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ABSTRACT

Replication is a crucial cellular process. Replicative
helicases unwind DNA providing the template strand
to the polymerase and promoting replication fork pro-
gression. Helicases are multi-domain proteins which
use an ATPase domain to couple ATP hydrolysis with
translocation, however the role that the other do-
mains might have during translocation remains elu-
sive. Here, we studied the unexplored self-loading
helicases called Reps, present in Staphylococcus
aureus pathogenicity islands (SaPls). Our cryoEM
structures of the PriRep5 from SaPI5 (3.3 A), the Rep1
from SaPI1 (3.9 A) and Rep1-DNA complex (3.1A)
showed that in both Reps, the C-terminal domain
(CTD) undergoes two distinct movements respect
the ATPase domain. We experimentally demonstrate
both in vitro and in vivo that SaPl-encoded Reps need
key amino acids involved in the staircase mechanism
of translocation. Additionally, we demonstrate that
the CTD’s presence is necessary for the maintenance
of full ATPase and helicase activities. We speculate
that this high interdomain flexibility couples Rep’s
activities as initiators and as helicases.

INTRODUCTION

The initiation of DNA replication is a tightly controlled
process in cellular organisms, and it is initiated at a dis-
crete region of the genome called the origin of replication
(oriC in bacteria) (1). At oriC, the initiator of replication
protein binds and distorts the double helix of DNA gener-
ating a replication bubble and marking the location where
other components will assemble to form the replisome. One
of these components, the replicative helicase, forms a ring-
shaped homo hexamer in bacteria called DnaB. In archaea
the replicative helicase is a homo hexameric ring called the
mini-chromosome maintenance or MCM, while in eukary-
otes the MCM is a hetero hexamer complex that interacts
further with other components to form the final replica-
tive helicase called CMG (2,3). Replicative helicases are

loaded onto the origin of replication by the helicase load-
ers in both prokaryotes and eukaryotes. Depending on the
system, helicase loaders may act as helicase ring-makers
or ring-breakers (4). Ring-breakers induce conformational
changes in the stable helicase ring and thereby break the
ring. Ring-makers aid the helicase subunit assembly around
the DNA so that the ring is formed while being loaded.
In these rink-maker systems the hexameric helicase is not
sufficiently stable to maintain the ring per se. Although in
different systems replicative helicases might be loaded onto
single-stranded DNA (ssDNA) or double-stranded DNA
(dsDNA), in both cases the final product is a hexameric
ring-shaped helicase encircling one strand of DNA and ex-
cluding the complementary strand.

Once the helicase is loaded onto ssDNA, it couples the
nucleotide turnover with ssDNA translocation. In hexam-
eric translocases, three translocation mechanisms have been
proposed to link nucleotide hydrolysis (firing) with sub-
strate translocation: stochastic, concerted and rotary fir-
ing (5). Rotary firing coupled with a staircase disposition
of DNA binding elements has been shown to be conserved
in prokaryotic as well as eukaryotic systems (6-10), how-
ever, other pieces of evidence indicated that eukaryotic sys-
tems may couple non-rotary ATP hydrolysis to transloca-
tion (11-14). Ultimately, and whichever is the translocation
mechanism, as the helicase unwinds the DNA provides the
DNA template strand to the DNA polymerase and allows
replication fork progression. Having helicase loaders adds
an extra layer of regulation in the system because the loader
may be bound to the replicative helicase keeping it inac-
tive until the appropriate cellular signal triggers the repli-
cation process. There are also simpler biological systems
with fewer layers of regulation where the helicase is loaded
through a loader-independent mechanism. These helicases
are known as self-loading helicases and quite often they are
present in subcellular entities such as viruses and mobile ge-
netic elements (MGEs) (15).

The MGEs used as the model system in this work are the
Staphylococcus aureus pathogenicity islands (SaPIs) (16).
SaPls are a subfamily of MGEs of about ~15 Kbp in
size that are quiescently integrated into the staphylococcal
chromosome and they belong to a broader family called
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phage-inducible chromosomal islands. SaPIs harbor viru-
lence factors such as antibiotic resistance proteins and the
Toxic Shock Syndrome Toxin rendering them medically rel-
evant. Throughout the manuscript we refer to these MGEs
as SaPlIs or islands interchangeably. SaPIs are highly effi-
cient molecular parasites of staphylococcal phages where
the phage is referred to as helper phage (16,17). Once a
helper phage induces a SaPl, it is likely that the bacterial
host where both are located will perish, thus, all molec-
ular mechanisms inherently present in the island will be
triggered to escape the cell. The induction of the island is
highly specific, where only one phage-encoded protein acts
as anti-repressor and, by protein-protein interaction, it trig-
gers SaPI excision-replication-packaging cycle (18-20). Af-
ter induction, SaPIs unfold a plethora of mechanisms to
exquisitely affect and interfere with the phage but not in ex-
cess so that its own high transfer is assured. This detailed
parasitic strategy ranges from inhibiting phage-encoded
anti-repressor protein functions and phage DNA packag-
ing mechanism to exploit bacterial SOS response where
SaPI-encoded packaging related proteins are expressed in
a timely fashion (21-24). SaPIs DNA replication, however,
has not been investigated structurally to fully understand
mechanistically how they work. While in cellular organisms
the replication of DNA should be carefully linked to the
appropriate cell cycle, in temperate mobile elements such
as prophages and SaPIs the cycle is an on/off binary sys-
tem. After induction, SaPI’s replication is supported by its
own replication module, thus being DNA replication one
of the mechanisms that supports SaPI transfer and ulti-
mately assures SaPI survival in nature. In this work, we
studied the initiators—helicases encoded by SaPls, called
Reps. For simplicity we will refer to them as helicases. These
islands contain two more components, in addition to Rep,
that allow SaPI’s own phage-independent DNA replication:
one gene upstream of rep coding for a primase (Pri) and
the SaPI origin of replication (ori), which is located imme-
diately downstream of the rep gene (25). There are three
prototypes of Reps: Repl, Rep2 and PriRep5, encoded by
SaPIl, SaPI2 and SaPI5 respectively (Supplementary Fig-
ure S1). SaPI-encoded Rep proteins are unrelated at the se-
quence level showing low sequence similarities among them
(Supplementary Figure S1G). Based on homology predic-
tions and published literature (26), the ATPase domain of
Repl and PriRep5 belong to the superfamily 3 (SF3) of
helicases whereas Rep2’s ATPase domain belongs to SF6
where archaeal and eukaryotic MCM helicases belong too
(Supplementary Figure SIB and C). Structural classifica-
tion of ATPases associated with diverse cellular activities
(AAA + proteins) place the SF3 group in the superfamily
IIT helicase clade, whereas the MCM group of helicases be-
long to a clade called pre-sensor II insert clade (27). SaPI5
has the pri and rep genes fused, so that the putative pri-
mase and Rep are part of the same polypeptide chain. The
Reps, in addition to having helicase activity also act as the
initiator of replication by means of a winged helix domain
(WHD) present in their C-terminal domain (CTD), which
specifically recognize short penta- or hexanucleotide repeats
called iterons (28). Depending on the SaPI, between six and
twelve iterons are located immediately downstream the rep’s
open reading frame generating the ori (28). Approximately

at the center of the ori there is an AT rich region so that
half of the iterons are disposed at each side (28,29). De-
spite the variability of the number of iterons in different
SaPIs, what seems conserved is the presence of at least two
iterons at each side of the AT region pointing in opposite
directions (28). No additional components have been iden-
tified to aid Reps during loading onto DNA, indicating that
Reps are self-loading helicases (25). Reps do not need ATP
for their ori binding and melting activities in vitro (28,29),
which is common among the initiators present in viruses
(including phages), but uncommon in bacteria, archaea,
and eukaryotes (15,30-32). The function of the Rep’s N-
terminal domain (NTD) is unknown. Recently, distant ho-
mologs of SaPI-encoded Rep initiators—helicases have been
identified in different and medically relevant staphylococ-
cal genomic islands called the staphylococcal cassette chro-
mosome or SCCmec (26,33,34). Two different variants of
Rep homologs have been studied in SCCmec, Cch (similar
to Rep2) and Cch2 (similar to PriRep5) (26). The Cch X-
ray crystal structure showed that when in helicase mode as
a closed-ring hexamer, the WHD responsible for dsDNA
binding remains covered by the neighboring subunit. This
suggests that for dsDNA recognition by the CTD there
should be some rearrangement or conformational change
in the hexamer so that the correct area is exposed and avail-
able for dSDNA binding. Additionally, the molecular mech-
anism that these group of helicases employ for translocation
along the DNA remains unexplored. We study here Reps
from SaPI1 and SaPI5 and show that they have the canon-
ical AAA + fold, thus showing 3’ to 5’ polarity, which is
a hallmark of eukaryotic helicases. Our structures comple-
mented with biochemical and in vivo analysis showed that
Reps employ key residues involved in the staircase mecha-
nism of helicase translocation. We identified a high flexibil-
ity of the CTD with respect to the ATPase domain which
is conserved among Reps and showed that the presence of
the CTD is unexpectedly essential for ATPase and helicase
activities. We speculate that this flexibility efficiently cou-
ples the functions as initiator and as helicase of these multi-
domain proteins.

MATERIALS AND METHODS

DNA manipulations, cloning, protein expression and purifi-
cation

The primers, plasmids and strains used are listed in Supple-
mentary Tables S1, S2 and S3, respectively. DNA encoding
wild-type Repl and PriRep5 were amplified by PCR from
the genomes of Staphylococcus aureus strains U93688
and USA300 genomes, respectively. The PCR products
of repl and prirep5 were cloned into pET28a using the
restriction enzyme pairs Ndel/Xhol and Ncol/Xhol,
respectively. For the prirepS CTD truncation, the oligos
Rep_SaPI5HisNcol_F and Rep_SaPI5_S675_Xhol_R were
used to amplify the corresponding region, which was
cloned into pET28a vector. A new construct containing
both pri and rep genes from SaPI1 was generated to solve
the structure of the Repl-DNA complex (pIMS503).
Note that the nomenclature Repl-DNA complex is
used throughout the manuscript because the primase



was not visualized in the map. For this construct, the
oligos SaPI1-Pri-NdeHis-1F and SaPI1_Rep_Xhol 3R
were used to amplify the pri-repl-containing operon and
cloned into pET2la. Although the pri-repl construct
(pIMS503) was used to successfully solve the structure
of Rep-1-DNA complex, the repl construct (pIMS502)
was used for biochemical studies, for solving the Rep-apo
structure and as template to generate the mutant variants.
Site-directed mutagenesis was employed to generate the
Repl Triple Mutant (residues R248, Y251 and K253
were substituted to alanine: R248A-Y251A-K253A) and
PriRep5 K591A variants from the aforementioned repl
and prirep5 genes cloned into pET28a using primer pairs
PriRepl 248A_251A_253A_F/PriRepl _248A 251A 253A_R
and Rep5_K591A-F/Rep5_K591A-R, respectively. All of
the resulting proteins had a His-tag moiety at their N-
terminus. The clones were transformed into BL21 (DE3)
Rosetta cells which were grown in Luria Broth medium
supplemented with 50 pwg/ml kanamycin and 25 wg/ml
chloramphenicol at 37°C until they reached an ODgg of
0.6-0.8. The Escherichia coli cultures carrying the PriRepl
construct were supplemented with 100 wg/ml ampicillin.
Protein expression was induced by addition of 0.5 mM
IPTG at 18°C for 16 h. Cell pellets were harvested and
re-suspended in Buffer A containing 50 mM sodium
phosphate (pH 7.0), 5% glycerol, ] mM DTT and 1 M
NaCl in the presence of a protease inhibitor cocktail
(Roche) and then lysed with 0.5 mg/ml of lysozyme for
30 min at 37°C followed by sonication. After centrifuga-
tion, the supernatant was loaded onto a HisTrap™ HP
column equilibrated with Buffer A, and the target protein
was eluted with a gradient from 0 to 500 mM imidazole
using an AKTA pure system. Repl and PriRep5 peak
fractions were concentrated and injected into HiLoad®
26/600 Superdex® 200 pg columns (Cytiva) equilibrated
with Buffer B (20 mM Tris pH 8.0, 200 mM NacCl, 0.5
mM EDTA and 2 mM DTT). The eluted fractions were
analyzed by SDS-PAGE and those containing the tar-
get protein were pooled. After dialysis in stock buffer
containing 20% glycerol, the proteins were concentrated,
flash-frozen in liquid nitrogen, and stored at —80°C. For
PriRepl and PriRep5-ACTD, after the elution from the
HisTrap column, the pooled fractions were dialyzed with 10
mM sodium phosphate pH 7.0, 0.4 M NacCl, 5% glycerol,
1 mM DTT, and injected into a HiTrap™ Heparin HP
column (Cytiva) equilibrated in the same buffer. Heparin-
bound protein was eluted with a gradient concentration of
NacCl from 0.4 to 2 M. Positive fractions were pooled and
injected into a Superdex 200 26/300 column (Cytiva) as a
last step. Positive fractions were dialyzed, concentrated and
stored in the same way as previous constructs. Repl Triple
Mutant (Repl-TM) was purified in a similar manner to
PriRepl and PriRep5-ACTD, except the dialysis prior to
injection into the HiTrap™ Heparin HP column was done
in 20 mM Tris pH 8.0, 0.2M NacCl, 5% glycerol, 0.5 mM
EDTA, I mM DTT (final pH adjusted to 7.0). Purification
of PriRep5 K591A was done in a similar manner to Repl
Triple Mutant, except all buffers were adjusted to pH 8.0
and there was an additional purification step through a
HiTrap™ Capto Q (Cytiva) anion exchange column after
pooling and dialysis of peak fractions from the Heparin
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column. Protein concentration values throughout the text
refer to hexamers.

Size exclusion chromatography

A superdex 200 26/300 column (Cytiva) connected to an
AKTA Pure 25 M1 GoldSeal with F9-C fraction collector
was used to perform gel filtration analysis at 4°C. The sys-
tem was equilibrated with buffer containing 20 mM Tris
pH 8.0, 200 mM NacCl, 0.5 mM EDTA and 2 mM DTT.
The standard proteins were obtained from Sigma Aldrich
(MWGF1000-1KT): carbonic anhydrase (29 kDa), albumin
bovine serum (66 kDa), alcohol deshidrogenase (150 kDa),
B-amylase (200 kDa), apoferritin (443 kDa), thyroglobulin
(669 kDa).

Electrophoretic mobility shift assay (EMSA)

EMSAs were performed as described in (26) with minor
modification. Protein stocks were diluted in protein dilu-
tion buffer (20 mM Tris pH 8.0, 200 mM NaCl, 0.5 mM
EDTA, 20% glycerol, 2 mM DTT and 200 mM NaCl). In
the case of Repl EMSAs, protein stocks were diluted in
protein dilution buffer containing 5% glycerol instead of
20%. The origin regions of SaPI1 and SaPI5 were amplified
with the primer pairs oril _FAM-F/Oril_SaPI1_BamHI_R
and FAM-Ori_SaPI5_F and Ori_SaPI5_HindIII_R, gener-
ating PCR fragments of 367 and 318 bp, respectively. Af-
ter PCR purification using a Qiagen PCR cleaning kit, 2
nM of FAM-labeled ori-containing PCR were used as sub-
strate dsDNA and mixed with Rep protein in binding buffer
(20 mM Tris, pH 8.0, 100 mM NacCl, 5% glycerol, 50 ng/ .l
BSA, 5 mM DTT, 10 mM MgSO4 and 1 ng/pl salmon
sperm DNA). The total volume of the reaction was 20 l.
After incubation at 37°C for 30 min, 4 pl loading buffer
(20 mM Tris pH 8.0, 60% glycerol, 30 mM EDTA and
0.03% xylene cyanol/bromophenol blue) was added to the
reaction and the entire volume was then loaded on native
4% polyacrylamide gels (acrylamide/bis = 29:1). Gels were
run in 0.5x TBE at 4°C for 4 h. The gels were imaged
using a Typhoon 9400 (Amersham Biosciences) or Amer-
sham Typhoon (Cytiva). The ori DNA of SaPI5 was used
as non-specific binding control for Repl, whereas the ori
DNA of SaPI2 was used as control for PriRep5 bindings.
The control ori2 DNA comprising 347 bp was amplified
with primer pairs ori2-FAM-F/Ori2_SaPI2_HindIII_R. For
EMSAs with PriRep5-ACTD, the ori region of SaPI5 was
amplified by PCR using the same oligonucleotides as for
the wild-type version. The reaction was performed as de-
scribed above for the other EMSAs. For the bindings of
PriRep5-WT and PriRep5-ACTD to ssDNA, 2 nM of 27-
mer poly(dT) oligonucleotides were used as substrate. The
gels were quantified using Imagel software and the data
were fitted with the Hill equation using Prism 9.3.1 (Graph-
Pad) to calculate the K4 and the Hill coefficient (7).

Helicase assays

Different combinations of DNA were prepared by an-
nealing the 5-FAM-labeled oligo Rep_helassFAM-R
with the following complementary oligos: Rep_helass-F/
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Rep_helassFAM-R (8 bp, mismatched); Rep_heliass-F2/
Rep_helassFAM-R (8 bp, 5" ssDNA tail); Rep_heliass-F3/
Rep_helassFAM-R (8 bp, 3’ ssDNA tail). Annealing was
performed by mixing equal volumes of equimolar oligonu-
cleotides in a solution containing 200 mM NaCl. After
being incubated at 90°C for 20 min, the microtube was
allowed to cool down overnight to room temperature. The
reaction buffer was composed of 20 mM Tris (pH 8.0), 100
mM NaCl, 10 mM MgCl,, 5% glycerol, 5 ng/ml BSA, 5
mM DTT and 10 mM ATP or other nucleotide analogs.
The protein and the 5 nM FAM-labeled duplex DNA were
incubated at 37°C for 3 min, and 2 pl of 500 nM unla-
beled Rep_helass-R was added into the reaction system.
The reaction was terminated 27 min later by addition of
stop buffer (75 mM EDTA, 1.25% SDS, 25% glycerol,
0.01% xylene cyanol/bromophenol blue). For the heating
control (H), the sample was heated at 95°C for 5 min then
transferred immediately to ice. Aliquots of 25 wl were
run on 10% acrylamide native gels in 0.5x TBE. at room
temperature for 3 h. Gels were visualized with Typhoon
9400 (Amersham Biosciences) or Amersham Typhoon
(Cytiva). The bands were quantified with software ImageJ
(35). To remove the background, values were normalized
against the controls with the ecuation unwound DNA (%)
= (SSDNA sample — ssDNA O,protein) / ((SSDNA sample — SS-
DNA oprotein) + dSDNA gmple — dsDNAp)). To test
the unwinding activities of PriRep5-ACTD with forked
DNA with longer overhang, Rep_helass-R was labeled by
32P-y-ATP (PerkinElmer). Annealing was performed by
incubating 32-P labeled Rep_helass-R with 10-fold excess of
Rep_helass_R and Rep_helas_38-F in a solution containing
200 nM NaCl at 90°C for 20 min, followed by overnight
cool down to room temperature. The reaction was the same
as what was described above. After reaction, DNA was
resolved by electrophoresis in 10% polyacrylamide gels and
visualized by autoradiography.

ATPase activity assay

The ATP hydrolysis activity of PriRep5-WT and PriRep5-
ACTD at 37°C was determined using BIOMOL® GREEN
Reagent for phosphate detection (BML-AK111, Enzo Life
Sciences). Briefly, 0.01 wM of PriRep5 and mutant proteins
were incubated with 1 mM ATP in assay buffer (40 mM Tris,
pH 7.5, 80 mM NaCl, 8 mM MgAc and 1 mM EDTA) at
different time points. The reaction was stopped by adding
0.5 M EDTA at different time points and subsequently, 100
wl of BIOMOL® GREEN reagent was added for the quan-
tification. The absorbance of the sample as well as the man-
ufacturer provided standards was measured at 620 nm on a
microtiter plate reader FLUOstar Omega (BGM Labtech).
27mer-poly(dT) was added at different concentrations (5,
10, 50 and 100 nM) to test whether ssDNA could stimulate
the ATPase activities of PriRep5-WT and PriRep5-ACTD.
The reaction was stopped after 30 min and measured as
above.

Specimen preparation for Cryo-EM and data collection

For Repl, an aliquot of the protein was passed through a
Superdex 200 26/300 column to remove the glycerol. 0.4

mg/ml of the Repl sample was used for plunge freezing.
0.4 mg/ml of PriRep5 containing 0.5% glycerol was incu-
bated with 5 mM MgCl, and S mM ADPNP for 20 min at
room temperature, then used for specimen preparation. 0.22
mg/ml of PriRepl containing 4% glycerol was incubated
with 5 mM MgCl,, 2mM ATPyS and 2.5 pM of duplex
oligo (Rep-2in-FAM-F /Rep-2in_79bp-R) during 30 min. In
all cases, 4 wl of the sample were applied to freshly glow
discharged carbon grids, blotted for 5 s, and flash frozen
in liquid ethane using a Vitrobot (Thermo Fisher Scien-
tific) with a controlled humidity of 100% and temperature of
4°C. Quantifoil 2/2 was used for PriRep3, while Quantifoil
1.2/1.3 and 2 nm-carbon coated grid Quantifoil 2/2 were
used for Repl. Quantifoil 2/1 was used for PriRepl-DNA.
Data were acquired by a Titan Krios Cryo transmission
electron microscope operating at 300 kV using EPU as the
automated data collection software. The images were col-
lected using a Gatan K2 BioQuantum (energy filter) 4k x 4k
direct electron detector camera at a normal magnification
of 165 000x and a pixel size of 0.82 A per pixel. For Repl,
PriRep5 and PriRepl-DNA data sets the following micro-
graphs and defocus ranges (pm) were acquired: 3,345, 1.2—
2.4; 3,762, 1.2-2.7; 3,121, 1.5-3. Complete data collection
parameters are summarized in Supplementary Table S4.

Image processing and 3D reconstruction

The workflows for 3D reconstruction of PriRep5, Repl-
apo and PriRepl-DNA are illustrated in Supplementary
Figures S2A, S6A and S7A respectively. Image processing
was performed with RELION 3.1 (36). The movie frames
were first aligned and superimposed with MotionCorr2.0
(37) and CTF parameters were calculated with GCTF (38).
Around 2,000 particles were picked based on Laplacian-
of-Gaussian auto picking and then used to generate sev-
eral 2D averages that were subsequently used as a tem-
plate for automatic picking. Automatic particle picking was
then performed for the whole dataset. 724,786 particles of
PriRep5 and 510,024 of Repl were initially picked. Several
rounds of 2D classifications were performed, and particles
in bad classes were removed. Ab-initio 3D model imple-
mented in RELION was used to generate the initial map as
the reference for 3D auto-refinement. After 3D classifica-
tion, the final sets of good particles were 91,171 of Repl-
apo and 185,358 of PriRep5. Subsequently, three rounds
of CTF refinements were performed: first refining magni-
fication anisotropy; then refining fourth order aberrations;
and finally refining per-particle defocus and per-micrograph
astigmatism. A final round of auto-refinement was carried
out after Bayesian polishing to optimize per-particle beam-
induced motion tracks, resulting in a 4.5 A map of Repl-
apo and 3.28 A map of PriRep5 in C1 symmetry. Another
round of 3D refinement with C6 symmetry was performed,
resulting in a 3.9 A map of Repl-apo and 3.1 A map of
PriRep5. The resolution estimation was based on the FSC
0.143 threshold. The 3D map was corrected for the modu-
lation transfer function of the detector and was sharpened
by applying a negative B-factor. Local resolution was esti-
mated using RELION. The final C1 map of Repl-apo and
C6 map of PriRepS were subsequently multibody refined
(39) where three bodies encompassing the NTD, ATPase



domain, and CTD were defined as illustrated in Supplemen-
tary Figure S5A.

For the 3D-reconstruction of PriRepl-DNA, 3121
movies were first aligned with MotionCorr2 and the de-
focus values were determined with GCTF. Particle picking
was performed as above. Total 420,745 particles were picked
initially and extracted with a box size of 360 x 360 pixels,
followed by four rounds of 2D classification resulting in a
set of 101,309 particles. No symmetry was imposed for sub-
sequent processing. Initial 3D auto-refinement gave an ini-
tial map with an overall resolution of 4.1 A. The resolution
reached 3.51 A after Bayesian polishing and three cycles of
CTF refinement as described above. The map was then used
as a reference for a new autopicking, giving a total of 538
681 particles. A set of 258,945 particles was selected after
four rounds of 2D classification. After two rounds of 3D
classification a total of 141,445 particles were extracted. An
initial 3.74 A map was CTF refined and polished giving a
resolution of 3.14 A. The 3D classification and local reso-
lution was subjected. The 3DFSC curves shown in Supple-
mentary Figure S8 were calculated using Remote 3DFSC
Processing Server (40).

Structural modeling, refinement, and validation of PriRep5

Buccaneer (41) was used for initial automatic model build-
ing in maps not subjected to multibody refinements. All
models were further built manually in Coot (42). Density for
the CTD of PriRep5 was incomplete, and we built this part
based on a homology model generated by the I-TASSER
server (43). The entire PriRep5 model was further fitted
and energy minimized using Namdinator (44) followed by
several rounds of rigid-body refinement using Phenix (45)
and subsequent manual adjustment in Coot. The density
visualized in the center of Repl-DNA map was fitted with
the arbitrary sequence 5'-TAAAA-3’ followed by real-space
refinement in Phenix. The final models were validated us-
ing MolProbity in Phenix. Structural figures were prepared
using ChimeraX (46,47), Pymol (https://pymol.org/2/) and
Biorender.com.
Software resources were provided by SBGrid (48).

In vivo assays, western and Southern blots

The oril and ori5S were cloned into separate pMAD (49)
constructs, generating oril-pMAD and ori5-pMAD,
respectively. These were then transformed via electro-
poration into RN4220 S. aureus. All culturing pro-
tocols involving RN4220 were conducted either with
Tryptic Soy Broth (TSB) as liquid media or Tryptic
Soy Agar (TSA) as solid media. Genes pri and rep
from SaPIl (pri-repl) as well as prirep from SaPI5
(prirep5) were cloned into a modified version of pCN51
(pCNS1_cat194), where the original ermC cassette had
been replaced with the car194 cassette from pCN50 (50),
generating a chloramphenicol-selective version of the
pCNSI1 construct. From these, mutants were generated
through site-directed mutagenesis. Oligonucleotide pairs
PriRepl _deltaCTD_1-346_F /PriRepl_deltaCTD_1-346_R
and PriRep5_deltaCTD_1-681_F/PriRep5_deltaCTD_1—
681_R were used to introduce stop codons covering all
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three reading frames in the CTD of both Repl and PriRep5
respectively so that Repl protein was truncated after
residue K346 and so was PriRepS from residue V681 in
these constructs for the in vivo assays.

All construct variants were then electroporated into
RN4220 strain positive for either oril-pMAD or ori5-
pMAD. Cultures carrying both ori-containing pMAD
and gene-variants-containing pCN51_cat194 were grown
overnight at 30°C, 200 RPM in liquid media containing
chloramphenicol at 10 wg/ml and erythromycin at 2.5
pg/ml. The overnight cultures were diluted to a starting
ODggp of 0.1 and grown at 30°C, 200 RPM to an ODg
of 0.3. Gene expression in pCN51_cat194 was induced with
the addition of 7.5 wM CdCl; to each culture and incu-
bated at 30°C, 200 RPM for an additional 2 h. 1 ml aliquots
were taken at T + 0 and T + 2 h post-induction. Process-
ing of the aliquots as well as the general Southern blot
procedure were done in accordance with reference (19).
To confirm protein expression, we generated FLAG-tagged
versions of all Pri-Repl and PriRep5 variants. The addi-
tion of a FLAG tag to the N-terminus of PriRep5 was
done via site-directed mutagenesis directly on the previo-
siuly generated pCNS51_cat194 constructs. For Pri-Repl,
since direct addition of a FLAG-tag sequence to the 5’ end
of repl via site-directed mutagenesis proved difficult, both
pril and 5 tagged FLAG-rep1 were sequentially introduced
into the multiple cloning site of pCNS51_cat194 as sepa-
rate cassettes. FLAG-repl was generated with regular am-
plification PCR, which was followed by another round of
PCR both introducing a restriction site (BamHI, allowing
for ligation to the region directly flanking the stop codon
of pril) and reintroducing the intergenic region upstream
of FLAG-repl. Having generated the FLAG-tagged ver-
sions of both Pri-Repl and PriRep5, the aforementioned
in vivo experiments were repeated and colorimetric West-
ern blots were conducted in the post-induction aliquots
(T + 2 h). Pellets were resuspended in 25 pl PBS and lysed
with lysostaphin at 0.25 mg/ml for 30 min at 37°C, after
which SDS-PAGE loading buffer was added to the samples
which were then incubated at 98°C for 10 min and further
centrifuged at 14 000 RPM for another 10 min. 10 wl of
the lysed samples were then separated by SDS-PAGE and
transferred onto Amersham Hybond P 0.45 PVDF blotting
membranes (Cytiva) overnight at 20V. 3 l of PageRuler™
Plus Prestained Protein Ladder, 10 to 250 kDa (Thermo
Scientific) was used as a marker for the Western blot ex-
periments. Membrane staining was carried out with mouse
ANTI-FLAG® M2 primary antibody (Sigma-Aldrich)
and alkaline phosphatase-conjugated anti-mouse goat sec-
ondary antibody (Sigma-Aldrich). The membranes were
then briefly incubated with a chromogen (SIGMAFAST™
BCIP® /NBT, Sigma-Aldrich) according to the manufac-
turer’s specifications and the resulting bands were recorded
with a ChemiDoc™ Touch Imaging System (Bio-Rad).

RESULTS

Rep proteins bind their cognate origins and have 3’ to 5’ po-
larity

Rep proteins from SaPI1 and SaPI5 islands were cloned, ex-
pressed in E. coli, and purified (Supplementary Figure S1).
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We first verified that Rep proteins are stable hexamers in
solution, thus suggesting that Rep helicases might self-load
through the ring-breaker mechanism. The dsSDNA binding
activity of SaPIbov-Rep (the homolog of Rep2 in Supple-
mentary Figure S1) and Repl was previously characterized
in vitro (28). PriRep5 (SaPI5) is not yet characterized. To
characterize PriRep5 and fully characterize Repl, we per-
formed electromobility shift assays using FAM-labeled ori-
containing PCR as substrate. Figure 1A shows that both
Rep proteins could bind to their corresponding iterons-
containing substrates in the absence of ATP, thus indicating
that they were active and exhibited the ATP-independent
binding activity to their origins, a conserved hallmark of
these types of initiators (28,29). To confirm binding speci-
ficity, we used FAM-labeled ori-containing PCRs as sub-
strates from other SaPI origins as controls. We used ori5-
containing PCR as control for Repl and ori2 as control
for PriRep5. As shown in Figure 1A, PriRep5 bound their
cognate origin with higher affinity than the control DNA,
whereas Repl showed a low discrimination factor in our ex-
perimental setup indicating that either we have not found
proper in vitro conditions or that some other unidentified
specificity factor is present in physiological conditions. In
both cases, fitting the binding curves with the Hill equation
suggested positive cooperativity with two potential bind-
ing sites, as expected for one hexamer binding at one side
of the ori’s AT rich region and a second hexamer bind-
ing the other side (Supplementary Figure S1F). Although
Cch encoded by SCCmec has been proven to be a func-
tional homolog of MCM replicative helicases (26) in terms
of polarity, SaPI-encoded initiators have not been charac-
terized in this regard. To do so, we performed the helicase
assay as in (26) but using FAM labeled oligonucleotides.
First, we used 38-mer oligonucleotides duplexes with an 8-
nucleotides mismatch on one side to generate both 3" and 5’
ssDNA. Asshown in Figure 1B, all Rep proteins tested were
active helicases, and single-stranded DNA oligonucleotides
could be resolved in the presence of ATP but not in the ab-
sence of ATP or in the presence of ADP or non-hydrolysable
ATP analogs ADPNP and ATPyS. We then used a set of
three different substrates to investigate the polarity of these
helicases, including 3’ overhang and 5 overhang double-
stranded oligos (Figure 1C). In all the cases, the Rep pro-
teins showed the highest activity when a forked substrate
was used followed by a substrate with a 3" overhang and a
smaller amount of activity was seen for the 5 overhang in
both cases. Our findings show that in addition to the heli-
cases present in SCCmec elements, namely Cch and Cch2
(26,33), the helicases present in SaPI1 and SaPI5 are also
functional homologs in terms of polarity to eukaryotic heli-
cases such as E1 and MCM s translocating along the leading
strand (5,14,51). The fact that these Reps showed the high-
est activity with forked substrate suggests that they might
use a similar mechanism for strand separation than in other
eukaryotic and bacterial systems (52-54).

CryoEM structure of PriRep5

To mechanistically understand these initiators—helicases, we
solved the PriRep5 structure at an overall resolution of 3.2
A (Figure 2 and Supplementary Figure S2). PriRep5 is a

790 amino acid residues protein and based on our sizing
column analysis it forms stable homo hexamers in solu-
tion (Supplementary Figure S1). The PriRep5 cryoEM map
showed a three-tiers barrel composed of six subunits in a
pseudo six-fold symmetry disposition. Density for residues
1-322 could not be seen due to its high degree of flexi-
bility. Figure 2A and B shows the PriRep5 cryoEM map
and model. The NTD that could be resolved in our struc-
ture (residues 317-460) was composed of alpha helices 1—
4 and beta sheets 1-8 grouped independently (Supplemen-
tary Figure S3). The middle tier of the PriRep5 barrel is
the ATPase domain (Figure 2B and Supplementary Fig-
ure S3). The closest structural homologs pointed out by the
Dali server (55) were the superfamily 3 helicases (SF3). The
helicase domain of bacteriophage Nrs-1 polymerase was
the closest homolog (56). As for all other replicative heli-
cases, the nucleotide binding site was formed at the inter-
face of adjacent subunits. Among the six nucleotide binding
sites present within the hexamer, four showed density that
corresponded to ADPNP (Supplementary Figure S4). All
conserved catalytic residues were present in our structure
in agreement with the extensive literature of AAA + pro-
teins (1,27,31,57,58). Replicative helicases couple translo-
cation with ATP hydrolysis (firing). In the rotary cycling
model (5), nucleotide firing occurs sequentially from one
subunit to the next and correlates with the height of the
beta hairpins located inside the channel that are respon-
sible for binding to ssDNA. The beta hairpins resemble a
right-handed staircase. In our case, we visualized the nu-
cleotides in the ATPase active sites at subunit interfaces
A-F, B-A, C-B and D-C, while the PriRep5 beta hair-
pins form a staircase disposition as seen previously in other
helicases (Figure 2B). Here, subunit F beta hairpin is at
the very bottom closest to the CTD and following the
right-handed staircase the E beta hairpin is reached at the
very top pointing towards the NTD and with some de-
gree of disorder. This suggests the staircase mechanism of
translocation.

Previous studies showed that the CTD of SaPI-encoded
and SCC-encoded helicases is responsible for ori recogni-
tion and iteron binding (26,28,33). This domain appears
highly blurred in the 2D Classes (Supplementary Figure S2)
and in the Cl-processed map is disordered in three subunits
although it appears with some order in the other three (Fig-
ure 2A) indicating high degree of motion. Structural stud-
ies using SCC-encoded Cch (26) showed that part of the
WHD potentially responsible for dSDNA binding was oc-
cluded by the adjacent subunit in the closed ring confor-
mation (helicase mode). To mimic Cch’s conformation, we
refined our PriRep5 structure imposing C6 symmetry and
identified the same occlusion in the CTD region as shown in
the electrostatic representation (Figure 2C). However, our
C1 refined map and model indicate that the CTD is flex-
ible enough to expose the ori binding motif. Additionally,
patches suggesting a potential involvement in DNA interac-
tions were seen between subunits, as well as surface-exposed
positively charged residues pointing towards the lumen of
the barrel (Figure 2C). The diameter of the lumen within
the NTD and CTD regions expands 16.8 and 30 A respec-
tively, whereas the diameter in the ATPase domain is 10.9 A
(Supplementary Figure S9) suggesting that dSDNA might
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Figure 1. SaPI-encoded Reps bind their cognate oris and have 3’ to 5 polarity. (A) Electromobility shift assay of Repl and PriRep3. ori-containing FAM-
labelled PCRs were amplified from SaPI1, SaPI2 and SaPI5 oris and 2 nM were used as substrates. For Repl, protein concentrations are 0, 2, 5, 10, 20,
30, 40, 50, 60, 70, 80 and 100 nM. For PriRepS5, protein concentrations are 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2, 4, 6, 8 and 10 nM. (B) Cartoon of the one-strand-
FAM-labelled oligonucleotide duplex (mimicking forked DNA) used as the substrate is depicted on top of the gel, where numbers in parenthesis represent
the nucleotides in each portion: 30 nt as duplex DNA and 8 nt as forked DNA. A total of 50 nM of protein was incubated without nucleotide or with
ATP, with ADP, or with the non-hydrolyzable analogs ADPNP or ATPyS. H is the heated substrate used as the positive control. Numbers 1 and 5 refer to
Rep! and PriRep5 respectively. Representative gels of experiments repeated at least three times. The right side includes the graphical representations of the
quantification of the gels’ bands. Averages with standard deviations are shown. (C) The helicase assay as in B but with the different substrate duplex oligos
drawn on the top. H, heated, protein concentrations are 0, 10, 50, 100 nM. Numbers 1 and 5 refer to Repl and PriRep5 respectively. Representative gels
of experiments repeated at least three times. The bottom part includes the graphical representations of the quantification of the gels’ bands. In all graphs,

the vertical axes correspond to unwound DNA (%). Averages with standard deviations are shown. In those values where the standard deviation is smaller
than the symbol, the error bars are not drawn.

be accommodated in the CTD and maybe in the NTD if

refinement in RELION3.1 (36). We segmented three differ-
the protein breathes a bit.

ent bodies corresponding to the NTD, the ATPase domain,
and the CTD (Supplementary Figure S5). No movement

The PriRep5 CTD moves regarding the ATPase domain via was detected between the NTD and the ATPase domain.

two motions

The CTD of SaPI-encoded Reps is responsible for origin
recognition and initiation of replication activity (29). The
PriRep5 CTD in our C6 map shows that the dsDNA bind-
ing motif is occluded by the neighboring subunit when it
is in helicase mode (closed ring conformation). The CTD
appeared blurred in the 2D classes and partially ordered in
the final C1 map suggesting motion (Figure 2A and Sup-
plementary Figure S2). To better understand the potential
movements of the PriRepS CTD we performed multi-body

However, between ATPase and CTD domains a rotation
motion of ~30° respect to each other was identified (Fig-
ure 3A and supp video 1). Rotation movements between
domains have been proposed to be involved in ori recog-
nition and melting in eukaryotic systems (12,59,60), which
agrees with the role assigned to Rep’s CTD domain by in
vivo and in vitro experiments (28,29). Unexpectedly, a tilting
movement was also identified between ATPase and CTD
domains. From a coplanar disposition of domains, the CTD
tilts itself both to the left and to the right so that the planes
of the two domains are no longer parallel (Figure 3B), in-
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Figure 2. The PriRep5 cryoEM structure. (A) The PriRep5 map processed in C1. Only the CTDs of subunits A, B and C were visible in the C1 map. Letters
match the color code of subunits in (B). On the right, a transparent pink PriRep5 map processed in C6 and docked with the C6 model is shown. (B) Top.
The PriRep5 C1 model. NTD, N-terminal domain, CTD, C-terminal domain. Only the CTDs of subunits A, B and C were built. The ADPNP nucleotide
is depicted as sticks between subunits F-A, A-B, B-C and C-D. No density corresponding to ADPNP was observed between D-E and E-F. Bottom.
Beta hairpin loops in a staircase disposition and nucleotides are shown from the side view (left box), and from the ring view (right box). (C) Electrostatics
representation of C6 model. The upper row shows the N-terminal pore, the side view, and the C-terminal pore of the closed barrel. The lower row shows
four subunits as electrostatics and two frontal subunits as cartoons on the left. On the right, the two cartons have been removed to show the lumen of the
barrel. The black circles in the lower row indicate the positively charged region that is responsible for dsSDNA binding activity, which is occluded by the

yellow subunit, as seen in (26).

dicating a pumpjack motion (Figure 3 and Supplemental
Video 1). RELION’s multi body refinement algorithm in-
dicated that these are not two conformational states, but
instead a continuous movement. All 10 maps generated by
the algorithm are overlapped and showed in Figure 3. This
flexibility in the CTD therefore explains how these helicases
might expose the WHD present in the CTD and responsible
for ori recognition (Figure 3 C). However, the tilting move-
ment rose the question whether the pumpjack movement
was related to helicase translocation or not.

Intact PriRepS CTD is required for its helicase activity

We then decided to investigate if the CTD was playing a
role in the ATPase domain activity (motor). We purified a
truncated version of PriRep5 where residues 676790 were
removed, generating PriRep5-ACTD (Figure 3D and Sup-
plementary Figure S3). This mutant has intact NTD and
ATPase domains, plus a small portion of the helix connect-
ing the ATPase domain and the CTD. See methods. First,
we verified by size exclusion chromatography that PriRep5-
ACTD retained its hexameric state (Supplementary Figure
S5). We then performed EMSA with ori5-containing ds-
DNA as substrates (Figure 3E). The dsDNA substrate was
the same as in Figure 1A. As expected, wild-type PriRep5
bound its origin while the PriRep5-ACTD did not. To in-
vestigate whether the presence of the CTD was important
for the ATPase domain’s activity we performed the helicase
assay using the forked substrate. In this case and to rule out
the possibility that the forked substrate used in our previ-

ous helicase assays had too short tails (8nt), we performed
this helicase assay with a P32-labeled oligonucleotide re-
sembling a forked structure with longer tails (20 nt). Un-
expectedly, PriRep5-ACTD lost the unwinding (helicase)
activity, indicating that the presence of CTD is needed for
the helicase activity (Figure 3F). We then investigated the
ssDNA binding capabilities of PriRep5-ACTD to verify if
the lack of helicase activity was due to an impaired ssDNA
binding function. As shown in Figure 3G, PriRep5-ACTD
bound 27-mer poly(dT) with slightly less efficiency than the
wild type. After fitting the binding curve with the Hill equa-
tion, we estimated the apparent dissociation equilibrium
of PriRep5-WT and PriRep5-ACTD as 46.42 + 1.589 and
60.85 + 6.688 respectively (nM). These data suggest that
the CTD might have a role in ssDNA binding, potentially
during ori melting, during ssDNA threading or during he-
licase translocation. Although the ssDNA binding capabil-
ities of PriRep5-ACTD were slightly affected and although
the absence of the CTD could impair its ability to properly
load onto the forked DNA in the helicase assays, we were
surprised that the CTD mutant did not show any helicase
activity whatsoever. We therefore hypothesized that there
could be something else affected in PriRep5-ACTD and de-
cided to verify the ATPase functionality of PriRep5-ACTD
by performing an ATPase assay. We measured the ability
of PriRep5-WT and PriRep5-ACTD to hydrolyze ATP at
several time points. As shown in Figure 3H, only PriRep5-
WT showed ATPase activity while the CTD mutant did not.
Since the presence of ssDNA might promote the ATPase ac-
tivity in some replicative helicases, we measured the ATPase
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Figure 3. PriRep5 CTD motions and characterization. (A) The rotation movement of the CTD with respect to the ATPase domain. Overlapped multibody-
refined maps are shown with random colors. On the left, the two maps depicted are those whose CTDs are the most distant from each other. Right, all
10 maps are overlapped. See Supplemental Video 1. (B) The tilting movement is illustrated. The black line indicates the plane of the ATPase domain. The
blue and red lines indicate the non-planar (~30°) disposition of the CTD. Left, the two maps depicted are those whose CTDs are the most distant from
each other. Right, all 10 maps are overlapped. (C) Models corresponding to the first map of tilting series (left) and rotation series (right). Transparent
surface and cartoon representation of the models are shown in light green for NTD and ATPase domains, and magenta (left) and blue (right) for the CTD
domains. Arrows indicate a potential gate where the or7 recognizing residues get solvent exposed. (D) Model to illustrate the truncated mutant PriRep5-
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in grey. (E) PriRepS WT and PriRep5-ACTD differ in their abilities to bind ori-containing DNA. EMSA with FAM labeled PCR as substrate where the
entire ori5 has been amplified as in figure 1A, see methods. WT, wild type PriRep5, ACTD, truncated mutant with CTD deleted. Protein concentrations
are 0.2,0.4,0.6,0.8,1,1.5,2,4, 6,8 and 10 nM. (F) Left, helicase Assay using substrate as in Figure 1B but with 20 nt overhang and 18nt duplex DNA. H,
heated control. Protein concentrations are 0, 10, 50, 100, 200 nM. Right, quantification of the gel’s bands. (G) EMSAs with FAM labeled 27-mer poly(dT)
oligonucleotide as ssDNA substrate. Protein concentrations are 0, 20, 40, 50, 60, 70, 80, 90, 100, 120, 150 and 200 nM. Right panel, quantification of the
bindings and fitting with the Hill equation. The values for the Ky (in nM) and Hill coefficient (n) are shown on the right side. (H) ATPase assay where the
amount of phosphate generated by the ATPase activity of the protein is calculated. WT and PriRepS5-ACTD are active and inactive respectively for ATP
hydrolysis. The assay was performed at the specified time points (left) or (right) in the presence of different amounts of 27-mer poly(dT) as ssDNA. E and

F are representative gels from two experiments, G, five experiments, H has been performed twice with three experimental replicas each time. In F, G and
H, average and standard deviations are shown.
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activity of wild-type and PriRep5-ACTD variants without
and with different amounts of ssDNA. The ATPase activity
of PriRep5 was not ssDNA dependent whereas the ATPase
activity of PriRep5-ACTD was lost in all cases (Figure 3H),
indicating that an intact CTD is necessary for nucleotide hy-
drolysis and hence for the helicase activity (unwinding). Our
interpretation of these data is that the CTD is involved not
only in ori recognition and melting in an ATP-independent
way (28,29), but also plays a critical role in ATP hydrolysis
and helicase translocation. In our model system, therefore,
the ATPase domain is not sufficient to provide the staircase
mechanism of translocation and needs the involvement of
the CTD to fire ATP and ultimately unwind DNA.

We then turned to Repl to complement and verify if our
findings in PriRep5 were specific to that island or other-
wise conserved among SaPlIs. In this case, we solved the cry-
oEM map of SaPI1 Rep in its apo state, without any ribonu-
cleotide analog or magnesium ions, at 3.9 A resolution (see
methods and Supplementary Figure S6).

Rotation and tilting motions are ATP-independent and con-
served in Reps

To generalize our findings in PriRep5, we performed the
same motion analysis of the ReplcryoEM map with RE-
LION’s multi-body algorithm (Supplementary Figure S5).
Repl 2D classes did not show blurriness in the CTD.
As shown in Supplementary Figure S6 and Supplemental
Video 1, the ATPase domains and CTDs moved with re-
spect to each other by rotation and tilting, indicating that
these movements are conserved among SaPI-encoded Reps.
Additionally, because Rep was in apo state, the presence of
these two movements indicates that they occur independent
of nucleotide binding and/or hydrolysis. Moreover, we col-
lected cryoEM data from a Repl Walker A mutant (K186A)
and detected the same two movements (not shown). Instead
of fitting a model into Repl-apo map, which severely suf-
fered preference particle orientation (Supplementary Fig-
ure S10), we screened several partners to complex with
Repl. The condition that gave better results and solved the
preference orientation problem was co-purifying Rep1 with
its cognate Primase (PriRepl) and subsequently mixing the
pair of proteins with ATPvyS and with 19 bp dsDNA bear-
ing 2 iterons and 60 nucleotide long sSDNA tail. See meth-
ods for details.

CryoEM structure of Repl-DNA complex

This complex yielded a cryoEM map of 3.1 A resolution
with good particle distribution (See Figure 4 and Supple-
mentary Figures S7 and S10) and allowed us to structurally
characterize the staircase mechanism. The primase could
not be resolved and the only part of the DNA that could
be visualized was a single stranded penta nucleotide seg-
ment making close contact with the beta hairpin ssDNA
binding motif whose sequence was arbitrarily assigned to
be 5-TAAAA-3'. Repl forms also a three-tier ring shaped
homo hexamer as depicted in Figure 4A and B. Repl, as
PriRep5, belongs to the SF3 group. Our cryoEM structure
reveals basically the same features depicted in E1 helicase-

Side view Top view

Figure 4. CryoEM map of Repl-DNA complex shows the staircase mech-
anism. (A) CryoEM map of Repl-DNA complex processed in C1. NTD,
N-terminal domain, CTD, C-terminal domain. (B) Repl-DNA model. (C)
Zoomed vision of the beta hairpin-ssDNA backbone contacts. Subunits
are colored grey, green, cyan, magenta, yellow. In the side view, NTD lo-
cates on top, whereas CTD is underneath the represented cartoon. Side
chains of R248, Y251 and K253 of all subunits are shown as sticks. ssDNA
is shown as sticks and carbon colored as olive green.

ssDNA complex crystal structure (6). ATPyS was visual-
ized at every subunit interface where different degrees of
nucleotide and inter subunits contacts correlates well with
the beta hairpin height. ssDNA binding residues located in
the beta hairpin of Repl are R248 and Y251 which interact
with the phosphate and the sugar of the ssDNA backbone
respectively, so that one subunit (one beta hairpin) interacts
with one nucleotide suggesting a step size of one nucleotide
(Figure 4C and Supplementary Figure S7). Additionally,
Y251 is sandwiched between the DNA and K253 (Figure
4C and Supplementary Figure S7F). To experimentally ver-
ify our structure, we generated and purified a triple mutant
where residues R248, Y251 and K253 were substituted to
alanine (R248A-Y251A-K253A). We then performed a he-
licase assay using a 20nt forked substrate (see methods) and
confirmed that the helicase activity was lost indicating that
key residues in the staircase mechanism are necessary for
the protein to maintain the helicase activity. To generalize
our findings, we turned to PriRep5 helicase and generated a
beta hairpin mutant PriRep5-K591A which also lost its he-
licase activity (Supplementary Figure S8). To rule out the
possibility that the lack of activity was because these mu-
tants had lost their ability to hexamerise, we performed size
exclusion chromatography to analyze their oligomeric state
in solution. As shown in Supplementary Figure S8C, these
mutants eluted at volumes corresponding to their hexam-
eric forms.



SaPI replication in vivo

To fully verify the cryoEM Repl-DNA structure, we gen-
erated several constructs to analyze in vivo their replica-
tive capabilities. We cloned SaPIl ori in the staphylococ-
cal plasmid pMAD and wild-type pri-rep genes in plas-
mid pCN51_cat (pCNS51 derivative plasmid where the ermC
cassette has been replace by a car194 cassette selective
for chloramphenicol) which harbors a cadmium inducible
promoter, see methods for details. Staphylococcal strain
RN4220 was co-transformed with both plasmids, and
PMAD replication was monitored by Southern blot using a
specific probe targeting the pMAD plasmid (Figure SA). As
expected, the wild-type construct produced a strong signal 2
h post induction, not only in the bulk of DNA but also close
to the wells, which agrees with the fact that a concatemeric
large molecular weight DNA molecule is generated under
the SaPI’s replicon. We then engineered a set of mutations in
the beta hairpin dissecting the previous triple mutant with
single and double mutants. Three single mutants: R248A,
Y251A, K253A. One double mutant: R248A-Y251A. As
controls we included the triple mutant: R248A-Y251A~
K253A; the mutant K186A (Walker A) and a truncated
version where three frame-shifted stop codons were intro-
duced downstream K346 to generate the CTD truncate
(ACTD in Figure 5A). None of the aforementioned muta-
tions equaled the wild type’s Southern blotting signal dur-
ing plasmid replication in vivo, indicating that the amino
acids involved in the staircase mechanism are necessary to
support DNA replication. To verify that all proteins were
properly expressed, a new set of constructs were generated
including a FLAG so that the presence of protein could
be monitored by Western blot (Supplementary Figure S11).
The only mutant showing a faint activity was K253A which
is not directly contacting the DNA but flanking Y251 of
the adjacent subunit on the opposite side of ssDNA (Fig-
ure 4C and Supplementary Figure S7). We subsequently ex-
panded our in vivo findings to PriRep5. We included Walker
A (K521A) and CTD truncated mutants as controls. Fig-
ure 5B shows that a single mutation in PriRep5 beta hairpin
(K591A) abolished replication capabilities, which in agree-
ment with our structural and biochemical data confirms
that these initiators-helicases couple the staircase mecha-
nism with the the presence of the CTD to support highly
efficient replication.

DISCUSSION

SaPIs were the first Gram positive pathogenicity islands
whose replication was demonstrated in vivo. They replicate
extensively and effectively so that, in conjunction with other
parasitic mechanisms, they can be transferred as high or
at even higher rates than the phages they parasite, which
assures their successful spread in nature. The initiators-
helicases, Reps, are critical to support SaPI’s replication.
Among the three types of Reps, Repl and PriRep5 belong
to the SF3 group, whereas Rep2 (SaPIbovl Rep homolog)
belongs to SF6. SaPI-encoded Reps also show functional
similarities with SF3 and SF6 helicases (both superfam-
ilies bear eukaryotic helicases, whereas prokaryotic rela-
tives are SF4) by showing preference for translocation along
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the leading strand (Figure 1C). Eukaryotic MCM replica-
tive helicases are loaded onto the ori as double hexamers
in a head-to-head conformation (61). Previous studies also
indicate that Reps most likely initiate replication by self-
loading two hexamers, one on each side of the AT-rich re-
gion at their origins (28,29). If they do so in a head-to-head,
tail-to-tail, or other conformation needs to be addressed.
Reps do not need ATP binding and hydrolysis activity to
mediate ori recognition and melting in vitro (29). CTD
disposition in Reps, where there is a domain-swap with
the ATPase body of the adjacent protomers seems a con-
served feature in origin recognition complexes in eukaryotes
(26,59).

In our speculative working model (Figure 6) for the initi-
ation of replication process in SaPlIs, the high flexibility in
Reps CTD exposes the WHD to bind the iterons. The diam-
eter of the CTD is wide enough to accommodate dsDNA.
The flexibility between CTD and the motor (ATPase) do-
mains allows them to rock respect each other, so that the
same and opposite directions of movement between them
are allowed. Hexamer-hexamer interactions might facilitate
opposite rotation movements so that the DNA is distorted
as it has been proposed in eukaryotic systems (12). As soon
as Rep is self-loaded, it starts translocating along the lead-
ing strand coupling the hydrolysis of ATP with transloca-
tion. Our cryoEM structure suggests that the translocation
step is one nucleotide per ATP hydrolyzed. Our above ex-
periments with PriRep5-ACTD demonstrate that the CTD
domain is essential for nucleotide firing and therefor un-
winding activity. Whether the whole CTD or part of it is
essential remains to be studied. It should be noted that we
arbitrarily assumed that Repl translocates with the NTD
tier ahead of the motor domain (ATPase domain) in a sim-
ilar fashion as E1 helicase does, and accordingly positioned
the ssDNA pentanucleotide with its 5’ end pointing to the
NTD in our Repl-DNA structure. Further experiments are
needed to confirm this assumption. We have shown that
in PriRep5, the staircase mechanism presumed for the mo-
tor domain is not sufficient for its helicase activity, since
the presence of the CTD is necessary for its helicase ac-
tivity in vitro. We speculate that this observed high flex-
ibility between domains allows the complex to efficiently
couple ori binding and melting with translocation. In eu-
karyotic GMC helicases, a tilting movement between do-
mains suggested a pumpjack motion of translocation, al-
though there was not DNA present in that structure (13).
Recently, a cryoEM structure of papillomavirus E1 helicase
in complex with a replication fork suggested a tilting mo-
tion of the collar domain respect the ATPase domain (62).
Our work here points in the same direction where the tilt-
ing motion between domains seems to be a conserved fea-
ture among evolutionary unrelated initiators-helicases. The
closest structural homolog of PriRep5 and Repl is deep-sea
vent phage NrS-1 polymerase-helicase. In agreement with
our model, NrS-1 CTD deletion also abolished its helicase
activity (56). However, NrS-1 phage biology has been stud-
ied to much less extent than SaPIs, and yet it has not been
addressed if NrS-1 helicase uses CTD for ori specific recog-
nition. Deep-sea phages, as well as staphylococcal phages
and SaPlIs, contain evolutive traits that will help us to un-
derstand important molecular processes.
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In summary, in the present work we have characterized
Reps from SaPI1 and SaPI5 as 3’ to 5 helicases. Repl and
PriRep5 have a conserved flexibility between their CTD and
ATPase domains. The presence of the PriRep5’s CTD is
necessary for ATPase and helicase activities. Unveiling hid-
den biological aspects of these mobile elements and their
helper phages will help us to understand DNA replication
in particular and DNA transactions in general, not only in
subcellular entities but also in cellular organisms from all
domains of life.
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