Supporting Methods

Construction of plasmids.

DNA primers used are listed in Supplementary Table S4.
Plasmid M130riCMS9 was an M13mp18 derivative bearing a 431 bp chromosome-derived Ncol-Nsil fragment which
carried oriC. M130riCMS9-121’ and -t2r’ were constructed by PCR using M130riCMS9 and primers listed in Table S4.
Plasmid pBRoriC was described previously (1). pBRoriC-derivatives bearing an altered length between R2 and C3

boxes were constructed by PCR using pBRoriC and primers listed in Table S4.

DUE unwinding (P1 nuclease) assay.

This assay was performed as described previously with minor modifications (1, 2) . Briefly, the ATP-bound DnaA and
IHF (32 nM) were incubated at 38 °C for 3 min in buffer containing 100 mM KCI, 5 mM ATP or ADP, and
M130riCMS9 plasmid or its derivative (1.32 nM), followed by incubation with P1 nuclease. DNA was further
incubated with EcoRl, followed by agarose gel electrophoresis analysis. When pBRoriC and its derivatives were used,
DNA digested by AlwNI was analyzed (1).

DnaB helicase loading (form 1*) assay.

This assay was performed as described previously with minor modifications (1, 2). Briefly, the form I of pBRoriC or its
derivative was incubated at 30 °C for 15 min in buffer containing ATP, DnaA, IHF, DnaB, DnaC, SSB, and gyrase,
followed by 0.65% agarose gel electrophoresis analysis and quantification of intensities of bands corresponding to the
form I and form I*.

Pull-down assay using a biotin-tagged oriC fragment

This assay was performed as described previously (3). Briefly, DnaA, His-DnaB, DnaC, and a biotin-
tagged oriC fragment were incubated on ice for 15 min in buffer (10 pL), followed by further incubation at 4 °C for 15
min in the presence of streptavidin-coated beads (Promega). Bound proteins were recovered and analyzed by SDS-10%
PAGE and silver staining.

EMSA using the R2-C3 region.
This assay was basically performed as previously described (1). Briefly, DnaA was incubated at 4°C for 10 min in buffer
containing 80 mM KCI, 2 mM ATP or ADP, 0.2 ug/mL ADNA as a competitor, and 100 nM each DNA fragment, followed

by incubation at 30°C for 10 min. DNA complexes were analyzed by 6% polyacrylamide gel electrophoresis and Gelstar

staining. DNA used was prepared by annealing of oligonucleotides (Table S4).

EMSA using the middle and right-half DOR.
This assay was performed as previously described (1). Briefly, in this method, chimeric DnaA (ChiDnaA) consisting




of E. coli DnaA (EcoDnaA) domain I-111 and Thermotoga maritima DnaA domain 1V is used. ChiDnaA as well as
T. matirima DnaA specifically binds to T. maritima DnaA box sequence which is fundamentally different from E.
coli DnaA box sequence. Thus, when a certain DnaA box within an oriC region is replaced with T. maritima DnaA
box, ChiDnaA, but not EcoDnaA, binds to the site (1). As affinities of EcoDnaA for ATP and ADP are very high
(i.e., Kd of 10-100 nM), ATP-EcoDnaA and ADP-EcoDnaA are extremely stable in solution and nucleotide
exchange of ADP-DnaA does not substantially occur even in the presence of 2 mM ATP (4). In addition, ATPase
activity of ATP-DnaA is negligible at 30°C (5). Affinities of ChiDnaA for ATP and ADP are similar to those of
EcoDnaA, and stabilities of ATP-ChiDnaA and ADP-ChiDnaA even in the presence of 2 mM ATP are also
demonstrated (1). Based on these, in the present study, the nucleotide-free forms of EcoDnaA and chiDnaA were
purified and then incubated at 0°C with ATP or ADP to yield nucleotide-bound forms as we described previously
(1, 4, 6). The resultant ATP-EcoDnaA and ATP/ADP-ChiDnaA were incubated at 30°C for 10 min in buffer
containing 2 mM ATP, 60 mM KClI, 20 pg/mL ADNA as a competitor DNA, and 35 nM oriR2-R4 or R2R4-R2tma
fragment. DNA fragments used were prepared by PCR amplification using pBRoriC and its derivatives as a template
and pairs of primers, ori-2 and oriR2R4 or R2R4tmaR?2 f (Table S4).

Protein model for coarse grained (CG) MD simulations

For coarse-grained (CG) molecular dynamics simulations, we used a software CafeMol (7). The protein model used is
the atomic-interaction-based coarse-grained model (AICG2+) developed by Li et al (8). In this model, each amino acid
is represented by a particle located at the Ca. atom position. The energy function is the so-called structure-based model;
the energy function is based on the three-dimensional native (or reference) structure of the protein. We did not represent
ligands (ATPs) explicitly. Instead, by using the structure of ATP-bound form of DnaA as the reference structure, we model
the ATP-bound form of DnaA.
The potential energy function is expressed as
Varcozr = Voona + Voo + Vangte T Vainearar + Veontact + Vexciudea-
The first term V,,,,4 is the potential energy function to restraint the virtual bond length. For an N-amino acid protein,
Viond + = i kp (' —15)?
where r! is the virtual bond length between I th and I+1 th residues and r{ is the corresponding bond length at the
reference structure. For k;, = 110.40 kcal/mol/AZ? is a constant tuned by Li et al using the fluctuation matching method.
The second term Vl(’:ip is the sequence-dependent flexible local potential developed by Terakawa and Takada (9) that
represents the intrinsic local property of polypeptide. This is statistical local potential for the virtual bond angles and the
virtual dihedrals. For an N-amino acid protein, this potential is given by
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where kg isBoltzmann constantand T = 300.0K is a temperature. 8, is virtual bond angle defined by two consecutive
virtual bonds and ¢, is virtual dihedral angle defined by three consecutive virtual bonds. P,,(8) and P, (@) are

probability distributions of virtual bond angle and virtual dihedral angle, respectively (9), constructed for each type of



amino acids from a dataset of loop regions in 13598 protein structures in Protein Data Bank (http://www.rcsb.org/pdb/).

The P,,(0) and Pg;;, () are histograms with the bin size of 10 degrees. For calculating the force and energy of virtual
bond angle, continuous energy functions were obtained by cubic spline interpolation of the P,,(8). In order to avoid
virtual bond angles going out of the range with sufficient samples, a linear potential is employed outside of the range of

sufficient samples. For the case of dihedral angle, tabulated P,;;, (@) is fit by the truncated Fourier series as
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where ks,,, kc,,and C are Fourier coefficient.

The flexible local potential is available in CafeMol (7) (www.cafemol.org). The parameters for flexible local potential

are in cafemol/para/flexible local.para. In “<<<<dihedral_angle”, Fourier coefficients are listed in order of C, kc;, ks,

kcy, ks,, kcs, kss. In “<<<< bond angle x”, the median value of each bin of P,,(0) are listed. Corresponding
—kgTIn (21’17—7;6))) are listed in “<<<<bond angle y”.

The third and fourth terms V5. and Vyipearq are the structure-based local potentials. Explicitly, the potential
energy functions are given by
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where &/

loc 1S position dependent parameter, '/ and ¢’/ are the distance between I-th and J th residues, and the

dihedral angle formed by I-th, I+1-th, I+2-th, and 1+3-th residues. r,” and ¢, are the corresponding parameters at
the native structure. W,;; and W, ;, are the width parameters of the Gaussian potentials.

The fifth term V_,,.:qc: 1S the structure-based non-local contact potential. When two residues are in contact at the
native structure, an attractive potential function is employed. When two heavy atoms belonging to different residues
(excluding pairs that are within 3 residues in sequence) are within 6.5 A at the native structure, we consider these residues

are in contact at the native structure. Explicitly, the potential energy function is given by

nat contact

v, = U gl ) _g(l
contact — €nloc rlJ rlj

I>]+3

where ¢ is position dependent parameter. The default parameters for e~ were tuned in Li et al. In order to
enhance DnaA domain 111 oligomerization, & of inter-DnaA domain I11 are set as the two times of the default values.

Vexciuaea Tepresents the excluded volume effect for particle pairs which are not in contact at the native structure,
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where ¢,, = 0.6 kcal/mol and C = 4.0 A are parameters.
In this work we used two types of DnaA domain I11-1VV models. One is the rigid model. In this model the potential
energy function is given by V4,cq2+ throughout all residues (K135-S467) for a homology-modeled reference structure
(described below). The other model is the flexible model, in which both local and non-local structure-based potentials

were removed for the boundary region between domains 11-1V (L367-T375).

DNA model for CG MD simulation
We used the 3SPN.1 model as the coarse grained DNA model (10). In this model each nucleotide is represented by three

particles (phosphate, sugar, base). The phosphate and sugar particle are placed at the center of mass of the corresponding
atom groups. The base particle is placed at N1 position (adenine, guanine) or N3 position (cytosine, thymine). This model
was empirically tuned to reproduce the sequence-dependent melting temperatures and the persistent length of DNA well.
The potential energy function is given by

Vona = Vooma + Vangte + Vinoarar + Vetuti + Vouse + Vexctudea + Vools + Vete -

The potential energy functions for virtual bond length, bond angle, and dihedral angle are given by
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where kPN4 = 0.1839 kcal/mol/A?, kPN4 = 183.9 kcal/mol/A?, kBN4 = 128.73 kcal/mol/rad?, kN4 = 5.1942
kcal/mol are constants. !, 87, and ¢! are the I-th bond length, bond angle, and dihedral angle. 7{,8%,¢} are the
corresponding parameters in the canonical B-type duplex DNA structure.

Non-boded interaction are given by
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VN4 s the potential energy function for base stacking of natively-contacting particle pairs based on the canonical B-
type DNA. V. is the Debye-Hickel type electrostatic interactions. g, and q; are charges, &, is the electric
constant, and &,=78.0 is dielectric constant. ¥ is distance between I th particle and J th particle. kj, is the Debye
length given by
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where N, is Avogadro’s constant, e is the elementary electric charge, and 1 is the ionic strength. The ionic strength |
is defined as I = 0.5 z?c;. ¢; is molar density and z; = g;/e. In this work ionic condition is 200 mM NaCl (I = 0.2).
In 3SPN.1 model, all phosphates have z= -1 charges.

Protein-DNA interaction in CG MD simulation

The potential energy function is given by,

— Yy'native 1 0 0
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The first term is the structure-based potential that represents specific protein-DNA interactions. This is similar to the non-
local potential in the off-lattice Go models (11). Following our previous work (12), in DNA we used bases and sugars,
but not phosphates for the structure-based potentials: We regarded that amino acid-phosphate interaction is well described
by Ve and V. cmaeqa- The parameter 7 isa constant: For the IHF-DNA interaction € is 1.2 kcal/mol. For DnaA
domain IV-DNA we used three values, &gongy = 0.36 kcal/mol for high-affinity DnaA boxes (R1 box, R4 box, and R2
box), eweax = 0.315 kcal/mol for the other DnaA boxes (C- boxes, I- boxes, 121 box, and t2r box), and &prepare = 0.6
kcal/mol for preparation (Details are described below). r!/ is the distance between I-th and J-th particles and the
parameter ro” is the corresponding value at the native structure. V., is the same as that in the DNA model. In proteins,
we set all Arg and Lys with +1 charges and Asp, Glu with -1 charges.

Fully atomistic MD simulations

Fully atomistic MD simulation was conducted by GROMACS 4.5.5 (for the energy minimization of the native structures)
(13-17) and GROMACS 5.1.1 (for refinement simulation of E. coli replication initiation complex) (13-20). The force
field for proteins and nucleic acids is ffAMBER99SB with ParmBSCO nucleic acid parameters (21-24). ATP topology

was obtained at (http://redmine.gromacs.org/issues/721). The water model is TIP3P (25). We conducted simulations in

the triclinic box with the periodic boundary condition. In the left-half E. coli replication initiation complex, there are
DNA, proteins, 5 ATPs, 5 Mg?* ions, 990 Na* ions, 785 CI- ions, and 199,080 waters. In the middle- right-half part, there
are DNA, proteins, 6 ATPs, 6 Mg?* ions, 1435 Na* ions, 1255 CI- ions, and 326,379 waters. In the DnaA domain 111-
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hexameric complex on middle—right-half oriC, there are DNA, proteins, 6 ATPs, 6 Mg?* ions, 1088 Na* ions, 922 CI-
ions, and 235,717 waters. We neutralized our system and set ion concentration to 0.2 M NaCl by adding Na+ and CI-
ions. The particle-mesh Ewald (26) method was used for long range electrostatic interactions.

The energy minimization was conducted by the steepest descent minimization algorithm. For E. coli replication
initiation complex we subsequently conducted 100ps NVT equilibration at 300K. We restrained the position of all heavy
atoms in proteins, DNAs, and ligands (ATP, Mg?*). We used an accurate and efficient leap-frog stochastic dynamics
integrator for molecular move algorithm and as a thermostat (27). The inverse friction constant was 2.0 ps. After NVT
equilibration, we conducted 1 ns NPT equilibration at 300K, 1 bar using the Parrinello-Rahman pressure coupling (28).
The condition of position restraints of atoms and the integrator were same as those in the NVT equilibration. The
production run was conducted at 300K, 1 bar for 10 ns. The positions of heavy atoms were not restrained in the production
run. The other conditions were the same as that in the NPT equilibration. In NVT equilibrations, NPT equilibrations, and
production runs, all bond lengths were constrained by the LINCS (29) except for waters. For waters we used the SETTLE
(30).

Preparation of the structure of globular protein domains and protein-DNA complex for CG MD simulation

In this process, we used PyMOL for superposition of two molecules and for changing atoms (31). We started from
homology modeling of E. coli DnaA domain I11-1V native structure. First we modeled E. coli DnaA domain I1I by I-
TASSER modeling server (32—34). We specified T. maritima DnaA domain 111 (PDB ID 2Z4S) as the template (35). Next
we modelled E. coli DnaA domain I11-1V by I-TASSER specifying modelled E. coli DnaA domain 111 (K135-L369) and
E. coli DnaA domain IV crystal structure (PDB ID : 1J1V) (36). Using PyMOL, we modified the output model of ACP
bound E. coli DnaA domain I11-1V by changing carbon of ACP to oxygen and placing Mg?* ion referring to PDB ID 3R8F.
Finally we obtained ATP and Mg?* bound E. coli DnaA domain I11-1V.

Subsequently we prepared E. coli DnaA domain I11-1V homo-oligomer. We utilized A. aeolicus DnaA domain H1-1V
tetramer with ssDNA (PDB ID 3R8F) (37) and replaced A. aeolicus DnaA with our ATP and Mg?* bound E. coli DnaA
model. In order to replace proteins, we superposed domain 11 of E. coli DnaA domain 111-1VV homology model on each
A. aeolicus DnaA.

Finally we conducted the energy minimization of E. coli DnaA domain IlI-IV tetramer with ssSDNA complex by
GROMACS 4.5.5 (13-17). We defined one of inner DnaA structure in E. coli DnaA tetramer as the native (reference)
ATP-DnaA domain I1I-1V structure for coarse-grained simulations and used the K135-L367 of inner-DnaA domain 1l
dimer for the native (reference) DnaA domain I11-domain 111 interactions.

Next we prepared E. coli DnaA domain IV-dsDNA complex structure of each DnaA box. The structure is based on E.
coli DnaA domain 1VV-dsDNA co-crystal structure (PDB ID 1J1V) (36). First we superposed E. coli DnaA domain 1V
native structure (our homology model) on crystal structure and replaced DnaA domain IV. Next we changed DNA
sequence by changing bases of the nucleic acid. We obtained the structure of bases (adenine, cytosine, guanine, thymine)
by NAB in AmberTools 13, and fitted three atoms of the NAB-generated base on the three atoms in the crystal structure

(38, 39). For adenine or guanine we used N9, C4, C8 atoms. For cytosine or thymine we used N1, C2, C6 atoms. We



subsequently deleted overlapping bases in the crystal structure. Finally we conducted energy minimization of the complex
structures by GROMACS 4.5.5 (13-17). The complexes we obtained contain 13-basepair (bp) DNA. In coarse-grained
simulations, we only used structural information of DnaA box (the 9 bp) — DnaA domain IV interaction.

At last we modeled native structure of E. coli IHF — dsDNA complex using E. coli IHF — DNA crystal structure (PDB
ID 1IHF)(40). First we used I-TASSER modeling server specifying PDB ID 1IHF and supplemented missing residues
and atoms. We superposed this structure and replaced the IHF protein. The original crystal structure contains DNA nick.
We changed this nick into the continuous DNA structure referring the structure of chain C residue ID -38 to -34 and chain
E residue ID 34 to 38. Then we changed DNA sequence into the IHF binding site in oriC in the same way as DnaA
domain IV - dsDNA complex (40-42). We transformed Cd?* ions into Mg?* ions. Finally we conducted the energy
minimization of the complex structures by GROMACS 4.5.5 (13-17). When we defined the natively contacting pairs
between DNA and proteins, we used not only the contact information between IHF specific site and proteins but also the

other contact information between DNA and proteins in this complex.

Detail of coarse grained (CG) MD simulations

We conducted Langevin dynamics simulations with friction coefficient y = 0.02 and temperature T = 300K. The

detail of molecular move algorithm is described in CafeMol manual (43).

A) Determining parameters
First we determined the parameter egrong and &4, by fitting the experimental value of dissociation constants.  We
simulated DnaA domain IV (L373-S467) and 21 base pair dsDNA (5’-TCCTTGTTATCCACAGGGCAG-3’) (R1 box
underlined) system in 100 A capsule. When the geometric center of domain IV reach the capsule boundary, the pushing
back force acts. For 21 base pair DNA, the sugar particle of the terminal thymine is anchored at the center of the capsule.
We conducted 10°-MD step simulations changing £ value of native contact interaction by 0.015 kcal/mol. We
conducted 2 simulations for each ¢ value changing the random seed of Langevin dynamics. The coordinates and energy
were recorded in every 10* MD steps.

From trajectories, we estimated the dissociation constant. For analysis, we discarded first 107 MD steps. When the total
interaction energy between DnaA domain IV and DNA is below —0.3 kcal/mol, we regarded that the two molecules are

bound. We defined the dissociate constant ( Kq ) as follows.

Thound = Nbound/Ntotal
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Where Npound represents the number of snapshots in which DnaA domain 1V binds to DNA. Nitar = 9,9000 is the number
of snapshots. Na is Avogadro constant. Reap = 100 A is radius of capsule. We calculated Kq value for each trajectory and
the result was summarized in Table S5. Dissociation constants for this system were experimentally measured by Schaper
and Messer (44). For R1 and R4 box, K;~1.0 nM and for weak boxes K; > 200 nM, respectively. We found that the
use of & =0.36 kcal/mol reproduce the K,; with the order of ~1 nM and & = 0.315 kcal/mol reproduce the K; with
the order of ~100 nM. We defined &40y = 0.36 kcal/mol and used for interactions between DnaA domain IV and
R1/R4/R2 box. We defined €,,.4r = 0.315 kcal/mol and used for interactions between DnaA domain IV and all low

affinity boxes(C- boxes, I- boxes, 121 box, and t2r box).

B) Preparing initial structures and production runs
® Simulation B1: The simulation of DnaA domain I11-1VV monomer in solution was conducted by Langevin dynamics
for 1 x 108 MD steps. We simulated both the rigid model and the flexible model. For each model, we conducted
5 simulations individually changing random seeds. Initial structure was the native structure of DnaA domain HI-IV.
® Simulation B2: The simulation of flexible model of DnaA domain I11-1V with the DNA fragment of R1 box was also
conducted for 1 x 108 MD steps. The DNA sequence was CCTGTGGATAACA. The initial structures were DnaA
domain I11-1V binding to the R1 box (underlined). We superposed DnaA domain I11-1V on DnaA domain IV -DNA
crystal structure (36) and obtained the initial structure. €/ were set t0 &grony. We conducted 5 simulations
individually changing random seeds. In all simulations we recorded the coordinates and energy of system every 10*
MD steps.
® Simulation B3: For the simulations of left-half subcomplex, we included five DnaA domain Il1-1Vs and IHF and
102-bp left-half oriC fragment (See Table S6).
The initial structures for simulations were prepared in 2 steps. The first step is to bind DnaA domain H1-1V on the
DnaA box. We prepared IHF-bound left-half oriC DNA fragment which is generated by connecting coarse-grained
B-type DNA fragments and coarse-grained IHF-DNA complex structure. The B-type DNA was generated by
NAB(38, 39). We connected them by superposing the terminal basepair of one fragment on the other using
PyMOL(31). Next we made DnaA domain Il1-1V bound on the R1 box. We arranged DnaA domain Il1-1V close to
R1 box and induced DnaA binding on the R1 box by 5x10% MD steps simulations. We conducted 10 simulations
with different random numbers in Langevin dynamics. !/ were set 3.0 kcal/mol and DnaA was set to rigid model.
After obtaining R1-bound DnaA-IHF-DNA complex, we next made DnaA binding to the R5M box in the same way
as R1 box by 5 simulations. In the same way, we repeatedly conducted DnaA binding simulations in order of the 12
(t2l or 2r), 11, and 12 by 5-10 simulations for each DnaA box. During simulations we fixed all Ca. atoms of IHF
proteins. In this step inter-DnaA domain |1l attractions were not applied. The second step is to prepare different
initial structures. We conducted 107 MD steps simulations 10 times with different random forces. € was &, epare
for DnaA box — DnaA domain IV. The DnaA domain Il1-1V model was either rigid or flexible for the left-half
simulation. During the left-half simulations we fixed three amino acids of IHF (IHFa P65, THFB H16 and R62). In
these simulations, inter-DnaA domain |11 attractions were not applied. The obtained final structures were used as the



initial structures of the production runs.

About the production runs for the complex formations, we conducted 1 x 108MD steps simulations 10 times
with different random forces. We applied inter-DnaA domain 111 native contact potentials. €/ were egopg for
high affinity box (R1) and &, for low affinity boxes (the others). Interacting DnaA domain Il pairs was
determined by our previous work (1). More specifically, in left-half simulations we set AICG2+ structure-based
contact potentials to form
DnaA(R1)arg-arrDnaA(R5M)arg-areDnaA(t2) arg-arrDnaA(11) arg-arpDnaA(12)
where DnaA(R1)arg-arrDnaA(R5M) means Arg finger side of DnaA(R1) binds ATP side of DnaA(R5M).
Simulation B4: For middle—right-half subcomplex, we included six DnaA domain I11-1Vs and wild type right-half
oriC fragment (Table S6).

For the initial structure, we conducted simulations in the same way as the left-half and made DnaA’s binding on
DnaA boxes in order of R4, C1, 13, C2, C3, R2. For the second step, we only used the flexible model of DnaA.
During the middle—right-half simulations we fixed R2-side terminal base pair. Other setups are the same as those in
the left-half subcomplex.

In the production runs, &'/ were &g4n, for high and middle affinity boxes (R4, and R2) and  &,q; for low
affinity boxes (the others). In middle—right-half simulations we set AICG2+ structure-based contact potential to
form

DnaA(R4)arg-arrDnaA(C1)arg-arrDnaA(13) arg-arPDNaA(C2) arg-arrDNaA(C3) arg-arpDnaA(R2).

The other setups are identical to those in Simulation B3. We conducted the right-half production runs with two
settings. One is a setting with attractive interaction between DnaA on C3 box and DnaA on R2 box. In the other case,
we did not include the attractive force between these two DnaA molecules.

Simulation B5: We also conducted simulations of DnaA domain I11-1V and mutant oriC (and IHF for left-half). For
the left-half subcomplex, we simulated the left-half R1IBS-d5 mutant. This mutant oriC contains 5-bps deletion
between R1 box and IHF box (see supplemental Table S6). Initial structures of production run were generated using
initial structures for wildtype left-half production runs. Then we conducted the second stage of the initial structure
preparation (10”-MD step simulations) and obtained 10 different structures. Production runs were conducted with
the same conditions as Simulation B3. Flexible model of DnaA was used. We conducted 1 x 108MD steps
simulations 10 times with different random forces.

Simulation B6: For the middle—right-half subcomplex, we simulated 5 oriC mutants (R2C3A5, R2C3A10, R2C3A18,
R2C3+4, R2C3+10). By simulations, we tested whether DnaA domain 111 hexamer forms or not. Simulation settings
were the same as those in the wildtype case. In the same way as wild-type, we conducted the right-half production
runs with two settings (with or without attractive interaction between DnaA on C3 box and DnaA on R2 box).
Simulation B7: Using the complex structure formed in Simulation B4 and B6, we investigated the dynamics of
DnaA domain I11 oligomer on wild-type or mutant oriC's, For this, we conducted 2.0 x 108MD steps of wild-type
or mutant right-half oriC — DnaA domain I11-1V complex simulations. Initial structures were complex structures

appeared in Simulation B4 and B6. We conducted 9 simulations changing random seed for Langevin dynamics for



each setting. We discarded the first 5 x 107MD steps in the analysis. Simulation conditions such as potentials and
fixed particles were the same as Simulation B4.

® Simulation B8: For preparation of fully atomistic simulations, we also simulated the DnaA-IHF-minimal oriC
complex including the left-half and the middle—right-half oriC. Initial structure was prepared by connecting the left-
half complex and middle—right-half complex. Simulation was 5 x 10°MD steps. The settings were the same as
complex formation simulations. The coordinates were recorded in every 10° MD steps.

® Simulation B9: For preparation of fully atomistic simulations, we performed simulated annealing and made local
structure of the complex near the reference structure. Simulations were 1 x 10*MD steps. By dropping the
temperature by 1.495 K 200 times, the temperature decreased linearly from 300 K tol K. The settings were the same
as complex formation simulations. For the DnaA-IHF-minimal oriC complex, we selected a shapshot whose
minimum Qpoxamong 11 DnaA box was the highest during simulation B8 as initial structure. We defined Qpox as the
fraction of intermolecular native contacts of a DnaA domain V- DnaA box. For the DnaA domain I11-hexameric
complex on the middle—right-half oriC, we selected a snapshot whose Qr> (box is R2 box) is the highest among
19 snapshots (Sl table. S3).

Preparation of E. coli replication initiation complex structure for atomistic MD simulation

We transformed coarse-grained (CG) representation of E. coli initiation complex into an atomistic model. For DNA we
superposed fully atomistic nucleotides (lAMP, dGMP, dCMP, dTMP) on corresponding coarse-grained nucleotides. We
superposed the center of mass of phosphate, center of mass of sugar and N1 (for adenine, guanine) or N5 (for cytosine,
thymine) on the CG model. Fully atomistic models for nucleotides were generated by NAB as B-type DNA structure
model (38, 39). For the 5’ end nucleotide, we generated fully atomistic models of nucleotide with adjoining phosphate
and superposed them on the sugar particle and base particle of the corresponding nucleotides and phosphate particle of
neighboring nucleotide.

We used the one to one threading method of Phyre2 server and transformed the CG representation of DnaA domain
I11-1V into an atomistic model (45). When we fitted the atomistic DnaA domain 111-1V on the CG DnaA pentamer model,
there was no space sufficient for ATP in the ATP binding site. Based on the E. coli ATP-DnaA tetramer we prepared
above, we prepared fully atomistic pentameric-, hexameric-, or monomeric- ATP-Mg?*-DnaA K135-L366, which we call
domain 111 core model. We superposed the domain Il core model on the Phyre2 model. For each DnaA protomer we
determined a first boundary amino acid, which is close to L366 on the amino acid sequence and the gap between the
coordinates in Phyre2 model and that in the domain 111 core model is small. From K135 to the first boundary amino acid,
we regarded the superposed domain I11 core model as the transferred model.

For the DnaA domain 1V, we superposed DnaA domain IV (V374-S467) crystal structure (36) on the Phyre2 model
and determined the second boundary amino acid in the same way as domain I1l. From the next amino acid of the first
boundary amino acid to the second boundary amino acid, we regarded the Phyre2 model as the transferred atomistic
model. For the others, we regarded the superposed crystal structure as the transferred atomistic model. Two

selenomethionines in the crystal structure were changed into the methionines by PyMOL (31). When a part of the complex
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overlapped sterically, we remodeled the sidechain using PyMOL(31) or SCWRLA4 (46).

For IHF, we superposed the IHF native structure (prepared above) on the CG model and replaced the CG model with
fully atomistic model.

Because the whole complex was too large, we divided the atomistic complex into left-half part (contains R1 box -12
box part) and right-half part (contain R2 box-R4 box part) and conducted MD simulation for each halves (see

supplemental table S6).

Analysis
The molecule structures were visualized by PyMOL(31) or VMD(47). Figures of molecules were generated by PyMOL.
In order to describe formation of the replication initiation complex, we defined Qui-mi, Quox @s the fraction of

intermolecular native contacts of DnaA domain I11-domain 111, DnaA domain IV- DNA (DnaA box), respectively. When
two heavy atoms belong to different molecules and they are closer than 6.5 A at the native structure, we consider the CG
particle pair which the heavy atoms belong to are in intermolecular native contact. When the distance of natively
contacting CG particle pair was smaller than 1.2 times of the distance in the native structure in a snapshot, we considered
the contact of the pair was formed in the snapshot. We considered the nucleoprotein complexes which meets the following
two criteria as complete complex.

1) Qi > 0.99 for all DnaA domain 111 - DnaA domain 111

2) Qpox > 0.1 for all DnaA box

We also defined the integer numbers Npp and Npg. The Ny represents the number of DnaA domain I11-domain 111 pairs
whose Q- > 0.99. The Ngq represents the number of DnaA domain IV-DnaA box pairs whose Qunox > 0.1. The criteria
of pentameric domain 111 complex in Simulation B4 with attractive interaction between DnaA on C3 box and DnaA on
R2 box are as follows.

1) Qi > 0.99 for DnaA domain 111 - DnaA domain 111 except for between DnaA on C3 box and DnaA on
R2 box.

2)  Quu-m = 0 for between DnaA on C3 box and DnaA on R2 box.

3) Quox > 0.1 for all DnaA box

For Figs. 3B, 5, 8, S1-S8, and S13, we analyzed only the snapshots which met the criteria for the complete complex or
which met Qpox > 0.1 in Simulation B2.

In describing the orientation of DnaA domain IV on 12 box, we defined Gpnaa-2 (0° < Opnaa-2 < 180°). This is an angle
between two vectors. One is a vector with the DnaA L422 being the start point and A404 being the end point, and the
other is a vector along the 2l box. The latter starts from the geometric center of sugar and base particles of AG base pairs
in 121 box (5’-AGgatcacc-3’) (shown in capital letters), and ends at the geometric center of sugar and base particles of
CC base pairs in 12 a box (underlined in sequence).

In Fig. S4, in determine the orientation of DnaA domain IV on each DnaA box, we defined Gpnaa-box (0° < Opnaa-box <

11



180°) by similar definition as fpnaa-2. BoX indicates each DnaA box. A vector along each DnaA box starts from the
geometric center of sugar and base particles of the first 2 base pairs of each DnaA box, and ends at the geometric center
of sugar and base particles of the last 2 base pairs. We determined the orientation of DnaA domain IV based on whether
Opnaa-box < 90° or not.

In Fig. S8B, for all pairs of DnaA boxes, we analyzed conformations of bound DnaAs. We analyzed the
trajectories in Simulation B3 and B4. For each pair of DnaA boxes, we first superimposed the 1376-S467 of domain
IV for all the snapshots on the native structure. Then, the distance between the geometric centers of two domains
111 is calculated. This calculation was performed for all the snapshot pairs and their average was calculated.

For measuring the rotation of the right-half DnaA pentamer by mutation in oriC, we defined gcomplex (0°<@complex
<180°). We calculated this angle as follows. First we obtained the vector r4 from each structure wherein the start point is
the geometric center of Ca. atom of 13-bound DnaA K135-L366 and end point is that of DnaA domain 111 on R4 box. In
the same way as r4, we also obtained vector c3, where in the end point is the geometric center of Ca atom of DnaA
domain |11 core on C3 box. Next we calculated the outer product of r4 and c3 for each structure.

We calculated the angle of two outer products. One is from a snapshot in target complex in Simulation B7. The other
outer product is obtained from a snapshot in wild-type simulation of Simulation B7. We calculated the angles for all pairs
of mutant-complex snapshots — wild-type-complex snapshots. Finally, we obtained @compiex @S an average over all pairs.
For control, we also calculated this value between wild-type snapshots and wild-type snapshots.

In Simulation B3, B4, B5, and B6, the representative structure for each subcomplex was chosen as follows. First, we
selected a typical structure in each trajectory in the following way. In each trajectory, using all snapshots with the complete
initiation complex we calculated pairwise RMSDs of the DnaA oligomer. Here, we used K135-L366 and 1376-S467 of
DnaA for the RMSD calculations because L367-T375 was set to flexible. For each snapshot, we averaged its RMSD to
all the other snapshots obtaining the average RMSD from the snapshot. We chose the typical structure of each trajectory
as the snapshot with the smallest average RMSD. Second, using thus obtained typical snapshots in all trajectories, we
calculated pairwise RMSDs in the same way as above. We chose the typical structure of entire ensemble as the snapshot
with the smallest average RMSD.

In Fig S4, the representative structure of each type of complex was chosen as follows. We calculated pairwise RMSDs
of the K135-L.366 and 1376-S467 DnaA pentamer. For each snapshot, we averaged its RMSD to all the other snapshots
obtaining the average RMSD from the snapshot. We chose the representative structure as the snapshot with the smallest
average RMSD.

In Simulation B7, the representative structure for each subcomplex was chosen as follows. We calculated the
geometrical center of DnaA K135-L366 of DnaA pentamer (DnaA binding to R4, C1, 13, C2, or C3 box). Then we
calculated the mean coordinate of the geometric center of all subcomplexs. We chose the typical structure as the structure
whose geometrical center of DnaA K135-L366 of DnaA pentamer is nearest to the mean coordinate.

Error bars of histograms express sample standard deviation of trajectories (Fig 3B, 5A, 8B, S3, and S6). In
calculating the sample standard deviation, each trajectory was weighted by the number of snapshots in which DnaA
proteins and DNA forms subcomplex (Fig 3B, 5A, S3, and S6). In Fig 8B, error bars of histograms express sample
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standard deviation of 9 individual experiments.
After atomistic simulations, we connected the left-half subcomplex and the middle—right-half subcomplex.
When we superposed two structures, we used PyMOL (31).
We made figures using gnuplot (48) and inkscape (49).
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Table S1 DnaA box

Sequence (5’ -37)

R1 TTATCCACA
R5M TCATTCACA
721 AGGATCACC
2r GTGATCCTG
11 TTATACGGT
12 CTGATCCCA
R2 TTATACACA
C3 TTGTTCTTT
C2 ATAACTACC
13 TTGATCCAA
C1 TTCCTGACA
R4 TTATCCACA

Identical bases to the 9-mer consensus are indicated by red.

Table S2  Statistics of left-half subcomplex formation simulations

=2 alignment L367-T375 Accumulative Time(10* MD steps)
2 | Rigid 0

2 | Flexible 36,418

w2 r Rigid 0

w2 r flexible 2,818

We recorded snapshots by10* MD step and summarized the number of snapshots which satisfy the complete complex

criteria.
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Table S3  Statistics of right-half subcomplex formation simulations

DNA DnaA Trajecrtories Accumulative Time
fragment origomerization (10* MD steps)
WT oriC Pentamer 9 61,561
(without attractive potential between DnaAs bound to C3 and R2 hoxes)
WT oriC Pentamer 7 19,827
(with attractive potential between DnaAs bound to C3 and R2 boxes)
WT oriC Hexamer 3 19
R2C3A5 Pentamer 10 68,707
R2C3A5 Hexamer 3 910
R2C3A10 Pentamer 10 68,630
R2C3A10 Hexamer 9 52,232
R2C3A18 Pentamer 10 69,070
R2C3A18 Hexamer 9 59,074
R2C3+4 Pentamer 10 66,484
R2C3+4 Hexamer 1 3,852
R2C3+10 Pentamer 9 56,725
R2C3+10 Hexamer 0 0

We recorded snapshots by 10* MD step and summarized the number of snapshots which satisfy the complete complex

criteria.
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Table S4  List of DNA primers

Name Sequence

tau2sub-1 CGATCATTCACAGTTAATGATCCTTTC
tau2sub-2 GTGATGGTGGACCGTATAAGCTGGGATCAG
tau2sub-3 CTCATCCTGGACCGTATAAGCTGGGATCAG
oriC3-f GTTGTTCTTTGGATAACTACCG
oriC3-£0 TTGTTCTTTGGATAACTACCG

oriR2-r TTGTGTATAACCCCTCATTCTG
oriR2-r-15 TGAGTTGTGTATAACCCCTC
oriR2-r-10 GTTTTTGAGTTGTGTATAACC

oriR2C3+4-r
OoriR2C3+10-r
R2-C3 £

R2-C3 r
R2R1-C3 £
R2R1-C3 r
R2-C3deltab £
R2-C3delta5 r
R2-C3deltall
R2-C3deltall
R2-C3deltals
R2-C3deltals
ori-2

oriR2R4
R2R4tmaR2f

AGGGTGTTGTTCAGTTTTTGAG
ACACCTAGGGTGTTGTTCAGTTTTTGAG
GGGTTATACACAACTCAAAAACTGAACAACAGTTGTTCTTTGGA
TCCAAAGAACAACTGTTGTTCAGTTTTTGAGTTGTGTATAACCC
GGGTTATCCACAGCTCAAAAACTGAACAACAGTTGTTCTTTGGA
TCCAAAGAACAACTGTTGTTCAGTTTTTGAGCTGTGGATAACCC
GGGTTATACACAACTCAAAAACTGAACTTGTTCTTTGGA
TCCAAAGAACAAGTTCAGTTTTTGAGTTGTGTATAACCC
GGGTTATACACAACTCAAAAACTTGTTCTTTGGA
TCCAAAGAACAAGTTTTTGAGTTGTGTATAACCC
GGGTTATACACAAGTTGTTCTTTGGA
TCCAAAGAACAACTTGTGTATAACCC
CAAATAAGTATACAGATCGTGCG
GAATGAGGGGTTATACACAACTC
GAATGAGGGGAAACCTACCACC
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Table S5 Dissociation constants in DnaA domain 1V — 21 base pair DNA system

€Dnaa—pna interaction (KCal/mol) kq (M)
0 3.98x 107*
4,18 x 1074
0.270 3.08 x 1075
3.01x107°
0.285 6.15 x 107°
1.16 x 107>
0.300 2.54x107°
7.37 x 1077
0.315 1.51x 1077
4.08 x 1077
0.330 3.10 x 1078
218 x 1077
0.345 2.98 x 1077
249 x 1078
0.360 —
1.27x 1078
0.375 1.14 x 1078
0.390 —

Detail of simulations are described in supporting methods.

Foreach & we conducted 2 simulations.

DnaA—DNA interaction’

When dissociation of protein from DNA was not observed, hyphen is specified.
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Table S6 List of DNA fragments we used in simulations

Sequence (5’- 3)

Left-half (R1-12)

R11BSd5

Middle—right-half

TGCCCTGTGGATAACAAGGATCCGGCTTTTAAGATCAACAACCTGGAAAGGATCATTAACTGTGAATGATCGGTGATCCTGGACCGTATAAGCTGGG

ATCAG

TGCCCTGTGGATAAC-—---— TCCGGCTTTTAAGATCAACAACCTGGAAAGGATCATTAACTGTGAATGATCGGTGATCCTGGACCGTATAAGCTGGG

ATCAG

AGGGGTTATACACAACTCAAAAACTGAACAACAGTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGTAGA

WToriC

R2C3A5 AGGGGTTATACACAACTCAAAAACTGAAC-———— TTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGTAGA
R2C3A10 AGGGGTTATACACAACTCAAAAAC-————————— TTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGTAGA
R2C3A18 AGGGGTTATACACAA-—=====—=====—————— GTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGTAGA
R2C3+10 AGGGGTTATACACAACTCAAAAACTGAACAACACCCTAGGTGTGTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCAC

AGTAGA

R2C3+4 AGGGGTTATACACAACTCAAAAACTGAACAACACCCTGTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGTAGA
Left-half TGCCCTGTGGATAACAAGGATCCGGCTTTTAAGATCAACAACCTGGAAAGGATCATTAACTGTGAATGATCGGTGATCCTGGACCGTATAAGCTGGG

(atomistic MD)

Middle—-right-half

(atomistic MD)

ATCAGAATGAGGGGTTA

CAGAATGAGGGGTTATACACAACTCAAAAACTGAACAACAGTTGTTCTTTGGATAACTACCGGTTGATCCAAGCTTCCTGACAGAGTTATCCACAGT

AGA

R2 boxes are red, C3 box are blue, insertion sequences between R2 box and C3 box are underlined, and deletion sequences

are shown by hyphen, respectively.
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Figure S1. Structural variations in the left-half subcomplex. A) A representative structure of left-half subcomplexes.
The structure of 121 case (left) and t2r case (right). DNA in grey. IHF in black. ATP-bound DnaA is drawn in alternative
choices of two color schemes; one in dark blue (domain I11) and light blue (domain 1V), and the other in green (domain
I11) and yellowish green (domain V). B) After superposing on representative structure, we calculated the RMSD of each
left-half subcomplex and plotted its distribution by trajectory. We calculated RMSD only for the complex structures which
satisfy the complex formation criteria. For RMSD calculation we used only K135-L.366 and 1376-S467 parts of DnaA.
The top two panels are for the 12l setting, while the bottom two panels are for the t2r setting. Each curve represents
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results from one trajectory that fulfilled the criteria of complex formation. Results for eight and five trajectories in the
top and bottom lines, respectively, are divided into two panels merely for clarity. On the left top of the panels, the number

of snapshots which satisfied the complex formation criteria was described beside the graph color. For each simulation,

we output totally 10,000 snapshots.
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A B

representative structure representative structure DnaA(C2)

RMSD : 5.216 (9,105 / 36,418 snapshots) RMSD : 4.844 (15,391 / 61,561 snapshots)
(from the representative structure)

RMSD : 5.543
(30,781 / 61,561 snapshots)

RMSD : 6.020 (18,209 / 36,418 snapshots)

RMSD : 6.419
(46,171 / 61,561 snapshots

RMSD : 8.852
(60,330 / 61,561 snapshots)

Fig. S2 Snapshots of left-half and middle—right-half subcomplexes. Several subcomplex structures satisfying the
criteria of complex formation are shown. The left-half subcomplexes are shown in A, and the middle-right-half
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subcomplexes are shown in B. The representative structures of subcomplexes (the same ones as Fig. 2) are shown at the
top. For others, in addition to snapshots we described the RMSD of K135-L366 and 1376-S467 parts of DnaA pentamer
from the representative structure. We ordered snapshots by the similarity to the representative structure using this RMSD
value, and the order of each snapshot is also shown. The models are spatially aligned by the K135-L.366 and 1376-S467
parts of DnaA pentamer. The color scheme is identical to Fig. S1. In simulations, all the structures of the left-half

subcomplex and the middle—right-half subcomplexes were similar.
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Figure S3. The Q-score distributions of DnaA domain IV-DNA in the formed DnaA subcomplex. Q-score
distributions for the interface between each DnaA box and DnaA domain 1V appeared in the left-half subcomplex are
plotted. For comparison, Q-score distribution for the interface between DnaA domain IV and R1 box in the system of
monomeric DnaA domain I11-1V and 13 bp DNA is also shown (R1(monomer)). A) The left-half subcomplex with the set

of 121 alignment B) The left-half subcomplex with the set of T2r alignment. Error bars express sample standard deviations.
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Type 1: 68.8% Type 2 : 28.8%
DnaA(12)

DnaA(l1) & DnaA(R5M)

DnaA(R1)

12r orientation R5M orientation

12l orientation R5M orientation

Typed: 1.0%

72| orientation

flipped from the R5M orientation flipped from the R5M orientation

Fig S4 The domain IV flipping in complexes with t2r setting. From the point of view of the DnaA domain 1V
orientation, we classified left-half subcomplexes with 12r setting satisfying the criteria of complex formation into 4 types.
Type 1 : The orientation of DnaA domain 1V at R5M box is the same as reference structure (crystal structure (36)), and
the orientation of DnaA domain IV at t2 box is the same as the 12l setting. This type was 68.8% of 2,818 snapshots. Type
2 : The orientation of DnaA domain IV at R5M box is the same as reference structure and the orientation of DnaA domain
IV at t2 box is the same as the 12r setting. Type 2 was 28.8% of 2,818 snapshots. Type 3 : The DnaA domain IV at R5M
box flipped from the reference structure, and the orientation of DnaA domain 1V at 12 box is the same as the 12l setting.
Type 3 was 1.4% of 2,818 snapshots. Type 4 : The DnaA domain IV at R5M box flipped from the reference structure,
and the orientation of DnaA domain IV at 12 box is the same as the t2r setting. Type 4 was 1.0% of 2,818 snapshots.
The representative structures of the left-half subcomplex of each type are shown in the upper part. The color scheme
is identical to Fig. S1. The structures around R5M-bound DnaA and t2-bound DnaA are shown in the lower part. DNA
is in gray, DnaA domain Il of R5M-bound DnaA in white, DnaA domain 111 of 12-bound DnaA in black. Each DnaA
domain IV is colored by rainbow, from blue (V374) to red (S467). When R5M-bound DnaA domain IV flip or t2-bound
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DnaA domain IV has t2r orientation, The C-terminal part of domain IV (colored orange to red) is seen on the front side.
For other boxes (I-boxes, R1 box), t2l-setting, or DnaA pentamer of WT middle—right-half subcomplex, the frequencies
of flipping DnaA domain 1V were less than 0.3%.
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Figure S5. Structural variations in the middle-right-half subcomplex. A-E) Analysis of oligomeric DnaA domain |1l
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formation simulations. After superposing on a representative structure, we calculated the RMSD of each right-half
subcomplex and plotted its distribution by trajectory. Each curve represents one trajectory in which fulfilled the criteria
of complex formation. For WT (A), R2C3A10 mutant (B), and R2C3A18 mutant (E), we divided trajectories into three
panels merely for clarity. On the left top of the panels, the number of snapshots which satisfied the complex formation
criteria was described beside the graph color. For each simulation, we output totally 10,000 snapshots. We calculated
RMSD only for complex structure which satisfy complex formation criterion. For the RMSD calculation we used only
K135-L366 and 1376-S467 parts of DnaA.
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Figure S6 Q-score distribution for the interface between DnaA domain IV-DNA in oriC bearing altered R2-C3

spacing. The Q-score distributions in the middle-right-half subcomplexes formation simulations are analyzed. For

comparison, we also plotted the Q-score distribution of DnaA domain 1V and R1 box in the system of monomeric DnaA

domain H1-1V and 13 bp DNA (left black). Error bars express sample standard deviations.
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Figure S7. Structural change of each subcomplexes during 10 ns short atomistic MD simulations. A-C) Comparison
between the structure before simulation (purple) and the structure after simulation (cyan). A) Entire left-half subcomplex
(top), and middle—right-half subcomplex (bottom). Since DNA and hinge region between DnaA domain Il and IV (L367-
T375) are rather flexible, the entire structure of each subcomplex has changed to a certain extent. However the overall
structures did not change much. B) The DnaA K135-L366 pentamer in the left-half subcomplex (top), and middle—
right-half subcomplex (bottom). These contain DnaA domain 111 pentamer except the region we set flexible loop in the
coarse-grained simulations. In the case of both left-half subcomplex and middle—right-half subcomplex, the overall
structure almost unchanged. C) Complexes of DnaA 1376-S467 and DnaA boxes. These are the DnaA domain 1V-DnaA
box complex except the region we set flexible loop in the coarse-grained simulations. The DnaA domain IV-I1 box is

shown on top, and the DnaA domain IV-C1 box is shown at the bottom. In both cases, the overall structures did not
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change. D, E) Results of the atomistic MD simulation of the DnaA domain I11-haxameric complex on middle—right-half
oriC. This is a control experiment done for an hypothetical assembly. This complex is unstable very rarely observed in
coarse-grained simulations. D) Entire structure of the complex after simulation. DnaA bound to C3 box and DnaA bound
to C2 box are indicated by allows. The two DnaA domain Ills almost separated in the simulation. The color scheme is
identical to Fig. S1. E) DnaA K135-L366 bound to C3 box and that bound to C2 box. This is the same structure as the
structure in panel D. In the DnaA bound to C3 box, color gradually changes from white (K135) to blue (L 366). In the
DnaA bound to C2 box, color gradually changes from white (K135) to green (L 366). F) DnaA K135-L366 bound to C3
box and that bound to C2 box in the middle—right-half subcomplex after 10 ns simulation. In this complex, inter-DnaA
domain Il interaction is maintained. G-J) The time series of RMSDs between the structure at each time and the structure
at the end of the simulation. RMSD of DnaA K135-L366 pentamer is shown in (G). RMSDs of DnaA domain 1V (1376-
S467)-DnaA box complexes in the left-half subcomplex (H), in the middle—right-half subcomplex (l), and in the DnaA
domain Ill-haxameric complex on the middle—right-half oriC (J) are shown. In panel G, the RMSD distributed around 4
A for both the left-half subcomplex and the middle—right-half subcomplex, which is rather small for this size of complex.
In contrast, the RMSD of the DnaA domain I11-haxameric complex on middle—right-half oriC distributed around 7 A in
the first 2 ns. This result suggests the instability of the initial structure. In panels H and I, the RMSD distributes around
2 A, which suggests that the structures are stable. On the other hand, in panel J, the structure of the DnaA domain IV-R4

or C3 box have changed more dynamically for the incorrect hexameric complex.
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Figure S8. Comparison of conformations of each DnaA domain I11-1V protomer in replication initiation complex.
A) Inter-domain conformation change in DnaA domain I11-1V upon binding to dSDNA. The left structure is reference
(native) structure of DnaA domain I11-1V. A dsDNA-bound structure of DnaA domain I1I-1V is shown at middle. By
superposing domain 1Vs of two structures, we compared domain Il orientation relative to the domain IV (right). DNA
in gray and DnaA box (DNA) in black. DnaA domain Il of reference structure in green and domain IV of reference
structure in yellowish green. DnaA domain 111 of the dsDNA-bound structure in dark blue and domain IV of dsDNA-
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bound structure in light blue. B) Pairwise comparison of conformations of DnaA molecules. For each pair, after the
domain IV is superimposed, the average distance between the center of mass of two domains 111 is represented by darkness.
C) Representative conformations of DnaA at individual boxes. The domain 1V (grey) is spatially aligned for all images.

The domain 111 is rainbow colored from blue (K135) to red (L 373) (blue-green-orange-red).
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Figure S9. DUE unwinding activity of oriC derivatives A) Relevant structure of an oriC plasmid pBRoriC. B-D)
DUE unwinding assay. This assay was performed as described for Figure 4, using oriC plasmids shown in Figure 7. The
indicated amounts of ATP/ADP-DnaA were incubated with pBRoriC and its derivatives bearing deletions shown in Figure
TA, followed by digestion using P1 nuclease. The DNA samples were further digested with AlwNI and analyzed as
described for Figure 4 (B and C). Percentages of P1 nuclease-digested oriC molecules per input DNA were quantified
and are shown as ‘DUE unwinding (%)’. ATP-DnaA and ADP-DnaA are respectively indicated by open and closed
symbols (D and E).
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Figure S10. DnaB binding to the oriC-DnaA complex. DnaA (5 pmol) was incubated in the presence (+) or absence
(-) of DnaB (5 pmol, as monomer), DnaC (5 pmol), and bio-tagged oriC DNA (100 fmol) bearing the wild-type sequence
(WT) or the A18 mutation (A18). Proteins bound to the DNA were isolated using streptavidin beads and analyzed using
SDS-PAGE and silver staining. Proteins for quantitative standard also were included for SDS-PAGE analysis. Band
intensities of the gel image were quantified and the recovered amounts of proteins were deduced using the standards, and

indicated below the gel image. Migration positions of each protein are indicated by arrows. ND, not determined.
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Figure S11. Binding modes of DnaA to the oriC R2-C3 region A) Sequences and sizes of DNA fragments used.
Sequences of the R2 and C3 boxes are highlighted by red and cyan letters, respectively. In the R2-R1C3 fragment, the
R2 box was substituted with the R1 box sequence as shown by green letters and underlines. DNA used was prepared by
annealing of oligonucleotides (Table S4). WT, wild-type B-G) EMSA. The indicated amounts of DnaA were incubated
in buffer containing 100 nM DNA fragments, 0.2 pug/ mL A phage DNA, and 2 mM ATP or ADP, followed by
polyacrylamide gel electrophoresis and Gelstar staining. The R2-R1C3 fragment was used as a migration control (control).
Well; gel well, CI; complex I, CII; complex I, ClII; complex 111, Free; DnaA-unbound DNA. A phage DNA used as a
competitor remained in the gel well (B, D, and F). Percentages of Cll per free DNA in the absence of DnaA (indicated as
Free [0]), were quantified (C, E, and G). The mean values and the errors of Cll/Free[0](%) at 400 nM DnaA were shown
(n=2) (H).
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Figure S12. The indicated amounts of ATP-EcoDnaA and ATP/ADP-ChiDnaA were incubated at 30°C for 10 min in
buffer containing 2 mM ATP and the middle and right-half DOR region (oriR2R4) or that bearing the R2 substituted with
TmaDnaA box (R2R4-R2tma). DNA fragments used were prepared by PCR amplification using pBRoriC and its
derivatives as a template and pairs of primers, ori-2 and oriR2R4 or R2R4tmaR2 f (Table S4). DNA complexes were
analyzed by 2% agarose gel electrophoresis and Gelstar staining (A). Percentages of DNA complexed with DnaA to the
input DNA were quantified and are shown as ‘Complex (%)’ (B and C). Data used in each graph are indicated by bold

lines in panel A.
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WT oriC DnaA domain Ill pentamer R2C3A5 DnaA domain lll pentamer R2C3A10 DnaA domain lll pentamer

R2C3A18 DnaA domain lll pentamer R2C3A18 DnaA domain Il hexamer

R2C3+10 DnaA domain lll pentamer

Figure S13. Results of oriC mutants simulations. Representative complex models obtained for each of oriC mutants
bearing altered R2-C3 spacing are drawn. The models are spatially aligned by the left end. The color scheme is identical

to Fig. S1. In Fig. 8, we showed the same snapshots as this figure, from a different viewpoint.
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A. replication initiation complex model of E. coli B. DUE unwinding and DnaB-DnaC-binding

- left-half subcomplex > -«— middle-right-half subcomplex —»

DnaA domain |

DnaB-DnaC complex
(yellow: DnaBg, Gray: DnaCg)

C. 1st DnaB loading D. 2nd DnaB loading

Fig. S14. Model mechanisms of DnaB helicase loading. A) A model of replication initiation complex of E. coli is
illustrated. Complexes of DnaA domain I11-1V are shown based on the present simulations. DnaA domains | and Il are
simply drawn. DnaA domain | can form homo-dimers (50). B) After DUE unwinding, helical-shaped DnaBs-DnaCs
complexes (51) bind to the left-half and middle—right-half subcomplexes (1). DnaA domain | has a primary DnaB-binding
site and multiple DnaA domain I’s bind to DnaBs complex (3, 52). C) DnaBg bound to the left-half subcomplex is loaded
on the unwound DNA region. In this process, N-terminal part of DnaA domain Il also may interact with DnaB (53). D)
The loaded DnaBs expands ssDNA region, which allows the second DnaBs to be loaded on the resultant sSDNA. For
DnaA domain I11-1V and IHF, the color scheme is identical to Fig. S1. DnaA domain I-11 is shown by blue sphere (domain
1) and light gray curved line (domain I1), or by green sphere (domain I) and black curved line (domain I1). DnaB-binding
site of DnaA domain I is shown by orange dot. For DNA double-stranded regions are shown by double halical lines

colored by gray, and single-stranded regions are shown by red lines, DnaB helicase in yellow and DnaC helicase-loader

in gray.
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