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Abtract 
 

Structural and Biochemical Studies of Origin Opening by  
	  

Bacterial Replication Initiators 
 

by 
 

Karl Edward Duderstadt 
 

Doctor of Philosophy in Biophysics 
 

University of California, Berkeley 
 

Professor James M. Berger, Chair 
 

All organisms depend on a variety of oligomeric ATPase assemblies to carry out 
essential cellular processes ranging from proteolysis and membrane trafficking to 
signaling events and nucleic acid transactions.  The onset of DNA replication is one such 
process, relying on dedicated, ATP-dependent initiation factors to coordinate origin 
recognition and replisome assembly.  Although cellular initiators and the initiators of 
certain classes of double-stranded DNA viruses use a variety of different strategies to 
process replication origins, they all possess a common adenine nucleotide-binding fold 
belonging to the AAA+ family of ATPases.  To better understand the origin processing 
mechanism of AAA+ initiators, I performed a series of biochemical and structural studies 
with the bacterial initiator DnaA.  In one study, I used structure-guided mutagenesis, 
biochemical, and genetic approaches to show that different oligomeric conformations of 
DnaA play distinct roles in controlling the progression of initiation.  In a second study, I 
showed both crystallographically and in solution that the AAA+ domains of a spiral 
DnaA oligomer bind and extend single-stranded DNA segments in a RecA-like manner.  
These structural insights, combined with a novel DNA melting assay, indicate that DnaA 
uses its AAA+ domain to directly open replication origins by an active, ATP-dependent 
stretching mechanism.  The studies presented in this dissertation provide a new model for 
origin opening in bacteria that has implications for the origin processing mechanism of 
all initiators. 
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Chaper 1 – Introduction to Replication Initiators and AAA+ ATPases 
	  
(portions reproduced from: Duderstadt, K.E., and Berger, J.M. (2008).  Crit. Rev. 
Biochem. Mol. Biol. 43, 163-187.) 
 
Introduction to DNA Replication Initiation 

The timely and faithful transmission of genetic material from one generation to 
the next is critical for the proliferation of all organisms.  The efficient copying of 
chromosomes is carried out by a large molecular machine, termed the replisome, which 
couples the highly processive unwinding of parental DNA with the synthesis of new 
daughter strands.  Replisome assembly occurs during a brief window of time known as 
initiation, during which a variety of requisite catalytic and scaffolding factors are 
sequentially recruited to DNA.  Precisely how initiation takes place and is temporally 
controlled remains a major area of inquiry.  

The replicon hypothesis posits that initiation begins at a defined region (or set of 
loci) on the chromosome, termed a replicator or origin (Jacob, et al., 1963).  At least one 
trans-acting factor, known as an initiator, is required for origin recognition and to start the 
replication process.  In addition, cells highly regulate initiation to ensure that replication 
occurs at the correct phase of the cell cycle and that chromosomes are neither mutated 
nor corrupted between generations.  Beyond these general requirements, there exist 
myriad physical challenges that also must be overcome by the initiation and replication 
machinery.  For example, duplex DNA must be melted to allow access to information 
encoded by individual bases in single-stranded DNA.  Similarly, because DNA is a 
double helical polymer, unwinding leads to topological deformations in the chromosome 
that must be resolved prior to chromosome segregation and cell division.      
 Despite these common constraints, certain aspects of replication initiation are 
quite distinct among different types of cells and viruses.  This diversity is often a result of 
physiological requirements specific to a particular species or organism, which can apply 
selective pressures to alter the initiation process.  Some viruses, for example, possess 
only a single initiation factor that is capable of both melting duplex DNA and functioning 
as a helicase to mediate processive unwinding (Hickman and Dyda, 2005b).  For viruses, 
this parsimony is advantageous for contending with an extremely compact genome that 
needs to be quickly and efficiently duplicated inside a host cell.  In contrast, for bacterial 
replication initiation, DNA opening and unwinding are performed by two different 
proteins, DnaA and DnaB, respectively (Kornberg and Baker, 1992; Messer, 2002).  This 
separation of function allows the two proteins to take on additional roles outside of 
initiation or to be subject to auxilary layers of cell cycle control.  For example, DnaA can 
serve as a transcription factor (Atlung, et al., 1985; Braun, et al., 1985; Messer and 
Weigel, 1997), while DnaB participates in replicative/repair pathways that do not require 
DnaA, such as replication restart (Heller, Ryan C Marians,Kenneth J., 2006).  Even 
though the number of proteins employed during initiation varies for different types of 
cells and viruses, they can all be classified and divided into similar categories based on 
their enzymatic activities (Table 1.1).   

In spite of significant differences in their regulation and modes of action, 
replication initiator proteins possess certain architectural features that are strikingly 
conserved among different cellular organisms and even some viruses (Giraldo, 2003; 
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Iyer, et al., 2004b; Lee and Bell, 2000; Neuwald, et al., 1999).  The most notable 
similarity derives from the consistent reliance on an adenine nucleotide-binding fold 
belonging to the ATPases Associated with various cellular Activities (AAA+) 
superfamily.  As their name suggests, AAA+ proteins are known for their participation in 
a diverse range of cellular functions that, in addition to DNA replication, include vesicle 
trafficking, proteolytic degradation, and transcriptional regulation (Erzberger, et al., 
2006; Iyer, et al., 2004a; Neuwald, et al., 1999; Ogura and Wilkinson, 2001a).  Many 
initiators also tether dedicated DNA-binding domains to their AAA+ modules, a 
characteristic which enables the sequence-specific localization of initiators to replication 
origins (Arthur, et al., 1988; Chen and Stenlund, 1998; Cunningham and Berger, 2005; 
Enemark, et al., 2002; Fujikawa, et al., 2003; Lee, et al., 2001; Liu, et al., 2000; Meinke, 
et al., 2007; Roth and Messer, 1995; Wilson and Ludes-Meyers, 1991).       

One critical property of AAA+ proteins is an ability to form oligomeric, ring-
shaped assemblies, which can be stabilized by the binding of nucleotide at the interface 
between neighboring subunits.  A wealth of experimental evidence for AAA+-type 
initiation proteins indicates that ATP binding plays a crucial role in regulating the onset 
and execution of the initiation process (Bell and Stillman, 1992; Borowiec and Hurwitz, 
1988; Bramhill and Kornberg, 1988; Funnell, et al., 1987; Sanders and Stenlund, 1998).  
While an ATP-bound state often appears to be required to activate initiation factors, 
conversion to an ADP-state through hydrolysis also serves a critical function.  For 
example, ATP hydrolysis is one mechanism used to deactivate DnaA and prevent re-
initiation in bacteria (Kaguni, 2006; Su'etsugu, et al., 2004).  In eukaryotes, ATP 
hydrolysis is required to complete helicase loading, a key step in the initiation pathway 
(Bowers, et al., 2004; Randell, et al., 2006).  ATP turnover likewise drives hexamer 
formation and the helicase activity of certain viral initiators (Abbate, et al., 2004; 
Borowiec and Hurwitz, 1988; Dean, et al., 1987b; Enemark and Joshua-Tor, 2006b; Gai, 
et al., 2004b; Hughes and Romanos, 1993; Mastrangelo, et al., 1989; Ray, et al., 1992; 
Sedman and Stenlund, 1998; Stahl, et al., 1986; Yang, et al., 1993). 

The observation that the initiators of eukaryotes, bacteria and archaea are 
composed in part of AAA+ domains indicates that these proteins perform common 
functions.  Some of these actions may be dictated by the physical challenges associated 
with the recognition and melting of origin DNAs, rather than selective pressures specific 
to any one organism.  At the same time, adaptations to the core AAA+ architecture likely 
allow for differential cellular control and the specialization of initiator protein function.  
This chapter reviews how AAA+ proteins have been recruited and used by different 
cellular organisms and certain types of viruses to solve the problem of replication 
initiation.  A particular emphasis will be placed on correlating biochemical and structural 
properties with initiator activity, and on highlighting species-specific modifications that 
give rise to additional initiator functions.  Even though a general framework for 
understanding origin recognition and replisome assembly has been developed for many 
model organisms, our present understanding of initiator function is highly incomplete at a 
molecular level. 
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The AAA+ Superfamily 
 
Overview 
 AAA+ proteins are defined by a structurally conserved ATP-binding module.  In 
its active state, the AAA+ fold can homo- or hetero-oligomerize in a head-to-tail manner 
to form higher-order (typically ring-shaped), assemblies that undergo conformational 
changes upon binding and hydrolyzing ATP at the interface of neighboring subunits.  
Despite notable differences in cellular function, many AAA+ proteins share an ability to 
couple the enzymatic turnover of ATP to the molecular remodeling of target 
macromolecules (Hartman and Vale, 1999; Iyer, et al., 2004a; Neuwald, et al., 1999; 
Ogura and Wilkinson, 2001a). 
 The AAA+ fold is contained within the broader superfamily of “P-loop”-type 
nucleoside triphosphate (NTP)-binding proteins (Iyer, et al., 2004b).  This large group of 
enzymes is defined in part by the presence of two distinct signature sequences, known as 
the Walker A (WA) and Walker B (WB) motifs, which are important for nucleotide 
binding and hydrolysis (Walker, et al., 1982) (Figure 1.1A).  Due to the extensive 
number of proteins that contain these signature sequences, NTPase subfamilies have been 
constructed based on the organization of secondary structural elements and on the 
positions of conserved motifs within the core nucleotide-binding fold (Caruthers and 
McKay, 2002; Iyer, et al., 2004b). 
 One P-loop NTPase subfamily has been termed by Aravind and coworkers the 
“Additional Strand Conserved E family” (ASCE), due to a β-strand insertion between the 
WA and WB motifs of the classic adenylate kinase fold (Caruthers and McKay, 2002; 
Iyer, et al., 2004c; Leipe, et al., 2003).  Within the ASCE family, the nucleotide-binding 
pocket is positioned between three adjacent, parallel β-strands sandwiched within a 
globular αβα domain.  The RecA recombination factor was the first ASCE protein to be 
characterized structurally (Story and Steitz, 1992); as a consequence, many ASCE 
ATPases have historically been described as RecA-like.  In the time since the RecA 
structure, however, many more ASCE proteins have been imaged, revealing a diverse 
range of ASCE subtypes.  Members of the AAA+ superfamily are all predicated on the 
core ASCE architecture (Erzberger and Berger, 2006; Iyer, et al., 2004b).    
 Different ASCE subfamilies can be distinguished by the organization of 
secondary structural elements, the presence of certain conserved amino acid sequence 
motifs, and the relative positioning of those motifs within the P-loop NTPase fold.  The 
organization and position of these structural elements can significantly alter the interface 
between adjacent subunits, which in turn can change the symmetry and configuration of 
the resultant higher-order assembly.  These structural characteristics are often directly 
linked to the unique functional requirements and catalytic mechanisms of different 
protein families (Caruthers and McKay, 2002; Wang, 2004).   
 The AAA+ superfamily differs from other ASCE members by the absence of 
certain β-strand elements at the edges of the core ASCE domain, and by the presence of a 
small α-helical bundle that is often found fused to the C-terminus of the central αβα-
fold.  In addition, a number of distinguishing motifs occupy well-defined positions within 
the AAA+ domain.  For example, a conserved catalytic arginine residue found in many 
ASCE subfamilies, called an arginine finger (RF)(Wittinghofer, et al., 1997), lies within 
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an ASCE core region commonly termed the Box VII or SRC motif (Guenther, et al., 
1997; Neuwald, et al., 1999; Ogura and Wilkinson, 2001b).  The arginine finger 
contributes to the formation of a bipartite nucleotide binding pocket upon protomer 
assembly (Figure 1.1A), and both assists with ATP hydrolysis and communicates the 
status of the bound nucleotide (ATP, ADP or apo) from one AAA+ subunit to the next.   

The AAA+ fold also contains two nucleotide-interacting motifs termed the 
sensor-I (S-I) and sensor-II (S-II) elements (Guenther, et al., 1997) (Figure 1.1A).  The 
S-I motif is a polar residue that is thought to help properly orient a water molecule for 
nucleophilic attack on the γ-phosphate of ATP.  S-II usually provides an arginine to 
interact with the γ-phosphate of ATP and aid in positioning of the C-terminal α-helical 
bundle.  These highly conserved residues play a key role in ATP hydrolysis in many 
AAA+ systems (Davey, et al., 2002b; Ogura, et al., 2004). 
 The motifs and architectural characteristics described thus far define 
evolutionarily-conserved features that distinguish the AAA+ superfamily from other 
ASCE NTPases.  Within the AAA+ collection, however, there exist additional 
adaptations to the fold that define distinct subgroupings, or “clades” (Erzberger and 
Berger, 2006; Iyer, et al., 2004b).  An abbreviated collection of AAA+ clades is 
displayed in Figure 1, with the addition of RecA as an example of a common ASCE 
NTPase fold distinct from the AAA+ branch.  
 
Clamp Loaders 

The clamp loader clade is the most architecturally simplified AAA+ subfamily 
(Figure 1.1B) (Erzberger and Berger, 2006; Iyer, et al., 2004a).  Unlike initiators, clamp 
loaders do not recognize and melt origins, however, they do function as ATP-dependent 
molecular switches, a property shared with their initiator counterparts.  Clamp loaders are 
responsible for loading ring-shaped, sliding-clamp factors onto primed DNA templates at 
the replication fork as an aid for increasing DNA polymerase processivity (Davey, et al., 
2002b; Indiani and O'Donnell, 2006; O'Donnell and Kuriyan, 2006).  Clamp loaders are 
composed of five AAA+ subunits organized in a circular arrangement (Figure 1.2A).  In 
one of many twists on the AAA+ assembly theme, an α-helical C-terminal domain 
appended to the AAA+ region forms a significant portion of the inter-subunit contacts 
responsible for formation of the pentamer (Bowman, et al., 2004; Jeruzalmi, et al., 
2001a) (Figure 1.1, 1.2A).   
 The E. coli clamp loader (the γ complex), consists of five AAA+ subunits (a 
mixture of three γ or τ protomers, along with δ and δʹ′) (Figure 1.2A) (Maki, 1988; 
Naktinis, et al., 1996; O'Donnell and Kuriyan, 2006).  The complete complex also 
contains two additional, subunits, χ and ψ, which are neither AAA+ proteins nor required 
for clamp loading (Maki, 1988; Naktinis, et al., 1996; O'Donnell and Kuriyan, 2006).  
Nucleotide binding to the clamp loader occurs at the interface of neighboring subunits, as 
in other AAA+ assemblies.  Althought only the γ/τ subunits bind ATP, the δʹ′ subunit 
provides a functional arginine finger to one ATP active site, while the δ subunit forms 
inter-subunit contacts important for complex formation and activity (Guenther, et al., 
1997; Jeruzalmi, et al., 2001a; Onrust, 1991).  Between the δ and δʹ′ subunits there is a 
gap (Figure 1.2B) (Jeruzalmi, et al., 2001a), allowing for entry and binding of the 
primer-template junction (Simonetta, et al., 2009).  This hetero-oligomeric arrangement 
highlights how adaptations to the underlying AAA+ fold can alter protomer interfaces 
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and influence assembly of higher-order complexes, tuning a given molecular machine for 
a specific biological function. 
 The clamp loader in archaea and eukaryotes is known as replication factor C 
(RFC) (Indiani and O'Donnell, 2006; Prelich, et al., 1987).  Though AAA+ proteins, 
archaeal and eukaryotic RFCs differ somewhat from the bacterial γ-complex, as well as 
from each another.  In eukaryotes, RFC consists of four non-identical small subunits, 
which are comparable in size and architecture to the bacterial clamp loader proteins, and 
one large subunit with extensive N- and C- terminal additions to the central AAA+ fold 
(Figure 1.2C, upper) (Bowman, et al., 2004; Indiani and O'Donnell, 2006; Prelich, et al., 
1987; Tsurimoto and Stillman, 1991).  Archaeal RFC, by contrast, utilizes a pentamer 
containing four copies of a single small AAA+ subunit and one large AAA+ subunit 
(Figure 1.2C, lower) (Miyata, et al., 2005; Seybert, et al., 2002; Seybert, et al., 2006).  
The large subunit of both archaeal and eukaryotic RFCs can bind ATP, which results in 
one additional ATP bound in RFC as compared to the bacterial γ-complex (Indiani and 
O'Donnell, 2006).  Interestingly, while the number of subunits that can productively bind 
and hydrolyze ATP varies among the three domains of life (Johnson, et al., 2006; 
O'Donnell and Kuriyan, 2006; Seybert, et al., 2006), all clamp loaders are equally facile 
at carrying out the loading function.  How each class of clamp loader contends with a 
different set of active ATPase modules, yet still performs the same basic loading reaction, 
remains an outstanding issue. 

Similar to other AAA+ assemblies, the clamp loader is only active and capable of 
binding its target (the clamp) when associated with ATP (Bowman, et al., 2004; 
Jeruzalmi, et al., 2001b; Johnson, et al., 2006; Naktinis, et al., 1995; Seybert and Wigley, 
2004).  Once a clamp loader/clamp complex has formed, ATP hydrolysis is required for 
release of the clamp and association of the clamp with DNA polymerase.  While the 
central ATPase domain architecture of clamp loaders is quite similar to that of other 
AAA+ subfamilies, most notably initiators and helicase loaders, the extensive contacts 
made between the C-terminal helical bundles and the absence of any significant 
insertions to the core ATPase fold result in a pentameric notched-ring assembly unique to 
this AAA+ clade. 

  
 

Replication Initiation Factors 
AAA+ ATPases involved in the initation of DNA replication all possess 

architectures derived from the core clamp loader fold (Figure 1.1).  I will first briefly 
outline how the three AAA+ clades used in this process differ from the clamp loader 
clade, and then move on to examine how these proteins work together to control 
replication initiation in more detail. 

 
Initiator/Helicase-loader   

In contrast to clamp loaders, the cellular initiator/helicase-loader clade of the 
AAA+ superfamily is distinguished by the insertion of an additional α-helix between 
helix α2 and sheet β2 of the core ASCE fold (Figure 1.1C) (Erzberger and Berger, 2006; 
Iyer, et al., 2004b).  Structural studies thus far suggest that higher-order 
initiator/Helicase-loader assemblies favor the formation of open rings or even filaments 
(Clarey, et al., 2006; Erzberger, et al., 2006; Mott, et al., 2008; Speck, et al., 2005).  For 
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the bacterial initiator DnaA and helicase-loader DnaC, the extra α-helix serves to rotate 
adjacent subunits out-of-plane with respect to one another, disrupting the formation of a 
closed ring, and giving rise to right-handed, protein helices.  Structures of archaeal Orc1 
proteins bound to DNA have shown that this insert also can interact with the duplex 
directly (Dueber, et al., 2007; Gaudier, et al., 2007).  The initiator specific motif (or 
ISM), thus plays a key role in both initiator oligomerization and origin recognition. 

 
SFIII Helicase 

Certain classes of viral initiators fall into the AAA+ superfamily, but are distinct 
from the cellular initiator/helicase-loader clade, forming instead a branch comprising the 
superfamily III (SFIII) helicases (Figure 1.1D).  The SFIII fold is distinguished from 
other AAA+ subgroups by the insertion of a β-hairpin motif between helix α3 and strand 
β4 that contains residues required for both DNA melting and processive unwinding 
(Borowiec and Hurwitz, 1988; Castella, et al., 2006a; Kumar, et al., 2007; Liu, et al., 
2007; Reese, et al., 2004; Schuck and Stenlund, 2005; Schuck and Stenlund, 2007).  The 
absence of a helical insertion between helix α2 and strand β2 of the ASCE fold further 
differentiates the SFIII clade from cellular initiators, allowing for the formation of closed 
hexameric rings (Enemark and Joshua-Tor, 2006b; Li, et al., 2003).  SFIII helicases also 
have a highly diverged and partially knotted C-terminal α-helical subdomain that sits off 
to one side of the core αβα-ATP binding fold, replacing the small α-helical bundle that 
caps the Walker and Sensor motifs in most other AAA+ proteins.   

 
Pre-Sensor II 

The replicative helicase found both in archaea and eukaryotes, known as the mini-
chromosome maintenance (MCM) complex, belongs to yet another subgroup of the 
AAA+ superfamily, the pre-sensor II (PSII) clade (Figure 1.1E).  Bioinformatic data 
have suggested that a defining feature of these proteins may be the insertion of an extra 
helix in the C-terminal α-helical subdomain before the Sensor II motif of the AAA+ fold.  
This insertion dramatically rearranges the C-terminal domain, and repositions the Sensor 
II such that the motif can engage the active site of a partner subunit in trans, rather than 
acting in cis on its own catalytic center (Bae, et al., 2009; Erzberger, et al., 2006).  The 
pre-sensor II clade also includes two additional β-hairpin insertions, one within helix α2 
and another between helix α3 and strand β4 (Figure 1.1E).  Pre-sensor II AAA+ proteins 
are not only utilized as replication factors but also perform a wide variety of other 
functions (Iyer, et al., 2004a).  One example is the BchI magnesium chelatase, which 
adds metal ions to porphyrin rings used in chlorophyll biosynthesis (Fodje, et al., 2001). 
  
 
Replication Initiation Factors and Mechanisms 
 
Viral Initiation 
 During replication, viruses must overcome some challenges that are different 
from those encountered by cellular systems.  For example, to facilitate rapid and 
abundant proliferation, viruses generally have small, compact genomes, and carefully 
coordinate their enzymatic activities with their host to ensure survival (Fanning, 1998; 
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Wilson, et al., 2002).  Many viruses also encode proteins that can hijack the machinery of 
their host for specific purposes.  
 Given the enormous diversity of viral genomes and their structures (RNA vs. 
DNA, single- vs. double-stranded) it is not surprising that viruses have evolved a 
multitude of replication strategies.  Interestingly, for the papilloma, polyoma and type 2 
adeno-associated dsDNA viruses, as well as some small RNA viruses, replication 
initiation is carried out by members of the SFIII subfamily of AAA+ proteins.  In 
particular, a large number of structural and biochemical studies have been performed on 
two related SFIII proteins, papillomavirus E1 and simian virus 40 (SV40) large T-
antigen.  These studies have provided significant insights into the dual initiator and 
helicase functions of this remarkable protein family (Stenlund, 2003). 
 
Simian Virus 40 

The SV40 large T-antigen is composed of three independent functional domains: 
an N-terminal J domain, a central DNA binding domain, and a C-terminal SFIII-type 
AAA+ domain.  The DNA binding and helicase domains are connected by a flexible 
linker, which conformationally uncouples the two regions from one another once the 
protein is localized to the the viral origin (Borowiec, et al., 1990; Fanning and Knippers, 
1992).  Upon assembly, the SV40 T-antigen is thought to form a head-to-head double 
hexamer that rapidly unwinds the viral genome during DNA replication (Alexandrov, et 
al., 2002; Bullock, 1997; Hickman and Dyda, 2005a; Valle, et al., 2000). 
 The SV40 origin consists of a 64-base-pair region that is essential for the 
initiation of replication (Figure 1.3A).  Even single base substitutions at many of the 
positions in the origin can result in a significant reduction of replication (Dean, et al., 
1987a).  The origin is composed of three elements: the early palindrome (EP), the central 
domain, and an AT-rich tract.  The central domain contains a palindrome with four 
pentanucleotide recognition elements that are bound by the DNA-binding domains of 
four T-antigen protomers in a precise arrangement (Figure 1.3B) (Meinke, et al., 2006; 
Meinke, et al., 2007).  The early palindrome contains an imperfect inverted repeat that 
unwinds after the initiator binds to the central domain (Borowiec and Hurwitz, 1988; 
Borowiec, et al., 1990).  The AT-rich tract comprises a second site that is unwound by 
large T-antigen, but only after unwinding of the early palindrome occurs (Borowiec and 
Hurwitz, 1988; Kumar, et al., 2007).  Footprinting studies indicate that the AT-rich tract 
further serves as a landing pad for the second hexamer prior to the onset of replication 
(Borowiec and Hurwitz, 1988).       
 Assembly of the SV40 initiation complex begins with the highly sequence-
specific association of the DNA binding domains from several SV40 initiators with the 
viral origin (Figures 1.3B) (Meinke, et al., 2007).  Both the DNA binding domains and 
the helicase domains are involved in the ATP-dependent oligomerization of the large T-
antigen hexamer at the origin (Figures 1.3C) (Gai, et al., 2004b; Simmons, et al., 1993; 
Weisshart, et al., 1999).  During assembly, two aromatic residues located in the SFIII-
specific β-hairpin that protrudes into the central channel of the assembled hexamer 
(His513 and Phe459) (Li, et al., 2003), and two basic residues located in a neighboring 
loop off the central AAA+ domain (Lys512 and Lys516), assist in melting duplex DNA 
(Figure 1.3C) (Kumar, et al., 2007; Reese, et al., 2004; Shen, et al., 2005).  After 
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formation of the hexamer, these residues participate in the 3ʹ′-5ʹ′, ATP-dependent 
translocation of DNA through the central channel of the helicase (Gai, et al., 2004a).  
 After two hexamers have assembled around DNA, interactions between the DNA 
binding domains and the origin are no longer required to maintain the attachment of large 
T-antigen to the nucleic acid.  The precise fate of these domains is unclear, but they 
almost certainly dissociate from their cognate binding sites.  There is speculation that this 
event may free the DNA binding domains of one helicase to bind to a matching set of 
partner domains on the adjacent large T-antigen assembly, forming a double-hexameric 
ring (Alexandrov, et al., 2002; Meinke, et al., 2006; Meinke, et al., 2007; Reese, et al., 
2004).  Such a model may account for the role of residues that appear to be required for 
double hexamer formation, but that are not seen to contact each other in the structure of 
two DNA binding domains bound to the SV40 origin (Figure 1.3B) (Meinke, et al., 
2007; Weisshart, et al., 1999).   
 Two distinct models have been put forth to explain the processive unwinding 
mechanism of the SV40 helicase.  In one, the AAA+ domains are thought to encircle and 
translocate along double-stranded DNA (Gai, et al., 2010; Hickman and Dyda, 2005a; Li, 
et al., 2003; Valle, et al., 2006).  During this process, the DNA binding domains would 
release their binding sites and assemble with each other to form a head-to-head double 
hexamer (Figure 1.3D, bottom-left) (Meinke, et al., 2006; Meinke, et al., 2007).  Melting 
of the duplex would occur either within the AAA+ domains of the large T-antigen, or 
from the force of pushing the DNA duplex against itself (Li, et al., 2003).  Single-
stranded DNA would then spool out from the center of the dodecamer, through channels 
formed by contacts between the DNA binding domains, or between the DNA binding and 
AAA+ domains. 

A second model for unwinding relies on a steric exclusion mechanism thought to 
be used by many hexameric helicases (Kaplan, et al., 2003; Takahashi, et al., 2005).  In 
this scheme, the AAA+ domains would distort or melt the origin as they assemble 
(Kumar, et al., 2007), eventually forming a single hexamer around each of the two single 
DNA strands (Figure 1.3C, bottom-right).  Processive forward movement of the ATPase 
motors would pull in one strand at the expense of the other, splitting the duplex and 
unwinding DNA.  Evidence for this model includes the observation that the diameter of 
the central hole of the large T-antigen hexamer, as seen crystallographically, is not wide 
enough to accommodate the ~20 Å diameter of B-form DNA duplex (~7 Å when bound 
to ATP, and ~15 Å in the absence of nucleotide) (Gai, et al., 2004a; Gai, et al., 2004b; Li, 
et al., 2003).  Experimental evidence from papillomaviruses, which also use an SFIII 
helicase for initiation, further supports the idea that the SV40 large T-antigen may 
translocate along single-stranded DNA during replication (Enemark and Joshua-Tor, 
2006b). 
 
Papillomavirus 

Replication initiation in papillomaviruses occurs by a mechanism similar to that 
used by SV40, but with a few notable differences.  For example, productive origin 
recognition requires the cooperative binding of two factors, the E1 initiator and the E2 
enhancer, rather than a single protein (Mohr, et al., 1990; Sedman and Stenlund, 1995).  
Together, E1 and E2 form a heterotetrameric complex composed of a dimer of both 
proteins (Abbate, et al., 2004; Mendoza, et al., 1995).  Through the staged loading of 
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additional E1 monomers and dissociation of E2, E1 eventually forms a hexameric 
helicase (Enemark and Joshua-Tor, 2006b; Fouts, et al., 1999; Sedman and Stenlund, 
1998).  This particle is thought to further assemble into a dodecameric structure (Schuck 
and Stenlund, 2005; Schuck and Stenlund, 2007) for processively unwinding the 
papillomavirus genome during the initiation and elongation phases of replication.   

E1 is composed of an N-terminal region that contains a nuclear localization 
signal, followed by a DNA binding domain and a C-terminal, SFIII-type AAA+ domain 
(Amin, et al., 2000; Chen and Stenlund, 1998; Ferran and McBride, 1998).  E2 is 
composed of an N-terminal activation domain that is essential for initiation and other 
viral functions, followed by a proline-rich hinge region and a C-terminal DNA binding 
and dimerization domain (Mohr, et al., 1990; Sedman and Stenlund, 1995).  The DNA 
binding domains of bovine papillomavirus E1 and SV40 T-antigen possess the same fold, 
but share <10% amino acid sequence identity (Enemark, et al., 2000; Luo, et al., 1996). 

The papillomavirus origin is a highly conserved 84 bp sequence composed of an 
AT-tract, a central 18 bp quasi-palindrome region, and a pair of E2 binding sites (Figure 
1.4A) (Seo, et al., 1993; Ustav, et al., 1991; Wilson and Ludes-Meyers, 1991).  The DNA 
binding domains of multiple E1s bind to the central palindrome on alternating faces of 
the DNA, an organization similar to that of SV40 large T-antigen (Figure 1.4B) 
(Enemark, et al., 2002; Meinke, et al., 2006; Meinke, et al., 2007).  The palindrome can 
be divided into two functional half sites.  Interestingly, full integral insertions (10 bps) of 
DNA between the half sites are tolerated, whereas half-integral insertions (5 bps) disrupt 
replication (Mendoza, et al., 1995).  This phasing dependence highlights the importance 
of the relative orientations of adjacent E1 DNA binding domains for the assembly of an 
active complex, as half-integral insertions offset all of the binding sites from one another 
and likely disrupt the formation of E1 dimers (Enemark, et al., 2002).  The AT-tract 
closest in proximity to the E1 palindrome serves as the location of initial melting.  
Recognition and melting of this region is performed by a conserved set of positive 
(K506) and aromatic residues (H507) in the β-hairpin of the E1 SFIII helicase domain 
(Liu, et al., 2007; Schuck and Stenlund, 2007).  

The isolated DNA-binding domain of E1 does not possess sufficient affinity for 
its binding site to stably bind to the viral origin alone.  Instead, the cooperative 
association of E1 and E2 is used to ensure that target replication origins are appropriately 
recognized (Mohr, et al., 1990; Sedman and Stenlund, 1995).  The interface of the E1-E2 
complex is formed between the C-terminal helicase domain of E1 and the activation 
domain of E2, an interaction that occludes the E1 homo-oligomerization surface (Abbate, 
et al., 2004).  Through this and other E1-specific contacts, E2 stabilizes a conformation 
of E1 that is incompatible with ATP binding, an event required for E1 assembly and 
activity (Castella, et al., 2006a; Chen and Stenlund, 2002; Liu, et al., 2007; Sanders and 
Stenlund, 1998; Schuck and Stenlund, 2007).  These two observations indicate that the 
E2 homodimer must dissociate from E1 to facilitate the appropriate hexamerization of the 
helicase and melting of the replication origin.   
 Once the E1-E2 complex has formed, additional E1 monomers bind the two 
remaining sites on the DNA in a position that is rotationally offset from the location of 
the E1-E2 complex (Figure 1.4D, top) (Chen and Stenlund, 2002; Enemark, et al., 2002).  
This arrangement is thought to create two pairs of dimers in which the associated helicase 
domains lie in close proximity to one another, poised for assembly.  The DNA binding 
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domains of the two dimeric E1 complexes associate with the duplex in an offset manner 
with respect to each other around the DNA helix (Figure 1.4B, 1.4D - top); each pair 
contacting primarily only one DNA strand, such that the strand contacted by the upper 
dimer is different than the strand contacted by the lower dimer.  The apparent strand 
preferences of the DNA binding domains may be biologically relevant, predisposing each 
helicase to properly assemble around a different DNA strand (Enemark, et al., 2002). 
 Analysis of the stoichiometry of E1 binding to full length and truncated origin 
sequences indicates that a metastable, double-trimer intermediate forms prior to double-
hexamer formation (Figure 1.4D, middle) (Schuck and Stenlund, 2005; Sedman and 
Stenlund, 1996).  Trimers of E1 form in the presence of ADP or ATP, but recognition of 
the minor groove of TA base pairs, required for template melting, is dependent on the 
ATP form (Schuck and Stenlund, 2007).  Similarly, E1 hexamer formation only occurs in 
the ATP bound state, and is stimulated by the presence of single-stranded DNA (Abbate, 
et al., 2004; Castella, et al., 2006b; Fouts, et al., 1999; Sanders and Stenlund, 1998). 
 The recently-obtained structure of a full hexamer of the E1 helicase domain 
complexed with a short DNA segment reveals that, once assembled, only a single strand 
of DNA is threaded though the center of each initiator/helicase ring (Figure 1.4C) 
(Enemark and Joshua-Tor, 2006b).  Positively-charged and aromatic residues in the β-
hairpin of the E1 SF3 AAA+ domain are used to track phosphates and sugars through the 
central pore, providing insights into the translocation mechanism of the enzyme.  One of 
many intriguing findings raised by the structure is the orientation of DNA through the 
helicase ring, which is opposite that predicted for the 3ʹ′-5ʹ′ tracking polarity of the 
helicase, and incompatible with head-to-head double hexamer models whereby the DNA 
binding domains of two E1 hexamers contact each other (cf. Figure 1.3D for SV40 large 
T-antigen).  This observation suggests that, following melting of the papillomavirus 
origin, two E1 hexamers may migrate past one another to form a dodecamer with the 
DNA binding domains on the outer periphery of the complex (Figure 1.4D, bottom) 
(Enemark and Joshua-Tor, 2006b).  Moreover, given their evolutionary similarity, it 
seems likely that the melting, encirclement and translocation mechanism used by E1 may 
also hold for the related SV40 large T-antigen.  Further studies will be needed to settle 
these issues.   
 
Bacterial Initiation 
 In bacteria, DNA replication begins with the sequence-specific recognition of the 
chromosomal origin, termed oriC, by the initiator protein DnaA (Chakraborty, et al., 
1982; Fuller, et al., 1984; Matsui, et al., 1985).  Biochemical characterization of E. coli 
DnaA, the archetypal member of this family, has shown that the protein is composed of 
four primary domains, three of which have well-defined functions (Kaguni, 1997; 
Messer, 2002).  The N-terminal domain associates with the replicative helicase, DnaB, 
and may also facilitate interactions between DnaA molecules (Abe, et al., 2007; Sutton 
and Kaguni, 1997; Weigel, et al., 1999).  Following this region is domain II, a poorly 
conserved and flexible linker segment (Messer, et al., 1999; Sutton and Kaguni, 1997).  
Domain III comprises an AAA+ module, and bears the α-helical insertion to the core 
αβα region (the ISM) that identifies DnaA as a member of the initiator/helicase-loader 
clade of the AAA+ superfamily (Figure 1.1C) (Erzberger, et al., 2002; Erzberger and 
Berger, 2006; Kawakami, et al., 2006a); the nucleotide state of domain III influences the 
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ability of this region to associate with other DnaA protomers (Erzberger, et al., 2006; 
Sekimizu, et al., 1987; Speck, et al., 1999).  At the extreme C-terminus of DnaA lies 
domain IV, which consists of a helix-turn-helix-type DNA binding domain that is 
responsible for recruiting the initiator to the replication origin (Fujikawa, et al., 2003; 
Messer, et al., 1999; Roth and Messer, 1995).  
 Bacterial origin sequences vary widely among different species, but all contain 
consensus DnaA binding sites traditionally known as DnaA boxes (Mackiewicz, et al., 
2004).  Bacterial origins also contain AT-rich sequences, termed DNA unwinding 
elements (DUEs) (Kowalski and Eddy, 1989), which melt in response to the cooperative 
binding of activated DnaA molecules (Bramhill and Kornberg, 1988; Gille and Messer, 
1991; Holz, et al., 1992).  Although bacterial genomes typically contain only one origin, 
secondary and alternative origin sites have been identified in some instances (Egan and 
Waldor, 2003; Hassan, et al., 1997; Kadoya, et al., 2002).   

The E. coli origin is one of the best characterized to date, and has served as a 
model for understanding replication initiation in other bacterial species.  E. coli oriC 
consists of a 250-bp sequence that contains several 9-bp DnaA boxes known as R1-R5 
(Figure 1.5A).  In addition, there are other DnaA binding sites that deviate from the 
DnaA box consensus sequence, termed I-sites, ATP-DnaA boxes and τ-sites (Kawakami, 
et al., 2005; McGarry, et al., 2004; Speck, et al., 1999).  DnaA has different affinities for 
each of these different classes of sites.  R1, R2 and R4 are occupied throughout most of 
the cell cycle by either ATP-bound or ADP-bound DnaA (Grimwade, et al., 2007; Ryan, 
et al., 2004).  R5, R3, I1, I2, I3, τ1 and τ2 are bound with intermediate affinity, while 
ATP-DnaA sites are bound with the lowest affinity.  The I-sites,  τ-sites and ATP-DnaA 
sites are recognized only in the presence of ATP-bound DnaA (Grimwade, et al., 2000; 
Grimwade, et al., 2007; Margulies and Kaguni, 1996; Speck, et al., 1999).  The relative 
positioning of each of the DnaA recognition sites with respect to each other and the DUE 
is critical for proper origin firing and the timing of replication onset (Holz, et al., 1992).       

oriC also contains sequences recognized by other factors important for the 
regulation of initiation.  The architectural protein integration host factor (IHF), known to 
cause pronounced distortions in DNA (Craig, 1984; Kuznetsov, et al., 2006; Rice, et al., 
1996; Sugimura and Crothers, 2006), binds between the R1 and R5 sites (Filutowicz, 
1990; Polaczek, 1990; Polaczek, 1997).  A second architectural protein, known as factor 
for inversion stimulation (Fis), binds between the R2 and R3 sites (Filutowicz, 1992; 
Gille, 1991; Roth, 1994).  Both IHF and Fis modulate the interaction of DnaA with its 
moderate and low affinity oriC binding sites during initiation.  IHF enhances binding to 
these sites, promoting DnaA complex formation and unwinding of the DUE (Hwang and 
Kornberg, 1992; McGarry, et al., 2004).  In contrast, Fis prevents IHF binding and 
reduces the binding of DnaA to weaker sites, preventing nucleoprotein assembly and 
melting of the DUE (Hiasa and Marians, 1994; Ryan, et al., 2004; Wold, et al., 1996).  In 
addition to these proteins, HU, a non-sequence-specific architectural protein, binds 
around oriC and can enhance DNA melting by DnaA (Funnell, et al., 1987; Hwang and 
Kornberg, 1992).     
 Between initiation events, Fis is associated with oriC, along with DnaA molecules 
at the R1, R2 and R4 sites, which form a pre-initiation complex (Miller, et al., 2009; 
Ryan, et al., 2004).  The total concentration of DnaA remains constant throughout the cell 
cycle (Sakakibara and Yuasa, 1982), but the amount of ATP-DnaA is known to increase 
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prior to initiation (Kurokawa, et al., 1999).  During initiation, Fis becomes displaced 
from oriC, unlocking the remaining DnaA binding sites in the origin (Ryan, et al., 2004).  
This event also promotes the binding of IHF, which further enhances the interaction of 
DnaA with its lower affinity sites, particularly the I-sites (so-named because of their IHF-
dependent response) (Grimwade, et al., 2000; McGarry, et al., 2004).  Once the origin 
has become saturated with ATP-DnaA, strand separation occurs in the DUE, where three 
unstable 13-mer AT-rich repeats respond to DnaA complex formation by melting (Figure 
1.5C) (Bramhill and Kornberg, 1988).  Negative supercoiling is also required for 
initiation, and likely serves to destabilize the DUE to support efficient melting by DnaA 
(Funnell, et al., 1987; Kowalski and Eddy, 1989). 
 Although the membership of DnaA within the AAA+ superfamily initially 
suggested the initiator might form some type of ring-shaped complex, until recently, the 
structure of the DnaA oligomer responsible for catalyzing DUE melting had remained 
unknown.  Unexpectedly, the structure of the AAA+ and DNA binding domains of 
Aquifex aeolicus DnaA in complex with a non-hydrolyzable ATP analogue (AMPPCP), 
revealed that the initiator assembles into a helical filament (Figure 1.5B, upper) 
(Erzberger, et al., 2006).  Although the DNA binding domain in this oligomerized 
structure does not occupy a conformation that directly permits the docking of DNA onto 
the DnaA oligomer, a helical linker between the DNA binding and AAA+ domains is 
flexible, and can readily be positioned to accommodate a configuration that would allow 
DNA to wrap around the filament exterior (Figure 1.5B, lower).  Such a wrap would be 
predicted to constrain positive DNA supercoils, a model verified by topology trapping 
assays (Erzberger, et al., 2006).  Since stabilization of positive supercoils within a DnaA-
oriC complex would lead to the formation of compensatory negative writhe outside of the 
assembly, it is possible that DNA wrapping around the outside of a DnaA filament may 
be used to assist in melting of the DUE (Figure 1.5C, middle-left).  Whether local 
underwinding actively directs DUE melting or is simply a byproduct of DnaA assembly 
remains to be resolved.  
 Structures of distinct DnaA intermediates have provided insights into how 
nucleotide state controls the assembly of the protein (Erzberger, et al., 2002; Erzberger, 
et al., 2006).  Comparison of ATP- and ADP-bound DnaA structures indicates that the 
presence of a γ-phosphate alters the position of the C-terminal α-helical bundle of the 
AAA+ domain, primarily through interactions with the sensor II residue.  The resultant 
conformational change exposes a surface region that allows for the docking of a second 
ATP-DnaA protomer, which in turn contributes an arginine finger from its BoxVII/SRC 
motif to the nucleotide binding pocket of the first subunit (Figure 1.1A).  In the ADP 
state, the α-helical lid appears to sterically block this inter-subunit contact (Erzberger, et 
al., 2006), consistent with biochemical data showing that ADP does not favor 
oligomerization of the initiator ((Speck, et al., 1999; Speck and Messer, 2001), also see 
chapter 2). 
 Following melting, ATP-DnaA binds single-stranded DNA in the DUE (Speck 
and Messer, 2001; Weigel and Seitz, 2002).  The ATP dependence of this activity is not 
understood, but suggests that domain III might be involved.  In the ATP-bound DnaA 
structure, a number of conserved and positively-charged residues line the central axis of 
the helical filament (Erzberger, et al., 2006), consistent with the idea that the AAA+ 
ATPase domains constitute a secondary DNA binding site.  One study has shown that the 
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mutation of residues along the interior of the filament can substantially reduce, the single-
stranded DNA binding activity of DnaA, as well as the ability of the initiator to melt the 
DUE (Ozaki, et al., 2008).  Direct association with single-stranded DNA may thus play a 
role in melting DNA and/or stabilizing the unwound DUE in preparation for downstream 
stages of replisome assembly (Figure 1.5C, middle-right).  In this regard, it is worth 
noting that the interior channels of many ring-shaped DNA binding AAA+ proteins (e.g. 
E1, SV40 large T-antigen, and clamp loaders) likewise are known to interact with nucleic 
acid segments.   
 After unwinding of the DUE, two hexamers of the DnaB helicase are loaded onto 
oriC (Fang, et al., 1999).  DnaA is known to facilitate loading of the DnaB helicase 
through a direct interaction with its N-terminal domain (Abe, et al., 2007; Seitz, et al., 
2000; Sutton, et al., 1998).  DnaC, another member of the AAA+ superfamily and a 
paralog of DnaA, also is required for helicase loading.  Interestingly, the ATPase activity 
of DnaC is not required for deposition of DnaB, but is required for release and helicase 
activation (Davey, et al., 2002a).  Recent work has demonstrated that, like DnaA, DnaC 
forms a right-handed filament through self-assembly of its AAA+ domains (Mott, et al., 
2008).  In the case of DnaC, however, oligomerization occurs in both the ATP and ADP 
bound states.  The structural parallels between DnaA and DnaC suggested the initiator 
and helicase loader may interact directly using their AAA+ domains, a hypothesis 
confirmed through mutational analysis (Mott, et al., 2008).  Based on these results it has 
been proposed that a direct DnaA-DnaC interaction facilitates top-strand loading, while 
bottom-strand loading relies on a DnaA-DnaB interaction.  Further experiments are 
needed to confirm this helicase loading mechanism.          
 Bacteria use many different regulatory mechanisms to ensure that replication 
occurs only once per cell cycle.  One mechanism discussed previously involves the 
nucleotide state of DnaA; however, other processes are also used (Kaguni, 2006; Mott 
and Berger, 2007; Zakrzewska-Czerwinska, et al., 2007).  In E. coli, these events include 
the sequestration of the origin between initiation cycles by a protein called SeqA (Boye, 
et al., 1996; Nievera, et al., 2006; Slater, et al., 1995), and a lowering of the intracellular 
concentration of free DnaA through the binding of the initiator to genomic regions that 
contain large numbers of DnaA binding sites (e.g., the datA locus) (Kitagawa, et al., 
1996; Ogawa, et al., 2002).  In addition, DnaA can regulate its own expression by 
binding to DnaA boxes flanking the DnaA gene (Atlung, et al., 1985; Braun, et al., 1985; 
Messer and Weigel, 1997).  Finally, the activity of the initiator is subject to external 
control processes that include both binding by a protein known as DiaA to ensure 
initiation synchrony (Ishida, et al., 2004; Natrajan, et al., 2007), and the Regulatory 
Inactivation of DnaA (RIDA) pathway (Katayama, et al., 1998).   

RIDA is particularly noteworthy, as it relies on the Hda protein, a member of the 
initiator clade of the AAA+ superfamily and a DnaA paralog (Kato and Katayama, 2001).  
The Hda component of RIDA operates as a homodimer that associates with the E. coli β 
processivity-clamp and then acts to directly catalyze nucleotide hydrolysis by the 
initiator, converting ATP-DnaA to ADP-DnaA (Kato and Katayama, 2001; Kawakami, et 
al., 2006b; Su'etsugu, et al., 2005).  The association of Hda with the processivity clamp 
ensures that nucleotide hydrolysis by DnaA occurs at the proper moment during 
replisome formation to promote disassembly of the DnaA complex and prevent re-
initiation.  Consistent with this model, cells that lack Hda display an over-initiation 
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phenotype identical to ATPase-defective mutants of DnaA (Camara, et al., 2003; Kato 
and Katayama, 2001; Nishida, et al., 2002).  Since Hda is a DnaA paralog, it is likely that 
the two proteins functionally interact in a canonical head-to-tail arrangement, as seen for 
other AAA+ proteins.  In support of this model, biochemical studies have shown that the 
conserved arginine in the BoxVII/SRC motif of Hda is required for its catalytic activity 
(Su'etsugu, et al., 2005).  After the active DnaA complex has been disassembled through 
the action of RIDA, ADP-DnaA is thought to be converted into an ATP-charged state 
before the next initiation event by acidic phospholipids at the membrane (Aranovich, et 
al., 2006; Kitchen, et al., 1999).     

Interactions between Hda and DnaA demonstrate how the AAA+ architecture can 
be used not just as a self-assembly module, but also as a scaffold for promoting 
association and communication between different replication initiation factors.  The 
proposed mechanism of Hda also is consistent with the observation that ATP-activated 
DnaA assembles into a filament and not a ring; this architectural organization leaves a 
pair of interfaces accessible at either end of the oligomerized particle that can potentially 
interact with other proteins.  Given the role of its arginine finger, Hda likely binds 
directly to an open DnaA active site on one end of the filament.  It has remained 
unknown which end of the oligomeric DnaA helix faces the DUE, or how the polarity of 
this assembly is enforced on oriC.  
 
Eukaryotic Initiation 
 The eukaryotic initiator, known as the origin recognition complex (ORC) (Bell 
and Stillman, 1992), is composed of six subunits (Orc1-Orc6).  Three of the six, Orc1, 
Orc4 and Orc5, were independently identified by multiple groups to contain AAA+ 
domains (Bell, et al., 1995a; Schepers and Diffley, 2001; Tugal, et al., 1998b), and more 
recently have been shown to fall within the same AAA+ initiator clade as DnaA (Iyer, et 
al., 2004b).  The lineage of Orc2 and Orc3 is less certain, however, these proteins also 
may possess diverged AAA+ folds (Clarey, et al., 2006; Speck, et al., 2005).  Electron 
microscopy studies have revealed that ORC forms notched- or open-ring particles 
(Figure 1.6A) consistent with its phylogenetic relationship to AAA+ proteins (Clarey, et 
al., 2006; Speck, et al., 2005).  Moreover, a complex of five AAA+ domains taken from 
an ATP-DnaA filament can be docked comfortably into the open ring region of 
Drosphila ORC (Clarey, et al., 2006).  These findings suggest that certain architectural 
features of initiator assemblies may have been preserved throughout the evolution of 
cellular organisms. 

Several ORC subunits, most notably Orc1, Orc4 and Orc5, appear to have 
winged-helix domains (WHDs) appended to their C-termini.  These subunits have been 
shown to cross-link with DNA (Klemm, et al., 1997; Lee and Bell, 1997), but the extent 
to which the WHDs specifically might be important for DNA recognition and binding is 
not known.  In general, ORCs from different organisms possess a variety of strategies for 
productively binding to replication origins, including the use of auxiliary DNA binding 
domains (e.g., the AT-hook domain of Schizosaccharomyces pombe Orc4) and 
interactions with auxiliary partner proteins or nucleosomes (Lee, et al., 2001; Speck and 
Stillman, 2007).   

ORC is capable of productively associating with origins when bound to ATP, and 
ATP hydrolysis is required for ORC function (Bell and Stillman, 1992; Bowers, et al., 
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2004; Chesnokov, et al., 1999; Gillespie, et al., 2001; Harvey and Newport, 2003; 
Klemm, et al., 1997; Lee, et al., 2000; Remus, et al., 2004; Vashee, et al., 2001).  
Consistent with these observations, the nucleotide status of ORC appears to elicit distinct 
conformational and functional states of the protein (Clarey, et al., 2006; Klemm, et al., 
1997; Lee, et al., 2000; Seki and Diffley, 2000; Speck, et al., 2005), some of which may 
be required for efficient progression beyond the initiation stage of replication.  As with 
other initiators, the strong dependency on ATP binding and hydrolysis for activity 
indicates that the AAA+ domains play a key role in controlling the activity and properties 
of ORC. 

Eukaryotic replication is initiated by the binding of ORC to multiple origins 
scattered throughout the genome.  Unlike bacterial origins, the sequences of eukaryotic 
origins vary significantly not only between different organisms, but also within a given 
cell or even chromosome.  In S. cerevisiae, Autonomously Replicating Sequences 
(ARSs) are origins that permit plasmids to be maintained extrachromosomally.  Initial 
work defined S. cerevisiae ARS sequences (such as ARS1) as being composed of an 11 
bp A-element (or ARS Consensus Sequence – ACS) and three 10-15 bp B-elements that 
are all essential for function (Brewer and Fangman, 1987; Hsiao and Carbon, 1979; 
Marahrens and Stillman, 1992).  ORC binding overlaps with the A and B1-elements (Bell 
and Stillman, 1992), whereas the B2 region may serve as a recognition site for another 
initiation component and B3 is known to bind the transcription factor, Abf1 (Diffley and 
Stillman, 1988).  More recent studies have indicated that there is significant variability in 
the precise sequences that can be used as an origin in yeast (Poloumienko, 2001; Wyrick, 
2001).  For example, the ACS sequence of ARS309 differs significantly from the 
canonical sequence used in ARS1, but is an active chromosomal replicator nonetheless 
(Theis and Newlon, 1997).  

The plasticity of origin sequences observed in yeast is even more extreme in other 
eukaryotic organisms (Cvetic and Walter, 2005).  Indeed, in metazoans, it has been 
difficult to identify any sequence-specific trends, as even random DNA sequences of 
sufficient length can confer upon a plasmid the ability to be replicated (Harland and 
Laskey, 1980; Heinzel, et al., 1991; Mechali and Kearsey, 1984).  This lack of sequence 
conservation hints that there must be other mechanisms, such as DNA or chromatin 
structure (Bell and Dutta, 2002; Lipford and Bell, 2001; Remus, et al., 2004), that target 
initiators to the correct locations in the genome.   

Contrary to the action of papilloma and polyoma viral initiators, or DnaA in 
bacterial replication initiation, ORC has not been observed to induce origin melting 
(Klemm, et al., 1997).  However, some data suggests ORC wraps origin DNA upon 
binding (Clarey, et al., 2008).  Once associated with an origin, ORC serves as a loading 
platform for recruiting and assembling dedicated unwinding machinery (Figure 1.6B).  A 
particularly key event in this process may be linked to the formation of an intermediate 
assembly before initiation, the pre-replicative complex (pre-RC), which forms prior to the 
association of primase, DNA polymerases and the RFC clamp loader assembly (Diffley, 
et al., 1995; Seki and Diffley, 2000).  The pre-RC comprises not only ORC, but also 
several other factors, including the mini-chromosome maintenance (MCM2-7) 
heterohexameric helicase complex, and the MCM loader/chaperone proteins, Cdc6 and 
Cdt1.  
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Cdc6 was originally identified in a screen for mutants that caused changes in the 
cell division cycle (Hartwell, 1973).  Interestingly, Cdc6 is a paralog of Orc1 (Bell, et al., 
1995b; Iyer, et al., 2004b), and is predicted to contain both AAA+ and winged helix 
domains (Liu, et al., 2000).  In many organisms, Cdc6 is required for Mcm2-7 
association with replication origins (Aparicio, et al., 1997; Liang and Stillman, 1997; 
Mendez and Stillman, 2003b; Perkins and Diffley, 1998; Weinreich, et al., 1999).  
Mutations in the conserved sensor-I region of the S. cerevisiae Cdc6 AAA+ fold result in 
an inactive but stable protein, and further lead to constitutive MCM loading and over-
replication (Liang and Stillman, 1997; Liu, et al., 2000; Schepers and Diffley, 2001).  
The ability of Cdc6 to hydrolyze nucleotide is necessary for Mcm2-7 loading, and occurs 
at a distinct moment in the loading process before ATP hydrolysis by ORC (Perkins and 
Diffley, 1998; Randell, et al., 2006).  In S. cerevisiae, the ATPase activity of Cdc6 also 
ensures that pre-RCs are formed only at origins (Speck and Stillman, 2007).  In the 
presence of random DNA, ORC stimulates ATP hydrolysis by Cdc6 to prevent pre-RC 
formation, while the presence of origin DNA inhibits ATP hydrolysis by Cdc6, thereby 
allowing pre-RC assembly (Speck and Stillman, 2007).  Taken together, these findings 
have established Cdc6 as a crucial component for pre-RC assembly and Mcm2-7 loading, 
and highlight the importance of its ATPase activity for proper function.  In this regard, 
the activity of Cdc6 parallels that of bacterial DnaC to some extent (Lee and Bell, 2000; 
Robinson and Bell, 2005), although a direct Cdc6/MCM interaction has not yet been 
mapped.     

Cdt1’s role as a key component of the pre-RC was first demonstrated by 
mutations that inhibited DNA replication and caused defects in the S-phase checkpoint 
(Hofmann and Beach, 1994; Nishitani, et al., 2000).  S. pombe Cdt1 has been shown to 
associate with the C-terminus of Cdc18 (the fission yeast ortholog of Cdc6) to promote 
the association of Mcms with origin DNA (Nishitani, et al., 2000).  Only in the presence 
of both Cdc6 and Cdt1 can ORC participate in the loading of Mcm2-7, after which 
Mcm2-7 remains associated with other pre-RC components until nucleotide hydrolysis by 
ORC induces release (Randell, et al., 2006).  In yeast, origin DNA is known to inhibit 
ATP hydrolysis by ORC, consistent with a requirement for ORC to remain in an ATP-
bound state until Mcm2-7 loading is complete (Klemm, et al., 1997; Lee, et al., 2000).  
ATP hydrolysis by ORC is still essential, however, as mutation of the arginine finger of 
Orc4 disrupts the hydrolysis of ATP by Orc1 and is lethal (Bowers, et al., 2004). 

Unlike the action of DnaA and DnaC on DnaB, the ORC-Cdc6-Cdt1 complex is 
capable of loading multiple double-hexameric Mcm2-7 complexes onto origin DNA 
(Evrin, et al., 2009; Remus, et al., 2009).  This multiple loading behavior requires ATP 
hydrolysis (Bowers, et al., 2004; Randell, et al., 2006), and may be partly responsible for 
the so-called “MCM paradox,” in which anywhere from 4-20 copies of the helicase are 
loaded and present at replication origins prior to initiation (Figure 1.6B) (Lei, et al., 
1996; Walter and Newport, 1997).  This processive action further suggests that pre-RC 
assembly may enhance ATP hydrolysis by ORC and Cdc6 as part of an event to elicit a 
conformational change that both releases Mcm2-7 and resets ORC for further loading 
events.  
 Interestingly, the six distinct subunits of the Mcm2-7 complex are themselves 
members of the AAA+ superfamily.  MCMs do not fall within either the initiator or SFIII 
helicase clades, but instead belong to the pre-sensor II (PSII) subfamily (Iyer, et al., 
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2004b) (Figure 1.1E).  Based on biochemical and electron microscopy studies of a three-
subunit subassembly that displays limited helicase activity (comprising Mcm4, Mcm6, 
and Mcm7) (Ishimi, 1997; Kaplan, et al., 2003; Sato, 2000; Yabuta, 2003; You, 1999), 
and by analogy with archaeal MCM homologs (see below) and other hexameric 
helicases, Mcm2-7 was predicted to be ring shaped (Costa, et al., 2006a; Fletcher, et al., 
2003; Takahashi, et al., 2005).  Recent structural studies with a eukaryotic Mcm2-7 
complex have confirmed this prediction and provided significant insights into the 
mechanism of loading (Costa, et al., 2011).   

EM reconstructions of the Drosophila melanogaster Mcm2-7 hexameric in the 
presence of an ATP minic reveal a planar notched ring conformation and a lock-washer 
conformation with a large opening inbetween subunits 2 and 5 (Figure 1.6C).  Separation 
of these subunits may allow DNA to enter the central channel of the Mcm2-7 hexamer 
during loading by the pre-RC (Bowers, et al., 2004; Mendez and Stillman, 2003a; 
Randell, et al., 2006; Takahashi, et al., 2005), which would parallel the mechanism by 
which DnaC is thought to help load DnaB onto DNA (Davey and O'Donnell, 2003).  
Once loaded Mcm2-7 remains inactive until it is phosphorylated by DDK and CDK 
(Remus and Diffley, 2009).  Eukaryotic Mcm2-7 also appears to rely on a set of partner 
proteins, the GINS complex (Kanemaki, et al., 2003; Kubota, et al., 2003; Takayama, et 
al., 2003) and Cdc45 (Gambus, 2006; Moir, et al., 1982; Pacek and Walter, 2004), for 
stimulating DNA unwinding (Ilves, et al., 2010; Moyer, et al., 2006; Pacek and Walter, 
2004).  Precisely how this Cdc45-Mcm2-7-GINS complex, known as the CMG, melts 
and processively unwinds duplex DNA is not known but a wide range of models have 
been proposed (Davey and O'Donnell, 2003; Evrin, et al., 2009; Singleton, et al., 2007).  
The observation that the isolated CMG does not possess duplex DNA binding activity 
(Evrin, et al., 2009; Ilves, et al., 2010; Remus, et al., 2009) suggests a strand exclusion 
mechanism similar to that proposed for the papillomavirus initiator E1 is most likely 
(Enemark and Joshua-Tor, 2006a).  

 
Archaeal Initiation 
 Upon sequencing of the first archaeal genome (Bult, 1996), it became clear that 
archaea possess replication proteins more closely related to those of eukaryotes than 
bacteria (Edgell and Doolittle, 1997; Grabowski and Kelman, 2003).  Indeed, it now 
appears that most factors responsible for catalyzing a variety of essential nucleic acid 
transactions (replication, transcription, repair) in archaea are akin to eukaryotic 
machineries, albeit typically in a more simplified form (Barry and Bell, 2006).  These 
similarities have encouraged the study of replication initiation in archaea in the hope of 
gaining general insights into this process in more complex eukaryotic organisms (Barry 
and Bell, 2006; Kelman and Kelman, 2003). 
 Archaeal initiation is thought to rely on a two-domain protein known as 
Cdc6/Orc1, so named due to its roughly equal homology with regions of eukaryotic Orc1 
and Cdc6.  The N-terminal domain consists of an initiator-type AAA+ ATPase module 
that is highly similar structurally to the AAA+ domain of DnaA (Erzberger, et al., 2002; 
Iyer, et al., 2004b; Liu, et al., 2000).  Following the AAA+ region is a winged-helix 
domain (Liu, et al., 2000), which enables the sequence-specific recognition of replication 
origins (Capaldi and Berger, 2004; Robinson, et al., 2004; Singleton, et al., 2004).  The 
number of Cdc6/Orc1 homologs varies between different archaeal species, with some 
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organisms possessing only a single initiator, and others encoding multiple paralogs 
(Grabowski and Kelman, 2003; Ng, et al., 2000; Norais, et al., 2007; She, et al., 2001).  
Some DNA elements recognized by Cdc6/Orc1 proteins contain discrete nucleotide 
repeats, while others present more divergent sequences.  Indeed, in those organisms that 
possess multiple Cdc6/Orc1 variants, the specific sequence recognized by one paralog 
can be completely unrelated to the sequence recognized by one of its intracellular 
counterparts (Robinson, et al., 2004). 
 The first archaeal origin to be identified experimentally and through sequence 
analysis techniques derived from Pyrococcus abyssi (Lopez, et al., 1999; Myllykallio, et 
al., 2000).  Since this initial classification, more archaeal origins have been determined, 
revealing some basic properties of origin structure in archaea (Berquist and DasSarma, 
2003; Kelman and Kelman, 2004; Robinson, et al., 2004).  A surprising finding from 
these studies has been that replication origins in archaea often bear a hybrid resemblance 
to the organization and structure of origins found in both bacteria and eukaryotes 
(Forterre, et al., 2002; Kelman and Kelman, 2003; Myllykallio, et al., 2000).  For 
example, like bacteria, many archaeal origins possess well-defined patterns of sequence 
repeats, termed Origin Recognition Boxes (ORBs), that serve as binding sites for 
particular Cdc6/Orc1 proteins (Capaldi and Berger, 2004; Gaudier, et al., 2007; Grainge, 
et al., 2006; Matsunaga, et al., 2007; Robinson, et al., 2004).  AT-rich regions that serve 
as DUEs during initiation also are often evident near these repeats.  Unlike many 
bacteria, however, archaeal chromosomes often contain multiple origins, similar to the 
situation observed in eukaryotes (Kelman and Kelman, 2004; Robinson, et al., 2004).  
Moreover, some archaeal origins do not contain obvious recognition sequences for 
Cdc6/Orc1 proteins, but nonetheless serve as bone fide start points for DNA synthesis 
(Robinson, et al., 2007). 
 Structural studies have begun to reveal how archaeal initiators engage their 
cognate DNA recognition sequences in replication origins (Dueber, et al., 2007; Gaudier, 
et al., 2007) (Figure 1.7).  One recent effort focused on a complex between two 
Cdc6/Orc1 paralogs (Orc1-1 and Orc1-3) from S. solfataricus and a fragment of the S. 
solfataricus oriC2 origin that contains overlapping binding sites for both proteins 
(Dueber, et al., 2007).  A second, parallel paper revealed how A. pernix Orc1 binds to one 
of four ORBs (ORB4) present in the organism’s oriC1 region (Gaudier, et al., 2007).  
Unexpectedly, in both structures DNA binding was observed not only by the WHD, but 
also by direct associations with the ATPase domain through the ISM α-helix that typifies 
the AAA+ initiator clade.  Very few sequence-specific contacts to DNA were observed in 
either instance, a finding that may help explain the rather substantial affinity of Orc1-type 
proteins for non-origin DNA.  The joint actions of the AAA+/WHD associations were 
observed to induce a marked bending and underwinding of the DNA duplex (Figure 
1.7B, middle) and together confer sequence specific binding (Dueber, et al., 2011).  The 
importance of the deformations is not yet clear, but it is possible that they may be tied to 
the melting of duplex DNA prior to the onset of replication. 
 Recruitment of the archaeal helicase is thought to occur after the Cdc6/Orc1 
initiators have assembled at the origin (Matsunaga, et al., 2001).  Echoing a theme seen 
for other archaeal initiation factors, the replicative helicase in these organims is most 
homologous not to bacterial DnaB (a RecA-family helicase), but to the Mcm2-7 proteins 
found in eukaryotes (Bae, et al., 2009).  One notable difference is that most archaeal 
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genomes appear to encode only a single Mcm protein, rather than six paralogous subunits 
as seen for eukaryotic Mcm2-7.  Another distinction is that archaeal MCM proteins show 
relatively robust helicase activity in vitro (Chong, et al., 2000; Grainge, 2003; Kelman, et 
al., 1999; Shechter, et al., 2000), a property not yet observed for their eukaryotic 
counterparts.  Based on structural studies, the functional assembly state of archaeal MCM 
is believed to be a hexamer or double hexamer (Figure 1.6C) (Chen, et al., 2005; Costa, 
et al., 2006a; Costa, et al., 2006c; Fletcher, et al., 2003), although heptamers (Yu, et al., 
2002), double-hexamers/heptamers (Costa, et al., 2006b), and even filaments have also 
been observed (Chen, et al., 2005; Costa, et al., 2006c).  

It is currently unknown how the archaeal MCM helicase is loaded onto DNA.  
Archaea do not appear to possess an obvious homolog of Cdt1, which plays a crucial role 
during MCM loading in eukaryotes.  However, Cdc6/Orc1 can associate with MCM on 
forked DNA substrates (DeFelice, 2004), suggesting that archaea may use initiator 
ATPases for MCM loading.  In Methanothermobacter thermautotrophicus, the activity of 
the MCM helicase also is inhibited by the presence of corresponding Orc1/Cdc6 paralogs 
from the same species (De Felice, et al., 2004; Kasiviswanathan, et al., 2006; Shin, et al., 
2003).  Whether this is because some other factor has yet to be identified, or because the 
target DNA has to be in a state that reflects the organization and/or status of chromatin in 
the cell, remains to be determined. 
  
Conclusion 
 The variety of initiation mechanisms discussed in this chapter illustrate that the 
AAA+ ATPase fold can be readily augmented to carry out many different specialized 
functions.  One modification arises from the tethering of additional functional domains to 
the conserved AAA+ core.  For example, most initiators contain one or more DNA 
binding domains appended to either the N-terminus (SV40, E1) or C-terminus (cellular 
initiators) of the central AAA+ fold (Figure 1.1) that help guide initiators to replication 
origins.  Flexible linkers tethering the AAA+ and DNA binding domains enable the too 
regions to move independent of each other.  Still other variations may assist with helicase 
loading or other regulatory functions.   

Another important set of adaptations have occurred within the AAA+ module 
itself.  These include α-helix and β-strand additions to the core ATP-binding fold, and 
rearrangements of the C-terminal α-helical subdomain.  In some cases, these additions 
appear to alter the architectural organization of higher-order complexes.  For example, 
the extra α-helix in the AAA+ fold of DnaA favors the formation of helical filaments 
(Figure 1.5C), and may be responsible for the open-ring architectures observed for ORC 
(Figure 1.6B).  Such open-ring structures may be useful for allowing initiator AAA+ 
domains to bind other AAA+ proteins and/or to engage DNA directly (Figures 1.5, 1.7).  
In other instances, small structural additions to the core AAA+ module can modulate 
enzymatic functions.  For example, the addition of a β-hairpin to the AAA+ fold of SFIII-
type viral initiators enables not only the melting of duplex DNA, but also processive 
function as a helicase once the initiator has been properly assembled on a replication 
origin (Figure 1.3, 1.4).    

Despite these alterations, initiators across all cellular domains of life have retained 
the ability to bind adenine nucleotides.  Changes in nucleotide state alter the 
conformation of the AAA+ assembly, creating in some instances a regulatory switch for 
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oligomerization and, in others, a means for remodeling or translocating along DNA.  The 
activation of cellular initiators by ATP binding, and their inactivation by ATP hydrolysis, 
further provides a control mechanism to prevent over-initiation, an event that can lead to 
changes in gene ploidy, genomic instabilities, and loss of proliferative control.  Future 
studies will be needed to help elucidate the precise molecular effects of nucleotide on 
initiator function, and how the AAA+ scaffold has been modified during evolution to 
carry out such a wide variety of essential cellular tasks. 
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Tables 
	  	  
Table 1.1: A subset of cellular and viral initiation factors. 
Replication	  
Factor Bacteria Eukaryotes Simian	  virus	  40 Papillomavirus Archaea 

Initiator DnaA ORC L	  Tag E1 Orc1/Cdc6 

Helicase DnaB MCM2-‐7 L	  Tag E1 MCM 

Helicase	  Loader DnaC Cdc6 L	  Tag E2 Orc1/Cdc6? 

	  
	  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 22	  

 
Figures 
	  

	  
Figure 1.1: An abbreviated set of AAA+ clades.  For each clade, a representative 
structure and a topology diagram is displayed.  Labeled key motifs include the Walker A 
(WA), Walker B (WB), sensor-I (S-I), sensor-II (S-II) and arginine finger (RF) elements.  
Clade-specific insertions, highlighted in red, include the initiator specific motif (ISM) 
and β-hairpins (β-HP, β-HP1 and β-HP2).  Bound nucleotide is shown as CPK or black 
sticks.  The AAA+ domains are displayed in green with additional domains in other 
colors (B-E).  (A) Close-up of a representative AAA+ protein active site (DnaA), with an 
ATP analog (AMPPCP) bound.  The Box VII helix and arginine-finger from an adjacent 
protomer is shown in magenta.  (B) The clamp-loader clade (RFC-B subunit, PDB ID 
1SXJ).  (C) The initiator clade (DnaA monomer, PDB ID 2HCB).  (D) The SuperFamily 
III helicase clade (SV40 subunit, PDB ID 1SVM).  (E) The pre-sensor II (PSII) insertion 
clade, which includes MCM  proteins (BchI magnesium chelatase subunit is shown, PDB 
ID 1G8P).  (F) RecA-type ASCE ATPase fold (RecA monomer, PDB ID 1REA). 
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Figure 1.2: Architectural features of clamp-loader complexes.  (A) Top view of the E. 
coli clamp loader γ complex (PDB ID 3GLF).  Each subunit is represented with a 
different color and ATP binding sites are labeled.  DNA is represented as red spheres.  
(B) Side view of the E. coli clamp loader γ complex with the same coloring as displayed 
in panel A.  Primer-template junction binds in the gap between the δ (orange) and δʹ′ 
(green) subunits.  (C) Global organization of eukaryotic (upper) and archaeal (lower) 
replication factor C (RFC) complexes.  Subunits are labeled A-E, starting with the largest 
subunit and moving counterclockwise around the pentamer.  The gap is positioned 
between terminal subunits A and E.  The eukaryotic RFC complex is composed of five 
unique subunits as indicated by the use of different colors.  The archaeal RFC complex is 
composed of four identical small RFC-s subunits (green) and one large RFC1 subunit 
(red).            
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Figure 1.3: Simian virus 40 (SV40) initiation.  (A) The SV40 origin sequence.  
Highlighted conserved elements include the site of initial melting (AT-rich), the central 
domain with each pentanucleotide recognition sequence indicated (P1-P4), and the early 
palindrome (EP).  (B) Front and side views of the SV40 large T-antigen DNA binding 
domains bound to DNA (PDB ID 2NTC).  (C) ATP bound SV40 hexamer with 
alternating subunits colored green and gray (PDB ID 1SVM).  The β-hairpin insertion is 
highlighted red.  (D)  Model for SV40 initiation.  (Top, Middle-left) SV40 large T-antigen 
monomers bind to the pentanucleotide repeats in the origin.  (Middle-right) A double-
trimer intermediate is responsible for initial melting before hexamer formation.  (Bottom) 
Two models for formation of the fully assembled replicative complex.  In one model, 
dsDNA threads through each SV40 AAA+ domain and is unwound either inside the 
hexamer, or by the action of the two motors pumping against one another (left).  In the 
other model, T-antigen melts origin DNA and binds ssDNA in its interior as it assembles 
(right).  Processive forward motion leads to unwinding by steric separation of the duplex.  
Note that most models for the SV40 large T-antigen invoke formation of a head-to-head 
assembly of hexamers by the DNA binding domains.  See Figure 4 for an alternative 
model based on E1. 
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Figure 1.4: Papillomavirus initiation.  (A) The Papillomavirus origin sequence.  
Highlighted conserved elements include the site of initial melting (AT-rich), the central 
region with each E1 recognition sequence indicated (E1-1-E1-4) and the E2 binding sites 
(E2 BS).  (B) Front and side views of the E1 DNA binding domains bound to DNA (PDB 
ID 1KSX).  (C) ADP bound E1 hexamer in complex with ssDNA (PDB ID 2GXA).  The 
β-hairpin insertion is highlighted red.  DNA is displayed as orange spheres.  (D) Model 
for E1 initiation.  (Top) An E1 dimer is recruited to the origin with the help of E2.  This 
event facilitates binding of a second dimer.  The color of each DNA binding domain 
(DBD) matches the corresponding origin binding site in panel A and monomer in panel 
B. (Middle)  ATP binding occurs with the loss of E2, and a double-trimer intermediate 
forms, stabilized by interactions between ATPase domains.  This intermediate locally 
destabilizes the DNA duplex.  (Bottom) Additional E1 monomers bind, fully melting the 
duplex and encircling a single DNA strand.  The polarity of the DNA strand bound to the 
E1 hexamer displayed in panel C, is incompatible with the formation of a head-to-head 
double hexamer, suggesting that the two helicases migrate past one another in the early 
stages of origin unwinding.  The hexamers may then reassociate with each other through 
ATPase domain interactions.  See (Enemark and Joshua-Tor, 2006) for details. 
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Figure 1.5: Bacterial replication initiation.  (A) The Escherchia coli origin (oriC).  
Highlighted conserved regions include the DNA unwinding element (DUE), DnaA 
binding sites (R1-R5, I1-I3, τ1-τ2 and ATP-DnaA boxes (arrows), and binding sites for 
architectural proteins (IHF and Fis)).  (B) Ribbon diagram of the AMPPCP-bound DnaA 
filament structure (top, PDB ID 2HCB).  The helical insertion (ISM) specific to the 
initiator clade is colored red.  (Bottom) Hypothetical model in which an outward, rigid-
body rotation of domain IV permits the binding and wrapping of DNA.  (C) Model for 
initiation in bacteria.  Each DnaA monomer is displayed with a green oval (domains I-III) 
connected to a yellow oval representing the DNA binding domain.  (Top) DnaA 
monomers associate with oriC.  (Middle) In the presence of ATP, DnaA can homo-
oligomerize, wrapping DNA and melting the DUE by introducing negative superhelical 
strain (left), actively unwinding DNA through the ATPase domains (right), or both.  
(Bottom) Once melted, the DnaB helicase (blue) is loaded onto DNA through the action 
of DnaA and DnaC (orange). 
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Figure 1.6:  Eukaryotic initiation mechanisms and factors. (A) (Top) EM 
reconstructions of Drosophila melanogaster ORC in apo and ATP bound forms (left), 
and with a pentamer of AAA+ domains from the AMPPCP-bound DnaA filament docked 
into the apo state (right).  Reprinted by permission from Macmillan Publishers Ltd: 
[Nature Structural and Molecular Biology] (Clarey, et al., 2006).  (Bottom) EM 
reconstructions of Saccharomyces cerevisiae ORC in the absense (blue) and presence of 
Cdc6 (brown).  Reprinted by permission from Macmillan Publishers Ltd: [Nature 
Structural and Molecular Biology] (Speck, et al., 2005).  (B) Model of eukaryotic 
initiation events.  Each ORC subunit is numbered and displayed with a unique color 
(panel 1).  ORC binds an origin, followed by recruitment of Cdc6 (pink), Cdt1 (brown), 
and Mcm2-7 (light green) to form the pre-RC (panels 1-2).  ORC can deposit multiple 
MCMs on the origin with ATP turnover occuring during each loading event.  (C) EM 
reconstructions of two distinct Drosophila melanogaster MCM2-7 complexes bound to 
the ATP minic ADP•BeF3 (Costa, et al., 2011). (Top) Planar notched ring (EMD-1834) 
(Bottom) Lock-washer conformation reveals a large opening between subunits 2 and 5 
(EMD-1835) that may allow DNA to enter the center of the ring. 
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Figure 1.7:  Achaeal origins and intiators.  (A) Two different archaeal origins.  The 
DNA unwinding element (DUE) in each origin is indicated by a red box.  (Left) The 
oriC2 origin from S. solfataricus.  Binding sites for all three of its ORC proteins are 
highlighted.  ORBs and mORBs are bound by class I Orc1 proteins (Grainge, et al., 
2006). (Right) Origin from A. pernix.   Only one of this organism’s two ORC proteins has 
binding sites in this region.  Dotted boxes refer to binding sites used in structural studies.  
(B)  Initiator/DNA complexes.  The helical insertion specific to the initiator clade is 
colored red.   (Left) S. solfataricus Orc1-1/Orc1-3 heterodimer bound to the dual site 
indicated for oriC2.  (Middle) DNA bound by the S. solfataricus initiators (orange) is 
deformed compared to B-form DNA (white).  (Right) A. pernix Orc1 from bound to 
ORB4.  (Bottom) DNA sequences and interaction regions for the two initiator complexes.  
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Chaper 2 – Distinct Assembly States of the DnaA Initiator 
 
(portions reproduced from: Duderstadt, K.E., Mott, M.L., Crisona, N.J., Chuang, K., 
Yang, H., and Berger, J.M. (2010). J. Biol. Chem. 285, 28229-28239.) 
 
Introduction 
 Although evolutionary and structural commonalities among cellular initiators hint 
at similar assembly and origin-recognition mechanisms (as discussed in chaper 1), how 
ATP controls these functions, and how initiators directly or indirectly participate in origin 
opening, remain central unanswered questions.  The bacterial initiator DnaA is an ideal 
model system for the exploration of these issues because a wealth of studies have firmly 
established DnaA’s core architecture and primary enzymatic activities.  The initiator 
itself is a complex, modular protein composed of four domains, including an N-terminal 
helicase-interaction domain (Sutton, et al., 1998), a variable linker element, a central 
AAA+ fold that binds single-stranded DNA (Ozaki, et al., 2008), and a C-terminal, helix-
turn-helix DNA binding domain (DBD) that recognizes duplex origin sites (Figure 2.1A) 
(Roth and Messer, 1995; Sutton and Kaguni, 1997).  Clues to DnaA’s assembly 
mechanism have come from structural studies conducted with a truncation lacking the 
helicase-interaction region (domain I).  Thus far, DnaA has been imaged in two distinct 
states: a monomeric ADP-bound form (Erzberger, et al., 2002; Ozaki, et al., 2008), and a 
higher-order oligomer complexed with the ATP-analog, AMPPCP (Erzberger, et al., 
2006).  Unexpectedly, the DnaA oligomer structure revealed that the initiator self-
assembles into a open-ended helical particle (Figure 2.1B) (Erzberger and Berger, 2006).  
Although this configuration correctly positions neighboring AAA+ domains in contact 
with one another to form a bipartite ATPase site, how the spiral architecture relates to the 
distinct functions and assembly states accessed by DnaA during oriC recognition and 
open complex formation is unknown (Bramhill and Kornberg, 1988; Crooke, et al., 1993; 
McGarry, et al., 2004).  The means by which the AAA+ element and the DBD coordinate 
their respective single- and double-stranded DNA binding activities within the higher-
order DnaA complex similarly has not been resolved.   

To address these issues, we conducted a series of mutagenesis, biochemical and 
genetic studies of DnaA using available structures as a guide.  Surprisingly, we found that 
crystallographically-observed interactions occurring in trans between the AAA+ domain 
of one DnaA protomer and the DBD of a partner subunit are necessary for both higher-
order initiator assembly and the binding of ssDNA.  Moreover, this crosstalk is required 
for origin unwinding in vitro and global DnaA function in vivo, and can be modulated by 
the binding of double-stranded DNA substrates.  Together, the results presented in this 
chapter indicate that DnaA assemblies adopt at least two distinct conformations to 
productively associate with melted and duplex DNA segments, and that these states likely 
play a role in the transition from origin recognition to open complex formation.  
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Results 
 

Nucleotide status influences DnaA assembly in the absence of DNA 
The importance of ATP for stimulation of DnaA oligomerization on oriC is well-

known (Crooke, et al., 1993; Fuller, et al., 1984; Funnell, et al., 1987; Grimwade, et al., 
2007; McGarry, et al., 2004; Speck and Messer, 2001).  What has been less clear is the 
extent to which nucleotide predisposes DnaA toward oligomerization in the absence of 
DNA, or how assembled initiator complexes might associate with specific nucleic-acid 
substrates.  To begin to examine this dependency, we first subjected full-length DnaA 
from the organism Aquifex aeolicus (AaDnaA) to glutaraldehyde crosslinking in the 
presence of various nucleotide analogs.  Analysis of the species formed by silver-stained 
denaturing poly-acrylamide gels (Figure 2.2A) shows that ATP, as well as the 
nonhydrolyzable analogs AMPPNP, ATPγS, and ADP•BeF3, all strongly induce the 
appearance of higher-order DnaA species (up to hexamer and beyond), consistent with 
the formation of a range of AaDnaA oligomers in solution.  By contrast, the addition of 
ADP does not robustly stimulate assembly, yielding  >70% less tetramer and 40% more 
monomer compared to reactions with ATP (Figure 2.2B).  Interestingly, AMPPCP 
generates an intermediate level of crosslinking compared to the ATP and ADP reactions, 
suggesting that this nucleotide only moderately stimulates DnaA assembly.  This finding 
is consistent with our prior observation that crystallization of AaDnaA using AMPPCP 
often generates two different crystal forms in the same solution conditions, one of which 
harbors the DnaA oligomer, and the other DnaA monomers structurally similar to the 
ADP-bound initiator (unpublished data).  Taken together, these results show that 
adenosine triphosphosphates are by themselves sufficient to promote DnaA assembly, 
and also that the type of ATP mimetic can significantly influence oligomerization 
propensity.  
 
Nucleotide and sequence dependence of ssDNA binding 

Given the need for ATP-like molecules in promoting AaDnaA assembly, we next 
assessed the influence of these analogs on ssDNA binding using fluorescence 
polarization.  Binding of the single-stranded DNA unwinding element (ssDUE) by E. coli 
DnaA (EcDnaA) is known to be ATP-dependent, and likely involves several DnaA 
molecules (Speck and Messer, 2001; Weigel and Seitz, 2002).  To find an optimal 
substrate for our studies with AaDnaA, we first screened a panel of flouroscein-labeled 
ssDNA substrates, including both homo-polymers and two different regions of both 
complementary strands of the predicted Aquifex DUE, for their ability to bind AaDnaA.  
Unlike EcDnaA, which preferentially binds one strand of the oriC DUE over other DNA 
sequences (Ozaki, et al., 2008; Speck and Messer, 2001), the Aquifex initiator showed no 
preference for any one substrate (Figure 2.2C).  We therefore turned to a labeled 25-mer 
dT substrate (F-dT25) as a simplified mimic for the T-rich sequences typically found in 
DUEs (Kowalski and Eddy, 1989), and varied the type of nucleotide added to the 
reaction.  The ability of AaDnaA to associate with this oligo is strongly influenced by 
nucleotide, with ATP and most ATP mimetics giving rise to an apparent dissociation 
constant (Kd,app) of 0.15±0.02 µM (Figure 2.2D and Table S2.1).  By contrast, ADP-
DnaA mixtures bind ssDNA ~10-fold more weakly, while AMPPCP, which does not 
induce robust DnaA assembly, binds substrate only marginally better than ADP-AaDnaA.  
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These findings show that avidity for ssDNA is linked to the ATPase status of DnaA and, 
in conjunction with our crosslinking data, suggest that this property correlates with 
initiator assembly.   
 
The AAA+ domain and DBD comprise the minimal assembly and ssDNA binding 
determinants of DnaA 

Although domain I of DnaA can form a weak dimer that is believed to play a role 
in initiator function (Abe, et al., 2007; Felczak, et al., 2005; Simmons, et al., 2003; 
Weigel, et al., 1999), the structure of the DnaA domains III/IV oligomer indicates that the 
ATPase region likely comprises the dominant assembly nexus (Erzberger, et al., 2006).  
To test this assumption biochemically and determine the minimal regions responsible for 
supporting DnaA self-association in the presence of adenosine triphosphates, we prepared 
a suite of AaDnaA fragments and tested them by crosslinking (Figures 2.3A, B).  Prior to 
gluteraldehyde exposure, we established that all of these constructs both eluted as 
monomers of the expected size by gel-filtration chromatography and remained soluble 
under our experimental conditions (not shown).  Inspection of these crosslinking 
reactions by SDS-PAGE shows that while some constructs exhibit a low degree of 
interaction, only a fragment consisting of both domains III and IV can robustly assemble 
into an array of higher-order species. 

We next set out to determine which of our AaDnaA constructs could bind ssDNA 
using fluorescence polarization (Figure 2.3C).  Domain I proved unable to bind a labeled 
dT25 oligo in the presence of ADP•BeF3.  Domains III and IV show some ability to 
interact with the substrate on their own; however, their binding is significantly weaker 
than full-length AaDnaA, and for domain IV, also is non-saturable.  In the end, only a 
fragment containing both domains III and IV could bind ssDNA comparably to wild-type 
protein.  As with our observations for intact AaDnaA, these findings indicate that there is 
a correlation between the nucleotide-dependent assembly state of domains III/IV and 
their ability to engage single-stranded substrates.   
 
Intersubunit crosstalk controls initiator assembly and ssDNA binding 

The AAA+ domain of DnaA contains the nucleotide-binding center of the 
initiator (Erzberger, et al., 2002; Mizushima, et al., 1998; Sutton and Kaguni, 1997), 
forms the largest interaction surface between promoters in the DnaA assembly 
(Erzberger, et al., 2006), and possesses amino acids important for binding ssDNA (Ozaki, 
et al., 2008).  We were thus surprised to discover that this domain on its own could 
neither significantly self-assemble nor interact strongly with single-stranded substrates in 
the presence of the ATP mimetic ADP•BeF3.  We therefore reexamined the available 
AaDnaA structures for possible clues as to why the DBD might affect DnaA assembly 
and ssDNA association.  Interestingly, this analysis revealed that in the oligomeric DnaA 
model, the DBD orients toward the filament interior, docking against the AAA+ domain 
of an adjacent protomer to sequester ~26% of the total buried surface area in the 
assembly (Figures 2.4A, S2.1A) (Erzberger, et al., 2006).  This conformation is 
preserved in all four protomers in the asymmetric unit and is unimpeded by crystal 
packing contacts, suggesting that it is a natural structural state that might stabilize the 
DnaA assembly directly. 

To test this idea, we made a large panel of amino acid substitutions throughout the 
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protomer/protomer interface, and assessed the ability of the altered proteins to assemble 
using crosslinking (Figures 2.4B, S2.2).  We divided the interface into three interaction 
regions for this analysis: AAA+/AAA+, DBD/AAA+ and DBD/DBD.  As expected, 
certain mutations in the AAA+/AAA+ interface disrupt assembly, causing up to an 80% 
reduction in trimer and tetramer formation.  Among these is an arginine finger mutant 
(R230A), which is known to abolish oriC melting by E. coli DnaA (Kawakami, et al., 
2005), as well as a G281Q substitution that has not been studied previously.  
Significantly, several amino acid changes to the DBD/AAA+ interface (e.g., S350D and 
K219D) also disrupt assembly.  By contrast, mutations in the small DBD/DBD interface 
have relatively little effect on self-association.  

We next tested whether the integrity of the DBD/AAA+ interface is important for 
binding ssDNA (Figure 2.4C, Table S2.1).  While assembly and ssDNA binding 
propensities do not always track together perfectly, those mutants with the most 
significant negative affect on oligomerization (as evidenced by ≥60% reduction in trimer 
and tetramer formation) also display the largest loss in affinity; indeed, several 
substitutions in this region reduce affinity ≥10-fold.  The finding that certain substitutions 
exhibited differential biases toward either assembly or binding is unsurprising, as 
macromolecular interfaces frequently contain “hotspots,” in which only one or two amino 
acids (out of many) are particularly critical to a given function (Clackson and Wells, 
1995).  We expect that some interfacial changes may indirectly alter the geometry of the 
ssDNA binding site, impairing substrate recognition without dramatically disrupting 
interprotomer interactions, while others may generate modest assembly defects that can 
be overcome by the cooperative contacts with extended ssDNA segments.  Taken 
together, these mutagenesis studies demonstrate that the DBD is important for both DnaA 
oligomerization and the binding of ssDNA through its observed association with a partner 
AAA+ domain in trans, further highlighting the coordination between these two regions.  
 
DBD/AAA+ interface mutants disrupt the activity of E. coli DnaA in vivo and in 
vitro 

Given its role in both assembly and ssDNA binding, we next asked whether the 
DBD/AAA+ interface was important for DnaA activity in vivo and for oriC unwinding in 
vitro.  Since genetic screens are not presently possible in A. aeolicus, we made mutations 
in EcDnaA corresponding to those examined in the Aquifex initiator (Figure S2.3), and 
tested their ability to complement an E. coli strain carrying a thermosensitive DnaA allele 
(dnaA5) that disrupts initiation at 42°C, but not at 30°C (Figure 2.5A) (Li and Crooke, 
1999).  As a positive control, our assay shows that cell viability at the nonpermissive 
temperature is rescued by leaky expression from a plasmid carrying the dnaA+ gene, but 
not by an empty vector.  Similarly, as a negative control (Kawakami, et al., 2005), an 
EcDnaA arginine finger mutant (R285A) does not complement the dnaA5 temperature 
sensitive phenotype; our AaDnaA data indicate that this deficiency is due to an assembly 
defect.  Similarly, when residues at the predicted EcDnaA AAA+/AAA+ interface 
(Q208R, H252E) were mutated, complementation is again reduced, consistent with the 
defects we observe for analogous substitutions in AaDnaA (Figure 2.4B, C).  
Significantly, alterations at EcDnaA Ser421 and Asp280, which are highly conserved and 
correspond to AaDnaA Ser350 and Asp225 in the DBD/AAA+ interface, also do not 
complement the temperature sensitive phenotype.  Indeed, all changes made to residue 
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Ser421 reduce growth by several logs, as do all substitutions tested for Asp280 except the 
alanine mutant.  The severity of these effects mirrors or even exceeds the degree of 
impairment seen for the same alterations in our AaDnaA biochemical assays, 
demonstrating that the DBD/AAA+ interactions are important for function in vivo.  

To confirm that residues identified in the DBD/AAA+ interface interfere with 
origin melting directly, we next tested Ser421 and Asp280 substitution variants in an oriC 
unwinding assay, using the P1 nuclease as a probe for DUE opening (Bramhill and 
Kornberg, 1988; Kowalski, 1984)  (Figure 2.5B).  Consistent with the observed loss of 
activity in vivo, mutations at Ser421 severely impair or abolish DNA unwinding.  
Likewise, whereas EcDnaA-D280A retains more than 50% of the wild-type level of 
origin melting capacity, D280K and D280Y show significantly less activity.  To exclude 
the possibility that these mutations disrupt origin melting simply because they impair the 
recognition of duplex DNA binding sites in oriC, we tested the ability of our EcDnaA 
mutants to interact with a fluorescein-labeled dsDNA 13mer containing an R1 box using 
fluorescence polarization (Figure S2.4).  All mutants bind dsDNA within error of wild-
type, exhibiting Kd,app values in good agreement with previous studies (Blaesing, et al., 
2000) (Table S2.3).  
 
Single- and double-stranded DNA binding modes rely on distinct DnaA states 

Thus far, our studies show that inter-protomer DBD/AAA+ interactions formed 
during the ATP-dependent self-association of DnaA are critical for productive initiation 
events.  However, inspection of the DnaA oligomer structure also shows that these self-
same contacts bury the helix-turn-helix element of the DBD required for association with 
duplex DNA binding sites in oriC (Blaesing, et al., 2000; Erzberger, et al., 2006; 
Fujikawa, et al., 2003) (Figure 2.6A).  The simplest way to resolve this paradox is to 
posit that the DBD undergoes a positional rearrangement from the state seen in the crystal 
structure to one that can bind dsDNA (Erzberger, et al., 2006).  One movement capable 
of exposing the helix-turn-helix motif is a simple, outward rigid-body rotation of the 
DBD about the linker helix that connects the DBD to the AAA+ module (Figure 2.6B).  
A structural transition of this nature has been seen previously in the ADP-state of 
AaDnaA (Figure S2.1B) (Erzberger, et al., 2002); however, this extended conformation 
also disrupts the DBD/AAA+ interface that our data establish as critical for several DnaA 
activities.  

This line of reasoning suggested to us that the necessity for DBD/AAA+ contacts 
in supporting particular DnaA activities could be probed by using short duplex substrates 
as exogenous competitors for the protein/protein interaction surface.  To test this idea, we 
used crosslinking to assess the ability of EcDnaA to self-assemble in the absence of 
DNA, and in the presence of a ssDUE fragment either with, or without, a duplex R1 box 
substrate that is recognized and bound with high-affinity by the DBD (Blaesing, et al., 
2000; Fujikawa, et al., 2003; Langer, et al., 1996; Matsui, et al., 1985).  Although the 
crosslinking signal for the E. coli protein is not as robust as for AaDnaA, higher-order 
species consistent with oligomerization are nonetheless clearly observable (Figure 2.7A).  
Moreover, assembly is notably enhanced when EcDnaA forms a complex with the 
ssDUE fragment, and is in turn dampened by the presence of the R1 box substrate 
(Figure 2.7B and Table S2.2). 
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As an orthogonal test, we used a similar strategy to see if short duplex DNAs 
could interfere with ssDNA binding by directly sequestering the DBD.  We first prepared 
complexes of EcDnaA and a fluorescein-labeled ssDUE fragment in the presence of ATP 
(Table S2.2).  Preliminary studies revealed that ATP-bound EcDnaA binds this fragment 
with a Kd,app of ~85 nM (Figure S2.5), so we used high protein concentrations (400 nM) 
in our competition assay to ensure complete complex formation.  We then added 
increasing amounts of two unlabeled duplex DNA 13mers, one containing a strong 
DnaA-binding site (the R1 box substrate) and the other containing a random sequence 
(Figure 2.7C and Table S2.2).  Both DNAs interfere with ssDNA binding, but the R1 
dsDNA fragment is ~10-fold more effective in doing so than random DNA, indicating 
that the effect is specific for the DBD (Kd,app of 230 nM vs. 2100 nM for a 50% reduction 
in complex formation).  Together, these findings are consistent not only with the idea that 
DBD/AAA+ contacts are important for assembly and interacting with single-stranded 
substrates, but that the DBD can transition between distinct conformational states with 
respect to the oligomerized ATPase core depending on the DNA binding status of the 
initiator.   
 
 
Discussion 
 
Origin melting by DnaA 

Despite extensive study, the mechanisms by which cellular initiators process 
origins and facilitate replisome assembly have remained obscure.  To understand the 
dynamics of some of these events during initiation in bacteria, we developed a series of 
assays that connect distinct initiator conformations to key oligomeric and functional 
states.  In particular, we uncovered a new mode of intersubunit communication between 
the DBD and AAA+ domain of DnaA that is a critical determinant of initiator assembly, 
ssDNA binding, origin melting, and in vivo activity.  Since the conformation of the DBD 
as observed in the DnaA oligomer structure is required for this crosstalk, but is not 
compatible with engaging duplex origin sites, we conclude that at least two ATP-
assembled DnaA conformations are employed during initiation. 

How might these physical states work together to promote replication onset?  
During initiation, DnaA progressively renders oriC competent for replisome formation in 
at least three stages: 1) continual occupancy of high-affinity dsDNA sites (Ryan, et al., 
2004), 2) cell-cycle dependent binding of additional low-affinity duplex sites, along with 
the formation of a higher-order nucleoprotein complex (Crooke, et al., 1993; Fuller, et 
al., 1984; Funnell, et al., 1987; Grimwade, et al., 2007; McGarry, et al., 2004; Miller, et 
al., 2009), and 3) a melted state in which the DUE has been opened, likely through direct 
ssDNA contacts with the initiator (Bramhill and Kornberg, 1988; Gille and Messer, 1991; 
Speck and Messer, 2001).  During the first two stages, we propose that the DBD extends 
away from the body of the initiator to expose its helix-turn-helix motif for engaging high- 
and low-affinity duplex DNA sites in oriC (Figure 2.8).  At this point, the stability of the 
initiator assembly likely would be compromised to some degree by the loss of 
DBD/AAA+ interactions, but rescued by the close proximity and phasing of duplex 
DnaA binding sites, which would serve to increase the local concentration of the initiator 
on DNA and assist protomer association.  Such behavior would help explain why ATP 
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promotes the binding of DnaA to weak dsDNA sites (Grimwade, et al., 2007; McGarry, 
et al., 2004; Miller, et al., 2009; Speck, et al., 1999), in that subunits situated at strong 
oriC loci could serve as anchor points for recruiting additional subunits to less favorable 
sites through nucleotide-dependent, ATPase domain contacts.  Engagement of the melted 
DUE would then be accomplished by a different oligomer state in which the free DBD 
docks against a partner AAA+ domain in trans to stabilize the DnaA assembly, rendering 
it competent to bind ssDNA.  While our data do not reveal whether the DUE is actively 
melted by such dynamics, or captured as it spontaneously breathes from superhelical 
tension, they do suggest that a conformational switch within DnaA from an extended to a 
compact conformation may help regulate its function.  We speculate that these 
interconversions may underlie two distinct “initial” and “open” DnaA-dependent 
nucleoprotein complexes that appear to form during origin recognition and melting 
(Bramhill and Kornberg, 1988; Crooke, et al., 1993; McGarry, et al., 2004). 
 
Implications for other initiator systems 

It has long been established that all cellular initiators, as well as the initiators of 
certain viruses, are controlled by nucleotide turnover.  In each of these systems, AAA+ 
proteins form the nexus of the initiation machinery (as discussed in Chapter 1).  For 
DnaA and systems like the eukaryotic Origin Recognition Complex (ORC), both of 
which belong to the same AAA+ subgroup, the conformation, assembly, and origin 
recognition properties of the initiator all can be altered by ATP (Clarey, et al., 2006; 
Erzberger and Berger, 2006; Klemm, et al., 1997; Sekimizu, et al., 1987; Speck, et al., 
2005; Tugal, et al., 1998a).  For the more distantly-related SFIII helicases, a group of 
AAA+ proteins that serve as initiators for certain dsDNA viruses, ATP is required for 
DNA melting as it is for DnaA (Alexandrov, et al., 2002; Borowiec and Hurwitz, 1988; 
Hickman and Dyda, 2005a; Schuck and Stenlund, 2007; Yang, et al., 1993).  How 
nucleotide elicits these various responses is a highly active area of debate. 

Combined with prior studies, our work highlights a previously-unsuspected 
structural transition in DnaA that links DNA-binding status with the ATP-dependent 
control of initiator oligomerization.  This behavior is reminiscent of ORC, whereby the 
specific binding of origins is known to regulate initiator ATPase activity (Klemm, et al., 
1997; Remus, et al., 2005).  Given the phylogenetic kinship between cellular initiators, it 
seems likely that allosteric control mechanisms analogous to those observed here for 
DnaA broadly underpin the assembly and function of each of these AAA+ systems.  
However, functional congruencies between initiator families need not be restricted solely 
to the ATPase domain.  For instance, the DBD of DnaA is required for bacterial 
replication because of its origin localization properties (Blaesing, et al., 2000; Fujikawa, 
et al., 2003; Roth and Messer, 1995), yet we find that this domain also participates in 
subunit oligomerization and DNA melting.  This auxiliary role has parallels with the 
SFIII proteins of papillomavirus and SV40 (Duderstadt and Berger, 2008; Giraldo, 2003), 
which localize to replication origins through sequence-specific DBDs (Meinke, et al., 
2007; Simmons, et al., 1993), and then assemble into hexameric rings that processively 
unwind the viral genome (Alexandrov, et al., 2002; Borowiec and Hurwitz, 1988; 
Hickman and Dyda, 2005a; Valle, et al., 2000).  During this process, the DBDs of the 
viral initiators transition from an initial duplex-bound state to a final configuration in 
which they dissociate from their dsDNA-binding sites to assist with both initiator 
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assembly and the engagement of single-stranded DNA.  Future studies will be needed to 
define these themes further, and to determine the extent to which the molecular 
mechanisms of these evolutionarily connected initiation systems are both similar and 
distinct.  
 
 
Materials and Methods 
 
Expression and Purification of A. aeolicus DnaA 

Aquifex aeolicus DnaA (AaDnaA) truncations (2-399, 76-399, 76-310, 290-399 
and 1-80) were cloned into a pET28b vector, generating His6-MBP fusion constructs with 
a common linker sequence encoding the TEV-protease cleavage site.  Mutations were 
introduced into His6-MBP-AaDnaAAAA+/DBD (76-399) using QuickChange mutagenesis 
(Stratagene).  His6-MBP-AaDnaA proteins were all expressed in E. coli BL21-
CodonPlus(DE3)-RIL cells.  Cells were grown at 37°C in 2XYT media and induced at an 
A600 of 0.6 with 0.5 mM IPTG for 3 hours.  All His6-MBP-AaDnaA clones containing the 
AAA+ domain (2-399, 76-399, 76-310) were purified as previously described (Erzberger 
et al., 2006), except for the following modifications: After centrifugation, cells were 
resuspended in resuspension buffer (50 mM HEPES pH 7.5, 500 mM KCl, 10% (v/v) 
glycerol, 20 mM Imidizole, 1 uM pepstatin-A, 1 uM leupeptin, 1 mM PMSF) and lysed 
by sonication.  Clarified lysate (by centrifugation) was run over a 5 ml HiTrap Chelating 
HP column (GE Healthcare) charged with 0.2 M NiSO4.  After rinsing with wash buffer 
(resuspension buffer plus 1 M KCl), the column was equilibrated with low salt buffer 
(resuspension buffer plus 50 mM KCl), and the protein eluted onto a 5 ml HiTrap SP HP 
column (GE) using elution buffer (low salt buffer with 500 mM Imidizole).  His6-MBP-
AaDnaA protein retained on the column was step eluted using wash buffer, concentrated 
and dialyzed against EDTA buffer (50 mM HEPES pH 7.5, 500 mM KCl, 10% (v/v) 
glycerol, 2 mM EDTA) twice over the course of 20 hours to remove bound nucleotide.  
After the addition of 20 mM MgCl2 and 2 mM of the chosen nucleotide, His6-MBP was 
cleaved off by incubation with His-tagged tobacco etch virus protease (TEV) for 20 hours 
at 18°C.  The His6-MBP tag and TEV were then removed by passage over a second 5 ml 
HiTrap Chelating HP column in wash buffer.  The resulting AaDnaA proteins were run 
over an S-200 size-exclusion column (GE) in gel-filtration buffer (50 mM HEPES pH 
7.5, 500 mM KCl, 10% (v/v) glycerol, 5 mM MgCl2), and monomeric species were 
pooled, concentrated and flash frozen for long-term storage.  The EDTA dialysis was not 
performed when purifying His6-MBP-AaDnaAIV (residues 290-310, which lack the 
AAA+ domain), and the 5 ml HiTrap SP HP column was omitted when purifying His6-
MBP-AaDnaAI (residues 1-80, the N-terminal domain).  In addition, no nucleotide was 
added during TEV cleavage of these two truncations.  See Appendix for more details.     

 
Expression and Purification of E. coli DnaA 

E. coli DnaA (EcDnaA) was cloned into a pET28b vector lacking the MBP tag, 
generating a hexahistidine fusion construct with a linker sequence encoding the TEV-
protease cleavage site.  Mutations were introduced into this His6-EcDnaA construct using 
QuickChange mutagenesis (Stratagene).  His6-EcDnaA proteins were all expressed in E. 
coli C41 cells (Miroux and Walker, 1996).  Cells were grown at 37°C in LB media 



 37	  

containing 0.05% glucose and induced at an A600 of 0.6 with 1 mM IPTG for 1.5 hours.  
All His6-EcDnaA proteins were purified as previously described (Li and Crooke, 1999), 
except for the following modifications.  Protease inhibitors (1 µM pepstatin-A, 1 µM 
leupeptin, 1 mM PMSF) were included in all buffers throughout purification, which was 
performed using a 1 ml HiTrap Chelating HP column (GE Healthcare) charged with 0.2 
M NiSO4.  Aggregated protein was removed using an S-200 column instead of high-
speed centrifugation.  Monomeric species were pooled, concentrated and flash frozen for 
long-term storage in a final buffer of 50 mM PIPES-KOH pH 6.8, 10 mM magnesium 
acetate, 200 mM ammonium sulfate, 20% (v/v) sucrose, 0.1 mM EDTA and 2 mM DTT. 
See Appendix for more details. 
 
AaDnaA Crosslinking Assays 

Crosslinking was performed by incubating 0.5 mg/ml of various AaDnaA proteins 
in 20 µL of a reaction buffer (50 mM HEPES pH 7.5, 10% (v/v) glycerol, 125 mM KCl, 
5 mM MgCl2, 2 mM DTT) containing 2 mM nucleotide at 25°C for 5 minutes.  
Glutaraldehyde (Polysciences Inc.) was then added to 1 mM final concentration and 
reactions incubated at 25°C for an additional 1 minute before quenching with 20 mM 
glycine.  Crosslinked proteins were separated on denaturing 4.5% polyacrylamide gels 
(80:1 acrylamide:bisacrylamide) in 0.1 M sodium phosphate, 0.1% SDS buffer (pH 7.2) 
(Crisona and Cozzarelli, 2006; Weber and Osborn, 1969), and visualized by silver 
staining.  Gel data were quantitated using Kodak Molecular Imaging software (v4.0.5).  
Ratios comparing the amount of various crosslinked species were performed with data 
obtained from the same experiment using the same glutaraldehyde stock solution.  
 
AaDnaA ssDNA Binding Assays 

Binding of 25 bp fluorescein-tagged oligonucleotides to AaDnaA was monitored 
by fluorescence polarization using a Victor3 V (Perkin Elmer) multi-label plate reader.  
Measurements were carried out in 20 µL of a buffer containing 50 mM HEPES pH 7.5, 
125 mM KCl, 2% (v/v) glycerol, 0.1 mg/ml bovine serum albumin, 2 mM DTT, 5 mM 
MgCl2, 2 mM nucleotide.  The substrate concentration was held constant at 10 nM while 
the protein concentration was varied.  A detailed description of the substrates can be 
found in the Supplemental Material.  
 
Complementation Assays 

EcDnaA was cloned into a modified pET24 vector (pLIC-TrPP-NTK), generating 
a vector containing untagged wild-type EcDnaA (NT-EcDnaA) under T7 promoter 
control.  Mutations were introduced into NT-EcDnaA using QuickChange mutagenesis.  
Wild-type NT-EcDnaA and mutant NT-EcDnaA vectors were transformed into the host 
strain MM294 dnaA5 (Li and Crooke, 1999) and grown to mid-log in LB/Kan media at 
30°C.  Following growth, cells were serially diluted and plated at 30°C and 42°C to 
assess survival resulting from leaky expression of the T7 promoter.    
 
OriC Unwinding Assay 

Following the basic protocol developed by Bramhill and Kornberg (Bramhill and 
Kornberg, 1988), EcDnaA was added to reactions containing 40 mM HEPES, pH 7.6, 8 
mM Mg-Acetate, 40 mM K-Glutamate, 15% (v/v) glycerol, 0.1 mg/mL bovine serum 
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albumin, 5 mM ATP, 20 nM IHF and 3.5 nM (-) supercoiled pBlueScript (pBS) plasmid 
containing the E. coli origin of replication (oriC) and 200 nM protein in a final reaction 
volume of 20 µl on ice.  After incubation at 38 ºC for 6 minutes, 0.6 units of P1 
endonuclease (Sigma) in 30 mM Na-Acetate, pH 5.3, 1 mM ZnCl2 was added to each 
reaction and incubation continued for 2 min.  Reactions were quenched by the addition of 
SDS to 0.5 % and EDTA to 28 mM.  Reactions were analyzed on 1% agarose gels in 
Tris/acetate/EDTA (TAE) buffer and stained with ethidium bromide (EtBr).  The percent 
linear DNA in each lane was quantified using a Molecular Dynamics Typhoon 
phosphorimager. 
 
EcDnaA Double- and Single-stranded DNA Competition Experiments 

EcDnaA-ssDUE complexes were formed by incubating 800 nM EcDnaA with 40 
nM of a flourescein labeled E. coli ssDUE fragment (Table S2) for 10 minutes at room 
temperature in 20 µL of competition buffer (50 mM HEPES pH 7.5, 50 mM K-Acetate, 
10% (v/v) Sucrose, 0.1 mg/ml bovine serum albumin, 2 mM DTT, 5 mM Mg-Acetate, 2 
mM ATP).  After incubation, the concentration of EcDnaA-ssDUE complex was diluted 
by half with increasing amounts of two 13mer dsDNA fragments (0.002-20 µM) in the 
same buffer, one containing the R1 box sequence and the other containing a random 
sequence.  

Crosslinking experiments were performed by incubating 800 nM of EcDnaA, 
alone, in the presence of 266 nM of an E. coli ssDUE fragment, or in the presence of 266 
nM of an E. coli ssDUE fragment with 10 µM of unlabeled R1 box added (20 µL 
reactions).  Samples were incubated at 25°C for 5 minutes, after which glutaraldehyde 
(Polysciences Inc.) was added to a final concentration of 10 mM.  Reactions were then 
incubated at 25°C for 1 minute before quenching with the addition of 2 µL of 200 mM 
glycine.  Cross-linked proteins were separated and analyzed as described above. 
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Figures	  
	  

Figure 2.1 DnaA organization.	  
(A) The domain configuration of E. coli and A. aeolicus DnaA.  Key motifs are indicated.  
(B) Surface representation of twelve protomers of the AaDnaA assembly (PDB 2HCB) 
with the DBDs (310-399) colored either dark or light gray and the AAA+ domains (77-
310) colored either dark blue or pale blue.  Exposed interfaces on either end of the helical 
oligomer are color coded by region.	  
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Figure 2.2  Assembly and ssDNA binding of AaDnaA.	  
(A) Glutaraldehyde-crosslinked samples of AaDnaA (13.2 pmol/reaction) bound to 
different nucleotides.  (B) Comparison of cross-linked species from (A).  The fraction of 
monomer through tetramer obtained for each nucleotide is expressed as a ratio compared 
to ATP.  The sum of all species from monomer to tetramer was normalized to 1.0 for 
each nucleotide tested before calculating the ratio.  (C) Binding of fluorescein-tagged, 
single-stranded oligonucleotides (10 nM), monitored as a function of AaDnaA 
concentration by fluorescence polarization.  ADP•BeF3 was present in all cases.  Oligo 
sequences are listed in Table S2.2.  (D) Fluorescence polarization measurements for the 
binding of F-dT25 (10 nM) by different AaDnaA concentrations in the presence of 
different nucleotides.  For (C) and (D), data are normalized so that the bottom and top 
plateaus are at zero and one, respectively. 
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Figure 2.3 Assembly and ssDNA binding of AaDnaA truncations. 
(A) Glutaraldehyde-crosslinking data for full-length and truncated forms of AaDnaA 
(13.2 pmol/reaction).  Cross-linking time and nucleotide state are indicated.  (B) 
Comparison of crosslinked species from (A). The fraction of monomer through tetramer 
obtained for each construct is expressed as a ratio compared to WT, ADP•BeF3-bound 
DnaA. The sum of all species from monomer to tetramer was normalized to 1.0 for each 
construct tested before calculating the ratio. (C) Fluorescence polarization measurements 
for the binding of F-dT25 (10 nM) by different concentrations of various AaDnaA 
constructs in the presence of ADP•BeF3. 
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Figure 2.4 AaDnaA interface mutants. 
(A) Interaction surface.  Color-coded AaDnaAAAA+/DBD interfaces, as seen in Figure 
2.1B, are highlighted with mutated residues labeled.  The fraction of the total buried 
surface area is displayed for each interface region. (B) Assembly propensity.  
Comparison of cross-linked AaDnaAAAA+/DBD species plotted as the ratio of each mutant 
(ADP•BeF3-bound) to wild-type DnaA (ADP•BeF3-bound) for all species up to tetramer 
(see Figure S2.4 for representative gels).  The sum of all four oligomer species was 
normalized to 1.0 for each lane before calculating the ratio, and each bar represents the 
average of three independent experiments.  Samples are arranged from the least to the 
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greatest amount of observed crosslinking, and color-coded by interface region.  ADP- and 
ADP•BeF3- bound AaDnaAAAA+/DBD controls are included at each end for reference.  (C) 
ssDNA binding.  Fluorescence polarization measurements are shown for the binding of 
F-dT25 (10 nM) by different concentrations of various AaDnaAAAA+/DBD mutants in the 
presence of ADP•BeF3.  Data were fit to determine the Kd,app of ssDNA binding for each 
mutant bound to ADP•BeF3, and are shown compared to values obtained for wild-type 
AaDnaAAAA+/DBD bound to either ADP or ADP•BeF3 (Table S2.1).  Samples are 
arranged from least to greatest affinity, and color-coded by interface.  For (B) and (C), 
Orange asterisks indicate the four mutants that have the greatest affects on both assembly 
and ssDNA affinity. 
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Figure 2.5  The effect of interface mutants in vivo and in vitro.	  
(A) Mutations in EcDnaA assembly interfaces cause growth defects in vivo.  Cultures of 
the temperature-sensitive E. coli dnaA5 strain transformed with a plasmid carrying the 
indicated EcDnaA mutants were serially diluted (1:10) from saturated cultures grown at 
the permissive temperature, spotted onto plates, and and grown overnight at the indicated 
temperatures.  WT = wild-type, Δ = empty vector.  Subscripts for each mutant correspond 
to the AaDnaA residue number.  (B) Mutations in the EcDnaA DBD/AAA+ interface 
disrupt oriC melting in vitro.  The maximal melting activity of each mutant, as assessed 
by P1 nuclease, is shown compared to that of wild-type DnaA.  Each value represents the 
average of two independent experiments.  
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Figure 2.6 The DnaA assembly is incompatible with binding double-stranded DNA. 
(A) (left) AMPPCP-bound AaDnaA filament structure (PDB ID 2HCB) (red and purple) 
docked with dsDNA from the EcDnaAIV DNA-bound structure (PDB ID 1J1V) (yellow). 
(right) Surface representation with dsDNA omitted.  The DBD/AAA+ interface and 
ssDNA-binding site are highlighted in green and blue, respectively.  (B) (left) Model for 
the binding of dsDNA, based on a rigid body rotation of the DBD about the linker helix 
similar to that seen for ADP-DnaA (Figure S2.1B).  (right) Surface representation with 
dsDNA omitted.  Coloring is identical to (A).  	  
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Figure 2.7.  Double-stranded DNA effects on ssDNA binding and DnaA assembly. 
(A) Assembly of EcDnaA alone, in precence of an ssDUE fragment, and in the presence 
of both an ssDUE fragment and a dsDNA R1 box substrate.  Each sample (8 pmol 
protein) was cross-linked with glutaraldehyde, and the resulting species separated by 
denaturing PAGE.  (B) Comparison of cross-linked species from (A).  The fraction of 
monomer through tetramer obtained for each nucleotide is expressed as a ratio compared 
to the sample containing ATP and the ssDUE oligo.  The sum of all species from 
monomer to tetramer was normalized to 1.0 for each nucleotide tested before calculating 
the ratio.  Each bar represents the average of three independent experiments.  (C) 
Disassembly of EcDnaA-ssDUE complexes (800 and 40 nM, respectively), monitored as 
a function of dsDNA concentration by fluorescence polarization.  The E. coli ssDUE 
fragment is fluoroscein labeled (Table S2.2).  	  
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Figure 2.8.  Two-state DnaA assembly model during initiation. 
(Top) oriC engagement.  DnaA monomers (extended state) associate with the high-
affinity dsDNA boxes in the origin. (Middle) Assembly.  In the presence of ATP, DnaA 
self-assembles (initial complex).  As the DUE melts, DnaA molecules transition from an 
extended to a compact state. (Bottom) oriC opening.  DnaA molecules (compact state) 
stabilize a melted ssDUE state (open complex).  Only the AAA+ domains and DBDs are 
depicted; helicase binding domains are omitted for clarity.    
	  

	  

	  

 

 

 



 48	  

Supplemental Experimental Procedures 

 
Fluorescence polarization ssDNA binding assays 

Fluorescence polarization measurements were recorded using a Victor3 V (Perkin 
Elmer) multi-label plate reader.  All data points represent the average of three 
independent measurements and the error bars, on all plots, represent the standard 
deviation between measurements.  Binding curves were fit to the Hill equation using 
Kaleidagraph version 4.0 (Synergy software): 

 

where θ represents the fraction of ligand binding sites filled, Kd,app is the apparent 
dissociation constant, L is ligand concentration, and n is the Hill coefficient.  To provide 
an accurate measure of the error in the Kd,app measurement, AaDnaAAAA+/DBD was 
expressed and purified five times, and each time pure protein was used to determine the 
Kd,app for the F-dT25 substrate in the presence of ADP BeF3.  The standard deviation of 
these five measurements was considered the standard percent error for all Kd,app 
measurements in Table S1 and in Figure 4C.   
 
R1 Binding Assays 

Binding of a fluorescein-tagged 13mer dsDNA fragment containing an R1 box 
was monitored by fluorescence polarization using a Victor3 V (Perkin Elmer) multi-label 
plate reader.  Measurements were carried out in a buffer containing 50 mM HEPES pH 
7.5, 50 mM K-Acetate, 10% (v/v) sucrose, 0.1 mg/ml BSA, 2 mM DTT, 5 mM Mg-
Acetate, 2 mM ATP.  The substrate concentration was held constant at 10 nM while the 
protein concentration was varied from (0.0002-2 µM) in a reaction volume of 20 µL.  
The sequence of the substrate used can be found in Table S2 (R1_TOP annealed with 
F_R1_BOT).  Binding curves were fit to a single-site binding equation using 
Kaleidagraph version 4.0 (Synergy software).  The uncertainty given in Table S2 is the 
result of fitting error.  
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Supplemental Tables 

	  
Table S2.1. Apparent dissociation constants for ssDNA by AaDnaA.  All Hill 
coefficients were greater than 1.0, consistent with the oligomeric properties of AaDnaA.  
	  
Mutation	   Truncation	   Nucleotide	   Substrate	   Kd,app	  (µM)	   vs.	  WT	  

Nucleotide	  Dependence	  

-‐	   WT	   ADP•BeF3	   F-‐dT25	   0.10	  ±	  0.02	   -‐	  

-‐	   WT	   AMPPNP	   F-‐dT25	   0.12	  ±	  0.03	   -‐	  

-‐	   WT	   ATPγS	   F-‐dT25	   0.12	  ±	  0.03	   -‐	  

-‐	   WT	   ATP	   F-‐dT25	   0.15	  ±	  0.04	   -‐	  

-‐	   WT	   AMPPCP	   F-‐dT25	   1.4	  ±	  0.3	   -‐	  
-‐	  
	  

WT	   ADP	   F-‐dT25	   2.0	  ±	  0.5	   -‐	  

Sequence	  Dependence	  

-‐	   WT	   ADP•BeF3	   DUE_1_BOT	   0.052	  ±	  0.01	   -‐	  

-‐	   WT	   ADP•BeF3	   DUE_1_TOP	   0.059	  ±	  0.01	   -‐	  

-‐	   WT	   ADP•BeF3	   DUE_2_TOP	   0.064	  ±	  0.02	   -‐	  

-‐	   WT	   ADP•BeF3	   DUE_2_BOT	   0.083	  ±	  0.02	   -‐	  

-‐	   WT	   ADP•BeF3	   F-‐dA25	   0.10	  ±	  0.02	   -‐	  

-‐	   WT	   ADP•BeF3	   F-‐dC25	   0.11	  ±	  0.03	   -‐	  

Truncations	  

-‐	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.11	  ±	  0.03	   1.1	  
-‐	  
-‐	  
-‐	  

76-‐310	   ADP•BeF3	   F-‐dT25	   4.7	  ±	  1	   47	  

-‐	   290-‐399	   -‐	   F-‐dT25	   7.6	  ±	  2	   76	  

-‐	   1-‐80	   -‐	   F-‐dT25	   -‐	   -‐	  
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Table S2.2. Apparent dissociation constants for ssDNA by AaDnaA interface 
mutants.  All Hill coefficients were greater than 1.0, consistent with the oligomeric 
properties of AaDnaA.  Colors correspond to AaDnaAAAA+/DBD interfaces, as seen in 
Figure 1B. 

	  
	  

Mutation	   Truncation	   Nucleotide	   Substrate	   Kd,app	  (µM)	   vs.	  WT	  

T356Y	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.039	  ±	  0.01	   0.39	  

T365A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.046	  ±	  0.01	   0.46	  

Q218K	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.059	  ±	  0.01	   0.59	  

Q218D	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.069	  ±	  0.02	   0.69	  

H363A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.091	  ±	  0.02	   0.91	  

S350A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.10	  ±	  0.02	   1.0	  

Q153A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.13	  ±	  0.03	   1.3	  

R168A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.13	  ±	  0.03	   1.3	  

H197A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.14	  ±	  0.03	   1.4	  

S350Y	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.14	  ±	  0.03	   1.4	  

Q218A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.15	  ±	  0.04	   1.5	  

E353A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.16	  ±	  0.04	   1.6	  

E353K	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.22	  ±	  0.05	   2.2	  

S350K	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.28	  ±	  0.07	   2.8	  

Q153R	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.29	  ±	  0.07	   2.9	  

K219A	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.29	  ±	  0.07	   2.9	  

R168D	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.32	  ±	  0.08	   3.2	  

D225K	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.34	  ±	  0.08	   3.4	  

D221K	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.43	  ±	  0.1	   4.3	  

K219Y	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.47	  ±	  0.1	   4.7	  

H197E	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.52	  ±	  0.1	   5.2	  

K219D	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.57	  ±	  0.1	   5.7	  

S350D	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.61	  ±	  0.1	   6.1	  

G281Q	   76-‐399	   ADP•BeF3	   F-‐dT25	   0.68	  ±	  0.2	   6.8	  

R230A	   76-‐399	   ADP•BeF3	   F-‐dT25	   3.0	  ±	  0.7	   30	  
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Table S2.3. DNA substrates.  Genome locations are for GenBank entry NC-000918.  
DUE_1_BOT and DUE_2_BOT are the reverse compliment of DUE_1_TOP and 
DUE_2_TOP, respectively.  [Fl] indicates the presence of a fluorescein dye.    
	  

Name	  
Genome	  
Location	  

Sequence	  

F-‐dT25	   -‐ 5’- [Fl] TTTTTTTTTTTTTTTTTTTTTTTTT – 3’	  

F-‐dC25	   -‐ 5’- [Fl] CCCCCCCCCCCCCCCCCCCCCCCCC – 3’	  

F-‐dA25	   -‐ 5’- [Fl] AAAAAAAAAAAAAAAAAAAAAAAAA – 3’	  

DUE_1_TOP	   166851 5’- [Fl] TTGTATTAATAAGAATAATAATAGG – 3’	  

DUE_1_BOT	   -‐ 5’- [Fl] CCTATTATTATTCTTATTAATACAA – 3’	  

DUE_2_TOP	   166830 5’- [Fl] TTTATTTCCATACTATTTATTTTGT – 3’	  

DUE_2_BOT	   -‐ 5’- [Fl] ACAAAATAAATAGTATGGAAATAAA – 3’	  

R1_TOP	   -‐ 5’- TGTGTGGATAAGG – 3’	  

F_R1_BOT	   -‐ 5’- [Fl] CCTTATCCACACA – 3’	  

R1_BOT	   -‐ 5’- CCTTATCCACACA – 3’ 

E.	  coli	  ssDUE	   -‐	   5’- [Fl] CTGTTCTATTGTGATCTCTTATTAG – 3’ 

Random_TOP	   -‐	   5’- GTCCTATGCGTTC – 3’ 

Random_BOT	   -‐	   5’- GAACGCATAGGAC – 3’ 
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Table S2.4. Apparent dissociation constants for an R1 box by EcDnaA. 
	  

Mutation	   Kd,app	  (µM)	   vs.	  WT	  

D280A	   0.022	  ±	  0.005	   0.37	  

D280K	   0.028	  ±	  0.01	   0.47	  

S421K	   0.029	  ±	  0.01	   0.49	  

S421Y	   0.039	  ±	  0.01	   0.66	  

S421A	   0.053	  ±	  0.01	   0.90	  

S421D	   0.055	  ±	  0.01	   0.93	  

WT	   0.059	  ±	  0.01	   -‐	  

D280Y	   0.061	  ±	  0.01	   1.0	  

	  



 53	  

Supplemental Figures 
	  

 
Figure S2.1. (A) Two adjacent monomers from the AMPPCP-bound AaDnaA structure.  
One subunit is in gray and the other colored as in Figure 1A.  (B) ADP- and AMPPCP-
bound AaDnaA structures superposed by their respective AAA+ domains.  ADP-bound 
AaDnaA (PDB 1L8Q) is in gray.  Regions of AMPPCP-bound AaDnaA (PDB 2HCB) 
are colored as per Figure 2.1A. 
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Figure S2.2. DBD/AAA+ interface mutants affect DnaA self-assembly.  Indicated 
AaDnaAAAA+/DBD mutants (13.2 pmol per reaction) were treated with 0.125% 
glutaraldehyde and the resulting cross-linked species separated on denaturing 
polyacylimide gels.  AaDnaAAAA+/DBD mutants with the most significant defects are 
indicated with orange asterisks.  Three independent crosslinking experiments were used 
to construct the plot of various species displayed in Figure 4B.   
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Figure S2.3.  Alignment of DnaA orthologs.  Colored dots (red, yellow and green) 
indicate the sites for mutations analyzed in the study. 
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Figure S2.4.  DBD/AAA+ interface mutants do not affect duplex DNA binding by 
EcDnaA.  Fluorescence polarization isotherms for the binding of a fluorescein-tagged 
duplex DNA oligonucleotide (10 nM) containing an R1 box sequence (Table S3) by 
wild-type and mutant EcDnaA proteins.  Mutant data were normalized to the WT curve. 
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Figure S2.5.  EcDnaA binding to an ssDUE fragment.  Fluorescence polarization 
isotherm for the binding of a fluorescein-tagged, single strand of the E. coli oriC DUE 
(10 nM) by wild-type EcDnaA. Data are fit to the Hill model (Kd,app of 84±20 nM). 
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Chaper 3 – An Active DNA Stretching Mechanism for Origin Opening 
by a Replication Initiator 
 
Introduction        

Two models have been proposed to explain how the DnaA spiral filament, formed 
upon ATP activation, might aid origin melting (Figure 3.1).  In one, the wrapping of 
duplex DNA about a DnaA super-helix would constrain a positive supercoil, generating 
compensatory negative writhe that could aid opening of the neighboring DUE.  In the 
other, discussed in chaper 2, the wrapped DnaA/DNA complex would serve as a 
nucleation center allowing DnaA protomers to directly engage and melt the DUE, 
possibly via the initiator’s ATPase elements.  Thus far, experimental evidence can be 
found in support of both models (Duderstadt, et al., 2010; Erzberger, et al., 2006; Fuller, 
et al., 1984; Ozaki, et al., 2008; Speck and Messer, 2001), leaving open the question as to 
how DnaA directly catalyzes origin melting.  The relationship of this mechanism to other 
initiation systems, or to AAA+/ASCE proteins overall, is even less clear. 

To address these issues, I solved the x-ray crystal structure of a DnaA oligomer 
bound to single-stranded DNA.  The crystal structure combined with solution studies 
show that the ATP-dependent assembly of DnaA into a spiral oligomer creates a 
continuous surface that allows successive AAA+ domains to bind and extend single-
stranded DNA segments.  The mechanism of engagement is unexpectedly similar to that 
of RecA, a homologous recombination factor, but it differs in that DnaA promotes a 
nucleic acid conformation that prevents pairing of a complementary strand.  These 
findings, combined with strand-displacement assays, indicate that DnaA directly melts 
replication origins by an active, ATP-dependent stretching mechanism.  Comparative 
studies with other nucleic acid-dependent AAA+ ATPases reveal a common approach to 
DNA recognition, which DnaA employs in an initiation mechanism that exhibits a blend 
of attributes found in distantly-related archaeal, eukaryotic, and viral homologs.  
 
 
Results and Discussion 
 
A DnaA-ssDNA crystal structure 

For structural studies we used an Aquifex aeolicus DnaA truncation consisting of 
the AAA+ and duplex-DNA-binding domains (residues 76-399) that is active for both 
ATP-stimulated assembly and single-stranded-DNA (ssDNA) binding (Duderstadt, et al., 
2010).  Analogous truncations of E. coli DnaA can unwind oriC, and likewise exhibit 
wild-type ATP-dependent self-assembly and ssDNA binding activities (Speck and 
Messer, 2001; Sutton, et al., 1998).  To obtain an ssDNA-bound complex, crystals were 
first grown in the presence of Mg2+ and the non-hydrolyzable ATP mimic AMPPCP 
(Erzberger, et al., 2006), and then soaked in low-salt solutions containing ssDNA 
(Methods).  Following data collection, molecular replacement revealed four DnaA 
protomers in the asymmetric unit, arranged in a spiral configuration that propagates into a 
continuous protein helix by the action of crystal-symmetry elements (Figures 3.2A, 
3.2B).  Model building and refinement revealed clear electron density for ssDNA bound 
to the protein, with a dA12 substrate generating the strongest density (Figures 3.2C, 
3.2D).  The final structure, containing a DnaA:AMPPCP:Mg2+:dA12 stoichiometry of 



 59	  

4:4:4:1, was refined to an Rwork/Rfree of 24.9/26.8% at 3.35 Å resolution, with excellent 
stereochemistry (Table S3.1).         
  
DnaA-ssDNA interactions 
  The overall arrangement of DnaA subunits in the helical assembly is highly 
similar to a DNA-free form reported previously (0.7 Å r.m.s.d. between all Cα positions) 
(Erzberger, et al., 2006).  AMPPCP•Mg2+ binds to the interface between neighboring 
subunits, with the γ-phosphate of AMPPCP coordinated by catalytic amino acids from 
pairs of adjoining AAA+ domains. The observable density for ssDNA is consistent with a 
single chain occupying the pore of the assembly (Figures 3.2C, 3.2D; Methods).  
  The nucleic acid substrate associates exclusively with the AAA+ domains of the 
initiator, with each protomer binding three nucleotides of the dA12 strand (Figure 3.2A).  
Individual trinucleotide segments expose their bases to solvent and lie inclined to the axis 
of the DnaA assembly.  Almost all contacts are manifest through the phosphodiester 
backbone; the absence of significant base contacts is consistent with lack of observable 
sequence preference for ssDNA exhibited by A. aeolicus DnaA (Duderstadt, et al., 2010).  
DnaA binds ssDNA using just two pairs of helices, α3/α4 and α5/α6, both of which line 
the central channel of the protein assembly (Figure 3.3A).  The geometry of these two 
elements creates a single conduit along the length of the DnaA assembly that allows a 
single strand to traverse consecutive DnaA protomers.  Interestingly, helices α3/α4 
comprise the Initiator Specific Motif (ISM) that distinguishes DnaA as a member of 
initiator clade of the AAA+ superfamily (Dueber, et al., 2007; Iyer, et al., 2004a); these 
elements also create a helical wedge that nudges adjacent subunits out of plane with 
respect to each other, thereby impeding ring formation (Erzberger, et al., 2006; Mott, et 
al., 2008).  Helices α5/α6, which sit adjacent to the ISM, make additional inter-protomer 
contacts, and are likewise important for oligomerization (Duderstadt, et al., 2010). 
  The network of interactions that allow DnaA to coordinate ssDNA is remarkably 
simple.  Each trinucleotide segment adopts a B-form DNA conformation.  All four 
triplets in the asymmetric unit reside in a nearly identical structural state (Figure 3.3B).  
The ISM forms a shelf for each trinucleotide, in which a conserved hydrophobic residue, 
Val156, forms van der Waal contacts with the sugar and base of the first nucleotide in the 
triplet (Figure 3.3C).  The central phosphate of each trinucleotide is bound by the 
electropositive, N-terminal helix dipole of α6 and hydrogen bonding by Thr191 (Figure 
3.3B, 3.3C).  These contacts appear to form the primary phosphate-binding site 
(nucleotide 2) of the trinucleotide, and are flanked by two positively charged residues, 
Arg190 and Lys188, which make salt-bridge interactions with the phosphates of 
nucleotides 1 and 3, respectively.  The bases between consecutive trinucleotide elements 
are separated by large (~10 Å) gaps, giving rise to a significantly extended DNA 
conformation (Table S3.2; Supplemental Material).   
 
Pore DNA-binding residues are important for substrate affinity 
  The structure reveals a remarkable paucity of contacts between DnaA and DNA.  
To determine if the crystals captured a physiologically-meaningful initiator state, we used 
fluorescence-anisotropy to monitor the binding of a labeled dT25 oligonucleotide to wild-
type DnaA and to mutant initiators containing substitutions in observed DNA-binding 
residues.  Because ssDNA binding is strongly nucleotide-dependent (Duderstadt, et al., 
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2010), and to avoid complications that might arise from hydrolysis (which inactivates 
DnaA), assays were run in the presence of ADP•BeF3, a non-hydrolyzable analog that 
closely mimics the properties of ATP (Duderstadt, et al., 2010; Petsko, 2000). 
Substitution of Arg190 and Lys188 with alanine reduced binding affinity by 2-fold and 5-
fold, respectively (Figure 3.3D, Table S4).  Charge reversal changes to these positions 
impacted binding even more severely, lowering affinity by almost an order of magnitude 
in both cases.  Changing Val156 to alanine reduced binding 4-fold.  Unfortunately, the 
most significant DnaA/ssDNA contact, from helix α6, could not be probed, as it arises 
from a helix dipole of the protein that was not readily amenable to mutagenesis.  
  Together, these findings indicate that the contacts we observe for DNA binding to 
DnaA are functionally important.  Significantly, these mutations did not affect the ATP-
dependent oligomerization properties of DnaA (as assessed by glutaraldyhyde 
crosslinking, Figure S3.1), indicating that loss of affinity did not arise from assembly 
defects.  Sequence comparisons show that the residues seen to coordinate ssDNA (except 
Thr191) are highly conserved among bacterial initiators (Figure S3.2), with naturally-
occurring substitutions at positions Arg190, Lys188 and Val156 exhibiting the same 
charge or hydrophobic characteristics across most species (Duderstadt, et al., 2010; 
Ozaki, et al., 2008).  Moreover, mutations of the same positions in E. coli DnaA (amino 
acids Arg245, Lys243 and Val211) also disrupt ssDNA binding and origin melting 
(Ozaki, et al., 2008). Thus, the AAA+ engagement strategy seen here for ssDNA appears 
conserved across bacterial DnaA proteins. 
 
Structural Similarities between DnaA and RecA 
  AAA+ ATPases typically form closed-ring assemblies (Neuwald, et al., 1999; 
Ogura and Wilkinson, 2001a).  Nonetheless, naturally-occurring cracked- or open-ring 
states have been observed for some AAA+ systems, such as polymerase processivity 
clamp-loaders and the eukaryotic origin recognition complex (ORC) (Clarey, et al., 2006; 
Jeruzalmi, et al., 2001a; Simonetta, et al., 2009; Speck, et al., 2005).  For DnaA, the 
relevance of a helical state is supported by both structural considerations (e.g., the 
existence of the ISM and the formation of an appropriately-formed ATPase center 
(Erzberger, et al., 2006)), and by crosslinking studies (Duderstadt, et al., 2010).  
Moreover, the DnaC helicase loading protein – a DnaA paralog that possesses an ISM 
(Iyer, et al., 2004a; Koonin, 1992) – also forms a higher-order spiral structure (Mott, et 
al., 2008).  Our discovery that a helical DnaA oligomer can bind and extend ssDNA 
through conserved, functionally-important amino acids adds compelling evidence that 
this assembly state plays a critical role in the DnaA reaction cycle. 
  In considering the assembly patterns of oligomeric ATPases, we were struck by 
the unexpected similarity of DnaA to one system in particular: the homologous 
recombination protein, RecA.  Although their cellular functions are fundamentally 
different (catalysis of DNA strand-exchange reactions versus replication origin melting 
and coordination of replisome assembly), both DnaA and RecA employ an ASCE 
ATPase fold (Iyer, et al., 2004a; Story, et al., 1992).  Like DnaA, RecA (and its 
Rad51/RadA orthologs) forms a helical assembly that engages DNA with its pore regions 
(Conway, et al., 2004; Cox, 2007; Egelman, 2000; Kowalczykowski, 2000; Story, et al., 
1992). These shared physical properties led us to undertake a more detailed comparison 
of RecA and DnaA using the recent structures of several RecA/DNA complexes (Chen, et 
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al., 2008).  Of these, a model of a RecA oligomer bound to ssDNA, representing the 
presynaptic complex formed during the initial stages of homologous recombination, is 
globally most similar to our model.  A side-by-side comparison of the two assemblies 
reveals that both ATPases engage ssDNA in a strikingly similar manner (Figure 3.4A, 
3.4B).  As with DnaA, DNA contacts to RecA occur almost exclusively through the 
phosphodiester backbone, which sits in the interior of a positively-charged pore.  Three 
nucleotides bind each RecA protomer in a B-DNA conformation, with breaks in base 
stacking between each triplet that extend the substrate ~1.5 fold compared to duplex 
DNA (Figure 3.4C). 
  There are interesting and significant differences between RecA and DnaA, 
however.  A visual examination of each triplet shows that RecA uses a more extensive 
network of contacts for engaging ssDNA than does DnaA (Figure 3.4D, 3.4E), burying 
twice as much surface area per triplet (318 Å2 and 639 Å2 for DnaA and RecA, 
respectively).  This difference is due largely to an additional β-hairpin in RecA that fills 
the gap between each triplet with a highly conserved isoleucine to reinforce each three-
base stack (Chen, et al., 2008; Hortnagel, et al., 1999; Larminat, et al., 1992).  Moreover, 
while two of the three nucleotides within each RecA triplet (positions 1 and 2) align well 
with those seen in DnaA, position 3 of the DnaA trinucleotide rotates away from the pore 
axis by ~50° (Figure 3.4F).  This difference skews consecutive DnaA triplets away from 
one another, disrupting the formation of a smoothly spiral arrangement as seen in RecA 
(Figure 3.4C).   
  
DNA Extension is ATP- and assembly-dependent 
  The ability of RecA to stretch DNA to the extent observed crystallographically is 
amply corroborated by a wealth of methodologies (Di Capua, et al., 1982; Flory, et al., 
1984; Galletto, et al., 2006; Nishinaka, et al., 1997; Stasiak and Di Capua, 1982).  Using 
these efforts as a guide, we set out to determine whether the ssDNA conformation we 
observe when bound DnaA accurately represents the nucleic acid conformation adopted 
in solution.  To accomplish this, we employed a bulk-phase Fluorescence Resonance 
Energy Transfer (FRET)-based ssDNA extension assay analogous to single-molecule 
approaches applied to RecA (Joo, et al., 2006).  Using a poly-thymine ssDNA labeled 
with Cy3 and Cy5 (FR-dT21) (Table S3.3), we monitored changes in the length of ssDNA 
resulting from DnaA binding (Figure 3.5A).  Analogous studies were performed with 
RecA as a control.  As both RecA and DnaA require ATP for formation of the oligomers 
observed in the structural models, we expected ATP-dependent extension to lead to a loss 
of FRET signal.  As with our binding study, we tested for extension in the presence of 
ADP•BeF3, to avoid complications that might arise from nucleotide hydrolysis, and in the 
presence of ADP, which is known to promote DnaA disassembly.  In both instances, we 
observed pronounced extension of the DNA in the presence of the ATP analog (Figure 
3.5B and 3.5C), but not in the presence of ADP.  Importantly, the lengths of ssDNA in 
the ATP-assembled states of both proteins, as calculated from the FRET data, were in 
close agreement with those observed in the crystal structures (Figure S3.3).  
  We next mutated both ssDNA-binding amino acids and residues required for 
DnaA assembly (Figure S3.4A), and examined the ability of these constructs to support 
substrate extension.  All binding-site mutants that significantly reduced ssDNA-binding 
activity (K188D, R190D and V156A) also failed to substantially alter the intrinsic FRET 
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signal of the protein-free DNA (Figure S3.4B).  For mutations known to interfere with 
oligomerization, including G281Q (in the AAA+/AAA+ interface), S350D (in the 
AAA+/DBD interface), and R230A (the arginine finger), ssDNA extension also was 
severely impaired (Figure S3.4C).  The importance of these residues demonstrates that 
the ssDNA-lengthening activity of DnaA depends on substrate binding to the pore of an 
initiator oligomer that forms only upon ATP activation.  These findings further support 
the concept that ATP-assembled DnaA comprises a helix that stretches ssDNA substrates 
in a manner similar to that used by RecA. 
 
DnaA Actively Catalyzes Strand Displacement 
  How replication origins are opened for replisome assembly is an important, 
unanswered question.  The similarities between the binding and extension activities of 
DnaA and RecA suggested that the initiator might actively destabilize and disrupt DNA 
duplexes.  This activity is a known property of RecA (Bianchi, et al., 1985), and is linked 
to the recombinase’s ability to actively exchange single strands between dsDNA 
segments (Chen, et al., 2008; Cox, 2007; Howard-Flanders, et al., 1984; West, et al., 
1981).  Within its helical structure, RecA both extends and underwinds duplex substrates, 
increasing the penalty of forming unstable interactions through non-homologous base 
pairing during strand exchange (Savir and Tlusty, 2010).   
  To test if the ssDNA extension activity of DnaA might be coupled to an active, 
dsDNA melting activity, we developed a strand-displacement assay.  First, the initiator 
was incubated with a short duplex containing one fluorescently-labeled strand.  After a 
brief incubation with protein, a 2-fold excess of an unlabeled competitor strand was 
added to capture any unwound species (Figure 3.6A).  Both ADP and ADP•BeF3 were 
tested to determine whether initiator assembly affected the outcome of the experiment, as 
were DNAs of different lengths and stabilities.  Our data show that DnaA can unwind a 
15mer duplex DNA of moderate stability (Tm=43˚C) in the presence of the ATP mimic 
(Figure 3.6B).  By contrast, increasing the stability of the DNA substrate by 28% (using 
a 20-mer, Tm=55˚C) weakened the unwinding activity of DnaA (Figure 3.6C), whereas 
increasing DNA stability even further (30-mer, Tm=62˚C) abrogated melting completely 
(Figure S3.5A).  Importantly, ADP did not support strand displacement, nor did ssDNA 
binding and DnaA assembly mutants (Figure S3.5B, S3.5C).  These controls indicate 
that dsDNA melting is not only dependent upon formation of an assembled DnaA 
oligomer, but that the initiator is fine-tuned to only disrupt DNAs that are of modest 
stability.   
  One significant functional difference between RecA and DnaA is that the 
recombination protein can promote a true strand-exchange reaction; that is, in addition to 
displacing one strand of a duplex, RecA can also pair homologous single-stranded DNA 
segments into a double-stranded molecule.  By contrast, DnaA’s function is to separate 
double-stranded origin regions.  Inspection of the RecA and DnaA complexes reveals a 
physical basis for these differing properties: in DnaA, successive trinucleotide elements 
are arranged in a state incompatible with the formation of a continuous duplex (Figure 
3.6D), whereas ssDNA bound to RecA adopts a smoothly spiraled arrangement 
permitting the contiguous pairing of a complementary strand (Figure 3.6E).  This 
distinction arises primarily from the 50° rotation between the nucleotides at the third 
position of each triplet seen in the RecA and DnaA models (Figure 3.4F).  In DnaA, the 
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orientation of this nucleotide appears to be stabilized by base stacking, whereas in RecA 
the β-hairpin insertion helps sculpt the configuration of the DNA to create a contiguous 
base-pairing surface. 
 
Implications for origin melting 
  Together, our findings present the strongest evidence yet that DnaA melts 
replication origins by actively separating and sequestering duplex DNA strands.  This 
activity does not contradict the demonstrated need for other factors capable of reshaping 
and/or destabilizing DNA (e.g., IHF and negative supercoiling) during initiation (Asai, et 
al., 1990; Bramhill and Kornberg, 1988; Gille and Messer, 1991; Kowalski and Eddy, 
1989; Sekimizu, et al., 1987).  Rather, these elements likely help promote DnaA 
assembly and prime the origin for melting by what otherwise would be an inefficient 
unwindase.  In this view, the AAA+ domains of DnaA would first engage only one of the 
two strands of duplex DNA with their ssDNA binding elements (possibly at reported 
ssDNA or ATP-DnaA binding sites (Ozaki, et al., 2008; Speck and Messer, 2001)).  In 
the presence of ATP, which triggers initiator assembly, subunit/subunit interactions 
would lead to a restructuring of the DNA backbone, stretching the contacted strand to 
facilitate melting.  Reannealing would be disfavored by the non-contiguous arrangement 
of base triplets in the extended state (Figure 3.6D).   
  We envision that the propensity of DnaA to open DNA could be fine-tuned in 
other bacterial species by strengthening or weakening the association of its ATPase 
domains with DNA and/or each other.  An attractive feature of such a mechanism is that 
it is amenable to additional layers of control by changes to DUE sequence, superhelical 
density, and co-resident architectural factors to ensure that a replication origin fires only 
when DnaA is present and properly assembled.  Such flexibility may have played a role 
in allowing DnaA to persist as the primary initiator in bacteria that have adapted to 
markedly different environmental niches. 
 
Thematic patterns of substrate recognition in ASCE ATPases  
  The mechanism by which DnaA coordinates ssDNA also comports well with 
findings in other replication initiation systems and with ASCE ATPases in general.  For 
instance, many oligomeric RecA and AAA+ enzymes bind substrate in the interior pore 
of a closed- or cracked-ring particle (Chen, et al., 2008; Enemark and Joshua-Tor, 2006a; 
Simonetta, et al., 2009; Thomsen and Berger, 2009).  DnaA follows this pattern.  
  A comparison of DnaA to other, disparate nucleic acid-dependent AAA+ systems – 
e.g., polymerase clamp loaders and processive helicases – shows that these factors also 
associate with client substrates in a remarkably analogous manner, using the same face of 
the core αβα ATP-binding fold to engage a short backbone stretch of their target DNAs 
(Figure 3.7).  For AAA+ proteins involved in initiation, these similar contact 
mechanisms have been differentially co-opted to assist with specific protein functions, 
ranging from the control of origin recognition (as seen in archaeal Orc1 proteins (Dueber, 
et al., 2011; Dueber, et al., 2007; Gaudier, et al., 2007)), to mediating processive DNA 
unwinding (viral superfamily 3 helicases (Enemark and Joshua-Tor, 2006a; Liu, et al., 
2007)).  DnaA, with its ability to melt (but not translocate along) DNA, appears to 
employ an intriguing mix of some of the activities exhibited by related initiation systems.  
Future efforts will be needed to determine how subtle differences in the position and 
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nature of substrate-binding surfaces, combined with specific alterations in the assembly 
patterns of central AAA+ domains, endow such molecular motors and switches with 
distinct biochemical properties. 
 
 
Materials and Methods 
 
Expression and Purification of DnaA 
  Residues 76-399 of A. aeolicus DnaA (containing the AAA+ and Duplex-DNA 
binding regions) were expressed as a TEV-protease cleavable His6-MBP fusion and 
purified as previously described in chapter 2.  As a final purification step, untagged DnaA 
proteins (from TEV cleavage) were run over an S-200 size-exclusion column (GE) in gel-
filtration buffer (50 mM HEPES pH 7.5, 500 mM KCl, 10% (v/v) glycerol, 5 mM MgCl2, 
100 µM ADP).  Monomeric species were pooled, concentrated and flash-frozen for 
storage at -80°C.  For mutagenesis studies, changes were introduced into the His6-MBP-
DnaA construct using QuickChange (Stratagene).  
 
Structure Determination 
  Crystallization was conducted as previously described (Erzberger, et al., 2006), 
except that the final size-exclusion step was performed with crystallization buffer (20 
mM HEPES pH 7.5, 250 mM KCl, 250 mM KBr, 10% (v/v) glycerol, 10 mM MgCl2, 
100 µM AMPPCP).  DnaA was crystallized in 15-35 mM Sodium Cacodylate pH 6.5, 
26% 1,2-propanediol and 1-2% PEG 2000 MME by hanging drop vapor diffusion at 
18°C.  Large rod-shaped protein crystals formed within one to two weeks, and were 
soaked with dA12 prior to harvesting (see Supplemental Material for additional notes on 
DNAs used for soaking efforts).        
  Data were collected at Beamline 8.3.1 at the Advanced Light Source (ALS) 
(MacDowell, et al., 2004).  DnaA crystals soaked with dA12 belong to the spacegroup 
P212121 with unit cell dimensions a = 99.8 Å, b = 114.2 Å and c = 201.3 Å (Table S3.1).  
Data were phased using molecular replacement (MR) with a DNA-free DnaA tetramer as 
a search model (PDB ID 2HCB) (Erzberger, et al., 2006) using PHENIX (Adams, et al., 
2002).  Initial electron density maps containing clear density for DNA were generated 
using rigid body and grouped B-factor refinement with PHENIX (Adams, et al., 2002).  
Further refinement was conducted using multidomain, NCS-restrained, simulated 
annealing in PHENIX (Adams, et al., 2002) and manual model building in Coot (Emsley 
and Cowtan, 2004).  The final model contains one DnaA tetramer bound to one dA12 per 
asymmetric unit.  A clear 5’ or 3’ break between successive dA12 substrates was not 
present in the electron density, indicating that during the soaking procedure, different 
DNA molecules bound in multiple registers to consecutive DnaA protomers throughout 
the crystal.  Accordingly, a terminal 5’ phosphate, which was not present in the substrate 
used for soaking, was added to the modeled dA12 DNA.  Additional details and 
considerations regarding the polarity of DNA binding are provided in Supplemental 
Material.  
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ssDNA Binding Assay 
Binding of 5’ fluorescein-labeled dT25 oligonucleotides (F-dT25, Table S3.3) to 

DnaA was monitored by fluorescence polarization using a Victor 3V (Perkin Elmer) 
multi-label plate reader.  Measurements were carried out at 25°C in 20 µL of binding 
buffer containing 50 mM HEPES pH 7.5, 125 mM KCl, 2% (v/v) glycerol, 10 mM 
MgCl2 0.1 mg/ml bovine serum albumin, 1 mM DTT and 2 mM ADP•BeF3.  The 
concentration of F-dT25 was held constant at 10 nM while the concentration of DnaA was 
varied.  All data points represent the average of three independent measurements, with 
the error bars representing the standard deviation between measurements.  Binding curves 
were fit to the Hill equation to obtain Kd,app values (Table S3.4) as described previously 
(Duderstadt, et al., 2010).    
 
ssDNA Extension Assay 
  Extension of dT21 oligonucleotides labeled with Cy3 and Cy5 (FR-dT21) by DnaA 
was monitored by Förester Resonance Energy Transfer (FRET) using a FluoroMax-4 
(Horiba Jobin Yvon) spectrofluorimeter.  Measurements were carried out at 25°C in 100 
µL with either 10 µM of DnaA in DnaA extension buffer (50 mM HEPES pH 7.5, 125 
mM KCl, 2% (v/v) glycerol, 10 mM MgCl2 and 2 mM ADP or ADP•BeF3) or 10 µM of 
RecA in RecA extension buffer (25 mM Tris-acetate pH 7.5, 100 mM Na-acetate, 10 mM 
Mg-acetate, 1 mM DTT and 2 mM ADP or ATPγS).  Emission scans from 545 to 700 nm 
were collected following the excitation of Cy3 at 530 nm, divided by the excitation 
intensity, and then corrected for the wavelength-dependent sensitivity of the detector.  
FRET efficiencies and distances were determined by comparing the Cy3 fluorescence 
from the doubly-labeled substrate (FR-dT21) with the Cy3 fluorescence from a substrate 
only having a Cy3 label (C3-dT21) under the same conditions.  Additional details and 
considerations regarding the influence of protein on the spectral characteristics of the 
dyes are provided in Supplemental Material.           
 
DNA Strand Displacement Assay 

The DnaA-dependent displacement of single strands from duplex-DNA was 
monitored using a Cy3 label on one of two strands (the “bottom” strand, Table S3.3).  
All measurements were carried out at 25°C in 80 µL of binding buffer containing 50 mM 
HEPES pH 7.5, 125 mM KCl, 2% (v/v) glycerol, 10 mM MgCl2, 0.1 mg/ml bovine serum 
albumin, 1 mM DTT and 2 mM ADP or ADP•BeF3.  After a short 2 min incubation of 25 
nM duplex-DNA with various DnaA concentrations (Figure 3.6), 50 nM of unlabeled 
bottom strand was added for an additional 30 min to capture displaced top strands.  
Following quenching with 10x stop buffer containing 200 mM EDTA, 10 mg/mL 
Proteinase K and 4%(v/w) SDS, displaced strands were separated on native 
polyacrylamide gels in Tris/boric acid/EDTA (TBE) buffer and visualized using a 
Molecular Dynamics Typhoon phosphorimager.  Sequences of substrates used can be 
found in Supplemental Material. 
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Accession Numbers 
 Coordinates for the DnaA spiral oligomer bound to single-stranded DNA 
(DnaA:AMPPCP:Mg2+:dA12 stoichiometry of 4:4:4:1) have been deposited in the RCSB 
Protein Data Bank under ID code 3R8F. 
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Figures  

 
Figure 3.1. Possible mechanisms for origin melting by DnaA. 
Two types of DnaA structural states have been proposed to exist depending on nucleotide 
and DNA binding status.  (A) DnaA monomers (state 1 - blue oval (N-terminal and 
AAA+ regions) and green oval (duplex-DNA-binding domain)) bind dsDNA (double-
stranded DNA) regions (blue) in oriC.  In the presence of ATP, DnaA self-assembles, 
wrapping DNA and melting the DUE (orange) by (B) introducing negative superhelical 
strain; (C) through AAA+ ATPase domain interactions, or both.  To bind ssDNA, DnaA 
has been proposed to adopt a second state (state 2 - purple oval (N-terminal and AAA+ 
regions) and red oval (duplex DNA binding domain)) in which the ATPase elements 
contact nucleic acid segments. 
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Figure 3.2. The interior of the DnaA assembly binds ssDNA. 
(A) Side view of the asymmetric unit containing a DnaA:AMPPCP:Mg2+:dA12 
stoichiometry of 4:4:4:1, with the four DnaA subunits differentially colored.  Single-
stranded DNA is displayed as red sticks.  AMPPCP and Mg2+, bound to chain A, are 
shown as spheres colored by element and in magenta, respectively;  AMPPCP•Mg2+ 

bound to chains B-D are occluded in this view.  (B) Side and top views of the DnaA 
assembly, reconstructed through crystal packing, consisting of twelve DnaA subunits and 
three strands of ssDNA.  Coloring as per panel A.  (C) Fo-Fc electron density (green) 
from refinement with the DNA omitted.  Contouring is at 1.5 σ, with the refined model in 
orange.  (D) 2Fo-Fc electron density (blue) from the refined model with DNA contoured 
to 1.2 σ. 
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Figure 3.3. DnaA binds the backbone of ssDNA through conserved contacts. 
(A) Side view of the DnaA tetramer with helices α3 and α4 (the initiator specific motif - 
ISM), and with α5 and α6, highlighted in orange and yellow, respectively.  Single-
stranded DNA is shown as a transparent stick-and-surface representation colored by 
element; phosphates are further highlighted as red spheres.  (B) Structural superposition 
of protein chains A, C and D onto chain B with the corresponding nucleotide triplets of 
bound ssDNA differentially colored to match the protein chains as shown in Fig 1A.  
Three nucleotides of ideal B-form DNA (red) also were aligned with the nucleotide 
triplet of chain B.  (C) Protein-DNA contacts.  Protein chains B (left) and C (right) are 
displayed with the same coloring as in A.  Single-stranded DNA is colored by element. 
(D) Binding of F-dT25 by DnaA and ssDNA-binding site mutants (in the presence of 
ADP•BeF3), monitored as a function of protein concentration by fluorescence 
polarization.  Data were normalized so that the bottom and top plateaus are at zero and 
one, respectively. 
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Figure 3.4. DnaA engages ssDNA in a RecA-like manner. 
(A) View of a DnaA-AMPPCP-ssDNA pentamer (consisting of one full tetramer, as well 
as chain A (DnaAA’) and its associated triplet from the adjacent asymmetric unit).  
AMPPCP•Mg2+ is shown as spheres colored by atom.  Single-stranded DNA is shown as 
red sticks.  (B) View of a RecA-ADP-AlF4-ssDNA pentamer (PDB ID 3CMW) (Chen, et 
al., 2008).  ADP•AlF4•Mg2+ is shown as spheres colored by atom.  Single-stranded DNA 
is shown as red sticks.  (C) Comparison of ssDNA bound to DnaA (orange), RecA 
(green) and a strand of B-DNA (yellow).  (D) Close-up view of triplet bound to DnaA 
(chain C) with magenta dashed lines indicating key contacts. (E) Close-up view of triplet 
bound to RecA (protomer 2) with magenta dashed lines indicating key contacts. (F) Side 
(right) and top (left) views of the triplets displayed in D and E aligned with each other.  
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Figure 3.5. DnaA, like RecA, extends ssDNA in solution. 
(A) Cartoon of ssDNA extension assay.  (B) Emission scan (donor excitation) of FR-dT21 
in the presence of 10 µM DnaA with either ADP•BeF3 (top) or ADP (bottom).  (C) 
Emission scan (donor excitation) of FR-dT21 in the presence of 10 µM RecA with either 
ATPγS (top) or ADP (bottom). Reported transfer efficiencies and distances were 
calculated using donor emission as described in Supplementary Material.  
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Figure 3.6. DnaA actively melts duplex DNA. 
(A) Schematic of strand displacement assay.  The green circle represents the Cy3 
fluorescent end-label used to follow the status of one DNA strand.  Complementary 
strands of duplex substrates are colored grey and black, respectively.  (B-C) Strand 
displacement assay conducted with 15 and 20mer duplex substrates (C3-15mer and C3-
20mer) with different ligands.  DnaA concentrations used are indicated above each lane. 
(D) (left) Stick model showing how complementary base triplets (yellow sticks) would 
pair (in a B-DNA manner) with ssDNA bound to DnaA.  (right) Same view but 
highlighting phosphate positions (spheres). The orientation of successive DnaA-bound 
triplets is such that it prevents the formation of a continuous base-paired strand favoring 
duplex separation.  (E) Same DNA views, but as seen in RecA, where triplets are 
oriented to allow pairing of an extended complementary strand to promote duplex 
formation and strand exchange (PDB ID 3CMX) (Chen, et al., 2008). 
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Figure 3.7. Common DNA recognition strategies of AAA+ proteins. 
Structures of DNA-bound assemblies (top) and individual domains (bottom) for AAA+ 
proteins involved in replication.  All recognize DNA using the same elements of the 
AAA+ fold (violet) (bottom).  (A) Bacterial clamp-loader γδδʹ′ complex (AAA+ domains 
– differentially colored) bound to primer-template DNA (red spheres (top), red/grey 
cartoon (bottom)) (PDB ID 3GLF) (Simonetta, et al., 2009).  (B) Archaeal initiators 
Orc1-1 (gray) and Orc1-3 (AAA+ domain - green) bound to origin DNA (red spheres 
(top), red/grey cartoon (bottom)) (PDB ID 2QBY) (Dueber, et al., 2007).  (C) Bacterial 
initiator DnaA (AAA+ domains – gray/blue) presented in this chapter bound to ssDNA 
(red spheres (top) and cartoon (bottom)).  (D) Viral initiator/helicase E1 (AAA+ domains 
– orange/gray) bound to ssDNA (red spheres (top) and cartoon (bottom)) (PDB ID 
2GXA) (Enemark and Joshua-Tor, 2006a).  Additional co-factors bound to AAA+ 
domains are represented as spheres (bottom) (colored by atom).  
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Supplemental Experimental Procedures 
 
Crystallization and DNA Soaking 
  Following gel filtration of DnaA in crystallization buffer (20 mM HEPES pH 7.5, 
250 mM KCl, 250 mM KBr, 10% (v/v) glycerol, 10 mM MgCl2, 100 µM AMPPCP), 
monomeric species were pooled, concentrated to 10 mg/ml at 4°C, and flash-frozen for 
storage at -80°C.  Crystallization by hanging-drop vapor diffusion was performed by 
mixing 1.3 µL of freshly-thawed DnaA in crystallization buffer and 1 µL of well solution 
(15-35 mM Sodium Cacodylate pH 6.5, 26% 1,2-propandiol and 1-2% PEG 2000 MME) 
at 18°C.  Large rod-like crystals appeared within one to two weeks and reached maximal 
size around three weeks.  Crystals were transferred by looping to a low-salt soaking 
solution (20 mM HEPES pH 7.5, 30 mM Sodium Cacodylate pH 6.5, 10% (v/v) glycerol, 
10 mM MgCl2, 26% 1,2-propandiol, 2.5% PEG 2000 MME and 200 µM AMPPCP) 
containing 5 mM ssDNA.  After 6 h, crystals were looped and transferred to a second 
drop of soaking solution containing 5 mM ssDNA, and left overnight to ensure both 
complete removal of remaining salt and allow time for binding.  The crystals were then 
looped and flash frozen in liquid nitrogen in preparation for data collection.  Previous 
biochemical studies revealed no apparent sequence preference for ssDNA by A. aeolicus 
DnaA (Duderstadt, et al., 2010), so DNAs of various sequences and lengths were all 
individually tested (dTn (n = 3 to 12) and dAn (n = 3 to 12) obtained from Elim 
Biopharmaceuticals).  Data collection and structure determination revealed that dA12 
generated the strongest electron density, although similar, albeit weaker and less 
connected density, was observed for dT oligos and smaller dA substrates. 
 
Data Collection and Structure Determination 
  Data were collected at Beamline 8.3.1 at the Advanced Light Source (ALS) 
(MacDowell, et al., 2004) and processed using HKL-2000 (Otwinowski and Minor, 
1997).  Crystals belong to the space group P212121, with dA12 soaked crystals having unit 
cell dimensions a = 99.8 Å, b = 114.2 Å and c = 201.3 Å (Table S3.1).  Data were 
phased using molecular replacement (MR) with a DNA-free DnaA tetramer as a search 
model (PDB ID 2HCB) (Erzberger, et al., 2006) using PHENIX (Adams, et al., 2002).  
Initial Fo-Fc electron density maps containing clear density for DNA were generated using 
rigid body and grouped B-factor refinement with PHENIX (Adams, et al., 2002).  Further 
refinement was conducted using multidomain, NCS-restrained, simulated annealing in 
PHENIX (Adams, et al., 2002), 4-fold multidomain NCS averaging with a custom 
solvent mask (including the region of DNA binding), density modification using resolve 
(Terwilliger, 2000), and manual model building in COOT (Emsley and Cowtan, 2004).  
During the final stages of refinement, 4-fold multidomain NCS and secondary structure 
restraints were retained for AMPPCP and the entire protein except residues 255 to 265, 
which differed between chains as a result of crystal packing interactions.  Composite, 
simulated-annealing omit maps generated with CNS (Brunger, et al., 1998), were used as 
a guide for building with COOT.  DNA and waters were manually added to the model, 
and final rounds of refinement with PHENIX were conducted with grouped B-factor 
modeling, as well as NCS restraints and TLS modeling of individual protein domains 
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(comprising three TLS groups total: the AAA+-core (aa 76-241) plus AMPPCP; the 
AAA+ α-helical “lid” (aa 242-254 and 266-241); and the duplex-DNA binding domain 
(aa 291-399)).  All panels of figures with renderings of structures and electron density 
were prepared with PyMol (DeLano, 2002).     
 
Polarity of DNA Binding 
  During refinement, DNA was initially modeled independently into the DnaA pore 
with one of two possible polarities.  Compared to the 5→3’ polarity presented in the 
paper, refinement of the model with the dA12 substrate running 3’→5’ (from the arginine 
finger side to the nucleotide-binding face of a DnaA protomer) resulted in only 
marginally higher Rwork and Rfree values (~0.1%), but also the appearance of off-model 
positive difference density and on-model negative difference density in Fo-Fc maps (the 
model as presented in the paper did not display such features).  Simultaneous refinement 
with two DNAs, each at half occupancy, with opposing polarities of the dA12 substrate 
resulted in Rwork and Rfree values factors ~ 0.3% higher, and again showed unfavorable 
difference density in Fo-Fc maps.   
  Recognizing that these differences, while consistent with our build, were subtle and 
did not definitively resolve the ssDNA binding polarity to DnaA, we set out to further test 
our assignment.  To this end, we designed and had synthesized (by Trilink 
BioTechnologies) two specialized, di-adenosyl nucleotide substrates that would give rise 
to a clear distinction in binding orientation: 5’-p(Br-A)pAp and 5’-p(ε-A)pAp, where 
“Br-A” indicates a bromo-deoxyadenosine label, “ε-A” indicates an etheno- 
deoxyadenosine label, and “p” indicates a phosphate moiety.  Soaking of crystals with 
these dinucleotide substrates was performed as described for ssDNA substrates (we note 
that in our soaking trials with oligos as short as dA3, we observed density associated with 
DnaA protomers consistent with that seen for the trinucleotide repeats when using dA12).  
Unfortunately, data collected with the ε-A substituted oligo yielded maps with density for 
dinucleotides bound to each monomer but additional density for the EthenoA was not 
clearly visible, likely due to the low ~3.4 Å resolution limit of the DnaA crystals.  At the 
same time, SAD datasets collected with the Br-A substituted oligo did not yield useful 
maps, due either to the weak diffraction of the crystals (and accompanying radiation 
damage as we attempted to maximize data signal-to-noise at the bromine absorption 
maximum), to incomplete bromine labeling, or both.  We note that we carried out soaks 
with longer Br-A labeled (and Br-T labeled) oligos, but these efforts were not successful 
again because of weak diffraction.  Additional experiments to test the orientation (e.g., 
using labeled oligo/protein pairs and FRET) were considered, but ruled out due to the 
small binding site size for substrate DNA, and an inability to find a suitable pair of 
labeling sites that could report on differing binding orientations. 
  As a consequence, although our data are supportive of the polarity presented in our 
model, we cannot definitively rule out the possibility that ssDNA might also be binding 
to DnaA in the crystal in an opposing direction.  Nonetheless, several findings support the 
idea that DnaA binds single-stranded DNA in a defined orientation that is consistent with 
the direction suggested here.  For example, following nucleoprotein complex formation 
on oriC, DnaA melts AT-rich regions in the DUE (Bramhill and Kornberg, 1988); two 
independent reports have found that E. coli DnaA binds specifically to only one strand 
(the so-called “top” strand) of the DUE during this process (Ozaki, et al., 2008; Speck 
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and Messer, 2001).  The importance of DnaA binding polarity becomes clear during the 
next stage of initiation, when the DnaB helicase is loaded.  Modeling studies based on the 
known DnaB translocation polarity (5’→3’) and known pairwise interactions between 
DnaB, DnaC and DnaA, have suggested that top-strand loading involves a direct 
interaction between DnaA and DnaC that has been observed biochemically and depends 
on the AAA+ domains of the two proteins (Mott, et al., 2008).  Since AAA+ domains 
assemble with a defined orientation the arginine finger face of one protomer pointing into 
the nucleotide binding face of a second subunit, it follows that DnaA molecules likely 
position themselves on the top strand with only one of their two AAA+ domain surfaces 
presented to DnaC.  While the polarity of the DnaA-DnaC interaction has not been 
established, a mutation on the arginine finger face of the E. coli DnaA AAA+ domain, 
R281A, is reported to disrupt helicase loading, but not oriC melting (Felczak and Kaguni, 
2004); this finding suggests that DnaA interacts with DnaC using its arginine-finger face.  
In our structures, the 5’ end of the modeled DNA resides near the arginine finger face of 
DnaA, a configuration consistent with these data.   
 
Oligomerization Characteristics of ssDNA-Binding Mutants 

To confirm that ssDNA binding mutations did not affect the ATP-dependent 
oligomerization properties of DnaA, we employed a previously established 
glutaraldyhyde-crosslinking assay (Duderstadt, et al., 2010). Crosslinking was performed 
by incubating 50 µg/ml of various AaDnaA proteins in 80 µL of a reaction buffer (50 
mM HEPES pH 7.5, 10% (v/v) glycerol, 125 mM KCl, 5 mM MgCl2, 2 mM DTT) 
containing 2 mM ADP•BeF3 at 25°C for 5 minutes.  Glutaraldehyde (Polysciences Inc.) 
was then added to 1 mM final concentration using 8.8 µL of a 10 mM stock.  Reactions 
were incubated at 25°C for an additional 1 minute before quenching with 8 µL of 200 
mM glycine followed by the addition of 30 µL of gel loading buffer (100 mM Tris pH 
6.8, 24% (v/v) glycerol, 8% (w/v) SDS, 200 mM DTT, 0.02% (w/v) bromophenol blue).  
Crosslinked proteins were loaded in a volume of 15 µL and separated on denaturing 4.5% 
polyacrylamide gels (80:1 acrylamide:bisacrylamide) in 0.1 M sodium phosphate, 0.1% 
SDS buffer (pH 7.2) (Crisona and Cozzarelli, 2006; Weber and Osborn, 1969), and 
visualized by silver staining.   
 
Influence of Proteins on Dye Behavior 
  To ensure that all influences on dye behavior were properly considered when 
processing the FRET data from the DNA extension assay (Figure 3.5), the fluorescence 
and absorbance of each dye was monitored independently for each experimental 
condition.  Emission and absorbance scans of substrates labeled only with the Cy3 donor 
(C3-dT21) were collected in buffer alone, and with protein in the presence of ATP mimics 
or ADP (Figure S3.6Cb, S3.6Cc, S3.6Db and S3.6Dc).  Emission scans revealed 
pronounced protein- and nucleotide-dependent enhancement of donor fluorescence, but 
negligible differences in donor absorbance.  Similar, but less significant effects have been 
observed previously for RecA at a concentration of 1 µM (comparable to our working 
concentration of 10 µM) (Joo, et al., 2006).  A similar enhancement in acceptor 
fluorescence (and lack of effect on acceptor absorbance) also was observed in the doubly-
labeled substrate, FR-dT21 (Figure S3.6Cd, S3.6Ce, S3.6Dd and S3.6De).  These effects 
are not surprising, as the spectral properties of fluorescent dyes are known to undergo 
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dramatic variation depending on chemical environment (Cantor and Schimmel, 1980; 
Mujumdar, et al., 1993).  However, these controls also indicated that we needed to take 
into account additional corrections to obtain accurate distance measurements.  In 
particular, the changes in donor fluorescence, but not donor absorbance, were indicative 
of changes in the donor quantum yield (ΦD), which is used to calculate  (Å), the 
distance corresponding to a FRET efficiency of 50%: 

 where  = the spectral overlap between the donor emission and acceptor absorption;  
= a geometric factor that depends on the orientation of donor and acceptor;  = the 
refractive index of the medium between donor and acceptor (Cantor and Schimmel, 
1980).   
  To determine the donor quantum yield under different experimental conditions, we 
used Rhodamine 6G as a standard for calibration, with an assumed quantum yield of 0.95 
in EtOH (Magde, et al., 2002).  To calculate the quantum yields seen in Table S3.5, we 
collected the fluorescence and absorbance of both the standard and the donor-only 
labeled substrate (C3-dT21) in the corresponding RecA and DnaA buffers.  We then used 
these data to determine ratios between the integrated fluorescence and absorbance, while 
correcting for the fractional absorbance at the excitation wavelengths used.  Fluorescein 
in 0.1 M NaOH (known to have a quantum yield of 0.95 (Lakowicz, 1999)) was also 
measured as a control.  To ensure reliable readings, all absorbance measurements were 
conducted with 1 µM dye/substrate, either alone or in the presence of 10 µM of the 
indicated protein.  All emission measurements were conducted with 25 nM dye/substrate, 
either alone or in the presence of 10 µM of the indicated protein.  Since the presence of 
protein had no influence on dye absorbance (Figure S3.6Cc and S3.6Ce), the quantum 
yield of the donor in the presence of different proteins was determined simply by using 
its value in buffer, and multiplying by the observed changes in fluorescence.  R0 values 
were then calculated for each sample using the corresponding values for quantum yield.  
 
Determination of FRET Efficiencies and DNA Length 

To determine the efficiency of transfer ( ) from the FRET data collected using 
the DNA extension assay (Figures 3.5, S3.6 and S3.7), the emission of the donor from 
the donor-only labeled substrate (C3-dT21, ) was compared to the emission of the 
donor from the doubly-labeled substrate FR-dT21 ( ) under equivalent experimental 
conditions as follows:       

 
(Clegg, 1992).  The efficiencies for different samples can be found in Table S3.5.  
Solution distances were subsequently obtained using the relation: 

 
(Cantor and Schimmel, 1980), the values of which also can be found in Table S3.5. 
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Supplemental Tables 

Table S3.1 – Data collection and refinement statistics for DnaA-dA12 complex. 

Data Collection Native 

Resolution 50-3.35 
Wavelength, Å 1.1159 

Space group P212121 

Unit cell dimensions, Å 99.8, 114.2, 201.3 

I/σa 13.5 (2.0) 

% Rsym
a 8.8 (61.2) 

% Rp.i.m.
a 5.4 (38.6) 

% Completenessa 98.9 (99.6) 

Redundancya 3.5 (3.6) 

No. of reflections (unique) 113789 (32862) 

Refinement statistics (43.49-3.37 A) 
 No. of reflections (working/test set) 32802 / 1663  

% Rwork / % Rfree  
 

24.90 / 26.82 

rmsd bonds (Å) 0.009 

rmsd angles (°) 0.864 

Ramachandrand -Preferred (%) 98.3 

                         -Allowed (%) 1.7 

                         -Outliers (%) 0 

Number of atoms 10,874 

Protein 10,477 

Ligands 375 

Waters 22 

B-factors -Protein 109 

                              -AMPPCP/Mg2+ 68 

             -dA12 136 
a Numbers in parentheses refer to highest resolution shell.  
b Rp.i.m.calculated as described in (Diederichs and Karplus, 1997). 
c Rwork = ∑ ||Fo| - |Fc||/∑ |Fo|.  Rfree is calculated using 5% of the data omitted from 
refinement.  
dAs reported by Molprobity (Davis, et al., 2007). 
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Table S3.2 – ssDNA (dA12) local base step parameters* as seen in the crystal: 

From->to: 
Shift 

(Å)	  

Slide 

(Å)	  

Rise 

(Å)	  

Tilt 

(°)	  

Roll 

(°)	  

Twist 

(°)	  

A1 -> A2 1.7 1.12 3.02 9.35 6.58 42.35 

A2 -> A3 1.84 0.1 3.75 -2.63 8.6 47.4 

A3 -> A4 -11.95 -5.05 5.69 -20.34 -16.11 -49.56 

A4 -> A5 1.92 1.15 2.95 9.65 10.51 45.87 

A5 -> A6 1.82 0.08 3.77 -3.77 8.89 45.27 

A6 -> A7 -12.2 -4.76 5.11 -24.52 -4.39 -50.49 

A7 -> A8 1.78 0.83 3 10.83 -2.24 47.37 

A8 -> A9 1.73 0.49 3.28 4.4 7.6 45.72 

A9 -> A10 -12.1 -5.29 6.53 -29.71 -14.64 -50.93 

A10 -> A11 2.07 0.81 3.12 7.62 3.24 47.63 

A11 -> A12 1.58 0.34 3.53 3.73 2.31 44.69 
*Calculated with the progam 3DNA (Lu and Olson, 2003).  Gaps between triplets are 

highlighted in bold. 
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Table S3.3 – DNA substrates used for studies. 
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

Name Sequence Study 

dA12 5’- AAAAAAAAAAAA – 3’ X-ray 

F-dT25 5’- [Fl] TTTTTTTTTTTTTTTTTTTTTTTTT – 3’ Binding 

FR-dT21 5’- [Cy5] TTTTTTTTTTTTTTTTTTTTT [Cy3] – 3’ Extension 

C3-dT21 5’- TTTTTTTTTTTTTTTTTTTTT [Cy3] – 3’ Extension 

15mer-TOP 5’- TAGTACGTCTTATCT – 3’ Displacement 

15mer-BOT 5’- TCTTACTTAGTCGTA – 3’ Displacement 

C3-15mer-BOT 5’- TCTTACTTAGTCGTA [Cy3] – 3’ Displacement 

20mer-TOP 5’- AGACGTAGTACGTCTTATCT – 3’ Displacement 

20mer-BOT 5’- AGATAAGACGTACTACGTCT – 3’ Displacement 

C3-20mer-BOT 5’- AGATAAGACGTACTACGTCT [Cy3] – 3’ Displacement 

30mer-TOP 5’- TAGTACGTCTTATCTTCTTACTTAGTCGTA – 3’ Displacement 

30mer-BOT 5’- TACGACTAAGTAAGAAGATAAGACGTACTA – 3’ Displacement 

C3-30mer-BOT 5’- TACGACTAAGTAAGAAGATAAGACGTACTA [Cy3] – 3’ Displacement 
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Table S3.4 – ssDNA binding mutations. 
	  

	  
	  
	  
	  
	  
	  
	  
	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
 

Mutation Nucleotide Kd,app (µM) vs. WT 

WT ADP•BeF3 0.11 ± 0.03 1.1 

R190A ADP•BeF3 0.19 ± 0.05 1.9 
 

V156A ADP•BeF3 0.40 ± 0.1 4 

K188A ADP•BeF3 0.50 ± 0.1 5 

R190D ADP•BeF3 0.88 ± 0.2 8.8 

K188D ADP•BeF3 0.90 ± 0.2 9 
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Table S3.5 – Fluorescence properties of labeled DNA substrates and controls. 
	  

Sample	   Fluorescence (au)/ 
Absorbance (OD) * fabs

	   ΦD	  
Ro 
(Å) 

Efficiency 
(%) 

Distance 
(Å)	  

Rhodamine 6G in 
EtOH	   1255.5	   0.95 

(0.95)	   N.A.	   N.A. N.A.	  

Fluorescein 
in 0.1 M NaOH	   1290.3	   0.98 

(0.95)	   N.A.	   N.A. N.A.	  

DnaA Buffer 21.6	   0.016	   52	   57.6 49	  

DnaA ADP N.A. 0.056 64 70.1 56 

DnaA ADP•BeF3 N.A. 0.13 73 18.4 94 

DnaA-V156A N.A. 0.14 74 68.7 65 

DnaA-K188D N.A. 0.092 69 54.9 67 

DnaA-R190D N.A. 0.13 73 79.6 58 

DnaA-G281Q N.A. 0.078 63 55.3 61 

DnaA-S350D N.A. 0.14 74 63.5 68 

DnaA-R230A N.A. 0.058 64 76.1 53 

RecA Buffer 25.3 0.019 53 63.8 48 

RecA-ADP N.A. 0.11 71 49.5 71 

RecA-ATPγS N.A. 0.18 77 14.5 104 

N.A. – Not Applicable. 
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Supplemental Figures 

	  
Figure S3.1 – Oligomerization characteristics of ssDNA binding mutants. 
Indicated DnaA mutants were treated with glutaraldehyde and the resulting cross-linked 
species separated on a denaturing polyacrylamide gel as described previously 
(Duderstadt, et al., 2010).  
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Figure S3.2 – Multiple sequence alignment showing ssDNA binding residues. 
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Figure S3.3 – FRET-based distance measurements.  
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Figure S3.4 – Extension assays for DnaA proteins containing ssDNA/assembly 
mutations.  (A) Surface views of DnaA interfaces with mutated residues labeled and 
color-coded based on their role in assembly and ssDNA-binding (orange and blue, 
respectively). Assembly mutants tested: the arginine-finger mutant R230A, the 
AAA+/AAA+ interface mutant G281Q, and the DBD/AAA+ interface mutant S350D.  
(B-C) Emission scan (donor excitation) for FR-dT21 in the presence of 10 µM of various 
DnaA mutants.  All experiments were conducted in the presence of ADP•BeF3.   
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Figure S3.5 – DNA strand displacement assays. (A) Lack of unwinding of a 30mer 
duplex substrate (C3-30mer). (B) ssDNA-binding mutants fail to unwind a 15mer duplex 
substrate (C3-15mer). (C) DnaAs assembly mutants fail to unwind a 15mer duplex 
substrate (C3-15mer).  The surface locations of tested mutants can be seen in Fig S3.4A.  
The DnaA concentrations used are indicated above each lane.  Substrate sequences can be 
found in Table S3.3.  
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Figure S3.6 – Fluorescence properties of labeled ssDNA substrates in the presence of 
DnaA and RecA, with or without nucleotide present. (A) Cartoon of ssDNA extension 
assay with a donor-and-acceptor labeled substrate (FR-dT21). (B) Cartoon of ssDNA 
extension assay with a donor-only labeled substrate (C3-dT21). (C) Comparison of the 
effects of various DnaA-free or nucleotide-bound DnaA-present reaction conditions on: 
(a) Donor emission from FR-dT21; (b) Donor emission from C3-dT21; (c) Absorbance by 
C3-dT21; (d) Acceptor emission from FR-dT21; and (e) Acceptor absorbance by FR-dT21.  
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(D) Comparison of the effects of various RecA-free or nucleotide-bound RecA-present 
reaction conditions on: (a) Donor emission from FR-dT21; (b) Donor emission from C3-
dT21; (c) Absorbance by C3-dT21; (d) Acceptor emission from FR-dT21; (e) Acceptor 
absorbance by FR-dT21. We note that ADP-bound RecA stimulates acceptor emission 
more significantly than ADP-bound DnaA, possibly due to greater ssDNA binding by 
ADP-bound RecA.  All donor emission scans were conducted with excitation at 530 nm, 
while acceptor emission scans were conducted with excitation at 630 nm.  
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Figure S3.7 (A) Fluorescence properties of labeled DNA substrates in the presence of 
mutant DnaA proteins defective for ssDNA binding in the presence of ADP•BeF3: (a) 
Donor emission from FR-dT21; (b) Donor emission from C3-dT21; (c) Acceptor emission 
from FR-dT21. (B) Fluorescence properties of labeled DNA substrates in the presence of 
mutant DnaAs defective for assembly in the presence of ADP•BeF3: (a) Donor emission 
from FR-dT21; (b) Donor emission from C3-dT21; (c) Acceptor emission from FR-dT21.  
All donor emission scans were conducted with excitation at 530 nm, while acceptor 
emission scans were conducted with excitation at 630 nm.   
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Chaper 4 – Conclusions and Future Directions 
 
Conclusions 

Replication initiators form complex molecular assemblies that coordinate origin 
recognition and replisome formation throughout all cellular life.  A wealth of studies have 
revealed the core architectures of these assemblies and their essential enzymatic activities 
(chapter 1) but a detailed understanding of how initiators process replication origins is 
lacking.  Working with the bacterial initiator DnaA as a model system, I have 
deconstructed the origin melting process into a series of discrete molecular events using a 
variety of different techniques. 

In my first study I showed that different oligomeric conformations of DnaA play 
distinct roles in controlling the progression of initiation, suggesting it maybe a more 
dynamic process than previously thought (chapter 2).  This study also revealed the 
oligomeric form of DnaA that engages the origin during melting.  Using these findings as 
a guide, I was able to determine the x-ray crystal structure of a spiral DnaA oligomer 
bound to single-stranded DNA.  The structure combined with solution studies show that 
the AAA+ domains of DnaA bind and extend single-stranded DNA segments in a RecA-
like manner.  These structural insights, combined with a novel DNA melting assay, 
indicate that DnaA directly opens replication origins by an active, ATP-dependent 
stretching mechanism (chapter 3).  Comparative studies show that all AAA+ initiators 
engage DNA in a similar manner (Figure 3.7), suggesting this stretching model for origin 
melting may have implications for the origin processing mechanism of all initiators.  
	  
Future Directions 

This work provides new insight into how initiators process replication origins, 
simulating a variety of new questions.  While the data presented in chapter 3 
demonstrates that the pore of the DnaA oligomer is critical for duplex DNA melting and 
ssDNA binding, it remains unclear how this region initially engages duplex DNA during 
the process.  Do DnaA monomers engage first, followed by an AAA+ assembly event 
that drives melting or is duplex DNA engaged and melted by a preformed DnaA 
oligomer?  Detailed kinetic analysis of the melting event in the presence of various 
monomeric and preformed oligomeric DnaA species will be needed for a more complete 
understanding of the mechanism. 

Also, while the simplified melting assay provides an unprecedented opportunity 
for clarifying the mechanics of melting, more experiments will be needed to relate this 
simplified system to the events that take place at the bacterial origin.  In particular, how 
does the initiation complex formed on the DnaA binding sites trigger melting of the 
DUE?  Does it serve as a nucleation center for extension and engagement of the DUE or 
simply weaken the DUE so that a sub complex can more easily stretch and melt it?  
Detailed kinetic assays with fluorescently labeled origins will be needed to clarify these 
issues. 

Finally, how does the DNA stretching mechanism we propose for bacterial 
initiators relate to the mechanism of melting in other systems?  Our results, combined 
with previous work, provide a more complete understanding of melting in bacteria than 
previously established for many other systems.  The structural parallels between initiators 
(Figure 3.7) suggest our results could serve as a guide for future experiments in other 
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systems.  Several studies with viral initiators suggest a particularly strong connection.  
The papillomavirus initiator E1 is known to form a double trimer intermediate that 
converts to a full double hexameric complex after melting (Schuck and Stenlund, 2005; 
Sedman and Stenlund, 1996).  During this process ATP triggers minor grove engagement 
and origin melting by the double-timer intermediate (Schuck and Stenlund, 2007).  Our 
observations with DnaA suggest that ATP likely drives an AAA+ assembly event within 
the double-trimer that is coupled to restructuring of the DNA backbone.  This coupling 
leads to the melting event.  While less is known for archaeal and eukaryotic systems, the 
coupling of AAA+ assembly to DNA backbone restructuring may also lead to melting in 
these systems.  In the case of archaea this would involve the orc1/cdc6 initiators whereas 
in eukaryotic system this process maybe carried out by the MCM2-7 helicase.  Further 
biochemical and structural studies will be needed to determine whether a DNA 
stretching/backbone restructuring mechanism is responsible for origin melting in these 
other systems. 
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Appendix 
 
Expression and Purification of A. aeolicus DnaA 
Buffers and Materials 

• Aquifex aeolicus DnaA (AaDnaA) full-length or truncations (2-399, 76-399, 76-
310, 290-399 and 1-80) cloned into a pET28b vector (pLIC-HMT), generating 
His6-MBP fusion constructs having a common linker sequence encoding the 
TEV-protease cleavage site   

• Chemically competent E. coli BL21 CodonPlus (DE3) RIL cells 
• 1 LB-Kanamycin-Chloramphenicol agar plate 
• 3 L 2XYT media autoclaved into baffled flasks 
• 50 mL 2XYT media autoclaved in 250mL Erlenmeyer flask with foil cover (for 

overnight) 
• 1000x Kanamycin (30 mg/mL) 
• 1000x Chloramphenicol (34 mg/mL) 
• 3 mL 1M IPTG 
• 500 µL, DM His-tagged tobacco etch virus protease (TEV) (2 mg/mL) 
• Sonicator 
• Avanti J-20 centrifuge 
• JLA 8.1 centrifuge rotor 
• Sorval RC5B centrifuge 
• SS34 centrifuge rotor and tubes 
• AKTA FPLC 
• Parastaltic pump and appropriate pump lines 
• 5 mL HiTrap Chelating HP (GE healthcare) 
• 5 mL HiTrap SP HP (GE healthcare) 
• HiPrep 16/60 Sephacryl S-200 HR column (GE healthcare) 
• Resuspension Buffer (500 mL sterile filtered) 

o 500 mM KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
o 20 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Buffer A (500 mL sterile filtered) 
o 50 mM KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Buffer B1 (500 mL sterile filtered) 
o 50 mM KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
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o 20 mM Imidizole 
o 500 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Buffer B2 (500 mL sterile filtered) 
o 1 M KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
o 20 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• EDTA Dialysis Buffer (2 L sterile filtered) 
o 500 mM KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
o 2 mM EDTA 

• Flowthrough Buffer (500 mL sterile filtered) 
o 1 M KCl 
o 50 mM Hepes pH 7.5 
o 10 mM MgCl2 
o 10% (v/v) glycerol 
o **40 mM Imidizole** Key! 

• Gel Filtration Buffer (500 mL sterile filtered) 
o 500 mM KCl 
o 50 mM Hepes pH 7.5 
o 10% (v/v) glycerol 
o 5 mM MgCl2 

Day 1 
• Transform 100 µL of chemically competent BL21 (DE3) RIL cells with 1 µL of 

plasmid containing desired AaDnaA construct (50 ng/µL) using standard 
methods. 

• Plate 50 µL of the 1 mL recovery solution and incubate overnight at 37°C.   
Day 2 

• In the morning, place plate at 4°C. 
• In the evening, pick one colony from the plate and inoculate the 50 mL 2XYT 

flask containing 50 µL of 1000x Kanamycin and Chloramphenicol.  Shake flask 
overnight at 37°C.  

Day 3 
• Add 1 mL of 1000x Kanamycin and Chloramphenicol to each of the 1L flasks of 

2XYT. 
• Inoculate each 1L of 2XYT with 10 mL of the overnight culture (around 8 am).  

Shake flasks at ~225 RPM at 37°C. 
• Grow cells to an OD600 of approximately 0.6 (takes ~2 hours). 
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• Induce protein expression by adding 0.5 mL of 1 M IPTG to each flask, and 
continue to shake at 37°C for three more hours. 

• Pellet cells by spinning at 4,000 RPM in JLA-8.1 rotor for 20 minutes and pour 
off media. 

• Resuspend cells in 40 mL of Resuspension Buffer. 
• Resuspended cells can be placed directly in -80°C for extended storage before use 

(flash freezing have no effect on activity or crystallization). 
Day 4 (all steps should be conducted at 4°C) 

• Charge the 5 mL HiTrap Chelating HP with Ni2+ using the parastaltic pump 
following the instructions in the manual. 

• Prepare 5 mL HiTrap SP HP by first washing with Buffer B2 (50 mL) then Buffer 
A (50 mL). 

• Remove pellet from the -80°C and let it thaw.  This process can be started on the 
bench or in water but once the pellet starts to defrost it should be placed on ice. 

• Once thaw, lyse cells on ice using sonicator (power setting 5.5, 40 seconds on, 60 
seconds off, repeat twice). 

• Immediately spin lysed cells at 15,000 RPM in SS34 rotor for 25 minutes. 
• Load supernatant at 3 mL/min onto 5 mL HiTrap Chelating HP (charged with 

Ni2+) and pre-equilibrated in Resuspension Buffer (50 mL). 
• Once loaded, wash the column with 80-100 mL of Buffer B2 followed by 40 mL 

of Buffer A. 
• Attach the 5 mL HiTrap SP HP column to the end of the HiTrap Chelating 

column and wash with 50 mL of Buffer B1 to elute the protein from the Chelating 
column onto the SP column. 

• Remove the Chelating column and attach the SP column directly to the pump.  
Wash with 50 mL Buffer A. 

• Elute from the SP column with ~25 mL of Buffer B2.  Monitor elution with 
bradford to ensure complete removal. 

• Add EDTA to elution (final concentration of 2 mM) and concentration to less 
than 3 mL. 

• Load concentrated protein into dialysis chamber and place in 1 L EDTA Dialysis 
Buffer.  Place EDTA Dialysis Beaker at 4°C with stirring overnight. This step 
removes any endogenous nucleotide bound to the protein. 

Day 5  
• Transfer dialyzed protein to a fresh liter of EDTA Dialysis Buffer and stir for an 

additional 8 hours. 
• Using AKTA, equilibrate S-200 column with 140 mL of Gel Filtration Buffer at 

4°C in preparation for Day 6. 
• At the end of the day remove the protein from the dialysis chamber and place it in 

a conical tube. Add nucleotide of choice (typically ADP) to 4 mM and MgCl2 to 
20 mM.  Add 500 µL of His-tagged tobacco etch virus protease (TEV) to cut off 
the His-MBP tag.  Incubate at room temperature overnight (at least 12 hours). 

Day 6  
• Strip and regenerate the 5 mL HiTrap Chelating HP with Ni2+ using the parastaltic 

pump following the instructions in the manual. 
• Equilibrate the column with Gel Filtration Buffer + 20 mM Imidizole (50 mL). 
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• Load the TEV reaction onto the column and wash with ~30-50 mL of 
Flowthrough Buffer collecting all the flowthrough (which should contain 
untagged AaDnaA).  This process can be monitored by bradford to ensure 
complete removal of AaDnaA from the column. 

• Concentrate to ~1-2 mL and run S-200 column in Gel Filtraction Buffer at 4°C.  
AaDnaA should elute as a monomer in this buffer. 

• Collect peak and concentrate to 200-400 µM for biochemistry.  Flash freeze 
aliquotes for long term storage at -80°C.  
 

Modifications for crystallization and non-AAA+ containing truncations 
• For crystallization the 500 mM KCl in the Gel Filtration Buffer should be 

replaced with 250 mM KCl and 250 mM KBr should be added in addition to 100 
µM desired nucleotide.  Also, the protein should be concentrated to 10 mg/ml  

• The EDTA dialysis is not needed when purifying His6-MBP-AaDnaAIV (residues 
290-310, which lack the AAA+ domain), and the 5 ml HiTrap SP HP column 
should be omitted when purifying His6-MBP-AaDnaAI (residues 1-80, the N-
terminal domain).  In addition, no nucleotide should be added to these truncations 
during TEV cleavage.     
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Expression and Purification of E. coli DnaA 
 
(loosely based on the procedure developed by Li and Crooke, 1999) 
 
Buffers and Materials 

• His-tagged Escherichia coli DnaA (EcDnaA) full-length or AAA+ containing 
trunction (pLIC-His vector).   

• Chemically competent E. coli C41 cells (Miroux and Walker, 1996) 
• 1 LB-Kanamycin agar plate with 0.05% glucose added. 
• 1 L LB media autoclaved in a baffled flask 
• 50 mL LB media autoclaved in 250mL Erlenmeyer flask with foil cover (for 

overnight) 
• 1000x Kanamycin (30 mg/mL) 
• 1 mL 1M IPTG 
• Sonicator 
• Avanti J-20 centrifuge 
• JLA 8.1 centrifuge rotor 
• Sorval RC5B centrifuge 
• SS34 centrifuge rotor and tubes 
• AKTA FPLC 
• Parastaltic pump and appropriate pump lines 
• 1 mL HiTrap Chelating HP (GE healthcare) 
• HiPrep 16/60 Sephacryl S-200 HR column (GE healthcare) 
• Binding Buffer (500 mL sterile filtered) 

o 500 mM NaCl 
o 20 mM Sodium Phosphate pH 7.8 
o 20% (w/v) Sucrose 
o 20 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Wash Buffer (500 mL sterile filtered) 
o 500 mM NaCl 
o 20 mM Sodium Phosphate pH 7.8 
o 20% (w/v) Sucrose 
o 30 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Unfolding Buffer (500 mL sterile filtered) with final pH of 7.8 
o 7 M Urea 
o 500 mM NaCl 
o 20 mM Sodium Phosphate pH 7.8 
o 20% (w/v) Sucrose 
o 20 mM Imidizole 
o 1 mM PMSF 
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o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• HD Buffer (500 mL sterile filtered) 
o 50 mM Pipes-KOH pH 6.8 
o 10 mM Magnesium Acetate 
o 200 mM Ammonium Sulfate 
o 20% (w/v) Sucrose 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

• Elution Buffer (500 mL sterile filtered) 
o 50 mM Pipes-KOH pH 6.8 
o 10 mM Magnesium Acetate 
o 200 mM Ammonium Sulfate 
o 20% (w/v) Sucrose 
o 700 mM Imidizole 
o 1 mM PMSF 
o 1 µg/mL Leupeptin 
o 1 µg/mL Pepstatin A 

Day 1 
• Transform 100 µL of chemically competent E. coli C41 cells with 1 µL of 

plasmid containing desired EcDnaA construct (50 ng/µL) using standard methods. 
• Plate 50 µL of the 1 mL recovery solution (LB) and incubate overnight at 37°C.   

Day 2 
• In the morning, place plate at 4°C. 
• In the evening, pick one colony from the plate and inoculate the 50 mL LB flask 

containing 50 µL of 1000x Kanamycin and 0.05% glucose.  Shake flask overnight 
at 37°C.  

Day 3 
• Add 1 mL of 1000x Kanamycin and 0.05% glucose to the 1L flask of LB. 
• Inoculate with 5 mL of the overnight culture (around 8 am).  Shake flasks at ~225 

RPM at 37°C. 
• Grow cells to an OD600 of approximately 0.6 (takes ~2 hours). 
• Induce protein expression by adding 1 mL of 1 M IPTG to the flask, and continue 

to shake at 37°C for 1.5 hours. 
• Pellet cells by spinning at 4,000 RPM in JLA-8.1 rotor for 20 minutes and pour 

off media. 
• Resuspend cells in 25 mL of Binding Buffer. 
• Resuspended cells can be flash frozen and placed in -80°C for extended storage 

before use or used immediately. 
Day 4 (all steps should be performed at 4°C) 

• Pre-equilibrate S-200 with 140 mL HD Buffer (with 0.1 EDTA and 2 mM DTT 
added). 

• Charge the 1 mL HiTrap Chelating HP with Ni2+ using the parastaltic pump 
following the instructions in the manual. 
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• Remove pellet from the -80°C and let it thaw.  This process can be started on the 
bench but once the pellet starts to defrost it should be placed on ice. 

• Once thaw, lyse cells on ice using sonicator (power setting 4.5, 40 seconds on, 60 
seconds off, repeat twice). 

• Add DNAse I to a final concentration of 5 µg/mL and 10 mM Magnesium 
Acetate.  Incubate for 5 mins on ice. 

• Immediately spin lysed cells at 15,000 RPM in SS34 rotor for 25 minutes. 
• Load supernatant at 1 mL/min onto 1 mL HiTrap Chelating HP (charged with 

Ni2+) and pre-equilibrated in Binding Buffer (10 mL). 
• Once loaded, wash the column with 25 mL of Wash Buffer followed by 15 mL of 

Unfolding Buffer.  This unfolding step removes nucleotide and any additional 
contaminates  

• Refold the protein by washing the column with 25 mL of HD Buffer. 
• Remove the protein from the column using 10 mL of elution buffer.  This can be 

monitored using bradford to ensure complete removal. 
• Concentrate to a final volume of ~2 mL.  Don’t over concentrate the protein at 

this step (don’t go past 150 µM).  This should not take more than 2 or 3 hours.  If 
2 or 3 hours have passed and the volume is more than ~2 mL run multiple S-200 
columns (next step). 

• Run 2 mL of concentrated protein on S-200 in HD Buffer (with 0.1 EDTA and 2 
mM DTT added). 

Day 5 
• Concentrate monomeric species to ~100 µM and flash-freeze aliquotes for long-

term storage at -80°C. 
 
Notes   

• Up to half of the protein will come off in the void during the S200 step.  This is 
usually highly dependent on whether it was over concentrated and the length of 
expression (don’t go over 1.5 hours!). 

• The protein can be flash frozen after concentration but prior to the S200 step if 
multiple runs are needed.  The S200 step can be run at a later time.  This results in 
no loss of activity in the P1 assay. 
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Fluorescence Anisotropy Binding Assay 
Buffers and Materials 

• HE MICROPLATE, 384 WELL, BLACK - Molecular Devices 0200-5202 
• 96-well tray type - Round Bottom Polypropylene - costar 3790 
• Plate reader with fluorescein excitation and anisotropy capability 
• 2X Binding Buffer 

o 100 mM Hepes pH 7.5 
o 10 mM MgCl2 
o 4 mM DTT 
o 0.2 mg/ml BSA 
o 4 mM desired nucleotide 

• 1X Dilution Buffer 
o 50 mM Hepes pH 7.5 
o 5 mM MgCl2 
o 10% (v/v) glycerol 
o 500 mM KCl 

• Reaction Condition (Total volume of 20 ul) 
o 10 ul 2X Binding Buffer 
o 4.8 ul MQ 
o 0.2 ul Fluorescent molecule at 1uM (Final concentration will be 10 nM) 
o 5 ul (4X Protein in 1X Dilution Buffer) 

• Procedure: 
o Make a Master Mix containing all of the components of the reaction 

condition except the protein. 
o Using a 4X Protein Stock make 8-16 dilutions (each a 2-fold dilution of 

the previous one) in a 96 well tray using the 1X Dilution Buffer include a 
no protein condition.  

o Dispense 15 ul aliquots of the Master Mix into a 96-well tray and use a 
multichannel to mix 5 ul of each protein dilution with it.  

o Transfer 15 ul of this mix into 384 well tray for plate reader after 10-20 
mins.  

o measure using appropriate method on the plater reader twice to confirm 
consistent values. 
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Glutaraldehyde Crosslinking Procedure 
Buffers and Materials 

• 96-well tray type - Round Bottom Polypropylene - costar 3790 
• Glutaraldehyde, 8% EM Grade [11-30-8] Cat#00216   Polysciences Inc.  30 x 

10mL. 
• 2X Binding Buffer 

o 100 mM Hepes pH 7.5 
o 10 mM MgCl2 
o 4 mM DTT 
o 4 mM desired nucleotide 
o 20% (v/v) glycerol 

• 1X Dilution Buffer 
o 50 mM Hepes pH 7.5 
o 5 mM MgCl2 
o 8% (v/v) glycerol 
o 500 mM KCl 

• 10X STOP Mix 
o 200 mM Glycine 
o 10 mM Hepes pH 7.5 

• 4X Sample Buffer PO4 
o 42 mM phosphate buffer at pH 7.2 
o 4% SDS 
o 0.035% bromophenol blue 
o 28% glycerol 

• 2X Tricine Sample Buffer 
o 100 mM Tris pH 6.8  
o 24% glycerol 
o 8% SDS 
o 0.2 M DTT 
o 0.02% Coomassie blue 

• Reaction Condition (Total volume of 20 ul) 
o 10 ul 2X Binding Buffer 
o 5 ul MQ 
o 5 ul (4X Protein in 1X Dilution Buffer) 

• Procedure: 
o Make up mixtures in PCR plate. 
o Put in PCR machine and leave at 25C for 10 mins. 
o Mix glutaraldehyde to a final concentration of 1 mM. 
o Incubate for 1 min. 
o Add stop mix and SDS mix. 
o Put PCR machine at 85C for 3 mins. 
o Put PCR machine at 40C and load gels. 
o Usually I do an 80 ul reaction volume (500 ng per 10 ul) 

 To this 8.8 ul of 10 mM Glutaraldehyde is added 
 8.8 of STOP mix 
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 and 30 ul of Sample Buffer (Trince for small protein and 
phosphate for big proteins…) 

 then I load 15 ul (~500 ng) 
o For conditions with no Glutaraldehyde added I add stop mix so the amount 

loaded is the same. 
o Sample are run in 4.5% phosphate gels (80:1 – acrylamide:bis-acrylamide) 

or a Tricine gel of your choice.  They are run at 40 V for 4-6 hours pior to 
staining with silver or coomassie blue. 

 
 




