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Protein assemblies consisting of structural maintenance of chromo-
somes (SMC) and kleisin subunits are essential for the process of
chromosome segregation across all domains of life. Prokaryotic
condensin belonging to this class of protein complexes is composed
of a homodimer of SMC that associates with a kleisin protein subunit
called ScpA. While limited structural data exist for the proteins that
comprise the (SMC)—kleisin complex, the complete structure of the
entire complex remains unknown. Using an integrative approach
combining both crystallographic data and coevolutionary informa-
tion, we predict an atomic-scale structure of the whole condensin
complex, which our results indicate being composed of a single ring.
Coupling coevolutionary information with molecular-dynamics simu-
lations, we study the interaction surfaces between the subunits and
examine the plausibility of alternative stoichiometries of the complex.
Our analysis also reveals several additional configurational states of
the condensin hinge domain and the SMC—kleisin interaction domains,
which are likely involved with the functional opening and closing of
the condensin ring. This study provides the foundation for future
investigations of the structure—function relationship of the various
SMC—kleisin protein complexes at atomic resolution.

bacterial condensin | SMC-kleisin complexes | coevolutionary information |
direct coupling analysis | DNA translocation

embers of the structural maintenance of chromosomes

(SMC) and kleisin families of proteins are conserved in all
domains of life and have key roles in the maintenance of chro-
mosomes (1-3). In eukaryotes, several SMC-kleisin complexes
operate during and after DNA replication to promote chromo-
some segregation in mitosis and meiosis. One such protein com-
plex is cohesin, which has several critical biological roles such as
mediating sister-chromatid cohesin, promoting DNA double-
strand break repair, and regulating gene expression (2). Defects
in the cohesin complex have been related to genetic disorders (4,
5), as well as to several types of human cancer (6-10). In addition,
it has been suggested that cohesin organizes DNAs into chroma-
tids by capturing small loops of DNA and then extruding them in a
progressive manner (10-15). Together with compartmentalization
of chromatin (16-18), DNA loop extrusion has been used to ex-
plain intrachromosomal interactions during interphase, as mea-
sured by Hi-C. In interphase, the extrusion seems to be primarily
regulated by the activity of the insulator factor CTCF (10, 12, 13)
and to be involved in establishing essential distal interactions be-
tween enhancers and promoters.

In prokaryotes, the SMC—kleisin complex condensin segregates
and condenses bacterial genomes during the process of cell division
(19). Condensin is formed by SMC—kleisin proteins SMC and
ScpA, respectively, and a third subunit, ScpB (Fig. 1B) (7-9, 11).
This family of proteins shares a unique architecture comprising two
globular domains: a nucleotide-binding domain (NBD) of the
ABC-type ATPase fold (SMC head) and a central hinge domain,
connected by a long antiparallel intramolecular coiled coil. The two
SMC monomers held together at the hinge are additionally bridged
by kleisin, creating stable tripartite rings that associate with and
entrap chromosomes (18-21). A recent study pointed out that the
hinge domain can also adopt an asymmetrical configuration (22),
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potentially functioning as a flexible joint that can accommodate the
opening and closing movement of the coiled-coil region. However,
in what manner SMC and Kkleisin assemble to form condensin, as
well as the homologous cohesin, and the molecular details of their
biological function remain unclear.

Despite major progress in recent years, many questions related to
the structure and function of SMC—kleisin complexes remain open.
These open questions include the precise mechanisms that lead to
loading, entrapment, release, and stable cohesin, as well as the
exact role of the NBD and ATPase domains (23). A recent study
demonstrated the ability of both eukaryotic condensin (24) and
cohesin (10) to serve as a mechanochemical motor that can trans-
locate along DNA. Importantly, the complete structure of SMC-
kleisin complexes has yet to be established. The two main models
of the pictorial structure of these complexes are (i) a single ring that
embraces two double-stranded DNAs (3, 23) or (i) two rings acting
as a pair of molecular “handcuffs” where each ring can embrace its
own double-stranded DNA (25). Although structural data exist for
each subunit of the condensin protein complex (26-28), such data
are limited for interprotein interactions between the subunits.
Furthermore, existing crystallographic data cannot capture the dy-
namics of interaction surfaces and therefore are limited in their
ability to disentangle the various conformations of the complex.

Here, we set out to determine the molecular architecture of
bacterial SMC-ScpAB protein complex by using the limited
available structural data together with the information encoded
in the abundant protein sequence data (26-28). We take
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Fig. 1. Schematic of our integrative computational approach together with
the resulting proposed structure for the prokaryotic condensin complex. (A4)
We obtain MSAs for the protein families of SMC, ScpA, and ScpB from Pfam
(41). Using these sequence data as input, DCA is used to infer intraprotein and
interprotein coevolving contacts. Known crystal structures of the condensin
subunits are obtained from the PDB (27, 28). To obtain the complete structure
of the condensin complex, we use both coevolutionary and crystallographic
residue contacts as constraints in MD simulations. (B) The proposed structure
for whole condensin complex, composed of 2,924 residues at atomic resolu-
tion. A single-ring structure is consistent with all of the available information,
both structural and coevolutionary. A nucleosome (PDB ID code 5T5K) is shown
on the right-hand side to illustrate the scale of the figure.

advantage of residue coevolution to predict residue contacts in a
3D structure. Because of the evolutionary constraint to maintain
protein fold and function, correlations arise between the amino acid
identities at different residues sites of the proteins ScpA, ScpB, and
SMC, which form the complex. According to this phenomenon,
highly coevolving residue pairs are likely to be spatially proximate in
a 3D structure or complex. To disentangle the complex network of
cross-correlations between amino acids, we construct a global sta-
tistical model of the sequence data using direct coupling analysis
(DCA). This methodology, which uses a maximum entropy ap-
proach (29), has already been used to successfully identify both
intraprotein (30-35) and interprotein (30, 33, 34, 36, 37) contacts.
Using DCA, we first identify the highly coevolving residue pairs
as a proxy for intraprotein and interprotein residue pairs within
the SMC—kleisin complex that form contacts in a 3D complex (30—
34, 38). We use the residue contacts obtained from publicly
available crystal structures to validate our approach. Then, we
combine the coevolutionary information and the limited structural
data with molecular-dynamics (MD) simulations to determine the
complete structures of the subunits of the condensin complex,
including the disordered region of ScpA. We use a structure-based
model (SBM) enhanced by the newly obtained coevolutionary
information to study the formation of the condensin complex.
Using this approach, we also test the plausibility of alternative
stoichiometries; all of the evidence discussed below seems to
suggest a single-ring structure for prokaryotic condensin. Addi-
tionally, we find evidence pointing to alternative functional con-
formations encoded in the sequence data, particularly within the
SMC hinge domain and SMC-kleisin interaction domains. Finally,
we report an atomic-scale structure for the whole condensin
complex that is consistent with all of the structural and co-
evolutionary information currently available (Fig. 1B).

Results

Establishing the Full Structures of the Condensin Subunits. In estab-
lishing the full structure of the three subunits, it should be noted
that the structures of several fragments of the SMC-kleisin com-
plex have already been obtained separately, in multiple experi-
mental studies. Available experimental data include several
fragments of SMC: the hinge domain [Protein Data Bank (PDB)
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ID code 1GXL], the head domain along with fragments of the
coiled coil region (PDB ID code 3ZGX). The ScpA polypeptide
chain is composed of an N-terminal winged-helix domain (PDB
ID code 4198) and a C-terminal winged-helix domain (PDB ID
code 4199) connected by a winding segment (amino acids 86-150).
Crystallographically, it was demonstrated that the C-domain of
ScpA is disordered in the absence of an intrinsic binding partner,
the SMC head domain. ScpB is also composed of N- and C-
terminal domains, connected by an interprotein contact region.

Using DCA, we predict the structure of the whole condensin
complex, including all of the parts mentioned above that have
known crystal structures. The crystallographically determined
contacts are then used to assess the validity of the coevolutionary
approach. We begin by obtaining coevolutionary contacts for each
subunit separately. The top coevolving intraprotein residue pairs
(see Materials and Methods for the ranking score) are compared
with the available, experimentally determined physical contacts for
the following systems: the SMC hinge domain (27) (see Fig. 44;
PDB ID code 1GXL), the ScpB subunit (28) (see Fig. 3B; PDB ID
code 4198), and the ScpA subunit (28) (see Fig. 34; PDB ID codes
4198 and 4199). In addition, for the overall 1,175-residue SMC
protein, including N- and C- head domains, we introduce the top
1,075 DCA contacts (28) (see Fig. 54; PDB ID code 3ZGX). One
can easily see in the contact maps that highly coevolving residue
pairs largely agree with physical contacts in the native structures
indicating that the DCA methodology can successfully predict
secondary and tertiary structural contacts. After validating our
approach, we proceed in studying the condensin complex using
both crystallographic (wherever available) and coevolutionary in-
formation (entire complex). Additional maps comparing the DCA-
derived contacts with crystallographic results taken from PDB can
be found in ST Appendix.

Coevolutionary Information Suggests Condensin as a Single Ring
Structure. To resolve the stoichiometry of the condensin pro-
tein complex, we begin with the simpler single SMC-ScpAB
single-ring structure (Fig. 2). It has been suggested that, for the
Streptococcus pneumoniae bacteria, a single ScpA subunit binds
to ScpB with 1:2 stoichiometry, resulting in an overall trimetric
ScpAB subcomplex. This subcomplex connects with two SMC
head domains, one on each side of ScpA, thus forming an
overall 2:1:2 SMC-ScpA-ScpB stoichiometry.

Fig. 2 shows the top coevolving contacts for the whole single-ring
structure, composed of five parts: SMC (amino acids 1-1175)-ScpA
(amino acids 1176-1418)-ScpB (amino acids 1419-1584)-ScpB
(amino acids 1585-1749)-SMC (amino acids 1750-2924) (black
dots mark the DCA-derived contacts). In the following, we will refer
to the N- and C-terminal domains of SMC, which form the SMC
heads, as SMC Nyomain and SMC Cgomain, Tespectively.

Using DCA, we establish the top 15 coevolving residue pairs for
the following systems: (1) SMC Nyomain—ScpA, (#) SMC Caiomain—
ScpA, (iii) ScpB-ScpA, (iv) SMC Nyomain—S¢pB, and (v) SMC
Caomain—ScpB; these residue pairs were assumed to form a structural
contact. For the ScpB-ScpB dimer, instead, 10 contacts were
obtained by ranking the PDB experimental dimer contacts (28) by
the strength of coevolutionary couplings between those residues
inferred from DCA. This number of contacts was chosen as a result
of predictive positive values (PPV) analysis, compared between our
predicted DCA contacts and crystallographic contacts. For all sys-
tems, PPV = 0.8 and higher (for more details, see SI Appendix). All
of these contacts were then used as constraints in MD simulations
(see Materials and Methods for further MD parameters) to obtain
the complete structure of the condensin protein complex. This
structure, beyond satisfying all of the known intraprotein contacts,
also satisfies all of the DCA-derived interprotein contacts between
all of the subunits (see SI Appendix, Fig. S2 for discussion on DCA-
derived intraprotein and interprotein datasets). This suggests that of
the cohesin protein complex might indeed exhibit a single-ring
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Fig. 2. Overview of all crystallographic structural data for the condensin
complex together with coevolutionary information. Residue-residue contacts
map is shown for the DCA-derived contacts (represented by black dots) to-
gether with the contacts from available crystal structures obtained from PDB
for the SMC-ScpA-ScpB-ScpB-SMC system. The residue indices for the whole
system and their respective amino acid identities of each protein subunit are
shown on the x and y axes. Orange, green, and cyan represent crystallo-
graphic results of SMC, ScpA, and ScpB subunits, respectively (27, 28). In the
intraprotein regions, wherever data are available, the agreement between
crystallography and coevolutionary contacts is evident. A magnified view of
the ScpA-ScpB-ScpB crystallographic (ScpA, ScpB, and ScpAB interprotein re-
gion shown in green, cyan, and gray, respectively) and predicted DCA contacts
(represented in black) are shown in the bottom right corner in a blue box.

structure, as this structure recapitulates all of the available in-
formation, both structural and coevolutionary.

Alternative Higher-Order Stoichiometries. Leveraging the informa-
tion contained in the full DCA contact map, we now turn to in-
vestigate the plausibility of higher-order stoichiometries for
condensin by examining several interprotein contacts between
ScpA with two ScpB monomers and with two SMC head domains.

We first focus on the interaction of the ScpAB subcomplex. In
the single ring obtained above, a single ScpA subunit can interact
with two ScpB proteins. The region composed of residues 66-90
of each ScpB protein forms an interface with the winding seg-
ment region of ScpA. It is currently unclear what sequence of
event forms the complex. Does ScpA form its interaction sur-
faces with both ScpB proteins simultaneously, or does it first bind
to one protein followed by the second protein? In Fig. 3, we show
the predicted intraprotein contacts from DCA of ScpA (Fig. 34),
ScpB (Fig. 3B), respectively.

Using the top 15 DCA contacts between ScpA-ScpB as con-
straints in our SBM, we performed simulations where one ScpA
monomer was capable of forming the top contacts with either
ScpB proteins. A resultant interprotein contact map between
ScpA and two monomers of ScpB generated from MD simula-
tion is shown in Fig. 3C (represented in pink). The top DCA
contacts between ScpA and ScpB are shown in Fig. 3C (marked
by black dots). The ScpAB subcomplex was stabilized only when
performing simulations in which first a single ScpB forms a
complex with ScpA, and only successively a second ScpB
monomer binds. This suggests that there exists a precise order of
events in the association of the ScpAB subunits.

Krepel et al.

As was mentioned earlier, the unresolved structure of SMC-
kleisin protein complexes has created a controversy regarding
the stoichiometry of its subunits. The two dominant models for the
SMC-kleisin complex are (i) a single-ring structure, for which a
single ScpA protein would interact simultaneously with an ScpB
dimer in a 1:2 stoichiometry, that is, the (ScpA);—(ScpB), system;
or (ii) a double-ring structure for which the ScpB dimer would
simultaneously interact with two ScpA subunits in a 2:2 stoichi-
ometry, that is, the (ScpA),—(ScpB), system. To further investigate
the single- vs. double-ring question, we repeated simulations for a
(ScpA)>—(ScpB), system again using coevolutionary information,
that is, providing the same top DCA interprotein ScpA-ScpB
contacts between each of the two ScpA and two ScpB proteins. In
Fig. 3D, we show the contact map for the (ScpA),—(ScpB), system
obtained using MD simulations. As can be seen, in trying to satisfy
the top DCA constraints, the system results in a sandwich struc-
ture in which the ScpB protein is located in the middle of the two
ScpA proteins. In this configuration, which is characterized by
identical interactions between ScpA and the ScpB subunits, co-
evolutionary constraints appear to diverge from physical contacts
(Fig. 3D). Once again, our analysis favors the (ScpA)—(ScpB).
stoichiometry, corresponding with a single-ring structure.

We now discuss the interactions between the ScpA subunit
with the SMC head domains. SMC head domain is composed of

A : b 4 B K 2 = -B
= @ . v:‘ # N " %
s -
5
p / PDB 4198 ® PDB 4198
y 4199 o DCA e
# # DcA® Y 4
3 _g'.’ ‘ol e o
e ScpB

B 4

v
/ ScpA structure ScpB structure
70l _12501260E_1324K C N1Z1EM 145711483V 1507AI006A

Q=

F Structure of ’SCEAIZ-!SCEBIZ =

1176M 14175 M

Fig. 3. The ScpAB system favors a single ScpA subunit accommodating two
ScpB proteins. Contact maps show a comparison between DCA-derived
contacts and crystallographic data (A and B) as well as between DCA con-
tacts and simulation-derived contacts (C and D). DCA contacts are shown in
black. Crystallographic contacts are shown in green and cyan for the ScpA
and ScpB subunits, respectively. Contacts from MD simulation are shown in
pink (C and D). The residue indices and corresponding amino acid identities
are labeled along the axes. (A) DCA recapitulates available crystallographic
data for ScpA subunit (28). (B) DCA recapitulates available crystallographic
data for ScpB subunit (28). (C) Comparison between simulated data from MD
and DCA contacts for the stoichiometry (ScpA);—(ScpB),. Residue indices are
shown on the axis, with the horizontal blue line separating the contact maps
of the two ScpB proteins. It is evident that DCA-derived contacts are con-
sistent with the simulated structure of either the two copies of ScpB. (D)
Comparison between simulated data from MD and DCA contacts for the
stoichiometry (ScpA),—(ScpB),. Residue indices are shown on the axis, with
the horizontal blue line separating the contact maps of the two ScpB pro-
teins. This stoichiometry results in a simulated structure inconsistent with the
DCA-derived coevolutionary contacts. The comparison between C and D
strongly favors the (ScpA);—(ScpB), stoichiometry vs. the (ScpA),—(ScpB),.
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the protein’s N and C terminals interacting with each other to
form V-shaped heterodimers. Each SMC head, which contains a
conserved ATPase domain, associates with the ScpA kleisin
subunit (20, 21). The N-terminal region of ScpA forms a helical
bundle with the coiled coil emerging from the ATPase of one
SMC monomer (23), while its winged helical C terminal binds to
the base of the ATPase of the second SMC monomer. This
general structure is formed in both prokaryotic and eukaryotic
SMC-kleisin complexes, suggesting that asymmetric ring for-
mation is a universal feature (3, 39). A recent study suggested
evidence that the ATP-dependent head-head engagement in-
duces a lever movement of the SMC neck region, which might
help to separate the coiled-coil arms (22, 26).

We investigate whether a single ScpA subunit interacts with two
SMC head domain, that is, the (ScpA);—(SMC), system, or whether
the system contains more than one ScpA subunit, that is, the
(ScpA),~(SMC), system. As before, we repeated the MD simula-
tions for the (ScpA),—(SMC); system, providing the same top DCA
interprotein ScpA-SMC contacts for each of the two ScpA proteins.
The MD simulations could not establish stable interaction surfaces
between two ScpA subunits with two SMC head domains. Steric
hindrance within the (ScpA),~(SMC), system prevents both ScpA
interfaces from existing at the same time, resulting in the loss of one
of the ScpA subunits. This result suggests that only one ScpA is
bound to SMC at any one time, with a single ScpA bridging two
SMC complexes. This last evidence, along with the analysis in Fig. 3,
further supports the condensin complex being composed of a single
ScpA subunit forming a single-ring structure.

DCA Reveals Several Hinge Configurations for the Condensin Protein
Complex. It is widely believed that SMC has two major interaction
surfaces: the SMC hinge domain and the SMCkleisin interaction
surface, both of which have been suggested to serve as entry and exit
gates for DNA, respectively (3). In this section, we analyze the co-
evolutionary information obtained from DCA for the SMC hinge
domain, which is composed of an interaction surface between two
SMC monomers. In Fig. 4, we show contacts obtained from the
crystal structure of a single hinge domain (Fig. 44) and from a hinge
dimer (Fig. 4B) as was crystallographically obtained for Thermotoga
maritima (PDB ID code 1GXL). The intraprotein contacts of each
monomer and their interfacial contacts are represented in orange.
The interprotein domain is shown in the blue rectangle. The top 210
DCA contacts are also shown, represented by black circles. In this
case, DCA cannot distinguish between intraprotein and interprotein
contacts, because bacterial SMC is composed of two identical
monomers. However, there exist three clusters of coevolving pairs
that do not agree with the contacts from the crystallographic
structure of the monomer (see orange in Fig. 44); as a result, these
contacts are hypothesized to belong to the SMC dimer interfaces at
the hinge (see red, green, and purple rectangles in Fig. 4B).

While two clusters (see red and green rectangles) agree well with
the crystallographic data of the hinge interface, the third (in purple)
has poor agreement with the crystallographically determined con-
tacts. We used the top 15 DCA contacts of both green and purple
clusters as spatial constraints in MD simulations. The resulting
trajectories show two distinct SMC hinge configurations (Fig. 4 C
and D): the first appears as a closed configuration (Fig. 4C) and
agrees with crystallography, while the additional one produced from
DCA data appears as an open configuration (Fig. 4D). As a result,
simulations form one of either two clusters of contacts (enclosed by
green and purple rectangles in Fig. 4), while satisfying different
regions of the cluster of contacts enclosed by the red rectangle.

It is important to note that several studies have suggested that
SMC-Kkleisin ring structures can open up in the presence DNA
strands. One hypothesis is that this opening occurs via the SMC
hinge domain (22, 28). When considering the arrangement of
charged amino acids in both of our obtained configurations:
closed (Fig. 4C, Inset) and open (Fig. 4D, Inset). The negatively
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Fig. 4. DCA predicts two alternative configurations for the SMC hinge do-
main. Contact maps show the comparison between DCA-derived residue
contacts and crystallographic contacts (A and B) as well as between DCA
contacts and simulation-derived contacts (C and D). DCA contacts are shown in
black, crystallographic contacts are shown in orange, and MD simulation-
derived contacts are shown in pink. (A) DCA recapitulates available crystallo-
graphic data for a single hinge domain as well as (B) for two hinge domains
(27). DCA identifies three clusters of contacts, enclosed in red, green, and
purple rectangles, as the main interfacial residue contacts. These DCA-derived
contacts are inconsistent with the structure of a single SMC monomer (A),
while consistent with the interprotein region of the contact maps, which is
marked by the blue border in B and magnified in C and D. Contact maps for
two alternative structures for hinge interface region obtained from MD shown
in the following: (C) The “closed” configuration, consistent with the available
crystallographic data about the interface region. The red and green DCA-
derived clusters of interfacial coevolutionary interactions are satisfied by this
structure. (D) The “open” configuration, which does not resemble any known
crystallographic data. This simulated structure satisfies the coevolutionary
constraints represented by the contacts mainly in the purple rectangle. Neu-
tral, positively charged, and negatively charged amino acids are represented in
white, blue, and red, respectively. MD configurations are shown as orange
cartoons with top DCA contacts from the green and purple rectangles shown
as green and purple beads. These two alternative configurations of the com-
plex may be involved with the opening and closing of the ring and, therefore,
shed light on the hinge interaction with DNA.

charged amino acids Asp and Glu are represented in red, the
positively charged amino acid Lys and Arg are represented in
blue, while neutral amino acids are represented in white. While
the closed configuration of the SMC dimer hinge domain pro-
duces a symmetrical charge arrangement (Fig. 4C), the open
configuration presents a nonsymmetric arrangement, with two
Lys groups now facing a mutual direction. The possibility of
several hinge configurations are of major functional significance
since it suggests the potential rearrangement of the hinge region
in the vicinity of DNA. The positively charge arrangement in this
“open” SMC hinge configuration could potentially bind to the
negatively charged phosphate groups of DNA. It was previously
reported that DNA binding-mediated ATPase activity in SMC
heads is regulated by the acetylation of several positively charged
Lys residues located both in the SMC head and in the coiled coil
(29, 40), further demonstrating the importance of charge ar-
rangement in the tripartite SMC—kleisin complex structure.

In Fig. 5B, we show the crystallographic data regarding the in-
teractions between a single SMC monomer (shown in orange) and
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the ScpA subunit (shown in green) for the Bacillus subtilis bacteria
(PDB ID code 3ZGX). For comparison, the top 325 coevolving
contacts from DCA are shown in black. The dashed blue lines
separate the intraprotein from the interprotein contacts. The in-
teraction between the helical N domain and ScpA is already
captured in the top 50 contacts from DCA.

The top 15 coevolutionary contacts between both the N (amino
acids 1-200) and C domains (amino acids 975-1175) of ScpA were
used as constraints for the MD simulations of the (ScpA)1-(SMC)
2 system; the same contacts are shown in the amplification of the
interprotein domain in Fig. 5 C and D. MD simulations resulted in
two main configurations, in which the contacts were satisfied, es-
pecially in the N-domain region (see blue circles): (i) the two SMC
heads remain separated, while the winding segment region of the
ScpA demonstrates flexibility to connect the two SMC monomers
(Fig. 5 C and E); and (ii) the two SMC heads both make contacts
with each other and with ScpA. We note that not all DCA con-
tacts could be simultaneously satisfied in our MD simulations and
that the winding segment region of ScpA appears to facilitate
engagement between the two SMC head domains (Fig. 5 D
and F). These results further demonstrate that, using DCA
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Fig. 5. The SMC-kleisin system has several possible configurations. Contact
maps show the comparison between the DCA contacts with crystallographic
contacts (A and B) as well as the DCA contacts with simulation-derived
contacts (C and D). SMC-ScpA interprotein contact domain is shown in
blue border (B-D). DCA contacts are shown in black, crystallographic con-
tacts are shown in orange and green, and MD simulations-derived contacts
are shown in pink. (A) DCA recapitulates available crystallographic data for a
single SMC head domain as well as for (B) a single SMC head domain (or-
ange) with crystallographically determined contacts from a single ScpA
(green) protein complex. (C-F) MD simulations reveal two alternative in-
terfacial configurations between SMC heads and kleisin. One configuration
in C and E shows the two heads relatively far from each other, while the
other in D and F shows the two SMC heads closer together. (C) The inter-
protein contact map shows the comparison between simulated data from
MD and DCA contacts for the “far” configuration. DCA contacts are satisfied
in the bottom red circle. (D) The interprotein contact map shows the com-
parison between simulated data from MD and DCA contacts for the “close”
configuration. Here, DCA contacts are satisfied in both top and bottom red
circles. (E) A representative structure of the far configuration. SMC and ScpA
are shown in orange and green, respectively. (F) A representative structure
of the close configuration. SMC and ScpA are shown in orange and green,
respectively. Our results demonstrate several alternative configurations for
the SMC-kleisin system, suggesting overall dynamics of the condensin ring.
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evolutionary information, we were able to find several plausible
SMC-ScpA configurations, which demonstrate the possible dy-
namics in the overall condensin system as well.

Discussion

In this study, we propose a structure for the whole condensin pro-
tein complex. Using an integrative approach, we combined frag-
mentary crystallographic data, which were previously known, with
coevolutionary information to resolve a series of controversial issues
regarding the structure of SMCkleisin complexes. Condensin is
composed of three subunits: two SMC monomers interacting with
each other to form a dimer, the ScpA subunit bridging the two
monomers of SMC, and the ScpB dimer. Using DCA, we were able
to predict all of the known tertiary structural contacts for each of
those subunits; this validates our contact predictions for the specific
protein families based on sequence data alone. The single-protein
structures resulting from our integrative approach are complete,
regardless of usual limitations of crystallography, such as the large
size of the SMC protein or the partially disordered structure of
ScpA. We further exploited coevolutionary information to obtain
the interfaces between the subunits of the complex. Here, with only
limited experimental data, the contacts obtained from DCA are
essential to generate a complete complex structure.

Currently, one of the significant controversies in the context of
SMCkleisin protein complexes is the question of the complex
stoichiometry, namely, whether it is a single-ring or double-ring
structure. To address this controversy, we used structure-based
MD simulations informed by the coevolutionary contacts from
DCA. In this approach, we examined the plausibility of the single-
ring model, to see whether this simple model could explain all of
the available information. We found that a single ring could ac-
count for all contacts, both crystallographically determined and
coevolutionary, leaving behind no unexplained evidence. We also
analyzed the feasibility of higher-order ring models. The results of
our simulations for both the ScpAB and the SMC-ScpA sub-
complexes suggest that coevolutionary constraints tend to be more
consistent with the single-ring model. Overall, all of our findings
support the one-ring model more than the two-ring model.

The precise biological mechanism of operation of the SMC-
kleisin complexes remains unclear. While it has been recently
proved that the human condensin (24) and cohesin (10) extrudes
DNA by using ATP, it has also been suggested that there might be
an active molecular mechanism driving the ring opening. Binding
and hydrolysis of ATP by SMC proteins is indeed essential for
DNA loading and has been suggested to provide the energy for
transient reconfiguration of the hinge (24). In eukaryotic cohesin,
the SMC hinge domain and the SMCkleisin are suggested to
serve as entry and exit gates for DNA, respectively (3). In pro-
karyotic condensin, the binding of ScpA to SMC dimers pre-
sumably forces the head domains into different configurations,
owing to their association with opposite ends of the kleisin sub-
unit. ATP binding or hydrolysis might trigger distinct conforma-
tional changes into the two head domains that could act
synergistically to open the tripartite ring for DNA entry (26).
Despite all of this fragmentary evidence, how the opening of the
ring is achieved is not yet understood. Our integrative approach
enables us to investigate the coevolutionary signature of the
function of the complex, exploring all of its evolutionarily pre-
served configurations. Our analysis suggests the existence of an
unknown configuration of the hinge domain; such rearrangement
might be involved in the opening of the ring in the presence of
DNA. Moreover, the flexibility of the ScpA might also favor the
bistability of the condensin complex, allowing possible interaction
with the DNA strand and its release from the ring.

Our study, by providing the structure for the whole prokaryotic
condensin complex, constitutes a step toward investigating the
structure—function relationship of many similar SMC-kleisin
complexes. Upon obtaining the full structure of the condensin
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protein complex, we now are able to gain further insight into the
mechanism of nucleosome interaction with SMC—kleisin com-
plexes, including their potential motor capabilities.

Materials and Methods
Full details are provided in S/ Appendix.

Obtaining Protein Seq e Data for Condensin Subunits. To predict coevolved
contacts between the various subunits, the databases of multiple sequence
alignments (MSAs) for each protein were extracted from Pfam (41).

Experimental Protein Structural Data. All experimental crystal structures in this
study were retrieved from PDB (42).

DCA. To quantify the amino acid coevolution between residue sites in
a MSA, {69},_, m We construct a probabilistic model of a sequence,
6= (01,02, ...,01) that is most consistent with the MSA data. The probability
distribution resulting from our model, P(5), must reproduce the single-site
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a probabilistic model that is most consistent with the sequence data. The
coevolution between a pair of residue sites / and j is calculated using an
average product corrected Frobenius norm of the couplings matrix J; (43).

MD Simulation for Prediction of Unknown Protein Complex. Because no com-
plete structural data exist for the SMC-ScpA and SMC-ScpB complexes, we
predict their 3D structure by combining the DCA-derived contacts with SBMs
(44, 45). To reproduce docking of the selected subunits, the structure of each
subunit was processed by the SMOG server (46), generating topology files
that contain the SBM coarse-grained C, potentials. DCA-derived constraints
were incorporated in an SBM using a pairwise potential energy function that
combines a repulsive, excluded volume interaction with an attractive
Gaussian potential at long range (47-49). The obtained structures of our MD
simulations (Figs. 1B, 3 C and D, and 5 E and F) were reconstructed to all-
atom representations using an in-house code.
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