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S| Materials and Methods

Cloning, Expression, and Purification. The PCR products of full-
length (873 bp) and C-terminal domain truncated (723 bp) spo0J
from Helicobacter pylori 26695 genomic DNA (Hpspo0OJ) were
ligated into the BamHI and Sall sites of pQE30 (Qiagen), in-
cluding a 12-residue hexahistidine tag (MRGSHHHHHHGS),
and were then individually transformed into E. coli SG13009. The
expression systems were incubated overnight at 37 °C in Luria-
Bertani broth containing ampicillin and kanamycin. Expression
of full-length HpSpo0J (residues 1-290) and Ct-HpSpo0J (residues
1-240) were induced by addition of isopropyl thiogalactopyrano-
side (IPTG) (0.4 mM, final concentration), and the cultures were
then incubated at 20 °C for 20 h. Each cell pellet was suspended in
lysis buffer (20 mM Tris-HCl, pH 8.0, 420 mM NaCl, and 5 mM
MgCl,). The pellets were homogenized, and the lysate was
centrifuged. HpSpoOJ and Ct-HpSpoOJ were purified by Ni-NTA
affinity (GE Healthcare) and eluted with elution buffer (20 mM
Tris-HCI, pH 8.0, 420 mM NaCl, 110 mM imidazole, and 5 mM
MgCly). Purified HpSpo0OJ and Ct-HpSpo0J were dialyzed against
with reaction buffer (20 mM Tris-HCl, pH 8.0, 210 mM Na(l,
and 5 mM MgCl,) for crystallization. Because no homologous
Ct-HpSpo0J structure has been solved, the selenomethionine-
substituted Ct-HpSpoOJ crystal was prepared for structural
phase determination by the multiwavelength anomalous dis-
persion method (1). SeMet-Ct-HpSpoOJ protein was expressed
from E. coli T7 express competent cells (New England BioLabs)
and purified by His-tagged affinity chromatography in a manner
similar to that used for Ct-HpSpo0J.

parS DNA. Equal molar concentrations of the double-stranded
24-bp DNA fragment (5'-AGGGTGTTCCACGTGAAACA-
GGGA-3’ and its complement 5-TCCCTGTTTCACGTGGAA-
CACCCT-3") were annealed at 99 °C for 5 min and cooled to room
temperature to form double-strand parS, which was stored at 4 °C
before use. The 16-bp parS complementary sequences are un-
derlined (2).

SEC-MALS. SEC-MALS was performed using an FPLC (fast
protein liquid chromatography) purification system with a high-
performance size-exclusion column (GE Healthcare) coupled to
a Wyatt Dawn Heleos II light-scattering detector (Wyatt Tech-
nology). The full-length HpSpoOJ (4 mg/mL), the HpSpoOJ-parS
complex (4 mg/mL), and Ct-HpSpoOJ (5 mg/mL), each in elution
buffer, were applied to the size exclusion column. The molec-
ular weights were determined using the static light scattering
data in combination with the refractive index measurements
(Wyatt Optilab rEX, connected downstream of the LS detector;
Fig. S1).

Fluorescence Anisotropy. Fluorescence anisotropy measurements
were performed using a Hitachi Fluorescence Spectrometer
F4000. The excitation and emission wavelengths, 495 and 521 nm,
respectively, were applied. Two DNA fragments, parS and a random
sequence (5-AAAACAAACCCAAAACAAACCC-3) (3), were
used, and the fluorescein-labeled single and double-stranded DNAs
were made. Ct-HpSpo0OJ (0-20 uM) was titrated into 500 nM flu-
oresceinated DNA samples (parS-containing dsDNA, parS-con-
taining sSDNA, random dsDNA, and random ssDNA) in the
reaction buffer (Fig. 1B). The data were fitted using Prism
(GraphPad Software) to determine the dissociation constant (Kg).
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Multiple Sequence Alignment of ParB Superfamily. The sequence
alignment of HpSpo0J and ParB homologous from 7. thermophilus
(TtSpo0), B. subtilis (BsSpo0J), P. aeruginosa (PaParB), C. crescentus
(CcP1ParB), and Enterobacteria phage P1 (P1 ParB) is shown
(Fig. S4). From the multiple sequence alignment (ClustalW),
HpSpo0J shared a high identity/similarity (~39/58%) with them
except P1 ParB (15/26%). These proteins have similar secondary
structures (4).

Data Collection and Processing. X-ray diffraction data of the
Ct-HpSpo0J—parS complex crystal was collected to 3.1-A reso-
lution. The datasets were indexed, integrated, and scaled using
HKL-2000 (5). The Ct-HpSpoOJ—parS crystal belongs to the prim-
itive monoclinic space group P2; with a unit cell parameters of a =
545 A, b =2327 A, c=783 A, and p = 1092° The Matthews
coefficient (Vi) (6) was calculated as 2.53 A%Da, with a solvent
content of 51%, containing four molecules per asymmetric unit. For
the phase determination, anomalous data from the SeMet-Ct-
HpSpoOJ—parS crystal were collected. Detailed data statistics are
summarized in Table S3.

Structure Determination and Refinement. The structural phase of
the Ct-HpSpoOJ-parS complex was determined by the SeMet-
MAD method (1). The selenium sites were identified with
SHARP (7). The preliminary structural model can be built by
SHARP automatically, and the entire model was completed
manually with the COOT software (8). The structural refinement
was carried out using CNS (9) and PHENIX (10). PROCHECK
(11) was used to evaluate the stereochemistry and to identify the
secondary structural elements. The Ct-HpSpoOJ-parS complex
contains four molecules (chains A, B, C, and D) and two parS
per asymmetric unit. The residues were determined in chains A
(#55-226), B (# 35-226), C (#45-227), and D (#51-226). The
structural model was refined to an R-factor of 25.1% and an
Riree 0f 29.9% at 3.1 A. The refinement statistics are summa-
rized in Table S3.

SAXS. SAXS data for the full-length HpSpoOJ (3 mg/mL) were
collected at 20 °C. The X-ray wavelength was 0.88 A (14.0 keV),
and the collection time was 300 s. The solvent blank buffer was
20 mM Tris-HC], pH 8.0, 420 mM NacCl, 110 mM imidazole, and
5 mM MgCl, for gel filtration. Data were collected for a total g
(q = 4=sin6/)) from 0.0066 to 0.3236 A~'. Background scatterlng
from the buffer was subtracted, and data were scaled using
PRIMUS (12). Primary data reduction was performed using an
in-house program, and the processed data were analyzed using
the ATSAS package software (13) (Fig, S64). The radius of
gyratlon (Rg) was calculated to be 46.9 A from a Guinier plot
using PRIMUS (12) and GNOM (14). The pair distance distri-
bution function P(r) and the maximum intramolecular distance
Dpax (175 A) were calculated using GNOM (14) (Fig. S6B). A
low-resolution SAXS model of HpSpo0J was determined in ab
initio from the SAXS data by DAMMIN (15). Averaged sur-
face envelope was modeled by DAMEVER (12). The structural
model of full-length HpSpoOJ can be built by the C-terminal
domain of P1 ParB (residues 275-333; PDB ID code 172X4) (16)
and the structure of the Ct-HpSpoOJ—parS complex (this study).
The SAXS data were fitted with this structural model using
FoXS (x ~ 4.27) (17, 18) (Fig. S6C). The full-length HpSpo0J
structural model was situated into the averaged surface envelope
of the SAXS model by SUPCOMB (19).
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Fig. S1. Protein purification of HpSpo0J, Ct-HpSpo0J, and the HpSpo0J-parS complex. (A) SEC-MALS results of full-length HpSpo0J (green), Ct-HpSpo0J (blue),
and the HpSpo0J-parS complex (purple) are shown. The aggregated protein samples were found before the void volume’s peak (7.5 mL). Thin line segments
represent the calculated molar masses, and the numbers denote the corresponding molecular weights of each peak (left y axis) in kilodaltons. The light
scattering (LS) signal is also shown (right y axis). (B) SDS gels of HpSpo0J (lanes 1-3) and Ct-HpSpo0J (lanes 4-6), which were purified by Ni-NTA affinity column
and eluted by buffer (20 mM Tris-HCl, pH 8.0, 420 mM NacCl, and 5 mM MgCl,) with various imidazole concentrations (80, 110, and 220 mM). The protein
markers (M: 20.1-97.0 kDa) are shown. The protein concentrations of HpSpo0J (0.6 mg/mL; lane 2) and Ct-HpSpo0J (0.9 mg/mL; lane 5) were determined by
Beer’s law, using absorbance assay of OD at 280 nm.
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Fig. S2. Structural comparisons of monomers in the Ct-HpSpoOJ-parS complex. The structural superimposition of four monomers of Ct-HpSpo0J: chains A
(#55-226, green), B (# 35-226, purple), C (#45-227, orange), and D (#51-226, cyan) are shown. The RMSD of the overall structures of four Ct-HpSpo0J monomers
were calculated as 0.5-5.0 A (Ca atoms). These four monomers share a similar DNA-binding domain but reveal various loops regions in the N-terminal domains,
with an RMSD of 0.3-0.6 and 3.9-8.1 A (Ca atoms) for DNA binding and N-terminal domains, respectively.

Fig. $3. The interfaces of AB and AC dimers of the Ct-HpSpo0J-parS complex. (A) The interfaces of B and C molecules in AB and AC dimers. For the AB dimer,
the interfaces of B molecule (magenta), 1, B2, loop p2-a2, and o2 used to interact with the A molecule are shown. For the AC dimer, the interfaces of
Cmolecule (orange), loop a1-p1, f1, loop p2-a2, and a2 used to interact with the A molecule are shown. The overlap residues of interfaces of AB and AC dimers,
Ala86 and Arg89 (red), are located at loop p2-a2 and a2, respectively. (B) The interfaces of A molecule in AB and AC dimers. For the AB dimer, the interaction
interfaces of A molecule (magenta), p1, 2, loop p1-2, loop p3-a3, a3, loop a4-5, and o5, are used to approach the B molecule. For the AC dimer, the interaction
interfaces of A molecule (orange), a1, loop a1-1, 2, loop p2-a2, and a2, are used to approach the C molecule.
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Fig. S4. Multiple sequence alignments of the ParB superfamily. Multiple sequence alignments of the ParB superfamily members from Helicobacter pylori
(HpSpo0lJ), Thermus thermophilus (TtSpo0J), Bacillus subtilis (BsSpo0J), Pseudomonas aeruginosa (PaParB), Caulobacter crescentus (CcP1ParB), and Enter-
obacteria phage P1 (P1 ParB). Completely conserved residues are boxed in red, and conservatively exchanged residues are shown in red text. The residue
numbering uses that of HpSpoO0J. Secondary-structure elements of HpSpoO0J are as cylinders and arrows for its a-helices (x1-10) and p-strands (31-3), re-
spectively. Box | (563-V76) and box Il (Y82-A93) are indicated.
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Fig. S5. Structural comparisons of HpSpo0J vs. P1 ParB and TtSpo0J. (A) The structural superposition of the Ct-HpSpo0J-parS complex and DNA-free TtSpo0J
(wheat; PDB ID code 1VZ0) is shown. The RMSD of the HTH motif («4-6) of TtSpo0J and HpSpo0J was calculated as 0.6 A (Cx atoms). In the Ct-HpSpoOJ-parS
complex, parS DNA is colored gold, and the linker sequence (residues E110-E112) is labeled with a red star. (B and C) The structural comparisons of parS binding
domains of Ct-HpSpoO0J-parS and P1 ParB (gray; PDB ID code 1ZX4) complexes. In C, parS had been removed. The corresponding helices, «10 and o7, are la-
beled, respectively. (D) The secondary structure topologies of HpSpo0J, TtSpo0J (wheat), and P1 ParB (gray) are shown. The secondary structural elements
determined by crystallography for HpSpoOJ are shown as solid rectangles and arrows for a-helices and p-strands, respectively. The predicted secondary

structures are shown as hollow rectangles and arrows for a-helices and p-strands, respectively. The parS binding domains are boxed by red dashed lines. The
HpSpo0J and P1 ParB linker sequences are labeled 1 and 2, respectively. The residues numbers refer to the respective sequences.
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Fig. S6. SAXS characterization of HpSpo0J. SAXS data were collected at beamline BL23A1 of the National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. (A) Experimental SAXS data (black line) and the theoretical fit of the data (red line) were generated by GNOM. (Inset) Guinier plots. (B) The distance
distributions of HpSpo0J. (C) Experimental SAXS data (black line) and the HpSpo0J structural model of full-length HpSpo0J (red line) fit by FoXS.
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Table S1. Protein and DNA interactions in the Ct-HpSpo0J-parS complex

Residue parS DNA Distance Residue parS DNA Distance
Hydrogen bond interactions

Chain A Chain B
GIn148-N T5 (OP2) 28A GIn148-NE2 G6’' (OP2) 32A
GIn148-NE2 G6 (OP2) 27 A Lys157-NZ G15 (OP1) 34A
Ser158-N G16' (OP2) 28A Ser158-N A16 (OP2) 25A
Ser158-0G G16’ (OP2) 25A Arg159-NH1 G6’ (06) 27A
Arg159-NH2 G6 (OP2) 35A Arg159-NH2 G6' (06) 27A
Asn164-ND2 T8 (04) 35A Asn164-ND2 T8' (04) 34A
Arg167-NE T7 (OP2) 30A Arg167-NE T7' (OP2) 27A
Gly187-N T14' (OP2) 3.1A Gly187-N T14 (OP2) 33A
Lys190-NZ G15' (06) 29A Lys190-NZ T9' (04) 26A
Val214-N G13' (OP2) 3.0A Val214-N G13 (OP2) 25A
Arg215-NH2 T14' (04) 27 A Arg215-NH2 T14 (04) 23A
Glu218-0OE2 C10(N4) 34A Glu218-OE2 C10’ (N4) 34A
Arg222-NE T9' (OP2) 3.1A
Arg225-NZ T8’ (OP2) 34A

Chain C Chain D
GIn148-N T5 (OP2) 3.1A GIn148-N T5 (OP2) 29A
Ser158-N A16 (OP2) 28 A Lys157-NZ G15’' (OP2) 25A
Arg159-NH2 G6' (06) 25A Ser158-N G16’ (OP2) 28A
His161-NE2 G15 (OP2) 34A Arg159-NH2 G6 (06) 23A
Asn164-ND2 T8' (04) 30A Asn164-ND2 T8 (04) 33A
Arg167-NH1 T7' (OP2) 23A Arg167-NH1 T7 (O5') 27 A
Gly187-N T14 (OP2) 29A Arg167-NH1 T7 (OP2) 3.1A
Lys190-NZ G15 (06) 33A Gly187-N T14' (OP2) 34A
Val214-N G13 (OP2) 27A Val214-N G13' (OP2) 29A
Arg215-NH2 T14 (04) 25A Arg215-NH1 T14 (04) 27A
Arg215-NH2 G13 (06) 3.1A Glu218-OE2 C10 (N4) 26 A
Glu218-OE2 C10" (N4) 35A Arg222-NH2 C9 (OP2) 3.1A
Arg222-NH1 T9' (OP2) 29A Arg225-NZ T8 (05') 33A

Hydrophobic interactions

Chain A Chain B
GIn148-CG T5 (OP2) 34A Thr147-CB T5' (OP2) 32A
Ala160-CB A17' (N6) 34A GIn148-CG T5' (OP2) 30A
His161-CE1 G15' (OP2) 32A Ala160-CB A17 (N6) 34A
Lys190-CE C9 (N4) 30A Lys190-CE T9' (04) 3.1A
Ser213-CB C12' (OP2) 35A Ser213-CA G13 (OP2) 3.1A
Lys225-CE T8 (OP1) 33A Ser213-CB G13 (OP2) 34A

Chain C Chain D
GIn148-CG T5' (OP2) 3.1A GIn148-CB T5 (OP2) 29A
GIn148-CB T5' (OP2) 33A Ala160-CB T7 (04) 32A
Ser213-CA G13 (OP2) 34A Lys190-CE C9 (N4) 30A
Lys225-CE T8’ (OP1) 3.2A Ser213-CA G13’' (OP2) 34A
Lys225-CE T8 (OP1) 3.1A
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Table S2. Dimer interfaces in the box I, box Il (arginine patch) of the Ct-HpSpo0J-parS complex

Chain A Chain B Distance Chain C Chain D Distance
Adjacent interaction (crosswise dimer): Hydrogen bond interactions
Met114-O Arg89-NH2 33A GIn47-NE2 Ser77-0G 27A
Arg115-NH2 Arg89-0 27A Arg115-NH1 Val75-0 29A
Ser143-0G Arg89-NH1 35A Arg115-NH2 Val75-0 27A
Glu150-OE2 Arg49-NH2 3.1A GIn145-0 Arg89-NH1 27A
GIn145-0 Arg89-NH2 32A
Adjacent interaction (crosswise dimer): Hydrophobic interactions
Val76-CG1 Ala86-CB 35A Pro4s-0 Glu110-CB 42 A
Glu78-OE2 Val76-CG1 39A Lys50-NZ Glu110-CG 3.1A
His83-CD2 Leu84-CG 43 A Asn79-ND2 Lys98-CD 42 A
lle85-C His83-NE2 37A Leu84-CD1 Ser77-0 38A
lle85-CA Leu84-O 44 A GIn111-CB Val76-CG2 3.8A
GIn-111-OE1 Ala86-CB 45 A Arg115-NE Val76-CG2 33A
Arg115-NH1 Leu91-CA 39A Arg115-CD Lys95-CG 34A
Arg115-CD Ser94-0G 42 A Asn122-0D1 Leu91-CD2 33A
Arg115-CD Lys95-NZ 33A lle123-CD1 Arg92-NH2 32A
Val117-CG1 Arg89-NH2 38A GIn145-0 Leu74-CD2 3.7A
Asn122-ND2 Arg91-CD1 33A Met146-CA Arg89-NH1 3.8A
Tyr144-CE1 Arg89-CB 33A Glu150-OE2 11e85-CG1 43 A
Glu150-OE2 Arg89-CD 3.1A
Transverse interaction (bridging dimer): Hydrogen bond interactions
GIn62-OFE1 — Arg89-NH1 — 30A
GIn71-NE2 — Val73-0 — 32A
Arg89-NH2 — Arg89-0 — 26 A
Transverse interaction (bridging dimer): Hydrophobic interactions
Glu58-CG — Phe52-CD2 — 34A
Lys65-CD — Arg49-NH2 — 36 A
His67-CE1 — Glus8-OE2 — 32A
Leu70-CD2 — Ala86-0 — 33A
Leu70-CD2 — Gly87-CA — 39A
GIn71-OE1 — Leu74-CB — 3.1A
GIn71-CB — Val75-CG1 — 35A
GIn71-0 — Arg89-CD — 36 A
Leu74-CD1 — Pro72-CB — 36 A
Alag86-CB — GIn71-NE2 — 35A
Arg89-NH2 — Arg92-CD — 35A
Arg90-CD — Arg89-NH2 — 30A
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Table S3. X-ray diffraction data and refinement statistics of the Ct-HpSpo0J-parS complex
Ct-HpSpoOJ-parS Se-Ct-HpSpoO0J-parS

Parameters Native Peak Inflection Remote

Data collection

L T

z

1\

Beamline 13C1 13B1 13B1 13B1
Wavelength A) 0.9750 0.9789 0.9790 0.9638
Space group P2, P2, P2, P2,

Cell dimensions

a, b, c(A) 54.5, 232.7, 78.3 54.5, 233.2, 78.2 54.5, 233.1, 78.2 54.4, 232.5, 78.0
o,B,y (°) 90, 109.2, 90 90, 109.2, 90 90, 109.2, 90 90, 109.2, 90
Resolution (A)* 30.0-3.1 (3.2-3.1) 30.0-3.2 (3.3-3.2) 30.0-3.2 (3.3-3.2) 30.00-3.2 (3.3-3.2)
Rmerge™" 6.9 (44.5) 9.9 (41.9) 8.9 (43.3) 8.4 (44.8)
Io(l)* 17 (3.1) 19 (6.3) 13 (3.1) 16 (3.1)
Completeness (%)* 99.8 (100) 97.6 (96.8) 96.5 (94.6) 95.5 (93.1)
Refl. total/unique 140,692/33,332 202,706/29,787 106,720/30,675 102,262/30,313
Redundancy* 4.2 (4.3) 6.8 (6.5) 3.5 (3.4) 3.4 (3.3)
Refinement
Resolution (A) 23.57-3.1
No. reflections 32,160
Rwork 25.1
Riree” 29.9
No. atoms 7,994
Protein 5,765
DNA 1,968
Sulfate 30
Water 231
B-factors 67.7
Protein 71.4
DNA 57.9
Sulfate 125.6
Water 52.79
Solvent content (%) 51
RMSD
Bond lengths (A) 0.012
Bond angles (°) 1.881
PDB ID code 4UMK

BN AS - PNAS D)

*Values in parentheses were for the highest-resolution shell.
"Rmerge =ZnkiZi [lihkl) — <I(hkI)>|/ZniiZ; Li(hkl).
*Riree Tactor calculated for 5% randomly chosen reflections not included in the refinement.

Chen et al. www.pnas.org/cgi/content/short/1421927112 10 of 10


www.pnas.org/cgi/content/short/1421927112

