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ABSTRACT: Combining diverse sets of data at global (size, shape) and local (residue) scales is an emerging trend
for elucidating the organization and function of the cellular assemblies. We used such a strategy, combining
data from X-ray and neutron scattering with H/D-contrast variation and X-ray footprinting with mass
spectrometry, to elucidate the spatial organization of the ParB-parS assembly from Mycobacterium
tuberculosis. The ParB-parS participates in plasmid and chromosome segregation and condensation in
predivisional bacterial cells. ParB polymerizes around the parS centromere(s) to form a higher-order assembly
that serves to recruit cyto-skeletal ParA ATPases and SMC proteins for chromosome segregation. A hybrid
model of the ParB-parS was built by combining and correlating computational models with experiment-
derived information about size, shape, position of the symmetry axis within the shape, internal topology,
DNA —protein interface, exposed surface patches, and prior knowledge. This first view of the ParB-parS leads
us to propose how ParB spread on the chromosome to form a larger assembly.

Multidrug resistance and an ability to stay in latent state by
arresting growth are key problems in combating the deadly,
infectious, and slow-growing pathogen Mycobacterium tubercu-
losis (MTB(1)). There is renewed interest in understanding those
basic cell cycle processes, such as the segregation of chromosomes
followed by cell division, in MTB in a search for new therapeu-
tics (2, 3). Although eukaryotic mitotic segregation is well-
studied, our understanding of how bacteria segregates newly
replicated chromosomes prior to cell division is just beginning to
emerge (4—6). The segrosome or the partition cassette (ParABS)
is linked to an array of crucial cellular processes including
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plasmid/chromosome pairing, segregation and condensation,
and replication initiation as well as cytokinesis (4—13). In
Mycobacterium, loss or malfunction of segrosome genes leads
to a higher frequency of anucleated, nonviable cells and percep-
tible growth defects (14, 15).

Segrosome is among the growing list of bacterial cytoskeletal
elements that play important roles in moving and positioning of
the assemblies within the cell in a space and time-dependent
manner (/6). The segrosome is composed of two proteins (ParA
and ParB) and a set of centromere-like, origin-proximal DNA
sequences (parS). ParBs spread by polymerizing on the parS-
adjacent chromosomal DNA to form the partition com-
plex (5, 17, 18), a large assembly covering > 1 kb that serves to
recruit ParA as well as other proteins (such as structural
maintenances of chromosome or SMC protein, 12—13) in several
bacteria. ParA belongs to the Walker-like cytoskeletal ATPases
family that moves chromosomes probably by nucleotide depen-
dent disassembling (6, 19). Little is known about the architecture
of the chromosomal ParB—DNA partition complex and how it
recruits ParA, leading to chromosome movement.

ParBs are multidomain, flexible, and multimeric, and are
largely a-helical in nature (20). Chromosomal and plasmid ParBs
are diverse in lengths and sequences. ParB utilizes either classical
helix-turn-helix (HTH) motifs or ribbon-helix-helix motifs for
protein—DNA interactions (20). Although progress has been
made in structure determination of the ParBs from plasmids,
structural data on how chromosomal ParB interacts with
the parS centromere is sparse due to crystallization chal-
lenges (21). As an alternative, hybrid approaches provide a way
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FiGURE 1: Schematic representation depicting complimentarity between the global shape and local residue-accessibility information is shown for
two simple assemblies: (a) a symmetric homodimer A—A (the dyad axis is shown as a black line) and (b) a heterodimer A—B (black circles,

protected residues; white circles, accessible residues).

to systematically investigate the organization of the assembly
formed by ParB at and around the parS and its function.

Integrating data obtained from a variety of experimental sources
to understand organization and function of cellular assemblies is an
emerging trend (22, 23). Recent successful examples include com-
bining protein footprinting with docking (24), electron microscopy
with comparative modeling (25), chemical cross-linking/mass spec-
trometry (MS) with small angle scattering (SAS) in solution (26),
SAS with crystallography/NMR/MS, and modeling (27—31) to
elucidate organization of the biological assembies.

Solution scattering is emerging as a popular method due to the
relative ease of obtaining size and low resolution shape informa-
tion suitable for evaluating competing hypotheses about point-
group symmetry and assembly organization (28, 29, 32, 33).
Combination of multiple X-ray as well as neutron scattering
with contrast variation aids in robust shape computation and
the determination of internal topology in a two component
system (34—37). Although SAS has modest information content,
it is very instructive in judicious combination with additional
experimental data.

X-ray footprinting, a novel, powerful technique comparable to
traditional DNA footprinting, provides local residue accessibility
information on proteins (38—42). Residues with reduced inter-
actions with solvents upon macromolecular assembly effectively
describe the interaction interface. A map of the interaction
interface as well as exposed, accessible residues combined with
global shape, size, symmetry, topology information, and struc-
tural models of the components provides a rather potent way to
elucidate assembly architecture (Figure 1).

We have used a hybrid strategy, by correlating data on global
(small-angle X-ray and neutron scattering with H/D-contrast
variation or SAXS/SANS) and local (X-ray footprinting or XF)
scales, coupled to computational modeling and data-driven
docking, to elucidate the low resolution solution organization
of the ParB-parS assembly from MTB. This first view of the
spatial organization of mycobacterial ParB-parS allows us to
propose a model for the spreading of ParB on the parS-adjacent
chromosome.

EXPERIMENTAL PROCEDURES

Expression and Purification of ParB. Mycobacterial ParB
(tbParB, clone gifted by Dr. C.-Y. Kim, LANL) was expressed in
BL21(DE3) competent cells in LB media. The cell pellets were
resuspended in lysis buffer containing 50 mM Tris- HCl at pH 8,
500 mM NaCl, 10% glycerol, and 5—10 mM imidazole, and lysed
using a microfluidizer (Microfluidics Corp.). The cell lysate was
loaded onto a Nickel-affinity column (HiTrap Chelating HP, GE
Lifesciences) and eluted with an imidazole gradient. After the
run, the fractions of interest were dialyzed overnight in the
following buffer: 10 mM Tris at pH 8, 150 mM NaCl, and
10% glycerol. The dialyzed volume was centrifuged to remove
precipitants, filtered, and run on an ion-exchange column (Capto
Q or Mono Q HR 10/10, GE Lifesciences) to remove DNA. The
last run was a size-exclusion column (HiLoad 16/60 Superdex
200, GE Lifesciences) using the following buffer A: 10 mM Tris at
pH 8, 150 mM NaCl, and 10% glycerol. Typically, two well-
separated peaks were eluted: a high-molecular mass tbParB—
DNA complex of unknown nature followed by a tbParB peak.

Preparation of the tbParB-parS Complex. DNA oligo-
nucleotides were purchased from Keck facility, Yale University.
DNA was resuspended in 10 mM NaOH, 100 mM NaCl, and
purified on a Capto-Q using 10 mM NaOH, 1 M NaCl as elution
buffer. Purified DNA was dialyzed against water, ethanol pre-
cipitated, and resuspended in TN buffer (10 mM Tris, pH 8.0,
and 150 mM NacCl). DNA was annealed by heating for 10 min at
95 °C and slow cooling.

Purified tbParB protein (~37 kDa/monomer) was added
slowly to duplex parS22 DNA (GGATGTTTCACGTGAAAC-
ATCC; the 14-meric parS sequence is underlined) in 2:1 (protein/
DNA) molar ratio. The tbParB-parS22 complex was concen-
trated to a final protein concentration of up to ~5—7 mg/mL in
buffer A for subsequent SAS analysis.

Electrophoretic Mobility Shift Assay. Duplex oligo-
nucleotides (parS22, 250 nM) with and without tbParB (1 uM)
were run in a 4—20% polyacrylamide gel for 1 h (110 V) in Tris-
borate-EDTA buffer (MiniProtean, BioRAD). Following the
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run, the gel was stained in SYBR-green dye and photographed
using a gel-imaging system.

Solution X-ray Scattering Experiment. SAXS data was
collected at the BL4-2 beamline at Stanford Synchrotron Radia-
tion Laboratory, Stanford, using a standard beamline setup:
1.7 m detector distance and 1—35 s exposures. Data sets for
tbParB-parS22 were collected at 3 concentrations (Supporting
Information, Figure Sla). Initial data analysis did not reveal any
significant aggregation, interparticle interference, or radiation
damage effect. Data analysis was performed using the ATSAS
suite (43). R,s were obtained from Guinier analysis of the low
angle data (¢-R, < 1.3, computed using PRIMUS from the
ATSAS suite). Rys values were averaged over 3 concentrations
and showed no concentration dependence (within 5% of the
average) at the experimental conditions. Multiple test runs were
performed using GNOM for estimating D, from the pair
distribution function (Supporting Information, Figure S1b).
CREDO (43) was used for missing domain reconstruction.

Solution Neutron Scattering with Hydrogen|/Deuterium
(H/D) Contrast Variation. SANS experiments were per-
formed at the CG-3 Bio-SANS instrument (44) at the High Flux
Isotope Reactor facility of Oak Ridge National Laboratory,
using a neutron beam with 6 A wavelength, wavelength spread A/
AA = 0.15, and 2.5 m sample to detector distance, which covered
an effective range of momentum transfer 0.013 Al <g=
0.39 A™'. ¢ = (4m/2)sinf and 26 is the scattering angle. The
samples were series-dialyzed in buffer (10 mM Tris- HCl at pH
8.0 and 10% glycerol) containing varying amounts of D,0O before
exposure. Sample scattering (tbParB-parS22, at 3 mg/mL con-
centration) was measured using circular, quartz cells with 1 mm
path length and 300 uL volume at 15 °C temperature and 1—4 h
exposure time. The scattering intensity profiles /(¢) versus ¢ were
obtained by azimuthally averaging the processed 2D images,
which were normalized to incident beam monitor counts and
corrected for detector dark current, pixel sensitivity, and solvent
scattering backgrounds from the buffer and quartz cell. Experi-
mental scattering intensity was converted to absolute neutron
scattering cross-section per unit volume, d=/dQ in units of cm ™'
by calibration with a scattering standard of known cross-
section (45). The average molecular mass of the complex, M,,,
was estimated from the absolute cross-section extrapolated to
¢ = 0 using the relationship

lin (d5/dQ) = ¢ My~ (p= o) /N2,
P

which holds for noninteracting scattering particles (46). Here, c is
the concentration of the scattering object (mass/volume), d,,, is its
average mass density, and N4 is Avogadro’s constant. p and p,
are the average scattering length density of the complex and the
scattering length density of the buffer, respectively. Percent of
D,0 for each sample was recalculated using neutron transmis-
sion data. Buffer subtraction, correction for in-coherent scatter-
ing (using high-angle data), and subsequent data processing were
performed using Igor-Pro (http://www.wavemetrics.com/) based
software developed at ORNL. Contrast values were calcu-
lated using MULCH (47). MONSA and other ATSAS suite of
programs (43) were used for data analysis and shape reconstruc-
tions. The DAMAVER package (43) was used for averaging
shapes obtained from multiple independent calculations. One of
the MONSA bead models was used as a reference for aligning
final averaged protein and DNA shapes using SUPCOMB (43).
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Synchrotron X-ray Radiolysis. tbParB and tbParB-parS22
complexes (2—4 uM, with slightly excess DNA) in 10 mM
phosphate, pH 7.0—7.5, and 150 mM NaCl were exposed
to synchrotron X-ray white light at the National Synchrotron
Light Source’s (Brookhaven National Laboratory) beamline
X-28C (41). The X-ray beam parameters were optimized by
using the Alexa fluorophore assay. Samples were irradiated
(0—40 ms) using a modified KinTek (KinTek Corporation)
apparatus at room temperature. The samples were collected in
methionine-amide (10 mM) to rapidly quench any secondary
oxidation. Samples were frozen in dry ice and stored at —80 °C.

Liquid Chromatography— Mass Spectrometry (LC-MS)
and Data Analysis. Samples were digested with trypsin
(sequencing grade modified trypsin, Promega) and analyzed by
LC-ESI/MS and MS/MS using a Water 2695 LC systems
(Dionex) with a reversed-phase C18 column (Vydac Inc.), inter-
faced to a LCQ-Deca XP mass spectrometer (Thermo-Finnigan).
MS/MS spectra of the peptide mixtures (Supporting In-
formation) were searched against the tbParB sequence for
modifications (38—40) of the peptides. Levels of modification
versus exposure time were plotted and fitted with a single
exponential function with Origin version 7.5 (OriginLabs) to
determine the rate-constants of peptide modification. The Origin
program, using 95% confidence limits of the fitting results,
determined the reported errors of the rate-constant data. Samples
exposed to X-rays in repeated experiments (in triplicate) exhib-
ited consistently similar extent of labeling on the same residues.

Computational Modeling and Docking. I-TASSER (48)
and MAKE-NA (http://structure.usc.edu/make-na) were used
for computing structural models. A perl script was written for
extracting the direction cosines of the dyad axes within the
dimeric N-terminal domains of the tbParB and the palindromic
DNA. Graphics package O (49) was used for all manual
manipulations of the models and docking. The dyad axes of
the protein and the DNA models were manually aligned with the
dyad axis of the shape map (the z-axis) in graphics while docking,
followed by rotation about this axis to obtain a visual best-fit to
the shape map. Figures were prepared using MOLSCRIPT (50).

RESULTS

Computational Models of Components of the Par B-parS
assembly. Models of the individual domains of tbParB and parS
DNA were built computationally. The tbParB can be divided
into two domains: the N-terminal domain (tbParB-N) spanning
the first 260 residues and the C-terminal domain (tbParB-C)
containing the last 84 residues. We used the crystal structure of
the N-terminal domain of ParB from Thermus thermophilus
(PDB code 1vz0, thmParB-N (21)), with which tbParB shares
42% sequence identity, for building a homology model of the
tbParB-N (residues 60—258; C-score —1.3 (48)). As the pdb
model 1vz0 does not contain the segment corresponding to the
first 59 residues of the tbParB, we were not able to model this
part. This N-terminal extended region and the first 23 residues of
the C-terminal domain of tbParB were predicted to be disordered
(GLOBPLOT (51)). Inclusions of these predicted disordered
regions produced models with poor scores and therefore were
not included in structural modeling. The tbParB-C does not have
significant sequence similarity to any structure in the PDB.
Therefore, an ab initio model of the truncated tbParB-C was
built (residues 284—344, C-score —1.08, and TM-score 0.57 (48)).
A 22-meric, palindromic, duplex DNA containing the parsS site,
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FIGURE 2: Molecular size of the tbParB-parS22 assembly. (a) Guinier plot (In 7 versus ¢ 1n[I(¢)] = In[L0)] — (qugz)/ 3; I'is the intensity; 7(0) is
the intensity at 0 scattering angle; R, isin A; ¢ is the moment transferin A~ l) is shown for the low-angle region of the X-ray scattering profile of the
tbParB-parS22. R, was determined to be 31.5 A, averaged over 3 concentrations. (b) Plot of the Guinier R, versus % D,0 (0%, 20%, 34.5%,
78.5%, and 86%) is shown for the 5 SANS data sets. (c) Plot of the pair distribution function P(r) versus pairwise distance rin A for the tbParB-
parS22 complex (Fmin = 0; 'max = 92 A; real space R, = 30.4 A; calculated using GNOM using the SAXS data (43)). (d) Electrophoretic mobility
shift assay shows tbParB-parS22 assembly formation (left lane, tbParB-parS22; right lane, parS22). (e) Stuhrmann plot (Rg2 in A% versus inverse
contrast (1/Ap); contrast incm 2 (57)) obtained from the 5 SANS data sets. The continuous black line represents a second-degree polynomial fit to
the data (Rg2 = —20549(1/Ap) + 1258(1/Ap) + 981.5). The data set with 34.5% D,O near the protein match-point was very weak and was not
included in the shape computation.

FIGURE 3: Molecular shape and internal topology of the tbParB-parS22 assembly. (a,b) Different views of the averaged, ab initio reconstructed
shape of the tbParB-parS22 complex (all of the shapes here and elsewhere are shown as beads in CPK with bead radius = 2.8 A). The 2-fold
symmetry axis is shown as a black line. The averaged DNA phase is shown in blue, and the averaged protein phase is shown in gray. (c,d) Two
views of the averaged missing region reconstructed (shown as gray, semitransparent CPK; (y) = 2.6, NSD = 1.5 for 5 cases) using the SAXS data
of the tbParb-parS22 assembly and the coordinates of the partial atomic model of the tbParB-N. The model of the tbParB-N dimer is shown as
cyan CPK. The corresponding ab initio model is shown as semitransparent red (protein) and blue (DNA) beads in 3D.

henceforth referred to as parS22, was built in the B-form with tbParB-C were subsequently combined to interpret the solution
standard geometry. In the absence of a crystal structure of the scattering and the protein footprinting data.
entire chromosomal ParB or its complex with DNA, these Size and Mass of the ParB-parS Assembly from Solu-

computational models of the tbParB-N, the parS22, and the tion Scattering. Analyses of the solution scattering data sets



Article

obtained from the tbParB-parS22 provided information on size
parameters such as the radius of gyration (R,) and maximum
particle diameter (D,,,,) of the assembly (Figure 2a—c). Assem-
bly formation between tbParB and parS22 was shown in vitro by
the electrophoretic mobility shift assay (Figure 2d). Both SAXS
and SANS data (at 0% D,0) of the tbParB-parS22 yielded a
Dpax of 92 A. These model-free parameters served as useful
restraints for molecular shape calculations.

The molecular mass of the tbParB-pars22 complex was
estimated to be 84 kDa + 10% from the absolute scattering
cross-section of the SANS data for lim ¢ — 0. This value is in
excellent agreement with the expected mass of the tbParB-parS22
assembly with a 2:1 stoichiometry. This cross-check is important
because it confirms that the SANS data stems from individual
tbParB-parS22 complexes and that interparticle interaction or
larger sized aggregates do not significantly interfere with data
interpretation. The Stuhrmann plot obtained a negative value of
alpha (Figure 2e (52)), indicating a lower scattering density
for the peripheral component in a two-component model. R, at
the infinite contrast was determined to be 31.3 A from the
Stuhrmann plot.

Molecular Shape of the ParB-parS Assembly. Shape of
the tbParB-parS22 assembly was computed ab initio by combin-
ing multiple scattering curves (Supporting Information). As
DNA scatters differently than proteins, a two-phase modeling
approach was used (35). Four SANS profiles for the tbParB-

(a) (b)

(c)

<«——peripheral —
region
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region
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parS22 assembly in varying ratios of H,O/D,0 were combined
with two SAXS profiles (one for the entire tbParB-parS22
complex and one containing theoretical SAXS data for the
parS22 DNA) for shape computation. Multiple parallel shape
reconstructions were performed while imposing a 2-fold symme-
try constraint in each case. Five such resultant shapes (set of
points in Cartesian space or beads) were superposed, followed by
the calculation of a mean normalized spatial discrepancy measure
or NSD (NSDyein = 0.9; NSDpna = 0.6 (53)). Discrepancies
or the square-root of the chi-values ()) between model and data
were <2 for all six curves ((y) = 1.4 for 5 cases; the fits of the
model and data are shown in Supporting Information, Figure
Slc—h). Releasing the 2-fold symmetry did not alter the dis-
crepancy between model and data ((y) = 1.4, NSDporein = 0.85,
and NSDpna = 0.8 for 5 cases), further supporting the expected
C, point-group symmetry of the tbParB-parS22 assembly. This
averaged shape was used for subsequent docking (Figure 3a,b).

Although one-dimensional solution scattering profiles do not
provide a unique molecular shape, persistent features observed in
multiple independently computed shapes should reveal the
average, solution-phase shape of the molecule at low-resolution.
A comparison of the bead models of the tbParB-parS22 revealed
its spatial assembly (Figure 3a,b and Figure Si-l, Supporting
Information). Although disordered regions were predicted within
the tbParB sequence, the resultant shape of the DNA-bound
tbParB was rather compact. The shape and orientation of the

344

258 60

<«—— peripheral ——
region

FiGure 4: Docking of the tbParB-parS22 assembly components in the SAS shape. (a—c) Different views of the docked components of the tbParB-
parS22 are shown with the averaged shape (semitransparent CPK; protein beads are gray; DNA beads are orange). Two subunits of the truncated,
comparative model of the tbParB-N are shown as blue and green cartoons. DNA is shown in violet. The HTH motifs within the tbParB-N are
shown in red in panel a. An ab initio model of the truncated tbParB-C is shown in yellow (b.c). The N- and the C-terminal ends of the protein
fragments are marked in panels b and c. Distance between the Co atoms of the 284th residue and the nearest 258th residue is 23 A in this model.
Only one of the two 2-fold related tbParB-C domains is shown in the figure.
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Table 1: Hydroxyl Radical Modification Rate Constants

sequence of the

rate constant k (sec™)?

sequence number? tryptic fragment” modification Sites® tbParB tbParB-parS22  ratio of kparp-pars/ Kpars
14-36 GLAALIPTGPADGESGPPTLGPR 14—36 14+0.1 1.24+0.1 0.9
37-61 MGSATADVVIGGPVPDTSVMGAIYR M37, M56° 103.1 £ 8.5 137.0 £ 11.2 1.3
62—73 EIPPSAIEANPR E69 0.7+0.1 0.6+£0.1 0.9
77-92 QVFDEEALAELVHSIR peak 1 F79, D80, ES1, E82 peak 1 2.3 £0.3 peak 12.0£0.5 peak 1 0.9
peak 2 187, V88, H89 peak 2 1.0 £ 0.3 peak2 1.1 +0.3 peak 2 1.1
93—103 EFGLLQPIVVR F94 0.30 +0.02 0.70 + 0.06 2.3
104—113 SLAGSQTGVR - - - -
114—121 YQIVMGER M118 153+ 1.0 11.0+1.2 0.7
125—-139 AAQEAGLATIPAIVR - - - -
140—148 ETGDDNLLR - = - -
149—157 DALLENIHR HI156 0.30 £ 0.02 0.15+£0.01 0.5
158—186 VQLNPLEEAAAYQQLL 178—180 1.54+0.2 0.84+0.2 0.5
DEFGVTHDELAAR
190—199 SRPLITNMIR M197 79+0.7 494 0.6 0.6
203-209 LPIPVQR -5 - - -
211-222 VAAGVLSAGHAR H220 0.60 4 0.02 0.12 + 0.02 0.2
223-240 ALLSLEAGPEAQEELASR E232,E235, E236 0.50 £ 0.04 0.52 £0.05 1.0
241-249 IVAEGLSVR - - - -
250—264 ATEETVTLANHEANR 253-259 0.80 £ 0.07 0.40 £ 0.06 0.5
265—278 QAHHSDATTPAPPR H267 - - -
279-293 RKPIQMPGLQDVAER M284, P285 31.5+3.0 250+2.8 0.8
294-301 LSTTFDTR - - - -
302—-308 VTVSLGK - = - -
313-325 IVVEFGSVDDLAR 313-325 <0.1 <1.0 not reported
326—335 IVGLMTTDGR M330 09+0.1 09+0.1 1.0

“>90% sequence coverage was obtained from the LC-MS analysis of trypsin fragments. “Sequences of tryptic fragments and position of modified residues,
which were identified by ESI-MS and confirmed by MS/MS analysis. Modifies peptide fragments were eluted as a single peak or multiple peaks. ‘“Modified
residue identified by MS/MS. Mass shift of +14 Da (carbonylation), +16 Da (hydroxylation), and +32 Da (double oxidation at Met) were detected as major
modification products. A single modification peak contained one (e.g., E69 for the fragment 62—73) or several (mixed) modification products (e.g.,
158—186). “Rate constants were estimated by employing a single exponential fit of hydroxyl radical modification data to a first order decay as described in
Experimental Procedures. ‘416 Da modification products of M37 and M56 eluted as separate peaks, but their double oxidation product +32 Da eluted as a
single peak. /416 Da modification peak of H267 was detected. The rate constant cannot be evaluated because of inconsistency in the abundance of the modified

_»

species in the mass spectrometer.

indicates no modification was detected.

centrally located, dyad-symmetric DNA phase (high scattering
beads in a two-bead model, 14% of the total volume) was clear.
Thus, SANS contrast variation data made the shape computa-
tion process robust and aided in elucidating internal topology.

We used a partial atomic model of the tbParB-N and SAXS
data for the entire tbParB-parS22 assembly to reconstruct the
missing region as uniformly scattering beads (54), while imposing
2-fold symmetry. Resultant shapes of the multiply reconstructed
missing region closely resembled those obtained from the ab inito
reconstructions (superposed using SUPCOMB (43), NSD 0.9,
Figure 3c,d), lending further support to our model. Rigid-body
modeling was not attempted due to the incompleteness of our
input models.

Structural Interpretation of the ParB-parS Shape.
Although solution scattering shapes do not represent high-
resolution molecular envelopes, they provide valuable insights
about low-resolution spatial organization of the molecules and
molecular assemblies. Averaged shape obtained from SAXS/
SANS was combined with the computational models to elucidate
organization of the tbParB-parS partition complex (Figure 4).
The model of the parS22 DNA was docked into the DNA phase
of the averaged shape by aligning their dyad axes and rotating
around this axis for visual best fit. Similarly, the model of the
truncated, dimeric tbParB-N, modeled after thmParB-N (20),
was docked into the protein phase of the shape. The HTH motifs
within the thmParB-N dimer are separated by ~34 A, poised for
docking into the major groove of DNA (21). The HTH motifs of

the tbParB-N dimer were docked into the major groove of the
parS22 moiety.

Additional space occupied by the protein beads within the
overall shape was adequate for accommodating other missing
protein regions. The protruded region within the shape (Figure 4)
is not large enough to accommodate the entire 84-residue
C-terminal domain. However, the peripheral space could realis-
tically accommodate the truncated tbParB-C (residues 284—344)
as well as the N-terminal extension (residues 1—359). The trun-
cated model of the C-terminal polymerization domain was
allocated to the peripheral region of the shape, which is compa-
tible with its biological role. The partial atomic model of the
tbParB-C was fitted comfortably within this peripheral space in
several physically plausible orientations (Figure 4), leaving room
for the rest of the protein chain. Allocation of the C-terminal
region in the peripheral space was further supported by a
compact solution shape of the tbParB-N in apo form (data not
shown).

Local Residue Accessibility Data Supports the ParB-
parS Model. X-ray induced hydroxyl-radical footprinting com-
bined with mass spectrometry provided local information on the
hydroxyl radical-accessible residues in the tbParB and the
tbParB-parS22 complex (Table 1 and Supporting Information),
from which putative interface residues were inferred. Mass
spectrometric analyses of the proteolytic digests of the radiolyzed
samples were performed for identifying the exact locations of the
modified (i.e., accessible) residues. The extents of modifications
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FIGURE 5: X-ray footprinting of the tbParB-parS22. (a,b) Two views of the tbParB-N-parS22 DNA—protein interface (residues 156, 178—180,
197,220; Table 1). Protected residues are shown as red CPK. Two subunits of the tbParB-N are shown in green and blue. DNA is shown in violet.
(c,d) Exposed surface patches (residues 69, 79—82, 87—89, 94, 118, 232, and 235—236; golden-yellow CPK; Table 1) are mapped on the tbParB-N-
parS22. (e,f) Exposed surface residues, mapped into the tbParB-parS22 assemblies within the SAS-derived average shape, are shown in golden-
yellow CPK. Two HTH motifs (residues 178—204) within the tbParB-N dimer are shown in red. DNA beads are shown in cyan, and the protein

beads are shown in gray.

were plotted against irradiation times, and the rate-constants of
modifications (k) were determined from the X-ray dose—
response plots (Supporting Information, Figure S4). The mod-
ification rates for the residues (Table 1) provided a quantitative
measure of solvent accessibility with high structural resolu-
tion (38—40). The tbParB-parS interaction interface was identi-
fied by comparing the rate constants between the DNA-free and
the DNA-bound states (Kpars/kparg-pars < 0.7 for a protected
residue; Table 1). Analysis of the rate constant ratios indicated
that the tbParB-N directly interacts with the parS22 DNA
(Figure 5a,b and Table 1). Several protein residues near the
parS22 DNA in our docked model, such as those surrounding the
HTH motif (residues 178—204) and the C-terminal end of the
tbParB-N (residues 253—259), showed increased protection in
the DNA-bound form.

Footprint of all those residues that did not change their
accessibility state upon DNA-binding on the tbParB-N (kp,.p/

kpargpars ~ 1, Table 1; Figure 5c,d) are indicative of exposed
surface patches. These accessible patches are expected to be not
covered by either the parS22 DNA or other regions of the
tbParB, such as the C-terminal domain. All these exposed
residues in the docked model of the tbParB-N-parS22 were on
or near the surface of the shape (Figure Se.f), thus supporting out
model.

Plausible Models of Spreading of the ParB on the parS-
Proximal Chromosome. Disposition of the protein beads with
respect to the long axis of the DNA beads in the solution
scattering bead model of the tbParB-parS22 assembly provided
a visual clue about how tbParB might spread on an undistorted
DNA. We built a testable model of the tbParB-DNA assembly by
positioning this bead model in and around a long DNA molecule
under the condition that the HTH motifs of the adjacent
assemblies interact locally with the major groove of the DNA
(Figure 6a,b). The adjacent C-terminal polymerization domains
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(a)

(b)

FIGURE 6: Proposed model of the higher-order partition complex. (a,
b) Polymerization of tbParB (bead model, semitransparent CPK) is
shown on a long DNA (in violet). Protein beads of the adjacent
dimeric tbParB-parS22 units are colored in gray and light-green.
DNA beads are colored in blue.

are positioned near DNA in this model. Although the tbParB-C
does not appear to make any contact with the short parS22 DNA
(Table 1), it contains several positively charged residues
(theoretical pI 9.8). Some of these basic residues are expected
to shield the DNA phosphate groups while spreading on the
chromosome, as shown in our model (Figure 6a,b). In compar-
ison, theoretical pl of the N-terminal extension of the tbParB
(residues 1—59) is 3.3, which rules out its interaction with the
DNA. Probably, a longer piece of DNA will be required to
demonstrate any possible direct tbParB-C-DNA interaction,
allowing evaluation of this proposed mode of spreading.

DISCUSSION

We used solution X-ray and neutron scattering to characterize
low resolution shape, size, symmetry, and stoichiometry of the
tbParB-parS22 assembly. Position of the DNA moiety within the
assembly was nicely elucidated by the neutron scattering H/D
contrast variation. In addition, protein footprinting showed that
the N-terminal domain of tbParB uses residues encompassing the
HTH motifs to interact with the parS22 DNA. These experi-
mental data were combined with computational models to
elucidate assembly organization of the ParB-parsS.

Delineating the organization of the ParB-parsS assembly was a
fascinating application of a hybrid approach that harnesses the
emerging power of structural mass spectrometry combined with
solution scattering techniques. SAS is the only available tech-
nique that provides spatial information on proteins that are not
amenable to crystallization and are too large for NMR but too
small for electron microscopy experiments, as is the case with
ParB-parS complex. Combination of multiple scattering curves
with different contrasts, together with the symmetry constraint,
aided in robust ab initio shape computation and clear identifica-
tion of the regions occupied by the protein and the DNA
phases. Nevertheless, SAS-based shape computation could be
ambiguous (such as enantiomer selection) and therefore should
be considered with additional data. X-ray footprinting provided
crucial, residue-specific information on the protein—DNA inter-
action interface as well as exposed surface patches. In addition to

Chaudhuri et al.

experimental data, an expectation based on known interactions
between HTH motifs of the ParB and the major groove of the
DNA was essential in docking. Partial computational models
used in this study served the purpose of assigning regions within
the overall shape in the absence of an available crystal structure
and matched well with all the experimental data. These com-
plementary information elegantly led to the first view of the low-
resolution chromosomal ParB-parS organization in solution,
about which nothing was known.

Bead model of the ParB-parS assembly was used as the Lego or
building blocks for modeling how ParB might polymerize on the
parS-proximal DNA to form the higher-order partition complex.
It will be possible to test and refine this proposed mode of
spreading using a hybrid strategy similar to that described in this
article. In addition, our models provide a structural framework
for designing experiments to explore how the partition complex
participates in the recruitment of ParA or SMC proteins, leading
to chromosome segregation and condensation.

ACKNOWLEDGMENT

B.N.C. acknowledges Dr. Tsuruta for advice and assistance
with the SAXS experiment, T. Grant for useful discussions,
Dr. J. Griffin for critically reading the manuscript, and Dr. C.-Y.
Kim from LANL for the tbParB clone.

SUPPORTING INFORMATION AVAILABLE

Four figures (S1—4) describing solution scattering and foot-
printing data, as described in the text. This material is available
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