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Abstract Replisome assembly requires the loading of replicative hexameric helicases onto
origins by AAA+ ATPases. How loader activity is appropriately controlled remains unclear. Here,
we use structural and biochemical analyses to establish how an antimicrobial phage protein
interferes with the function of the Staphylococcus aureus replicative helicase loader, Dnal. The viral
protein binds to the loader's AAA+ ATPase domain, allowing binding of the host replicative
helicase but impeding loader self-assembly and ATPase activity. Close inspection of the complex
highlights an unexpected locus for the binding of an interdomain linker element in Dnal/DnaC-
family proteins. We find that the inhibitor protein is genetically coupled to a phage-encoded
homolog of the bacterial helicase loader, which we show binds to the host helicase but not to the
inhibitor itself. These findings establish a new approach by which viruses can hijack host replication
processes and explain how loader activity is internally regulated to prevent aberrant auto-
association.

DOI: 10.7554/eLife.14158.001

Introduction

All cells face the challenging task of copying and passing on genetic information to progeny in an
error-free manner as possible (Fuchs and Fujii, 2013 ; Sutera and Lovett, 2006). DNA synthesis is
carried out by large, multi-subunit assemblies, termed replisomes, which are assembled at replica-
tion origins in accord with cell cycle cues. Dedicated proteins known as initiators play an essential
role in selecting replication start sites, remodeling origin DNA, and providing an appropriate plat-
form for recruiting replicative helicases to origins prior to the onset of strand synthesis (Costa et al.,
2013; Dutta and Bell, 1997, Kaguni, 2011; Leonard and Grimwade, 2011). Although specific heli-
case loading mechanisms vary across the three domains of life — archaea, bacteria, and eukaryotes —
all appear to rely on replication initiation factors belonging to the AAA+ (ATPases Associated with
various cellular Activities) superfamily of nucleotide hydrolases.

The timely and accurate deposition of replicative helicases onto origin DNA is a highly coordi-
nated and regulated process. In bacteria, replication initiation relies on the DnaA initiator, which rec-
ognizes and marks the bacterial replication origin (Bramhill and Kornberg, 1988a;
1988b; Funnell et al., 1987, Hsu et al., 1994). During initiation, DnaA actively opens an AT-rich
region of the origin (Bramhill and Kornberg, 1988a, 1988b;, Dixon and Kornberg, 1984;
Funnell et al., 1987; Gille and Messer, 1991; Hsu et al., 1994; Skarstad et al., 1990), termed a
DNA-unwinding element (DUE) (Kowalski and Eddy, 1989), and helps to recruit two copies of the
replicative helicase to the newly melted single strands. In certain Gram-negative bacteria, a protein
known as DnaC assists with loading of the helicase (known in these organisms as DnaB); many Gram-
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elLife digest Cells must copy their DNA in order to grow and divide. DNA replication begins
when a small region of the DNA double helix is unwound to expose single strands of DNA. A
protein called a helicase is then shepherded onto the unwound DNA regions by other proteins
known as loaders. Once loaded, the helicase can unwind long stretches of the chromosome in which
the DNA is packaged, producing the template required by the replication machinery to duplicate
the DNA. This process must be accurately executed to avoid generating errors that could damage
the DNA and potentially cause cells to die.

Dnal is a helicase loader protein that is found in some types of bacteria. In the disease-causing
bacterial species Staphylococcus aureus (S. aureus), an inhibitor protein from a virus that infects the
bacteria can interact with Dnal and halt S. aureus DNA replication, leading to cell death. However, it
has not been understood how this viral protein controls the activity of the loader molecules.

Dnal consists of three regions: one that binds to the helicase, a short ‘linker’ region, and a third
element that harnesses chemical energy (in the form of a small high-energy molecule called ATP) to
drive the loader’s activity. Using biochemical and structural techniques, Hood and Berger now show
that the viral inhibitor protein interacts with the Dnal loader from S. aureus by binding to the
loader’s ATP-binding region. When the two proteins are bound together, the loader can still bind to
its target helicase but it cannot interact with other loader molecules. This defect prevents the
loaders from self-assembling into a structure that is required for them to load the replicative
helicase.

Hood and Berger also found that the region of Dnal targeted by the inhibitor is important for
normally ensuring that the loader molecules self-assemble at the correct place and time. A second
unexpected discovery was that the virus encodes its own helicase loader, which binds to the
bacterial helicase but not to the viral inhibitor protein. The next stage of work will be to determine
whether the regions on the helicase loader that are targeted by the inhibitor and that are important
for regulating self-assembly can be selectively disrupted by small molecules to interfere with DNA
replication in bacteria.

DOI: 10.7554/eLife.14158.002

positive species retain a homolog of DnaC termed Dnal. Both DnaC and Dnal are composed of an
N-terminal helicase binding domain that connects to a C-terminal AAA+ ATPase domain by a vari-
able linker region of unknown function (Loscha et al., 2009) (Figure 1A). There is evidence that
ATPase activity by DnaC/I proteins controls key aspects of the helicase loading cycle and may be
auto-regulated (Davey et al., 2002; loannou et al., 2006; Learn et al., 1997), however, the mecha-
nism by which this control is exerted is not understood.

Given the marked rise in multi-drug resistant bacterial strains, along with associated human fatali-
ties (Klein et al., 2007, 2013; Salgado et al., 2003), there is renewed interest in exploring bacterio-
phage genomes to discover new antimicrobial agents. Although bacterial DNA replication proteins
are strikingly distinct from those found in eukaryotes and archaea (Leipe et al., 1999), antibiotics
currently on the market do not target replication components directly, suggesting that this system
may be a valuable prospective drug target (McHenry, 2011; Robinson et al., 2010; 2012). Along
these lines, a small, 52 amino acid protein from phage strain 77, encoded by the ORF104 gene, has
been reported to interact directly with the Staphylococcus aureus helicase loader, Dnal, and to
inhibit host DNA replication in vivo (Liu et al., 2004). The discovery of 770RF104 marks the first
known instance in which the replication initiation machinery of a bacterium can be inhibited by an
exogenous factor (Liu et al., 2004); however, where the inhibitor protein associates with the helicase
loader and how it represses helicase loader activity has remained unknown.

To gain insights into both bacterial helicase loader mechanisms and how they may be disrupted
by an exogenous viral system, we used a combination of structural, biochemical, and comparative
studies to define how the phage 77 ORF104 protein inhibits S. aureus Dnal (SaDnal). We show that
the phage protein binds directly to Dnal's AAA+ ATPase domain, where it both remodels a region
critical for loader self-assembly and sterically masks a known loader-loader interaction site. Inhibitor
binding, which represses the helicase loader’'s ATP hydrolysis activity, is found to exploit a surface
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Figure 1. The phage 77 ORF104 protein binds the S. aureus Dnal ATPase domain. (A) Domain organization of SaDnal. The N-terminal helicase-binding
domain is colored gray, the linker region is magenta, and the AAA+ domain is orange. Numbers refer to amino acid positions. AAA+ ATPase motifs
are labeled: Walker-A (WA), Walker-B (WB), Sensor-I (SI), Box VI, Sensor-Il (Sll), and the initiator/loader specific motif (ISM). (B) SDS-PAGE analysis of
amylose pull-downs between HisgMBP-770RF104 and full-length SaDnal (with ATP). A Dnal alone control is shown. Supernatant — S/N, W1 and W2 —
washes. (C) Limited trypsin proteolysis and SDS-PAGE analysis of full-length SaDnal in the presence of 770ORF104. A ~20kDa band of SaDnal is
stabilized in the presence of 770ORF104.

DOI: 10.7554/eLife.14158.003

region normally occupied by a portion of the linker region that connects the N- and C-terminal
domains of Dnal. Together, our data not only establish a new means by which viruses can inhibit
DNA replication, but also indicate that bacterial helicase loaders possess an unanticipated auto-reg-
ulatory element, located within their variable linker region, that serves to help restrict premature
loader self-assembly.

Results

The phage 77 ORF104 protein binds the SaDnal C-terminal AAA+
domain in a nucleotide-independent manner

To begin to probe the interaction between 770RF104 and the helicase loader from S. aureus (SaD-
nal), we first cloned, expressed, and purified both full-length proteins. By performing amylose pull-
down assays using the tagged inhibitor protein as bait and Dnal as prey (Figure 1B), we confirmed
that 77ORF104 associates with SaDnal as previously reported (Liu et al., 2004). We then conducted
limited proteolysis studies of SaDnal in both the presence and absence of 770ORF104 to determine
where the phage protein might bind. Inspection of the reactions using SDS-PAGE showed relatively
rapid degradation of SaDnal when the phage protein was omitted. By contrast, when 770ORF104
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was added to the full-length loader, a distinct 20kDa species remained protected from digestion
(Figure 1C).

Having established that 77ORF104 appears to bind to and/or mask a defined portion of SaDnal,
we next sought to define the interacting regions more precisely. We therefore expressed and puri-
fied individual domains of SaDnal, including the N-terminal domain (NTD) and linker, the AAA+
domain and linker (CTD), and the AAA+ domain alone. Turning again to pull-down assays with
tagged 770RF104, we found that the phage protein was capable of retaining both the isolated C-
terminal AAA+ ATPase domain (with or without the preceding linker region) but not the N-terminal
domain on its own (Figure 2A-B). Given this finding, we next tested whether nucleotide was
required for SaDnal’s association with 77ORF104; ATP was found to be dispensable for association
with the full-length loader (compare Figures 1B, 2C). Together, these findings establish that the
phage inhibitor binds directly to the ATPase fold of Dnal but that this interaction is independent of
nucleotide.

Structure of a ADP«BeF3-bound SaDnal****+770RF104 complex

To better understand the physical basis for the phage 77 ORF104-SaDnal interaction, we set out to
determine a crystal structure of the complex. To define a minimal helicase loader construct for crys-
tallization screening, we fluorescently labeled the N-terminus of wild-type 770RF104
(Materials and methods) and performed fluorescence anisotropy-based binding assays with various
purified SaDnal truncations. In accord with our pull-down studies, the core AAA+ domain of
SaDnal™* proved sufficient for binding to 77ORF104, while the N-terminal domain of SaDnal
showed no evidence of binding (Figure 2D). The calculated apparent Ky (Ky, app = 49 nM £ 19 nM)
for the inhibitor-loader AAA+ domain interaction proved comparable to that previously reported for
the 770RF104 protein and full-length SaDnal (K4 = ~50 nM as reported by surface plasmon reso-
nance) (Liu et al., 2004). Together, these data show that only the core AAA+ domain of the S.
aureus helicase loader is required for high affinity association with the phage inhibitor protein, and
suggested that the SaDnal ATPase fold might serve as a promising candidate for co-crystallization
studies. Following screening, the successful acquisition of crystals, and data collection (see
Materials and methods), we determined a crystal structure of the AAA+ domain of SaDnal bound to
both 770RF104 and an ATP-mimetic, ADPeBeF3 (Figure 3A), using single-wavelength anomalous
dispersion for phasing. Following several rounds of building and refinement, the model converged
at an Ryor/Riree Of 18.0%/21.8% for the resolution range of 47.4-1.9 A (Table 1). The final model
contains residues 136-300 for SaDnal and all 52 residues of 77ORF104, and displays good overall
stereochemistry.

Examination of the ADPeBeF3-bound SaDnal**4*770ORF104 complex revealed that the phage
protein binds to the AAA+ domain of SaDnal in a 1:1 manner (Figure 3A). SaDnal's core AAA+
domain forms an ofo fold typical of the superfamily, and possesses all of the canonical motifs
involved in nucleotide binding, such as the Walker-A, Walker-B and Sensor-l elements
(Walker et al., 1982) (Figure 1A). Collectively, these motifs adopt a configuration similar to that
seen in structures of other nucleotide-bound AAA+ ATPases (e.g., see [Erzberger and Berger,
2006])), except that the last six C-terminal residues of the structure, which include the Sensor-Il
amino acid (Arg304), were unresolved (Figure 3B). Inspection of the electron density in the active
site revealed clear density for nucleotide binding, permitting modeling of ADP, BeFs, and a single
Mg?* ion and its associated waters. Interestingly, 77ORF104 can be seen to directly engage the
bound nucleotide. In this regard, Lys39 of the phage inhibitor protein makes one of the more nota-
ble contacts, projecting into the SaDnal®*** active site to engage the BeF; moiety directly
(Figure 3B).

Structurally observed interactions are important for loader-inhibitor
interactions

Upon inspection of the 77ORF104sSaDnal®*** binding interface, it became evident that the interac-
tion of these proteins can be divided into roughly three 'hotspots’ (Figure 3C). One such locus
involves the five most C-terminal residues of the protein, which form a B-strand that associates lat-
erally with one edge of the B-sheet in SaDnal's AAA+ domain core. The other two loci involve
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Figure 2. Binding of 77ORF104 to the SaDnal AAA+ domain is nucleotide-independent. SDS-PAGE analysis of amylose pull-downs between HisgMBP-
770RF104 and (A) SaDnal®™®, (B) SaDnalN™®, or (C) full-length SaDnal in the absence of ATP. Dnal and 77ORF104 alone controls are also shown. (D)
Binding the phage 77 ORF104 protein to SaDnal®“* and SaDnal™™® as measured by a change in fluorescence anisotropy (AFA — change in milli-
anisotropy units). The X-axis denotes protein concentration. Data points and error bars derive from three-independent experiments. No measurable

binding was observed for SaDnal™™P.
DOI: 10.7554/eLife.14158.004

residues such as Tyr17 and Lys39, which make contacts to or around the nucleotide-binding site of
SaDnal and the associated loader-inhibitor interaction surface.

To determine whether specific contacts observed in the SaDnal™***«770RF104 complex are
important for the inhibitor's association with Dnal, we designed, cloned and purified several
770RF104 mutants based on the structure and tested them for binding to SaDnal®*** (Figure 3D).
Lys39 and Tyr17 were each mutated to glutamate in the full-length 77ORF104 protein, and the last
six amino acids of the inhibitor's C-terminus were also truncated (77ORF104247-32). We then devel-
oped a competition-based fluorescence anisotropy assay to assess the ability of different
mutant proteins to displace fluorescently labeled, wild-type 770RF104 from the SaDnal AAA+
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Figure 3. Structure of the ADPeBeFs-bound SaDnal****«770ORF104 complex and biochemical validation of observed interactions. (A) Overall structure
of ADPsBeF5-bound SaDnal™* complexed with 77ORF104. SaDnal®A* is colored orange and 770RF104 sky-blue. ADP (dark blue), BeF3 (limon-teal)
and a magnesium ion (black), are shown within the ATP binding site of SaDnal™A*_(B) Close-up view of the SaDnal ~A* ATP binding site. Conserved
motifs are colored: Walker-A (Lys170) (blue), Walker-B (Asp225 and Asp226) (yellow), and Sensor-1 (Asn260) (grey). Lys39 from 770ORF104 is colored

green, a magnesium ion in black and liganding waters in red. Refined 2Fo-Fc electron density is shown for a portion of the region, contoured at 1.6 ©.
(C) Analysis of the ADPsBeFs-bound SaDnal™**s770ORF104 interface. Several residues from 77ORF104 that participate in the interaction are shown as
sticks and labeled. Three elements selected for mutagenesis studies are colored pink (Tyr17), green (Lys39), and red (residues 47-52). (D) Competition

Figure 3 continued on next page
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Figure 3 continued

assay showing the ability of different 77ORF104 mutants to compete away wild-type, N-terminally labeled 77ORF104 from interacting with SaDnal***.
Competition is evident by a decrease in fluorescence anisotropy (AFA — change in milli-anisotropy units) as labeled protein is displaced by the
unlabeled 770ORF104 competitor.

DOI: 10.7554/elife.14158.005

domain. As expected, native 770RF104 proved capable of competing away the dye-labeled
770RF104 protein from binding to SaDnal®*** (K; .,,=1.625 uM =+ 0.07 uM) (Figure 3D), establish-
ing the utility of the assay. Testing of the 77ORF104" 37 mutant revealed only a modest reduction in
potency relative to the wild-type protein, indicating that this amino acid serves a relatively peripheral
role in stabilizing the inhibitor-loader interface (Figure 3D). By comparison, removal of the C-termi-
nal tail of 770RF104 or mutation of Tyr17 to glutamate completely abrogated the ability of
770RF104 to compete for binding by the labeled inhibitor protein (Figure 3D). Together, these

Table 1. Data collection, phasing and refinement statistics for apo SaDnal**** and ADPeBeF;-SaDnal***«770ORF104 structures.

Construct: 'apo’ SaDnal*AA* 770RF104-SaDnal**A*
Data Collection

Beamline BNL NSLS X25 BNL NSLS X25
Wavelength 1.500 0.979

Space group P2:2424 P6522

Cell edges (A) 113.10, 126.26, 183.34 73.17,73.17,189.72
Cell angles () 90.0, 90.0, 90.0 90.0, 90.0, 120.0
Resolution range (A) 48.1-2.6 (2.74- 2.6) 44.8-1.9 (1.97-1.9)7
Unique reflections 81,324 (11,704) 24,589 (2,390)
Completeness (%) 99.9 (99.5) 100.00 (100.00)
Rmerge 0.16 (4.00) 0.165 (1.55)

Rineas 0.17 (4.33) 0.17 (1.65)

Rpim 0.066 (1.66) .054 (.57)
Redundancy 13.3(13.2) 18.5 (15.7)

1/o(1) 3.4 0.2 14.82 (1.44)

Wilson B-Factor 29.6 26.6

CC1/2 0.996 (0.684) 0.999 (0.693)
Phasing

# of sites NA 4

FOMP NA 0.90 (0.54)
Refinement

Resolution limits (A) 48.13 (2.6) 47.4(1.9)
RuorkRiree)” 22.7 (26.5) 18.0 (21.8)

No. protein residues 1975 223

No. solvent/ligand molecules 67/9 209/32

RMSD Bond, A 0.003 0.012

RMSD Angle, ° 0.540 1.335

Protein geometry

Ramachandran preferred/outliers (%) 95.87/0.61 99.5/0

Rotamer outliers (%) 0.48 0

“Numbers in parentheses refer to the highest resolution shell.
PFive percent of the total number of reflections were used to calculate Rfee.
DOI: 10.7554/eLife.14158.006

Hood and Berger. eLife 2016;5:¢14158. DOI: 10.7554/eLife.14158 7 of 23


http://dx.doi.org/10.7554/eLife.14158.005
http://dx.doi.org/10.7554/eLife.14158.006Table%201.Data%20collection,%20phasing%20and%20refinement%20statistics%20for%20apo%20SaDnaIAAA+%20and%20ADP&x2022;BeF3-SaDnaIAAA+&x2022;77ORF104%20structures.%2010.7554/eLife.14158.006Construct:&x0027;apo&x0027;%20SaDnaIAAA+77ORF104-SaDnaIAAA+Data%20CollectionBeamlineBNL%20NSLS%20X25BNL%20NSLS%20X25Wavelength1.5000.979Space%20groupP212121P6522Cell%20edges%20(&x00C5;)113.10,%20126.26,%20183.3473.17,%2073.17,%20189.72Cell%20angles%20(&x00B0;)90.0,%2090.0,%2090.090.0,%2090.0,%20120.0Resolution%20range%20(&x00C5;)48.1&x2013;2.6%20(2.74&x2013;%202.6)44.8&x2013;1.9%20(1.97&x2013;1.9)aUnique%20reflections81,324%20(11,704)24,589%20(2,390)Completeness%20(%)99.9%20(99.5)100.00%20(100.00)Rmerge0.16%20(4.00)0.165%20(1.55)Rmeas0.17%20(4.33)0.17%20(1.65)Rpim0.066%20(1.66).054%20(.57)Redundancy13.3%20(13.2)18.5%20(15.7)I/&x03C3;(I)3.4%20(0.2)14.82%20(1.44)Wilson%20B-Factor29.626.6CC%201/20.996%20(0.684)0.999%20(0.693)Phasing#%20of%20sitesNA4FOMbNA0.90%20(0.54)RefinementResolution%20limits%20(&x00C5;)48.13%20(2.6)47.4%20(1.9)Rwork(Rfree)b22.7%20(26.5)18.0%20(21.8)No.%20protein%20residues1975223No.%20solvent/ligand%20molecules67/9209/32RMSD%20Bond,%20&x00C5;0.0030.012RMSD%20Angle,%20&x00B0;0.5401.335Protein%20geometryRamachandran%20preferred/outliers%20(%)95.87/0.6199.5/0Rotamer%20outliers%20(%)0.480aNumbers%20in%20parentheses%20refer%20to%20the%20highest%20resolution%20shell.bFive%20percent%20of%20the%20total%20number%20of%20reflections%20were%20used%20to%20calculate%20Rfree.
http://dx.doi.org/10.7554/eLife.14158

LI FE Biochemistry | Biophysics and structural biology

data corroborate the structural interactions seen in the 77ORF104¢SaDnal®*** complex, demon-
strating that both Tyr17 and the last five residues of the C-terminal tail of 77ORF104 are particularly
critical for the activity of the phage inhibitor. The results with the 77ORF104"*? mutant additionally
are consistent with our pull-down studies, which show that the 770ORF104-SaDnal interaction does
not require nucleotide for stable association (Figure 2A-B).

770RF104 blocks Dnal self-assembly by two mechanisms

Having established how the phage inhibitor engages SaDnal, we sought next to determine how
770RF104 binding might interfere with specific loader functions. Most AAA+ ATPase systems oligo-
merize by inter-ATPase domain interactions that juxtapose the active site of one subunit with a cata-
lytically important basic amino acid (the arginine finger) of another subunit (Wendler et al., 2012). In
the case of 77ORF104, the protein associates with the nucleotide-binding face of SaDnal; superposi-
tion of the SaDnal AAA+ domain in our complex onto the AAA+ domain of a single subunit from a
nucleotide-assembled dimer of Aquifex aeolicus DnaC (Mott et al., 2008) shows that the 770ORF104
protein occupies the same location as that of the neighboring protomer (Figure 4A). This arrange-
ment indicates that the phage inhibitor blocks SaDnal activity by sterically blocking loader self-
assembly.

Within AAA+ ATPases, one specialized feature that phylogenetically distinguishes helicase
loaders such as Dnal and bacterial replication initiator proteins from other superfamily members is
the existence of an extra a-helix that is inserted into one edge of the core AAA+ fold (lyer et al.,
2004). This element, termed the Initiator/loader-Specific Motif (ISM) (Dueber et al., 2007), has
been shown to be important for self-assembly and function in replicative helicase loaders and initia-
tors (Mott et al., 2008; Dueber et al., 2007, Erzberger et al., 2006; Duderstadt et al., 2011). In
nucleotide-oligomerized DnaA and DnaC/l structures, the ISM introduces a significant out-of-plane
displacement of adjacent ATPase folds, and appears responsible for pushing these assemblies into a
helical, as opposed to closed-ring, formation. As anticipated, based on structural alignments with
DnaC/l homologs, the ISM of 770RF104-bound SaDnal®*** forms a V-shaped projection from the
central ATPase domain. Inspection of this region, however, revealed that one of the a-helices of the
SaDnal ISM is bent compared to the ISM region of other helicase loaders (Figure 4B). Examination
of the crystal contacts in our SaDnal®***+77ORF104 structure indicates that the change in conforma-
tion of the ISM is not the result of packing interactions, indicating that binding of the 77ORF104
inhibitor is responsible for introducing this conformational change in SaDnal**4™.

To determine whether the conformational change seen in the SaDnal ISM corresponds to a natu-
ral state of S. aureus protein, or as a result of binding to phage 77 ORF104, we crystallized and
determined the structure of the SaDnal AAA+ domain in absence of the inhibitor protein
(Figure 4B). Structural alignment of the apo and 77ORF104-bound SaDnal*** models shows that
the ISM is straight in the absence of the inhibitor, as seen in other helicase loader structures, such as
Streptococcus pyogenes Dnal (shown in Figure 4B). This result indicates that the bent conforma-
tional change visualized for the SaDnal ISM in the presence of the inhibitor is a consequence of
770RF104 binding, rather than a species-specific state of the loader alone. Thus, in addition to steri-
cally blocking partner binding, 770ORF104 remodels a critical self-assembly element in Dnal to further
interfere with loader self-association.

Given that the N-terminal domain of DnaC/l-type helicase loaders contains the portion of the pro-
tein known to bind the replicative helicase, we reasoned that the 77ORF104 inhibitor might not dis-
rupt the ability of Dnal to associate with its cognate target, DnaC (known as SaDnaC, a DnaB-family
helicase not to be confused with the E. coli Dnal homolog and helicase loader, EcDnaC). To test this
idea, we performed pull-down experiments using tagged 770RF104 as bait to bind either untagged
SaDnal or SaDnaC-bound SaDnal as prey (Figure 4C). Analysis of the reactions by SDS-PAGE
revealed that both free SaDnal and 770ORF104-bound SaDnal were able to bind to the SaDnaC heli-
case equally well. By contrast, 770ORF104 did not bind to the SaDnaC helicase alone. Overall, this
result is consistent with a model in which 77ORF104 inhibits SaDnal function not by blocking loader/
helicase associations, but by preventing loader self-assembly. Both light-scattering and analytical
size-exclusion chromotography data corrobate this model (Figure 4—figure supplement 1; Fig-
ure 4—figure supplement 2).
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Figure 4. 770RF104 alters the local conformation of the SaDnal ISM but does not block interactions with the SaDnaC replicative helicase. (A)
Superposition of a nucleotide-stabilized Aquifex aeolicus DnaC**** (AgDnaC****) dimer (PDB ID 3ECC, [Mott et al., 2008]) onto the
SaDnal™*e770RF104 structure. The docking results in a steric clash between 77ORF104 and the neighboring protomer of the AgDnaC**** dimer.

Figure 4 continued on next page
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Figure 4 continued

The inset (rotated 180°) shows a close-up view of the ATP binding center, highlighting how the dimer-partner of the Aquifex aeolicus DnaC**** domain
projects a positive amino acid (Lys210) into the AAA+ active site in a manner similar that seen for Lys39 from 770ORF104. (B) Induction of a local
conformational change to the SaDnal ISM by 77ORF104 can be seen in a comparative structural analysis with other Dnal homologs. The inset (rotated
90°) shows a close-up view of ISM helices in the 77ORF104-inhibited complex aligned to apo SaDnal** and Streptococcus pyogenes

Dnal (SpyoDnal®%*) (PDB ID 2QGZ, Seetharaman et al., to be published). The blue arrow indicates the direction of ISM bending by the phage inhibitor
protein. (C) 770ORF104 associates with SaDnal when the helicase loader is bound to the host SaDnaC helicase. SDS-PAGE analysis of amylose pull-down
experiments using purified HissMBP-tagged 77ORF104, SaDnal, and the SaDnaC replicative helicase. The positions of each protein are indicated on the
right; inputs are shown on the left half of the gel. HissMBP-tagged 77ORF104 co-precipitates with SaDnal alone and SaDnal bound to the SaDnaC
replicative helicase, but not with the SaDnaC helicase alone. Pull-down experiments were performed in the absence of nucleotide. Performing the
experiment in the presence of nucleotide generated the same result (not shown), indicating nucleotide is not required for SaDnal to associate with
SaDnaC.

DOI: 10.7554/elife.14158.007

The following figure supplements are available for figure 4:

Figure supplement 1. 770ORF104 directly interferes with the self-association of SaDnal.

DOI: 10.7554/eLife.14158.008

Figure supplement 2. Analytical gel filtration results of SaDnaC, SaDnal, 77ORF013 and 77ORF104, both alone and in various combinations.

DOI: 10.7554/¢eLife.14158.009

770RF104 inhibits ssDNA-stimulated ATP hydrolysis by SaDnal

If 770RF104 targets the ability of SaDnal to self-associate, as opposed to an interaction with the
host helicase, then the protein should be expected to affect functions of Dnal that rely on loader-
loader interactions. The nucleotide binding cycle of bacterial helicase loaders has been proposed to
be coupled to an ability of the loader to self-assemble (Biswas et al., 2004; Mott et al., 2008;
Tsai et al., 2009a), an activity that can be stimulated in Dnal/DnaC-family loaders by single-stranded
(ss) DNA (Davey et al., 2002; loannou et al., 2006). To test whether 770RF104 might impact such
a function, we carried out radioactive ATP hydrolysis assays using [y->2P}-ATP and M13-ssDNA.
Although SaDnal was found to exhibit relatively modest ATPase activity on its own, the presence of
M13-ssDNA markedly stimulated nucleotide turnover (Figure 5A). By contrast, when incubated with
the 770RF104 inhibitor in the presence of M13-ssDNA, the observed stimulation of ATP hydrolysis
by ssDNA was much reduced (Figures 5B,C). To establish that the increase in ATPase activity we
observed was derived from SaDnal and not from a potentially contaminating ATPase, we cloned,
expressed and purified several active site mutants of SaDnal. Both a Walker A mutant (K170A) and
an arginine finger mutant (R288A) showed reduced ATP hydrolysis activity in the presence of ssDNA,
indicating that the ssDNA-stimulated activity seen in our assays was indeed specific to Dnal and
did not arise from a contaminating ATPase (Figure 5D). Taken together with our structural and bio-
chemical data (see also Figure 4—figure supplement 1), our findings support a model in which
770RF104 inhibits SaDnal activity by blocking loader self-assembly and preventing proper ATPase
function.

Evidence for a phage-encoded hijacking mechanism that targets the
host helicase

Because phage 77 utilizes a specialized protein to inhibit the activity of the host's helicase loader,
we became curious as to how the phage itself might replicate. Interestingly, within the phage 77
genome, the gene next to ORF104 (termed ORF013) is annotated as an AAA+ ATPase. The two
genes are located in the same operon in the phage chromosome, suggesting that they might be
expressed contemporaneously and function synergistically. To determine the protein family to which
770RF013 belongs, we searched the database for homologous proteins of known function. Surpris-
ingly, this analysis revealed that the 77ORF013 gene encodes a putative DnaC/Dnal-type helicase
loader (Figure 6A), thereby raising the possibility that the 770RF013 protein might bind to the
host's replicative helicase directly. To test this hypothesis, we cloned, expressed and purified a
tagged version of 770RF013 and performed amylose pull-down experiments using the untagged
SaDnaC replicative helicase as prey. SDS-PAGE analysis of different pull-down fractions showed that
the phage 77 ORFO13 protein was indeed capable of binding the SaDnaC replicative helicase
(Figure 6B); analytical gel filtration chromatography studies corroborate this result (Figure 4—figure
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Figure 5. 770ORF104 inhibits ssDNA stimulation of ATP hydrolysis by SaDnal. (A) Representative TLC image shown for SaDnal ATP hydrolysis in the
presence (left) or absence (right) of M13ssDNA. (B) M13ssDNA stimulates ATP hydrolysis by SaDnal while 770RF104 inhibits this effect. (C)
Representative TLC image of SaDnal ATP hydrolysis experiments in the presence and absence of wild-type 770RF104 and/or M13ssDNA. (D) Effects of
ATPase mutations on observed hydrolysis activity. Walker-A (K170A) and arginine finger (R288A) mutations in SaDnal show reduced stimulation of

activity, comparable to that seen in the absence of ssDNA.
DOI: 10.7554/elife.14158.010

supplement 2). Thus, the partner open reading frame shared by the 77ORF104 inhibitor protein
appears to encode for a phage variant of a bacterial replicative helicase loader.

The finding that 770ORF013 is a helicase loader homolog raised the question as to whether the
cognate 770RF104 protein would bind to it as well as to the host SaDnal protein. To address this
question, we performed pull-downs of the purified tagged 77ORF104 inhibitor with 77ORF013. This
assay revealed no association between the putative phage-encoded helicase loader and 77ORF104
(Figure 6C). As measured by anisotropy, 770RF104 also proved unable to interact with either a
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Figure 6. Phage 77 encodes a bacterial helicase loader homolog (ORF013) that binds to the host SaDnaC replicative helicase. (A) Phylogenetic tree of
the phage encoded ORF013 gene with various initiator/loader clade AAA+ ATPases. 770RF013 clusters with DnaC/Dnal family helicase loaders; a
distantly related AAA+ ATPase (E. coli ClpX) was included for the purpose of rooting the tree. (B) SDS-PAGE analysis of amylose pull-down
experiments using HissMBP-tagged phage loader 770RF013 and the S. aureus DnaC replicative helicase. The 770RF013 helicase loader homolog
binds to the host SaDnaC helicase. (C) SDS-PAGE analysis of amylose pull-downs using HissMBP-tagged 77ORF104 and 770ORF013 helicase loader
homolog. 77ORF013 does not associate with the 77ORF104 inhibitor protein. (D) Binding to phage 77ORF104 inhibitor protein to SaDnal***,
770RF013 and E. coli DnaC as measured by a change in fluorescence anisotropy (AFA — change in milli-anisotropy units). The X-axis represents protein
concentration. Data points and error bars derive from three-independent experiments. No measurable binding was observed for the phage 77 ORF013

or E. coli DnaC. SaDnal®* is shown as a positive control.
DOI: 10.7554/elife.14158.011

Gram-negative, DnaC-type helicase loader (E. coli DnaC) or 770RF013 (Figure 6D), indicating that
the association of 770ORF104 with Dnal is specific to the S. aureus helicase loader. Together, these
findings indicate that the phage inhibitor protein’s association with SaDnal is specific for binding
only to the helicase loader of a host bacterium targeted by the virus.
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Discussion

In the present study, we have set out to better understand not only the function of Dnal-family bac-
terial helicase loaders, but also how bacteriophage can interfere with helicase loader activity to block
host DNA replication. We determined crystal structures of the AAA+ ATPase region of the SaDnal
helicase loader in a nucleotide-free state and bound to both the ATP mimic ADPeBeF3 and a Dnal-
binding protein (770RF104) from phage 77 (Figures 3 and 4A-B). The structures reveal that binding
of the phage inhibitor not only remodels a region known to be critical for Dnal homo-oligomeriza-
tion, the Initiator Specific Motif (ISM) (Figure 4B), but that it also sterically occludes a principal sub-
unit-subunit interaction surface on the helicase loader (Figure 4A). Association studies between
770RF104 and SaDnal show that productive interactions are not dependent on nucleotide binding
(Figure 2C), but instead require the last five C-terminal residues of the phage inhibitor protein and a
particular tyrosine residue (Tyr17) on the inhibitor protein that is buried in the binding interface with
SaDnal (Figure 3C-D).

The observed structural changes and regions masked by 770RF104 binding would be expected
to prevent Dnal self-association. This prediction is borne out by ATPase assays showing that this
activity — which relies on Dnal-Dnal interactions to form a competent catalytic center — is repressed
by the protein (Figure 5B). Interestingly, ORF104 was not found to disrupt the loader’s association
with the replicative helicase SaDnaC (Figure 4C). This result indicates that 77ORF104 could in princi-
ple act at multiple stages during the DNA replication cycle where helicase-loading events are uti-
lized, including both initiation and replication restart (Bell and Kaguni, 2013; Heller and Marians,
2006).

During the course of carrying out this work, we discovered that phage 77 encodes another pro-
tein, ORF013, which is homologous to other DnaC/l-family members (Figure 6A-B). Binding studies
revealed that this protein binds to the host’s replicative helicase, SaDnaC, but not to the inhibitory
770RF104 protein that is also produced by phage 77 (Figure 6C-D). These observations suggest
that the 770RF013 and 770RF104, which appear to both share a common operon, may serve as a
two-pronged mechanism by which host replication can be inhibited and a portion of the cell’s repli-
cation machinery co-opted for promoting viral DNA duplication. Surveys of other S. aureus phage
genomes, such as phages 80 and 80c, reveal the existence of homologs of both the phage 77
ORFO013 protein and the ORF104 inhibitor (Kwan et al., 2005; Liu et al., 2004; Tormo-Mas et al.,
2010), indicating that the phage 77 ORF013/ORF104 system may be widespread among Staphylo-
coccus aureus phages. The hijacking of a host replicative helicase for viral replication has been seen
before with divergent viruses, including the phages A, P2 and Mu, as well as influenza
(Kawaguchi and Nagata, 2007; Kruklitis and Nakai, 1994; Mallory et al., 1990; Odegrip et al.,
2000). However, the co-expression of a putative viral helicase loader with an inhibitor of a host heli-
case loader has only been seen thus far for phage 77 and its relatives. Although replication initiation
has yet to be reconstituted for S. aureus using purified factors, the planned development of such a
system will allow for future investigations into the effects of ORFO13/ORF104 family proteins on heli-
case loading and phage replication in vitro.

A second unexpected finding obtained from this work derives from an analysis of where
770RF104 binds to SaDnal in the context of other bacterial helicase loading proteins. Previous stud-
ies of Bacillus subtilis Dnal and the related E. coli DnaC protein have shown that bacterial helicase
loaders typically require helicase binding and/or ssDNA binding to promote ATPase activity
(loannou et al., 2006; Learn et al., 1997, Davey et al., 2002), a function proposed to directly
depend on loader self assembly (Mott et al., 2008). Superposition of the 77ORF104-SaDnal com-
plex with structures of other Dnal orthologs, particularly those that contain a portion of the helicase
loaders’ linker regions, reveal that the C-terminal tail of the inhibitor actually occupies a pocket that
corresponds to the observed binding site for a portion of the linker itself (Figure 7A). Moreover,
inspection of these overlays shows that in associating with its own AAA+ ATPase domain, the inter-
domain linker additionally blocks a portion of the surface where subunit-subunit interactions form
during loader self-association (Figure 7A, see inset). This observation explains why Dnal ATPase
domain constructs containing a portion of the linker crystallized as monomers even in the presence
of nucleotide, and indicates that the linker likely serves as a switch that reports on relative status of
the N- and C-terminal regions, repressing loader-loader interactions until the correct helicase and
DNA targets are bound (Figure 7B). In this regard, the 77ORF104 protein exploits this binding

Hood and Berger. eLife 2016;5:¢14158. DOI: 10.7554/eLife.14158 13 of 23


http://dx.doi.org/10.7554/eLife.14158

e LI F E Research Article

Biochemistry | Biophysics and structural biology

A

770RF104-bound

GkaDnalAAA+

SaDnalAAA+ \

¢ ¢ | = AgDnaCAAA+
,‘ | )
) N\
RN 770RF104-Cterm
7 | \ & » y
x/\ \S '& i GkaDnalNTD-linker
o | - Tp
\ )
TN
‘el
®)
\

DnaC
(helicase)

Dnal @

(autoinhibit

-

vj

77TORF104

(exogenous
inhibitor) @

77ORFO1 3 (loader homolog)

Phage Replication
—»

/ o

HOFFH

Figure 7. Insights into bacterial helicase loader mechanism and regulation derived from this study. (A) The N- and C-terminal domain linker of DnaC/I
helicase loaders occupies a region bound by the phage 77 inhibitor protein. The monomeric ATPase domain of G. kaustophilus Dnal (GkaDnal %)

Figure 7 continued on next page

Hood and Berger. eLife 2016;5:¢14158. DOI: 10.7554/eLife.14158

14 of 23


http://dx.doi.org/10.7554/eLife.14158

LIFE

Figure 7 continued

Biochemistry | Biophysics and structural biology

(PDB ID 2W58, [Tsai et al., 2009b]) is shown superposed onto a nucleotide-assembled dimer of both the A. aeolicus DnaC AAA+ domain (a construct
that lacks the linker, PDB ID 3ECC, [Mott et al., 2008))) and the SaDnal®* domain (as seen in complex with 77ORF104). The C-terminal tail of
770RF104 forms a B-strand that occupies the same location as the GkaDnal™** linker (magenta), although the strand runs in the opposite direction.
(Inset) Close-up view of the linker/tail binding site. Several amino acids in the linker are shown as space filling (magenta) to illustrate how this element
would sterically clash with a second, incoming helicase loader ATPase domain to prevent self assembly (pink spheres, from AgDnaC). (B) Schematic
summarizing the auto-regulation of DnaC/I helicase loaders and the ability of phage 77-family viruses to inhibit host helicase loading and co-opt host

replicative helicases in S. aureus and related Gram-positive bacteria. The bacterial helicase loader linker region forms an intra-molecular interaction with

its associated AAA+ domain to auto-repress inopportune loader/loader interactions; upon binding to the replicative helicase, the linker is proposed to

undock from this region to allow self-assembly of the loader ATPase folds and subsequently assist with loading of the replicative helicase onto single-
stranded origin DNA. The phage 77 ORF104 inhibitor protein binds to cognate loaders such as SaDnal, repressing loader self-association, ATPase

activity, and presumably its ability to properly participate in the helicase loading reaction. Phage 77 is also found to encode a helicase loader homolog
(ORFO013) that directly binds to the host replicative helicase, likely as a means to re-direct the host's replication machinery toward replication of the viral

genome.
DOI: 10.7554/elife.14158.012

locus, taking advantage of the linker-binding pocket to inactivate the host loader, an activity that
would allow the cellular replicative helicase to be re-routed by the phage-encoded loader to pro-
mote viral replication (Figure 7B). This interaction, which occurs within a small hydrophobic pocket
on the loader AAA+ ATPase domain, suggests that the linker-binding region of the Dnal AAA+
domain could serve as an attractive site for the development of chemical inhibitors to target helicase
loading and DNA replication in bacteria. Future efforts will help test and establish these concepts
further.

Materials and methods

Cloning, expression and protein purification

Coding sequences for full-length Staphylococcus aureus Dnal, Dnal®A* (residues 136-306), DnalN™P
(residues 1-117), SaDnaC replicative helicase, and phage 77 ORF104 and ORF013 were cloned into
a pET28b (EMD Millipore, Billerica, MA) derivative with a tobacco etch virus (TEV) protease-cleav-
able,  N-terminal  hexahistidine-MBP  tag  and  verified by sequencing  (Elim
Biopharmaceuticals, Hayward, CA). All SaDnal and phage 77 proteins were expressed in E. coli,
using BL21 codon-plus (DE3) RIL cells (Agilent), by inducing at Aggo= 0.4-0.5 with 1 mM IPTG at
37°C for 3 hr. Cells were harvested by centrifugation, resuspended in lysis buffer and lysed by soni-
cation. All S. aureus Dnal and phage proteins were purified by Ni?*-affinity chromatography over a
5-mL HisTrap HP column (GE). Lysis buffer consisted of 500 mM NaCl, 20 mM imidazole, 50 mM
HEPES-KOH pH 7.5, 10 mM MgCl,, 10% glycerol, and protease inhibitors (1 mM phenylmethylsul-
fonyl fluoride (PMSF), 1 mg/mL Pepstatin A, 1 mg/mL Leupeptin). After washing in binding buffer
containing 1 M NaCl, proteins were eluted with 300 mM imidazole in elution buffer containing
50 mM NaCl, 50 mM HEPES-KOH pH 7.5, 10 mM MgCl,, 10% glycerol and protease inhibitors
(1 mM PMSF, 1 mg/mL Pepstatin A, and 1 mg/mL Leupeptin) over 5 column volumes. His,-MBP tags
were removed with Hisg-tagged TEV protease (MacroLab, UC Berkeley) adding the TEV protease at
a ratio of 1:40 TEV:protein and incubating at 4°C overnight. Proteins were then exchanged into bind-
ing buffer, repassaged over a HisTrap column, and run over a Sepharose S200 gel filtration column
(GE) in 500 mM NaCl, 50 mM HEPES-KOH pH 7.5, 10 mM MgCl,, 10% glycerol, and protease inhibi-
tors (1 mM PMSF, 1 mg/mL Pepstatin A, and 1 mg/mL Leupeptin). Selenomethionine labeled pro-
teins were purified by the same protocol with the exception that 0.5 mM TCEP was added to all
buffers. Protein purity was assessed by polyacrylamide gel electrophoresis and Coomassie staining.
Proteins were concentrated by centrifugal ultrafiltration (EMD Millipore Amicon Ultra). Concentra-
tion was determined by absorption at 280 nm using the following calculated extinction coefficients:
23,380 M cm™ for FL SaDnal, 72,310 M" cm™ for H,MBP-770RF104, 14,440 M" cm™ for
SaDnalA*A*(1367309) 4470 M cm™ for 770RF104 and 7450 M™" cm™ for SaDnal™™"="""), 15,930 M"
T em™ for SaDnal“™P117-309) 28 880 M™" ecm™ for 77ORF013, and 27,850 M™' cm™ for SaDnaC repli-
cative helicase. Mutant Staphylococcus bacteriophage 770RF104 and S. aureus Dnal proteins were
generated using QuickChange (Agilent) site-specific ~ mutagenesis and  sequenced
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(GeneWiz, Frederick, MD). S. aureus Dnal and phage 770RF104 mutants were purified as described
above.

Expression and purification of the S. aureus replicative helicase,
SaDnaC

Hise-MBP tagged SaDnaC was expressed in E. coli, using BL21 codon-plus (DE3) RIL cells (Agilent),
by induction at Aggo = 0.6 with 1 mM IPTG at 37°C for 2.5-3 hr. Cells were harvested by centrifuga-
tion, resuspended in lysis buffer and lysed by sonication. SaDnaC was purified by Ni?*-affinity chro-
matography over a 5-mL HisTrap HP column (GE). Lysis buffer consisted of 500 mM NaCl, 20 mM
imidazole, 50 mM Tris-HCI pH 8.0, 2 mM MgCl,, 10% glycerol, 0.5 mM B-mercaptoethanol and pro-
tease inhibitors (1 mM PMSF, 1 mg/mL Pepstatin A, 1 mg/mL Leupeptin). After washing in binding
buffer containing 500 mM NaCl, proteins were eluted with 300 mM imidazole in elution buffer con-
taining 50 mM NaCl, 50 mM Tris-HCI| pH 8.0 2 mM MgCl,, 10% glycerol, 0.5 mM B-mercaptoethanol
and protease inhibitors over 5 column volumes. The elution was then loaded onto a HiTrap Mono Q
Sepharose HP Column (GE Healthcare, United Kingdom) equilibrated in 150 mM NaCl, 50 mM Tris-
HCI pH 8.0, 2 mM MgCl,, 10% glycerol, 0.5 mM B-mercaptoethanol and protease inhibitors and
eluted in buffer containing 300 mM NaCl. The Hiss-MBP tag was removed with Hiss-tagged TEV pro-
tease adding the TEV protease at a ratio of 1:40 TEV:protein and incubating at 4°C overnight. Pro-
teins were then exchanged into binding buffer, repassaged over a HisTrap column, and run over a
Sepharose S300 gel filtration column (GE) in 800 mM NaCl, 20 mM Tris-HCI pH 8.0, 5 mM MgCl,,
10% glycerol, 1 mM B-mercaptoethanol, 0.01 mM ATP and protease inhibitors. Protein purity was
assessed by polyacrylamide gel electrophoresis and Coomassie staining. Proteins were concentrated
by centrifugation (Millipore Amicon Ultra MWCO 30 K). Concentration was determined by absorp-
tion at 280 nm using a calculated extinction coefficient of 27,850 M™' cm™' for the SaDnaC replicative
helicase.

Crystallization of an ADP.BeF3-bound SaDnal****«770RF104 complex
To crystallize the ADPeBeF;-bound SaDnal****«770ORF104 complex, we expressed and purified both
proteins individually, using minimal media containing selenomethionine for SaDnal®** and 2xYT
media for 77ORF104. Following purification, the SaDnal****«770ORF104 complex was formed using
a two-fold excess of 77ORF104 to SaDnal®***, and the complex purified by passage over a Sephar-
ose S200 gel filtration column equilibrated in S200 buffer plus 0.5 mM TCEP. Following concentra-
tion to 6 mg/mL, ADPeBeFswas spiked into the sample to 2 mM final concentration as an ATP
mimetic. Crystallization was performed by hanging-drop vapor diffusion by mixing 2 uL of protein
complex in S200 sizing buffer with 2 pL well solution (50 mM Tris-HCI 8.5, 20 mM MgCl,, 20% etha-
nol). Large, rod-shaped crystals grew within 1-2 days at 21°C using a protein concentration of 6.5
mg/mL. Crystals were cryo-protected by serial exchange into a harvesting buffer containing 25%
PEG 400, 50 mM HEPES 7.5, 500mM NaCl, 5 mM MgCl,, 10% glycerol, 0.5 mM TCEP, and 2 mM
ADPeBeF; before flash freezing in liquid nitrogen. Crystals were stored in liquid nitrogen prior to
data collection.

Crystallization of apo SaDnal*AA*

Apo SaDnal®* was expressed and purified as described above with only a minor change made to
the S200 sizing buffer (substituting 500 mM KCI for 500 mM NaCl). Sparse matrix screening was per-
formed as described above at a protein concentration of 5 mg/mL. The final crystallization condi-
tions for SaDnal®** contained a well solution of 0.1 M citric acid, 10 mM MgCl,, and 0.8 M
ammonium sulfate at pH 4.0. Prior to crystallization, ADPeBeF3 was spiked into the sample to 2 mM
final concentration and crystals were grown at 21°C. Crystals were cryo-protected by serial exchange
into a harvesting buffer containing 25% glycerol, 0.1 M citric acid pH 4.0, 0.8 M ammonium sulfate,
50 mM HEPES-KOH pH 7.5, 10 mM MgCl,, 10% glycerol, and 2 mM ADPeBeF; before flash freezing
in liquid nitrogen.

Hood and Berger. eLife 2016;5:€14158. DOI: 10.7554/eLife.14158 16 of 23


http://dx.doi.org/10.7554/eLife.14158

LI FE Biochemistry | Biophysics and structural biology

Data collection for ADP«BeF3-SaDnal****+77ORF104 and apo
SaDnalAAA*

Datasets for both structures were collected at beamline X25 at the National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory. A single selenomethionine SAD dataset for the
SaDnal®***«770RF104 complex was collected at a wavelength of 0.979 A and processed in XDS
(Kabsch, 1988, 2010) (Table 1). One ADPeBeF;-SaDnal****«770RF104 complex was found to
occupy each asymmetric unit. Selenium positions for the SeMet-SaDnal****were determined using
HYSS (Hybrid Substructure Search) as part of the PHENIX package (Adams et al., 2010; Grosse-
Kunstleve and Adams, 2003). Initial experimental electron density maps were generated from
AUTOSOL (Terwilliger et al., 2009) via phasing by single wavelength anomalous dispersion. Several
cycles of model building were performed using COOT (Emsley and Cowtan, 2004) and the PHENIX
package was used for refinement (Adams et al., 2010).

The apo SaDnal®** dataset was collected at a wavelength of 1.5 A and processed in XDS
(Kabsch, 1988, 2010). Crystals were determined to belong to the space group P2;242; with unit cell
dimensions a=113.09 A, b=126.26 A, c=183.34 A, and a solvent content of approximately 52.4%
(Table 1). Twelve SaDnal®** molecules were found in the asymmetric unit. The structure was solved
by molecular replacement using MR-PHASER in the PHENIX package (McCoy et al., 2007) followed
by several cycles of model building in COOT (Emsley and Cowtan, 2004) and refinement in PHENIX
(Adams et al., 2010). The minimal AAA+ core domain of SaDnal from the complex structure, lacking
the ISM, was used as a search model with MR-PHASER. The final, 12-chain model converged at an
Ruwork/Réree 0f 22.5/26.9% for the resolution range of 48.1-2.6A (Adams et al., 2010). Each chain con-
tains residues 136-306 SaDnal®*** and a single SO,* ion modeled into the P-loop of the AAA+
ATPase domain. Despite the inclusion of Mg?* ions and ADPeBeF; with the protein prior to crystalli-
zation, no density for either moiety could be observed, likely because the low pH and high SO, ion
concentration present in the well solution precluded stable binding. The coordinates for the
ADPeBeF;-SaDnal****«770RF104 complex (5HE9) and apo SaDnal®*** (5HES8) structures have been
uploaded to the PDB.

Limited trypsin proteolysis of S. aureus Dnal in the presence of
770RF104

Both SaDnal and 770RF104 proteins were dialyzed overnight into a reaction buffer containing
500 mM KCI, 50 mM HEPES-KOH pH 7.5, 10 mM MgCl, and 10% glycerol. SaDnal alone or SaDnal
in the presence of the 77ORF104 protein were incubated on ice for 10 min prior to addition of tryp-
sin. Trypsin protease was added to the reaction resulting in the final concentrations: 5 uM, 10 uM,
20 uM and 80 uM; proteins were then incubated with trypsin for 30 min at 25°C. Reactions were
quenched with 200 uM PMSF. After addition of an equal volume of 2X SDS-loading dye, reactions
were heated at 95°C for 5 min before running 15 uL of each reaction on a 15% SDS-PAGE gel and
staining with Coomassie blue.

Amylose pull-downs

Amylose pull-downs were performed using HissMBP-tagged proteins and untagged proteins in a
total volume of 200 pL. All His,MBP-tagged proteins (164 uM) were dialyzed into binding buffer con-
taining 20 mM HEPES-KOH pH 7.5, 100 mM NaCl, 5 mM MgCl,, 10% glycerol, and 1 mM DTT at
4°C prior to setting up the protein binding reaction. Pulldowns that included ATP had a final ATP
concentration of 2 mM. H,MBP-tagged proteins were incubated with their untagged protein for
10 min at 25°C before the addition of 50 uL of amylose bead slurry, pre-equilibrated in binding
buffer. The final reactions contained 10 uM His,MBP-tagged protein and 20 uM untagged protein.
After the addition of beads, the binding reaction was incubated for 20 min at 25°C, with gentle mix-
ing every 2 min during the incubation. Amylose binding reactions were spun down at 1500 RPM for
1 min. Amylose beads were then washed twice prior to either elution with maltose elution buffer
(40 mM maltose, 20 mM HEPES-KOH pH 7.5, 100 mM NaCl, 5 mM MgCl,, 10% glycerol, and 1 mM
DTT) or the addition of 2X SDS loading dye. Amylose pull-down supernatant, washes, elution and
beads samples were run on a 12% SDS-PAGE gel (a slight excess of total protein was used over the
binding capacity of the bead volume, so as to allow for visualization of sample input). SDS-PAGE
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gels were stained for 30 min with SYPRO Orange stain diluted to 1X in 10% glacial acetic acid. Gels
were washed with dI-H,0 three times before imaging the gels on a Kodak Gel Imager.

N-terminal labeling of 77ORF104

Purified wild-type 77ORF104 protein was exchanged into amine-labeling buffer (50 mM HEPES-KOH
pH 7.5, 500 mM KCI, 10% glycerol, 10 mM MgCl,, 1 mM B-mercaptoethanol) by centrifugation. The
neutral pH favors labeling of the amino terminus of proteins rather than surface lysines (Sélo et al.,
1996). The protein was then concentrated to a final volume of 500 pL by centrifugation using 500uL
VIVASPIN ultrafiltration units (MWCO 3K, Sartorius) to a final concentration of 342 uM. AlexaFluor
488 5-SDP (sulfodicholorphenol) ester (Life Technologies) (1 mg) was dissolved into 20 uL DMSO.
The dye (20 plL) was added to the concentrated protein (342 uM) and the reaction incubated at 4°C
while wrapped in aluminum foil and rocking for 1 hr. Unreacted dye was quenched by adding 20 uL
of 1 M L-lysine in 20 mM Tris-HCI pH 7.5. Reactions were incubated with the quench for 30 min at
25°C. Free dye and quench were separated from dye-protein conjugates using a 10 mL PD-10
desalting column (GE) equilibrated in the amine-labeling buffer (see above). The labeled protein was
then exchanged into a buffer containing 50 mM HEPES-KOH pH 7.5, 500 mM KCI, 30% glycerol,
10 mM MgCl,, 1 mM B-mercaptoethanol by centrifugation. The concentrated labeled 770ORF104
protein was aliquoted, snap frozen in liquid nitrogen, and stored at -80°C.

Anisotropy-based competition assays and protein-protein binding
assays

Purified proteins were prepared in 2-fold dilutions steps in dilution buffer containing 50 mM HEPES-
KOH pH 7.5, 500 mM KCI, 10% glycerol and 10 mM MgCl,. N-terminally labeled, wild-type
770RF104 was diluted to 40 nM in a reaction buffer (50 mM HEPES-KOH pH 7.5, 10% glycerol,
5 mM MgCl,, 1 mM DTT) to make a 2X stock. For serial dilutions, purified proteins were sequentially
diluted in 2-fold steps into protein dilution buffer. Proteins were mixed with 10 uL of N-terminally
labeled 770RF104 on ice and incubated for 10 min. The final reaction volume was 20 pL containing
the final buffer conditions (50 mM HEPES-KOH pH 7.5, 125 mM KCI, 10% glycerol, 5 mM MgCl,,
1 mM DTT). The final concentration of labeled 770RF104 in each reaction was 20 nM. Anisotropy
measurements were recorded using CLARIOStar microplate reader (BMG LAB TECH) at 535 nm. All
data points are the average of three independent measurements. For the 77ORF104 protein binding
assays, data were plotted using GraphPad Prism Version 6 (GraphPad Prism Software, La Jolla Cali-
fornia USA, www.graphpad.com) and fit by nonlinear regression to the single-site binding equation
(Swillens, 1995).

For the 770RF104 competition experiments, reactions were prepared as previously described
except that the reaction mixture contained 20 nM labeled 77ORF104 and 2 uM SaDnal®*4*. Wild-
type 770RF104 and protein mutants were serially diluted (as described above) in the same dilution
buffer and final buffer solution. Assays were performed as described above for the 77ORF104
mutants. Anisotropy measurements were recorded using a CLARIOStar microplate reader (BMG
LAB TECH). All data points represent the average of three independent measurements. Error bars
represent the standard deviation of three independent measurements. Data points were plotted
using GraphPad Prism Version 6 and fit with a simple smooth line for aiding visualization.

Radioactive ATP hydrolysis assays

ATPase assays were performed in 30 uL of reaction buffer containing: 10 nM (4500 Ci/mmol) [v32P]
ATP, 100uM cold ATP, 100 mM KCI, 50 mM HEPES-KOH pH 7.5, 10 mM MgCl,, 10% glycerol, and
M13mp18 ssDNA (New England Biolabs, Inc.) added to a final concentration of 80 ng/uL. The final
reactions contained 10 uM SaDnal and 60 uM 770ORF104. The 770ORF104 or SaDnal mutant proteins
were added to the reactions on ice, after which the tubes were shifted to 37°C for 2 hr. 3 uL was
next removed from the reaction and quenched by the addition of 3 uL of 250 mM EDTA pH 8.0 and
1% SDS. Quenched reactions were spotted (1 pL) onto thin-layer chromatography sheets coated
with polyethyleneimine cellulose (PEI-Cellulose F; EM Science) and developed in 0.4 M potassium
phosphate (pH 3.4) for 30 min. [y*?P] ATP and free phosphate [y*2P] migrated differently and were
quantitated using a Typhoon FLA 9500 Phosphorlmager (GE) and ImageJ software (Schneider et al.,
2012).
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Supplemental information
Centrifugal and dynamic light scattering assays for phage 77 ORF104

disruption of SaDnal oligomerization

To further test whether the 770RF104 inhibitor directly disrupts the ability of SaDnal to self-oligo-
merize into filaments, we looked at loader interactions using a simple SaDnal pelleting assay (Fig-
ure 4—figure supplement 1A). When chilled on ice at elevated concentrations, SaDnal oligomerizes
into visible microcrystals that can be sedimented after a brief centrifugation step. If the inhibitor
were to directly disrupt Dnal-Dnal contacts, we reasoned that it should keep the loader in solution.
SaDnal pelleting assays were performed in 60 uL of reaction buffer containing 20 mM HEPES-KOH
pH 7.5, 100 mM NaCl, 10% glycerol, 5 mM MgCl,g and 6 mM ATP. The final reactions contained 90
UM SaDnal and 180 uM 770ORF104. Reactions were incubated for 20 min on ice before being spun
down at 14,000 x g for 1 min. The starting material, pellet and supernatant were then assessed by
SDS-PAGE. In line with our predictions, the loader remains in solution when incubated with the
inhibitor (Figure 4—figure supplement 1A).

To better look at the propensity of Dnal to self-associate and of the ORF104 protein to affect this
behavior, we next turned to dynamic light scattering (DLS, model DynaPro NanoStar from Wyatt
Technology), which can report on the approximate radii of gyration, relative masses, and polydisper-
sity of macromolecules in solution. Dynamic light scattering (DLS) experiments were performed at
10°C in 70 pL reaction buffer containing 50 mM HEPES-KOH pH 7.5, 500 mM NaCl, 10% glycerol,
5 mM MgCl,, 1 mM DTT, and 2 mM ATP. DLS reactions were prepared at a stoichiometric ratio of
1:1 SaDnal to 770RF104 with final concentrations of 90 uM SaDnal and 90 uM 770ORF104. The resul-
tant data show that on its own, SaDnal forms a very broad, polydisperse mixture of species with a
large average molecular weight (Figure 4—figure supplement 1B,C). By contrast, when measured
in the presence of the inhibitor protein, a much smaller, less polydisperse species is formed. Interest-
ingly, the average molecular weight calculated for the dominant species in the Dnal-ORF104 mixture
is larger than expected for a 1:1 complex, suggesting that complex formation is incomplete under
the conditions tested here and/or that the N-terminal domain of Dnal might self-associate through
unsatisfied, exposed surfaces that would normally be used for binding to the helicase. Nonetheless,
these findings corroborate the structural and biochemical data indicating that the phage inhibitor
disrupts loader-loader interactions.

Analytical sizing of protein complexes

To further probe the interactions between SaDnaC with the phage 77 ORF013 and ORF104 proteins
and with SaDnal, we performed analytical sizing runs on a 5/150 GL Superdex 200 column equili-
brated in buffer containing 20 mM Tris-HCI pH 8.0, 200 mM NaCl, 5% glycerol, 5 mM MgCl,g,
1 mM BME and 10 mM ATP. Protein samples were prepared at final concentrations of 7 uM SaDnaC
helicase, 14 uM SaDnal loader, 14 uM 770RF013 and 30 uM 77ORF104. Peak fractions were col-
lected and ran on 12% SDS-PAGE gels in 1X MOPS running buffer. Protein bands were detected by
staining with Imperial Protein Stain (ThermoFischer Scientific).

The data from this study (Figure 4—figure supplement 2) show that: 1) the SaDnaC helicase
associates with both the SaDnal helicase loader and the phage helicase loader homolog 770ORF013
(albeit with a degree of instability, as the bands for the helicase and loader proteins do not perfectly
overlap —-the peak maxima for ORF013 alone occurs at fraction 44 and for ORF013 plus SaDnal at
fraction 42, and at fractions 42 and 40 for SaDnal alone and with SaDnaC, respectively), and 2) that
the inhibitor does not affect the migration of either the SaDnal helicase loader or phage loader
770RF013 or the SaDnaC helicase. Interestingly, based on standards run on the same column (not
shown), the helicase SaDnaC does not appear to form a stable homo-hexameric ring but instead
migrates as an apparent dimeric species.

Although tangential to the primary findings of the paper, these results turn out to weigh in on a
paradox with respect to how bacterial replicative helicases are loaded. In B. subitilis, helicase loading
has been reported to occur not by a ring opening mechanism (as is thought to happen in E. coli)
(Arias-Palomo et al., 2013; Davey and O’Donnell, 2003), but rather by a Dnal-directed assembly
process that additionally requires two co-chaperones not found in Gram-negative organisms, DnaB
(which is unrelated to the E. coli DnaB helicase) and DnaD (Rokop et al., 2004; Smits et al., 2010,
Velten et al., 2003). Stable hexamers have been observed for Gram-positive DnaC helicases, but
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only when using thermophilic proteins (e.g. B. stearothermophilus and G. kaustophilus [Bailey et al.,
2007a; loannou et al., 2006; Lo et al., 2009; Soultanas, 2002; Tsai et al., 2009b]), whose room-
temperature behavior may differ from their mesophilic counterparts. It should be noted that dimers
of DnaB-family helicases have been observed previously, wherein the dimer is stabilized by interac-
tions between the N-terminal ‘collar’ domains of the protein (Bailey et al., 2007b). Our findings,
which show that S. aureus helicase/loader interactions form but are somewhat unstable, and that the
DnaC helicase does not readily assemble a pre-formed hexamer, are in accord with observations
reported for the B. subtilis system.

Acknowledgements

The authors are grateful to members of the Berger lab for insightful discussions during the progres-
sion of this work, with special thanks to Dr. Tim R Blower and Dr. Franziska Bleichert for their assis-
tance with data collection. This work was supported by an NIH graduate training grant (T32 GM
007232) and a Department of Energy Office of Science Graduate Fellowship (both to IVH), and by
the NIGMS (R01-GMO071747, to JMB).

Additional information

Funding
Funder Grant reference number  Author
National Institutes of Health GMO071747 James M Berger

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

IVH, Carried out all biochemical experiments, Planned the design for the experiments, Participated
in data and model analysis for structural studies, Wrote the manuscript; JMB, Planned the design for
the experiments, Participated in data and model analysis for structural studies, Wrote the manu-
script, Acquisition of data

Author ORCIDs
James M Berger, (%) http://orcid.org/0000-0002-7404-8272

Additional files

Major datasets
The following datasets were generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information

Hood IV, Berger JM 2016 Crystal structure of the bacterial http://www.rcsb.org/ Publicly available at
helicase loader Dnal pdb/explore/explore.do? the RCSB Protein

structureld=5HE8 Data Bank (accession
no. SHES)

Hood IV, Berger JM 2016 Crystal structure of the bacterial  http://www.rcsb.org/ ~ Publicly available at
helicase loader Dnal in complex pdb/explore/explore.do? the RCSB Protein
with the 770ORF104 inhibitor and structureld=5HE9 Data Bank (accession

ADPeBeF3 no. SHE9)

The following previously published datasets were used:

Hood and Berger. eLife 2016;5:¢14158. DOI: 10.7554/eLife.14158 20 of 23


http://orcid.org/0000-0002-7404-8272
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE8
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE8
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE8
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE9
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE9
http://www.rcsb.org/pdb/explore/explore.do?structureId=5HE9
http://dx.doi.org/10.7554/eLife.14158

LI FE Research Article Biochemistry | Biophysics and structural biology

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information
Seetharaman J, Crystal structure of a putative http://www.rcsb.org/ Publicly available at
Chen'Y, Wang D, primosome component from pdb/explore/explore.do? the RCSB Protein
Fang Y, Cunning- Streptococcus pyogenes serotype  structureld=2QGZ Data Bank (accession
ham K, Ma L-C, Xia M3. Northeast Structural Genomics no. 2QG2)

R, LiuJ, Baran MC, target DR58

Acton TB, Rost B,
Montelione GT,
Hunt JF, Tong L,
Northeast Structural
Genomics Consor-

tium

Tsai KL, Lo YH, Sun 2009 Crystal Structure of the Dnal  http://www.resb.org/  Publicly available at

YJ, Hsiao CD pdb/explore/explore.do? the RCSB Protein

structureld=2W58 Data Bank (accession

no. 2W58)

Mott ML, Erzberger 2008 Crystal structure of the DnaC http://www.rcsb.org/ Publicly available at

JP, Coons MM, helicase loader in complex with pdb/explore/explore.do? the RCSB Protein

Berger J ADP-BeF; structureld=3ECC Data Bank (accession
no. 3ECC)

References

Adams PD, Afonine PV, Bunkéczi G, Chen VB, Davis IW, Echols N, Headd JJ, Hung L-W, Kapral GJ, Grosse-
Kunstleve RW, McCoy AJ, Moriarty NW, Oeffner R, Read RJ, Richardson DC, Richardson JS, Terwilliger TC,
Zwart PH. 2010. PHENIX : A comprehensive python-based system for macromolecular structure solution. Acta
Crystallographica Section D Biological Crystallography 66:213-221. doi: 10.1107/50907444909052925

Arias-Palomo E, O’Shea VL, Hood IV, Berger JM. 2013. The bacterial Dnac helicase loader is a Dnab ring
breaker. Cell 153:438-448. doi: 10.1016/j.cell.2013.03.006

Bailey S, Eliason WK, Steitz TA. 2007a. Structure of hexameric dnab helicase and its complex with a domain of
dnag primase. Science 318:459-463. doi: 10.1126/science.1147353

Bailey S, Eliason WK, Steitz TA. 2007b. The crystal structure of the Thermus aquaticus Dnab helicase monomer.
Nucleic Acids Research 35:4728-4736. doi: 10.1093/nar/gkm507

Bell SP, Kaguni JM. 2013. Helicase loading at chromosomal origins of replication. Cold Spring Harbor
Perspectives in Biology 5:a010124. doi: 10.1101/cshperspect.a010124

Biswas SB, Flowers, S, Biswas-Fiss EE. 2004. Quantitative analysis of nucleotide modulation of DNA binding by
DnaC protein of Escherichia coli. The Biochemical Journal 379:553-562. doi: 10.1042/bj20031255

Bleichert F, Botchan MR, Berger JM. 2015. Crystal structure of the eukaryotic origin recognition complex. Nature
519:321-326. doi: 10.1038/nature 14239

Brambhill D, Kornberg A. 1988a. Duplex opening by dnaA protein at novel sequences in initiation of replication at
the origin of the E. coli chromosome. Cell 52:743-755. doi: 10.1016/0092-8674(88)90412-6

Bramhill D, Kornberg A. 1988b. A model for initiation at origins of DNA replication. Cell 54:915-918. doi: 10.
1016/0092-8674(88)90102-X

Costa A, Hood IV, Berger JM. 2013. Mechanisms for initiating cellular DNA replication. Annual Review of
Biochemistry 82:25-54. doi: 10.1146/annurev-biochem-052610-094414

Davey MJ, Fang L, Mclnerney P, Georgescu RE, O'Donnell M. 2002. The DnaC helicase loader is a dual ATP/
ADP switch protein. The EMBO Journal 21:3148-3159. doi: 10.1093/emboj/cdf308

Davey MJ, O'Donnell M. 2003. Replicative helicase loaders: Ring breakers and ring makers. Current Biology 13:
R594-R596. doi: 10.1016/S0960-9822(03)00523-2

Dixon NE, Kornberg, A. 1984. Protein HU in the enzymatic replication of the chromosomal origin of Escherichia
coli. Proceedings of the National Academy of Sciences of the United States of America 81:424-428. doi: 10.
1073/pnas.81.2.424

Duderstadt KE, Chuang K, Berger JM. 2011. DNA stretching by bacterial initiators promotes replication origin
opening. Nature 478:209-213. doi: 10.1038/nature10455

Dueber ELC, Corn JE, Bell SD, Berger JM. 2007. Replication origin recognition and deformation by a
heterodimeric archaeal orc1 complex. Science 317:1210-1213. doi: 10.1126/science.1143690

Dutta A, Bell SP. 1997. Initiation of DNA replication in eukaryotic cells. Annual Review of Cell and Developmental
Biology 13:293-332. doi: 10.1146/annurev.cellbio.13.1.293

Emsley P, Cowtan K. 2004. Coot : Model-building tools for molecular graphics. Acta Crystallographica Section D
Biological Crystallography 60:2126-2132. doi: 10.1107/50907444904019158

Erzberger JP, Berger JM. 2006. Evolutionary relationships and structural mechanisms of AAA+ proteins. Annual
Review of Biophysics and Biomolecular Structure 35:93-114. doi: 10.1146/annurev.biophys.35.040405.101933

Erzberger JP, Mott ML, Berger JM. 2006. Structural basis for ATP-dependent DnaA assembly and replication-
origin remodeling. Nature Structural & Molecular Biology 13:676-683. doi: 10.1038/nsmb1115

Hood and Berger. eLife 2016;5:€14158. DOI: 10.7554/eLife.14158 21 of 23


http://www.rcsb.org/pdb/explore/explore.do?structureId=2QGZ
http://www.rcsb.org/pdb/explore/explore.do?structureId=2QGZ
http://www.rcsb.org/pdb/explore/explore.do?structureId=2QGZ
http://www.rcsb.org/pdb/explore/explore.do?structureId=2W58
http://www.rcsb.org/pdb/explore/explore.do?structureId=2W58
http://www.rcsb.org/pdb/explore/explore.do?structureId=2W58
http://www.rcsb.org/pdb/explore/explore.do?structureId=3ECC
http://www.rcsb.org/pdb/explore/explore.do?structureId=3ECC
http://www.rcsb.org/pdb/explore/explore.do?structureId=3ECC
http://dx.doi.org/10.1107/S0907444909052925
http://dx.doi.org/10.1016/j.cell.2013.03.006
http://dx.doi.org/10.1126/science.1147353
http://dx.doi.org/10.1093/nar/gkm507
http://dx.doi.org/10.1101/cshperspect.a010124
http://dx.doi.org/10.1042/bj20031255
http://dx.doi.org/10.1038/nature14239
http://dx.doi.org/10.1016/0092-8674(88)90412-6
http://dx.doi.org/10.1016/0092-8674(88)90102-X
http://dx.doi.org/10.1016/0092-8674(88)90102-X
http://dx.doi.org/10.1146/annurev-biochem-052610-094414
http://dx.doi.org/10.1093/emboj/cdf308
http://dx.doi.org/10.1016/S0960-9822(03)00523-2
http://dx.doi.org/10.1073/pnas.81.2.424
http://dx.doi.org/10.1073/pnas.81.2.424
http://dx.doi.org/10.1038/nature10455
http://dx.doi.org/10.1126/science.1143690
http://dx.doi.org/10.1146/annurev.cellbio.13.1.293
http://dx.doi.org/10.1107/S0907444904019158
http://dx.doi.org/10.1146/annurev.biophys.35.040405.101933
http://dx.doi.org/10.1038/nsmb1115
http://dx.doi.org/10.7554/eLife.14158

LI FE Research Article Biochemistry | Biophysics and structural biology

Fass D, Bogden CE, Berger JM. 1999. Crystal structure of the N-terminal domain of the DnaB hexameric
helicase. Structure 7:691-698. doi: 10.1016/50969-2126(99)80090-2

Fuchs RP, Fujii, S. 2013. Translesion DNA synthesis and mutagenesis in prokaryotes. Cold Spring Harbor
Perspectives in Biology 5. doi: 10.1101/cshperspect.a012682

Funnell BE, Baker TA, Kornberg, A. 1987. In vitro assembly of a prepriming complex at the origin of the
Escherichia coli chromosome. The Journal of Biological Chemistry 262:10327-10334.

Gille H, Messer W. 1991. Localized DNA melting and structural pertubations in the origin of replication, oriC, of
Escherichia coli in vitro and in vivo. The EMBO Journal 10:1579-1584.

Grosse-Kunstleve RW, Adams PD. 2003. Substructure search procedures for macromolecular structures. In:
Acta Crystallographica - Section D Biological Crystallography. 1966-1973. doi: 10.1107/S0907444903018043

Heller RC, Marians KJ. 2006. Replisome assembly and the direct restart of stalled replication forks. Nature
Reviews. Molecular Cell Biology 7:932-943. doi: 10.1038/nrm2058

Hsu J, Bramhill D, Thompson CM. 1994. Open complex formation by Dnaa initiation protein at the Escherichia
coli chromosomal origin requires the 13-mers precisely spaced relative to the 9-mers. Molecular Microbiology
11:903-911. doi: 10.1111/}.1365-2958.1994.tb00369.x

loannou C, Schaeffer PM, Dixon NE, Soultanas, P. 2006. Helicase binding to Dnai exposes a cryptic DNA-binding
site during helicase loading in Bacillus subtilis. Nucleic Acids Research 34:5247-5258. doi: 10.1093/nar/gkl690

lyer LM, Leipe DD, Koonin EV, Aravind, L. 2004. Evolutionary history and higher order classification of AAA+
ATPases. Journal of Structural Biology 146:11-31. doi: 10.1016/].jsb.2003.10.010

Kabsch W. 1988. Evaluation of single-crystal X-ray diffraction data from a position-sensitive detector. Journal of
Applied Crystallography 21:916-924. doi: 10.1107/50021889888007903

Kabsch W. 2010. XDS. Acta Crystallographica Section D Biological Crystallography 66:125-132. doi: 10.1107/
S0907444909047337

Kaguni JM. 2011. Replication initiation at the escherichia coli chromosomal origin. Current Opinion in Chemical
Biology 15:606-613. doi: 10.1016/.cbpa.2011.07.016

Kawaguchi A, Nagata K. 2007. De novo replication of the influenza virus RNA genome is regulated by DNA
replicative helicase, MCM. The EMBO Journal 26:4566-4575. doi: 10.1038/s].embo].7601881

Klein E, Smith DL, Laxminarayan R. 2007. Hospitalizations and deaths caused by methicillin-resistant
staphylococcus aureus, united states, 1999-2005. Emerging Infectious Diseases 13:1840-1846. doi: 10.3201/
eid1312.070629

Klein EY, Sun L, Smith DL, Laxminarayan R. 2013. The changing epidemiology of methicillin-resistant
staphylococcus aureus in the united states: A national observational study. American Journal of Epidemiology
177:666-674. doi: 10.1093/aje/kws273

Kowalski D, Eddy MJ. 1989. The DNA unwinding element: A novel, cis-acting component that facilitates opening
of the escherichia coli replication origin. The EMBO Journal 8:4335-4344.

Kruklitis R, Nakai H. 1994. Participation of the bacteriophage mu A protein and host factors in the initiation of
mu DNA synthesis in vitro. The Journal of Biological Chemistry 269:16469-16477.

Kwan T, Liu J, DuBow M, Gros P, Pelletier J. 2005. The complete genomes and proteomes of 27 staphylococcus
aureus bacteriophages. Proceedings of the National Academy of Sciences of the United States of America 102:
5174-5179. doi: 10.1073/pnas.0501140102

Learn BA, Um SJ, Huang, L, McMacken R. 1997. Cryptic single-stranded-DNA binding activities of the phage
lambda P and Escherichia coli DnaC replication initiation proteins facilitate the transfer of E. coli DnaB helicase
onto DNA. Proceedings of the National Academy of Sciences of the United States of America 94:1154-1159.
doi: 10.1073/pnas.94.4.1154

Leipe DD, Aravind, L, Koonin EV. 1999. Did DNA replication evolve twice independently? Nucleic Acids Research
27:3389-3401. doi: 10.1093/nar/27.17.3389

Leonard AC, Grimwade JE. 2011. Regulation of DnaA assembly and activity: taking directions from the genome.
Annual Review of Microbiology 65:19-35. doi: 10.1146/annurev-micro-090110-102934

Liu J, Dehbi M, Moeck G, Arhin F, Bauda P, Bergeron D, Callejo M, Ferretti V, Ha N, Kwan, T, McCarty J,
Srikumar R, Williams D, Wu JJ, Gros P, Pelletier J, DuBow M. 2004. Antimicrobial drug discovery through
bacteriophage genomics. Nature Biotechnology 22:185-191. doi: 10.1038/nbt932

Lo YH, Tsai KL, Sun YJ, Chen WT, Huang CY, Hsiao CD. 2009. The crystal structure of a replicative hexameric
helicase dnaC and its complex with single-stranded DNA. Nucleic Acids Research 37:804-814. doi: 10.1093/
nar/gkn999

Loscha KV, Jaudzems, K, loannou C, Su XC, Hill FR, Otting, G, Dixon NE, Liepinsh, E. 2009. A novel zinc-binding
fold in the helicase interaction domain of the Bacillus subtilis Dnai helicase loader. Nucleic Acids Research 37:
2395-2404. doi: 10.1093/nar/gkp092

Mallory JB, Alfano C, McMacken R. 1990. Host virus interactions in the initiation of bacteriophage lambda DNA
replication. recruitment of Escherichia Coli dnab helicase by lambda P replication protein. The Journal of
Biological Chemistry 265:13297-13307.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ. 2007. Phaser crystallographic
software. Journal of Applied Crystallography 40:658-674. doi: 10.1107/50021889807021206

McHenry CS. 2011. DNA replicases from a bacterial perspective. Annual Review of Biochemistry 80:403-436.
doi: 10.1146/annurev-biochem-061208-091655

Mott ML, Erzberger JP, Coons MM, Berger JM. 2008. Structural synergy and molecular crosstalk between
bacterial helicase loaders and replication initiators. Cell 135:623-634. doi: 10.1016/j.cell.2008.09.058

Hood and Berger. eLife 2016;5:€14158. DOI: 10.7554/eLife.14158 22 of 23


http://dx.doi.org/10.1016/S0969-2126(99)80090-2
http://dx.doi.org/10.1101/cshperspect.a012682
http://dx.doi.org/10.1107/S0907444903018043
http://dx.doi.org/10.1038/nrm2058
http://dx.doi.org/10.1111/j.1365-2958.1994.tb00369.x
http://dx.doi.org/10.1093/nar/gkl690
http://dx.doi.org/10.1016/j.jsb.2003.10.010
http://dx.doi.org/10.1107/S0021889888007903
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1107/S0907444909047337
http://dx.doi.org/10.1016/j.cbpa.2011.07.016
http://dx.doi.org/10.1038/sj.emboj.7601881
http://dx.doi.org/10.3201/eid1312.070629
http://dx.doi.org/10.3201/eid1312.070629
http://dx.doi.org/10.1093/aje/kws273
http://dx.doi.org/10.1073/pnas.0501140102
http://dx.doi.org/10.1073/pnas.94.4.1154
http://dx.doi.org/10.1093/nar/27.17.3389
http://dx.doi.org/10.1146/annurev-micro-090110-102934
http://dx.doi.org/10.1038/nbt932
http://dx.doi.org/10.1093/nar/gkn999
http://dx.doi.org/10.1093/nar/gkn999
http://dx.doi.org/10.1093/nar/gkp092
http://dx.doi.org/10.1107/S0021889807021206
http://dx.doi.org/10.1146/annurev-biochem-061208-091655
http://dx.doi.org/10.1016/j.cell.2008.09.058
http://dx.doi.org/10.7554/eLife.14158

LI FE Research Article Biochemistry | Biophysics and structural biology

Odegrip R, Schoen S, Haggard-Ljungquist E, Park K, Chattoraj DK. 2000. The interaction of bacteriophage P2 B
protein with Escherichia coli DnaB helicase. Journal of Virology 74:4057-4063. doi: 10.1128/JV1.74.9.4057-
4063.2000

Robinson A, Brzoska AJ, Turner KM, Withers R, Harry EJ, Lewis PJ, Dixon NE. 2010. Essential biological
processes of an emerging pathogen: Dna replication, transcription, and cell division in acinetobacter spp.
Microbiology and Molecular Biology Reviews 74:273-297. doi: 10.1128/MMBR.00048-09

Robinson A, Causer RJ, Dixon NE. 2012. Architecture and conservation of the bacterial DNA replication
machinery, an underexploited drug target. Current Drug Targets 13:352-372. doi: 10.2174/
138945012799424598

Rokop ME, Auchtung JM, Grossman AD. 2004. Control of DNA replication initiation by recruitment of an
essential initiation protein to the membrane of bacillus subtilis. Molecular Microbiology 52:1757-1767. doi: 10.
1111/j.1365-2958.2004.04091.x

Salgado CD, Farr BM, Calfee DP. 2003. Community-acquired methicillin-resistant staphylococcus aureus: A meta-
analysis of prevalence and risk factors. Clinical Infectious Diseases 36:131-139. doi: 10.1086/345436

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH image to imagej: 25 years of image analysis. Nature Methods
9:671-675. doi: 10.1038/nmeth.2089

Skarstad K, Baker TA, Kornberg A. 1990. Strand separation required for initiation of replication at the
chromosomal origin of E.coli is facilitated by a distant RNA-DNA hybrid. The EMBO Journal 9:2341-2348.

Smits WK, Goranov Al, Grossman AD. 2010. Ordered association of helicase loader proteins with the bacillus
subtilis origin of replication in vivo. Molecular Microbiology 75:452-461. doi: 10.1111/].1365-2958.2009.06999.
X

Soultanas P. 2002. A functional interaction between the putative primosomal protein Dnal and the main
replicative DNA helicase DnaB in Bacillus. Nucleic Acids Research 30:966-974. doi: 10.1093/nar/30.4.966

Sutera VA, Lovett ST. 2006. The role of replication initiation control in promoting survival of replication fork
damage. Molecular Microbiology 60:229-239. doi: 10.1111/j.1365-2958.2006.05093.x

Swillens S. 1995. Interpretation of binding curves obtained with high receptor concentrations: Practical aid for
computer analysis. Molecular Pharmacology 47:1197-1203.

Sélo I, Négroni L, Créminon C, Grassi J, Wal JM. 1996. Preferential labeling of alpha-amino N-terminal groups in
peptides by biotin: application to the detection of specific anti-peptide antibodies by enzyme immunoassays.
Journal of Immunological Methods 199:127-138. doi: 10.1016/50022-1759(96)00173-1

Terwilliger TC, Adams PD, Read RJ, McCoy AJ, Moriarty NW, Grosse-Kunstleve RW, Afonine PV, Zwart PH,
Hung LW, 2009. 2009. Decision-making in structure solution using bayesian estimates of map quality: The
PHENIX autosol wizard. Acta Crystallographica Section D Biological Crystallography 65:582-601. doi: 10.1107/
S0907444909012098

Tormo-Mas MA, Mir |, Shrestha A, Tallent SM, Campoy, S, Lasa |, Barbé J, Novick RP, Christie GE, Penadés JR.
2010. Moonlighting bacteriophage proteins derepress staphylococcal pathogenicity islands. Nature 465:779-
782. doi: 10.1038/nature09065

Tsai K-L, Lo Y-H, Sun Y-J, Hsiao C-D. 2009a. Molecular interplay between the replicative helicase dnac and its
loader protein dnai from Geobacillus Kaustophilus. Journal of Molecular Biology 393:1056-1069. doi: 10.1016/
j.jmb.2009.09.002

Tsai K-L, Lo Y-H, Sun Y-J, Hsiao C-D. 2009b. Molecular interplay between the replicative helicase DnaC and its
loader protein Dnal from Geobacillus kaustophilus. Journal of Molecular Biology 393:1056-1069. doi: 10.1016/
j.jmb.2009.09.002

Velten M, McGovern S, Marsin S, Ehrlich SD, Noirot, P, Polard P. 2003. A two-protein strategy for the functional
loading of a cellular replicative DNA helicase. Molecular Cell 11:1009-1020. doi: 10.1016/51097-2765(03)
00130-8

Walker JE, Saraste, M, Runswick MJ, Gay NJ. 1982. Distantly related sequences in the alpha- and beta-subunits
of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common nucleotide binding fold. The
EMBO Journal 1:945-951.

Wendler P, Ciniawsky S, Kock M, Kube S. 2012. Structure and function of the AAA+ nucleotide binding pocket.
Biochimica Et Biophysica Acta 1823:2-14. doi: 10.1016/].bbamcr.2011.06.014

Hood and Berger. eLife 2016;5:¢14158. DOI: 10.7554/eLife.14158 23 of 23


http://dx.doi.org/10.1128/JVI.74.9.4057-4063.2000
http://dx.doi.org/10.1128/JVI.74.9.4057-4063.2000
http://dx.doi.org/10.1128/MMBR.00048-09
http://dx.doi.org/10.2174/138945012799424598
http://dx.doi.org/10.2174/138945012799424598
http://dx.doi.org/10.1111/j.1365-2958.2004.04091.x
http://dx.doi.org/10.1111/j.1365-2958.2004.04091.x
http://dx.doi.org/10.1086/345436
http://dx.doi.org/10.1038/nmeth.2089
http://dx.doi.org/10.1111/j.1365-2958.2009.06999.x
http://dx.doi.org/10.1111/j.1365-2958.2009.06999.x
http://dx.doi.org/10.1093/nar/30.4.966
http://dx.doi.org/10.1111/j.1365-2958.2006.05093.x
http://dx.doi.org/10.1016/S0022-1759(96)00173-1
http://dx.doi.org/10.1107/S0907444909012098
http://dx.doi.org/10.1107/S0907444909012098
http://dx.doi.org/10.1038/nature09065
http://dx.doi.org/10.1016/j.jmb.2009.09.002
http://dx.doi.org/10.1016/j.jmb.2009.09.002
http://dx.doi.org/10.1016/j.jmb.2009.09.002
http://dx.doi.org/10.1016/j.jmb.2009.09.002
http://dx.doi.org/10.1016/S1097-2765(03)00130-8
http://dx.doi.org/10.1016/S1097-2765(03)00130-8
http://dx.doi.org/10.1016/j.bbamcr.2011.06.014
http://dx.doi.org/10.7554/eLife.14158

