnaB, effects primase activity. Pol III is the

high–processivity replicative polymerase and associate with the β–clamp [Kornberg

and Baker, 1992; Johnson and O’Donnell, 2005]. Coordination of the replication fork

occurs through the action of the γ–θ protein complex, which tethers and coordinates

the enzymatic activities of DnaB, DnaG and Pol III, by physically interacting with

them [Johnson and O’Donnell, 2005].

In eukaryotes, three polymerases are loaded: DNA pol–α (primase), DNA pol–δ

and DNA pol–ε, although Pol–δ can accomplish the synthesis of both lagging and

leading strand without Polε [Takeda and Dutta, 2005; Hubscher and Seo, 2001].

Additional factors needed for efficient DNA synthesis include topoisomerases, which

relieve tension created by the replication fork in the duplex DNA. Additionally, a

number of enzymes are required for maturation of the Okazaki fragments to form a

continuous duplex DNA [Kornberg and Baker, 1992].

In terms of proteins participating in the elongation of the lagging and leading

strand, the archaeal machinery is a simplified version of that of eukaryotes (Fig-

ure 1.6) [Barry and Bell, 2006; Beattie and Bell, 2011; Ishino and Ishino, 2012;

Lindås and Bernander, 2013]. In archaea, the homologue of DNA pol–α is the

heterodimeric primase [Barry and Bell, 2006]. In eukarya, the primase is a heterote-

tramer composed of PriS, PriL, Pol–α and B subunit [Johnson and O’Donnell, 2005].

The archaeal primase is a heterodimer composed of a small (PriS) and a large (PriL)

subunit homolog of eukaryal PriS and PriL [Barry and Bell, 2006]. In S. solfatari-

cus, P. furiosus and P. horikoshii PriS possesses both RNA and DNA polymerase

activity in vitro [Barry and Bell, 2006]. PriL seems to have a regulative role with

respect to PriS since it was observed that in the presence of PriL, PriS had increased

RNA polymerase activity and a more homogeneous average product length [Barry

and Bell, 2006]. Archaeal genomes encode DNA dependent DNA polymerases (dis-

cussed in section 1.5.3), however little is known about archaeal DNA polymerase in

vivo [Barry and Bell, 2006]. As in eukaryotes, PCNA is loaded, at the replication
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fork, in an ATP–dependent manner by RFC [Lindås and Bernander, 2013]. Simi-

larly to eukaryotic polymerases, archaeal polymerases associate with PCNA via the

PIP–box and association results in increased polymerase processivity [Beattie and

Bell, 2012].

1.5.1 Okazaki fragment maturation

Okazaki fragment maturation represents a required procedure to impart chemical

stability to the lagging strand [Kornberg and Baker, 1992]. Due to the antiparallel

configuration of the DNA duplex, the synthesis of the lagging strand involves some

elegant enzymatic choreography [Nelson et al., 2008]. While the leading strand is

replicated continuously, the lagging strand is replicated discontinuously by short

RNA–primed fragments termed Okazaki fragments [Kornberg and Baker, 1992].

Okazaki fragments are then joined together in a process called Okazaki fragment

maturation. Okazaki fragments are generated through strand displacement by the

polymerase. In this process structure specific flap endonuclease 1 (Fen1) recognises

the DNA flap and cleaves it and thus leaving a nicked duplex DNA. Ligase I recog-

nises this nick and seal it off [Kornberg and Baker, 1992].

Archaeal and eukaryal Okazaki fragments are similar in length (∼100 nt) [Mat-

sunaga et al., 2003], whereas bacterial Okazaki fragments are longer (∼ 1000 nt)

[Kornberg and Baker, 1992]. The crenarchaeon S. solfataricus has been adopted as

model organism for Okazaki fragment maturation since it was shown to possess a

simplified tool set of eukaryotic–like Okazaki fragment maturation proteins (DNA

polymerase, Fen1, LigI and PCNA) [Dionne et al., 2003; Beattie and Bell, 2012].

In vitro Okazaki fragment maturation experiments, showed that SsoPCNA,

SsoPolB1, SsoFen1 and SsoLigI are necessary and sufficient for an efficient for

Okazaki fragment maturation [Beattie and Bell, 2012]. Interestingly, previous in

vitro experiments with the same proteins showed that a single SsoPCNA ring could

bridge, between SsoFen1 and SsoLig1 or SsoPolB1, and binding was specific for

each one. In particular, PolB1 binds to PCNA1; Fen1 binds to PCNA2; whereas

Lig1 binds to PCNA3 [Dionne et al., 2003]. These data led to hypothesise a model

in which PCNA establishes multiple simultaneous interactions with its interactors,
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hence forming a molecular ‘tool belt’ [Dionne et al., 2003].

1.5.2 The proliferative cell–nuclear antigen

Proliferative cell–nuclear antigen (PCNA) was historically identified as a nuclear

antigen, highly expressed during S phase in proliferating cells [Warbrick, 2000].

PCNA proteins also participate in DNA repair and recombination [reviewed in

Moldovan et al., 2007]. PCNA belongs to the family of DNA sliding clamps (β–

clamp) [Moldovan et al., 2007]. Sliding clamps are ring–shaped proteins whose

central cavity is large enough to accommodate dsDNA hence encircle DNA and

allow tethering of their cognate client proteins to the DNA template (Figure 1.7)

[Jeruzalmi et al., 2002]. As an example, tethering the polymerase by sliding clamps

enables processivity and high-speed replication during chromosomal DNA replica-

tion. Sliding clamp proteins are structurally and functionally conserved through the

three domains of life [Moldovan et al., 2007; Warbrick, 2000; Jeruzalmi et al., 2002].

PCNA sliding clamps have no known activity and the only activity known is its

ability to move along dsDNA [Pan et al., 2011].

Eukaryotic PCNA is a homotrimeric complex while the bacteria homologue is a

homodimeric complex termed β–clamp [Moldovan et al., 2007]. The crystal structure

of human PCNA [Krishna et al., 1994] revealed the ring–shaped trimeric complex

with three PCNA monomers arranged in a head–to–tail manner. PCNA monomers

are divided into two structurally similar domains (domain I and II), which are

connected via a long stretch of residues termed the inter–domain connecting loop

(IDCL) [Mailand et al., 2013]. In yeast PCNA•DNA bound structure, PCNA encir-

cles dsDNA and can track freely along it in both directions [McNally et al., 2010].

Archaeal PCNA forms homotrimeric rings in Euryarcheaota (i.e. P. furiosus),

whereas in Crenarchaeota, rings are heterotrimeric (i.e. S. solfataricus) (Figure 1.7)

[Pan et al., 2011]. A number of archaeal PCNA proteins have been structurally

characterised and revealed a striking structural similarity to the eukaryotic PCNA

[Krishna et al., 1994].
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Figure 1.7: Architecture of the Sso proliferative cell–nuclear antigen. Left, Model of the
heterotrimeric SsoPCNA. View down the central cavity of SsoPCNA. Monomers are indicated
as PCNA1, PCNA2, PCNA3. Grey circles indicate the inter domain connector loop (IDCL),
which is need to establish interactions with the PIP box of PCNA–interacting proteins. Right,
the same model rotated of 90◦.
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PCNA–interacting proteins, conformation flexibility and coordination of

multiple proteins

The eukaryotic PCNA can establish several interactions with a large number of pro-

teins (herein client proteins) and regulates their activities [summarised in Moldovan

et al., 2007]. PCNA–interacting proteins bind to the IDCL, on PCNA (Figure 1.7),

through the PCNA–interacting protein domain (PIP box) on the client protein

[Moldovan et al., 2007; Pan et al., 2011]. The PIP box may be found either at

the N–terminus or at the C–terminal tail of the client proteins [Moldovan et al.,

2007]. The PIP box can be identified with the consensus sequence QxxΨxxΘ (Ψ,

hydrophobic residues L, M or I; Θ, aromatic residues F or I) [Moldovan et al., 2007;

Warbrick, 2000]. The first structure of the human PCNA in complex with the C–

terminal tail of p21WAF1/CIP1 showed that all the three subunits of the homotrimeric

complex could establish extensive interactions with each of the subunits composing

the ring [Gulbis et al., 1996].

Structural observations of human PCNA–(Fen1)3 complex [Sakurai et al., 2005]

and, more recently, the archaeal PCNA–(RNase HII)3 complex [Bubeck et al., 2011]

shown simultaneous binding without steric hindrance and three different conforma-

tions of identical client proteins [Sakurai et al., 2005; Bubeck et al., 2011]. A key

structural motif, the ‘hinge’ motif, located between the PIP motif and the catalytic

core of the client protein allowed such flexibility [Sakurai et al., 2005; Bubeck et al.,

2011; Beattie and Bell, 2011]. Conformational flexibility has been observed in other

structural studies of PCNA–client protein complexes [Mayanagi et al., 2011; Nishida

et al., 2009; Pascal et al., 2006]. The DNA polymerase can adopt different confor-

mational states upon a single PCNA ring, to allow switching between polymerising

and editing mode [Mayanagi et al., 2011; Nishida et al., 2009]. Similar conforma-

tional flexibility was observed for LigI, which can adopt an extended conformation,

in the absence of nicked dsDNA [Pascal et al., 2006], or a C–shaped conformation,

in the presence of a nicked substrate [Nishida et al., 2009], upon a single PCNA ring.

This observation suggested that client proteins are able to adopt flexibility around

a single PCNA ring, which in turn facilitates the coordination of enzyme activity,

acting as molecular ‘tool belt’ [Sakurai et al., 2005; Bubeck et al., 2011; Beattie and
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Bell, 2011].

Multiple protein coordination is best supported by SsoPCNA [Beattie and Bell,

2011], which assembles in a stable homotetrameric ring [Williams et al., 2006] and

has been shown to posses subunit specificity for distinct client proteins [Dionne

et al., 2003]. All these observations raise the possibility that all three proteins can

simultaneously associate with a single PCNA ring [Dionne et al., 2003; Beattie and

Bell, 2011, 2012].

1.5.3 DNA Polymerase

DNA–dependent DNA polymerases carry out the synthesis of the new daughter

DNA strand using RNA–primed ssDNA template and deoxynucleotides [Kornberg

and Baker, 1992]. Polymerases are also involved in other processes within the DNA

metabolisms, for example, repair and recombination. Based on sequence homology,

DNA polymerases can be classified into six distinct groups (type (or family) A, B,

C, D, X, and Y) [Hubscher et al., 2002; Joyce and Steitz, 1994].

In bacteria, two polymerases are entailed for DNA replication, Pol I, which be-

longs to the family A of polymerases and is involved in Okazaki fragment maturation;

Pol III, which belongs to the family B of polymerases and carries out the synthesis

of the leading strand [Kornberg and Baker, 1992].

In eukaryotes, the three polymerases essential for DNA replication belong to the

family B polymerases. They share a conserved catalytic core although they have

distinct function in S phase [Waga and Stillman, 1998; Takeda and Dutta, 2005;

Hubscher and Seo, 2001].

Only the B and D family of polymerases have been found in archaeal genomes

(Figure 1.8) [Barry and Bell, 2006]. Three groups of family B polymerases have

been identified in all archaeal genomes [Grabowski and Kelman, 2003]. The family

D polymerases seem to be unique to the euryarchaeota phylum [Cann et al., 1998].

PfuPolD polymerases are composed of two subunits: DP1 and DP2. DP1, has

sequence homology with the non–catalytic B subunit of the family B polymerases

(Pol–α (p70 subunit), Pol–δ (Cdc27p) and Polε (p55 subunit)) [Grabowski and Kel-

man, 2003]. DP2, has distinct sequence from other DNA polymerases, contains the

29



polymerization activity [Grabowski and Kelman, 2003]. By contrast, in crenarchaea

no D family of polymerases have been found [Barry and Bell, 2006].

It is not clear yet which DNA polymerase is the replicative polymerase in archaea.

In euryarchaeota, biochemical data support a model where PolB synthesises the

leading strand while PolD the lagging strand [Henneke et al., 2005]. In Crenarchaea,

it may be possible that the three B–type of polymerase have distinct roles on the

leading and lagging strand [Barry et al., 2007].

1.5.4 Flap-endonuclease 1

Flap-endonuclease 1 (Fen1) is a structure–specific endonuclease 5’–3’ exonuclease

whose activity is released on branched DNA molecules resulting in the cleavage of the

5’ end single strand flap [Liu et al., 2004]. The DNA flap is a forked DNA structure

composed of double-stranded DNA and a displaced single-strand (Figure 7.10A).

A DNA flap is generated, during DNA replication of the lagging strand, following

strand displacement of the downstream Okazaki fragment [Hubscher and Seo, 2001].

Fen1 plays a key role in Okazaki fragment maturation since it catalyses RNA primer

removal [Turchi et al., 1994], in both eukarya and archaea [Hubscher and Seo, 2001;

Grabowski and Kelman, 2003]. In bacteria, RNA primer removal it is carries out by

Pol I [Kornberg and Baker, 1992].

Homologs of eukaryal Fen1 have been identified in archaeal genomes [Hosfield

et al., 1998; Matsui, 1999; Dionne et al., 2003]. Sequence analysis of M. jannaschii,

A. fulgidus and P. furiosus revealed a striking sequence similarity (75%) with the

human Fen1 [Hosfield et al., 1998].

Biochemical and structural studies of archaeal homologues of Fen1 from several

archaea shed light on biochemical properties, similar to the eukaryotic Fen1 in terms

of substrate specificity and catalytic activity [Liu et al., 2004].

The three-dimensional structures of the P. furiosus [Hosfield et al., 1998], M.

jannaschii [Hwang et al., 1998], and P. horikoshii [Matsui et al., 2002] Fen1 revealed

a common feature, which is a long flexible loop large enough to accommodate ssDNA,

supporting the biochemical observations of a threading mechanism for the substrate

through the hole in the enzyme [Sayers and Artymiuk, 1998; Grabowski and Kelman,
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Figure 1.8: Architecture of family B DNA polymerase. Family B of DNA polymerases
share a common overall architectural feature. They have a shape that can be compared with that
of a right hand and have been described as consisting of ’thumb‘, ‘palm’ and ‘fingers’. ‘Palm’
domain seems to be catalysis of the phosphoryl transfer reaction. ‘Fingers’ domain includes
important interactions with either the incoming nucleoside triphosphate and the template base
to which it is paired. ‘Thumb’ may play a role in positioning the duplex DNA and in processivity
and translocation [Joyce and Steitz, 1994]. (Desulfurococcus strain Tok, PDB 1QQC; S.
solfataricus PolB1, PDB 1S5J and apo RB69, PDB 1IH7).
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2003].

1.5.5 DNA ligase I

A DNA ligase is an enzyme, which catalyses the formation of a phosphodiester bond

between adjacent 3’–OH end and 5’–PO4 termini of two DNA strands [Kornberg

and Baker, 1992]. DNA ligases can be divided into two groups: ATP– and NAD+–

dependent ligases [Kornberg and Baker, 1992]. DNA ligases have key roles in many

important cellular process including DNA replication, recombination, and repair

[Kornberg and Baker, 1992]. DNA ligases, using ATP as a cofactor are mostly

found in eukaryotes whereas, NAD–dependent ligases are normally found in bacteria

[Shuman, 2009].

Homologues of the eukaryal ATP–dependent DNA ligase I (LigI) have been iso-

lated in M. thermautotrophicus [Sriskanda et al., 2000], Aeropyrum pernix [Jeon

and Ishikawa, 2003], S. solfataricus [Dionne et al., 2003], P. furiosus [Nishida et al.,

2006]. Structural observation revealed that archaeal LigI can adopt either an ex-

tended (SsoLigI [Pascal et al., 2006]) or a C-shaped protein clamp conformation

(PfuLigI [Nishida et al., 2006]) (Figure 1.9). The latter, strongly resembles the

structure of two well–characterised ligases, the human LigI [Pascal et al., 2004] and

the bacterial LigA [Shuman, 2009], engaged onto nicked DNA (Figure 1.9).

1.6 Transmission electron microscopy and single

particle analysis

In 1931, two Germans, the physicist Ernst August Friedrich Ruska, Nobel prize

laureate (1986), and the electrical engineer Max Knoll built the first prototype of

a transmission electron microscope (TEM), which was capable of magnifying an

object up to 400 times. Since then, much has been achieved in terms of technology.

Today, the state–of–art electron microscope can magnify an object to 50 million

times. TEMs are so powerful, in terms of resolution or more accurately resolving

power, since electrons, which have shorter wavelength than visible light, are used
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Figure 1.9: Architecture and conformational changes of DNA ligase upon DNA bind-
ing. (A) Linear representation of DNA ligase I domains. (B) Three crystal structures supporting
DNA ligase I conformational changes. DNA ligases from S. solfataricus (PDB code 2HIV) adopt
an extended conformation, P. furiosus (PDB code 2CFM) adopt a C–shaped conformation upon
ATP binding similar to human LigI engaged onto DNA (PDB code 1X9N). The ATP–dependent
DNA ligase I, consisting of three distinct domains, changes its conformation upon engaging a
nicked DNA substrate and catalyse the ligation reaction.
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as source of light to ‘see’ an object [Williams and Carter, 2009]. An easy way to

express the resolving power, meant as ‘the smallest distance that can be resolved ’, of

a TEM instrument is to use the Rayleigh criterion:

δ =
0.61λ

µ sinθ
=

0.61λ

A

Where

δ: resolution limit

λ: electron wavelength (nm)

µ: diffraction index, which is 1 in high–vacuum

θ: semi–angle of collection of the magnification lenses

A: numeric aperture

The formula suggests that the resolving power or resolution limit (δ) of a mi-

croscope is limited by the wavelength used to ‘see’ the object. Since electrons are

smaller than atoms, it should be possible, theoretically, two ‘see’ below the atomic

level [Williams and Carter, 2009]. However, the resolution limit of a TEM instru-

ment is not limited by the wavelength but principally by the imperfections of the

electron lenses (spherical and chromatic aberration). In fact, if microscopes were

totally devoid of defects, their resolution would only be limited by the wavelength

of the beam [Williams and Carter, 2009]. However, modern TEM instruments use

hardware correction of lenses’ imperfections and it is now possible to visualise an

object at sub–Å scale [Williams and Carter, 2009].

Similar to a conventional light microscope, a TEM instrument consists of a light

source, in which case is the electron source; lenses, which consist of electromag-

netic rings that deflect electrons by an electromagnetic field; and an image detector,

which can be a fluorescent viewing screen, a photographic film; a digital camera

[Williams and Carter, 2009; Orlova and Saibil, 2011] (Figure 1.10 TEM). In this re-

spect, electrons are produced by an electron gun, which can be either a conventional

thermionic emitters (tungsten or LaB6) or a field emission gun (FEG). The latter

is better since produces an electron beam, which is smaller in diameter, more co-

herent and brighter than conventional thermionic emitters. Emitted electrons from

the electron gun are accelerated by an anode. The resulting electron beam travels
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through the microscope column and is delivered to the specimen and focused on the

screen by electromagnetic lenses (Figure 1.10 TEM).

Electrons are ionizing radiation, which is the general term given to radiation ca-

pable of removing the tightly bound, inner-shell electrons from the attractive field of

the nucleus [Williams and Carter, 2009]. Although a wide range of signals are gen-

erated during the interaction of the electron beam with the sample, the interaction

of the electrons with the inner-shell electrons of the nucleus of the specimen results

in scattering of the electrons [Williams and Carter, 2009; Orlova and Saibil, 2011].

More specifically, the collision of beam electrons with the electron cloud or nuclei

of the specimen, leads to energy loss (inelastic scattering), while the deflection of

the electron beam by the electron cloud, does not change the energy of the electron

(elastic scattering) [Orlova and Saibil, 2011].

In TEM, an images is a representation of the intensity variations caused by

local variations in the specimen transmission during the collision of the electron

beam with the specimen [Orlova and Saibil, 2011]. The image is formed due to

the transmitted scattered and unscattered electrons through the specimen [Orlova

and Saibil, 2011]. The image contrast that results from the adsorption of part of

the incident beam, and hence due to inelastic scattering, is known as amplitude

contrast [Orlova and Saibil, 2011]. Biological samples adsorb only a small fraction

of the electrons during inelastic scattering, however the amplitude contrast can

be increased by using objective lens aperture to eliminate electrons scattered at

high angles [Orlova and Saibil, 2011]. The image contrast that result from the

interference of the elastically scattered electron with the unscattered electrons, is

known as phase contrast [Orlova and Saibil, 2011]. The resulting image is visualised

onto a fluorescent viewing screen or recorded onto a photographic film; a CCD

(charge-coupled device) camera; or a direct detector (Figure 1.10 TEM).

1.6.1 TEM of biological sample

To fully understand the machinery of the living cells and their biological processes, it

is essential to understand the structure and dynamics of the constituent molecules,

how they assemble into complex molecular machines, and how they form functional
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Figure 1.10: Schematic representation of transmission electron microscopy and single
particles analysis. (A), Simplified schematic representation of an electron microscope [Figure
from [Orlova and Saibil, 2011]]. (B), Negative staining principle. (C), Single particle analysis
and 3D reconstruction example [Adapted from Dr Greg Pintilie’s images at http://people.
csail.mit.edu/gdp/cryoem.html].
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organelles, cells, and tissues [Orlova and Saibil, 2011]. Since TEM’s invention, EM

has become an important tool in structural biology since by this approach it is

possible to explore a broad range from atomic to cellular structures [Orlova and

Saibil, 2011].

The first sub–nanometer cryo-EM single-particle reconstructions was determined

for the icosahedral Hepatitis B virus capsid at 7.4 Å. For the first time, it was

possible to recognize secondary structure elements as well as distinguish individual

domains and trace the protein backbone [Böttcher et al., 1997]. Since then there have

been an increasing number of structures determined by cryo-EM and single particle

reconstruction in the range of 6–10 Å[Lindert et al., 2009; Orlova and Saibil, 2011].

Today, state–of–art TEM operating at 300–400 keV along with a new generation

of electron detectors plus software for statistical analysis of molecular images, allows

3D reconstruction at atomic resolution of ∼3.2 Å [Kühlbrandt, 2014]. Routine limits

for electron microscopy and single particle analysis are in the range of 7–30 Å. In

this range of resolution it is possible to visualise secondary structure elements to the

shape of the molecular assembly. In particular, α–helices are visible as rods in the

range of 7–10 Å whereas β–sheets and loops are difficult to discern [Lindert et al.,

2009; Orlova and Saibil, 2011]. To visualise β–sheets and loops higher resolution

(4–5Å) is needed [Lindert et al., 2009; Orlova and Saibil, 2011]. Lower resolutions,

in the range of 10–15Å, give information about the domains organisation, whereas

lower resolutions provides informations about the overall shape of the molecular

complex.

Electron microscopy of stained samples

Biological specimens can be barely seen under normal conditions of TEM, thus some

treatments to enhance contrast are needed. For this purpose, heavy metal stains

are used for increasing contrast in a micrograph. This heavy metals simply increase

contrast owing to the fact that bigger atoms scatter electrons better [Hyatt, 1981].

When heavy metals are used to increase contrast, the image of the specimen on re-

sulting photographic negative, appears dark against a light background. The term

"negative staining", which is not staining at all since the specimen is embedded in
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the staining solution, is "negative" only in the sense that the biological material has

less contrast than the surrounding material. This method is called negative stain-

ing and it was first introduced by Brenner and Horne in 1959 [Frank, 1996]. This

method has been extensively used to obtain molecular images of macromolecules

with high contrast [Frank, 1996]. Stains mostly cause elastic scattering of electrons

(Figure 1.10 NEGATIVE STAINING PRINCIPLE)[Hyatt, 1981]. The most com-

monly used heavy metal staining in TEM is the uranyl acetate. With uranyl stain,

the possible resolution achievable under normal conditions is limited to about 15

Å. The highest resolution possible is obtained with negative stains such as uranyl

formate, which has smaller size [Hyatt, 1981].

The actual chemical composition of the stain has little effect on contrast but

the ‘health’ of the biological sample. High ion strength, extremely low pH as well

as distortion of the shape due to sit–drying can alternate the molecular structure

of the macromolecular complex being investigate through single particle electron

microscopy. Nevertheless, single particles electron microscopy of samples embedded

in stain is still the technique of choice to explore macromolecular protein complexes

where X–ray crystallography an NMR are not applicable [Frank, 1996].

Single particle analysis and 3D reconstruction

Single Particle Analysis (SPA) refers to image processing techniques used to analyse

molecular images collected from TEM [van Heel et al., 2000]. Images of stained or

unstained biological samples are very noisy and they are difficult if not impossible

to interpret. In order to improve the quality of the image in terms of details that

can be seen several approaches have been developed [van Heel et al., 1996; Frank

et al., 1981; Scheres, 2012]. These approaches are based on statistical analysis and

alignment technique of the images [van Heel et al., 2000]. The processing of the

single–particle images aims to group together images with the same orientation and

produce an averaged new image with improved S/N ratio, in order to determine

translational and rotational parameters for each of the individual particles in the

data sets. By averaging techniques, the S/N ratio is improved in the single image,

leading to an image that can be interpreted and used for a 3D reconstruction.
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Single molecules in solution are in random orientations, and they thus have six

degrees of freedom: three translational ones (X, Y, Z) and three rotational ones,

which correspond to three ‘Euler angles’ (α, β and γ). The image of the biological

sample created in the electron microscope is a projection along the Z direction.

These 2D images are essentially the 2D projections of the 3D electron potential of

the specimen [Orlova and Saibil, 2011] (Figure 1.10). In order to calculate a 3D map

from a set of 2D projections, the relative orientations must be determined [Orlova

and Saibil, 2011]. There are different approaches used to assign relative orientations

to a set of projections. The best approach is chosen based on the availability of an

initial model. When the initial model as to be calculated, two general approaches

are available.

In the first approach, called random conical tilt (RTC), involves recording of

images, of the same particles, at different tilt angles. Particles pairs, corresponding

to the same object at two different tilts are selected, and subsequently aligned and

classified. The 3D reconstruction can be performed relatively easily since the Euler

angles of each particle is known from the tilt geometry [Orlova and Saibil, 2011].

The second approach, called common lines, is computationally based and in this

case only untilted images are collected. For this approach, it is necessary to collect a

range of views distributed over different orientations [Orlova and Saibil, 2011]. This

method is based on the observation that each pair of 2D projections of a given 3D

structure have al least one 1D projection in common [Van Heel, 1987; Orlova and

Saibil, 2011]. This approach can be implemented either in Fourier space and real

space. The common line, between two 2D projection in Fourier space is the intersect

of the two corresponding planes in Fourier space [Orlova and Saibil, 2011]; whereas

the common line in real space is based on the concept of Radon transform. The

Radon transform describes an N–dimensional function by a set of 1D projections.

In the case of a 3D object this concept is particularly useful to reconstruct a 3D

object from 2D projections. In particular, the Radon transform of a 3D object

corresponds to the set of 1D projections of a section of the 3D object [Orlova and

Saibil, 2011].

The third approach is called projection matching. If an initial model is available,
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even at very low resolution, then the procedure of projection matching could be

used. In this case the initial 3D model can be used to generate re–projections of all

possible orientations. The set of re–projections can be used as reference images, in

order to systematically compare each image in the data set with all of the reference

images [Orlova and Saibil, 2011]. By this approach, the Euler angles of the reference

image that gives the best cross–correlation are assigned to the raw image or class

average. Once the Euler angles are assigned, a new 3D map can be calculated and

the procedure iterated with the new set of re–projections [Orlova and Saibil, 2011].

This method is particularly useful for refinement of a 3D model, and hence improve

resolution, once the initial model as been calculated.

1.7 Concluding remarks

Archaea are interesting organisms for studying molecular and evolutionary aspects

of biology. Structural and biochemical studies have showed great similarity between

eukaryal and archaeal replisomes[Ishino and Ishino, 2012]. Archaea possess multiple

origins of replication, few initiator proteins (MCM and Cdc6/Orc1) and a simpli-

fied tool set of proteins (PCNA, DNA polymerase, Fen1 and ligase I) sufficient for

Okazaki fragment maturation and hence represent a valid model for better under-

standing the eukaryal replisome [Barry and Bell, 2006]. Proteins from the hyper-

thermophilic archaea are more stable than their mesophilic homologues and hence

more suitable for functional and structural analysis of multiple protein complexes

[Ishino and Ishino, 2012].

Recent work in yeast revealed the molecular basis by which the replicative heli-

case MCM2-7 is recruited and loaded, as double hexamer, onto DNA at the origin

of replication [Remus et al., 2009; Randell et al., 2006; Fernández-Cid et al., 2013;

Frigola et al., 2013].

These mechanisms are still unknown in archaea. Data suggest a similar mech-

anisms may take place [Akita et al., 2010]. However, no archaeal Cdt1 has been

reported yet even if a possible candidate may be Whip a novel initiator protein

identified in S. solfataricus [Robinson and Bell, 2007].
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In conclusion, the third domain of life offers numerous new opportunities for

understanding the molecular events of chromosomal DNA replication.
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Chapter 2

Aims of The Projects

Much of what we know about DNA replication comes from studies concerning the

functional and structural characterization of proteins involved in DNA replication in

bacteria, but less concerned with characterization of the eukaryotic and the archaeal

DNA replicative proteins. This has led to a fairly good understanding of the bacterial

replicative machinery, i.e. E. coli. Although, E. coli has been a good model for

understanding the eukaryotic replicative machinery, there are still differences at

molecular level that should be taken into account to better understanding the DNA

replication process in eukaryotes.

Evolutionary studies and comparative genomics have suggested parallels between

archaeal and eukaryotic replicative machinery [Edgell and Doolittle, 1997]. Yet,

functional and structural studies in archaea suggest a striking homology between

the archaeal and eukaryotic replicative machineries [Barry and Bell, 2006; Lindås

and Bernander, 2013]. These observations suggest that archaea can be used as a

model for gaining insight into elucidating the biochemical and structural proprieties

of protein involved in DNA replication in eukaryotes. Taking into account the ho-

mology of the replisomes and principally the simplicity of the archaeal replicative

machinery these organisms could provide a plethora of useful information about the

replication of DNA in eukaryotic cells.

In eukaryotes, DNA replication begins with the recruitment of initiator proteins

at the origin of replication, which leads to the formation of the pre-replicative com-

plex (pre–RC) [Kornberg and Baker, 1992]. In particular, this process begins with
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the recruitment, at the origin of replication, of ORC (Origin Recognition Complex),

which in turn recruits Cdc6 (Cell division cycle 6) and Cdt1 (Chromatin licensing

and DNA replication factor 1). These initiator factors are needed in order to recruit

and load the heterotrimeric MCM2-7 complex (Minichromosome maintenance 2-7).

MCM2-7 is an 3’→5’ ATP–dependent helicase, which is needed for origin unwinding

[Takeda and Dutta, 2005; Labib et al., 2001; Labib, 2000]. MCM2-7 also catalyses,

along with Cdc45 (Cell division cycle protein 45) and the GINS complex (Go–ichi–

ni–san, 5–1–2–3 in Japanese), the unwinding of DNA during the S phase of DNA

replication. The Cdc45–MCM2-7–GINS complex is also known as CMG complex or

‘unwindosome’ [Gambus et al., 2006; Moyer et al., 2006; Pacek et al., 2006]. The

final step in replication initiation is the recruitment and loading of the replicative

polymerases, which will carry out the synthesis of the new DNA strands [Takeda and

Dutta, 2005]. Due to the antiparallel configuration of the DNA duplex, during chro-

mosomal DNA replication the leading strand is replicated continuously while the

lagging strand is extended discontinuously in the opposite direction, respect to the

leading strand, by short RNA–DNA fragments, the Okazaki fragments [Kornberg

and Baker, 1992]. Okazaki fragments are generated through strand displacement

by the replicative polymerase. This displacement generates a specific DNA single

strand called flap. In this process structure specific flap endonuclease 1 (Fen1) recog-

nises the DNA flap and cleaves it leaving a nicked duplex DNA. Ligase I recognises

this nick and seal it off [Kornberg and Baker, 1992]. Okazaki fragment maturation

represents a required procedure to impart continuity to the lagging strand [Kornberg

and Baker, 1992].

The first aim of my PhD is to gain insight into elucidating the biochemical

properties of MCM protein complex from Pyrococcus abyssi. In particular, my aim

is to investigate the mechanism by which the MCM is assembled at the origin of

replication; the conformational change that the MCM helicase undergoes during

the loading process at the origin of replication; the molecular mechanism by which

the directionality of the unwinding is chosen and the mechanism by which MCM

discriminate between ssDNA and dsDNA by using as model P. abyssi. P. abyssi

was chosen as model since its single origin of replication is known [Matsunaga et al.,
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2001, 2007; Myllykallio et al., 2000].

The second aim of my PhD is to investigate the architecture of the Okazaki

fragment maturation machinery. It is known that the crenarchaeon Sulfolobus sol-

fataricus possesses a simplified toolset for DNA replication compared to Eukaryotes

[Dionne et al., 2003]. Interestingly, S. solfataricus has a subset of the eukaryotic

Okazaki fragment maturation factors, among which there are a heterotrimeric DNA

sliding clamp, the proliferating cell nuclear antigen (SsoPCNA), the DNA poly-

merase B1 (SsoPolB1), the flap endonuclease (SsoFen1) and the ATP-dependent

DNA ligase I (SsoLigI). SsoPCNA has been demonstrated to function as a scaffold

with each subunit having a specific binding affinity for each of the factors involved in

Okazaki fragment maturation [Dionne et al., 2003], and the most efficient coupling

of activities occurs when a single SsoPCNA ring organises SsoPolB1, SsoFen1 and

Sso LigI into a complex Beattie and Bell [2012].

In my work, I will be using electron microscopy (EM) and single-particle analysis

(SPA), which is a wonderful tool to perform structural studies on large macromolec-

ular protein complexes.
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Chapter 3

Materials and Methods

3.1 General microbiology

The bacterial strains used in this study are described in Table 3.2. E. coli XL-1

blue was used as host strain for plasmid propagation. RosettaTM(DE3) pLysS was

used as host strain for proteins over-expression. RosettaTM(DE3) pLysS host strain

are BL-21 derivatives designed to enhance the expression of proteins that contain

codons rarely used in E. coli. These strains supply tRNAs for AGG, AGA, AUA,

CUA, CCC, GGA codons on a compatible chloramphenicol-resistant plasmid.

Cells were grown and propagated in LB broth [Sambrook et al., 2001](Table 3.1).

SOC medium was used to grow chemically competent cells after transformation by

heat-shock methods [Sambrook et al., 2001]. Protein over-expression was carried

out either in LB or TB. Antibiotics were added as selectable marker for either

propagating, vectors and constructs, and during protein over-expression (Table 3.3).

3.2 Recombinant DNA

Plasmid vectors used in this study are described in Table 3.4. Plasmid DNA prepa-

ration, PCR products purification, gel extraction and mutagenesis were performed

using commercially available kits (see Table 3.5) following the manufacturer’s in-

structions. DNA was eluted in 70 µl of Milli–Q water and stored at -20◦C.
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Table 3.1: List of media used in this study.

Buffer/Media Ingredients

Luria broth (LB)a 1 L
Bacto-tryptone 10 gr
Bacto-yaest extract 5 gr
NaCl 10 gr
distilled H2O to 1 L
pH was adjusted to 7.5 with NaOH

Luria agar (TA)a 1 L
Bacto-agar 15 gr
Luria broth to 1 L

Terrific broth (TB)a 1 L
Bacto-tryptone 12 gr
Bacto-yeast extract 24 gr
Glycerol 4 ml
0.17 M KH2PO4 2.31 gr
0.72 M K2HPO4 12.54 gr
distilled H2O to 1 L

Super optimal broth (SOB)a 1 L
Bacto-tryptone 20 gr
Bacto-yeast extract 5 gr
10 mM NaCl 0.58 gr
2.5 mM KCl 0.18 gr
10 mM MgCl2 0.95 gr
20 mM glucose 3.6 gr
distilled H2O to 1 L
pH was adjusted to 7 with NaOH

Super optimal broth (SOC)a 1 L
with Catabolite repression
20 mM glucose 3.6 gr
SOB to 1 L

Inoue trasformation bufferb 1 L
55 mM MnCl2 • 4H2O 10.88 gr
15 mM CaCl2 • 2H2O 2.2 gr
250 mM KCl 18.6 gr
10 mM MgCl2 0.95 gr
10 mM PIPES pH 6.7 20 ml (0.5 M PIPES)
distilled H2O to 1 L
a
Solutions were sterilised by autoclaving.

b
Solution sterilised by filtration through a 0.22 µm Whatman R©
cellulose nitrate membrane filter.
Note: 2.31 g of KH2PO4 and 12.54 g of 0.72 M K2HPO4 were
dissolved in 90 mL of H2O.
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Table 3.2: Bacterial strains used in this study.

Bacterial strain Genotype

XL1 Blue endA1 gyrA96(nalR) thi− 1 recA1 relA1 lac glnV44

F′[:: Tn10proAB+ lacIq ∆(lacZ)M15] hsdR17(r−Km+
K)

RosettaTM(DE3) pLysS B F ompT hsdS(rBmB) dcm+ TetRgal γ(DE3)endA

Hte [argU proL CamR][argU ileY leuW Strep/SpecR]

BL21 CodonPlusTM(DE3) RIPL B F ompT hsdS(rBmB) dcm+ TetRgal γ(DE3)endA

Hte [argU proL CamR][argU ileY leuW Strep/SpecR]

Table 3.3: List of antibiotics used in this study.

Antibiotic Abbr. µg/ml Solvent

Ampicillin Amp 100 Water

Chloramphenicol Chl 34 Ethanol

Kanamycin Kan 25 Water

Tetracyclin Tcn 50 Ethanol

µg/ml, working concentrations.
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Table 3.4: List of plasmids used in this study.

Plasmid Description Tag Selectable

marker

Ref.

pTWO–E Modified expression

vector

6–Hisa Amp none

pMALTM Expression vector MBPb Amp [Miller et al., 2001]

pET3a–Tr Modified polycistronic

expression vector

none Amp [Tan, 2001]

a
MBP, maltose binding protein tag.

b
6–His, six histidine tag.

Table 3.5: List of kits used in this study.

Kit Comapny

QIAprep R© spin miniprep kit QUIAGEN

Qiaquick R© PCR purification kit QUIAGEN

Qiaquick R© gel extraction kit QUIAGEN

Quick LigationTM New Englad Biolab

QuickChange R© Agilent
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Table 3.6: Typical cycle programe.

Initial template denaturation: 95◦C 5 min

30–40x cycles

Template denaturation: 95◦C 30 sec

Primers annealing: 45–65◦C 30 sec

Extension: 72◦C 30 sec–1min

Final extension: 72◦C 10 min

Storage: 10◦C ∞
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3.2.1 Agarose gel electrophoresis of DNA

DNA fragments from PCR products, plasmid DNA and linearised plasmid were sep-

arated on either 1% or 1.5% w/v agarose gel, whereas purification of DNA fragments

was performed by running samples on 0.8% w/v agarose gel (see Table 3.15). The

appropriate amount of agarose was dissolved in 1x TAE and boiled at 100◦C til

the agarose was completely dissolved. The solution was allowed to cool to 55◦C.

Ethidium bromide (final concentration of 0.5 µg/ml) was added to visualise DNA

under UV light using a Gel–DocTM system (BioRad). Gels were run at 50V in 1x

TAE buffer up to. The size of fragments was checked by comparison with a DNA

ladder (Table 3.15). DNA was quantified using a Nanodrop (ND-100 v3.5).

3.2.2 Polymerase chain reaction (PCR)

Pwo DNA polymerase is a highly processive 5’–3’ DNA polymerase with proofread-

ing activity. Because of these qualities, it was chosen as polymerase for all the PCR

reactions when the product was required for cloning. When PCR reactions were car-

ried out for routine checking of fragment sizes, for example colony PCR, Promega

GoTaq R© DNA polymerase was used instead. Master mixes for PCR amplifica-

tion were prepared according to the manufacturer’s instruction. Primer annealing

temperatures were dependent on primer sequence and were altered accordingly (Ta-

ble 3.7). The extension time was determined by the polymerase of choice and the

length of the template to be amplified. A typical cycle program is shown in Ta-

ble 3.6. Reactions were carried out using the Eppendorf Mastercycler Gradient

PCR machine.

Colony PCR Colony PCR screening is a very quick PCR–based method com-

monly employed for screening recombinant colonies after transformation. Colony

PCR can be effectively used to identify recombinant clones as well as identify inser-

tions and deletions; to determine the orientation of a DNA insertion and to directly

amplify a desired DNA fragment [Woodman, 2008]. When colony PCR was per-

formed, small amounts of individual bacterial colonies were removed from the plate

and resuspended into 10 µl of Milli–Q water. 2 µl of this suspension was directly
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placed into PCR tubes with 18 µl of master mix.

Cross–over PCR Crossover PCR (Figure 3.1) was used in order to join two

separate fragments of DNA without the need for restriction and ligation. For this

experiment purpose, four primers were required, two for amplifying the first DNA

fragment and two for amplifying the second DNA fragment. Internal primers, the

reverse primer for the first DNA fragment and the forward primer for the second

DNA fragment, were designed to have 20–25 base pairs of homology to each other.

Initially, the two DNA fragments were amplified separately, creating two products

that at one extremity contained 20–25 homologous base pairs. Finally, to join the

two DNA products, a PCR was set up where the two products from the initial PCR

reactions were used as template. During melting and cooling of the templates, the

region of homology would bring the two DNA fragments together to create a single

new fragment for amplification using the external primers, the forward primer for

the first DNA fragment and the reverse primer for the second DNA fragment. The

resulting PCR product would be a fusion of the two DNA fragments of interest.

This method was successfully used to reconstruct PabMCM full-length.

PCR–based site–directed mutagenesis In vitro site–directed mutagenesis is a

technique employed for carrying out modification at level of nucleotide sequence. For

this purpose a commercially available kit (Table 3.5) was used for engineering point

mutations in order to modify the nucleotide sequence of the predicted secondary

RBS found in the PabMCM ORF. Manufacturer’s instructions were followed.

3.2.3 Restriction digestion and ligation of purified DNA frag-

ments

Restriction enzymes and buffers were obtained from New England Biolabs (NEB).

1–2 µg of either PCR purified DNA or plasmid DNA were digested following man-

ufacturer’s instructions. Samples were incubated at the optimum digestion temper-

ature (37◦C) for 2-4 hours. Digested plasmid DNA was purified onto 0.8% agarose

gel. Ligation reactions were performed following manufacturer’s instructions.
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Figure 3.1: Crossover PCR. (I) Initially, the two DNA fragments (shown in light grey and
black) are amplified separately using primers. Tailed–primers are designed to have a 20-25 bp
region of homology to each other. (II) In the crossover PCR, the products from the first PCR
reaction are used as template. When these melt and reanneal, the region of homology between
them will bring them together. (III) This will create a new, single, template for amplification
using primers.
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3.2.4 Preparation of chemically competent E. coli cells

Chemically competent E. coli cells were prepared as in Sambrook and Russell [2006].

This protocol generates "ultra–competent" cells that yield 1 x 108 to 3 x 108 trans-

formed colonies per µg of plasmid DNA. Briefly, an overnight culture of the strain to

be transformed was grown in SOB medium. This culture was used as starter culture

to inoculate three 1–liter flasks, each containing 250 ml of SOB. The first flask re-

ceived 10 ml of starter culture, the second received 4 ml, and the third received 2 ml.

All three flasks were incubated overnight at 18–22◦C with moderate shaking. The

OD600 was monitored each 45 min. When the OD600 of one of the cultures reached

0.55, the culture vessel was transferred to an ice–water bath for 10 minutes. The

two other cultures were discarded. Cells were harvested by centrifugation at 2500g

in a Sorvall GSA for 10 minutes at 4◦C. Supernatant was discarded and cells were

gently resuspended in 80 ml of ice–cold Inoue transformation buffer. Once again,

cells were harvested by centrifugation at 2500g in a Sorvall GSA for 10 minutes

at 4◦C. Supernatant was discarded and cells were gently resuspended in 20 ml of

ice–cold Inoue transformation buffer. 1.5 ml of DMSO was added and the bacterial

suspension was mixed by swirling. Finally, the bacterial suspension was dispensed

in 50 µl aliquots in sterile microcentrifuge tubes and immediately snap–frozen by

immersing the tube is a bath of liquid nitrogen. Tubes were stored at –80◦C until

needed.

3.2.5 Transformation of chemically competent E. coli cells by

heat–shock

Transformation was carried by heat–shock. Briefly, the transforming DNA (20–100

ng) was mixed with 50 µl of thawed competent cells and incubated on ice for 30

minutes. Cells were heat–shocked in a water bath at 42◦C. The duration of the heat-

shock step varied depending upon the bacterial strain (45" for XL1 blue whereas

30" for both BL21 CodonPlusTM(DE3) RIPL and RosettaTM(DE3) pLysS). After

heat–shock, cells were placed on ice for 15 minutes. 950 µl of SOB were added and

cells were incubated at 37◦C with vigorous shacking for ∼1 hour in order to recover.
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Finally, 100 µl of bacterial transformation was plated on LB agar plates with the

appropriate antibiotic. For each transformation, a negative control devoided of DNA

was prepared in parallel.

3.2.6 Gene sequencing

Sequencing reactions were carried out at the GenePool, University of Edinburgh

(http://genepool.bio.ed.ac.uk/). The sequencing reactions were prepared by

mixing 5µl of of DNA (∼500ng) with 1µl of T7 promoter primer for forward se-

quencing reaction as STO720 was used for reverse sequencing reactions. Both

primers were at final concentration of 3.2 pmole. Reads were manually analysed

by checking the chromatogram using FinchTV software (http://www.geospiza.

com/Products/finchtv.shtml).

3.2.7 Bioinformatics

Sequences analysis and manipulation was carried out with Expasy (SIB Bioin-

formatics Resource Portal) at http://www.expasy.org/. DNA sequences were

fetched from National Center for Biotechnology Information (NCBI) (http://www.

ncbi.nlm.nih.gov/), whereas protein sequences from Uniprot databank (http:

//www.uniprot.org/). Protein data bank (PDB) (http://www.rcsb.org/pdb/

home/home.do) and Electron microscopy data bank (EMDB) (http://www.ebi.

ac.uk/pdbe/emdb/) were used for retrieving structural information.

3.3 Biochemical protein characterization

3.3.1 SDS–PAGE

Denaturing protein gel electrophoresis was carried out using the Tris–glycine buffer

system described previously [Laemmli et al., 1970]. A list of buffers for SDS–PAGE

is provided in Table 3.8.

The gel matrix was produced by co–polymerizing acrylamide and bis-acrylamide

using TEMED as a crosslinker and APS as starter catalyst. The gel consisted of
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Table 3.8: List of buffers for SDS–PAGE.

Buffer/Media Ingredients

10% Ammonium persulfate (APS) 10 ml
10% Ammonium persulfate(w/v) 1 gr
distilled H2O to 10 ml

6x Loading sample buffer 10 ml
0.37 M Tris 0.59 gr
48% glycerol (w/v) 4.8 ml (100% glycerol)
6% SDS (pellet) (w/v) 0.6 gr
9% β-mercaptoethanol 0.9 ml (14.7 M β-mercaptoethanol)
0.03% Bromophenol blue 3 mg
distilled H2O to 10 ml
pH was adjusted to 6.8 with HCl

5% Stacking gel 10 ml
5% Acrylamide (v/v) 1.7 ml 30% Acrylamide
125 mM Tris pH 6.8 1.25 ml (Tris-HCl pH 6.8)
1% SDS (v/v) 0.1 ml (20% SDS)
1% APS (v/v) 0.1 ml (10 APS)
0.1% TEMED (v/v) 0.01 ml TEMED
distilled H2O to 10 ml

12% Stacking gel 50 ml
12% Acrylamide (v/v) 20 ml 30% Acrylamide
250 mM Tris pH 8.8 12.5 ml (Tris-HCl pH 8.8)
1% SDS (v/v) 0.5 ml (20% SDS)
1% APS (v/v) 0.5 ml (10 APS)
0.1% TEMED (v/v) 0.05 ml TEMED
distilled H2O to 50 ml

15% Stacking gel 50 ml
15% Acrylamide (v/v) 25 ml 30% Acrylamide
250 mM Tris pH 8.8 12.5 ml (Tris-HCl pH 8.8)
1% SDS (v/v) 0.5 ml (20% SDS)
1% APS (v/v) 0.5 ml (10 APS)
0.1% TEMED (v/v) 0.05 ml TEMED
distilled H2O to 50 ml
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two parts; a wide meshed stacking gel with a pH of 6.8 and an higher concentra-

tion resolving gel at pH 8.8. This pH–shift leads to an acceleration of the glycine

molecules (due to a change from its almost unloaded to a strongly ionic form) that

now overtake the proteins causing them to run in a discrete band. Once the casting

chamber was assembled and the resolving gel cast, 2–propanol was overlaid directly

after pouring the resolving gel in order to avoid an oxidation and dehydration of

the surface and remove eventual bubbles formed after pouring the resolving gel.

After the gel had polymerized, the 2–propanol was thoroughly washed off and the

stacking gel was applied on the top of the resolving gel. A comb was added to the

stacking gel in order to form the wells for loading samples. After polymerisation

was complete, the gels were run vertically (PerfectBlue Dual Gel System, PEQLAB

or Mini–Protean II R©, BIORAD) in the conventional discontinuous Running Buffer

system at constant current of 30 mA.

Cell were harvested and resuspended in a final volume of 6x sample buffer ac-

cording to the following formula:

Vf =
OD600100

1.5
Where

Vf : final volume of sample buffer.

OD600: Cell OD600 measured.

Samples were boiled at 95◦C for 2 minutes prior to loading. Molecular Mass

Standards (pre–stained, INVITROGEN) served to determine the apparent molecular

mass in SDS–PAGE of the separated proteins.

Comassie blue staining

Commassie blue staining solution was prepared by dissolving first the Comassie

brilliant blue in methanol and then adding glacial acetic acid and water. Quantity

and volumes accordingly to Table 3.9. For the protein gel staining, gel was placed in

a plastic box and a volume, so to cover the gel, was added to it. Gels were stained

for an hour and destianed for overnight in destaining solution (Table 3.9).

57



Table 3.9: List of buffers for protein gel staining.

Stain Ingredients

Comassie staining
Comassie R–250 staining solution 1L
Comassie brilliant blue R–250 1 gr
50% Methanol (v/v) 500 ml
10% Glacial acetic acid (v/v) 100 ml
distilled H2O to 1 L

Comassie destaining solution 1 L
30% Methanol (v/v) 300 ml
10% Glacial acetic acid (v/v) 100 ml
distilled H2O to 1 L

Silver stain
Fixing solution I 50 ml
50% Methanol (v/v) 25 ml
10% Glacial acetic acid (v/v) 5 ml
Ultra–pure H2O to 50 ml

Fixing solution II 50 ml
20% Ethanol (v/v) 10 ml
Ultra–pure H2O to 50 ml

Sensitising solution 50 ml
0.02% Sodium thiosulpahte (v/v) 0.1 ml 10%(w/v)ss

Ultra–pure H2O to 50 ml

Silver nitrate solution 50 ml
0.2% Silver nitrate (v/v) 0.1 ml 10%(w/v)ss

Ultra–pure H2O to 50 ml

Developing solution 50 ml
Formaldehyde 0.0125 ml
Potassium carbonate 3 ml
Sodium thiosulpahte 0.006 ml
Ultra–pure H2O to 50 ml

Stop solution 50 ml
4% Tris–base (w/v) 2 gr
2% Acetic acid (v/v) 1 ml
Ultra–pure H2O to 50 ml
ss Stock solution as in Table 3.14
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Silver staining

The silver staining protocol used in this study was an optimised, by the author of

this study, shoerter version of the A protocol in [Chevallet et al., 2006]. Protcol’s

steps as following:

• Incubate gel in fixing solution I for 15 minutes on shaking.

• Incubate gel in fixing solution II for 10 minutes on shaking.

• Incubate gel in ultra-pure water for 10 minutes on shaking.

• Incubate gel in sensitising solution for 2 minutes on shaking.

• Wash gel in ultra-pure water for 1 minute.

• Incubate gel in silver nitrate solution for 10 minutes.

• Wash in ultra-pure water for 1 minute.

• Develop staining in developing solution until a good homogeneus stain is vi-

sualised.

• Stop staining developing by discarding it and adding stop solution.

• Store gel in stop solution for no more than a week.

After each step mentioned above, solution were discarded. Silver staining was

carried out in plastic boxes carefully washed with acetone before use. Gels were

manipulated with acetone–cleaned spatula since touching gels with gloves leaves a

print on gels.

3.3.2 Western blotting analysis

Antibodies against SsoPCNA123, SsoPolB1, SsoLigI and SsoFen1 were provided by

Prof. Stephen D Bell; whereas antibodies against 6–Histidine tag were purchased

from Sigma (see Table 3.15). Samples were prepared and ran onto SDS–PAGE gels

as described before (see SDS–PAGE). The SDS–PAGE gel was transferred to a ni-

trocellulose membrane accordingly to the manufacturer’s instruction. After transfer,

59



Table 3.10: List of buffer used for western blotting analysis.

Buffer Ingredients

10X Tris buffer Saline (TBS) 1L
0.5 M Tris 60.5 gr
1.5 M NaCl 87.6 gr
distilled H2O to 1 L

10X Tris buffer Saline tween20 (TBST) 1L
0.5 M Tris 242 gr
1.5 M NaCl 57.1 ml
10% Tween20 1 ml
distilled H2O to 1 L
pH was adjusted to 7.5 with HCl

10x Transfer buffer 1L
0.25 M Tris 30 gr
1.9 M glycine 144 gr
distilled H2O to 1 L

Blocking solution 200 ml
5% Skim milk (w/v) 10 gr
1X TBST to 200 ml
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the membrane was rinsed twice in TBST and incubated in blocking solution for 1

hour. Primary antibodies, for the protein being immunodetected, were incubated at

different dilutions (α–SsoPCNA123, 1:104; α–SsoPolB1, 1:103; α–SsoLigI, 1:103; α–

SsoFen1, 1:103 and α–6His–tag, 1: 104) in blocking solution for 1 hour. Membranes

were rinsed twice in TBST and incubated in the presence of HRP–conjugated sec-

ondary antibodies (see Table 3.15) in 5% milk in TBST for 1 hour. Two washes in

TBST, followed by two more washes in TBS were performed. Chemiluminescent de-

tection was carried out with SuperSignal Western Blotting Kits whereas colorimetric

one was carried out with SigmaFastTMBCIP R©/NBT (see Table 3.15) accordingly to

manufacturer’s instructions. A list of buffers used for immunodetection is provided

in Table 3.10.

3.4 Protein purification

Protein purification was carried out using a combination of heat denaturation and

chromatographic techniques including affinity–tag, strong ion exchange and size ex-

clusion chromatography. In Table 3.11 are summed up the steps carried out during

purification of PabMCM, SsoPCNA123, SsoPolB1, SsoLigI and SsoFen1.

3.4.1 Cell lysis

Recombinant proteins overexpressed in RosettaTM(DE3) pLysS were harvested by

centrifugation at 3000 x g. Cell disruption was achieved by either sonication or cells

grounding in liquid nitrogen with the aid of a mortar. Cell disruption by sonication

was performed at 50% amplitude. To avoid degradation from bacterial proteases,

protease inhibitors were added prior to cell disruption. Separation of soluble proteins

from the insoluble fraction (cell debris) was achieved by centrifugation (details of

cell lysis in Table 3.11).
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3.4.2 Heat denaturation step

The thermostable nature of hyperthermophilic archaea allows the inclusion of a

heat denaturation step in the protein purification protocol. During this step, a

good amount of E. coli proteins were denatured, resulting in a reduced amount of

contaminants in the cell lysate (details of heat denaturation in Table 3.11).

3.4.3 Chromatographic techniques

Proteins were purified using chromatography techniques that separated them accord-

ing to differences in their specific properties. Chromatographic techniques mainly

used in this study are discussed.

Affinity chromatography

Affinity chromatographic is a special chromatographic technique, which is based on

the biorecognition between two biomolecules, such as interactions between enzymes

and substrates, receptors and ligands, or antibodies and antigens. This specific

interaction, typically reversible, enable recombinant proteins to be purified quite

straightforwardly from a complex mixture, which in this specific case is the pool

of the host proteins. The affinity ligand is covalently bound onto a solid matrix

to create a stationary phase whereas the target molecule (tag) is in the mobile

phase [Urh et al., 2009]. In this study, immobilized-metal affinity chromatography

(IMAC) was used. IMAC is a separation technique that uses covalently bound

chelating compounds on a solid matrix to trap metal ions (affinity ligand). IMAC

widely used especially when rapid purification and substantial purity of the product

are necessary. However compared to other affinity separation technologies it cannot

be classified as highly specific, but only moderately so. On the other hand, IMAC

offers a number of advantages over specific affinity chromatographic techniques. The

benefits of IMAC are: ligand stability; high protein loading; mild elution conditions

and simple regeneration and low cost [Gaberc-Porekar and Menart, 2001].

In this study, HiTrap IMAC (GE) columns, nickel charged, were used in order

to perform IMAC. Elution was performed with 500 mM imidazole (details of IMAC
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purification in Table 3.11).

Ion exchange chromatography (IEX)

Proteins are charged biomolecules. Their net charge depends on particular amino

acids with ionizable groups. Since all molecules with ionizable groups can be titrated,

their net charge is highly dependent on the pH of the buffer in which they are

solubilised. IEX separates biomolecules on the basis of differences in their net charge

surface. More specifically, IEX takes advantage of the unique relationship, which

is specific for each protein, between net surface charge of and pH. In IEX, charged

molecules bind onto an oppositely charged matrix. Consequently, a protein, which

has no net charge at a pH equivalent to its isoelectric point (pI), will not bind

to a charged matrix. At pH above its pI, the net charge is negative and thus

the protein will bind to a positively charged matrix in which case it is known as

cation exchange chromatography. At pH below its pI, the net charge is positive and

thus the protein will bind to negatively charged, in which case it is known as anion

exchange chromatography. Elution of bound proteins is carried out either increasing

the ionic strength or changing the pH of buffer [Alois and Rainer, 2009]. In this

study, 1 mL FastFlow Q columns (GE), for cation exchange chromatography and

1 ml FastFlow S, for anion exchange, were used accordingly to the manufacturer’s

instruction. Columns were equilibrated with buffer the appropriate buffer. The

salt concentration was kept at low levels to promote binding to the charged matrix.

A washing step of 20–30 CV was used to remove non–specific binding proteins.

Samples were eluted by a linear gradient (details of IEX purification in Table 3.11).

Size exclusion chromatography (SEC)

Size exclusion chromatography, better know as gel filtration, is chromatographic

technique which separates biomolecules according to the difference in molecular

size. Gel filtration is performed using columns in which porous beads, the chromato-

graphic support, are packed into it. Unlike to other chromatographic techniques,

biomolecules do not bind the chromatographic support (stationary phase) but they

rather diffuse into it. Diffusion is inversely proportional to the MW, hence bigger
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biomolecules diffuse slower into the porous matrix, resulting in a early elution from

the column. In contrast, smaller biomolecules diffuse faster into the porous matrix,

resulting in a late elution respect to the bigger ones. This differences in the ca-

pacity of diffuse into the pores of the matrix enable sepration of molecules based

onto their MW [Stellwagen, 2009]. In this study, SEC was performed using either

SuperoseTM 6 10/300 GL and SuperdexTM 200 10/300 GL columns (GE) (details of

SEC purification in Table 3.11).

3.5 GraFix method

GraFix (Gradient Fixation) is a method for sample preparation for single particle

electron cryo–microscopy, in which a glycerol gradient centrifugation step is coupled

with a gradient of glutaraldehyde. This method has been successfully used to either

reduce heterogeneity of macromolecules or stabilise protein complexes, which present

dissociation upon dilution [Kastner et al., 2007]. In this study, GraFix was used to

stabilise the highly dynamic Okazaki fragment maturation protein complex.

The Grafix gradient was prepared manually with the aid of a gradient mixer

connected to a peristaltic pump. The gradient mixer was a gift from Dr. Jim Allan

(University of Edinburgh).

Solutions were prepared as shown in Table 3.12. 2 ml of solution H were poured

into the cylinder directly connected to the peristaltic pump, whereas 2 ml of solution

L were poured into the other cylinder. Cylinders were connected to each other by

a valve. The gradient was formed into a 4 ml polyallomer tube (Beckman Cat. no.

328874) by starting the peristaltic pump while opening the valve that connected the

two cylinders with H and L solution. Once the gradient was formed, 200 µl were

removed from the top of the gradient. After then, 100 µl of 5% cushion were added

on the top of the gradient (5% cushion was obtained by dilution of L solution).

200 µl of the Okazakisome reconstructed complex were added onto the 5% glycerol

cushion. Tube were checked for balance and then loaded into the centrifuge bucket.

The GraFix gradient was spun for 18 hours at 120.000 x g (34.000 rpm) at 4◦

using a Sorvall R© THT60.4 swing out rotor placed into a Sorvall R© ultracentrifuge.

65



Table 3.12: List of solution used for GraFix
method.

Buffer Ingredients

10X Buffer 10 ml
100 mM HEPS pH 8.0 1 ml 1 MSS

1.5 M NaCl 3 mlSS

50 mM MgCl2 0.5 mlSS

Nuclease–free H2O to 1 L

Light Solution (L) 10 ml
10% Glycerol (v/v) 1.6 gr
1X buffer 1 ml 10X buffer
Nuclease–free H2O to 10 ml

Heavy Solution (H) 10 ml
30% Glycerol (v/v) 3.78 gr
0.15% Glutaraldehyde 0.06 ml of 25% stock
1X buffer 1 ml 10X buffer
Nuclease–free H2O to 10 ml
SS

Stock Solution as in Table 3.14.
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Fractionation was achieved manually by collecting 22 fractions of ∼180 µl each from

the top of the gradient with an Hamilton syringe. Fractions where analysed by

SDS–PAGE and western blotting.

3.6 DNA binding assay

DNA binding assay was carried out as in [Brewster et al., 2008]. Oligo3 and 4

were annealed in 1X annealing buffer to a final concentration of 10 µM. Annealing

was achieved by incubating the oligos mixture in boiling water and letting it cool

overnight.

Different concentrations of PabMCM and DNA were tested in 20 mM HEPES,

150 mM NaCl. Reactions were carried out at 50◦C for 30 minutes. Annealing

was checked by running the annealed oligos onto 1.5 % agarose gel. Gels were run

without any particular modification to the method described in section 3.2.1.

3.7 Electron microscopy

3.7.1 Grid preparation

Preparation of carbon coated grids

Microscopy of negatively stained samples was performed using home–made carbon

coated grids. Copper grids (400 mesh, 3.05mm diameter) were purchased from Agar

Scientific whereas ultra–thin carbon layer was prepared in house.

Producing thin continuous carbon film The carbon layer was produced with

the aid of the Edwards coating system unit (model E3O6A). To evaporate carbon,

two carbon roads were drilled as shown in Figure 3.2F and tips were polished by

rubbing them on filter paper. The two carbon rods were fitted into the fixed carbon

holder. The double–neck carbon rod was fitted into the movable carbon holder

aligned and with the fixed, blunt end carbon rod. The carbon source holder was

fixed into the power circuit of the machine. Mica sheets were placed on the bottom of

the coater with the freshly split side up. The distance between the carbon source and
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mica sheets was approximately 10–13 cm. The evaporation chamber was evacuated

with high vacuum (1x10−5 to 1x10−6 Torr). When the vacuum was good enough,

the carbon was evaporated with a current (low tension) and spread over the mica

sheets. Covered in a Petri dish the carbon coated mica was rested for at least 24 h.

Covering grids with thin carbon layer Copper grids were covered with the

carbon film as follows:

• Grids were placed (shiny side up) on a metal carrier net that was fixed in a

water container so that it formed a plain parallel to and about 1 cm below the

water surface.

• The carbon coated mica sheet (carbon upside) was inserted into the water in

a 45◦angle at a constant speed letting the carbon layer float off the mica.

• The water level was lowered and the carbon film was directed onto the grids

with tweezers.

• Grids were ready for use after drying over night.

Assessing carbon layer thickness Carbon thickness was assessed by OD with

a densitometer (Helland electronic Wetzlar) as shown in Agar [1957]. The thickness

in nanometres is roughly equal to the OD measured times 100 (e.g. an OD of 0.05

is ∼5nm). Carbon film was normally evaporated to a thickness ranging from ∼5nm

to ∼8nm.

3.7.2 Specimen preparation: negative stain with uranyl ac-

etate

Just before applying the specimen, grids were air–glow discharged for 15 second

in an EMtech K100x glow–discharge chamber unit, running at 3x10 mbar and 25

mAmp to render the grid surface hydrophilic, thereby enabling improved specimen

adhesion. 4 µl of freshly purified protein sample (10–20 µg/ml) were applied onto a

freshly glow–discharged grid and incubated for 2 minutes. The excess solution was
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Figure 3.2: Possible carbon pointed rod shapes. Carbon rods can be either drilled or
sharpened in different shapes. (A) Carbon rod with conical blunt sharpened end whereas its
complementary carbon rod has a conical blunt sharpened end with a thinner tip point. (B)
Carbon rods set up with one conical pointed tip whereas the complementary rod has an oblique
blunt end. (C) Carbon rods set up with one conical blunt end tip and its complementary conical
blunt end tip carbon rod. (D) Carbon rods set up with one blunt end carbon rod whereas the
complementary carbon rod is blunt end. (E) Carbon rods set up with one blunt end carbon rod
and its complementary carbon rods with a double–neck drilled end with a sharpened thinner tip
point. (F) One carbon rod had a thinner cylindrical blunt drilled end whereas the complementary
rod had a double–neck drilled end with the sharpened thinner tip point.
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then removed by blotting the edge of the grid onto a filter paper (WhatmanTMNo

1). The grid was then washed and stained by catching and blotting three drops

(∼20µl) of ultra–pure water and four drops (∼10µl) of 2% (w/v) uranyl acetate.

The last droplet was allowed to remain for five minutes on the grid before blotting.

During this process the grid was mounted in a pair of forceps. Finally the grid was

air dried before being stored at room temperature in a grid storage box.

3.8 Transmission electron microscopy (TEM)

Negatively stained grids were first viewed at the Philips CM120 electron microscope,

operating at 80 kV and equipped with an OriusTM CCD camera (Gatan), for quality

assessment of the protein samples. Because of the short heating time of the tungsten

filament, the easy handling and the availability of a CCD camera with continuous

readout mode, this method allowed analyses of a high number of grids in a short time.

Samples were analyzed regarding their concentration, staining and homogeneity.

Data acquisition for final 3D reconstruction, was carried out using a FEI

TecnaiTM F20 field emission gun (FEG) electron microscope equipped with

TVIPSTM TemCam–F816 CMOS camera, which has 128 x 128 mm2 sensor area

with 64 megapixels resolution.

Before each data acquisition, electron bream, apertures and microscope lenses

were checked for alignment along the microscope’s optical axis. Direct alignments

were performed before each image data acquisition. A list of settings used during

data acquisition is presented in Table 3.13.

Micrographs were acquired semi–automatically with TVIPSTMEM–tool which is

an add–on of the image acquisition software TVIPSTMEM–MENU (http://www.

tvips.com/index.php). EM–tool uses five different lens settings (modes) for data

acquisition. Before each data acquisition, each mode is checked for calibration,

performed if needed, and aligned relatively to other modes.

The data acquisition pipeline is organised as follow:

• Grid map In this mode a map of the whole grid is acquired at magnification

of 330 in LM–Mode.
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Table 3.13: FEI TecnaiTMF20 settings.

Cathode source FEG
Acceleration voltage 200 kV
Gun lense 3
Extraction voltage 3.4 kV
Emission µm
C1 2 mm
C2 100 µm
Aperture of the objective lense 150 µm
Spot size 4
Spherical aberratio (Cs) 2.0 mm
Operation mode low–dose
Exposure time 1.5–3 s
Electrons/Å2 15–30
Defocus 1–2 µm

Alignments
C2 centering X
Objective aperture centering X
Gun tilt X
Gun shift X
Beam tilt X
Beam shift X
Coma-free pivot point (X, Y) X
Coma-free alignment (X, Y) X
Astigmatism X

Note: Alignments were carried out after sample
was loaded and eucentric height was achieved.

71



• Scan In this mode, all the positions relative to meshes suitable for data acqui-

sition selected and acquired. Scans are acquired at magnification of 1700 in

M–Mode.

• Search This mode is used by the software to "search" for the position, on the

scan, of the area where the micrographs will be acquired. Positions are spec-

ified by user. This mode is also used by the software to correct the eucentric

height. Most importantly this mode has to be setted only for the first scan

since the same setting will be used for all the further scans. Search position is

acquired at magnification of 5000 in SA–Mode.

• Focus This mode is used by the software to perform focussing. As in "search"

this setting needs to be setted just for the first scan. Focussing was set at

magnification of 50000 in SA–Mode.

• Exposure In this mode is recorded the final micrograph. As in "focus" this

setting has to be specified just was since the same will be used for all the

positions specified by the user. Micrograph is taken at magnification of 50000

in SA–Mode.

Once all the scans are acquired and the positions where to acquire data for

each scan are specified, the software loops automatically between search, focus and

exposure in order to record micrographs for each position.

3.9 Digital image processing

Image processing was supported by a blade centre with 8 nodes (64 cores) and a

fast 4 terabyte file–server.

Micrographs were assessed for quality by looking at the Thon rings from the

power spectrum with the aid of e2evalimage.py program from EMAN2, image

processing software suite [Tang et al., 2007]. Micrographs with clear either drifting or

charging effect or astigmatism where discarded. Eventually, only those micrographs

that had the appropriate defocus, minimal astigmatism and drift were selected.
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Prior boxing, micrographs were pre–processed with the program e2proc2d.py

(EMAN2) in order to increase visual contrast and speed up picking particles. Below

the image pre–processing script:

set t = ‘ls *.tif‘

foreach i ($h)

e2proc2d.py $i ‘echo $i | sed -e ’s/.tif/.mrc/g’‘

--process=filter.flattenbackground:radius=100

--process=filter.lowpass.gauss:cutoff_freq=0.025

--meanshrink=4

end

Particle picking was carried out automatically with e2boxer.py (EMAN2) [Tang

et al., 2007]. Coordinate saved in a .box file were then used to box molecular images

from the raw micrographs. Final box size was 320 x 320 pixel with a pixel size of

1.51 Å/pixel at spacemen level.

Stacks of images were created with the program e2proc2d.py by running a script

as follow:

set h = ‘ls *.hed‘

foreach i ($h)

e2proc2d.py $i stack.hed

end

Image processing was carried out with IMAGIC–5 [van Heel et al., 1996]. Molec-

ular images were first normalised, band–pass filtered using a low frequency cut–off

(high pass filter) 0.03 (200 Å) of and a high–pass cut–off (low pass filter) of 0.8 (7.55

Å) and then binned to 80 x 80 pixels (6.04 Å/pixel). Molecular images were then

centred by translational alignment with respect to the rotationally averaged total

sum of all the molecular images in the stack and iterated until the average pixel

shifting was reduced almost to zero [Dube et al., 1993; van Heel et al., 2000]. The

centred molecular images were subsequently aligned, using a reference-free align-

ment by classification protocol, in order to building a catalogue of the molecular

views present in the dataset [Schatz and Van Heel, 1990]. Centered molecular im-

ages were classified using the multivariate statistical analysis (MSA) and hierarchical
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classification method [Van Heel and Frank, 1981; Van Heel, 1984]. Classification can

manually be influenced by choosing the number of classes to be created, usually 20–

30 particles per class. It was assumed that all molecular images sorted into one class,

corresponded to a certain orientation of the protein complex being analysed (ideally

within a fixed conformation). Adding up all particle images within one class resulted

in so-called class averages with an improved signal–to–noise ratio (SNR) [van Heel

et al., 2000]. Alignment was then refined by multi reference alignment (MRA) by

selecting appropriate class averages as references [van Heel et al., 2000]. Prior to the

MRA the class sums were low–pass filtered and the surrounding noise was set to zero

by multiplication with a soft mask of the shape of the particles. The new references

were also normalized and re–centred by translational alignment with respect to their

total sum. The alignment was followed another MSA leading to a new set of class

averages. Refinement was repeated till no improvements were observed.

3.10 List of buffers and chemicals

Table 3.14: List of buffers used in this study.

Buffer Ingredients

10X Annealing buffer 100 ml

500 M Tris pH 8.8 6.05 gr

500 mM NaCl 10 ml 5M

Nuclease–free H2O to 100 ml

pH was adjusted to 8.8 with HCl

Tris-HCl pH 6.8 100 ml

1 M Tris 12.1 gr

distilled H2O to 100 ml

pH was adjusted to 6.8 with HCl

Tris-HCl pH 7.5 100 ml

1 M Tris 12.1 gr

distilled H2O to 100 ml

pH was adjusted to 7.5 with HCl
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Tris-HCl pH 8.8 100 ml

1 M Tris 23.8 gr

distilled H2O to 100 ml

pH was adjusted to 8.8 with HCl

HEPES-KOH pH 7.4 100 ml

1 M HEPES 12.1 gr

distilled H2O to 100 ml

pH was adjusted to 7.4 with KOH

HEPES-KOH pH 8.0 100 ml

1 M HEPES 12.1 gr

distilled H2O to 100 ml

pH was adjusted to 8.0 with KOH

Magnesium Chloride (MgCl2) 50 ml

1 M MgCl2 4.76 gr

distilled H2O to 50 ml

MES-HCl pH 6.0 100 ml

1 M MES 19.5 gr

distilled H2O to 100 ml

pH was adjusted to 6.0 with KOH

5M NaCl1 1 L

5 M NaCl 58.44 gr

distilled H2O to 1 L
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Table 3.15: List of chemicals and ragents used in this study.

Abbr Chemical Company Purity

Acrylamide 30% Acrylamide bis solution (37.5:1) Severn Biothec EP
UltraPure

TM
Agarose Invitrogen EP
Acetic acid Fisher ARG

APS Ammonium persulfate Sigma ≥98%
Bacto-tryptone Bacto
Yeast extract Oxoid

BFB Bromophenol blue Sigma EP
100bp DNA ladder NEB
1kb DNA ladder NEB

DMSO Dimethylsulfoxide Sigma 99%
EtOH Ethanol UniEd stores
EtBr Ethidium bromide solution (10 mg/ml) Sigma ≥95%
EDTA Ethylendiamintetra-acetic acid Sigma ≥98%

Formaldehyde 37% Sigma ACS
Glutaraldehyde (25%) Sigma 99%
Glyerol Fisher LRG
Glycine Sigma >99%

HEPES Hydroxyethyl-monosodium salt Sigma ≥99.5%

HRP-Ab ECL Rabbit IgG, GEHRP-linked whole Ab (from donkey)
Imidazole Acros >99%

MgCl2 Magnesium chloride anydrous Sigma ≥98%
MeOH Methanol Fisher ARG
Anti-His Monoclonal Anti-polyHistidine Sigma
TEMED N,N,N’,N’-Tetramethylethylene-diamine Sigma >99%
NF Nulease-free water Sigma >99%
PIPES Piperazine–N,N’–bis(2–ethanesulfonic) acid Sigma >99%
PMSF Phenylmethannesulfoniylfluriode Sigma >99%
Tween20 Polyoxyethylene sorbitan monolaurate Sigma
KH2PO4 Potassium phosphate monobasic Sigma >99%
K2HPO4 Potassium phosphate dibasic Sigma >99%
PIC Protease inhibitor EDTA-free Roche
AgNO3 Silver nitrate Sigma >99%

SuperSignal Western Blotting Kits Pirce

BCIP R©/NBT 5-Bromo-4-chloro-3-indolyl phosphate/ SigmaNitro blue tetrazolium
Skim milk Oxoid

NaCl Sodium chloride Fisher ARG
SDS Sodium dodecylsulfate 10% Fisher EP

β-mercaptoethanol Sigma 99%
UltraPure Tris Tris-(hydroxymethyl)-aminomethane Invitrogen >99%
UA Uranyl acetate Fisons ARG

EP. elctrophoresis purity. LRG, laboratory reagent grade. ARG, analytical reagent grade.
ACS, American Chemical Society reagent.
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Chapter 4

Results and Discussion: sequence

analysis, cloning, purification and

binding assay of PabMCM helicase

4.1 Introduction

Several archaeal genomes have been sequenced to date. Bioinformatics analysis sug-

gest a degree of homology between eukaryotic replication, trascription and transla-

tion proteins [Edgell and Doolittle, 1997]. Thus, Archaea provide us with a simplified

model for understanding complex molecular machinery involved in DNA metabolism

[Barry and Bell, 2006].

Homologues of eukaryotic MCM protein complex have been identified in all se-

quenced archaeal genomes, which have one MCM–like protein [Jenkinson and Chong,

2003]. Exceptions are Methanococcus jannashii, which posses four MCM protein

complexes while Methanosarcina acetivorans and Methanococcus kandleri have two

MCM–like proteins [Bult et al., 1996; Galagan et al., 2002; Slesarev et al., 2002].

The P. abyssi genomic ORF PAB2373 was investigated, which has been predicted

to encode a MCM–like protein.
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4.2 Sequence analysis of the PabMCM’s AAA+ cat-

alytic domain

The sequence alignment of the archaeal MCM proteins from S. solfatari-

cus(Q9UXG1),M. Thermoautrophicus(O27798) and P. furiosis(Q8U3I4) with the

predicted one from P. abyssi reveals high sequence homology (Figure 4.1).

The sequence alignment also shows the presence of two insertions. Based on

sequence analysis, these sequences were predicted to be inteins. Inteins, also called

protein introns, are proteins capable of self–excising from the host protein (the

exteins), in a process called protein splicing [Gogarten et al., 2002]. PabMCM has

two intein domains. The first PabMCM intein is inserted into the C–terminal of the

Walker A motif, whereas the second one in inserted at the N–terminus H2I–hp motif.

Interestingly, SsoMCM and MthMCM has no intein domains while in PfuMCM has

just one inserted at the N–terminus H2I–hp motif.

The N–terminus domain of the PabMCM reveals low sequence similarity with

previously reported S. solfataricus and M. Thermoautrophicus MCM proteins (Fig-

ure 4.1). The N–terminus has been suggested to possess regulative roles as muta-

tional studies have shown previously [Kasiviswanathan et al., 2004]. The N–terminus

domain is involved in the formation of the single ring as well as for the double ring

of MCM complex [Fletcher et al., 2003; Chong et al., 2000]. Fletcher et al. [2003]

revealed the three–domain (A, B and C) structure of the N–terminus domain. Bio-

chemical and biophysical characterisations of the N–terminus domain have shown

that it plays a regulatory role in MCM function [Barry et al., 2009; Sakakibara

et al., 2008; Kasiviswanathan et al., 2004]. Speculating on this observation, the

N–terminus domain of PabMCM might have a regulatory role as well. The little

sequence similarity of the N–terminus of the A and B domains could represent a

form of adaptation to the extreme environment while the higher conservation of the

C domain and the NCL linker a similar role in the ring formation and intersubunits

communication as previously seen for other MCM protein complexes.

The MCM protein complex belongs to the AAA+ family of ATPase [Ogura and

Wilkinson, 2001a]. The AAA+ catalytic domain of PabMCM is better conserved
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Figure 4.1: Sequence alignment of S. solfataricus(Q9UXG1),M. Thermoautrophi-
cus(O27798), P. furiosis(Q8U3I4) and P. abyssi MCMs. Highly conserved residues (in-
dentity 100%) are shaded in black while black dots are shown in the consensus. Residues with
indentity >75% are shaded in light grey while colons are shown.
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compared to the N–terminus (Figure 4.2). As reported in Barry et al. [2007] and

Grainge et al. [2006] this domain forms hexamers and possesses helicase activity.

In the PabMCM ATPase, the active site (AAA+ domain) is ∼250 residues long.

Important motifs, which impart catalytic activity, are Walker A, Walker B, sensor

1 (S1) and sensor 2 (S2). The Walker A motif is involved in binding ATP Walker

B and S1 orient the nucleophilic water molecule. S2 with the arginine–finger motif

contact the γ–phosphate [Bochman and Schwacha, 2009]. The sequence alignment

shows that all these active–site motifs are well conserved in PabMCM although

polymorphisms are present in functional motifs such as EXT–hp, Walker A, H2I–hp,

PS1–hp. These differences could represent mutations evolved as a form of adaptation

to the different extreme habits in which they thrive. This strong sequence homology

with the two well–known archaeal MCM proteins, strengthens the possibility that

the ORF PAB2373 is the replicative helicase of P. abyssi.

Codon–usage analysis

The genetic code is degenerate Kornberg and Baker [1992]. Accurate and efficient

translation of highly expressed genes is a result of codon–usage bias, which has been

observed in almost all genomes [Ikemura, 1985; Plotkin and Kudla, 2010]. Opti-

mal heterologous gene expression requires a priori knowledge of the host organism

codon–usage.

The codon usage analysis of PabMCMwas performed using the online web–server

Graphical Codon Usage Analyser (http://gcua.schoedl.de/). The analysis was

performed against E. coli codon–usage table (Figure 4.3) as this was the first host

cell choice.

As results show in Figure 4.3, PabMCM has a codon–usage slightly different

(mean difference ∼12%) compared to E. coli codon usage. In fact, comparing the

codons for the amino–acid arginine, it is quite clear that E. coli will use more

efficiently CGT and CGC codons rather than AGA and AGG ones. In terms of

efficiency of translation this can be translated in lower level of protein expression.

To increase PabMCM protein expression, RosettaTM(DE3) pLysS cells were tested

first as host strain for protein expression. RosettaTM(DE3) pLysS host strain are

80

http://gcua.schoedl.de/


Figure 4.2: Structural conservation of PabMCM AAA+ catalytic domain. S. solfatar-
icus(Q9UXG1),M. Thermoautrophicus(O27798), P. furiosis(Q8U3I4) and P. abyssi MCMs
were aligned. Highly conserved residues (indentity ≥90%) are shaded in black while black dots
are shown in the consensus. Residues with indentity ≥70% are shaded in light grey while colons
are shown.
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Figure 4.3: Codon usage analysis of the PabMCM ORF. PabMCM full-length codon–
usage was compared against e. coli codon–usage table in order to detect whether PabMCM full-
length had different codon–usage and hence affect the translation rate during protein expression.
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designed to enhance the expression of proteins that contain codons rarely used in

E. coli. These strains supply tRNAs for AGG, AGA, AUA, CUA, CCC, GGA

codons on a compatible chloramphenicol–resistant plasmid.

4.3 Cloning of the archeal PabMCM gene

The ORF PAB2373 (3336 bp) deposited at the NCBI (http://www.ncbi.nlm.nih.

gov/) data bank, encodes a protein of 1112 amino acid residue and it has been

predicted to be one of PabMCM proteins. As mentioned, the ORF contains two

intein domains (Figure 4.1), whose insertion in the sequences cause the isolation

of a fragment of the 27 amino acid residues. As result of this insertion, the N–

terminus Ser–499 is isolated from the adjacent Lys–525 of the predicted Walker A

domain while the N–terminus sequence of the predicted H2I–hp is not being affected

(Figure 4.1).

Accordingly to the sequence alignment (Figure 4.2), the putative active full–

length PabMCM is devoid of inteins. In order to reconstruct the full–length gene,

a PCR–based approach, in which fragments of the putative coding sequence were

amplified separately and fused by PCR, was used (Figure 4.4).

The pair of primers F_PAB2373–1/R_PAB2373_in was used to PCR–amplify

the N–terminus of MCM (Figure 4.5A), the pair of primers J–NTERM and J–

CTERM for amplify the fragment Ser499–Leu525 (Figure 4.5B) and finally the pair

of primers F_PAB2373_in and R_PAB2373 was used for PCR–amplify the C–

terminus fragment of MCM (Figure 4.5A).

The full–length PabMCM was reconstructed in three PCR runs (Figure 4.4(II)).

In each run, the PCR to join the fragments was performed in two steps. In the first

step, two fragments were incubated for 5 cycles, in absence of primers, in order to

fill the 5’ ends. In the second step, a mix containing primers was added and PCR

was performed for 35 cycles. In the first run, the fragment N–terminal was fused

with the fragment Ser499–Leu525 and then amplified by F_PAB2373–1/C–TERM

(Figure 4.5C). In the second run, the fragment Ser499–Leu525 was fused with the

C–terminal fragment of MCM and then amplified by N–TERM/R_PAB2373 (Fig-
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Figure 4.4: Schematic representation of PCR-based strategy used for reconstructing
the full-legnth PabMCM. (I) Schematic of the ORF2373 from P. abyssi. (II) 5’-end, internal
and 3’-end fragments amplified separately. (III) 5’-end joined to internal fragment and internal
fragment joined to 3’-end. (Full-length) Final PCR to join both fragment from III.
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ure 4.5D). Finally, in the third run the fragment N–Terminal–Ser499–Leu525 and

Ser499–Leu525–C–terminal were fused by F_PAB2373/R_PAB2373 (Figure 4.5E).

To confirm that the fragment had been inserted in the sequence, a PCR was per-

formed by using the couple of primers J–NTERM and J–CTERM (Figure 4.5F)

.

The reconstructed full–length MCM fragment was cloned into the pET3a–Tr vec-

tor. The P. abyssi full–length MCM ORF was confirmed by sequencing (Figure 4.6).

In the sequence, neither frame shift nor mutations were found.

4.4 Expression and purification of the recombinant

archeal PabMCM

4.4.1 Preliminary expression screenings

over–expression test Small scale over–expression tests were carried out in ex-

periments using BL–21 CodonPlusTM(DE3)–RIPL transformed with the construct

pET3a–tr–MCMFL.

The result seen in Figure 4.7, shows that the PabMCM protein is expressed (lines

1,2,3,4,16). The calculated MW is 74.2 kDa and the apparent MW in SDS–PAGE

is in agreement with this. The PabMCM protein seems to undergo a proteolytic

cleavage since a smaller band, running around 60 kDa, is seen in the gel. No de-

tectable changes in the expression of the PabMCM, were seen after 1 hour expression

throughout the time of induction. Basal protein expression is detectable (line NI).

For this reason, the cell strain RosettaTM(DE3) pLysS was used in further experi-

ments. This strain harbours the vector pLysS which encodes T7 lysozyme, which

allows a tight control on the T7 RNA polymerase. T7 lysozyme is a natural inhibitor

of T7 RNA polymerase, and thus reduces its ability to transcribe target genes in

uninduced cells.

Heat–denaturation test P. abyssi is a hyperthermophilic archaeon, whose op-

timal habit for thriving is the deap–sea hydrothermal vent [Cohen et al., 2003]. To
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Figure 4.5: Recostruction of the full-length PabMCM devoided of inteins. (A) PCR-
amplified N and C-terminus. (B) PCR-amplified fragment Ser499-Leu525. (C) PCR-amplified
of the joined N-term/Ser499-Leu525. (D) PCR-amplified of the joined N-term/Ser499-Leu525.
(E) PCR-amplification of the PabMCM full-length. (D) PCR performed in order to check that
the fragment was successfully joined into the MCM sequence.
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Figure 4.6: Sequencing result for the reconstructed full-length P. abyssi MCMs (ORF
PAB2373). The vector pET3a–Tr harbouring the reconstructed MCMFL was sequenced at
the GenePool sequencing facility at Edinburgh University. 6 primers were used for generating
forward and reverse reads of 500 bp each in order to have good sequence coverage. Here
the final conting is being shown. The contig was generated with CAP3 Sequence Assembly
Program (http://doua.prabi.fr/software/cap3)
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Figure 4.7: Small scale over-expression test of PabMCM. (MW) Protein ladder. (E) BL-
21 CodonPlusTM(DE3)-RIPL without construct. (NI) Not induced BL-21 CodonPlusTM(DE3)-
RIPL. (1,2,3,4,16) Post-induction harvesting time expressed in hours.
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test PabMCM thermostability, cell lysate was incubated at different temperatures

(Figure 4.8). As shown, the largest amount of the expressed PabMCM protein is

in the pellet (line RT(P)). This suggests partial insolubility, which is most likely

due to the high–level of recombinant protein expression resulting in accumulation

of insoluble aggregates in inclusion bodies [Kane and Hartley, 1988]. However, a

good fraction of PabMCM is still soluble at room temperature (line RT(SN)). In

this experiment, the high thermostability of PabMCM it is also shown (Figure 4.8).

After heating the whole lysate (up to 90◦C) the PabMCM protein is still soluble.

Little changes are visually detected in the band intensity compared with the soluble

fraction not heat–treated. The heating does not seem to have any effect on the band

running around 60 kDa. Importantly, this test shows how heat–denaturation is an

important purification step since >90% of the host proteins become insoluble after

heat treatment. Heat–denaturation could be considered as a proper purification

step, when working with hyperthermophilic organisms, since host proteins, which

are not thermostable will denature and hence separate by a simple centrifugation

step.

Chromatography: heparin and ion–exchange binding tests Previous stud-

ies on archaeal MCM protein complex have reported a binding affinity to both

heparin and strong cation exchange resins [Yoshimochi et al., 2008]. Moreover, it is

already known that DNA binding proteins quite often have affinity for heparin resin

[Xiong et al., 2008]. Small scale binding tests were performed in order to test and

choose the right chromatography strategy for purification of PabMCM (Figure 4.9).

Heparin, strong cation exchange and strong anion exchange slurry resin were used

for this experiment. In Figure 4.9, the eluted fractions are shown. As expected

with DNA–binding proteins, PabMCM binds heparin (line H) as well as the strong

cation exchange resin (line Q). No affinity binding was seen when the protein was

incubated with a strong anion exchange resin (line S).
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Figure 4.8: Heat-denaturation test for PabMCM. (MW) Protein ladder. (NI) Not induced
BL-21 CodonPlusTM(DE3)-RIPL. (I) Induced BL-21 CodonPlusTM(DE3)-RIPL. (P) Cell pellet
after cell lysys and centrifugation at 13000 rpm. (SN) Supernatant obtained as in (P). (RT,
70◦C,80◦C,90◦C) Temperature at which cell lysate was incubated in order to test the PabMCM
heat-resistance; RT indicates room temperature.
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Figure 4.9: Chromatography binding test of PabMCM. Soluble PabMCM not heat-treated
(RT) and heat-treated (90◦C) fractions were tested for binding capacity to three types of resins:
heparin (H), strong cation exchange (S) and strong anion exchange (Q). (MW) Protein ladder.
(I) Input protein.
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4.4.2 Protein purification protocol optimisation

Many strategies were tested in order to separate the 60 kDa co–purified fragment

from the protein preparation. Several chromatographic techniques were tested and

optimised (hydrophobic interaction chromatography, weak ion-exchange chromatog-

raphy, ion-exchange chromatography) for that purpose (data not shown). Five of

these strategies will be described.

Figure 4.10 (A) shows five size–exclusion chromatography traces related to five

attempts carried out in study.

The first experiment (Native in panel A and B(I)), is representative of the very

first purification protocol. The sample, after elution first from a heparin affinity

column and from a strong cation exchange (data not shown), was loaded into a size–

exclusion chromatography column. The sample eluted nearly as single peak although

a smaller peak came off as well. Collected fractions were analysed on SDS–PAGE

and shown that the sample was almost pure. However the smaller 60 kDa protein

was co–eluting with pabMCM. Eluted fractions were also checked at the microscope

to test whether or not the purified protein was forming any ring–shape assembly. As

shown (panel B(I) from F11 to F12) a ring–shape like assembly could be seen at the

microscope. As shown in Figure 4.8, a fraction of the expressed PabMCM is in the

inclusion bodies. Protein purification from inclusion bodies has been successfully

applied in number of recombinant proteins [Vallejo and Rinas, 2004]. In order to

test whether or not this fraction could be recovered by refolding, Inclusion bodies

were resuspended in 6 M GuCl and dialysed against 20 mM HEPES pH 7.4, 500 mM

NaCl overnight at room temperature. As shown in Figure 4.10 (panel B IncBodies

II), PabMCM could be solubilised and refolding was successful as demonstrated in

the related micrographs.

Affinity–tag purification was another option taken into account in order to sepa-

rate the small 60 kDa co–eluting protein. PabMCM reconstructed full–length ORF

was sub–cloned into a modified pET vector with N–terminus six–histidine tag and

a TEV protease cleavage site (pETWO–E). The new construct was sequenced and

tested to be effectively functional and proteins expression was checked in small–

scale protein expression tests and small scale nickel affinity chromatography were
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Figure 4.10: Purification protocols scouting for PabMCM. (A) Overlapped size-exclusion
chromatography traces of PabMCM carried out in 20 mM HEPES pH 7.4, 150 mM NaCl at
0.3 ml/min flow-rate onto a Superose6TM10/300 GL. (B) SDS–PAGE and electron microscopy
analysis of PabMCM fractions.
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performed in order to test the binding (data not shown). In Figure 4.10 (6His-Native

in panel A and B III), it is shown the size–exclusion chromatography carried out

with the 6xHis–tagged PabMCM protein. As shown, affinity purification did not

help in separating the 60 kDa fragment since still two band appeared when eluted

fractions were analysed on SDS–PAGE. Electron microscopy analysis showed ring–

shape like particles. Yet, few more elongated particles, which could resemble the

double ring assembly previously seen for other archaeal MCM–like protein complex

[Costa et al., 2006a; Gómez-Llorente et al., 2005], were also seen in the microscope .

Denaturing conditions were tested with the 6–His tagged PabMCM. The rational be-

hind this experiments was to test whether or not the full–length PabMCM could be

separated from the 60 kDa protein by using harsh denaturing conditions. As shown

above (Figure 4.10 (panel B IncBodies II)), PabMCM could be refolded in a soluble

ring–shaped protein complex. In this case two strategies were adopted. In the first

approach (Figure 4.10 panel A and B IV, 6His–IncBodies–Dy), the resolubilised 6–

his tagged PabMCM was refolded by dialysis at room temperature overnight. The

refolded protein adopted a ring–shape like assembly after refolding, meaning that

PabMCM was most likely folding nearly to a native state (Figure 4.10 F10–F13). In

the second approach (Figure 4.10 panel A and B V, 6His–IncBodies–Col), the 6–his

tagged PabMCM was resolubilised from inclusion bodies and refolded on–column

by gradual buffer exchange to 20 mM HEPES pH 7.4, 500 mM NaCl.

From these experiments, it is possible to conclude that the best way to purify

PabMCM without the small 60 kDa fragment is to use an affinity tag chromatog-

raphy in denaturing conditions. In this specific study, the N-terminal 6–histidines

tag could be used since its capacity to retain binding to a nickel column even in

denaturing conditions. Since the small 60 kDa fragment is lacking of the N-terminal

(see 4.4.3), it will not bind the to the nickel column. Yet, the denaturing conditions

will help to dissassemble the ring in single monomeric units and hence the 60 kDa

fragments will elute with the flow–through. Moreover, these data suggest that the

best way to obtained a pure refolded PabMCM is to perform refolding in column.
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4.4.3 Mass–spectrometry analysis confirms that both bands

are PabMCM

Protein–fingerprinting, which is a method for protein identification via mass–

spectrometry [Pappin et al., 1993; Mann et al., 1993], was adopted to confirm that

the band running around 70 kDa was PabMCM as well as to identify the 60 kDa

co–purified product (Figure 4.7). Results of this experiment are shown in (Fig-

ure 4.11). This analysis confirmed, that the higher MW band was PabMCM while

the 60 kDa band, was a shorter form of pabMCM. No peptides were detected for

the N–terminus of the 60 kDa band. This may mean that the 60 kDa PabMCM was

probably missing the N–terminus.

4.4.4 Prediction and Mutagenesis of a putative intragenic

MCM’s Shine–Dalgarno sequence

Preliminary expression tests in RosettaTM(DE3) pLysS harbouring the plasmid

vector pET3–tr–MCMFL shown a secondary shorter protein product being co–

expressed with the full–length PabMCM (Figure 4.7).

Ribosome–mediated protein synthesis is regulated at the level of initiation of

translation. Different mechanisms of initiation of translation and regulation of pro-

tein expression levels are adopted between prokaryotes and eukaryotes. In prokary-

otic mRNA, initiation of translation is controlled via structural elements as Shine–

Dalgarno sequence nearby the AUG and AUG itself. [Matten et al., 1998; Kozak,

2005; Tikole and Sankararamakrishnan, 2006]. The Shine–Dalgarno (SD) sequence

is a short 5’–ACCUCC–3’ motif of 3’ end of E. coli ’s 16S ribosomial RNA (rRNA),

which is known to be complementary to the 5’–GGAGGU–3’ motif located at the

5’ end of several messenger RNAs (mRNA). This short motif has been shown to

be sufficient to create a stable double stranded nucleic acid structure that could

position the ribosome correctly on the mRNA during translation initiation [Shine

and Dalgarno, 1974]. Mass–spectrometry analysis shown that the shorter protein

running around 60 kDa was a truncated form of PabMCM full–length. Since there

were no indications of either degradation or proteolysis and in light of what has been

95



Figure 4.11: Mass-spectrometry analysis of PabMCMs purified proteins. (A) SDS–
PAGE of PabMCM, ?? full-length PabMCM while in (B) it is shown the peptide coverage
peptide (colored grey). As shown, no pepties peptides, belonging to the N–terminal, were
seen to fly in the MALDI–TOF when the shorter form was analysed while the coverage for
the C-terminal remained the same. Importantly, the peptide YIANLAP (in red), which is part
of the AAA+ domain being isolated by the two inteins insertions in the PabMCM sequence
(Figure 4.2), was detected. This observation clearly indicates that the full-length protein was
reconstructed properly.
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reported above, alternative intragenic start codons as well as alternative ribosome

binding sequences (RSD) were investigated.

Based on the difference in molecular weight between the PabMCM (74 kDa)

and the shorter polypeptide of PabMCM (∼60 kDa), the first 5’ 306 nt of the

PabMCM ORF were analysed. Since it is not possible to accurately estimate the

molecular weight on SDS–PAGE, a bigger range from the first methionine to the

fourth one (∼25 kDa encoded peptide) was taken into account. Bioinformatics

analysis performed with the software Free2Bind [Starmer, 2000] was used to screen

the first 5’ 306 nt of PabMCM. Free2Bind found three putative RBSs in the sequence

(Figure 4.12).

The first match (∆G = –11.22) was too close to the first start codon also no

AUG were seen in the 17 nt downstream, which represent the optimal distance of

the SD from the AUG as shown in Chen et al. [1994].

The second match (∆G = –10.14) revealed an SD–like sequence 5 nt upstream

of the third in–frame AUG codon. This sequence is identical to initiation of trans-

lation elements found in the pET system vectors on the market. This is most likely

the reason why the shorter PabMCM was being co–expressed. To validate this

hypothesis two experiments were carried out. In the first experiment, PabMCM

was sub–cloned in the vector pETM–40, with an N–terminus maltose binding pro-

tein and a C–terminal 6–His tag. Shifting downstream this alternative initiation of

translation element would have greatly reduced the expression of the shorter frag-

ment. As shown in Figure 4.13B, no shorter fragment could be seen in SDS–PAGE.

This result was also confirmed via western blotting by probing the membrane with

an anti–His tag antibody Figure 4.13C. The western blotting also reveal that neither

degradation nor proteolysis is occurring since no smeared bands were seen. How-

ever, this construct could not be used for further experiments since further analysis

revealed that the MBP tag was not cleavable. In addition, heat–denaturation would

not be applicable. The second experiment performed was the mutagenesis of the

5’–AAGGAGGATATA–3’ sequence to 5’–AAAGAAGACATT–3’. As shown in Fig-

ure 4.12B, this new construct was being expressed and no co–expressed products

were seen when samples were analysed on SDS–PAGE.
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Figure 4.12: Mutagenesis of the putative SD sequence of
PabMCM. (A) Drawing of PabMCM full-length with a closed-up of 5’–
CAGATAATCTTAAAGGAGGATATAATGAGGGAAGACGATC–3’ sequence mutated to
5’–CAGATAATCTTAAAAGAAGACATTATGAGGGAAGACGATC–3’ sequence. Synonymous
mutation of the amino–acidic sequence (KEDIM) was achieved via PCR-based method. Also,
it is shown the results from Free2Bind. Sequences are aligned to the 306 nt sequence (1-4
MCM), which goes from the first methionine to the fourth one found in-frame in the sequence.
1-2 MCM is the nucleotide sequence from the first methionine to the second one. 2-3 MCM
is the nucleotide sequence from the second methionine to the third one while 3-4 MCM is the
nucleotide sequence from the third methionine to the fourth one. Small drawing highlight the
putative alternative initiation of translation element found in the sequence. (B) SDS–PAGE
of the mutated PabMCM. NI, sample where protein expression was not induced. In sample
where protein expression was induced with 1 mM IPTG. Clearly PabMCM is expressed and the
shorter PabMCM fragment is certainly less.
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Figure 4.13: Small scale protein expression test and western blotting analysis of the
mutated PabMCM. (A) Shows the small protein expression test performed with the construct
pTWOE-6HisMCMFL; NI, not induced sample while I3 three hours post-induction cells with
1 mM IPTG. It is clearly seen the shorter PabMCM fragments being co-expressed with the
full-length one. (B) Shows the small protein expression test performed with the construct
pETM40-MBP-MCMFL-6His; NI, not induced sample while 1, 2 and 3 post-induction samples
after one, two and three hours of induction with 1 mM IPTG. It is clearly seen that the shorter
PabMCM fragments is not being co-expressed anymore with the full-length one. (C) Shows the
western blotting of the small protein expression test performed with the construct pETM40-
MBP-MCMFL-6His at 30◦C and 37◦C respectively; NI, not induced sample while 0.05, 0.1,0.2
and 0.5 are IPTG concentration used in this screening. Samples were induced over-night in
TB. This figure shows clearly that the shorter PabMCM fragments is not being co-expressed
any more with the full-length one also it is show that neither proteolysis nor degradation is
occurring after ∼16 hours post induction.
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The third match (∆G = –7.9) also might be another alternative initiation of

translation element for two reasons. Firstly, although the predicted binding affinity

is not as high as the one for the second match there are still chances that the second

match might be used as initiation of translation. Secondly, as reviewed in Romero

and Garćia [1991] initiation of translation at AUC, AUA and AUU codons in E. coli

might occur. Further analyses need to be implemented to address whether or not

this codons are being used as alternative initiation of translation elements.

4.4.5 An optimised purification protocol for PabMCM

All the experiments shown before have been used as lead to set a protocol for an

heterologous protein expression. No improvement in the purity of the protein were

noticed after heparin affinity and strong cation exchange chromatography when per-

formed after nickel affinity chromatography (data not shown). Hence, the final op-

timised protocol was carried out in three steps, which included: heat–denaturation

at 70◦C, nickel affinity chromatography (Figure 4.14) and size–exclusion chromatog-

raphy (Figure 4.15).

Eluted fractions from the nickel affinity purification step were pooled and checked

for DNA contaminations measuring the A260/280 ratio at a nanodrop spectropho-

tometer. Only fractions with a A260/280 between 0.51 and 0.68 (99% purity) were

concentrated by ultra–filtration with a 15R Vivaspin (15000 MWCO), to a final

concentration of 15 mg/ml. Finally, sample was loaded onto a Superose6TM10/300

GL size–exclusion column. The apparent molecular weight, estimated as in Andrew

[1970], of PabMCM was 575 kDa, indicating that it is more likely to be an octameric

assembly.

4.5 DNA binding assay

Structural studies on archaeal MCM proteins have shown a positively charge central

channel large enough to allocate dsDNA [Brewster et al., 2008; Fletcher et al., 2003].

In addition, biochemical studies reported that MCM proteins bind DNA through

two types of structural motifs, which include a zing finger and a β–hairpin motif

100



Figure 4.14: Optimesed purification protocol for PabMCM, Nickel affinity purification
chromatography step. (A) Nickel affinity purification chromatography trace. Black continu-
ous line is the abosorbance measured at 260 nm (mAu) while dotted line is the gradient of buffer
B (%B) used for eluting the 6HisMCMFLM recombinant protein. Sample in 20 mM HEPES
pH 7.4, 500 mM NaCl, 20 mM imidazole was loaded onto an nickel 5 ml nickel column at 1
ml/min flow rate. Nickel bounded protein wash washed in 20 mM HEPES pH 7.4, 1.5 M NaCl
and re–equilibrated in 20 mM HEPES pH 7.4, 150 mM NaCl, 20 mM imidazole. Finally, sample
was eluted with 15 CV (75 ml) of 20 mM HEPES pH 7.4, 150 mM NaCl, 500 mM imidazole at
5 ml/min flow-rate. Shaded in light grey are the fractions collected during the chromatographic
run. (B) NI, not induced RosettaTM(DE3) pLysS host cells harbouring pETWO-6HisMCMFLM
construct were induced in TB at 30◦C with 0.02 mM IPTG when OD600 reached 0.5 – 0.6; LT,
total lysate of harvested cells broken by sonication at 50% amplitude in 5 cycles of 30" each
with pause of 30" in between each cycle; SN, supernatant of heat treated sample at 70◦Cfor
20’ and loaded onto a 5 ml pre-packed nickel column; (P) Pellet after heat-denaturation; FT,
flow-through after SN was loaded onto the nickel column; W, Nickel bounded protein washed
with 1.5 M NaCl, which is now to induce disassembly of the ring in S. solfataricus MCM pro-
tein complex [Brewster et al., 2008]. This wash was included in order to remove any aspecific
ionic interactions with the protein; ELUTED FRACTIONS, fractions collected after sample was
eluted with a linear gradient of imidazole.
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Figure 4.15: Optimesed purification protocol for PabMCM, Size-exclusion chromatog-
raphy step. Gel-filtration was performed in 20 mM HEPES pH 7.4, 150 mM NaCl at 0.3
flow-rate. (A) Black continuous line, size-exclusion chromatography trace of PabMCM. Black
dotted line, gel-filtration protein standard used for calibrating the column and estimate the ap-
parent molecular weight of PabMCM in solution. As it is shown PabMCM elutes very close to
thyroglobulin protein standard. Shaded in light grey are the fractions analysed on SDS–PAGE
while arrows in light grey are the molecular weight of the protein standards used in this study.
The black arrow indicates the estimated molecular weight of PabMCM. Top left graph, shows
the calibration curve used in this study (T = Thyroglobulin (670 kDa); G = γ-globulin (158
kDa); O = ovalbumin (44 kDa); M = myosin (17 kDa)). (B) SDS-PAGE analysis of the eluted
fractions. I, sample input (diluted 10 times). FT, flow-through after ultra-filtration. ELUTED
FRACTION, fraction collected during size-exclusion chromatography.
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at the N–terminus and a β–hairpin located in the AAA+ catalytic domain [Grainge

et al., 2006; Kasiviswanathan et al., 2004; McGeoch et al., 2005]. Bioinformatics

analysis shown a strong sequence homology, with well conserved structural motifs,

with well–known archaeal MCM protein complexes (Figure 4.1). Supporting these

findings, an agarose gel based shift assay was implemented in this part of this study

to explore whether or not PabMCM binds dsDNA. Indeed, the PabMCM protein

complex was found to bind dsDNA (Figure 4.16).

4.6 Concluding remarks

All archaeal genomes sequenced to date possess homologues of eukaryal MCM pro-

teins [Barry and Bell, 2006]. Genome sequencing and bioinformatics analyses of

hyperthermophilic archaeon P. abyssi revealed an ORF (PAB2373) with sequence

homology to previously reported MCM proteins [Cohen et al., 2003].

Comparison of the primary amino acid sequence of ORF PAB2373 (herein

PabMCM) with three well–characterised archaeal MCM proteins revealed conserved

residues in the N–terminal domain of PabMCM. The C domain of the N–terminal

portion of MCM proteins contains an important loop (Figure 4.1, residues 187–203;

Figure 1.4), the N–terminal communication loop, which plays a key role in coordi-

nating DNA binding and ATPase activity between subunits [Sakakibara et al., 2008;

Barry et al., 2009]. Another well–conserved functional motif is the β–hairpin, which

is involved in DNA binding [Fletcher et al., 2003]. Bioinformatic analyses of the

C–terminal of PabMCM show highly conserved residues (Figure 4.2). Functional

motifs entailed in ATP binding and hydrolysis (Walker A and B, SI, SII and SRF)

are all well conserved.

Bioinformatics analyses of the genomic sequence of P. abyssi reported the pres-

ence of two inteins in the PabMCM coding sequence. The first intein insertion,

breaks apart C–terminal of the Walker A motif, whilst the second intein insertion

falls into the glutamate switch, close to the β–hairpin H2I (Figure 4.2). The gluta-

mate switch senses the presence or absence of a ligand, which is DNA in this case

[Zhang and Wigley, 2008].
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Figure 4.16: DNA binding assay. The gel shows the PabMCM complex can bind dsDNA.
A 59-mer dsDNA was used in this experiment. Size was chosen in order to avoid multi-MCMs
loading on the same dsDNA and thus force a 1:1 stoichiometry. L, DNA ladder. D, dsDNA only
used has control. M, PabMCM only used as control to avoid artefacts due to ethidium bromide
staining. Lines 1-5 all contain 24 pmol (calculated on the monomeric MCM) of PabMCM
with increasing amount of dsDNA (10, 20, 30, 40, 50 pmol). Lines 6-10 all contain 10 pmol
of dsDNA with increasing amount of PabMCM (24, 48, 72, 96, 120 pmol). The band-shift
experiment was performed as shown in Fletcher et al. [2003].
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Based on the observation of the presence of two inteins, in order to biochemically

characterised the full–length PabMCM the ORF2373 was reconstructed by a PCR–

based approach (Figure 4.4). By this approach, the full–length coding sequence of

PabMCM was amplified and then cloned in an appropriate expression vector. The

nucleotide sequence of PabMCM was confirmed by sequencing (Figure 4.6). Pre-

liminary over–expression tests, carried out in E. coli strains (Figure 4.7), revealed

that PabMCM was over–expressed, although a smaller polypeptide (60 kDa) was

also co–expressed. Further heat denaturation tests (Figure 4.8) and chromatogra-

phy binding assays showed that the PabMCM protein was thermostable and could

bind an cation exchange resin and an heparin affinity resin Figure 4.9). Several ap-

proaches were tested to separate the 60 kDa co–expressed protein and the full-length

PabMCM (Figure 4.10). Mass–spectrometry analyses revealed that, the 60 kDa

co–purifying polypeptide was a shorter form of PabMCM lacking the N–terminal

domain Figure 4.11. In–depth analyses, of the 5’–end of the nucleotide sequence of

PabMCM, revealed the presence of a putative RBS element (Figure 4.12 A). Muta-

genesis of this putative RBS element resulted in the absence of the co–expressed 60

kDa polypeptide (Figure 4.12 B). Finally, this mutated construct was used for setting

up a purification protocol for the full-length PabMCM (Figure 4.14, Figure 4.15).

DNA binding assays carried out with the mutated full-length PabMCM showed

that PabMCM binds to dsDNA (Figure 4.16). In eukaryotes, the loading of MCM2–7

onto the DNA is mediated by ORC, Cdc6 and Cdt1 in a ATP–dependent process. In

bacteria and virus, the replicative helicase is loaded onto the DNA by a loader protein

or complex, which assembles the helicase onto the origin of replication [Sakakibara

et al., 2009a]. In archaea, it is currently unknown whether the replicative helicase

has loader proteins or not. However, due to the eukaryotic–like mode of replication

it is possible that some proteins could act as loader for the replicative helicase. A

candidate for this purpose is Cdc6 [Shin et al., 2008]. This assumption relies on the

sequence similarity found between the Cdc6 in archaea and the eukaryotic initiator

protein Cdc6 [De Felice et al., 2003].
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Chapter 5

Results and Discussion: the

structure of the archaeal PabMCM

protein complex

5.1 Introduction

The mini–chromosome maintenance (MCM) proteins are members of the AAA+ su-

perfamily of ATPases [Bell and Botchan, 2013]. AAA+ ATPases use energy derived

from ATP binding and hydrolysis to carry out specific functions in several biologi-

cal processes (e.g. DNA replication and repair) [Ogura and Wilkinson, 2001b]. In

the case of MCM proteins, the AAA+ module is needed to catalyse DNA unwinding

[Bell and Botchan, 2013]. MCMs also have an amino–terminal domain (NTD), which

plays a role in higher order structure assembly [Sakakibara et al., 2009b]. Following

the AAA+ domain, there is a winged helix (WH) motif, which may have a regula-

tive role (Figure 1.4) [Barry et al., 2007; Jenkinson and Chong, 2006; Fernández-Cid

et al., 2013].

Much of what we know regarding MCM helicases has been gathered from struc-

tural and functional studies of the simple archaeal model [Sakakibara et al., 2009b].

In addition, the crystal structures of distantly related helicases (SV40, LTAg, and

E1 helicase of bovine papilloma virus) have been source of important structural

frameworks for understanding the mode of action of hexameric helicases [Bell and

106



Botchan, 2013].

The first structural observation of a higher order assembly of MCM proteins

was from electron microscopy studies of M. thermautotrophicus MCM [Bell and

Botchan, 2013]. These studies showed a double hexameric structure with the two

hexamers joined in a head–to–head manner [Chong et al., 2000], similar to the

MCM2-7 assembly observed later [Remus et al., 2009]. Subsequently, it was shown

that more oligomeric states could be adopted by MCM proteins, including single

hexamer, single heptamer, double heptamer and filaments [Yu et al., 2002; Pape

et al., 2003; Chen et al., 2005; Costa et al., 2006b; Gómez-Llorente et al., 2005; Bae

et al., 2009; Slaymaker et al., 2013].

5.2 Electron microscopy and single particle analysis

To glean insights into the three–dimensional architecture of the PabMCM complex,

electron microscopy coupled to single particle analysis (SPA) experiments were per-

formed. Negative stain electron microscopy images of the full-length PabMCM were

used for SPA. A typical micrograph is shown in Figure 5.1 A. ∼120,000 molecular

images (320 x 320 pixels, 1.51 Å/pixel) were pre–processed as explained in sec-

tion 3.9. The final size of the molecular images used for during data processing was

80 x 80 pixels at 6.04 Å/pixel.

A first round of MSA classification, which consists of a first MSA and a subse-

quent classification, was performed in order to calculate reference–free class–averages

and build a first catalogue of views present in the dataset.

The resulting eigenimages, calculated by MSA, are shown in Figure 5.2. The

eigenimages are normally presented in the order of their significance [White et al.,

2004]. In this respect, eigenimage 2 reflects the characteristic of the main

shape,which is a ring, in the dataset. Additionally, the strong black ring encir-

cling the white ring is likely to be related to the size variation between particles

into the dataset [White et al., 2004; Morris et al., 2011]. Eigenimages 3 and 4 have

two–fold symmetry, which is likely to be related to a different oligomeric states

(monomer/dimer) [Morris et al., 2011]. Eigenimages 5 and 6 reflect size variation
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Figure 5.1: Characteristic negatively stained electron micrograph of PabMCM. Mi-
crography recorded at 50000x nominal magnification in low–dose mode (20–25 e−/Å2.). White
circles are used to show single particles.
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Figure 5.2: Initial MSA classification of PabMCM molecular images (part I). (A)
First eigenimage used for classification of the molecular images. (B) Two characteristics class-
average, which show size variation. Class–averages were compared by subtraction (Circular
minus elongated) to verify that the eigenimage 2 was representative of the difference in size
between circular and elongated particles. Further MSA classification followed by multi–reference
alignment (MRA) of the molecular images belonging to the elongated class–average revealed a
characteristic two–fold symmetry and four tiers structure. These features are similar to those
ones previously observed for MthMCM. Scale bar 100 Å.
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Figure 5.3: Initial MSA classification of PabMCM molecular images (part II). (A)
First eigenimage used for classification of the molecular images. (B) Two characteristics class-
average, which show size variation. Class–averages were compared by subtraction (Small minus
big) to verify that the eigenimage 7 was representative of the difference in size between small
and big particles. (C) Further MSA classification followed by multi–reference alignment (MRA)
of the molecular images belonging to the both class–averages revealed a two ring–shaped class–
averaged with a characteristic 8–fold and 7–fold symmetry for MthMCM. Scale bar 100 Å.
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for the tilted views. Eigenimage 7 shows a black and a white rings, probably still

related to the different particles size within the dataset [White et al., 2004]. To

check whether or not this interpretation was correct, molecular images were clas-

sified using the first seven eigenimages. 100 class–averages were calculated (data

not shown). Analysis of these class-averages showed three types of class-averages:

an elongated (Figure 5.2) and two ring–shaped (Figure 5.3). The validity of the

interpretation of the 2nd and 7th eigenimage was checked in a similar way as shown

in [White et al., 2004]. Rotational averages of the circular and elongated class–

averages were calculated and then images were compared by subtraction. As shown

in Figure 5.2 and Figure 5.3 both eigenimages are representative of the size variation

in the dataset. Based on this observation the dataset was partitioned into two sub–

datasets: the elongated and the ring–shaped. Further rounds of MSA classification

and alignment, with a subset of ∼5000 molecular images classified as elongated,

revealed their features. As shown in Figure 5.2 the elongated class–average shows

a two–fold symmetry and a four–tier organisation, which is the typical feature of a

double ring assembly [Costa et al., 2006b; Gómez-Llorente et al., 2005]. This is con-

sistent with previous electron microscopy studies of MthMCM [Costa et al., 2006b;

Gómez-Llorente et al., 2005]. Modelling the EM structure of MthMCM double hex-

amer indicated that the top and bottom tiers correspond to the C–termini, while

the two middle tiers correspond to the N–termini (Figure 5.2).

Analogous analyses were carried out for the 45,000 image–subset of ring–shaped

molecular images. As shown in Figure 5.3, further rounds of MSA classification

leaded to classify two types of top-end views of PabMCM: a small ring with a char-

acteristic 7–fold symmetry and a bigger ring with a characteristic 8–fold symmetry.

The difference in size estimated between the two rings was 8%. MSA classification

also allowed to sort two types of side views, small and large side views (data not

shown). More difficult was the sorting of the tilted views since the difference in

size was not always obvious. However, those tilted views, which clearly belonged to

the larger PabMCM assembly were sorted manually. The goodness of these tilted

view was validated in further steps during refinement of the final 3D model of the

octameric PabMCM. Finally, from this sub dataset, ∼10,000 molecular images be-
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longing to the ‘large’ PabMCM assembly were taken forward for calculating the

initial 3D model of the full-length PabMCM (Figure 5.4).

5.3 3D EM reconstruction of the archaeal

PabMCM

∼10,000 molecular images, sorted by classification, were used to calculate and refine

the final 3D volume in EMAN2 [Tang et al., 2007] (Figure 5.4, Figure 5.5). The

initial model was calculated with e2initial_moldel.py, which calculates a random

blob model, from pure noise images, to seed a single particle reconstruction and

refinement [Tang et al., 2007]. For this purpose, nine class–averages were used for

the 3D reconstruction of the initial model (Figure 5.4). In particular, ten initial

models were calculated. For each 3D reconstruction, the e2initial_moldel.py

program calculates a set of re-projections, which can be used to estimate ‘how good’

is the 3D reconstruction. Indeed, each 3D reconstruction was checked by looking

at the 3D model and the correspondence between the class–averages and the re–

projections. The best model, in which case was the second reconstruction was chosen

since the best matching between class–averages and re–projections (Figure 5.4). This

initial model was then refined, by projection matching with e2refine.py [Tang

et al., 2007]. Re–projections and class–averages were checked at each iteration.

Particular care was taken for the tilted views. As mentioned before, It was not

straightforward to distinguish between small and large tilted views during MSA

classification. This was taken into account during each iteration during refinement

and ‘bad’ ones were discarded. The final refined model is presented in Figure 5.5

A. Projections of the maps matched with 2D class-averages assigned the same Euler

angles highlighting the validity of the map (Figure 5.5 B). The overall shape of the

refined model PabMCM exhibits similarity with 3D–EM models previously reported

archaeal MCMs [Pape et al., 2003; Bae et al., 2009]. The PabMCM complex exhibits

an octameric assembly and has overall dimensions of 170 Å x 170 Å x 110 Å. The

resolution of the map is 22 Å, calculated at 0.143 Fourier shell correlation (FSC)

(Figure 5.5 C).
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Figure 5.4: Flow–through of the 3D reconstruction of the initial model of the full–
length PabMCM From the top, 9 class–averages were selected for the 3D reconstruction of
an initial model of the full–length PabMCM. The initial model was calculated by using the
e2initial_model.py software from the EMAN2 image processing suite [Tang et al., 2007].
The best initial model, showed in figure, was chosen based by evaluating the correspondence
between class–averages (Av) and the re–projections (Re). The initial 3D model of the full–
length PabMCM single octamer was rendered in Chimera [Pettersen et al., 2004].
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Figure 5.5: 3D refinement of the full–length PabMCM. (A) Refined 3D model of the
full–length PabMCM single octamer. Volumes were rendered with Chimera [Pettersen et al.,
2004]. (B) Class–averages and re–projections for the refined 3D reconstruction. (C) Fourier
shell correlation of the refined PabMCM model.
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5.4 Model fitting of PabMCM 3D–EM structure

To interpret the 3D–EM reconstruction of the full–length PabMCM, docking of the

atomic coordinates of the crystal structure C–terminal truncated SsoMCM [Brew-

ster et al., 2008], the crystal structure of the full-length MkaMCM [Bae et al., 2009]

and the NMR structure of the C–terminal domain of SsoMCM [Wiedemann et al.,

2014] was performed . The fitting of the 3D structure of the full–length PabMCM

complex (Figure 5.6) was performed manually using Chimera [Pettersen et al., 2004]

and then optimised via Situs [Wriggers et al., 1999]. 3D volume and fitted model

were rendered in PyMol [DeLano, 2002].

The crystallographic structure of C–terminal truncated SsoMCM fitted well into

the electron density corresponding to the bottom and top tier, although a C–terminal

extra density was observed (Figure 5.6 A). The orientation resulting from docking

of SsoMCM into the map shows PS1 and HP2 β–hairpins pointing into the central

channel (Figure 5.6 B) while Ext β–hairpin is pointing toward the side channel

between the subunits composing the ring (Figure 5.6 C). Ext β–hairpin locates on

the exterior side of the side channel (close–up Figure 5.6 E).

The crystallographic structure of full-length MkaMCM fitted better into the

electron density corresponding to the bottom and top tier (Figure 5.6 F). Docking

resulted in PS1 and HP2 β–hairpins of MkaMCM pointing into the central channel

of the 3D–EM map of the full-length PabMCM (Figure 5.6 G, H and I). The overall

shape of the 3D–EM reconstruction of full-length PabMCM is very similar to the 18

Å cryo–EM map of MkaMCM complex [Bae et al., 2009].

5.5 Concluding remarks

The structural observation of archaeal MCM proteins by electron microscopy showed

a double hexameric structure with the two hexameric rings joined in a head–to–

head manner [Chong et al., 2000; Remus et al., 2009]. It was also shown that

more oligomeric states could be adopted by archaeal MCM proteins, including single

hexamer, single heptamer, double heptamer and filaments [Yu et al., 2002; Pape

et al., 2003; Chen et al., 2005; Costa et al., 2006b; Gómez-Llorente et al., 2005; Bae
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Figure 5.6: Model fitting of the full–length PabMCM 3D EM structure. (A, B, C,
D) Fitting of the atomic coordinates of the C–terminally truncated SsoMCM [Brewster et al.,
2008] (PDB 3F9V) and C–terminal domain of SsoMCM (PDB 2M45)[Wiedemann et al., 2014].
(E, F, G, H) Fitting of the atomic coordinates of full–length MkaMCM [Bae et al., 2009] (PDB
3F8T). In blue is shown the fitting of the NMR structure of SsoMCM. In red, the AAA+ module
while in orange the N–terminal domain of both SsoMCM and MkaMCM. In light blue, EXT
β–hairpin; in yellow, H2I β–hairpin; in green, PS1 β–hairpin; in dark blue, NT β–hairpin (only
in panel D).
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et al., 2009; Slaymaker et al., 2013].

In this study a homo–octameric assembly has been reported. SPA revealed that

PabMCM in solution is a mixture of at least three molecular species: single homo–

heptamer, single homo–octamer and double rings. A subset of ∼10,000 particles,

showing characteristic 8–fold symmetry and two–tiers features, were classified and

sorted by MSA. This subset resulted to be homogeneous enough for a subsequent

3D reconstruction. The final 3D–EM map 22 Å showed similarity with previously

reported 3D–EM reconstruction of similar archeal MCM proteins.

117



Chapter 6

Results and Discussion: small–angle

scattering studies of the archaeal

PabMCM

6.1 Introduction

Small–angle scattering (SAS) is a powerful diffraction technique used for investi-

gating the structure of matter [Feigin et al., 1987]. SAS is widely used in several

branches of science, including structural and molecular biology [Feigin et al., 1987].

SAS is very powerful for studying large–scale structures up to 1 µm. By SAS one

can gather information about the size and shape of structures in a sample [Feigin

et al., 1987]. In SAS experiments, samples are exposed to a collimated beam of radi-

ation (X–rays or neutrons). The radiation source is deflected by the interaction of it

with the atomic structure of matter. The deflection or scattering pattern is recorded

on a detector and then analysed. The deflection recorder is typically between 0.3◦

and 5◦ [Feigin et al., 1987]. Depending on the nature of the radiation used in SAS

experiments, it can refer to: small–angle X–ray scattering (SAXS) or small–angle

neutron scattering (SANS) [Feigin et al., 1987]. In SAXS experiments, X–rays with

wavelength in the range of 0.5–2 Å are used to study the three dimensional struc-

ture of a sample; whereas in SANS experiments, thermal neutron in the range of

1–10 Å are used instead. In both cases, the scattering intensity I(s) is recorded as
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a function of momentum transfer q (q=4πsinθ/λ, where 2θ is the angle between

the incident and scattered radiation and λ the wavelength of the radiation) [Feigin

et al., 1987]. The observed scattered intensity is the Fourier transform of the object

shape in real–space and it can be expressed as follow:

Scattered Intensity I(q) = NpV
2
p (ρp − ρs)2F (q)S(q) +B

where: Np = number of particle

Vp = volume of particle

ρp = scattering length density of particle

(electron density for X–rays and nuclear/spin density for neutrons)

ρs = scattering length density of solvent

F (q) = form factor

S(q) = structure factor

B = background

Two considerations can be drawn from this equation [Edler, 2013]. Firstly, I(s)

is directly proportional to the concentration (I(q) ∝ NpVp), hence more sample

more signal; however if too concentrated, inter–particles effect may occur [Jacques

and Trewhella, 2010]. Secondly I(s) is directly proportional to difference in contrast

between the particle and the solvent (I(q) ∝ (ρp−ρs)2), hence bigger particle scatter

more than smaller one [Edler, 2013]. Importantly, the contrast can be varied in

SANS using H2O/D2O mixtures or selective deuteration in so called contrast match

experiments [Jacques and Trewhella, 2010]. Hence, although both techniques are

complementary, SANS over SAXS may be more informative since it is possible to

study DNA–protein and protein complexes [Jacques and Trewhella, 2010].

6.2 Data analysis of PabMCM SAXS curves

The three dimensional structure of PabMCM full-length was investigated by SAXS.

PabMCM was prepared as shown in section 4.4.5. SAXS measurements were con-

ducted at the beamline B21 at the Diamond Light Source (Harwell Science and

Innovation Campus, Diamond, Oxford). Experimental buffer subtracted curves are

shown in Figure 6.1. Data were collected at concentrations ranging from 0.5 mg/ml
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Figure 6.1: Experimental buffer subtracted SAXS curves for PabMCM. (A) Buffer
subtracted scattering curves of PabMCM (Intensities (I(q)) are plotted in logarithmic scale
while momentum transfer (q) is in Å−1). Curves are offset to display features. Experimental
solution scattering curves are shown separately to better display features. (B) Rg an I(0)
calculate by Guinier approximation.
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to 10 mg/ml. Low protein concentrations (0.5–2 mg/ml) were used to avoid any pos-

sible aggregation and inter–particles effect, whereas to improve signal–to–noise at

high angles, higher protein concentrations (5–10 mg/ml) were used instead. When

curves for low protein concentration (0.5–1 mg/ml) were buffer subtracted, most of

the signal for high angles was lost, although signal was still detected in the Guinier

region (Figure 6.1 A). On the other hand, at concentration higher the 8 mg/ml

inter–particles effect was quite severe. In fact, as shown in Figure 6.1, at 10 mg/ml

the shape of the scattering curve in the Guinier region is more shallow. This was

also confirmed by Guinier approximation since the Rg estimated for this curve was

smaller compared to the others [Jacques and Trewhella, 2010].

All the curves collected were scaled and merged into a final curve to make a

concentration–independent scattering curve. Scaling and merging was achieved us-

ing PRIMUS [Konarev et al., 2003]. During merging, extreme care was taken to

find overlapping points between the curves. The final merged curve (Figure 6.2)

was used to estimate invariants (Rg, I(0) and Dmax) by Guiner analysis and P(r)

distribution function.

Guinier approximation A scattering curve contains structural information re-

lated to the shape and the size of the macromolecule in solution [Feigin et al., 1987].

Guinier approximation is based on the observation, by Andre Guinier, that at

low concentration and very small scattering angles I(q) of a SAS scattering curve

can be expressed as follow:

Guinier Approximation I(q) = I(0)e

−q2R2
g

3

Structural parameters, Rg and I(0), related to the size and shape of the scattering

particle can be calculated by Guiner approximation [Guinier et al., 1955]. The Rg

(radius of gyration) is defined as the root-mean-squared distance of all elemental

scattering volumes from their centre of mass weighted by their scattering densities

[Jacques and Trewhella, 2010]. Rg gives information about the mass distribution

within a particle. Hence objects with the same volume but different shapes have

different Rg [Jacques and Trewhella, 2010]. I(0) (forward scattering intensity) is
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Figure 6.2: SAXS data analysis of the PabMCM merged curve. Top panel, Guinier
approximation of the merged scattering curve of PabMCM (Intensities (I(q)) are plotted in
logarithmic scale while momentum transfer (q) is in Å−1). Grey oval indicates the Guinier
region while inner plot the linear fitting of 21 point within the Guinier region. Radius of
gyration estimated is 80 Å(Intensities (I(q)) are plotted in logarithmic scale while momentum
transfer (q2) is in Å−1). Bottom left panel, Pair distribution function (P(r)) (P(r), probability
distribution; r, interatomic vector length in Å). The bottom right panel, the fitting of the
scattering curve (Intensities (I(q)) are plotted in logarithmic scale while momentum transfer
(q) is in Å−1).
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the intensity of radiation scattered at zero angle. This value cannot be directly

measured, however it can be extrapolated [Jacques and Trewhella, 2010]. I(0) is

a measure of the number of scattering particles per unit volume and the particle

volume. In other words, it is directly related to the concentration and the number

of atoms in the particle [Jacques and Trewhella, 2010].

By plotting the data as ln(I(q)) versus q2, the slope of linear fit of the data points

is equal to −R2
g/3 and thus Rg is promptly calculated. I(0) can be extrapolated

by looking at the y–intercept [Jacques and Trewhella, 2010]. In this study Guinier

approximation was used to estimate Rg and I(0) from the merged curve (Figure 6.2).

The analysis was carried out in GNOM [Svergun, 1992]. The Rg and I(0) estimated

for PabMCM were 80 Å and 0.27, respectively.

Pair distance distribution function The pair distance distribution function

(P(r)) describes the probable frequency of the interatomic vector lengths (r) within a

protein. This information can be obtained by Fourier transform the scattering profile

[Jacques and Trewhella, 2010]. The P(r) profile, also known as radial Patterson

function, is sensitive to the shape, symmetries and volume occupied by a protein or

protein complex [Jacques and Trewhella, 2010].

The P(r) calculations depend upon indirect Fourier transform methods [Glatter,

1977]. The P(r) is estimated upon assumptions that P(r)=0 at zero and P(Dmax)≥0

at the Dmax, with Dmax being the longest vector within the particle. As a result,

Dmax is a model parameter in the interpretation of scattering data [Jacques and

Trewhella, 2010]. Additionally, the P(r) function give also a more precise estimation

of Rg and I(0) since the entire scattering profile is used to calculate them [Glatter,

1977].

The P(r) distribution function, was obtained by indirect Fourier transformation

of the scattering data by using the program GNOM [Svergun, 1992] (Figure 6.2).

Rg, I(0) and Dmax estimated were 84 Å, 0.28, 280 Å, respectively.

Similar results have been reported after measuring the solution structure of the

full-length MthMCM by SANS [Krueger et al., 2014]. Data modelling of the scatter-

ing curve of the full-lengthMthMCM suggested double hexameric structure [Krueger
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et al., 2014].

6.3 Modelling the structure of the full-length

PabMCM in solution

The program DAMMIN was used to model the merged scattering curve of the full-

length PabMCM. DAMMIN implements a method, simulated annealing procedure,

to restore ab initio low resolution shape of randomly oriented particles in solution

from its SAXS experimental data [Svergun, 1999]. More specifically, DAMMIN

calculate a single phase dummy atom model whose theoretical scattering fits the

experimental data [Svergun, 1999]. A number of independent runs were performed

with data to 55 Å. This resolution cut–off was chosen for several reasons, among

which, the possibility of that the buffer may contribute to artefacts when higher

q are used for modelling. The models were aligned, averaged, and then filtered

by DAMAVER [Volkov and Svergun, 2003] to obtain a ‘most probable’ model for

PabMCM. Fitting of the theoretical scattering curve of the final model with ex-

perimental data was achieved using CRYSOL [Svergun et al., 1995]. A shown in

Figure 6.3A (DAMFILT), the experimental filetered model of the in–solution struc-

ture of the full-length PabMCM resembles a featureless double ring. The curve of

the experimental filtered model of PabMCM fits quite well the experimental data

in the Guinier region, thus indicating that Rg and Dmax were estimated correctly.

The unfiltered model does not fit the experimental curve as good as the filtered one,

especially in the Guinier region. This might be explaned by the fact that filter-

ing removes low occupancy and loosely connected atoms, hence generating a more

compact model from the experimental data (Figure 6.3C).

In order to address whether the experimental curve and model of PabMCM de-

terminated by SAXS could be fitted with the theoretical curve calculated from the

double octameric ring of PabMCM, a double octameric ring model (Figure 6.3A,

MODEL) was generated from a single octameric EM model (Figure 5.5). This

model was generated manually in Chimera [Pettersen et al., 2004]. As shown in

Figure 6.3B, the double octameric ring model fits quite nicely with the experimen-
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Figure 6.3: SAXS ab initio model of the PabMCM.. (A) DAMAVER, average of 50
models. DAMFILT, the averaged model at a given cut–off volume. MODEL, EM model built
based on the 3D–EM map of the octameric PabMCM. (B) All models in A are superimposed.
The Dmax is indicated. In the grey box, SANS MthMCM model for comparison (not in scale)
[Krueger et al., 2014]. (B) Fitting of the theoretical scattering curves, of the models in A,
to the experimental data(Intensities (I(q)) are plotted in logarithmic scale while momentum
transfer (q) is in Å−1).
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tal filtered SAXS model. Interestingly, a similar model was recently proposed for

the full-length MthMCM complex investigated by SANS [Krueger et al., 2014] (Fig-

ure 6.3B, boxed model). The theoretical curve of the double octameric ring model of

PabMCM calculated by CRYSOL, fits to the experimental SAXS curve of PabMCM

quite nicely in the Guinier region (Figure 6.3C). However, the fitting becomes less

good toward higher q. This could be explained by the fact that the sample is not

monodisperce (as shown in chapter 5) and hence the experimental curve is an av-

erage of different assemblies present in the sample. It is not possible to asses the

polydispersivity of PabMCM and give a precise estimation of the frequency of the

double rings since the double rings being twice as much bigger than the single rings

will scatter more than the single rings hence giving a curve whose overall average is

weighted more toward the double rings. Therefore, it is not possible to provide and

accurate estimation of the frequency of both assemblies. Although, these prelimi-

nary data support a model in which, the full-length PabMCM adopts a double ring

assembly in solution, EM data have shown that PabMCM is a mixture of at least

four assemblies (chapter 5) and hence more biophysical characterisation (Dynamic

light scattering, Size-exclusion chromatography and multiangle scattering) needs to

be carried out to better asses the polydispersivity of PabMCM in solution.

6.4 Concluding remarks

Small–angle scattering (SAS) is a powerful tool used for investigating the structure of

biological samples in solution [Feigin et al., 1987]. SAXS on the full-length PabMCM

suggested that PabMCM assembles in a big protein complex with a Rg of 84 Å. By

P(r) analysis, the largest distance (Dmax) within the complex was measured to be

280 Å. Modelling of the SAXS data revealed that PabMCM in solution assemble in a

big protein complex comparable in size to a double ring model. These data support

previous observation by EM studies (section 5). Previous SANS experiments with

related proteins reported similar value [Krueger et al., 2014].
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Chapter 7

Results and Discussion: structural

insights in the Okazaki fragments

maturation protein complex, the

"Okazakisome"

7.1 Introduction

The crenarchaeon Sulfolobus solfataricus possesses a simplified toolset for DNA

replication compared to Eukaryotes, and is therefore used as a model system for

the study of replication proteins [Dionne et al., 2003]. Interestingly, S. solfataricus

has a subset of the eukaryotic Okazaki fragment maturation factors, among which

there are a heterotrimeric DNA sliding clamp, the proliferating cell nuclear antigen

(SsoPCNA), the DNA polymerase B1 (SsoPolB1), the flap endonuclease (SsoFen1)

and the ATP-dependent DNA ligase I (SsoLigI). SsoPCNA has been demonstrated

to function as a scaffold with each subunit having a specific binding affinity for

each of the factors involved in Okazaki fragment maturation [Dionne et al., 2003].

Moreover, Beattie and Bell [2012] demonstrated that the most efficient coupling of

activities occurs when a single SsoPCNA ring organises SsoPolB1, SsoFen1 and Sso

LigI into a complex. Thus, these proteins are necessary and sufficient for concerted
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DNA synthesis on the lagging strand. Here we show the 3D reconstruction of the

"Okazakisome", in other words SsoPCNA in complex with the Okazaki fragment

maturation proteins SsoPolB1, SsoLigI and SsoFen1.

7.2 Protein expression and purification of the re-

combinant Okazaki fragment maturation pro-

teins

Recombinant SsoPCNA fusion protein, SsoPolB1, SsoFen1 or SsoLigI were ex-

pressed in RosettaTM(DE3) pLysS host cells harbouring pET33b–PCNA123-6His,

pET33b–Polb1, pET33b–Fen1 or pET30a–LigI-6His constructs. Recombinant pro-

tein expression was checked by SDS–PAGE (Figure 7.1 A). As shown, proteins were

highly expressed. It is important to point out that the construct pET33b–PCNA123-

6His expresses SsoPCNA as fusion protein in which the three subunits, composing

the ring, are fused together by a polyglycine stretch. The recombinant fusion protein

is functional as shown in Dionne et al. [2003].

S. solfataricus is an acidophilic and thermophilic archaeon whose optimal growth

conditions occur at pH 2.0–3.0 and temperatures of 75–80◦C. As already shown for

other archaeal proteins, one of the most impressive proprieties of these proteins

is their thermostability. In order to take advantage of this property, after cell ly-

sis achieved by sonication (SsoPCNA123, SsoPolB1, SsoFen1) and cell–grinding in

liquid nitrogen (SsoLigI), the soluble fraction was heat–treated (Figure 7.1 B).

Heat-resistant soluble fractions were taken forward for further purification steps

(purification protocols of SsoPCNA123, SsoPolB1, SsoFen1 and SsoLigI are listed

in Table 3.11). SsoPCNA was purified at final concentration of 2.2 mg/ml. (Fig-

ure 7.2). The isolated protein was quite pure with relatively fewer smaller bands

appearing on SDS–PAGE. SsoPolB1 was isolated at final concentration of 2.7 mg/ml

(Figure 7.3, Figure 7.4, Figure 7.5). The protein in this case was essentially pure and

homogeneous. SsoFen1 was purified at final concentration of 2.1 mg/ml (Figure 7.6,

Figure 7.7. SsoLigI was isolated final concentration of 1.57 mg/ml (Figure 7.8,
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Figure 7.1: Protein expression and heat-denaturation of the Okazaki fragment mat-
uration proteins. Recombinant protein expression was carried out in RosettaTM(DE3) pLysS
host cells. Cells were induced with 1 mM IPTG when the OD600 was 0.6 – 0.8. (A) SDS-
PAGE analysis of protein over-expression in crude extracts. NI, not induced host cells. I,
Induced host cells. (B) SDS-PAGE analysis of soluble (SN) and insoluble (p) fractions after
heat-denaturation. Heat-denaturation was performed at 65◦C for PolB1 whilst Fen1, Lig1 and
PCNA total lysates were treated 75◦C. (A, B) Visualisation by Coomassie stain, molecular
weight markers are labelled on the left, sizes are in kDa.

129



Figure 7.2: Purification of the fused heterotrimeric proliferative cell nuclear antigen
SsoPCNA123. (A) SDS–PAGE analysis of nickel affinity purification. Chromatography was
performed by loading the supernatant (SN) onto a 1 ml HisTrapTM(GE) pre-packaged column
with a syringe. The column was washed with 30 ml of 20 mM HEPES pH 8.0, 300 mM NaCl
(W). Protein was eluted with buffer 20 mM HEPES pH 8.0, 300 mM NaCl, 500 mM imidazole.
Five fractions of 1 ml each were collected (1-5). (P) Pellet. (FT) Flow-through collected during
loading. (B) Size-exclusion chromatography. Fraction 1,2 and 3 were pooled together and
concentrated up to 500 µl and then loaded onto a Superose6TM10/300 GL. Chromatography
was performed at 0.3 mlmin flow rate in 20 mM HEPES pH 8.0, 300 mM NaCl. Light grey
shading indicates the part of the chromatogram being analysed by SDS–PAGE. (C) SDS–PAGE
analysis of the fractions collected after size-exclusion chromatography. (8–18) Eluted fractions.
Bands were visualised by Coomassie stain. On the left–side markers in kDa.
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Figure 7.3: Purification of the polymerase SsoPolB1 (First step). (A) Heparin affinity
chromatography. Chromatography was performed with a 1 ml HiTrapTMHeparin (GE) pre-
packaged column, pre-equilibrated with 10 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT.
Sample was eluted with a 15 ml linear gradient of buffer B (20 mM HEPES pH 7.5, 1000 mM
NaCl, 1 mM DTT). Collected fractions were analysed by SDS–PAGE. (B) SDS–PAGE analysis
of the fractions collected during heparin affinity chromatography. (P) Pellet. (SN) Supernatant
loaded onto the 1 ml HiTrapTMHeparin (GE) pre-packaged column. (FT, W) Flow-trough and
washes collected during loading (Loading + washes). (35–42) Fractions collected during the
chromatography (light grey shading in panel A). Bands were visualised by Coomassie stain. On
the left–side markers in kDa.
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Figure 7.4: Purification of the polymerase SsoPolB1 (Second step). (A) Size–
exclusion chromatography. Fractions from 35 to 42 from the first step purification (Figure 7.3)
were pooled and concentrated to a final volume of 500 µl which was then loaded onto a
Superose6TM10/300 GL column pre-equilibrated with 20 mM HEPES pH 7.5, 500 mM NaCl,
1 mM DTT. Chromatography was performed at 0.3 ml/min flow rate. Collected fractions were
analysed by SDS–PAGE. (B) SDS–PAGE analysis of the fractions collected during size–exclusion
chromatography. (I) Concentrate sample loaded onto the column. (14–18) Fractions collected
during size-exclusion chromatography (light grey shading in panel A). Bands were visualised by
Comassie stain. On the left–side markers in kDa.
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Figure 7.5: Purification of the polymerase SsoPolB1 (Third step). (A) Strong anion
exchange chromatography. Fractions from 15 to 17 from the second step purification (Fig-
ure 7.4) were pooled and concentrated to a final volume of 1 ml which was then loaded onto a
HiTrapTMS column pre-equilibrated with 20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM DTT.
Sample was eluted with a 15 ml linear gradient of buffer B (20 mM HEPES pH 7.5, 1000 mM
NaCl, 1 mM DTT). Collected fractions were analysed by SDS–PAGE. (B) SDS–PAGE analy-
sis of the fractions collected during strong anion exchange chromatography. (9–17) Fractions
collected during size-exclusion chromatography (light grey shading in panel A). Bands were
visualised by Comassie stain. On the left–side markers in kDa.
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Figure 7.6: Purification of the flap-endonuclease SsoFen1 (First step). (A) Heparin
affinity chromatography. Chromatography was performed with a 1 ml HiTrapTMHeparin (GE)
pre-packaged column, pre-equilibrated with 20 mM MES pH 6.0, 30 mM NaCl, 1 mM EDTA,
0.5 mM DTT. Sample was eluted with a 15 ml linear gradient of buffer B (20 mM MES pH 6.0,
1000 mM NaCl, 1 mM EDTA, 0.5 mM DTT). Collected fractions were analysed by SDS–PAGE.
(B) SDS–PAGE analysis of the fractions collected during heparin affinity chromatography. (SN)
Supernatant loaded onto the 1 ml HiTrapTMHeparin (GE) pre-packaged column. (FT, W) Flow-
trough and washes collected during loading (Loading + washes). (P) Pellet. (8–29) Fractions
collected during the chromatography (light grey shading in panel A). Bands were visualised by
Comassie stain. On the left–side markers in kDa.
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Figure 7.7: Purification of the polymerase SsoFen1 (Second step). (A) Size–exclusion
chromatography. Fractions from 9 to 18 from the first step purification (Figure 7.6) were pooled
and concentrated to a final volume of 500 µl which was then loaded onto a Superose6TM10/300
GL column pre-equilibrated with 20 mM MES pH 6.0, 150 mM NaCl, 1 mM EDTA, 0.5
mM DTT. Chromatography was performed at 0.3 ml/min flow rate. Collected fractions were
analysed by SDS–PAGE. (B) SDS–PAGE analysis of the fractions collected during size–exclusion
chromatography. (I) Concentrate sample loaded onto the column. (15–20) Fractions collected
during size-exclusion chromatography (light grey shading in panel A). Bands were visualised by
Comassie stain. On the left–side markers in kDa.
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Figure 7.8: Purification of the ligase SsoLigI (First and second step). (A) SDS–PAGE
analysis of nichel affinity purification (first step). Chromatography was performed by loading
the supernatant (SN) onto a 1 ml HisTrapTM(GE) pre-packaged column, pre-equilibrated with
10 mM HEPS pH 8.0, 300 mM NaCl, with a syringe. Bounded protein was washed with 30 ml of
20 mM HEPES pH 8.0, 300 mM NaCl (W). Protein was eluted with buffer 20 mM HEPES pH
8.0, 300 mM NaCl, 500 mM imidazole. Five fractions, of 1 ml each, were collected (1-5). (P)
Pellet. (FT) Flow-trough collected during loading. (B) Size-exclusion chromatography (second
step). Fraction 1,2 and 3 were pooled together and concentrated up to 500 µl and then loaded
onto a Superose6TM10/300 GL. Chromatography was performed at 0.3 mlmin flow rate in 20
mM HEPES pH 8.0, 150 mM NaCl, 14 mM β-mercaptoethanol. Light grey shading indicates
the part of the chromatogram being analysed by SDS–PAGE. (C) SDS–PAGE analysis of the
fractions collected after size-exclusion chromatography. (I) Concentrate sample loaded onto
the column. (P) Pellet, protein precipitated during concentration by ultra-filtration. (14–20)
Eluted fractions. Bands were visualised by Comassie stain. On the left–side markers in kDa.
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Figure 7.9: Purification of the ligase SsoLigI (Third step). (A) Strong cataion exchange
chromatography. Fractions from 17 to 19 from the second step purification (Figure 7.8) were
pooled and concentrated to a final volume of 1 ml which was then loaded onto a HiTrapTMQ
column pre-equilibrated with 20 mM HEPES pH 8.0, 75 mM NaCl, 14 mM β-mercatpoethanol.
Sample was eluted with a 15 ml linear gradient of buffer B (20 mM HEPES pH 8.0, 1000
mM NaCl, 14 mM β-mercatpoethanol). Collected fractions were analysed by SDS–PAGE. (B)
SDS–PAGE analysis of the fractions collected during strong cataion exchange chromatography.
(FT) Flow-trough collected during loading. (8–15) Fractions collected during size-exclusion
chromatography (light grey shading in panel A). Bands were visualised by Comassie stain. On
the left–side markers in kDa.
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Figure 7.9.

7.3 Reconstitution of the ‘Okazakisome’ complex on

DNA

The predicted SsoPCNA123–SsoPolB1–SsoFen1–SsoLigI•DNA complex [herein

Okazakisome] was reconstructed from purified recombinant proteins onto a DNA

structure mimicking two adjacent Okazaki fragments. The DNA oligonucleotides

were designed in order to feature a mismatch and a 5’–flap when annealed (Fig-

ure 7.10 A) [Tsutakawa et al., 2011]. DNA mimicking two adjacent Okazaki was

prepared at final concentration of 30 µM as follow:

Reaction mix:

Component Volume

Upstream (300 µM) 1 µl

Downstream (300 µM) 1 µl

Template (300 µM) 1 µl

10X Annealing buffer 1 µl

Nuclease–free H2O 9 µl

Total volume 10 µl

Oligos were mixed together and then incubated on a thermocycler for 5 minutes at

95◦C; 5 minutes at 90◦C; 5 minutes at 85◦C; 5 minutes at 80◦C and then let the

mixture cool down to room temperature for an hour. Annealing was checked by

native 8% acrylamide gels (data not shown).

The Okazakisome was formed by incubating SsoPCNA123 protein with 2x excess

DNA oligonucleotide in 10 mM HEPES pH 8.0, 150 mM NaCl, 5 mM MgCl2 at 50◦C

for 50 minutes. After then, equimolar amount of SsoPolB1, SsoLig1 and SsoFen1

were added into the mix and incubated for more 30 minutes. Reaction mix was

composed as follow:
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Reaction Mix:

Component Volume

SsoPCNA123 (25 µM) 10 µl

SsoPolB1 (25 µM) 10 µl

SsoLigI (25 µM) 10 µl

SsoFen1 (50 µM) 5 µl

DNA (30 µM) 20 µl

10X buffer 20 µl

Nuclease–free H2O 125 µl

Total volume 200 µl

7.4 Purification of the "Okazakisome" complex

The reconstructed Okazakisome was then purified using GraFix method, a sample

preparation method for EM single-particles analysis, in which a glycerol gradient is

coupled with a glutaraldehyde gradient [Kastner et al., 2007]. This method has been

shown to be very effective when working with highly dynamic as well as fragile pro-

tein complex [Wang et al., 2009; Kastner et al., 2007; Herzog et al., 2009]. GraFix

gradient was fractionated manually from the top of the tube. Collected fractions

were analysed by NuPAGE (Figure 7.10 B). As shows, there is a band-shift, toward

the higher molecular weight, from the fraction 5th to the fraction 10th, which likely

indicates either the presence of different conformational state adopted during the

Okazaki fragments maturation or the stabilization of the complex toward a more

compact structure due to the increasing amount of cross-linker. The fraction 10th

appeared to be the pure and homogeneous in term of size. In order to establish

whether or not in the fraction 10th contained all four proteins, fractions were also

probed for the presence of individual proteins by western blot (Figure 7.11 A). As

shown, a positive signal was detected for SsoPCNA, SsoPolB1, SsoLigI and SsoFen1

in the lane corresponding to the fraction 10th. Although the signal corresponding to

SsoLigI and SsoFen1 was quite narrow and localized, the signal for SsoPCNA123

and SsoPolB1 was wider but localized around the right molecular weight. Contam-

inations of SsoPCNA123 not bound were detected in the fraction 10th. However,
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Figure 7.10: Purification of the SsoPCNA–SsoPolB1–SsoFen1–SsoLigI–DNA complex
of S. solfataricus. (A) Schematic of DNA structure used in the Grafix input. (B) Nu–
PAGE analysis of the samples collected from GraFix gradients. The rectangle highlights the
band-shift detected after running GraFix gradient. Bands are visualised by SimplyBlueTM(G-
250 Coomassie stain). Molecular markers are showed on the left side. (C) Two micrographs
showing the fraction 10th with and without glutaraldehyde. The complex fractionated from
pycnic gradients not containing glutaraldehyde disassembles upon EM sample preparation.
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Figure 7.11: Western blotting analysis of the fractions collected from GraFix. (A)
Western blot probed with anti-SsoPCNA123 antibody whereas (B) (C) (D) were probed with
anti-SsoPCNA123, anti-SsoPolB1, anti-SsoLigI and anti-SsoFen1, respectively.
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SsoPCNA was not seen as contaminant in the raw micrographs, indicating that

likely the amount of crosslinker was not saturating.

Collected fractions were also analysed by EM. Fractions isolated from the glyc-

erol gradient without cross-linker were heterogeneous, indicating that the complex

was fragile and not suitable for EM. This is also demonstrated comparing the frac-

tions containing cross-linker, which were characterized by larger discrete and very

homogeneously dispersed particles (Figure 7.10 C) indicating therefore that the pro-

tein complex was likely to be stabilized. Accordingly to all these results the fraction

10th was chosen for EM single-particles analysis.

7.5 Electron microscopy studies of ‘Okazakisome’

To elucidate the three–dimensional architecture of the Okazakisome, electron mi-

croscopy coupled to single particle analysis experiments was performed. A typical

micrograph is shown in Figure 7.12 A. Reference-free 2D analysis showed that single

particles could be classified to calculate a gallery of class averages with consistent fea-

tures (Figure 7.12 B). We boxed ∼15000 single particle images, and used IMAGIC-5

[van Heel et al., 1996] and EMAN [Ludtke et al., 1999] protocols to calculate and

refine the 3D volume. Projections of the maps matched with 2D class-averages

assigned the same Euler angles (Figure 7.12 C), highlighting the validity of the

map. The SsoPCNA123–SsoPolB1–SsoFen1–SsoLigI•DNA complex (Figure 7.12

D) exhibits features, compatible with previous electron microscopy studies of re-

lated assemblies (PfuPCNA–PfuLig•DNA [Mayanagi et al., 2009] and SsoPCNA–

PfuPolI•DNA [Mayanagi et al., 2011]. SsoPCNA–SsoPolB1–SsoFen1–SsoLig•DNA

has overall dimensions of 150Å x 160 Å x 95 Å. The volume of this 3D reconstruction

is compatible with a molecular weight of ∼350 kDa, which is the expected molecular

weight for the SsoPCNA–SsoPolB1–SsoFen1–SsoLig•DNA complex. The resolution

of the map is 22Å, calculated at 0.5 Fourier Shell Correlation (Figure 7.12 C).
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Figure 7.12: Single particle analysis and 3D reconstruction of the Okazaki fragments
maturation protein complex, "Okazakisome". (A) Characteristic negatively stained mi-
crograph. White circles are used to show single particles. (B) Class-average obtained by
multi-reference alignment by classification with IMAGIC–5. Reference-free class averages show
a three-layered architecture. (C) Rep, Reprojections; and Av, class–averages of the refined 3D
reconstruction. (D) 3D model of the SsoPCNA–SsoPolB1–SsoFen1–SsoLig1•DNA complex.
(E) Fourier shell correlation plot with 0.5 point highlighted.
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7.6 Flap cleavage assay

The Okazakisome was reconstructed on DNA featuring the DNA structure generated

during Okazaki fragment maturation process. In order to understand whether or

not the 15 nt 5’-flap was cleaved by SsoFen1, after reconstitution, we performed a

cleavage assay. As shown in Figure 7.13, when the labelled DNA was incubated with

either SsoFen1 or with both SsoPCNA and SsoFen1, a 28 nt cleavage product was

detected. This clearly shows that it is likely that the reconstituted protein complex

occurred on flap-cleaved DNA.

7.7 The ’tool–belt’ model: when a single PCNA

ring can load simultaneously three client pro-

teins at once

To interpret our 3D–EM reconstruction, we used the structures calculated for its

isolated components, and for the three subcomplexes HsaPCNA–HsaFen1 [Sakurai

et al., 2005], PfuPCNA–PfuPolB•DNA [Mayanagi et al., 2011] and HsaPCNA–

HsaLig1•DNA [Mayanagi et al., 2009]. This fitting could lead to two different

Okazakisome architectures: one with SsoPCNA layered between its client proteins,

the other one with SsoPCNA carrying the three client proteins at the front face.

Sliding clamps have unique front and back faces [Mailand et al., 2013]. Although

a recent paper showed that ubiquitin interacts with the back face of ScePCNA

[Freudenthal et al., 2010], it is generally believed that client proteins interact with

the front face of PCNA [Mailand et al., 2013]. Indeed, the principal contact point

on PCNA for client proteins, the inter–domain connector loop (IDCL), is found

towards the front face of the PCNA ring. Notably, the IDCL–interacting motif

within the ligase, which is required for functional interaction with PCNA, is found

within a short internal loop in the ligase [Pascal et al., 2006]. Spatial constraints

suggest it is unlikely that that SsoLig1 could dock with the IDCL of SsoPCNA yet be

located behind the ring. Nevertheless, to discriminate between the two possible map

interpretations, we performed an activity assay in which we tested the preference of
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Figure 7.13: SsoFen1 flap cleavage assay. Reactions contained the indicated proteins at
1.5 µM. Following termination of the cleavage reaction, samples were denatured and elec-
trophoresed on a 12% denaturing polyacrylamide gel. The positions of migration of the sub-
strate and cleavage product are indicated. The schematic to the left of the gel indicates the
substrate and product with the 6-FAM (6-Carboxyfluorescein) fluorophore represented by a grey
star (Experiment performed by Yuli Xu).
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the ligase for either a front-face or a back-face ligation (Figure 7.17).

Additionally, we performed the GraFix procedure with DNA, SsoPolB1, SsoFen1

and SsoPCNA in the absence of SsoLig1. The resultant particles lack the density

ascribed to SsoLig1 in the full Okazakisome (Figure 7.16).

The fully assembled Okazakisome (Figure 7.14 and Figure 7.16) exhibits features

compatible with previous EM studies of related sub-assemblies [Mayanagi et al.,

2009, 2011]. To glean insight on the mechanism by which SsoPCNA coordinates

three client proteins to process Okazaki fragments, we fitted each constituent of the

assembly using Chimera, based on their volumes and shapes (Figure 7.14). It is not

possible to determine unambiguously the trajectory of DNA within the complex.

This could be because the DNA we designed to load one and only one copy of

PCNA is completely embedded in the structure. To define the position of the sliding

clamp within the map, we used crystallographic structures for the SsoPCNA ring

(2NTI) [Hlinkova et al., 2008], for the HsaPCNA–HsaFen1 complex (1UL1) [Sakurai

et al., 2005] and for the SsoPCNA1–SsoPCNA2–SsoFen1 (2IZO) [Doré et al., 2006].

1UL1 and 2IZO facilitated docking and map interpretation since they have distinct

asymmetric shapes. In 1UL1, each Fen1 molecule (chains X, Y and Z in the PDB file)

crystallized in a distinct conformation. We tested fitting assemblies ABCX, ABCY

and ABCZ from 1UL1. Based on the ligation experiment, we placed the PCNA ring

at one end of the EMmodel, which exhibits a round shape. The complex is assembled

on DNA, therefore the central cavity of PCNA is filled. The HsaFen1 Y chain from

1UL1 was the one that could better be accommodated in the EM density for SsoFen1

(Figure 7.14). This is analogous to what was shown in the crystallographic study

of the SsoPCNA1–Sso2 dimer associated to SsoFen1, where the conformation of

the endonuclease recalls the Y chain in 1UL1. We used the EM reconstructions for

PfuPCNA–PfuLigI–DNA (EMDB-5220) and PfuPCNA–PfuPolB1•DNA (EMDB-

1485) as probes to assign densities for PCNA-containing sub-complexes.

Combining the analysis of the map with the biochemical information available on

the PCNA interaction with the client proteins [Beattie and Bell, 2012; Dionne et al.,

2003, 2008], we modelled SsoPCNA2 interacting with the PIP box of SsoPolB1 and

SsoPCNA3 with the PIP box in SsoLig1. 1S5J fits extremely well in the density
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connecting SsoPCNA2 and SsoPCNA3 (Figure 7.16 C), forming two extensive con-

tacts with the SsoPCNA ring, consistent with the EM analysis of the PfuPCNA–

PfuPolB complex loaded on DNA [Mayanagi et al., 2011]. We fitted the ligase

at the front face of the SsoPCNA ring in our EM map using the crystallographic

data for the full-length S. solfataricus protein (2HIV) [Pascal et al., 2006] and of

hLigase233–919 in complex with DNA (1X9N) [Pascal et al., 2004]. A variety of

studies have revealed that Ligase1 is a very flexible molecule [Pascal et al., 2006].

We performed its fitting placing the PIP–box containing–Nt close to SsoPCNA3, in

the extended conformation of 2HIV, the crystal structure for the DNA-free ligase

[Pascal et al., 2006]. The model shown in Figure 7.14 is in very good agreement

with the 3D superposition of |PfuPCNA123–PfuPolI•DNA, SsoPCNA123–SsoFen1

and PfuPCNA123–PfuLig1•DNA (1UL1, EMDB-5220 and EMDB-1485). The main

difference is the extended conformation of the ligase. The conformational malleabil-

ity of Lig1 is highlighted by crystallographic structures which have revealed that

ligase fully encircles the nicked DNA substrate to effect ligation. We speculate that

when ligase adopts this final conformation it may displace DNA polymerase and

flap-endonuclease, allowing their re–cycling to the next Okazaki fragment.

To further confirm the fitting of the ligase within the Okazakisome, we assem-

bled a partial complex composed of SsoPCNA123–SsoPolB1–SsoFen1 on DNA. We

determined its three-dimensional structure using the EMD-5220 map as a starting

model (Figure 7.15). We compared the PfuPCNA–PfuPolB•DNA starting model

(Figure 7.16 B) with our SsoPCNA–SsoPolB1–SsoFen1 assembly (Figure 7.16 B),

and clearly saw a density (coloured pink in Figure 7.16) compatible with the spec-

ulated position of SsoFen1 within the SsoPCNA ring. Fitting EMD-5220, 1UL1

(chain Y) and 2HIV in the Okazakisome (Figure 7.16 C) is compatible with SsoLig1

in an extended conformation on the front face of the assembly.

7.8 Ligation assay

It is known that PCNA has a front-and a back-face [Mailand et al., 2013]. In our

3D–EM map of the Okazakisome, SsoPCNA123 could be fitted in the middle of the
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Figure 7.15: Structural determination of the SsoPCNA123/SsoPolB1/SsoFen1•DNA.
(A), Rappresentative micrograph. Single particles are shown in white circles. (B),
Class averages (Av) and reprojections (Rep). (C), Surface representation of the
SsoPCNA123/SsoPolB1/SsoFen1•DNA assembly.
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Figure 7.17: SsoLigI ligation assay. (A) Schematic of the substrates tested in order to
biochemically determinate which face of SsoPCNA Schematics of the models (B) Ligation
assay contained the indicated nicked hairpin DNA substrates, relative migration of substrates
(1 and 2) and ligation products are indicated to the right of the gel image. Lanes 1 and 7
lacked protein. Lanes 2-5 and 8-11 contained 125 nM DNA SsoLig1. Lanes 3 and 9, 4 and
10 and 5 and 11 had 12 nM, 1.2 nM and 0.12 nM SsoPCNA added (Experiment performed by
Yuli Xu).
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3D volume, placing SsoPolB1 and SsoFen1 on the front-face of SsoPCNA123 while

SsoLig1 on the back–face. On the other hand, SsoPCNA could be fitted at the

bottom of the ‘bee–hive’, placing the three clients proteins on the same face, the

‘front–face’ (Figure 7.14) . We designed two hairpin DNA substrates of the same

overall sequence composition but with nicks on opposite strands. The positioning

of the nick 9 base pairs from the hairpin limits the length of DNA available for

interaction with SsoLig1 and SsoPCNA. If SsoPCNA functionally interacts with

SsoLig1 via SsoPCNA’s front-face then substrate 1 should reveal PCNA-stimulated

ligation; if interaction with the back-face of SsoPCNA stimulates ligase then sub-

strate 2 would show PCNA-enhancement of ligase activity. As seen in Figure 7.17,

basal ligase activity on both substrates is equivalent, however, only substrate 1

shows PCNA-dependent stimulation of SsoLig1 activity. Thus, our functional data

support the fitting of all three client proteins on the front face of the SsoPCNA ring.

7.9 Concluding remarks

According to our structure, PCNA can load one client protein per subunit, forming

a stable complex on DNA. The positioning of ligase in its extended conformation

prevents steric clashes with the other client proteins. Our work reveals the answer

to a long-debated biological question, showing that PCNA orchestrates the action

of client proteins according to the ‘toolbelt model’, instead of loading just one client

protein at one given time. A schematic model of Okazaki fragment maturation in

S. solfataricus is presented in Figure 7.18.
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Figure 7.18: ‘Tools-belt’ model of Okazaki fragment maturation in S. solfataricus.
Clients proteins SsoPolB1, SsoFen1, and SsoLigI are shown to be interacting with their specific
subunits composing the heterotrimeric SsoPCNA sliding clamp. During synthesis on the lagging
strand, SsoPolB1 engages the template to perform DNA synthesis while SsoFen1 and SsoLig1
are ‘carried’ by SsoPCNA. As soon as the Okazakisome encounters a downstream Okazaki
fragment, SsoPolB1 generates the 5’–flap by displacing the downstream Okazaki fragment
(Strand displacement). SsoFen1 binds to the specific flap structure and cleaves it, resulting
in the formation of a nicked double stranded DNA (Flap cleavage). SsoLigI recognises the
nick, encircles it and catalyses Okazaki fragment ligation (Nick ligation). The whole process,
Okazaki fragment maturation, has imparted covalent stability to DNA double strand. Hence in
this model, SsoPCNA orchestrate activities of SsoPolB1, SsoFen1 and SsoLigI.

153



Chapter 8

Discussion and future perspectives

Genome sequencing and bioinformatic analysis of hyperthermophilic archaeon P.

abyssi revealed an ORF (PAB2373) with sequence homology to previously reported

MCM proteins [Cohen et al., 2003]. Since no biochemical and structural data are

available for PabMCM, the protein encoded by the PAB2373 (PabMCM) was inves-

tigated in order to characterise its structure and function.

Comparison of the primary amino acid sequence of PabMCM with three well–

characterised archaeal MCM proteins revealed conserved residues in the N–terminal

and the AAA+ PabMCM. At the N–terminal, A and B domain are less conserved

if compared to the C domain. The C domain plays a key role in regulation of

the helicase activity and in the communication between subunits within the ring

[Kasiviswanathan et al., 2004; Barry et al., 2009; Sakakibara et al., 2008]. The

AAA+ catalytic domain is more conserved and contains structural motif typical of

the active site of the AAA+ proteins (Walker A and B, sensor 1 and 2, arginine

finger). Additionally, the three β–hairpins, whose role in DNA binding and helicase

activity has been determined by mutational analyses, are well conserved in PabMCM

[McGeoch et al., 2005; Jenkinson and Chong, 2003].

Bioinformatic analysis of the genomic sequence of P. abyssi reported the pres-

ence of two inteins, within the Pabmcm ORF. This is different from the Pfumcm

ORF, which contains only one intein. Inteins are found in all the three domains of

life. Most intein host proteins seem to be present in the ancestors of eukaryotes and

prokaryotes [Gogarten et al., 2002]. In archaeal genomes, inteins are found mostly in
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gene encoding DNA replication proteins [Perler et al., 1997]. No evidence has been

reported for an intein function that would be useful for their hosts. Additionally,

gene replacement of an intein–containing homologue from a related organism showed

no difference in the gene function [Frischkorn et al., 1998]. Protein sequences align-

ment showed that the first intein insertion, breaks apart C–terminal of the Walker A

motif, whilst the second intein insertion falls into the glutamate switch, close to the

β–hairpin H2I (Figure 4.2). The glutamate switch is a conserved residue whose role

is to sense the presence of absence of a ligand (DNA in the case of MCM) Despite

the sequence homology of PabMCM with other archaeal MCM proteins, helicase

assays with PabMCM show low activity in the presence of a forked DNA substrate

(G Henneke, pers. comm.). However, it has been showed that PabMCM binds to

dsDNA (Figure 4.16). In the near future, it would be interesting to investigate the

ssDNA binding. Studies in PfuMCM demonstrated that the helicase activity of

MCM is stimulated by GINS [Yoshimochi et al., 2008]. However, in experiments

where PabGINS was added to the reaction with PabMCM, no significant increment

of the basal helicase activity was observed (G Henneke, pers. comm.). This indicates

that other factors could be involved in activating the helicase activity of PabMCM.

Studies in D. melanogaster showed that MCM2-7 has no activity in the absence of

GINS and Cdc45 [Ilves et al., 2010]. The archaeal Cdc45 candidate is GAN [Li et al.,

2011]. Hence, similar mechanisms of activation could be involved in archaea. How-

ever, in previous work in P. abyssi, no interaction was observed between PabGINS

and PabMCM. Surprisingly, recent proteomic studies revealed an unexpected asso-

ciation of PabMCM with the archeal homologue of Xeroderma pigmentosum (XPD)

[Pluchon et al., 2013]. PabXPD has been cloned and a purification protocol is ongo-

ing. Future work may reveal the molecular and structural basis of this interaction.

It would be also interesting to investigate how GINS and GAN modulate the ac-

tivity of MCM. Moreover, investigating the reason why SsoMCM and MthMCM

posses helicase activity in the presence of a forked DNA, whereas PabMCM shows

none, may reveal new mechanisms of regulation of the helicase activity. The helicase

inactivity of PabMCM may also be due to the buffer conditions. The unwinding

activity of MCM2-7 is anion–dependent and it is inhibited by chlorides [Bochman
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and Schwacha, 2008], while SsoMCM is not. Future investigation of the optimal

buffer condition may provide an explanation of PabMCM inactivity in isolation and

in the current buffer.

EM studies showed that PabMCM is a mixture of both single and double rings.

SPA revealed that PabMCM adopts at least three oligomeric states, with character-

istic 2–, 7– and 8–fold symmetry (Figure 5.2, Figure 5.3). Previous EM studies of

MthMCM reported this behaviour and ascribed it to the salt concentration present

in the preparation [Gómez-Llorente et al., 2005]. Recent biochemical evidence sug-

gests that this behaviour is due to the effect of the temperature. In particular low

temperature helps stabilising the double ring whereas higher temperature favours

the single ring [Shin et al., 2009]. P. abyssi grows at temperature between 67◦C

102◦C under atmospheric pressure, with an optimum temperature of 96◦C [Erauso

et al., 1993]. These conditions cannot be used for protein purification due to the

inability of the equipment to work at such high temperature. However, since a pu-

rification protocol in denaturing conditions was designed for purifying PabMCM, it

would be interesting to perform refolding at different temperatures and investigate

if this may lead to an active helicase.

In this EM study a novel octameric single ring assembly is presented (Figure 5.5

A). Due to time constrains, only the docking of the crystal structure of the SsoMCM

(Figure 1.4 B) and of the SsoMCM were performed (Figure 5.6). Rigid body fitting

of the low resolution SsoMCM into the 3D–EM map suggests that two β–hairpins,

PS1 and H2I, are pointing toward the central channel, while the third β–hairpin

EXT fits with the density protruding between the subunits composing the ring

(Figure 5.6). The same is also observed when rigid body fitting of the high res-

olution MthMCM into the 3D–EM map, with the exception of the Ext hairpin.

MthMCM does not have the Ext hairpin. In future, other crystal structures of

well–characterised AAA+ proteins will be docked and their fitting investigated. Ad-

ditional future analyses like pair–tilt validation will be carried out to assess the

validity and the handness of this structure.

During the past few years, extensive biochemical analyses shed light on key roles

of the three β–hairpins and NCL loop within the archaeal MCM complex. Docking
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the crystal structure of the monomeric MCM protein into the available EM maps

has led to model the archaeal MCM complex. However, no high resolution data

of the archaeal MCM complex are available. Hence, high resolution structures of

MCM helicase bound to DNA and in the presence and absence of ATP, ADP and

hydrolysis transition state analogs such ADP–Al4 are the next goal for understanding

the structural basis of MCM helicase activity. In this respect, a dataset of ∼300

cryo–EM micrographs of PabMCM and PabMCM bound to 70bp blunt–end dsDNA

is readly available for data processing and 3D–EM reconstruction.

Due to the antiparallel configuration of the dsDNA, the two strands of DNA

are synthesized with different mechanisms. Replication occurs continuously on the

leading strand, whilst the lagging strand is synthesised discontinuously, by short

RNA–primed DNA fragments, the Okazaki fragments. To impart continuity to

the lagging strand, RNA primers must be removed and replaced with DNA. DNA

fragments must then be ligated together to ensure strand continuity.

The crenarchaeon Sulfolobus solfataricus possesses a simplified tool set for DNA

replication compared to eukaryotes, and is therefore used as a model system for

the study of replication proteins [Dionne et al., 2003]. S. solfataricus has a subset

of the eukaryotic Okazaki fragment maturation factors, among which there are a

heterotrimeric DNA sliding clamp, the proliferating cell nuclear antigen (PCNA),

as well as DNA polymerase B1 (PolB1), the flap endonuclease, (Fen1), and an

ATP–dependent DNA ligase (LigI). These proteins are necessary and sufficient for

concerted DNA synthesis, RNA primer removal and strand ligation [Beattie and

Bell, 2012]. In this biochemical scenario, PCNA plays a pivotal role. PCNA is a

toroidal protein that encircles DNA and functions as a molecular platform at the

replication fork to recruit numerous replication–associated enzymes. Biochemical

and structural studies have highlighted a highly conserved mode of interaction be-

tween most PCNA–interacting proteins and PCNA. This interaction involves the

recognition between a PCNA-interacting protein (PIP) domain on the client pro-
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tein and the interdomain connector portion of each PCNA subunit, the IDCL loop.

Most PCNA–binding proteins interact with its ‘front’ face, the side where replication

would be occurring. However, a recent X-ray crystal structure of PCNA–Ubiquitin,

in the context of translesion synthesis, showed that ubiquitin binds PCNA on its

back face, opposite the IDCL loop, in an exceptional position for PCNA interactors

[Freudenthal et al., 2010].

In S. solfataricus, PCNA is a heterotrimeric ring, where each subunit interacts

preferentially with specific client proteins [Dionne et al., 2003]. As such, this is an

ideal system to study specific PCNA–client protein interactions and complexes. In

particular, in the context of Okazaki fragment maturation, SsoPCNA1 specifically

interacts with SsoFen1, SsoPCNA2 with the replicative SsoPolB1, and SsoPCNA3

with SsoLig1 [Dionne et al., 2003]. Sso PCNA can also interact with a number of

other proteins, among which the lesion–bypass polymerase Dpo4, a type 4 uracil

DNA glycosylase and the DNA repair factor Xpf. It is still unclear how PCNA may

coordinate the handoff of DNA from polymerase and Fen1 to DNA ligase and there-

fore coordinate the multistep process of Okazaki fragments maturation. Biochemical

studies have put forward a ‘molecular tool-belt’ model to explain the mechanistic in-

teraction of these proteins. In particular, a recent report by Beattie and Bell [2012]

shows the PCNA–dependent in vitro reconstitution of DNA synthesis–dependent

RNA primer removal and subsequent DNA ligation, providing supporting a model

in which a single PCNA ring acts as the assembly platform for an Okazaki frag-

ment maturation complex composed of PolB1, Fen1 and LigI. The heterotrimeric

SsoPCNA provids us with a model to investigate the architectural basis of multi–

enzyme coordination during lagging strand DNA replication.

We have assembled the PCNA–PolB1–Fen1–Lig complex on DNA and visualized

it with electron microscopy coupled to single particle analysis. Our study highlights

the mechanism that PCNA adopts to simultaneously load its client proteins, coor-

dinating their function in time and space in a ‘molecular tool belt’ fashion. This is

a long-standing model in the DNA replication community, but was never visualized

so far. Indeed, we shown that the heterotrimeric SsoPCNA can load, simultane-

ously, three clients proteins per subunits forming a complex on DNA (Figure 7.14).
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Although two possible fittings could be used for interpreting the 3D map, biochem-

ical evidence (Figure 7.17) suggested that SsoLigI is on the front–face of the sliding

clamp along with SsoPolB1, SsoLigI and SsoFen1. The positioning of ligase in its

extended conformation prevents steric clashes with the other client proteins (Fig-

ure 7.16).

The interaction PIP–boxes with IDCL domains, provide client proteins an ex-

traordinary conformational flexibility between apparent ‘carrier’ and ‘active’ states

which may provide a mechanism for ensuring accommodation of multiple different

enzymes around a single PCNA, while preventing competitive access to DNA sub-

strates [Beattie and Bell, 2012]. One example of such conformational switching is

that of DNA ligase I, which in its active DNA–bound form, encircles DNA in a

conformation which would presumably prevent access of other PCNA–bound fac-

tors to DNA [Pascal et al., 2004; Mayanagi et al., 2009]. In the absence of DNA,

SsoLigI adopts an elongated form radiating from SsoPCNA [Pascal et al., 2006],

thus providing an elegant explanation for how this particular protein may be ‘car-

ried’ by PCNA without interfering with the action of SsoPolB1 and SsoFen1 until

an appropriate nick substrate arises.

Our work reveals the answer to a long–debated biological question, showing

that PCNA orchestrates the action of client proteins according to the ‘tool belt

model’, instead of loading just one client protein at one given time. Structural evi-

dences revealed how a single PCNA ring can orchestrate multiple proteins. Sakurai

et al. [2005] have directly visualised three molecules of human Fen1 bound to PCNA

whereas Bubeck et al. [2011] reported the crystal structures of three RNase HII in

complex with PCNA in A. fulgidus. However, no structural data have been reported

for a single PCNA ring orchestrating multiple different proteins.

Finally, our studies of the heterotrimeric SsoPCNA in complex with SsoPolB1,

SsoLigI and SsoFen1 are likely to be informative regarding the mechanistic basis

of action of the more complex eukaryotic homotrimeric PCNA and its client pro-

teins (Figure 7.18). The orthologous factors to PolB1, Fen1 and Lig1 all interact

with eukaryotic homotrimeric PCNA, and it is possible they may adopt the same

arrangement.
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SUMMARY

The prokaryotic clusters of regularly interspaced
palindromic repeats (CRISPR) system utilizes ge-
nomically encoded CRISPR RNA (crRNA), derived
from invading viruses and incorporated into ribonu-
cleoprotein complexes with CRISPR-associated
(CAS) proteins, to target and degrade viral DNA or
RNA on subsequent infection. RNA is targeted by
the CMR complex. In Sulfolobus solfataricus, this
complex is composed of seven CAS protein subunits
(Cmr1-7) and carries a diverse ‘‘payload’’ of targeting
crRNA. The crystal structure of Cmr7 and low-resolu-
tion structure of the complex are presented.
S. solfataricus CMR cleaves RNA targets in an endo-
nucleolytic reaction at UA dinucleotides. This activity
is dependent on the 8 nt repeat-derived 50 sequence
in the crRNA, but not on the presence of a proto-
spacer-associated motif (PAM) in the target. Both
target and guide RNAs can be cleaved, although a
single molecule of guide RNA can support the degra-
dation of multiple targets.

INTRODUCTION

The CRISPR system has recently come to light as a complex

mechanism of cell-mediated antiviral immunity (see Horvath

and Barrangou, 2010; Karginov and Hannon, 2010; Marraffini

and Sontheimer, 2010a for recent reviews). CRISPRs are ge-

nomically encoded arrays of short ‘‘spacer’’ sequences (20–

72 bp, depending on the species), each flanked by a repeat

sequence with an average length around 25–30 nt. CRISPR

arrays are transcribed by the cellular RNA polymerase and

processed to generate small crRNAs by nucleolytic cleavage

within the repeat sequences (Brouns et al., 2008; Carte et al.,

2008; Deltcheva et al., 2011). Processed crRNAs are utilized

by a variety of CRISPR-associated (CAS) protein complexes

as a guide RNA to target (and degrade the nucleic acid of)

invading genetic entities with complementary nucleic acid

sequences. This defensive ‘‘interference’’ process works in

tandem with an adaptive ‘‘capture’’ process that allows the

incorporation of new spacer sequences derived from viruses

into the genomic CRISPR arrays.

The viral DNA sequences that become incorporated into

CRISPR arrays are known as ‘‘protospacers’’ (Horvath et al.,

2008). Protospacers are derived from both coding and noncod-

ing regions of viral genomes, suggesting that the viral DNA,

rather than RNA, is targeted by the process that captures new

spacers (Horvath et al., 2008; Shah et al., 2009). Examination

of the sequence context of protospacers revealed the presence

of a conserved ‘‘protospacer-associated motif’’ (PAM) consist-

ing of a di- or trinucleotide signature, immediately adjacent to

the protospacer sequence (Bolotin et al., 2005; Deveau et al.,

2008; Horvath et al., 2008; Mojica et al., 2009). The presence

of a PAM is important for the recognition and restriction of

invading mobile DNA elements (Deveau et al., 2008; Gudbergs-

dottir et al., 2011).

CAS protein complexes have recently been classified into

three main subtypes (Makarova et al., 2011b). In Escherichia

coli, the type I-E complex, commonly known as ‘‘CASCADE,’’

consists of five protein subunits (CasA-E). CASCADE processes

CRISPR transcripts into�57 nt crRNAs and uses them to recog-

nize invading viral DNA, which is subsequently cleaved by Cas3

(Brouns et al., 2008). A similar complex (type I-A) with several

conserved subunits has been described in Sulfolobus solfatari-

cus (Lintner et al., 2011). Many archaea and some bacteria

also encode a type III-B system, known as the CMR complex

(Haft et al., 2005). In the euryarchaeon Pyrococcus furiosus,

the Cmr1-6 proteins have been purified as a complex that uses

crRNA to target RNA (presumably viral mRNA in vivo), cleaving

it with a molecular ruler mechanism guided by the 30 end of the

crRNA (Hale et al., 2009).

Here, we report the purification and characterization of the

CMR complex from S. solfataricus. There are seven subunits,

comprising Cmr1-7 and a crRNA component. Deep sequencing

reveals a biased composition for the crRNA, which is largely

derived from 2 of the 6 CRISPR loci. The crystal structure of

the Cmr7 subunit has been solved and consists of a protein

fold with a conserved surface that may mediate molecular
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interactions. The EM structure of the full CMR complex and

a defined subcomplex are presented. We demonstrate that

S. solfataricus CMR (SsoCMR) utilizes a sequence-dependent

RNA cleavage mechanism without a molecular ruler.

RESULTS

Purification of the CMR Complex from S. solfataricus

The native CMR complex was purified from S. solfataricus using

four sequential column chromatography steps (heparin, gel

filtration, MonoS, and MonoQ). At each stage, column fractions

were checked for the presence of the Cmr7 subunit by ‘‘dot

blot’’ with a specific polyclonal antibody. SsoCMR copurified

with the cellular RNA polymerase through the first three columns

and was separated by the final anion exchange step (Figure 1A).

The purified complex contained seven subunits corresponding

to the products of genes sso1986 through sso1992. Subunits

1–6 were judged present at a 1:1 stoichiometry; densitometric

analysis suggested that the Cmr7 subunit was present at a stoi-

chiometry of three dimers in each complex (Figures 1 and S1).

This was consistent with an overall size for the complex of

415 kDa (or 430 kDa including the RNA component), explaining

the copurification on gel filtration with the 410 kDa RNA poly-

merase. The presence of RNA, with a variable fragment size

centered on 46 nt, was confirmed (Figure 1C). This was in

good agreement with the size of the crRNA species isolated

from P. furiosus CMR (PfuCMR) (Hale et al., 2009), consistent

with the presence of a spacer sequence of variable length with

a CRISPR repeat-derived 8 nt tag at the 50 end. By expressing

Figure 1. Purification of the CMR Complex of

S. solfataricus

(A) UV trace showing fractions eluting from final MonoQ

column, with CMR and RNAP complexes resolved.

(B) SDS-PAGE analysis of fractions from MonoQ column,

showing separation of RNAP (fraction 30) from the

7-subunit CMR complex.

(C) Denaturing gel electrophoresis of end-labeled nucleic

acid reveals the presence of RNA copurifying with the

CMR complex. The size range centered on 46 nt corre-

sponds to a spacer with an 8 nt repeat-derived 50 tag.
(D) Comparison of native and tagged versions of the CMR

complex purified from S. solfataricus. Both tagged and

untagged versions of Cmr7 are apparent, reflecting its

higher stoichiometry in the complex.

(E) Mapping of Cmr1–7 onto the gene locus sso1986 to

sso1992.

subunits (Cmr7 or Cmr3) of SsoCMR with a

polyhistidine tag in S. solfataricus, the intact

complex could be isolated by incorporating an

affinity chromatography step (Figure 1D).

RNA Content of the CMR Complex
To determine the specific characteristics of

the RNA component of SsoCMR, isolated

RNA was cloned and deep-sequenced. We

mapped 1.88 million sequence reads of 36 nt

length onto the S. solfataricus spacers (Table S1). Analysis of

the start and stop positions of the sequence reads for a subset

of highly represented spacers from the A and D loci revealed

the presence of sequence corresponding to the 50 tag derived

from the CRISPR repeat, with a clear demarcation at the eighth

nucleotide, which corresponds to the site of cleavage by

Cas6 (Carte et al., 2008; Lintner et al., 2011) (Figure S2). The 30

ends of the sequenced RNA were more variable. Some spacers

such as A2 and D43 displayed a short 30 handle, while others

appeared to have very little repeat-derived sequence at the 30

end. Overall, this fits the suggestion that crRNA is processed

by the Cas6 endoribonuclease followed by exonucleolytic

digestion of the 30 end (Hale et al., 2009). By contrast, crRNA

isolated from the S. solfataricusCASCADE complex still includes

the 30 repeat-derived sequence (Lintner et al., 2011), suggesting

that crRNAs are differentially processed depending on their

ultimate destination in CASCADE or CMR.

S. solfataricus P2 has six CRISPR loci, denoted A–F, ranging

from 8 to 103 repeats in length (Lillestøl et al., 2006). Whole-

genome transcription data suggested that loci A, B, C, and D

are all highly transcribed, while E and F are very weakly tran-

scribed (Wurtzel et al., 2010). Examples of spacers derived

from all six loci were detected in the CMR complex, but the

distribution was highly biased. The majority of CMR-bound

crRNAs were derived from locus D, followed by locus C, with

significant underrepresentation from the other four loci (Fig-

ure 2). Within a locus, spacer representation in the CMR com-

plex was highly variable, with numbers of sequenced crRNAs

from adjacent spacers frequently differing by several orders of
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magnitude (Figure 2). In particular, one spacer (D63) accounted

for 45% of the sequence reads, and the top ten spacers ac-

counted for 79% of the total reads mapped to spacers (Table

S2). Reverse transcripts of CRISPR arrays have been detected

in Sulfolobus species (Lillestøl et al., 2009), but their signifi-

cance remains unclear. Only 209 RNAs corresponding to

reverse transcripts were sequenced, corresponding to 0.01%

of the total (Table S1).

The Crystal Structure of Cmr7
The crystal structure of Cmr7 (Sso1986) was solved to 2.05 Å

resolution (PDB 2X5Q) (Figure 3). Sso1986 exhibits a fold con-

sisting of six b sheets and four a helices, forming a dimer with

a buried surface area of 1177 Å2 and a concave face (Figures 3

and S3A). Homologs of Cmr7 are only detectable in the

Sulfolobales, but given the rapid evolution of the CRISPR

system, it is possible that distant homologs sharing this fold exist

Figure 2. Distribution of crRNA Bound by the S. solfataricus CMR Complex

(A–F) Examples of crRNAs from all six CRISPR loci were observed, with a clear bias toward locus D, followed by locus C. The individual plots for each locus show

that crRNA representation was highly variable, with adjacent spacers represented at levels that often varied by several orders of magnitude. For each graph, the x

axis represents the position of each spacer in the locus and the y axis represents the number of sequenced matches to each spacer. 88% of the total sequence

reads were derived from locus D, which represents a nearly 4-fold overrepresentation compared to the proportion of crRNAs encoded by that locus. CRISPR loci

E and F, which are poorly transcribed, were significantly underrepresented, as expected. However, crRNAs from CRISPRs A and B, which are highly transcribed

and thought to be actively adding spacers in vivo, are also significantly underrepresented in the CMR complex. The table shows the properties and representation

in CMR of each CRISPR locus.
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more widely. To help determine the most important features of

Cmr7, we solved the structure of a second Cmr7 subunit,

Sso1725. The sequence similarity between the two proteins is

low (19% identity), and the crystal structure of Sso1725 (solved

to 2.08 Å resolution; Table 1) shows limited structural similarity

(Ca rmsd of 2.39 Å over 121 atoms for each monomer). The

majority of the residues conserved in the six known orthologs

of Cmr7 are located in the dimer interface and concave face

(Figures 3C and S3). The electrostatic surfaces of the two

proteins show broad similarities at the dimer interface, with

symmetrical patches of negative charge at the poles and positive

charge at the edges (Figure 3D). Given this level of conservation

on only one face of the protein, we hypothesize that this region is

important for function, possibly as a binding site for other CMR

subunits. The stoichiometry of three dimers of Cmr7 per CMR

complex is most easily accommodated if they form a trimeric

(pseudo-hexamer) structure in the context of the complex.

Electron Microscopy Reveals the Architecture of the
CMR Complex
To elucidate the three-dimensional architecture of the CMR

complex, we performed electron microscopy coupled to

single-particle analysis experiments for the full complex and

additionally for Cmr2/Cmr3/Cmr7 subcomplex, devoid of RNA

(Figures 4 and S4). Projections of the maps matched with 2D

averages assigned the same Euler angles (Figure S4), high-

lighting the validity of the maps. The resolution for both maps

was �25 Å, calculated at 0.5 Fourier Shell Correlation (3 sigma).

The CMR complex exhibited cavities, compatible with an RNA

threading machine. There was no obvious similarity to the ‘‘sea-

horse’’ structure of E. coli CASCADE (Jore et al., 2011). The

Cmr2/Cmr3/Cmr7 subcomplex, which lacked bound crRNA,

hadoverall dimensions of 903 1203 110 Å, organized in a clamp

or ‘‘crab claw’’ structure (Figure 4A). The intact CMR complex

with loaded crRNA had overall dimensions of 160 3 120 3

110 Å with an upper ‘‘crab claw’’ connected to a protruding

region (Figure 4B). These dimensions were compatible with the

expected molecular masses of �290 and �430 kDa, respec-

tively. The Cmr2/Cmr3/Cmr7 subcomplex fitted well to the upper

region of intact CMR (Figure 4C), consistent with a role as

Figure 3. Crystal Structures of Two Members of the Cmr7 Family,

Viewed from the Concave Face of the Dimer

(A) The Cmr7 proteins Sso1986 (left) and Sso1725 (right) contain a structurally

conserved core (yellow) and a variable region (blue and cyan for Sso1986 and

Sso1725, respectively). The b13-b14 loop of Sso1986 is disordered and is

represented as a dashed, black line. The N and C termini are represented as

blue and red spheres, respectively.

(B) Sso1986 and Sso1725 both form dimers, and the structurally conserved

core is located at the dimer interface. The interface itself is also conserved

between the two proteins.

(C) The structurally conserved residues (green) and secondary structure

(yellow) are located close to the dimer interface with a significant proportion

positioned at the concave face.

(D) Electrostatic surface images show that the regions of the concave face

proximal to the dimer interface in both proteins (black box) have broad

similarities.

Table 1. Data Collection and Refinement Statistics for Sso1725

Data collection Native Anomalous

Wavelength (Å) 0.97 1.60

Space group P212121 P212121

a, b, c (Å) 77.75, 90.29, 111.65 77.71, 91.08, 111.94

a, b, g (�) 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution (Å) 47.48–2.08

(2.13–2.08)

77.11–2.54

(2.61–2.54)

I/sI 19.2 (2.2) 20.7 (2.8)

Rmerge 0.04 (0.57) 0.06 (0.71)

Completeness 97.8 (86.1) 99.9 (99.8)

Multiplicity 4.7 (3.7) 7.8 (7.9)

Anomalous completeness - 99.9 (99.7)

Anomalous multiplicity - 4.1 (4.1)

Refinement Sso1725

Rwork/Rfree 0.199/0.231

Mean B value (Å2)

All atoms 59.442

Protein 59.481

Water 54.758

Root-mean-square deviations

Bond lengths (Å) 0.01

Angles (�) 1.31

Each data set was collected on a single crystal at 100 K. Statistics are

presented as averages with values for the highest-resolution shell in

parentheses. Rfree was calculated from a random 5% of the reflection

data that was omitted from the subsequent refinement.
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a scaffold for the assembly of the other Cmr subunits around the

periphery (black arrows in Figure 4C).

Ribonuclease Activity of SsoCMR
We tested the ability of SsoCMR to recognize and cleave RNA

targets corresponding to spacers A1 and D63 in vitro. Both RNA

targets were cleaved efficiently when a cognate crRNA (guide

RNA) with an 8 nt 50 tag was present (Figure 5). Manganese ions

were essential for this activity, and magnesium could not substi-

tute. ATP was not essential, but clearly stimulated the cleavage

reaction (Figure S5). No crRNA-directed cleavage of DNA targets

was observed (data not shown). To rule out the possibility of

activity from a contaminating ribonuclease, the CMR complex

was immunodepleted using antibodies raised against the Cmr7

subunit. Immunodepletion abolished the nuclease activity, sug-

gesting strongly that the activity was associated with the CMR

complex (Figure S5A). As a further control, native untagged

SsoCMR purified from S. solfataricus cell extract by immunopre-

cipitation using the anti-Cmr7 antibody had the same activity as

the column-purified, tagged protein complex (Figure S5B).

Features of Guide and Target RNAs Important
for Cleavage by CMR
The sequence and structural requirements of RNA cleavage by

CMR were investigated by constructing a range of target and

guide RNA molecules based on the spacer A1 and D63

sequences. To test for a molecular ruler mechanism as observed

for PfuCMR, we reduced the length of the guide RNA (Figure 5A,

panel ii). The cleavage sites did not move in register with the 30

end of the guide RNA, suggesting that Sulfolobus and

Pyrococcus CMR differ fundamentally in this respect. Deletion

of the repeat-derived 50 tag from the guide RNA abolished

cleavage activity (Figure 5A, panel iii) and could not be rescued

by substitution with a 50 8A sequence (panel iv), showing that

this 50 tag sequence is essential for cleavage, ruling out the

possibility of a contaminating nuclease. The presence of an

unpaired flap at the 30 end of the target RNA was also required

for activity (panel vi). This corresponds to the position of the

PAM that is essential for cleavage of viral DNA targets by

CASCADE (Gudbergsdottir et al., 2011; Lintner et al., 2011).

However, for target RNA cleavage by CMR, the PAM sequence

at this position was not essential, as a 6A sequence could substi-

tute (Figure 5B, panel vii).

In addition to the target RNA, the guide RNA strand could also

be cleaved by SsoCMR (Figure 5C, panel viii). Cleavage of the

guide RNA was dependent on the presence of a 30 overhang
on the target RNA (Figure 5C, panel ix, xi). Guide and target

were cleaved at approximately equal rates when present at an

equimolar ratio, but at ratios of 20:1 or 5:1 excess of target

over guide, the guide RNAwas cleaved significantly more slowly.

Under these conditions, multiple turnover cleavage of the target

RNA was observed, suggesting that cleavage of the guide RNA

was not essential for catalysis (Figure S5D).

Sequence-Specific Cleavage by SsoCMR
The cleavage patterns observed for SsoCMR suggested a

sequence- or structure-specific component to the activity.

Sequence mapping suggested that strong cleavage always

occurred at a UA dinucleotide in both the A1 and D63 target

RNAs and the A1 guide RNA (Figure 5). Weaker cleavage was

observed at UU dinucleotides. RNA cleavage by SsoCMR re-

sulted in products with 30-hydroxyl termini that could be

extended by PolyA polymerase (Figure S6A). This is similar to

the metal-dependent RNaseH-type activity observed for Piwi

and Argonaute (Hutvagner and Simard, 2008). In contrast, the

(metal-independent) Cas6 endonuclease yields 30-cyclic phos-

phate products that are not extended by PolyA polymerase

(Figure S6B). PfuCMR is also reported to generate 30-cyclic
phosphate products (Hale et al., 2009), another distinction

between the two enzymes. To map the cleavage site of SsoCMR

precisely, the cleavage at site 2 in the D63 target RNA was

compared to a synthetic oligonucleotide terminating after the

relevant UA dinucleotide (Figure S6C). The cleavage product

generated by SsoCMRwas 1 nt shorter than the oligonucleotide,

consistent with cleavage at this position (and by extension at the

other sites) as occurring at the center of the UA sequence.

To examine the importance of sequence for CMR-mediated

cleavage of RNA, a D63-derived target RNA with only one

UA site, corresponding to position 2, was synthesized. In the

Figure 4. 3D EM Visualization of CMR Complex

(A) Surface representation of the Cmr2/Cmr3/Cmr7 subcomplex devoid of

crRNA.

(B) Surface representation of the full CMR complex with bound crRNA.

(C) Superposition of Cmr2/Cmr3/Cmr7 (blue surface) on CMR/RNA (black

mesh). Black arrowheads point to regions of additional density on the full CMR

complex with bound crRNA compared to Cmr2/Cmr3/Cmr7. Gray arrows

indicate dimensions in angstroms.
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presence of the CMR complex and a cognate guide RNA

sequence, this target was cleaved strongly at position 2, with

only weak background cleavage elsewhere (Figure 6B). The

same reaction product was observed when pairing this target

with the wild-type guide, despite the presence of mismatches

at the mutated UA sites. A modified version of the D63 guide

Figure 5. Characterization of the S. solfataricus CMR Complex Activity In Vitro

(A)Radiolabeled targetRNA (5mM)corresponding to spacerA1was incubatedwith theCmr7-taggedSsoCMRcomplex (0.5mM)andguideRNA (1mM).Cleavageof

the targetRNAwasobserved at six sites (labeled 1–6) (i). 30 truncationof the guideRNAdidnot change the cleavagepattern of the targetRNA, rulingout amolecular

ruler mechanism (ii). The 8 nt 50 tag was essential for cleavage activity, as either deletion (iii) or replacement with an 8A sequence (iv) abolished nuclease activity.

(B) The D63 target (0.5 mM) was cleaved in the presence of Cmr7-tagged SsoCMR complex (0.5 mM), cognate guide RNA (0.1 mM) (v). Deletion of the unpaired

30 end of the target RNA, which corresponds to the position of the PAM sequence, abolished activity (vi). The presence of an unpaired 6A sequence at this position

restored activity (vii).

(C) Radiolabeled guide RNA corresponding to spacer A1 (3 mM) was incubated with the Cmr7-tagged SsoCMR complex (0.5 mM) and cognate target RNA (1 mM).

Cleavage was observed at up to five positions, labeled 20 to 60 (viii). This activity was dependent on the presence of the 30 unpaired spacer sequence (ix) and was

not influenced by the presence of an additional unpaired extension at the 30 end of the guide RNA (x, xi). For each figure part, the 50 end-labeled RNA strand is

indicated with an asterisk. Labeled decade RNA markers (Ambion) are shown.
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RNA lacking any UA sites was not cleaved by CMR in the pres-

ence of a target RNA with 1 UA site (Figure 6C). The presence of

mismatches in the guide RNA opposite the target cleavage site

did not abolish cleavage (Figure S6D), consistent with the

mismatch tolerance observed previously for CASCADE (Gud-

bergsdottir et al., 2011; Semenova et al., 2011). Overall, these

data confirmed that sequence-dependent cleavage of both the

guide and target RNAs is a defining feature of SsoCMR and

demonstrated that cleavage of the guide is not necessary for

cleavage of the target, consistent with the observation of

multiple turnover by the complex.

DISCUSSION

crRNA Content of SsoCMR
There are six CRISPR loci in S. solfataricus P2, named A–F

(Lillestøl et al., 2006). Deep sequencing of 1.88 million crRNAs

isolated from the CMR complex revealed a highly biased distri-

bution, with 98% of the total crRNAs derived from locus D and

C, an overrepresentation of 3.8- and 1.3-fold, respectively. The

underrepresentation of crRNAs from highly transcribed loci A

and B may be explained by differences in the processing of

repeats by Cas6. It is notable that the CRISPR repeat sequence

associated with the A and B loci is longer than those of C–F,

which could provide a plausible basis for differential processing

by Cas6. As S. solfataricus encodes five different Cas6 proteins,

thesemay be specialized for the cleavage of particular classes of

Figure 6. The S. solfataricus CMR Complex

Cleaves RNA Selectively at UA Sites

(A) Sequence map of the D63 target and guide RNA.

(B) A D63 target oligonucleotide (D631UA, 0.5 mM) with UA

cleavage sites 1, 3, 4, and 5 mutated to UG, was labeled

and incubated with the Cmr3-tagged CMR complex

(0.5 mM) and a cognate guide RNA (crD631UA, 0.05 mM).

Cleavage of the target RNA was only observed at the

single remaining UA site, site 2. The same target paired

with the wild-type guide RNA gave identical cleavage

products despite the presence of three mismatches.

(C) A D63 guide RNA sequence with all four UA sites

mutated to CA (crD630UA, 0.5 mM) was labeled and incu-

bated with the Cmr3-tagged CMR complex (0.5 mM) and

a target RNA containing a single UA site at position 2

(D631UA, 0.05 mM). No significant cleavage of this target

sequence was observed. The standard guide RNA (crD63)

was cleaved at all four UA sites under the same conditions,

despite the presence of mismatches at three positions in

the RNA duplex. Control lanes for all gels are: m1, Ambion

Decade markers; c1, labeled RNA alone; c2, labeled RNA

and CMR; c3, both RNA strands without CMR. Asterisks

indicate the 50 RNA end labeled by 32P.

CRISPR repeat and/or may interact differently

with the multiple CASCADE and CMR com-

plexes in this organism. Another possibility is

that differences in the removal of the repeat-

derived sequence 30 of the spacer by an

unknown nuclease after Cas6 processing (Hale

et al., 2009) influence incorporation efficiency.

The extreme variation in crRNA sequence numbers obtained

from adjacent spacers in all the CRISPR arrays was also unex-

pected. In some cases, this is probably explained by the pres-

ence of internal promoter sequences encoded by adjacent

spacers, driving higher transcript levels for particular regions of

crRNA. Another variable that could influence crRNA processing

is the potential for the formation of stable folded RNA structures

following transcription that could influence crRNA processing by

Cas6 and loading into the CMR complex. Each spacer has

a unique sequence that confers a particular capacity to fold on

the local crRNA structure. To address this further, we analyzed

the thermodynamic stability of folded RNA structures for each

crRNA derived from CRISPR locus C and plotted these against

the frequency of occurrence of each crRNA in the CMR

sequencing sample (Figure S2). The crRNAs with the potential

to fold into themost stable structures were clearly not highly rep-

resented in the data set, while the most highly represented

sequences had similar, modest folding propensity. This is

suggestive of an influence of the secondary structure of the

crRNA locally on the efficiency of cleavage by Cas6 and possibly

on the loading of crRNA into the CMR complex. Such effects

may be ameliorated in the thermophiles by the high growth

temperature, but could constitute a significant problem in

temperature mesophiles. In organisms such as E. coli, the repeat

sequence is palindromic, folding into a stable hairpin structure

that is recognized by the CasE nuclease (Brouns et al., 2008).

This may be an evolutionary mechanism that helps impose an
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ordered secondary structure on the crRNA to avoid problems

due to folding of spacer sequences. In contrast, Cas6, which is

present in many thermophiles, binds unstructured crRNA

repeats (Wang et al., 2011).

Structure of the CMR Complex
The EM envelope of the Cmr2/Cmr3/Cmr7 subcomplex bears

some similarity to the clamp region of RNA polymerase. In partic-

ular, the distance between the two sides of the ‘‘claw’’ is �30 Å

wide, and their length is �40 Å. It is tempting to view this feature

as a dsRNA binding cleft, particularly as Cmr2 is assumed to

harbor the active site of the CMR complex. In support of this,

the cleft is somewhat deeper in the Cmr2/Cmr3/Cmr7 subcom-

plex, which contains no bound crRNA, in comparison to the full

complex. The lack of crRNA in the Cmr2/Cmr3/Cmr7 subcom-

plex fits with a presumed role for the RAMP-containing Cmr

subunits (Cmr1, Cmr4, and Cmr6) in RNA binding (Makarova

et al., 2011a). This is consistent with the recent prediction that

Cmr3 is most closely related to the Cas5 subunit of CASCADE,

while Cmr1, Cmr4, and Cmr6 are closer matches to the Cas7

subunit (CasC inE. coli), which is known tobindcrRNA (Makarova

et al., 2011a). Compared to Cmr2/Cmr3/Cmr7, the additional

Cmr subunits are distributedmainly at the front and at the bottom

of the complete CMR complex and may form a structure related

to the crRNAbindingCasCbackbone of CASCADE. Visualization

of the path of RNA in theCMR structure remains a key aim to help

elucidate the mechanism and molecular organization.

The Mechanism of SsoCMR in Viral RNA Cleavage
We have demonstrated that the SsoCMR complex cleaves

target RNA in a sequence-specific manner that is dependent

on the presence of a guide crRNA with a cognate sequence

and an 8 nt repeat-derived tag at the 50 end. Cleavage occurs

at UA dinucleotides, generating products with 30-OH and

50-phosphate ends, like those produced by Argonaute and Piwi

(Hutvagner and Simard, 2008). The cleavage sequence is

extremely common in the Sulfolobales and their viruses. Of the

>400 spacers in the CRISPR loci of the S. solfataricus P2

genome, only 11 lack a UA dinucleotide. The palindromic nature

of this dinucleotide ensures that an equivalent UA sequence is

always present in the guide RNA. Cleavage of both the target

and guide RNA at UA sites was observed, with the guide cleaved

significantly more slowly at high ratios of target:substrate. Under

these conditions, one guide RNA molecule could support the

cleavage of several target RNAs, demonstrating that cleavage

of the guide is not essential for target RNA destruction.

Although not yet shown directly, the N-terminal permuted

HD nuclease domain present in Cmr2 is generally assumed to

be the nuclease site of the CMR complex. The distantly related

HD domain present in Cas3 has been shown capable of cleaving

both RNA and DNA, although they are specific for single-

stranded nucleic acids and generate products with 30-cyclic
phosphates (Mulepati and Bailey, 2011; Beloglazova et al.,

2011). It is also possible that the RNA cleavage activity resides

elsewhere in the Cmr2 subunit or in one or more of the

RAMP-containing subunits (Cmr1, Cmr2, Cmr4, and Cmr6),

which are distantly related to Cas5, Cas6, and Cas7 (Makarova

et al., 2011a).

We observed no requirement for a PAM sequence adjacent to

the protospacer in RNA targets. This is a marked difference from

the DNA targeting CASCADE in archaea, which only cleaves

substrates containing a PAM (Gudbergsdottir et al., 2011;

Manica et al., 2011). The primary role of the PAM may be to

maintain a mismatched region between the 50 tag of the crRNA

and the sequence immediately adjacent to the spacer of the

target. For DNA targeting systems, this ensures that the chro-

mosomal CRISPR locus is not targeted for cleavage (Marraffini

and Sontheimer, 2010b; Mojica et al., 2009). Given that the

CMR complex only targets viral RNA, there is no requirement

for PAM detection to operate in this case, as the host genome

will not be a target. Although no PAM is required, CMR-mediated

cleavage requires an unpaired RNA region at the 30 end of

the target RNA, downstream of the protospacer. This discrimina-

tion may be at the structural rather than sequence level and is

consistent with a role in vivo in targeting viral mRNA sequences,

which will typically be considerably longer than the guide RNA

species.

The observed activity of SsoCMR differs markedly from that

reported previously for the enzyme from P. furiosus (Hale et al.,

2009). PfuCMR operates by a molecular ruler mechanism

without sequence-dependent cleavage, generates 30-cyclic
phosphate products, and does not require an extension at the

30 end of the target RNA, at least in vitro. The long evolutionary

distance between the two species may explain these differ-

ences. CMR complexes have been classified into five families

(A–E) on the basis of the sequence of the large subunit, Cmr2

(Garrett et al., 2011). On this basis, the SsoCMR complex

belongs to family B while PfuCMR is one of the very few repre-

sentatives of family C. To put these differences in context, the

type IIIA, CMR-like complex from Staphylococcus epidermidis

targets DNA rather than RNA (Marraffini and Sontheimer,

2008). This may therefore reflect the plasticity inherent in the

CRISPR system.

The RNA targeting functionality of the CMR complex in

prokaryotes has parallels with the eukaryal piRNA pathway

that uses guide RNA to recognize and cleave the mRNA of

mobile genetic elements (Aravin et al., 2007). As in the CRISPR

system, in the piRNA pathway, the small guide RNAs are gener-

ated by cleavage of a long mRNA transcript, loaded into an

endoribonuclease (Piwi), and used to target and degrade the

mobile mRNA by means of dsRNA cleavage, yielding products

with 30-OH termini (reviewed in Nowotny and Yang, 2009). There

are, though, important differences. Piwi recognizes the 50 phos-
phate of the guide RNA specifically (Ma et al., 2005; Parker et al.,

2005), while the guide RNA generated by Cas6 and utilized by

CMR lacks a 50 phosphate and has an essential 8 nt 50 tag.
More fundamentally, there is no obvious homology between

the Piwi and CMR proteins. Piwi uses an RNaseH domain for

dsRNA cleavage, which is absent from the CMR complex. The

stimulation of CMR cleavage activity by ATP suggests that an

ATP-driven conformational change may be utilized to reposition

the dsRNA with respect to the active site. In the absence of

any detectable Walker A or B motifs, the likely site for ATP

binding is the C-terminal polymerase/cyclase domain of Cmr2.

This domain has no known function but is expected to bind

nucleotide triphosphates. If such an ATP-dependent RNA
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repositioning mechanism were in operation, it would constitute

another aspect of the CMR complex.

Concluding Remarks
In summary, we provide a low-resolution structure of the

CMR complex for prokaryotic viral RNA degradation. Deep

sequencing suggests that posttranscriptional processing may

exert considerable influence on the loading of its crRNA compo-

nent. The reaction mechanism involves manganese-dependent

and ATP-stimulated ribonuclease activity that degrades both

target and guide RNA in a sequence-dependent manner. Future

studies will aim in particular to map the individual subunits within

the EM envelope and the course of the bound crRNA in the

complex and to define the function of the polymerase/cyclase

domain and the role of ATP in the reaction.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of Cmr7 Paralogs

Details of cloning, purification, and crystal structure solution for Sso1986 were

reported previously (Oke et al., 2010). Sso1725 was expressed and purified

according to published protocols (Oke et al., 2010). Briefly, full-length

sso1725 was cloned into the pDEST14 vector with an N-terminal 6xHis tag

and overexpressed in C43 (DE3) E. coli at 37�C in LB medium. Expression

was induced using 0.4 mM IPTG, and the cultures were harvested after over-

night incubation at 25�C. The cell pellets were resuspended and lysed (Soni-

prep 150, MSE). The lysate was clarified by centrifugation, and then protein

was purified by immobilized nickel affinity chromatography and size-exclusion

chromatography (Superdex 75 column, GE Healthcare). Sso1725 was

concentrated to 10 mg.ml�1 for crystallization.

Antibody Generation

Sheep polyclonal antibodies were raised against the recombinant Cmr7

(Sso1986) protein and supplied by the Scottish National Blood Transfusion

Service, Pentlands Science Park, Midlothian.

RNA Oligonucleotides Used for CMR Activity Assays

RNA oligonucleotides were chemically synthesized (Integrated DNA Technol-

ogies), end labeled with 32P-ATP, and purified by denaturing gel electropho-

resis. The sequences used are listed in the Supplemental Experimental

Procedures.

Purification of the Native CMR Complex from S. solfataricus

S. solfataricus strain P2 biomass was grown as described previously (Götz

et al., 2007). TheCMR complex was purified over four column chromatography

steps, and purification was followed using an antibody raised against subunit

Cmr7, as described in the Supplemental Experimental Procedures. This

yielded the homogeneous complex shown in Figure 1.

Expression and Purification of Tagged CMR Complex in

S. solfataricus

This was carried out as described previously by cloning the relevant gene into

entry vector pMZ1 (Zolghadr et al., 2007), followed by subcloning into expres-

sion vector pSVA9, expressing the relevant subunit with a C-terminal strep-His

tag (Albers et al., 2006), described in detail in the Supplemental Experimental

Procedures. The Cmr2/Cmr3/Cmr7 subcomplex analyzed by electron micros-

copy was obtained during purification of the CMR complex with a tagged

Cmr3 subunit. The subcomplex eluted separately from the full complex on

gel filtration and contained no bound crRNA (Figure S5).

RNA Isolation and Sequencing

RNA was extracted from the purified native CMR complex by the classical

phenol/chloroform method followed by ethanol precipitation and vacuum

desiccation. Dried RNA was resuspended in 5 ml water and directly labeled

in a 10 ml reaction containing polynucleotide kinase and 2 mCi g32P-ATP.

Labeled RNAs were analyzed by electrophoresis on a 15% acrylamide, 7 M

urea, TBE denaturing gel and visualized by phosphorimaging. For crRNA

deep sequencing, small RNA sequences were generated by the GenePool

at the University of Edinburgh using the Illumina small RNA prep kit v1 and sub-

jected to high-throughput sequencing using a Genome Analyzer IIx. This re-

sulted in the addition of the adaptor sequence TCGTATGCCGTCTTCTGCTTG

at the 30 end of each sequence. The adaptor sequencewas trimmed away from

the reads with a bespoke Perl script. Reads were mapped against the S. solfa-

taricus P2 genome with BWA (Li and Durbin, 2009) using default parameters

and converted into BAM using SAMtools (Li et al., 2009). Of the 2,527,217

reads, 1,997,151 were mapped (79%). The number and strand orientation of

the reads mapping to each spacer were quantified. The raw data from

the sequencing run is available from the corresponding author on request,

and the sequences mapping onto each spacer are listed in Table S1.

The raw sequence data have been uploaded to the Sequence Read Archive

with accession number ERP001053 (http://www.ebi.ac.uk/ena/data/view/

ERP001053).

RNA Cleavage Assays

Purified SsoCMR complex and unlabeled guide RNA were mixed in buffer

(20 mM Mes$HCl [pH 6.0], 100 mM potassium glutamate, 10 mM DTT,

10 mM MnCl2, and the RNase inhibitor SUPERase.In [Ambion]) and preincu-

bated at room temperature for 10 min prior to the addition of 50-32P-end-
labeled synthetic target RNA to the reaction mix. Target and guide RNA and

CMR complex concentrations are indicated in the figure legends. The reaction

was further incubated at 75�C for 10 min in standard assays or for the time

indicated in the figure. Reactions were stopped by chilling on ice and addition

of formamide loading buffer. Samples were separated on 20% polyacryl-

amide, 7 M urea, 13 TBE gels. Electrophoresis was completed at 90 W,

50�C for 90 min, and the gels were visualized by phosphorimaging. 50 end-
labeled RNA size standards (Decade Markers, Ambion) were used to

determine the sizes of the observed products. Cas6 activity was assayed as

described previously (Lintner et al., 2011).

Crystallography of Sso1725

Sso1725 crystals were grown at 20�C using the sitting drop vapor diffusion

method. A reservoir of 0.15 M sodium acetate (pH 5.6), 2.0 M ammonium

sulfate was used, and protein was mixed with the precipitant at a ratio of

2:1. Crystals were cryoprotected by successively soaking in solutions of reser-

voir containing 8%, 16%, 20%, and 25% glycerol before freezing in liquid

nitrogen. A native data set at 2.08 Å resolution was collected at Diamond Light

Source (Beamline I03). An anomalous SAD data set was collected at the same

beamline using a native crystal briefly soaked in reservoir solution containing

42 mM samarium chloride before cryoprotecting as described above. Data

sets were processed and refined using the methods described in the Supple-

mental Experimental Procedures. The coordinates were deposited in the PDB

under the accession code 2XVO.

EM Studies

The intact CMR complex bound to crRNA and the Cmr2/Cmr3/Cmr7 subcom-

plex were studied by negative-staining electron microscopy and single-

particle analysis. Data were collected on an FEI F20 FEG microscope,

equipped with an 8 k 3 8 k CCD camera. Images were collected under low-

dose mode at a magnification of 50,0003, at a final sampling of 1.6 Å/pixel

at the specimen level. Single-particle images were selected interactively using

the Boxer program from the EMAN single-particle analysis package (Ludtke

et al., 1999) and extracted into boxes. Image processing was performed using

the IMAGIC-5 package (van Heel et al., 1996). The data set was resampled at

6.4 Å/pixel. 10,235 (CMR/RNA) and 5,612 (Cmr2/Cmr3/Cmr7) images were

band-pass filtered with a high pass cutoff of 110 Å and a low pass cutoff of

18 Å. The single-particle images were analyzed by Multivariate Statistical

Analysis with IMAGIC-5. The data set was subjected to successive rounds

of alignment and classification in order to improve the resulting image class

averages. Selected CMR/RNA class averageswere used to calculate a starting

3D volume by common lines using the Euler program in the IMAGIC-5

package. The CMR/RNA structure was refined until the map converged.
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We used the CMR/RNA map to align Cmr2/Cmr3/Cmr7 images and to assign

Euler angles by projection matching. Subsequent refinement was carried out

until the Cmr2/Cmr3/Cmr7 map converged. Figures were prepared with

UCSF Chimera (Goddard et al., 2007).

ACCESSION NUMBERS

The crystal structure of the Cmr7 subunit of CMR (Sso1725) has been

submitted to the Protein Data Bank with accession number 2X5Q. The deep

sequencing data for the RNA bound to the CMR complex has been uploaded

to the Sequence Read Archive with accession number ERP001053.

SUPPLEMENTAL INFORMATION
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SUMMARY

The Clustered Regularly Interspaced Palindromic
Repeats (CRISPR) system is an adaptive immune
system in prokaryotes. Interference complexes en-
coded by CRISPR-associated (cas) genes utilize
small RNAs for homology-directed detection and
subsequent degradation of invading genetic ele-
ments, and they have been classified into three
main types (I–III). Type III complexes share the
Cas10 subunit but are subclassifed as type IIIA
(CSM) and type IIIB (CMR), depending on their spec-
ificity for DNA or RNA targets, respectively. The role
of CSM in limiting the spread of conjugative plasmids
in Staphylococcus epidermidis was first described
in 2008. Here, we report a detailed investigation of
the composition and structure of the CSM complex
from the archaeon Sulfolobus solfataricus, using a
combination of electron microscopy, mass spec-
trometry, and deep sequencing. This reveals a
three-dimensional model for the CSM complex that
includes a helical component strikingly reminiscent
of the backbone structure of the type I (Cascade)
family.

INTRODUCTION

The Clustered Regularly Interspaced Palindromic Repeats

(CRISPR) system is a prokaryotic adaptive immune system

that targets and degrades invading genetic elements. DNA frag-

ments from mobile elements are captured and incorporated into

the host genome at a CRISPR locus, flanked by direct repeat se-

quences, in a poorly understood process termed ‘‘adaptation’’

(van der Oost et al., 2009; Yosef et al., 2012). Transcription of

the locus generates a long pre-CRISPR RNA (pre-crRNA) tran-

script that is processed into unit-length crRNAs by specific

cleavage. Each crRNA is composed of a single ‘‘spacer’’ region

homologous to amobile genetic element, with a variable flanking

region derived from the CRISPR sequence that flanks the

spacer. crRNAs are loaded into a ribonucleoprotein complex

and utilized for homology-dependent targeting and cleavage of

cognate mobile elements in a process known as ‘‘interference’’

(Marraffini and Sontheimer, 2008). These complexes have been

classified into three major types, I–III, characterized by the pres-

ence of a signature CRISPR-associated (Cas) protein: Cas3,

Cas9, and Cas10 for types I, II, and III, respectively (Makarova

et al., 2011b). In addition, types I and III share a variable number

of Repeat Associated Mysterious Protein (RAMP) subunits. The

RAMP domain is a derivative of the RNA Recognition Motif

(RRM) fold and is often involved in RNA binding and/or cleavage

(Makarova et al., 2011a).

The type IIIA complex, also known as the CSM complex, is

found in a wide variety of bacteria and archaea. In Staphylo-

coccus epidermidis, CSM is encoded in an operon that includes

the csm1-6 genes and has been shown to limit plasmid conjuga-

tion by targeting invading DNA for degradation (Marraffini and

Sontheimer, 2008). CSM is associated with crRNA generated

by cleavage of pre-crRNA by Cas6 and 30-end processing by

an unknown nuclease (Hatoum-Aslan et al., 2011). The CRISPR

locus in the host genome is not cleaved by type IIIA systems, as

there is a requirement for a mismatch region at the boundary of

the repeat-spacer sequence: a condition that is met for foreign

DNA targets but not for the genomic locus, where the crRNA

matches perfectly to the genomic sequence (Marraffini and

Sontheimer, 2010).

Although the type IIIA systems provided the first example of

unequivocal DNA targeting by the CRISPR system, there has

been little progress in the biochemical characterization of any

CSM complex. Here, we report the purification and structural

characterization of the CSM complex from the archaeon Sulfolo-

bus solfataricus. Electron microscopy (EM) reveals an extended,

intertwined helical conformation that suggests a backbone

formed by RAMP subunits with striking similarities to that of

the type IE Cascade complex (Wiedenheft et al., 2011). Mass

spectrometry (MS) was used to define the subunit composition

and subcomplex organization. Deep sequencing of the crRNA

copurifying with the complex unveils a remarkable specificity

for crRNA that suggests a very biased uptake mechanism,

perhaps coupled to the Cas6 endonuclease.
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RESULTS

Identification and Purification of a CSM Complex from
S. solfataricus

The organization of csm loci in a selection of crenarchaea (Fig-

ure 1A) shows conservation of gene order across these species,

with eight csm genes typically preceded by a cas6 gene for

crRNA processing. In addition to RAMP-domain subunits,

partially conserved ‘‘large’’ and ‘‘small’’ subunits have been

identified in most type I and III interference complexes (Makar-

ova et al., 2011a). The gene encoding the large subunit Csm1

is annotated as a split gene encompassing sso1428 and

sso1429 in the S. solfataricus genome sequence (She et al.,

2001) but was found intact in the current study and named

sso1428. The small subunit, Sso1424, probably corresponds to

Csm2 in S. epidermidis, although sequence similarity is very

limited. There are six csm genes encoding RAMP domain pro-

Figure 1. Purification and RNA Content of

the CSM Complex from S. solfataricus

(A) Gene organization of the csm locus in

selected crenarchaeal species. The gene order is

conserved and typically includes a gene encoding

Cas6 for crRNA processing. Gene numbers are

shown and are contiguous on the genome.

Abbreviations are as follows: Sso, S. solfataricus;

Sto, S. tokodaii; Sac, S. acidocaldarius; Sis,

S. islandicus strain M.14.25; Msed, Metal-

losphaera sedula; Tpen, Thermofilum pendens.

T. pendens Cas6 is present elsewhere on the

genome.

(B) Fractions of the CSM complex eluting from

the final gel-filtration column during purification.

All eight subunits can be visualized and detected

by MS.

(C) RNA purified from the purified CSM complex. A

single discrete band around 50 nt was observed.

(D) A linear coverage map for a series of eight

spacers from the S. solfataricus P1 A locus is

shown. 50 ends were defined by the 8 nt 50-handle
derived from cleavage of the repeat by Cas6.

(E) Linear coverage map for the entire CRISPR

C locus from S. solfataricus P1, highlighting the

variability in coverage.

teins (Figure 1A), compared to three in

S. epidermidis (csm3–csm5) (Marraffini

and Sontheimer, 2008). Previously,

Sso1431 was predicted to be a member

of the Csm4 family (Makarova et al.,

2011a), and sequence comparison using

HHPRED (Söding et al., 2005) reveals a

clear structural match to the P. furiosus

Cmr3 subunit of the type IIIB CMR

complex for RNA targeting (Shao et al.,

2013), in agreement with the prediction

that both Csm4 and Cmr3 are members

of the Cas5 subfamily of RAMP proteins

(Makarova et al., 2011a). Of the other

RAMP subunits, Sso1426 has the closest

predicted structural match to the Cas7 family (Lintner et al.,

2011), which is thought to make up the crRNA binding helical

backbone of all the type I complexes (Makarova et al., 2011a;

van Duijn et al., 2012). We therefore assign this subunit to the

Csm3 family as suggested previously (Makarova et al., 2011a).

Other RAMP subunits are considered as Csm3 paralogs in

Figure 1.

We purified the CSM complex from S. solfataricus by employ-

ing an approach previously used to isolate the type IIIB (CMR)

complex (Zhang et al., 2012). This involved expression of one

tagged subunit of the complex, in this case either the sso1428

or sso1431 gene encoding Csm1 or Csm4, respectively, from a

viral expression vector, followed by a combination of affinity,

ion exchange, and gel filtration chromatography. The complex

was purified as a homogeneous population eluting as a single

peak in the final chromatography step, as confirmed by SDS-

PAGE analysis (Figure 1B). The presence of all eight subunits
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was confirmed by MS. None of the Cas6 paralogs present in

S. solfataricus copurified with the complex, suggesting that

Cas6 is not stably associated.

Sequence Analysis of RNA Copurifying with CSM
The RNA copurifying with the CSM complex was isolated, end

labeled, and analyzed by denaturing gel electrophoresis (Fig-

ure 1C). The RNA, which was remarkably defined in size at

around 50 nt, was cloned and deep sequenced on an Illumina

platform. From the 5.77 million reads of 36 nt obtained after

filtering, 5.45 million (94%) could be mapped to the six CRISPR

loci present in the S. solfataricus P1 strain from which the com-

plex was purified (Lillestøl et al., 2006), suggesting highly specific

uptake of crRNA by the CSM complex. The six CRISPR loci in

S. solfataricus are designated with the letters A–F and are char-

acterized by two different types of repeat sequence, the A and B

repeats being significantly different from those of C, D, E, and F

(Lillestøl et al., 2006). CSM-derived crRNAs from the A and B loci

made up 89% of the total matches, which together constitute

32% of the total spacers present on the genome. The D, E,

and F loci were significantly underrepresented, constituting

11% of the matches, in sharp contrast to the fact that they

constitute 68% of the spacers in the genome (Table S1). On

the contrary, deep sequencing of the CMR complex crRNA re-

vealed a bias toward the C and D loci (Zhang et al., 2012). These

biases may reflect functional coupling of the CSM and CMR

complexes with different Cas6 paralogs that have complemen-

tary specificity for the two CRISPR repeat families present in

S. solfataricus.

Deep sequencing revealed that, as observed previously for the

crRNA component of the CMR complex (Zhang et al., 2012),

crRNA begins with the repeat-derived 8 nt 50 handle (Figure 1D).

Spacers in S. solfataricus are quite variable in length, ranging

from 34 to 48 nt with a median value around 39 nt (Lintner

et al., 2011). Thus, in CSM, the ‘‘average’’ spacer of 39 nt will

be bounded by 8 nt of repeat-derived 50 handle and around

Figure 2. 3D-EM Reconstruction of the

CSM Complex

(A) Raw micrograph, with representative single

particles in white circles.

(B) Class averages and reprojections from the 3D

reconstruction.

(C) Surface representation of the full 3D CSM

volume.

(D) FSC plot.

3 nt of repeat-derived 30 handle (Fig-

ure 1D). The secondary cleavage of

crRNA in this case may occur after bind-

ing to CSM, with the complex defining

the final length of the crRNA. As observed

previously for the crRNA from the CMR

complex, there is considerable variation

in the coverage of individual spacers in

the sequencing data. For example, in

locus C, spacers 2, 11, 17, 21, 29, 30,

and 33 are highly represented whereas

other spacers are represented at much lower levels (Figure 1E).

There is no general trend toward higher coverage at the 50 end of

the array, which might be explained by higher levels of transcrip-

tion of spacers nearer the promoter, as has been observed for

Pyrococcus furiosus (Hale et al., 2012). The reasons for the vari-

ability observed may be a combination of differences in expres-

sion due to the presence of internal promoters in captured

spacers, differences in the efficiency of processing by Cas6

due to spacer sequence or structure effects, or variability in

the cloning efficiency.

Electron Microscopy
To gain insights into the assembly of the CSM complex, we per-

formed EM coupled to single-particle analysis. Individual images

of the complex showed an elongated shape. Image classification

allowed a first appreciation of a coiled structure, where two fila-

ments are intertwined. Most particles fell on the EM grids on the

long axis, in side or tilted views. Top views were, however, not

included in the reconstruction because they might have been

poorly stained as a result of the overall length of the complex.

Three-dimensional (3D) reconstruction and analysis of CSM

confirmed these initial observations, revealing an assembly

formed by two intertwined protein filaments, one thicker than

the other, connected by a wider base (Figure 2). The overall

dimensions of the complex are 20531253100 Å. The resolution

of the final reconstruction was determined as �30 Å, calculated

by Fourier shell correlation with a 0.5 cutoff.

Subunit Composition Probed by MS
In order to investigate the composition of the CSM complex, we

carried outMS analysis. The complex purifiedwith a 103His-tag

attached to the C terminus of the subunit Sso1428 or Sso1431

was first analyzed by denaturing high-performance liquid chro-

matography–mass spectrometry (HPLC-MS), which confirmed

the presence of all eight subunits (Table S2). The RNA com-

ponent was characterized by phenol extraction of the CSM
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complex followed by ethanol precipitation (Hernández et al.,

2009). An MS spectrum showed a single charge-state series

with a mass measured as 16,520 Da, consistent with the 50 nt

crRNA (assuming an averagemass of 321.5 Da for the four major

ribonucleotide residues). The unusual broadness of the charge-

state peaks (Figure S1) most likely reflects the sequence hetero-

geneity of the crRNA. In addition, proteomics experiments

identified a series of posttranslational modifications (PTM) in

CSM subunits (Table S2). The most prominent PTM was methyl-

ation, present in all eight subunits. Extensivemethylation of lysine

residues in crenarchaea has been reported previously and is

suggested to be an adaptation conferring enhanced protein ther-

mostability (Botting et al., 2010). The small subunit (Sso1424)

was found to be 15 amino acid residues shorter than the anno-

tated sequence, beginning with an acetylated N-terminal Ser-

16 and including a total of seven methylated lysines. Subunits

Sso1425 and Sso1431 were also found to be phosphorylated.

Recently, over 500 phosphoproteins from S. solfataricus have

been identified, although the role of phosphorylation in this

organism is not well understood (Esser et al., 2012). The

measured masses of the Sso1426 and Sso1427 subunits were

within 70 Da of one another (Table S2), precluding the possibility

of discriminating between them in the MS experiments.

With the masses of the protein and RNA components estab-

lished experimentally, we then recorded a MS spectrum for the

intact complex. MS spectra for CSM preparations with a His-

tag attached to either Sso1428 or Sso1431 were recorded under

nondenaturing conditions. Spectra for both preparations were

very similar, dominated by a single, well-resolved charge-state

series at around 8,500 m/z (Figure 3A). The masses of the intact

complexes tagged on Sso1431 and Sso1428 were measured as

427.7 and 427.6 kDa, respectively (Figure S2), indicating a stoi-

chiometric existence for these subunits in the complex. Under

the conditions employed, some dimers (855 kDa) of low intensity

were observed, presumably due to themultiple occupancy of the

complex within the final offspring droplets, which is an artifact of

the electrospray process (Lane et al., 2009). Gas-phase dissoci-

ation of Sso1424, Sso1428, and Sso1426/7 was observed upon

tandem MS (Figure 3B). These data suggest that the CSM com-

plex exists as a homogeneous population comprising one single

crRNA and eight distinct protein subunits, of which Sso1428 and

Sso1431 are present in equimolar quantities.

The measured mass for the intact complex was 122 kDa

higher than the sum of the masses of its constituent subunits

and crRNA, suggesting that some subunits of CSM existed in

multiple copies. To determine the subunit stoichiometry, we

turned to quantitative proteomics, using a labeling approach.

We selected representative tryptic peptides from each subunit

for isotopic labeling at C-terminal R/K residues, and to ensure

a 1:1 molar ratio the peptide from the largest subunit, we conju-

gated Sso1428 with the remaining peptides, resulting in eight

dipeptides for synthesis (two for the subunit Sso1430; Table

S3). Each synthetic dipeptide was individually spiked into the

CSMpreparation before trypsin digestion, and the resultant pep-

tide mixtures were analyzed by liquid chromatography–mass

spectrometry (LC-MS). Comparison of signals generated by

the labeled peptides resulted in a list of ratios of Sso1428 relative

to the other seven CSM subunits; uncertainties still existed, how-

ever, especially for the subunits Sso1424, Sso1425, and

Sso1426 (Table 1). We therefore resorted to MS of the intact

complex and performed an exhaustive mass search based on

the intact mass measurement (427,611 Da). For this, we allowed

flexibility of copy numbers of these three subunits by one, with

the stoichiometry of remaining subunits fixed according to

Table 1. The search resulted in only one hit within a mass error

of 3% and thus unambiguously assigned the relative molar

ratios of the eight CSM subunits Sso1424 to Sso1432 to be

3:1:4:1:1:1:1:1, with Sso1424 and Sso1426 present in three

and four copies, respectively, and unit stoichiometry for the

others (Table 1 and Table S4).

Having established its subunit composition and stoichiometry,

we proceeded to investigate the organization of subunits within

the intact complex. For this, we employed a combination of

crosslinking (CXMS) and in-solution disassembly. The intact

complex could be disrupted by decreasing the pH, and a series

of subcomplexes sized from 357 kDa down to 120 kDa (Figures

3D–3F, species i–v) were formed. We employed tandem MS to

assign the subcomplexes, revealing their compositions, all of

which contained the largest subunit Sso1428 (Figure S3, Table

S5). This allowed us to distinguish a stable ‘‘base’’ subcomplex

comprising single copies of Sso1428, 1430, and 1431 and two

copies of 1426 and 1427. Further dissociation of this subcom-

plex led to the hetero-dimer Sso1428:1430 (120 kDa).

This disassembly pattern allowed us to deduce an interaction

map, with assistance from the characteristic EM structure, with

an intertwined major and minor filament (Figure 2). Of the 13

CSM subunits, 12 form two filaments stemming from the large

one, Sso1428 (Figure 3G). The minor filament (Sso1430–1425)

contacts the base subunit via Sso1430 and dissociates first at

acid pH. This was followed by loss of subunits Sso1432 and

three copies of Sso1426, which constitute the bulk of the major

filament. This loss correlated with the loss of the crRNA mole-

cule, suggesting an important role for Sso1426 in crRNA binding.

The order of the subunit interactions was further confirmed by

chemical crosslinking with a Bis[sulfosuccinimidyl] suberate

deuterated and nondeuterated pair to generate crosslinked pep-

tides with a readily distinguishable isotopic signature. Over 100

crosslinks were identified, among which six repeatedly identified

intersubunit links were considered (Table S6). These include the

large subunit Csm1 (Sso1428) crosslinking with both Sso1430

and Csm4 (Sso1431), which supports the identification of these

three subunits at the base of the CSM structure. At the head

of the structure, the Sso1425 subunit crosslinked to both

Sso1426 and Sso1432. A crosslink between Sso1424 and

Sso1427 suggests that the two helical filaments contact one

another near the base.

To explore the spatial arrangement of the subunits, we used

ion mobility MS (IM-MS) to measure the collision cross sections

(CCS) for the intact complex and subcomplexes (Figure 4A,

Table 2). Experimental CCS values were used as restraints for

structural characterization in which candidate models were

scored by the closeness of fit between the experimental and

calculated CCS values (Alber et al., 2005; Politis et al., 2010). A

coarse-grained structural model for the CSM complex was

generated this way, which is in good agreement with the EM

map (Figures 4B–4D).
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Figure 3. MS Analysis of the CSM Complex Establishing Its Composition, Subunit Connectivity, and crRNA Binding

(A) MS spectrum of the intact CSM reveals a well-resolved charge-state series at 8,500 m/z with a molecular mass of 427,789 Da, 122 kDa higher than the

expected mass for a stoichiometric complex comprising eight subunits and one crRNA.

(B) The 49+ charge state of the complex was selected and subjected to acceleration, and dissociation of subunits Sso1424, Sso1428, and Sso1426/7 was

observed by tandem MS.

(C) The molar ratio of Sso1426:Sso1428 was determined as 4:1 by relative quantification of tryptic peptides of Sso1426 and Sso1428 (GSVDLNYLR and

FLDSLPISYSLNTR, respectively; see Table 1 and Table S3). Labeled peptides of the same sequences were synthesized and used as reference. (15N,13C)-labeled

residues are colored red.

(D–F) Disassembly of the CSM complex resulted in a series of subcomplexes (i–v) in solutions of decreasing pH: 3.9 (D), 3.5 (E), and 3.2 (F).

(G) A complete CSM subunit interaction map was derived from MS data, including intact subcomplexes, crosslinking, and quantitative analysis (see also

Figures S1–S3 and Tables S2–S6). The crRNA binds to subunits making up the major backbone and dissociates together with three copies of Sso1426

and Sso1432.
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A Model for the CSM Complex Structure and
Composition
The EM map of the CSM complex revealed an elongated struc-

ture, formed by two intertwined filaments connected at one end

by a wide base (Figures 2 and 5). The level of detail obtained with

3D EM techniques allowed interpretation of the structure with

fitting experiments. We built a backbone for the RAMP proteins

on the basis of the Cas7 backbone present in the EMD-5314

map for the Cascade complex (Wiedenheft et al., 2011). Cas7

in Cascade is a larger polypeptide in comparison to the RAMP

subunits present in CSM; therefore, we used only proximal

domains, which are similar to RAMPs in size, to generate a back-

bone. We built a backbone using six Cas7 proximal domains

(shown in light blue in Figure 5) that correspond to RAMP sub-

units Sso1427, 4 monomers of Sso1426, and Sso1432. At the

base of the backbone, the Cas5 subunit from the bacterial

Cascade complex (shown in dark blue in Figure 5), correspond-

ing to Csm4 (Sso1431), is shown. This is consistent with

volumetric observation, as well as with the CSM stoichiometry

determined by MS. The pitch of the CSM backbone is identical

to that of Cascade (Figures 5A–5D), whereas the CSM complex

is slightly longer than Cascade (205 Å compared to 190 Å). The

position of the RNA within this assembly remains elusive to EM

at this resolution, but the thicker diameter of the major backbone

is consistent with the presence of bound crRNA, and this corre-

sponds to the binding orientation observed in Cascade. The

thicker filament is �130 Å long, in line with the size of the bound

RNA. On both faces of the complex, the crevices between the

two filaments (Figures 5A and 5C) have a width of �24 Å and a

length of �130 Å. This is morphologically compatible with the

diameter and length of a 38 bp DNA duplex (Figure S4), suggest-

ing a possible role in target recognition at one of these two inter-

faces. This could also allow strand exchange with the crRNA

bound along the Cas7 backbone. Consistent with this possibility,

the purified CSM complex binds duplex DNA species with high

affinity (KD around 100 nM), although sequence-specific binding

could not be demonstrated because of the diversity of the crRNA

bound to the complex (Figure S4). The size of the base of the

structure is compatible with the expected volume of the full-

length Cas10 (large) subunit. It should be noted that Cas10 could

not fit within the density of the filaments, both of which are too

thin to accommodate it. At the base of the helical backbone,

the two structures are not comparable. This is consistent with

the distinct structures of the large subunits of the type I and

type III complexes, Cse1 and Cas10, respectively (reviewed in

Reeks et al., 2013b).

DISCUSSION

Comparison with Other CRISPR Interference
Complexes
Our data suggest that S. solfataricus CSM, and by extension all

of the type IIIA complexes, are related structurally to type I com-

plexes, sharing a crRNA-binding helical backbone built from

Cas7-family RAMP domain proteins. In this case, the backbone

interacts at one end with the Csm1-Csm4 (Cas10-Cas5) base

domain, which may bind the 50 end of the crRNA. This domain

probably corresponds to the ‘‘crab claw’’ domain formed by

the Cmr2 and Cmr3 subunits of the type IIIB complex (Zhang

et al., 2012). Recent structures have shown that these two sub-

units form a deep crevice at their interface, which ends at the

characteristic ‘‘cyclase’’ motif of the Cas10 subunit (Osawa

et al., 2013; Shao et al., 2013). The structures reveal binding

pockets for two nucleotides, which could represent part of a

larger crRNA-binding site (Osawa et al., 2013). The conserved

cyclase domain of Cas10 may thus play a role in recognition of

the 50 end of the crRNA rather than functioning as a catalytic

domain. Additional biochemical studies are needed for investi-

gation of this possibility.

The bulk of the crRNA-binding backbone is made up of four

copies of Sso1426 and one of Sso1427, which can be regarded

as Cas7 (or Csm3) family proteins. One end of the backbone is

defined by an interaction at the base between the Cas7-like

Sso1427 and the Cas5-like Sso1431, analogous to the Cas5-

Cas7 core of type I complexes (Makarova et al., 2011b). The

backbone is capped at the head by the Sso1432 and

Sso1425 subunits, themselves RAMP family proteins, which

presumably bind the 30 end of the crRNA. Unlike the type IE

complex, there is no 30 crRNA hairpin structure and no integral

Cas6 subunit. A second helical filament consisting primarily of

three copies of the ‘‘small’’ subunit Sso1424 winds back

down to link with the foot domain through the Sso1430 subunit.

Recently, it has been suggested that the small subunits (Cse2,

Cmr5, and Csm2) of all the type I and type III complexes are

structurally related (Makarova et al., 2011a), and there are

some structural data in support of this (Reeks et al., 2013a).

However, there is no detectable sequence similarity between

Sso1424 and the Csm2 subunits of CSM complexes from other

Table 1. Quantification of CSM Subunits Relative to the Largest Subunit Sso1428

Subunits To Be

Quantified Selected Peptides

Ratio of Unknown Subunit:Sso1428

Repeat 1 Repeat 2 Repeat 3 Average STD

Sso1432 18VGGGQEVGDNVIR30 0.92 0.91 0.96 0.93 0.03

Sso1431 293ISDLSSILNK302 0.67 0.65 0.70 0.67 0.03

Sso1430 150LLLYSILDLR159 0.81 0.76 0.83 0.80 0.04

Sso1430 199YLWEAENK206 1.12 1.09 1.15 1.12 0.03

Sso1426 136FLDSLPISYSLNTR149 4.85 4.81 4.73 4.80 0.06

Sso1425 62SLVESYTK69 1.45 1.35 1.56 1.45 0.11

Sso1427 129IFNPDPNR136 0.80 0.79 0.83 0.81 0.02

Sso1424 1N-acetyl-sSQDLLDIATR11 3.62 3.51 4.03 3.72 0.27
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species such as S. epidermidis, let alone Cmr5 or Cse2 family

proteins.

The similarity observed between the structures of the type I

and type IIIA complexes is perhaps unsurprising given their

similar function: both use bound crRNA to detect invading

duplex DNA moieties, promoting strand exchange to form

an R-loop that is a signal for DNA degradation. In contrast,

the EM structure of the type IIIB (CMR) structure appears

very different from that of the type IIIA complex, despite

the fact that they share much clearer homology than either

does with Cascade. The ‘‘body’’ of the CMR complex com-

prises a number of RAMP domain proteins (Cmr1, Cmr4,

Cmr5, and Cmr6) that are assumed to bind RNA. However,

they are not obviously arranged in the helical conformation

seen for the type I and type IIIA complexes, instead appearing

to form a more compact structure (Zhang et al., 2012). This

may reflect the fact that CMR targets RNA substrates, which

will not have the rigid helical structure of dsDNA. It remains

to be seen whether all CMR complexes adopt this compact

organization or whether this is specific to the crenarchaeal

system.

crRNA Binding and Processing in Type III Complexes
crRNA inS. solfataricus is generated by the cleavage of a primary

pre-crRNA transcript within the repeat sequence by the Cas6

endonuclease (Reeks et al., 2013c; Shao and Li, 2013). This

generates crRNA with a defined 8 nt repeat-derived 50 handle,
followed by a spacer sequence that can vary from 34 to 44 nt

in length (Lintner et al., 2011) and a 30 repeat-derived handle of

15–16 nt. This primary product is loaded, apparently without

further processing, into the type IA complex (Lintner et al.,

2011). However, in the type IIIB complex, further maturation

was observed as generating shorter crRNAs with reduced

30 ends (Zhang et al., 2012). In studies of the type IIIA system

from S. epidermidis, mature crRNA of two sizes (39 and 45 nt)

were observed. It has been proposed that crRNA is trimmed at

the 30 end by an unknown nuclease in a process directed by a

ruler mechanism measured from the (Cas6-derived) 50 end

(Hatoum-Aslan et al., 2011).

Deep sequencing of the S. solfataricusCSMRNA complement

confirmed that crRNAs were defined by a common 50 end

resulting from cleavage of the CRISPR repeat by Cas6, as ex-

pected. This suggests that, as observed previously for the

S. solfataricus CMR and S. epidermidis CSM complexes, matu-

ration involves 30-end trimming. The most likely explanation may

be that the complexes bind crRNAwith an element of recognition

of either the 50 end or the 50 handle sequence (or both), perhaps

in the crevice formed by the Cas10 and Cas5 proteins as

described above. Binding of crRNA by Cas7 family proteins re-

sults in the protection of a defined length of crRNA, and any

excess is trimmed from the 30 end by a nonspecific 30-to-50

exonuclease, as yet unidentified. In support of this, no mass shift

was observed for the CSM complex treated with ribonuclease A,

suggesting that the mature crRNA is fully protected by the com-

plex (data not shown). The observation of two crRNA lengths

differing by 6 nt in S. epidermidis CSM and P. furiosus CMR

could be explained by differences in the number of Cas7-type

crRNA-binding subunits present in the backbones of the com-

plexes, as 6 nt approximates to the expected RNA-binding site

size of Cas7 (Lintner et al., 2011). In other words, complexes

with a 6-RAMP backbone would bind 36 nt of crRNA, while addi-

tion of a seventh RAMP subunit would allow the binding of a 42 nt

crRNA. By contrast, S. solfataricus CSM appears to adopt a

single, defined subunit composition with a single length of bound

crRNA. It is possible that the control of backbone length bymulti-

merization of RAMP proteins is not always precise.

TargetDegradation by Type IIIA InterferenceComplexes
The large (Cas10) subunits of the type IIIA and type IIIB

complexes, Cmr2 and Csm1, each have an N-terminal HD-

nuclease-like domain, reminiscent of that found in the Cas3

helicase-nuclease that is recruited for the degrading of viral

DNA by Cascade. It was originally assumed that this would

constitute the active site for all the type III complexes. However,

this appears not to be the case for the P. furiosus CMR complex

(Hale et al., 2012), and recent structural comparisons have high-

lighted the incomplete conservation of HD domains in all the type

III complexes (Reeks et al., 2013b). Although CSM binds dsDNA

Figure 4. Ion Mobility Measurement of the

CSM Complex and Its Subcomplexes

(A) CCS values measured for the intact complex

(purple circle), the 357 kDa (green diamond) and

216 kDa (orange square) subcomplexes, and the

largest subunit Sso1428 (red triangle) are plotted

against their masses. Three trendlines are shown

for linear, linear dimer, or collapsed ‘‘globular’’

conformations (left to right) for complexes

composed of monomers (25 kDa). Considerable

deviation from all conformation is evident for the

intact complex and the two subcomplexes.

(B–D) Coarse-grain structural models, calculated

for the intact complexes (D) and the 357 kDa

(C) and 216 kDa (B) subcomplexes and fitted

into the CSM EM map. Each subunit is repre-

sented by a sphere, sized proportionally to its

mass, except that the largest Sso1428 is divided

into two domains.
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with high affinity, we have so far been unable to demonstrate any

crRNA-dependent nuclease activity for the type IIIA complex

in vitro (C.R., J.Z., S.G., and M.F.W., unpublished data), and

no other publication has reported such an activity, despite the

fact that the complex was first reported to target DNA in vivo in

2008 (Marraffini and Sontheimer, 2008). One explanation is

that, just as for Cascade, CSM is a surveillance complex that tar-

gets invading DNA and recruits a distinct nuclease to degrade

targets. If so, the identity of this nuclease remains at present a

matter for conjecture. Cas3 could in theory fulfill the role but is

not always present in genomes harboring an active type IIIA

system. The Csm6 protein is another possibility, although its

structure bears more resemblance to families of transcription

factors (Makarova et al., 2011b). It is conceivable that the

nuclease varies in different lineages, which would be in keeping

with the dynamic nature of the CRISPR system. Alternatively, the

HD domain of the large subunit may be responsible for the

degradation activity but be controlled in a manner that is not

yet understood.

Conclusions
This study has revealed clear similarities in the backbone struc-

tures of the CSM and Cascade surveillance complexes, sug-

gesting a deep evolutionary relationship, as postulated from

bioinformatics studies (Makarova et al., 2011a). Nonetheless,

the differences should not be underestimated. For example,

the requirement for a protospacer adjacent motif (PAM) in target

sequences appears unique to the type I systems, and this may

be reflected in the observation that the ‘‘large’’ subunits are

not appreciably conserved between CSM and Cascade sys-

tems. Additional studies of the activity and mechanism of the

CSM complex, both in vitro and in vivo, will be required in order

to discern full details of role in the CRISPR system and its func-

tional and structural relationship with Cascade.

EXPERIMENTAL PROCEDURES

Expression and Purification of Tagged CSM Complex in

S. solfataricus

The gene encoding the large subunit of the complex, sso1428, was amplified

with oligonucleotides containing NcoI and BamHI restriction sites. Ligation of

the restricted PCR product into pMZ1 (Zolghadr et al., 2007) yielded plasmid

pMZ-1428. Expression from pMZ1 leads to the addition of a C-terminal

tandem tag (Strep and 103 His) to the protein. The expression cassette was

excised from plasmid pMZ-1428 and ligated into the virus-based expression

vector pSVA9, yielding plasmid pSVA-1428, which was transformed into the

S. solfataricus PH1-16 expression strain, as described previously (Albers

et al., 2006). After transformation, cells were first cultivated in unselective

Brock medium containing 0.2% tryptone and 10 mg/ml uracil, then transferred

to selective media containing 0.2% glucose and NZ-Amine without uracil.

Once the OD600nm reached 0.6, cells were transferred to expression media

containing 0.2% arabinose and NZ-amine to induce the expression of the

tagged Sso1428 and then collected at an OD of 0.8–1.0. Later experiments

involved the production of CSM complex tagged on subunit Sso1431 via the

same methodology.

Purification of Tagged CSM Complex from S. solfataricus

Cells were resuspended in buffer A (20 mM HEPES [pH 7.5], 250 mM NaCl,

30 mM imidazole) and disrupted by sonication for 63 3 min on ice. The lysate

was centrifuged at 40,000 rpm for 45 min and loaded onto a Histrap column

(GE Healthcare) equilibrated in buffer A. After being washed with 20 column

volumes of buffer A, bound proteins were eluted with a linear gradient of buffer

B (20 mMHEPES [pH 7.5], 250 mMNaCl, 1 M imidazole). Fractions containing

the CSM complex were pooled, exchanged into buffer C (20 mM Tris$HCl

[pH 8], 50 mMNaCl), and loaded onto a monoQ column (GE Healthcare) equil-

ibrated with buffer D (20 mM Tris$HCl [pH 8], 50 mM NaCl, 1 mM EDTA, 1 mM

DTT). Bound proteins were eluted with a linear gradient of buffer E (20 mM

Tris$HCl [pH 8], 1 M NaCl, 1 mM EDTA, 1 mM DTT). Fractions containing the

CSM complex were pooled, concentrated, and loaded onto a gel filtration

column (S500, GE Healthcare) equilibrated with buffer F (20 mM Tris$HCl

[pH 8], 150 mM NaCl). Fractions containing the CSM complex were pooled,

concentrated, and stored at 4�C.

Purification and Deep Sequencing of crRNA

RNA was extracted from the purified native CSM complex by the classical

phenol/chloroform method followed by ethanol precipitation and vacuum

desiccation. Dried RNA was resuspended in 5 ml of water and labeled in a

10 ml reaction containing polynucleotide kinase and 2 mCi g32P-ATP. Labeled

RNAs were analyzed by electrophoresis on a 15% acrylamide, 7M urea, Tris-

borate-EDTA (TBE) denaturing gel and visualized by phosphorimaging. Small

RNA libraries were prepared with the use of the Small RNA Sample Prep Kit

according to the manufacturers’ instructions, starting from 100 ng RNA. The

ligated RNA fragments were reverse transcribed, followed by ten cycles of

PCR amplification. Subsequently, amplified libraries were purified on 6%poly-

acrylamide gels. The library was sequenced (36 bp single-read sequencing)

with an Illumina Genome Analyzer IIx. Library preparation and sequencing

was performed by the CNRS Imagif platform in Gif sur Yvette, France.This re-

sulted in the addition of the adaptor sequence at the 30 end of each sequence.

Reads were processed, adaptor sequence was removed, and reads were

mapped against the S. solfataricus P2 genome with the use of Galaxy (Blan-

kenberg et al., 2010; Giardine et al., 2005; Goecks et al., 2010).

Electron Microscopy

The CSM complex bound to crRNA was studied by negative-staining EM and

single-particle analysis. Data were collected on an FEI F20 FEG microscope

equipped with a 4k 3 4k CCD camera. Images were collected under low-

dose mode at a magnification of 29,0003, at a final sampling of 3.6 Å/pixel

at the specimen level. Single-particle images were interactively selected

with the Boxer program from the EMAN single-particle analysis package

(Ludtke et al., 1999) and extracted into boxes. Image processing was per-

formed with the IMAGIC-5 package (van Heel et al., 1996). The data set was

resampled at 7.2 Å/pixel, and 7,829 images were band-pass filtered with a

Table 2. Collision Cross Sections of CSM Complex and Subcomplexes Measured by IM-MS

CSM (Sub-)

Complexes Mass (kDa)

Experimental CCS (nm2) Calculated CCS

(CG Model) Difference (%)WH=32V WV=800s�1 WH=32V WV=700s�1 WH=30V WV=700s�1 Average

Intact 427 170.3 168.6 172.9 170.6 171.1 +0.3

Subcomplex I 357 146.6 146.0 147.1 146.6 146.4 �0.1

Subcomplex II 216 101.6 98.9 101.1 100.5 97.6 �2.9

Sso1428 97 55.1 55.0 56.5 55.6 56.1 +0.9

CCS, collision cross sections.
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high pass cutoff of 110 Å and a low pass cutoff of 18 Å. The single-particle

images were analyzed by multivariate statistical analysis with IMAGIC-5. The

data set was subjected to successive rounds of alignment and classification

in order to improve the resulting image class averages. We then generated a

Gaussian blob, using the makeinitialmodel.py program from the EMAN pack-

age. The x, y, and z dimensions for the blob were chosen on the basis of the

dimensions of class averages calculated with IMAGIC-5. Noise was added

to the Gaussian blob with the use of the proc3d program in EMAN, to a 0.5

value. CSM class averages were aligned to the starting 3D volume by projec-

tion matching via the refine command in the EMAN package. The CMR/RNA

structure was refined until the map converged. The resolution for the final

reconstruction was calculated as �30 Å through the use of the 0.5 FSC

criterion. To interpret the map, we fitted a portion of the EMD-5314 map

(Wiedenheft et al., 2011). To obtain the core Cas7 backbone, we segmented

EMD-5314 using the Segger routine in Chimera and generated a volume con-

taining six proximal Cas7 domains. The seventh module within the backbone

was the Cas5 subunit. Figures were prepared with UCSF Chimera (Goddard

et al., 2007).

Mass Spectrometry

Electrospray Ionization LC-MS Analysis of CSM Subunits

LC-MS analysis of individual CSM subunits was carried out on a Dionex

Ultimate 3000 LC System (RSLCnano; Thermo) equipped with a 3 nl UV detec-

tor set at 214 and 280 nm. CSM was prepared in a 1:1 (v/v) mix of 0.1% TFA

and 1 ml of sample applied to a PS-DVB reverse-phase monolithic column

(Pepswift 100 mm i.d. 3 25 cm; Thermo) equilibrated at 90% solvent A

(0.05% TFA) and 10% solvent B (0.04% TFA, 90% ACN). A linear gradient of

10%–70% solvent B in 25 min at a flow rate of 600 nl/min was used. The

column effluent was passed through a nanospray ionization interface into a

QSTAR XL mass spectrometer (AB Sciex). For peptide analysis, the CSM

complex was digested with tryspin (Promega). The resultant peptide mixture

was separated on a reverse-phase C18 column (PepMap 75 mm i.d. 3

50 cm; Thermo) before being analyzed on a LTO-Orbitrap XL hybrid mass

spectrometer (Thermo). Eight proteins were identified as constituents of the

CSM complex through a search against the NCBInr database using the

Mascot search engine and are listed in Table S2.

Relative Quantification of CSM Subunits

For quantification of the relative amount of each individual CSM subunits, the

complete inventory of CSM tryptic peptides was surveyed. One or two

peptides per subunit were selected for quantification according to previously

Figure 5. Fitting the Cascade Backbone in

CSMandComparison of the Two Structures

(A–D) Orthogonal views of CSM (gray surface) with

fitted Cas5 (dark blue) and six Cas7 proximal

domains (light blue).

(E–H) Orthogonal views of the Cascade complex

from E. coli, where Cas5 and Cas7 proximal

domains have been colored blue for direct com-

parison with CSM.

published criteria (Schmidt et al., 2010). A library

of synthetic dipeptides was then ordered from

Thermo, containing each of these selected pep-

tides combined with the sequence of a reference

peptide (GSVDLNYLR) of subunit Sso1428.

The dipeptides were isotopically labeled with

(15N;13C) R/K residues to give a theoretical molar

ratio of 1:1 and a mass increase (10/8 Da for

R/K residues, respectively) for the component

monopeptide upon trypsin cleavage. Subse-

quently, an aliquot of CSM complex was spiked

with each of the synthetic dipeptide and the

mixture was subjected to trypsin cleavage. The

resulting digests were surveyed on the LTQ-

Orbitrap. The extracted total ion chromatograms for the light and heavy pep-

tide pairs were compared and their relative ratios calculated as quotients of

the plotted peak areas.

Chemical Crosslinking of CSM Subunits Analyzed by MS

The crosslinking experiment was initiated by mixing 2 ml of a 1:1 mixture of

12.5 mM deuterated (d4) and 12.5 mM nondeuterated (d0) BS3 crosslinkers

with 20 ml aliquot of CSM complex at a concentration of 1 mg/ml. The reaction

mixture was incubated for 1 hr at room temperature, and a control was pre-

pared for comparison without addition of the crosslinkers. Potential cross-

linked peptides were identified through the use of the MassMatrix Database

Search Engine (Xu et al., 2008a; Xu et al., 2008b) and manually validated by

(1) checking the presence of parent d4/d0 ion pairs in the MS spectra, (2)

checking their absence in the control, and (3) checking qualities of the corre-

sponding tandem MS spectra.

MS and IM-MS of the CSM Complex and Subcomplexes

For MS of the intact complex, 20 ml of purified CSM (6 mg/ml) was exchanged

into 200 mM AmAc buffer (pH 7.5) with the use of Micro Bio-Spin 6 Columns

(Bio-Rad). The sample was diluted 1:10 into AmAc buffer, and 2 ml aliquots

were electrosprayed from gold-coated borosilicate capillaries prepared in

house. Spectra were recorded on a QSTAR XL (AB Sciex) modified for high

mass detection (Sobott et al., 2002) and adjusted for the preservation of non-

covalent interactions (Hernández and Robinson, 2007). MS experiments were

performed at a capillary voltage of 1,200 V and declustering potentials of 40 V

and 15 V. In tandemMS experiments, ions were isolated in the quadrupole and

subjected to collision-induced dissociation (acceleration energy up to 200 V).

For subcomplex generation, a 0.5 ml aliquot of the CSM solution was mixed

with 19.5 ml of 200 mM AmAc containing incremental concentrations of acetic

acid (5%–20% v/v) immediately before MS analysis.

All IM-MS spectra were recorded on a hybrid quadrupole (Q)-IM-ToF MS in-

strument known as Synapt G2 HDMS (Giles et al., 2011) and incorporating

traveling-wave ion guide for IM separation (Waters). The instrument ismodified

for high mass transmission (Sobott et al., 2002) and uses nitrogen for mobility

separation with the trap and transfer regions filled with argon. The Synapt G2

was operated at 3.21mbar and 3.803 10�2 mbar for mobility and trap/transfer

regions, respectively, which are separated by a "helium gate" pressurized at

1.41 bar. Ions were injected into the mobility cell at a 100 ms pulse with an

injection voltage of 15 V. IM measurement for the CSM complex and subcom-

plexes was performed in triplicate, employing different combinations of wave

height (WH) and wave velocity (WV) as follows: WH = 32V and WV = 800ms�1;

WH = 32V and WV = 700ms�1; WH = 30V and WV = 700ms�1.
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Coarse-Grain Modeling of CSM

An iterative series of modeling steps was employed for the CSM modeling

combining information from MS and IM-MS, chemical crosslinking, and quan-

tification experiments. First, each subunit (but the subunit of Sso1428 was

divided into two domains) was represented as a sphere with a radius derived

from its corresponding mass. We then employed a Monte Carlo sampling

approach to build a large number of structures (10,000 models) for the CSM

complex and subcomplexes consistent with the input connectivity data from

MS-based experiments. Next, all generated models were scored and subse-

quently ranked on the basis of the violation of calculated CCSs values of model

structures to the experimental values measured by IM. Finally, the top-scoring

models were fitted into the EM map and the model with the best fit was

selected as the final solution.
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SUMMARY

Malonyl-coenzyme A decarboxylase (MCD) is found
from bacteria to humans, has important roles in
regulating fatty acid metabolism and food intake,
and is an attractive target for drug discovery. We
report here four crystal structures of MCD from hu-
man, Rhodopseudomonas palustris, Agrobacterium
vitis, and Cupriavidus metallidurans at up to 2.3 Å
resolution. The MCD monomer contains an N-termi-
nal helical domain involved in oligomerization and a
C-terminal catalytic domain. The four structures
exhibit substantial differences in the organization of
the helical domains and, consequently, the oligo-
meric states and intersubunit interfaces. Unexpect-
edly, the MCD catalytic domain is structurally
homologous to those of the GCN5-related N-acetyl-
transferase superfamily, especially the curacin A pol-
yketide synthase catalytic module, with a conserved
His-Ser/Thr dyad important for catalysis. Our struc-
tures, along with mutagenesis and kinetic studies,
provide a molecular basis for understanding patho-
genic mutations and catalysis, as well as a template
for structure-based drug design.

INTRODUCTION

Malonyl-coenzyme A (malonyl-CoA) has long been established

as the key intermediate in the biosynthesis of long-chain and

very long-chain fatty acids (Wakil et al., 1983; Zammit, 1999),

and it also has a crucial role in the regulation of fatty acid oxida-

tion in mammals through its potent inhibition of carnitine palmi-

toyltransferase I (McGarry and Brown, 1997; Ramsay et al.,

2001). Recent studies have demonstrated other important

functions for this metabolite (Folmes and Lopaschuk, 2007; Lo-

paschuk et al., 2010; Saggerson, 2008), for example, in the regu-

lation of food intake through its actions in the central nervous

system (Fantino, 2011; Lane et al., 2008; Wolfgang and Lane,

2008) and in the control of fuel selection (carbohydrate versus

fatty acids) in many tissues (Folmes and Lopaschuk, 2007; Sag-

gerson, 2008). Therefore, malonyl-CoA may be a crucial regu-

lator of energy homeostasis.

Cellular malonyl-CoA levels are controlled by several en-

zymes. Malonyl-CoA is produced by acetyl-CoA carboxylase

(Cronan and Waldrop, 2002; Tong, 2013; Wakil et al., 1983)

and is consumed by fatty acid synthase (Kuhajda, 2006), elon-

gases (Guillou et al., 2010), and malonyl-CoA decarboxylase

(MCD, E.C. 4.1.1.9) (Saggerson, 2008). The functional impor-

tance of malonyl-CoA suggests that modulators of these

enzymes may have therapeutic applications. Hepatic overex-

pression of MCD in rats led to a decrease in circulating free fatty

acid and, more importantly, alleviated insulin resistance normally

induced by a high-fat diet (An et al., 2004). On the other hand, in-

hibition of MCD in the heart may be beneficial for treating cardiac

ischemia and reperfusion (Ussher and Lopaschuk, 2009), which

is supported by observations on MCD�/� mice (Dyck et al.,

2006), as well as a collection of MCD inhibitors (Cheng et al.,

2006a, 2006b, 2006c; Wallace et al., 2007). MCD inhibition has

been found to be toxic to cancer cells, suggesting that it may

be a target for anticancer therapy (Zhou et al., 2009). MCD inhi-

bition can also reduce food intake and may be beneficial for

obesity and diabetes treatment (Lopaschuk et al., 2010; Tang

et al., 2010).

In mammals, MCD activity is found in the cytoplasm, mito-

chondria, and peroxisomes, and these different isoforms are en-

coded by a single gene (Courchesne-Smith et al., 1992; Gao

et al., 1999; Joly et al., 2005; Sacksteder et al., 1999). MCD

1182 Structure 21, 1182–1192, July 2, 2013 ª2013 Elsevier Ltd All rights reserved



deficiency in humans (Mendelian Inheritance in Man No.

248360), a rare autosomal recessive disorder, is characterized

by malonic aciduria, developmental delay, cardiomyopathy,

and neonatal death in severe cases (Malvagia et al., 2007; Salo-

mons et al., 2007; Xue et al., 2012), supporting the important role

of this enzyme in cellular functions. There is, as yet, no genotype-

phenotype correlation for the �30 pathogenic mutations identi-

fied (Xue et al., 2012).

MCD (�50 kDa) is also found in bacteria, plants, and other or-

ganisms with conserved amino acid sequences (Figure 1). For

example, human MCD (HsMCD) and Rhodopseudomonas

palustris MCD (RpMCD) share 34% sequence identity, while

RpMCD and Rhizobium etliMCD (ReMCD) share 56% sequence

identity (Figure 1). MCDs belong to the PFAM domain family

PF05292 but do not share recognizable homology with other

proteins in the sequence database, including methylmalonyl-

CoA decarboxylase (Benning et al., 2000) and other decarboxy-

lases. Purification of several animal and bacterial MCDs have

been reported over the years (Kim and Kolattukudy, 1978; Kolat-

tukudy et al., 1981; Lee et al., 2002; Lo et al., 2008; Zhou et al.,

2004), and the crystallization of a bacterial MCD was also re-

ported (Jung et al., 2003). However, no crystal structure was

available on any of theMCDs, and the catalytic mechanism is still

poorly understood.

We report here the crystal structures of humanMCD as well as

three bacterial MCDs at up to 2.3 Å resolution. The MCD mono-

mer contains an N-terminal helical domain and a C-terminal cat-

alytic domain, and the catalytic domain shares unexpected

structural homology to the GCN5-related N-acetyltransferase

(GNAT) superfamily. The N-terminal helical domain is involved

in the oligomerization of MCDs, although there are substantial

differences in the organization of the dimers and tetramers

among MCD orthologs.

RESULTS AND DISCUSSION

Structure Determination
Wild-type HsMCD (residues 40–491, corresponding to the

maturemitochondrial form) failed to crystallize. Adopting the sur-

face entropy reduction (SER) strategy (Cooper et al., 2007), two

charged patches in HsMCD, Glu58-Lys59 and Glu278-Glu279-

Lys280, were predicted to be surface-exposed by the SER pre-

diction server (http://services.mbi.ucla.edu/SER/; Goldschmidt

et al., 2007), and site-directed mutagenesis was used to

Figure 1. Sequence Alignment of HsMCD, RpMCD, CmMCD, AvMCD, and ReMCD

The secondary structure elements for HsMCD are indicated at the top of the alignment, colored in yellow for those in the helical domain and cyan for those in the

catalytic domain. Strictly conserved residues among the five sequences are shown in red and highly conserved residues in blue. The purple diamonds indicate

sites of disease-causing missense mutations in HsMCD.
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substitute alanine for each of these residues simultaneously. The

structure of the E58A/K59A/E278A/E279A/K280A quintuple

mutant was determined by single isomorphous replacement

with anomalous scattering and refined at 2.8 Å resolution (Table

1; Figure S1 available online). The mutant exhibited similar olig-

omeric and enzymatic properties as wild-type HsMCD (Table

2). Inspection of the structure revealed both alanine-substituted

patches to be located in surface-exposed regions: Glu58-Lys59

was found in the loop connecting helices aA and aB, while the

loop containing residues 278–280, connecting strands b3 and

b4, was disordered.

Bacterial MCDs were targeted as part of the broad program of

the National Institutes of Health (NIH) Protein Structure Initiative

on structural coverage of large protein domain families (Liu et al.,

2007).We obtained crystals for several bacterial MCDs, butmost

of them showed poor diffraction quality (about 5 Å resolution). Af-

ter significant efforts at optimization and diffraction screening,

we collected X-ray diffraction data for RpMCD, Agrobacterium

vitis MCD (AvMCD), and Cupriavidus metallidurans MCD

(CmMCD) at up to 2.3 Å resolution. We solved the structure of

RpMCD by the selenomethionyl single-wavelength anomalous

diffraction method and the structures of AvMCD and CmMCD

by molecular replacement (Table 1).

Structures of MCD Monomers
The structures of the monomers of HsMCD (Figure 2A), RpMCD

(Figure 2B), AvMCD (Figure 2C), and CmMCD (Figure 2D) can be

divided into two domains: an N-terminal helical domain (130–150

residues) and a C-terminal catalytic domain (270–300 residues)

connected via a short linker peptide. Consistent with this two-

domain organization, the sequence conservation among the

MCDs also appears to be bipartite (Figure 1). For example, the

catalytic domains of HsMCD and RpMCD share 40% sequence

identity, while their helical domains have only 24% identity. The

N-terminal domain of HsMCD and several other MCDs are rich in

Leu residues, which are concentrated in the helical segments.

The helical domain contains a bundle of six helices (aA–aC,

aF–aH; Figures 2A–2D and S2). Helices aA and aB, and aG

and aH form antiparallel hairpins and are arranged somewhat

similar to those in armadillo/Huntington, elongation factor 3, pro-

tein phosphatase 2A, the yeast kinase TOR1 (HEAT), and tetratri-

copeptide repeats. However, the intervening helices aC and aF

are located away from each other and run almost perpendicular

to the other four helices. In addition, there is an insert of a helical

hairpin (aD and aE) between helices aC and aF, which projects

�30 Å away from the rest of themonomer (Figure S1). This helical

hairpin insert as well as the helical domain itself helps mediate

the oligomerization of MCD (see below).

The catalytic domain of MCD contains a central eight-

stranded, mostly antiparallel b sheet (b1–b8) that is surrounded

by at least 11 a helices (a1–a11; Figures 2A–2D). Strands b4

and b5 in the middle of the b sheet, the only two neighboring

strands that are parallel to each other (in a b-a-b motif), are

splayed apart from each other at their C-terminal ends, and the

active site of the enzyme is located in this region (see below).

There is an insert of three additional helices (a5–a7) between

strands b5 and b6 in HsMCD, RpMCD, and AvMCD, while

CmMCD has an insert of five helices here. The sequences of

this insert are poorly conserved among the MCDs (Figure 1).

The overall structures of the catalytic domains are similar, with

root-mean-square (rms) distance of 1.2–1.5 Å for equivalent Ca

atoms located within 3 Å of each other between any pair of the

four structures. This structural similarity is particularly high for

the central b sheet of the catalytic domain, as illustrated for over-

lays between HsMCD and RpMCD (Figure 2E), HsMCD and

CmMCD (Figure 2F), and other structure pairs (Figure S1). On

the other hand, many of the helices of the catalytic domain,

especially those in the insert between b5 and b6, have large po-

sitional differences. Moreover, with the catalytic domains in

overlay, significant differences in the orientation and position of

the N-terminal helical domain are observed among the MCDs,

corresponding to relative rotations of 15�–25� (Figures 2E, 2F,

and S3). In addition, the helical hairpin insert between aC and

aF is absent in CmMCD (Figures 2D and S2).

Oligomeric Architectures of MCDs
HsMCD is a tetramer in solution based on gel filtration chroma-

tography and analytical ultracentrifugation (AUC) studies

Table 1. Summary of Crystallographic Information

Structure HsMCD RpMCD AvMCD CmMCD

Space group C2221 P21212 I4122 C2

Unit cell

parameters

(a, b, c, a, b, g)

95.6, 175.3,

151.8, 90,

90, 90

141.5, 159.8,

108.6, 90,

90, 90

100.4, 100.4,

242.7, 90,

90, 90

191.0, 69.4,

74.4, 90,

103.8, 90

Resolution range

for refinement (Å)a
30–2.8

(2.9–2.8)

30–2.7

(2.8–2.7)

30–3.1

(3.2–3.1)

30–2.3

(2.4–2.3)

Number of

observations

495,940 627,249 110,903 163,015

Rmerge (%) 12.5 (106.4) 6.0 (61.2) 10.5 (55.1) 6.3 (44.1)

Redundancy 5.0 (5.0) 4.7 (4.4) 5.2 (4.8) 3.7 (3.5)

I/sI 8.4 (1.6) 25.2 (2.4) 15.9 (2.6) 23.0 (2.7)

Number of

reflections

31,694 123,627 19,052 37,613

Completeness (%) 100 (100) 95 (85) 89 (70) 89 (72)

R factor (%) 21.2 (25.6) 22.5 (34.0) 22.0 (26.1) 23.9 (28.6)

Free R factor (%) 25.5 (29.5) 27.9 (38.3) 29.1 (34.1) 28.6 (33.3)

rms deviation in

bond lengths (Å)

0.010 0.007 0.009 0.007

rms deviation in

bond angles (�)
1.1 1.3 1.4 1.2

aThe numbers in parentheses are for the highest resolution shell.

Table 2. Summary of Kinetic Parameters on Human MCD

Enzyme Km (mM) kcat (s
�1) kcat/Km (M�1s�1)

Wild-type HsMCD 38 ± 12 33 ± 2 (1)a 8.7 3 105 (1)

Quintuple SER mutant 58 ± 17 45 ± 4 (0.73) 7.8 3 105 (1.1)

H423N 32 ± 4 4.7 ± 0.1 (7.0) 1.4 3 105 (6.2)

S329A 19 ± 4 0.30 ± 0.01 (110) 1.5 3 104 (58)

Y456S 132 ± 19 44 ± 2 (0.75) 3.3 3 105 (2.6)

S290F 37 ± 5 15 ± 1 (2.2) 4.1 3 105 (2.1)
aThe ratio for values between the wild-type and mutant enzymes are

given in the parentheses.
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(Figure S2), consistent with the reported oligomerization state of

many purified MCD enzymes. HsMCD sedimented in a single

peakwith an apparent molecular weight of�200 kDa (Figure S2).

The HsMCD crystal structure shows that the tetramer is made of

a dimer of dimers (Figure 3A). A tight dimer of HsMCD is formed

by extensive contacts of the helical domains of the two mono-

mers, and the aD and aE helical inserts of the two monomers

interact with each other in this dimer interface. Especially, helix

aE of this insert contributes four leucine residues (122, 123,

129, and 133) to the interface. Approximately 1,800 Å2 of the sur-

face area of each monomer is buried in the dimer. Two HsMCD

dimers then associate with each other through their catalytic do-

mains, at�60� angle for the planes of the two dimers (Figure S2),

to form the tetramer with 222 symmetry. This interface primarily

involves residues at the N-terminal end of the catalytic domain,

burying �500 Å2 of the monomer surface area.

The architecture and shape of the HsMCD tetramer were also

analyzed by electron microscopy coupled to single particle anal-

ysis. Images of negatively stained HsMCD contained a homoge-

nous population of monodispersed single particles (Figure S2).

Our three-dimensional (3D) reconstruction revealed a particle

of 125 3 100 3 100 Å3 in size with a central cavity, consistent

in dimension and shape with the crystallographic tetramer

(Figure 3B).

RpMCD and AvMCD are also tetramers in solution, based on

multiangle static light scattering studies (data not shown). Like

HsMCD, the RpMCD (Figure 3C) and AvMCD (Figure S2) tetra-

mers are also dimer of dimers. However, the relative orientations

of the dimers are substantially different (Figure S2). The central

cavity of RpMCD tetramer also contains a helical segment (aA0)
from the N terminus of two of the monomers (Figure 3C; Supple-

mental Information).

Surprisingly, CmMCD is a dimer in solution and the crystal

structure reveals a completely different mode of dimerization

as compared to HsMCD, RpMCD, and AvMCD. The two

CmMCD monomers associate in a head-to-tail fashion such

that the N-terminal helical domain of one monomer is in contact

with the C-terminal catalytic domain of the other monomer,

including the helical insert between strands b5 and b6 (Fig-

ure 3D). Approximately 1,100 Å2 of the surface area of each

monomer is buried in this dimer.

The variations in the oligomers of MCDs are likely due to the

differences in the conformations of the N-terminal helical do-

mains and the positions of these domains relative to the catalytic

Figure 2. Crystal Structures of MCD Monomer

Schematic drawing of the structures of HsMCD (A), RpMCD (B), AvMCD (C), andCmMCD (D). The N-terminal helical domain is shown in yellow and the C-terminal

catalytic domain in cyan. The bound position of acetyl-CoA in CurA (Gu et al., 2007) is shown as a stick model (in black). Overlays of the structures of HsMCD (in

color) and RpMCD (in gray) (E) and HsMCD (in color) and CmMCD (in gray) (F). Regions of structural difference in the catalytic domain are highlighted with the red

arrows. The difference in the orientations of the helical domains is also indicated. The structure figures were produced with PyMOL (http://www.pymol.org).

See also Figure S1.
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domains. For example, clear differences are visible between the

HsMCD and RpMCD dimers (Figure S2), thereby affecting their

tetramer formation. CmMCD lacks the helical insert in the helical

domain and has two additional helices between b5 and b6 in the

catalytic domain (Figure 2D), which may explain why it cannot

form a similar dimer and tetramer as HsMCD or RpMCD.

While this paper was under review, a structure of HsMCD at

3.29 Å resolution was reported (Aparicio et al., 2013). The overall

structures of the HsMCD monomers in the two reports are

similar, with rms distance of 1.5 Å for 380 equivalent Ca atoms

(Figure S2). There are recognizable differences in the organiza-

tion of the dimer and tetramer between the two structures,

although the overall architectures of the two tetramers are similar

(Figure S2).

Unexpected Structural Homology to GNAT Enzymes
The structure of the MCD catalytic domain unexpectedly shows

strong homology to proteins belonging to the GNAT superfamily

(Dyda et al., 2000; Neuwald and Landsman, 1997; Vetting et al.,

2005), based on a Protein Data Bank (PDB) search with the pro-

gram DaliLite (Holm et al., 2008). As the name indicates, most of

these enzymes are N-acetyltransferases, a catalytic activity

highly distinct from that of MCD. On the other hand, the overall

backbone folds of these enzymes are homologous. GNAT pro-

teins typically contain a seven-stranded b sheet, which corre-

Figure 3. The Oligomers of MCD

(A) Structure of the HsMCD tetramer. A semi-

transparent surface of the structure is also shown.

(B) Docking of the HsMCD tetramer structure into

the EM reconstruction.

(C) Structure of the RpMCD tetramer.

(D) Structure of the CmMCD dimer. The 2-fold axis

of the dimer is indicated with the oval (black).

See also Figure S2.

sponds to the first seven strands in the

catalytic domain of MCD, with the splay-

ing of the b4 and b5 strands a common

feature among these structures. The

sequence conservation between MCDs

and these other GNAT members is, how-

ever, much lower, around 10% for struc-

turally equivalent residues. As expected,

the catalytic machinery in the active site

is also distinct between MCD and the N-

acetyltransferases.

The closest structural homolog, with a

Z score of 16.6 from DaliLite, is the cata-

lytic domain of the loading module of the

polyketide synthase for curacin A (CurA)

from Lyngbya majuscula, a GNAT protein

that was shown not to have N-acetyl-

transferase activity (Gu et al., 2007; Fig-

ures 4A and 4B). Instead, this loading

module harbors both malonyl-CoA

decarboxylase and acetyl S-transferase

activities. Despite the 13% identity for

structurally equivalent residues between

the two proteins, the catalytic residues for the decarboxylase ac-

tivity of CurA are conserved in MCD (see below).

The N-terminal helical domain of MCDs does not have a coun-

terpart in the GNAT enzymes. Consequently, the modes of olig-

omerization of MCDs are entirely different from these other

GNAT enzymes. GNATs typically exist as monomers or dimerize

via their GNAT core, and the predominant dimerization mode is

by juxtaposing the GNAT b strands from both subunits to form

a continuous b sheet. In contrast, the GNAT b strands in MCDs

are not available for dimerization due to the presence of the large

helical insert between strand b5 and b6. MCD dimerization is

instead mediated by the N-terminal helical domain.

MCD represents a second example where a GNAT protein

possesses a catalytic activity distinct from N-acetyltransferase.

At the same time, the different activities of these GNAT proteins

share the common substrate of acetyl- or malonyl-CoA. There-

fore, the GNAT scaffold may have evolved to recognize the

CoA moiety, and substitutions of several critical residues in the

catalytic machinery may be sufficient to change the catalytic ac-

tivity or substrate preference, such as succinyl-CoA (see below)

(Vetting et al., 2008).

The Active Site of MCD
Our extensive efforts to cocrystallize MCD with malonyl-CoA or

acetyl-CoA have not been successful. Therefore, the structure
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of acetyl-CoA bound to CurA (Gu et al., 2007) was used as a

guide for analyzing the MCD active site. This binding mode of

acetyl-CoA is also generally similar to that in canonical GNAT en-

zymes, suggesting that the binding mode to MCD is likely to be

similar as well.

The active site of MCD is located in a prominent groove in the

surface of the monomer, where the most conserved residues

among these enzymes are located (Figure 5A). The other mono-

mers of the MCD oligomer make little, if any, contribution to the

active site. For RpMCD, residues 55–58 in the other monomer of

the dimer, in the loop linking the first two helices of theN-terminal

domain, approach within �10 Å of the expected position of the

adenosine group in the active site. The equivalent loop in HsMCD

is much longer, and Ala58 in this loop could have direct interac-

tions with the adenine base of CoA. In the CmMCD dimer, the

second monomer is located �20 Å away from the active site.

The pantotheine group of CoA is positioned along strand b4

(Figures 5B and S3). The diphosphate and adenosine groups

interact with the loop linking this strand to the following helix

(a4) in HsMCD, and the diphosphate group also has favorable in-

teractions with the dipole of this helix. In fact, this loop contains

the signature sequence motif A in canonical GNAT enzymes

(Neuwald and Landsman, 1997), (Q/R)xxGx(G/A)xxL, but the

motif is not fully conserved in MCD, 299-(Q/R/A)xxxx(G/A)xxL-

307 (Figure 1). Moreover, the loop and the following helix a4

are positioned differently in RpMCD (Figures 4 and S3) and

CmMCD (Figure S1), suggesting that the binding mode of CoA

to these MCDs may be somewhat different unless there is a

conformational change upon CoA binding in these two enzymes.

The 30 phosphate group on the ribose of CoA is recognized by

Arg387 in CurA (equivalent to Asn421 in HsMCD; Figure 5B).

This residue is equivalent to Arg387 in RpMCD, which may

have a similar function. However, this Arg residue is not

conserved among the MCD enzymes. It shows variations to

Asn in animal MCDs and His in some bacterial MCDs (Figure 1).

The acetyl group of acetyl-CoA interacts with conserved resi-

dues His389 and Thr355 in CurA (Figure 5B), which is proposed

to be the catalytic dyad for its malonyl-CoA decarboxylase activ-

ity (Gu et al., 2007). The H389A, H389N, and T355Vmutants have

drastically reduced decarboxylase activity. The equivalent resi-

dues, His423 and Ser329 in HsMCD and His389 and Ser312

in RpMCD, are strictly conserved among the MCDs (Figure 1).

In comparison, the His residue is equivalent to a Tyr residue in

the canonical GNAT enzymes, which serves as the general

acid for catalysis (Dyda et al., 2000; Neuwald and Landsman,

1997; Vetting et al., 2005). On the other hand, the Thr/Ser residue

of CurA/MCD is not conserved in the canonical GNAT enzymes,

while the general base for these enzymes, a Glu residue, is not

conserved in CurA/MCD. These differences in the catalytic resi-

dues are likely the molecular basis for the distinct activity of

CurA/MCD compared to the canonical GNATs.

The imidazole ring of His389 in CurA is held in place through a

hydrogen bond with Tyr419. The equivalent residue in HsMCD,

Tyr456, is also conserved among the MCDs. The carboxylate

group of the malonyl-CoA substrate may lie over the surface of

Phe288 in strand b4 (Figure 5B; HsMCD numbering), which is

another strictly conserved residue among the MCDs (Figure 1).

Themain chain of Thr355 in CurA has interactions with Arg404.

However, this Arg residue is not conserved in RpMCD (Asp404),

and in fact, an Asp residue is conserved at this position among

the MCDs. The Arg404 residue may also be important for the

acetyl S-transferase activity of CurA (Gu et al., 2007). The

absence of this residue in MCD may be consistent with its lack

of S-transferase activity.

Acetylation of Lys210, as well as mutation of Lys210 to Met,

has been reported to inactivate rat MCD (Nam et al., 2006). Bind-

ing of acetyl-CoA protects rat MCD from the acetylation. In the

HsMCD structure, the equivalent Lys211 side chain is on the sur-

face of the tetramer, in a helix (a1) connecting strands b1 and b2,

and�20 Å from the active site. This side chain is mostly exposed

to the solvent and does not have interactions with other

conserved residues. Thus, it is not clear why this residue is

essential for the catalysis by rat MCD.

To assess the functional importance of the active site His-Ser/

Thr dyad of MCD, we carried out mutagenesis and kinetic

studies with HsMCD. The S329A mutant of HsMCD had a 110-

fold loss in kcat and 58-fold loss in kcat/Km, and the H423Nmutant

had a 7-fold loss in kcat (Table 2), consistent with their important

roles in catalysis. In silico docking of malonyl-CoA into the

HsMCD active site supports the kinetic data, showing that

the substrate can position its thioester carbonyl (bridging the

carboxylate leaving group and CoA backbone) in the vicinity

(�3.2 Å) of Ser329 and His423 (Figure S3).

The reaction mechanism for MCD bears similarity to the acetyl

transfer reaction of canonical GNATs, as they all need to polarize

and stabilize the developing negative charge on the thioester

carbonyl group (Figure 5C). Using HsMCD as example, we

postulate that MCD proceeds through the formation of the tauto-

merized enolate intermediate, with the Ser329 and His423 dyad

adopting important catalytic roles consistent with our docking

and kinetic analysis. Phe288 may provide a nonpolar environ-

ment for the CO2 leaving group, and the carbanion can abstract

the proton from the side chain hydroxyl group of Ser329 acting

as an acid (Figure 5C). This mechanism also has resemblance

to that of a number of other CoA decarboxylases that do not

employ cofactors (such as pyridoxal phosphate, thiamine, or

Figure 4. Structural Conservation with CurA

(A) Overlay of the structures of HsMCD (in color) and CurA (in gray). Acetyl-CoA

in the CurA complex is shown as a stick model (black).

(B) Overlay of the structures of RpMCD (in color) and CurA (in gray). The red

asterisk indicates large conformational differences in the N-terminal region of

helix a4 between the two structures, which interacts with the phosphate

groups of CoA in CurA.
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metal ions) to delocalize the buildup of the negative charge (Fu

et al., 2004).

Molecular Basis of Disease-Causing Mutations in MCD
The structure of HsMCD provides a molecular framework for un-

derstanding the impact of loss-of-function alleles in hereditary

MCD deficiency. While the nonsense, frameshift, and deletion

mutations result in truncated and thus nonfunctional proteins,

the 11 known missense mutations (Table S1) are distributed

throughout the structure with no discernible hot spot regions

(Figure 6). The potential structural and biochemical conse-

quences of these substitutions can be classified into three types.

The first type is protein mistargeting and includes the two most

N-terminal mutations, G3D and M40T, each of which lies within

the predicted mitochondrial targeting sequence. Both mutations

have been demonstrated to affect protein localization (Wightman

et al., 2003). The second type of substitution likely disrupts pro-

tein folding through either protein instability or aggregation.

These include A69V and L161P in the N-terminal helical domain,

as well asW384C, S440I, and S477F in the catalytic domain. The

third type involves substitutions in the GNAT core, affecting res-

idues highly conserved among MCDs. These include S290F,

G300V, L307R, and Y456S (Figure 6). Ser290 is located in strand

b4 near the binding site for the CoA pantotheine moiety, though

facing away from it. Mutation to the larger Phe residue would be

expected to result in clashes with neighboring amino acids

(His254 and Tyr289) and, hence, possible rearrangement of the

Figure 5. The Active Site of MCD

(A) Molecular surface of HsMCD in the active

site region, colored by sequence conservation

(magenta, most conserved; cyan, least

conserved). The bound position of acetyl-CoA in

CurA (Gu et al., 2007) is shown as a stick model (in

black).

(B) An overlay of HsMCD (in color) and CurA (in

gray) in the active site region. Side chains in

HsMCD are labeled. The catalytic residues His423

and Ser329 of HsMCD are equivalent to His389

and Thr335 of CurA. Please see Figure S3 for a

stereo version of this panel.

(C) Proposed catalytic mechanism for MCD

(HsMCD numbering). Interatomic distance be-

tween His423 imidazole nitrogen and Ser329 hy-

droxyl oxygen is denoted in black line. Question

mark represents possible proton transfer to re-

protonate Ser329, from His423, a water molecule,

or other unidentified sources.

See also Figure S3.

active site and a partial loss of function.

Indeed, the reconstituted S290F mutant

showed a 2-fold decrease in kcat in vitro

(Table 2). Gly300 and Leu307 are in the

loop linking b4 and the following helix

a4, being part of motif A. Both mutations

result in substitution to larger residues

that may clash with surrounding residues

within this loop as well as residues on

strand b3. Finally, Tyr456 interacts with

the catalytic His423 residue (Figure 5C).

Mutation to Ser would be expected to result in loss of His423 sta-

bilization with consequent decreased substrate stability. In vitro,

the Y456S mutant showed a 3.5-fold increased Km (Table 2),

consistent with this proposal.

In summary, we report here structural information on MCD,

revealing its catalytic machinery, oligomer organization, mecha-

nism of disease-causing mutations, as well as unexpected ho-

mology to GNAT enzymes. The structural information should

also facilitate the design and optimization of inhibitors against

this enzyme. It has been suggested that the current inhibitors

may require a hydrogen bond to a histidine residue for binding

(Cheng et al., 2006c), and our structure suggests that this very

likely is the catalytic His423 residue. Therefore, the active site

of MCD is a promising target for the development of new thera-

peutic agents against human diseases.

EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification

A DNA fragment containing HsMCD (amino acids [aa] 40–491; IMAGE clone:

3357140) was subcloned into the pNIC28-Bsa4 vector (GenBank accession

no. EF198106), incorporating an N-terminal tobacco etch virus (TEV)-cleav-

able His6-tag. For surface entropy reduction, residues Glu58-Lys59 and

Glu278-Glu279-Lys280 were replaced with Ala. The expression plasmids

were transformed into E. coli BL21(DE3)-R3-pRARE2 cells, grown in Terrific

broth medium with induction by 0.1 mM isopropyl-b-D-thiogalactopyranoside

(IPTG) overnight at 18�C. Proteinwas purified by affinity (Ni-nitrilotriacetic acid;

QIAGEN) and gel filtration (Superdex 200; GE Healthcare) chromatography.
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The production of the three bacterial MCDs, Rmet_2797 (CmMCD),

RPA0560 (RpMCD), and Avi_5372 (AvMCD) from Cupriavidus metallidurans,

Rhodopseudomonas palustris, and Agrobacterium vitis, respectively, was car-

ried out as part of the high-throughput protein production process of the

Northeast Structural Genomics Consortium (NESG) (Acton et al., 2005). The

CmMCD, RpMCD, and AvMCD proteins correspond to NESG targets

CrR76, RpR127, and RiR35, respectively. Full-length RpMCD and AvMCD

were cloned into a pET21d (Novagen) derivative with C-terminal His-tag.

Full-length CmMCD was cloned into pET26b with a C-terminal His-tag.

Escherichia coli BL21 (DE3) pMGK cells, a rare codon enhanced strain, were

transformed with each plasmid. A single isolate was transferred to 500 ml of

Luria broth with ampicillin and kanamycin and incubated for 6 hr at 37�C.
This preculture (40 ml) is then used to inoculate a 250 ml flask containing

40 ml of MJ9 minimal media (Jansson et al., 1996) and incubated overnight

at 37�C. The entire volume of overnight culture is then used to inoculate a 2 l

baffled flask containing 1.0 l of MJ9. The cultures are incubated at 37�C until

the optical density at 600 nm reaches 0.8–1.0 units, equilibrated to 17�C,
and induced with IPTG (1 mM final concentration) after addition of several

amino acids to the medium to downregulate methionine synthesis (lysine,

phenylalanine, and threonine at 100 mg/l; isoleucine, leucine, and valine at

50 mg/l; and L-selenomethionine at 60 mg/l) for 15 min (Doublié et al., 1996).

In the case of CmMCD, the media contained methionine instead. Following

overnight incubation, the cells were harvested by centrifugation. However,

the full-length CmMCD, RpMCD, and AvMCD could not be purified this way,

due to low expression and/or low solubility. Subsequently, construct optimiza-

tion experiments revealed that expression of RpMCD, AvMCD, and CmMCD

construct containing residues 8–451, 1–448, and 57–473, respectively, yielded

soluble protein in each case without noticeable protein aggregation. The pET

expression vectors for these constructs (NESG RpR127-8-451-21.13, NESG

RiR35-1-448-21.13, and NESG ReR178-25-448-28) have been deposited in

the Protein Structure Initiative Materials Repository (http://psimr.asu.edu).

Selenomethionyl RpMCD, AvMCD, and native CmMCD were purified by

standard methods. Cell pellets were resuspended in lysis buffer (50 mM Tris

[pH 7.5], 500 mM NaCl, 40 mM imidazole, and 1 mM Tris-(2-carboxyethyl)

phosphine) and disrupted by sonication. The resulting lysate was clarified by

centrifugation at 26,0003 g for 45 min at 4�C. The supernatant is then loaded

onto an ÄKTAxpress system (GE Healthcare), and a two-step automated pu-

rification protocol is performed, comprised of a Ni-affinity column (HisTrap

HP, 5 ml) and a gel filtration column (Superdex 75 26/60, GE Healthcare) in a

linear series. A buffer containing 10 mM Tris (pH 7.5), 100 mM NaCl, 5 mM di-

thiothreitol (DTT), and 0.02% (w/v) NaN3 is used for gel filtration. The purified

Se-Met labeled RpMCD, AvMCD, and native CmMCD were concentrated to

11, 8, and 10 mg/ml, respectively, flash frozen in aliquots, and used for crys-

tallization screening. Sample purity (>95%) andmolecular weight were verified

by SDS-PAGE and MALDI-TOF mass spectrometry, respectively.

Protein Crystallization

Purified HsMCD (SER quintuple mutant) was concentrated to 10 mg/ml in a

buffer containing 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

(HEPES) (pH 7.5), 100 mM NaCl, 1% (v/v) glycerol,l and 5 mM decanoyl-CoA.

Crystals were obtained by sitting-drop vapor diffusion at room temperature

by incubating protein in a 2:1 ratio with a precipitant containing 10% (w/v) poly-

ethylene glycol (PEG) 20,000 and 0.1 M 2-(N-morpholino)ethanesulfonic acid

(pH 6.0). The crystals belong to space group C2221, with a dimer of HsMCD

in the asymmetric unit. The tetramer is generated through a crystallographic

2-fold axis.

The purified Se-Met-labeled RpMCD, AvMCD, and native CmMCD were

crystallized using microbatch method at 18�C. In the case of RpMCD and

AvMCD, 2 ml of the protein solution containing 10 mM Tris (pH 7.5), 100 mM

NaCl, 5 mM DTT, and 0.02% NaN3 were mixed with 2 ml of the precipitant so-

lution consisting of 0.1 M magnesium nitrate, 100 mM Tris (pH 8.5), and 33%

(v/v) PEG 400 for RpMCD and 200 mM ammonium sulfate and 20% (w/v)

PEG3350 for AvMCD. For CmMCD, 2 ml of the protein in a buffer consisting

of 20 mM Tris (pH 7), 250 mM NaCl, 5% (v/v) glycerol, and 3 mM malonyl-

CoA were mixed with a crystallization cocktail containing 160 mMmagnesium

chloride, 80mMTris (pH 8.5), 24% (w/v) PEG 4000, 20% (v/v) glycerol, and 3%

(v/v) ethanol. The RpMCD and AvMCD crystals were cryoprotected by supple-

menting their respective crystallization cocktail with 20% (v/v) ethylene glycol

and 20% (v/v) glycerol, respectively. No cryoprotecting solution was added

into the crystallization cocktail containing CmMCD crystals for data collection

at 100 K.

Crystals of RpMCD, AvMCD, and CmMCD belong to space group P21212,

I4122 and C2, respectively, with four, one, and two molecules in the crystallo-

graphic asymmetric unit.

Structure Determination and Refinement

For HsMCD, the structure was solved by multiple isomorphous replacement

with anomalous scattering phasing. HsMCD crystals were derivatized with

thimerosal or K2PtCl4 by 20 min incubation in reservoir solution supplemented

with 5mMof the respective heavy atom compound. X-ray diffraction datawere

collected at the Diamond Light Source beamlines IO2 and IO3 and processed

and scaled with XDS (Kabsch, 2010) and Scala (Collaborative Computational

Project, 1994), respectively. SHELXD (Sheldrick, 2008) identified three heavy

atom sites in the mercury derivative. After including both derivatives in SHARP

(Vonrhein et al., 2007) and subsequent density modification with SOLOMON

(Abrahams and Leslie, 1996), substantial parts of themodel were automatically

built withBUCANEER (Cowtan, 2006).Manualmodel rebuildingwascarriedout

with Coot (Emsley and Cowtan, 2004) and structure refinement with BUSTER

(Global Phasing). No ligand electron density was observed in the active site.

Residues 60–65, 115 and 116, 276–281, and 344–371, which represent sur-

face-exposed regions in the structure, are disordered and not modeled.

The structure of RpMCDwas determined by a single-wavelength anomalous

diffraction data set to resolution 3.1 Å, whichwas collected at the peak absorp-

tion wavelength of selenium at the X6A beamline of the National Synchrotron

Light Source. The diffraction images were processed with the HKL package

(Otwinowski and Minor, 1997), and the selenium sites were located with the

program SHELX (Sheldrick, 2008). SOLVE/RESOLVE was used for phasing

the reflections and automated model building (Terwilliger, 2003). The majority

of the model was built manually with the program XtalView (McRee, 1999). The

structure refinement was performed with CNS 1.3 (Brünger et al., 1998).

The model thus obtained for RpMCD was used as a search model for struc-

ture determination of another data set of RpMCD to resolution 2.7 Å. The

Figure 6. Molecular Basis for MCD Disease-Causing Mutations

The 11 missense pathogenic mutations (in red for those that could affect

catalysis/substrate binding and blue for those that could affect folding/sta-

bility) are mapped onto the structure of HsMCD.

See also Table S1.
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model was subsequently used to determine structures of CmMCD and

AvMCD to resolution 2.3 Å and 3.1 Å, respectively, using the molecular

replacement method implemented in the program Molrep (Vagin and Teplya-

kov, 2000). The data processing and refinement statistics are summarized in

Table 1.

Decarboxylase Activity Measurement

MCD catalytic activity was determined following a published protocol (Kolat-

tukudy et al., 1981). For HsMCD, the following reagents were added to a total

of 100 ml in a 96 well plate: 50mMHEPES (pH 7.5), 1mMdithiothreitol, 5mML-

malate, 1 mM nicotinamide adenine dinucleotide (NAD)+, 0.1 mM reduced

NAD, 1.925 U malate dehydrogenase (Sigma-Aldrich), 0.4 U citrate synthase

(Sigma-Aldrich), 100-1000 nM HsMCD protein, and various concentrations

(0 mM–500 mM) of malonyl-CoA. Absorbance changes at 340 nm were

measured for 30min and linear velocity used to calculate enzyme activity using

GraphPad Prism (v.5.01).

Analytical Ultracentrifugation

Sedimentation velocity (SV) experiments were performed in a Beckman Op-

tima XL-I analytical ultracentrifuge (Beckman Instruments) using AnTi-50 rotor.

Experiments were conducted at 30,000 rpm and 4�C using absorbance detec-

tion and cells loaded with 50 mM HsMCD in 10 mM HEPES (pH 7.5) and

150 mM NaCl. SV data were analyzed using SEDFIT (Schuck, 2000), while

sedimentation coefficients, s, were calculated with SEDNTERP (Laue et al.,

1992) version 1.09.

Analytical Gel Filtration

Analytical gel filtration was performed on a Superdex 200 HiLoad 10/30 col-

umn (GE Healthcare) pre-equilibrated with 10 mM HEPES (pH 7.5) and

150 mM NaCl at a flow rate of 0.3 ml/min.

Electron Microscopy

We studied the HsMCD assembly by negative staining electron microscopy

and single particle analysis. Data were collected on a FEI F20 field emission

gun microscope, equipped with an 8k 3 8k charge-coupled device camera.

Images were collected under low dose mode at a magnification of 50,000X

at a final sampling of 1.6 Å/pixel at the specimen level. Single particle images

were selected interactively using the Boxer program from the EMAN package

(Ludtke et al., 1999). Image processing was performed using the IMAGIC-5

package (van Heel et al., 1996), and the single particle images were analyzed

by multivariate statistical analysis. Selected class averages were used to

calculate a starting 3D volume by common lines using the Euler program in

the IMAGIC-5 package with no symmetry imposed. Manual fitting of the

HsMCD tetramer was performed with UCSF Chimera (Goddard et al., 2007).

ACCESSION NUMBERS

The PDB accession numbers for HsMCD, RpMCD, AvMCD, and CmMCD re-

ported in this paper are 2YGW, 4KSA, 4KSF, and 4KS9, respectively.
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Abstract
The CRISPR (clustered regularly interspaced short palindromic repeats) system is an adaptive immune system
that targets viruses and other mobile genetic elements in bacteria and archaea. Cells store information of
past infections in their genome in repeat–spacer arrays. After transcription, these arrays are processed into
unit-length crRNA (CRISPR RNA) that is loaded into effector complexes encoded by Cas (CRISPR-associated)
genes. CRISPR–Cas complexes target invading nucleic acid for degradation. CRISPR effector complexes have
been classified into three main types (I–III). Type III effector complexes share the Cas10 subunit. In the
present paper, we discuss the structures of the two Type III effector complexes from Sulfolobus solfataricus,
SsoCSM (subtype III-A) and SsoCMR (subtype III-B), obtained by electron microscopy and single particle
analysis. We also compare these structures with Cascade (CRISPR-associated complex for antiviral defence)
and with the RecA nucleoprotein.

Introduction
In prokaryotes, CRISPRs (clustered regularly interspaced
short palindromic repeats) are involved in an interference
pathway that protects cells from bacteriophages and viruses.
CRISPR sequences confer an adaptive heritable trace of
past infections and express crRNAs (CRISPR RNAs), short
RNAs that target ‘non-self’ nucleic acids. Cas (CRISPR-
associated) proteins are integral players of the ‘prokaryotic
immune system’ termed CRISPR–Cas defence. The Cas9
endonuclease CRISPR–Cas system has recently emerged as
a powerful tool for genome editing in various cells and
organisms.

CRISPR–Cas complexes have been extensively studied
in recent times with structural biology methods to gain
an insight into their molecular mechanism [1]. In Type III
systems, Csm and Cmr proteins are known to form functional
complexes involved in DNA and RNA targeting respectively.
In the present paper, we discuss the structures of two archaeal
interference complexes from Sulfolobus solfataricus, SsoCSM
and SsoCMR, as determined by electron microscopy and
single particle analysis. We highlight analogies and differences
with the RecA structure, as well as with other CRISPR–Cas
proteins for which structural information is available.

CRISPR–Cas complexes
The CRISPR–Cas prokaryotic defence consists of a multistep
process whereby foreign nucleic acids are first recognized
as being non-self and incorporated into the host genome

Key words: clustered regularly interspaced short palindromic repeats (CRISPR)–CRISPR-associated

(Cas), CRISPR RNA (crRNA), RecA, RNA polymerase, Type III CRISPR.

Abbreviations used: Cas, CRISPR-associated; Cascade, CRISPR-associated complex for antiviral

defence; CRISPR, clustered regularly short interspaced palindromic repeats; crRNA, CRISPR RNA;

RAMP, repeat-associated mysterious protein; Sso, Sulfolobus solfataricus.
1To whom correspondence should be addressed (email laura.spagnolo@ed.ac.uk).

between short DNA repeats. These small fragments, in
conjunction with host Cas proteins, are then used to
recognize and destroy foreign nucleic acids. The dual
tracrRNA (transactivating crRNA)–crRNA programmable
Cas9 endonuclease of the Type II CRISPR–Cas system has
proved to be an effective genome-editing tool in different cells
and organisms [2–12].

CRISPR–Cas systems are classified into Type I, Type II
and Type III based on their phylogeny, sequence, locus
organization and content of the CRISPRs and associated
Cas genes [13–15]. The protein Cas3 is a signature of
Type I systems, Cas9 is a signature of Type II systems, and
Cas10 is a signature of Type III systems. These types are
further divided into ten subtypes. Two Type III CRISPR–Cas
complexes have been identified in the archaeon S. solfataricus.
SsoCSM is a subtype III-A complex directed towards DNA.
SsoCMR is a subtype III-B complex directed towards RNA.

Electron microscopy studies of the SsoCSM
complex
The Sso subtype III-A effector complex, also known as
the CSM complex, is associated with crRNA generated by
cleavage of pre-crRNA following 5′- and 3′-end processing
of pre-crRNA by Cas6 and an unknown nuclease [16].
The requirement for a mismatch region at the boundary of the
repeat–spacer sequence ensures that the CRISPR locus in
the host genome is not cleaved by subtype III-A systems
[17].

We solved the structure of the SsoCSM–RNA complex
with electron microscopy coupled to single particle analysis
[18] (Figure 1A). The complex exhibits an elongated structure
formed by two intertwined filaments connected at one end
by a large base. Direct comparison with the bacterial Cascade
(CRISPR-associated complex for antiviral defence) complex
[19] reveals crucial analogies to the anatomy of Type I
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Figure 1 Three-dimensional structure of the SsoCSM complex

(A) Four orthogonal views of the complex. (B) Cascade backbone (blue) fitted into the CSM complex (grey). Figures were

prepared using the Chimera software [30].

Figure 2 Fitting RecA into the map of the SsoCSM complex

RecA (PDB code 3CMW) was fitted into the electron microscopy map of the SsoCMR complex using the Chimera software

[30].

systems (Figure 1B). In particular, the backbone formed by
six Cas7-proximal domains and the Cas5 subunit from the
bacterial Cascade complex can be accurately superimposed
to the RAMP (repeat-associated mysterious protein) subunits
(Sso1427, four copies of Sso1426 and Sso1432) in CSM. Both
pitch and height of the Cascade backbone are identical with
that of CSM. SsoCSM is slightly longer than the bacterial
Cascade (205 Å compared with 190 Å; where 1 Å = 0.1 nm).
The larger diameter of the major backbone is consistent with
the presence of bound crRNA, probably in an orientation
analogous to the one observed in Cascade. Consistent with
the distinct structures of Cse1 and Cmr2, which are the large
subunits of the Type I and Type III complexes, the bases of
the two complexes are not structurally similar.

Structural similarities between the Cascade–RNA complex
and the RecA–ssDNA nucleoprotein [20] have been
highlighted previously [21,22]. This comparison is very
relevant with respect to the RecA mechanism of recognition
of homologous dsDNA and strand exchange, where the
protein wraps around the nucleic acid, in keeping an overlap
of the two helical axes. We have therefore tested how the

RecA crystallographic structure (PDB code 3CMW [20]) fits
into the CSM map (Figure 2). In this case, we fitted both
protein chains (A and C) from the PDB file, each of which
is superimposable with one of the two coiled filaments in
CSM. Pitch, height and filament width are consistent between
RecA and the upper part of CSM. This could suggest a
possible RNA/DNA-scanning and -recognition interface in
correspondence of the crevice between CSM filaments. In
fact, this cleft could well accommodate in length and width
a 38 bp dsDNA target sequence, such as the Locus A spacer
26-abundant crRNA sequence identified in the CSM complex
by deep sequencing [18].

Electron microscopy studies of the SsoCMR
complex
The electron microscopy structure of the CMR complex [23]
(Figure 3) has no obvious similarity to the ‘seahorse’ structure
of Escherichia coli Cascade [24] or to the RecA–ssDNA
nucleoprotein [20]. CMR is structurally rather reminiscent of

C©The Authors Journal compilation C©2013 Biochemical Society
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Figure 3 Three-dimensional reconstruction of SsoCMR and

comparison with RNA polymerase

(A) Surface representation of two faces of CMR. (B) Ribbon

representation of the Sso RNA polymerase (PDB code 2PMZ). Figures

were prepared using Chimera software [30].

RNA polymerase [25] (Figure 3B), as initially hypothesized
with sequence analysis tools. In particular, its upper half
is organized in a ‘claw’ region, which could be a dsRNA-
binding cleft. This is in line with Cmr2 harbouring the
active site of the CMR complex. The Cmr2–Cmr3–Cmr7
subcomplex, which contains no bound crRNA, has a deeper
cleft in comparison with the full complex. The lack of crRNA
in the Cmr2–Cmr3–Cmr7 subcomplex fits with a presumed
role for the RAMP-containing Cmr subunits (Cmr1, Cmr4
and Cmr6) in RNA binding [14]. Compared with Cmr2–
Cmr3–Cmr7, the additional Cmr subunits are distributed
mainly at the front and at the tail of the complete CMR com-
plex. Identification of the path of RNA in the CMR structure
remains elusive; however, it will be vital to elucidate the
molecular mechanism and organization of this complex.

Recent crystallographic work on CMR subunits has
unveiled the structure of the Cmr7 dimer (Sso1986) [23] and
of a truncation mutant of Cmr2 in isolation [26,27], as well as
in complex with Cmr3 [28]. We tested fitting the related PDB
files into the envelope of electron density to provide a model
of how each of these subunits is arranged relative to each
other in the Cmr2–Cmr3–Cmr7 subcomplex, as well as in
the full CMR complex. Volumetric analysis of the sum of the
volumes is consistent with the Cmr2–Cmr3–Cmr7 complex
stoichiometry determined by densitometry (i.e. 1:1:6) [23].
Unfortunately, it was not possible to unequivocally fit the
PDB files in the electron microscopy map because we lacked
strong structural features that could guide this analysis.
Positional mapping of CMR, which would be instrumental to

understanding the interference mechanism for this complex,
therefore remains elusive.

Comparison between SsoCSM and SsoCMR
The electron microscopy structure of the subtype III-B
(CMR) structure appears very different from that of the
subtype III-A complex, despite the fact that they share much
clearer homology than either does with Cascade. The ‘body’
of the CMR complex is composed of a number of RAMP-
domain proteins (Cmr1, Cmr4, Cmr5 and Cmr6) that are
assumed to bind RNA. However, they are not obviously
arranged in the helical conformation seen for the Type I and
subtype III-A complexes, but appear to form a more compact
structure [29]. This may reflect the fact that CMR targets
flexible RNA substrates, rather than rigid helical dsDNA.
The mechanism of molecular recognition for these effectors
could therefore be expected to differ fundamentally and be
reflected in their distinct structures.

Conclusions
Structural studies of CRISPR–Cas assemblies has proven
a very productive field in recent times [1]. Structural
electron microscopy is a powerful technique to identify
and analyse similarities and differences between the large
complexes classified in each type, therefore providing hints
for future studies aimed at deciphering the molecular
mechanisms involved in every process. A key feature that
many CRISPR–Cas complexes have in common is the
presence of a backbone (sometimes compared with a ‘spine’
in the anatomy of the complex), which binds the RNA
component of the ribonucleoprotein. Higher-resolution
comparative structural studies will help to unravel how these
backbones differ and how these differences are related to
each functional mechanism. CRISPR–Cas systems have been
utilized for efficient genome editing [2–12]. Understanding
their structure at the molecular level bears a strong potential
to optimize their use for applications such as gene therapy.
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