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MukBEF, a structural maintenance of chromosome-like
protein complex consisting of an ATPase, MukB, and two
interacting subunits, MukE and MukF, functions as the bac-
terial condensin. It is likely that MukBEF compacts DNA vig an
ATP hydrolysis—dependent DNA loop—extrusion reaction
similar to that demonstrated for the yeast structural mainte-
nance of chromosome proteins condensin and cohesin. MukB
also interacts with the ParC subunit of the cellular chromo-
somal decatenase topoisomerase IV, an interaction that is
required for proper chromosome condensation and segregation
in Escherichia coli, although it suppresses the MukB ATPase
activity. Other structural determinants and interactions that
regulate the ATPase activity of MukBEF are not clear. Here, we
have investigated the MukBEF ATPase activity, identifying
intersubunit and intrasubunit interactions by protein—protein
crosslinking and site-specific mutagenesis. We show that in-
teractions between the hinge of MukB and its neck region are
essential for the ATPase activity, that the ParC subunit of
topoisomerase IV inhibits the MukB ATPase by preventing this
interaction, that MukE interaction with DNA is likely essential
for viability, and that interactions between MukF and the
MukB neck region are necessary for ATPase activity and
viability.

Structural maintenance of chromosome (SMC) proteins are
essential for the management of chromosome compaction,
segregation, and repair. In Escherichia coli, MukB, an SMC-
like protein (1), acts in concert with its accessory proteins
MukF, the kleisin, and MukE, a KITE (kleisin-interacting
winged-helix tandem elements) protein (2, 3) to condense the
chromosome (4). Mutations in any of the genes encoding these
proteins give rise to temperature sensitivity as well as chro-
mosome condensation and segregation defects (5, 6). MukB
also interacts with the cellular decatenase topoisomerase IV
(topo IV), mediated by amino acid residues in the hinge region
of MukB and the C-terminal B-propeller domain of the ParC
subunit (7-9). Mutations in mukB that disrupt the interaction
with ParC also give rise to chromosome condensation and
segregation defects (10).

SMC proteins are characterized by long coiled-coil arms
nearly 50 nm in length that separate a head domain formed by
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N-terminal and C-terminal globular regions. SMC proteins
dimerize by interactions at the hinge region, which divides the
coiled-coil region roughly in half (1) (Fig. 1A). The head
domains of the two protomers in the dimer bind ATP
between them and are responsible for the hydrolysis of
ATP (11).

The long MukB protomer has globular domains at its
N-terminal and C-terminal ends that form half of the ATPase
head domain in a MukB dimer. The coiled-coil domains are
divided in half by another globular domain, the hinge, which
dimerizes two MukB monomers to form the MukB dimer.
Both MukB monomers in the MukB dimer fold over at a
region called the elbow, resulting in the hinge domain
becoming juxtaposed with the neck region, constituted of
coiled coils just above the head domain, of one of the MukB
monomers, KMukB. The C terminus of one MukF monomer
in the MukF dimer binds to the cap region of kMukB. A long
linker domain of MukF then snakes across the head domain
of the vMukB monomer with its middle domain (MD) making
contacts with the neck of the kMukB monomer, forming a
clamp for DNA bound in the MukB DNA-binding domain in
the joined MukB head domains. The N terminus of MukF is
bound to the head domain near the DNA-binding site in the
dimeric structure. The N-terminal domains of MukF from
two dimeric MukB complexes interact to assemble a dimer of
dimers (11, 12). Two MukE dimers are bound across the
winged-helix domain of MukF forming part of the DNA
clamp and making contacts with the vMukB neck domain
(Fig. 14) (11, 13, 14).

Recently, a number of SMC proteins have been shown to
manipulate DNA conformation by an ATP-dependent process
termed loop extrusion. Yeast condensin extrudes DNA loops
in a unidirectional manner (15, 16), whereas human cohesin
extrudes loops bidirectionally (17, 18). A “hold and feed”
mechanism for loop extrusion has recently been proposed (19).
Whereas a similar activity for MukBEF has not yet been re-
ported, it has been shown that the protein complex organizes
the E. coli chromosome into an axial core from which loops of
DNA protrude (20). MukB and topo IV are often found in the
same locations on the chromosome (21-23). We have shown
that when in a stoichiometric complex together, MukB and
topo IV inhibit the catalytic activities of each other: ParC in-
hibits the ATPase activity of MukB, whereas MukB inhibits
DNA transport segment trapping and DNA cleavage by topo

J. Biol. Chem. (2022) 298(6) 101964 1

© 2022 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2022.101964
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0001-5661-8828
Delta:1_given name
mailto:kmarians@sloankettering.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2022.101964&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

MukB ATPase

A MukB dimer B MukB =
Elbow _g g S
Coiled £ © <
coil Larynx
kDa kDa
Hinge
Neck| ‘ g 1;8‘
‘| -
Head
170- .-
‘ 130- 95-
MukF  MukE dimer 95— | 72-
® 72- 55-
NTD 55- i
43-
CTD 34-
34-
ParE 26-
MukB -
1.K653  3.K1246
5.K1395 -~
2.K1232 4.K1314 - 7.
ParC
MukF 10- o
6.K283 & R286 Topo IV
C-i C-ii C-iii
holo apo
24 MukB 24 MukB ° .
1.0 —
5 20 3 20 X
0.8
S e =
[0
-S‘E3 12 é 1e E\ o holo
1S £ S 04 — MukB
s ® g 8 3 — MukB*°
o 4 o 4 o 0.2
=
0+ - . : : : ; 0 - . : r : ; < 0.0 T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 100 200 300 400 500
Time (min) Time (min) [AcpP] (nM)
D-i D-ii
24-[MukF] o 9,01
= 20 =~
g 2 0.8
S6 s
° u
B 12 g 08
E =
= [} .
S 8 g 04
a5 I
o4 e 0.2+
<
0 0.0 .

0 5 10 15 20 25 30
Time (min)

T T T T
15 30 45 60 75
[MukF3] (nM)

o

Figure 1. Optimization of standard conditions for MukB ATPase. A, cartoon diagram of the core MUkBEF complex (after Burmann et al. (14)) and how the
ParC subunit of topo IV might inhibit MukB ATPase activity by preventing interaction between the MukB hinge region and kMukB. AcpP has been omitted
from the diagram. The two MukB dimers are denoted v and k. The numbered stars locate the positions of amino acid residues mutated in this study. B, SDS-
PAGE analysis of MukB"'°, MukB?® (5 pg each), and AcpP (1.5 pg) through Novex 4-20% Tris—glycine gels. C, requirement for AcpP for maximal rates of
MukBF ATPase. C-i, titration of AcpP in standard ATPase reactions containing 250 nM MuszhOIO and 75 nM MukF, (except reaction 6, which did not contain
either MukB or MukF). In reactions 1 to 6, [AcpP] was 500 nM, 250 nM, 125 nM, 63 nM, none, and 500 nM, respectively. C-ii, titration of AcpP in standard
ATPase reactions containing 250 nM MukB,*”° and 75 nM MukF, (except reaction 7, which did not contain either MukB or MukF). In reactions 1 to 7 [AcpP]
was 500 nM, 250 nM, 125 nM, 63 nM, 31 nM, none, and 500 nM, respectively. C-iii, plot of ATP hydrolyzed/MukB,/s as a function of [AcpP] from the data in
C-i and C-ii. D-i, titration of MukF, in standard ATPase reactions containing 250 nM MuszhOIO and 250 nM AcpP. In reactions 1 to 7, [MukF,] was 75 nM,
38 nM, 19 nM, 9 nM, 5 nM, 2 nM, and none, respectively. D-ii, data from D- plotted as ATP hydrolyzed/MukB,/s as a function of [MukF,]. AcpP, acyl carrier

protein; topo IV, topoisomerase IV.

IV (24), suggesting that any ATP-dependent DNA manipula-
tion catalyzed by MukBEF is modulated by topo IV.

Very recently, a cryo-EM structure of MukBEF bound to
DNA and MatP, a protein that acts to individualize the ter-
minus region of the E. coli chromosome (25), revealed that the
complex also contained the acyl carrier protein (AcpP) bound
near the elbows of the coiled-coil regions of the two MukB
protomers in a MukB dimer (14). This structure showed that
the coiled-coil regions were bent so that the MukB hinge re-
gion contacted the coiled-coil region of one of the MukB
protomers at the “neck,” which is just above the head domains.
This bent conformation of MukB had been reported previously
(13). AcpP has also very recently been shown to be required for
the MukB ATPase (26).

Prior to the publication of either of the structures of MukB
mentioned previously, in order to understand the effect of
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ParC on MukB, we initiated a protein—protein crosslinking
study between ParC and MukB and MukB and MukF. We
report the results of this study here combined with site-specific
mutagenesis of contact points within the MukB protomer,
between MukB and ParC, and between MukB and MukF. We
define an area within the MukB neck and head region that
crosslinks with ParC and the hinge region of MukB. We show
that interaction of the hinge region of MukB with its neck
region is required for the MukB ATPase activity. These latter
two observations indicate that ParC inhibits the MukB ATPase
activity by preventing the interaction between the hinge and
the neck regions. We also show that interactions between
MukF and the same region of the MukB neck are required for
the MukB ATPase activity and for viability and that mutation
of amino acid residues of MukE that are likely to contact DNA
also result in the loss of viability.
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Results
Optimal conditions for the MukB ATPase activity

MukB alone hydrolyzes ATP (27), and this activity is
stimulated by MukF (28, 29), whereas the MukBF ATPase is
inhibited by MukE (28, 29). AcpP was known to interact
with MukB (27, 30, 31), but the significance of this inter-
action remained obscure until Prince et al. (26) demon-
strated that AcpP was required for maximal MukBF ATPase
activity. This observation indicated that some previous ob-
servations of the MukB ATPase activity might have been
affected by the extent to which the MukB preparation was
saturated with AcpP. The cryo-EM structure of MukBEF
shows the stoichiometry of AcpP to MukB to be 1:1 (14). We
therefore reinvestigated the optimal conditions for MukBF
ATPase activity. To do so, we compared the ATPase activity
of a preparation of MukB that was only 5% saturated with
AcpP (apo-MukB) with that of one that was nominally 100%
saturated (holo-MukB) (Fig. 1).

To measure ATPase activity, we used the ENZCheck
Phosphate Assay Kit (Life Technologies) that detects free
inorganic phosphate in the presence of 250 nM MukB, and
other additions to the reaction as indicated. We use least
squares analysis to fit the linear portion of the phosphate
accumulation curve to a straight line and calculate the rate of
phosphate release. This value is then converted to ATP hy-
drolyzed per MukB dimer per second. AcpP was purified as
described under the Experimental procedures section (a gel
showing the purified preparation is shown in Fig. 1B). The
response of the MukBF ATPase to increasing concentrations
of AcpP is shown in Figure 1C. Even the preparation of MukB

A
24- )
T—g‘zo- :
= 16
B 121 — BF
E — BF+ E (38 nM)
8 & — BF+E (75 nM)
= 4 — BF+ E (150 nM)
— BF+ E (300 nM)
C T T 1 1 1 1
0 5 10 15 20 25 30
Time (min)
C-i
241 — MukBONAFE

20{— MukBPNAF
MukBPNA

-
]
1

Pi formed (umol)
@ B

N
1

o

0 5 10 15 20 25 30
Time (min)

MukB ATPase

that had 1:1 stoichiometry with AcpP (based on Coomassie
staining, Fig. 1B) was stimulated by additional AcpP (Fig. 1,
C-I). Based on this analysis, we performed all MukB ATPase
assays reported herein (except those shown in Fig. 54-ii) in the
presence of 250 nM AcpP.

We had previously shown that MukF dimer saturated the
MukB, ATPase at a ratio of 1:4 (28). This ratio remained the
same in the presence of 250 nM AcpP (Fig. 1D). We therefore
selected as standard ATPase conditions 250 nM MukB,,
75 nM MukF,, and 250 nM AcpP. Assuming the majority of
MukB molecules in our preparations are active (and we find
this MukF saturation ratio remains the same for all MukB
variants discussed in this report), this observation suggests that
MukF is acting catalytically in the ATPase assay, binding to
and dissociating from MukB dimers. It is known from both
crystal structures of portions of MukBF (11) and from the
cryo-EM structures (14) that MukF is mobile and rearranges
its binding to the MukB dimer. It is therefore possible that
MukF releases completely from MukB during the ATPase
cycle.

MukE inhibition of the MukBF ATPase is not relieved by the
addition of DNA

The addition of MukE dimer inhibits the MukBF ATPase
(28, 29) (Fig. 2A). It has been reported that the addition of
excess (to MukB) concentrations of small double-stranded
DNA oligomers relieved this inhibition (29). Unlike that of
most SMC proteins, the MukBF ATPase is not DNA depen-
dent (32) and is not affected by the presence of high concen-
trations of a 50mer DNA duplex (Fig. 2B). We find that under

B

24-
= 20~ =
o
£ 16
8 121 — MukBF
5 & -=+ MUKBF + DNA
T — MukBFE

IS
1

--- MukBFE + DNA

0 T 1 ] 1 T 1
0 5 10 15 20 25 30
Time (min)
CHii
24+
%20'
£ 16
B 12- — MukBPNAFE
g 8- — MukBPNAFE + DNA
= MukBPNA
o 4
0 r r r r .
0 5 10 15 20 25 30

Time (min)

Figure 2. DNA does not relieve the inhibition of the MukBF ATPase by MukE. A, standard ATPase reactions contained the indicated concentrations of
MukE,. B, DNA does not relieve the inhibition of the MukBF ATPase by MukE. Standard ATPase reactions contained 300 nM MukE, and 2.5 uM of a 50 bE
double-stranded oligonucleotide as indicated. C-i, the ATPase activity of MukBPNAF is stimulated by MukE. Standard ATPase reactions contained MukB®™,

MukBPNAF, or MukB
when present, was as in B.
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NAE with 300 nM MukE, as indicated. C-ii, DNA has no effect on the MukBPNFE ATPase. Standard ATPase reactions as indicated. DNA,
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the optimal conditions of MukBF ATPase, MukE inhibition
was not relieved by the presence of even 10-fold more DNA
oligomer than MukB (Fig. 2B). It is possible that previous
observations (29) were influenced by substoichiometric con-
centrations of AcpP in the MukB preparations used.

The cryo-EM structure of MukBEF shows, however, that
MukE forms part of the clamp that binds DNA to the MukB
heads (14). To address the effect of DNA binding to MukB on
MukE modulation of the MukBF ATPase activity, we used a
MukB variant we had previously developed (28), MukB R187E
R189E (MukBPN4), that binds DNA with one-quarter the af-
finity of the wildtype protein and manifests a reduced ATPase
activity compared with the wildtype (compare Fig. 2, A and C-i).
Remarkably, MukE stimulated the ATPase of this protein,
rather than inhibited (Fig. 2, C-I). Added DNA had no effect
(Fig. 2C-ii). The decreased ATPase activity of MukB°™* sug-
gests that the mutated MukB residues perturb necessary inter-
subunit interactions and that this perturbation could be
overcome to some extent by the presence of MukE, likely by a
stabilizing effect on the MukBEF complex. Therefore, to address
the role of DNA in the ATPase cycle, we turned our attention to
MukE, which makes a significant number of interactions with
the DNA bound to the head in the presence of ATP (14).

In the structure of the core MukBEF complex (MukBEF,
AcpP), MukE resides outside the MukB lumen and, as the
MukBEF holocomplex (MukBEF, MatP, DNA, and ATP) is
assembled with DNA and ATP, it moves closer to the bound
DNA and forces open the neck of vMukB. This DNA
binding concurrent with the opening of the neck by MukE
points to its important role in the ATPase reaction. We
made charge-reversal mutations in six positively charged
residues (R78E, R85E, K150E, R156E, R163E, and R164E;
MukE®®) of MukE, based on their proximity to the DNA in
the structure.

MukE®* was significantly less inhibitory to the MukBF
ATPase than wildtype MukE in either the absence or the
presence of DNA (Fig. 3, A and B). Examination of the crystal
structure of fragments of MukBEF (11) suggests that in the
absence of DNA, MukE could enter even further into the
MukB lumen than it does in the cryo-EM structure (14) to sit
at the top of the MukB heads with MukE residues R78 and R85
proximal to the positively charged DNA-binding region in the
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MukB head domain. Charge reversal substitutions at these
residues may therefore stabilize MukE in this position, favor-
ing an ATP-engaged conformation of the MukB heads to
stimulate ATP hydrolysis.

Because the DNA is clamped between MukB, MukE, and
MukF, any alterations to the DNA-binding residue are likely
to affect the dynamics of the MukBEF complex in the
absence of DNA. Although the ATPase activity is not affected
by DNA binding in the assays reported here, the energy
generated from ATP hydrolysis is believed to fuel trans-
location of the complex on DNA. To address the connection
between the two activities in overall function of the MukBEF
complex, we carried out complementation assays with plas-
mids carrying mukE and mukE®" alleles using a temperature-
sensitive strain where mukE was disrupted (Fig. 3C). Whereas
wildtype mukE complemented well at the nonpermissive
temperature, mukE®* failed to do so, underscoring the
importance of these DNA-binding residues in vivo. Expres-
sion levels of the mukE variants from the plasmids were
equivalent (Fig. S1).

Protein—-protein crosslinking reveals regions of the MukB head
and neck that interact with the MukB hinge region, MukF, and
ParC

In order to develop insight into the interactions between
MukBEF subunits and the mechanism of inhibition of the
MukBF ATPase by the ParC subunit of topo IV (24), we per-
formed di-(N-succinimidyl) glutarate—catalyzed protein—pro-
tein crosslinking experiments with MukB alone, MukB and
ParC, and MukB and MukF, followed by trypsin digestion and
analysis of the cross-linked peptides by mass spectrometry
(MS). The crosslinks found between ParC and MukB, MukF
and MukB, and selected crosslinks for MukB alone are dis-
played in Figure 4. Complete crosslinking results are included
in Tables S1-S3.

Our crosslinking studies defined three major regions on the
outer surface of each MukB monomer marked by residues
K1232 and K1246 on the neck and K1395 on the head domain
that interacted with ParC, MukF, and the MukB hinge (Fig. 4).
These interactions are not directly with the catalytic ATPase
center and are therefore likely to play a regulatory role, as
shown later. Several MukB amino acid residues in the neck
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Figure 3. The MukE®* variant is less inhibitory than the wildtype to the MukBF ATPase. A, the graph shows the relative maximal ATPase activitx
determined in standard ATPase reactions containing either wildtype or MukE®® at the indicated concentrations. B, DNA has no effect on the MukBFE®
ATPase activity. Standard ATPase reactions contained either wildtype or MukB®* and DNA (as in Fig. 2B) as indicated. C, the muke® allele does not
complement a temperature-sensitive mukE:kan strain. AZ5450 cells transformed with the indicated plasmids were grown to midlog phase at 25 °C, serially
diluted, plated on LB plates containing ampicillin, and grown at 25 and 37 °C.
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formed and analyzed as described under the Experimental procedures
section and is presented in circular format using XiView software (45). As-
terisks represent amino acid residues of MukB common to all three cross-
linking analyses. Complete crosslinking results are provided in Tables S1-S3.

crosslinked with the hinge region and MukF, reflecting the
asymmetric disposition of MukF across the two protomers of
the MukB dimer and the manner in which the coiled-coil re-
gions are folded over (Fig. 1A4). Surprisingly, ParC also cross-
linked with residues in both the hinge, neck, and head regions,
leading us to investigate the role of the MukB hinge region in
the MukB ATPase cycle.
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Interaction between the MukB hinge and neck regions drives
the MukB ATPase cycle, and ParC binding disrupts this
interaction

We and others had demonstrated previously that the fifth
blade of the ParC C-terminal P-propeller domain interacts
with the MukB hinge region (7-9). Neither the variant ParC
R705E R729A nor the variant MukB D697K D745K E753K
interacts with either wildtype MukB or ParC, respectively, in
pull-down assays. Replacement of mukB with the
mukBD697KD745KE753K allele results in severe nucleoid
decompaction and chromosome segregation defects in vivo
(10).

ParC inhibits the MukBF ATPase (24), implying, given the
folded conformation of MukB (13, 14) and our crosslinking
results, that ParC might interpose itself between the MukB
hinge and neck regions and that this might disrupt the ATPase
cycle, further suggesting that isolated MukB hinge might
stimulate the MukBF ATPase in trans. This proved to be the
case.

The addition of purified MukB hinge (MukB amino acid
residues 645—-804 (33)) had little effect on the ATPase activity
of MukB under our optimal conditions in the presence of
250 nM AcpP (Fig. 5, A-I). However, the MukB hinge had a
significant stimulatory effect in the absence of AcpP on the
activity of apo-MukB compared with holo-MukB that was in
1:1 complex with AcpP (Fig. 5, A-ii and iii). We had previously
shown that addition of purified MukB hinge to full-length
MukB bound to DNA caused dissociation of the latter pro-
tein from the DNA (33). In order to rule out the possibility that
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Figure 5. The MukB hinge fragment stimulates the ATPase activity of MukB®P° in trans. A-i, purified MukB hinge fragment does not stimulate the
ATPase activity of MukB"°P. Standard ATPase reactions with MukB"®'°F either did or did not contain 20 pM purified MukB hinge, fragment as indicated. A-ii,
purified MukB hinge fragment does stimulate the ATPase activity of MukB?®°. Standard ATPase reactions with MukB®P°F either contained no MukB hinge,
fragment or did contain the indicated concentrations of MukB hinge, fragment. A-iii, the data in A-ii converted to ATP hydrolyzed/MukB,/s and plotted as a
function of the concentration of MukB hinge, fragment. B, the full-length MukB hinge mutant, MukB*€*€, has significantly reduced ATPase activity compared
with wildtype MukB. Standard ATPase reactions contained either wildtype MukB®*°F or MukB¥E"€F in the presence or the absence of AcpP as indicated.

AcpP, acyl carrier protein.
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our MukB hinge preparation was contaminated with AcpP, we
analyzed both trypsin and chymotrypsin digests in solution of
large amounts of the MukB hinge preparation by MS. Other
trace contaminants were detected, whereas no AcpP-derived
peptides were detected at all (Table S4). We conclude that
the addition of the MukB hinge in trans can stimulate the
ATPase activity of the intact protein, suggesting that contact
between the hinge and the neck regions of MukB forms part of
the ATPase cycle.

We noted that our crosslinking results showed interaction
between amino acid residues K761 and K1395 in the MukB
hinge and head region, respectively. We had previously shown
that strains carrying the mukBK761ER765E allele were elon-
gated and had nucleoids of increased size compared with
wildtype (33). These mutations are in the hinge region and
include the residue that crosslinks to the neck region. The
MukB variant K761E R765E (MukB"F*F) has significantly
reduced ATPase activity compared with wildtype even in the
presence of saturating concentrations of AcpP (Fig. 5B),
further emphasizing the importance of the MukB hinge—neck/
head contact in the ATPase cycle.

A MukF variant defective in stimulation of MukB ATPase and
mukF complementation

Our MukF-MukB crosslinking (Fig. 4) showed crosslinking
between MukF residues K283 and K293 with MukB neck
residue K1232. Based on these results, we mapped these resi-
dues on available MukF and MukB crystal structures (11).
Mapping of K283 on the MukF structure, followed by the
generation of local protein contact potential using PyMOL
(version 2.0; Schrodinger, LLC), showed it to be part of a basic
patch. On MukB, the residue corresponding to K1232 was not
present in the crystal structure, which started at 11235. MukB
residue 11235 was also located in a basic patch; however, this
basic patch was flanked by two acidic patches on either side.
We therefore assumed an electrostatic interaction between the
basic and acidic patches on MukF and MukB, respectively.
Such an interaction could place the two crosslinking residues
(MukB K1232 and MukF K283) near each other. To address
this interaction and its importance in the function of MukBEF
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complex, we replaced K283, along with another residue, R286,
that was present in the same basic patch, with glutamates,
generating MukF**, MukF?* was 40 to 50% less active than
wildtype MukF in stimulating the MukB ATPase (Fig. 6A).
Interestingly, when provided in trans on a plasmid, mukF-
K283ER286E failed to complement the temperature sensitivity
of a mukF disruption strain, whereas the wildtype allele
complemented (Fig. 6B). Both proteins were expressed to the
same level (Fig. S1).

MukB variants mutated at head and neck residues are
deficient in MukF stimulation and MukE inhibition of the
ATPase activity

We engineered alanine replacement and charge reversal
variants of MukB in the amino acid residues we found in the
head and neck regions that crosslinked to the hinge region,
ParC, and MukF. Under our optimal conditions for ATPase
activity, all 10 MukB variants had reduced maximal rates of
ATP hydrolysis compared with the wildtype (Table 1).

We examined the ATPase activity of these variants with
respect to stimulation by MukF and MukF?*, inhibition by
ParC, and inhibition by MukE. Crosslinking showed that all
five of the MukB amino acid residues mutated interacted with
ParC (Fig. 4); we therefore examined the inhibition of the
MukBF ATPase by ParC for all the 10 variants (Fig. 7). There
was no significant difference in ParC inhibition observed. This
result is not surprising given that the primary site of interac-
tion between MukB and ParC is the hinge domain, allowing
ParC to prevent MukB hinge-neck and hinge-head in-
teractions despite mutations at these sites. Whereas one might
have expected MukB variants K653A and K653E, which are in
the hinge region, to affect the ParC—MukB interaction, we
note MukB K653 is not involved in the interaction between the
ParC C-terminal domain and MukB hinge fragment (9).
Therefore, the crosslinking results presumably reflect the
disposition of ParC once it has interposed itself between the
head/neck and hinge regions of MukB.

Four of five of these amino acid residues interact with
MukF, presumably reflected in the decrease in maximal
ATPase rates shown in Table 1. Given these established

10" 102 10° 10* 10 Dilution
pET11a-mukF

pET11a 25°C

pET11a-mukF

pET11a

Figure 6. The MukF?* variant is less active than wildtype in stimulating MukB ATPase activity. A, maximal rates of ATPase activity from standard
ATPase reactions containing either no wildtype MukF, or MukF,>* or 2 nM, 4.7 nM, 9.4 nM, 18.9 nM, 37.5 nM, and 75 nM wildtype MukF, or MukF,?* plotted
as a function of [MukF,]. B, the mukF* allele does not complement the temperature sensitivity of a mukF::kan strain. AZ5381 cells transformed with the
indicated plasmids were grown to midlog phase at 25 °C, serially diluted, plated on LB plates containing ampicillin, and grown at 25 and 37 °C.
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Table 1
Maximal ATPase rates of wildtype and mutated MukB variants

MukB variants ATP hydrolyzed MukB,/s

Wildtype 0.99 £ 0.07
K761ER765E 0.62 + 0.01
R187ER189E 0.56 £ 0.01
K653A 0.69 + 0.01
K653E 0.64 + 0.02
K1232A 0.79 £ 0.01
K1232E 0.72 £ 0.01
K1246A 0.67 + 0.07
K1246E 0.73 + 0.03
K1314A 0.71 + 0.02
K1314E 0.74 £ 0.01
K1395A 0.68 £ 0.02
K1395E 0.67 + 0.02

interactions, we determined whether any of the variants were
differentially sensitive to stimulation by MukF** compared
with wildtype MukF. To do so, we plotted the difference be-
tween MukF wildtype and MukF>* in ATP hydrolysis elicited
at equivalent concentrations of the proteins (Fig. 8). Most of
the variants did not show any difference in sensitivity to
MukF?* compared with wildtype MukB. However, amino acid
substitutions at K1246 of MukB showed clear and remarkably
opposite effects (Fig. 8C): MukB K1246E was less responsive
(showed a greater difference) to MukF>* stimulation than the
wildtype, whereas MukB E1246A was more responsive
(showed less of a difference) to MukF?* stimulation than the
wildtype.

The importance of neck residue K1246 also emerged when
the extent of inhibition by MukE of the ATPase activity of the
variants was examined (Fig. 9). Both MukB K1246A and
K1246E were more sensitive to MukE inhibition than the
wildtype (Fig. 9C), as were the MukB K653A and K653E
(Fig. 94) and MukB K1395A and K1395E (Fig. 9E) pairs. The
K653 residue is in the hinge region of MukB, whereas, as noted
previously, the K1395 residue crosslinks with the K761 residue
in the hinge region. In the Burmann structures (14), MukE is
closer to vMukB, whereas MukB residues K1395 and K653 are
likely involved in the interaction between the head and neck
domains of kMukB on the opposite side. Therefore, the dif-
ferential responses to MukE inhibition described previously

=}

Relative ATPase Activity

T T T T 1
0 200 400 600 800 1000

[ParC;] (nM)
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— MukBK653A -+ MukBK653E
— MukBK1232A --- MukBK1232E
— MukBK1246A --- MukBK1246E
— MukBK1314A --- MukBK1314E
— MukBK1395A --- MukBK1395E

Figure 7. The ATPase activities of MukB head and neck variants are
equally responsive to inhibition by ParC as wildtype MukB. The ATPase
activities of MukB wildtype and the indicated MukB variants were deter-
mined in the presence of either no or 125 nM, 250 nM, 500 nM, and 1 pM
ParC. Results are presented for each MukB protein as activity relative to the
rate of ATP hydrolysis in the absence of ParC.
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indicate an overall connection between the interactions of the
MukB hinge and MukF and of MukE with the MukB head and
neck residues on either side.

Of the 10 variants discussed previously, only the
mukBKI1314E allele showed a significantly reduced extent of
complementation of the temperature sensitivity of a mukB
deletion strain (Fig. 10), despite being expressed to similar
levels as the wildtype protein (Fig. S1). We had previously
shown the importance for interaction with ParC of residues in
the MukB hinge domain. MukB K1314 also crosslinks with
ParC. The reduced complementation of the mutant allele
therefore reveals a more elaborate interaction between ParC
and MukB that includes not only the MukB hinge but also
extends to the MukB larynx that sits above the DNA-binding
region in the MukB head domains. We consider the implica-
tions of these data in the Discussion section.

Discussion

SMC complexes have been referred to commonly as ring-
shaped multiprotein complexes (1). SMC dimers themselves
adopt a “V” shape (34) that is formed into a ring by association
of the kleisin and kleisin-interacting proteins (3). The ring-
shaped organization of these complexes suggested that DNA
could become trapped topologically within the ring (35), a
property that has been demonstrated experimentally for nearly
every SMC complex (36). The presence of an ABC ATPase
motif in the head domains of the SMC proteins and the
architectural similarity of these domains with those in the
cytoskeletal motor proteins myosin, kinesin, and dynein sug-
gested a motor activity for the SMC complexes enabling them
to translocate actively on DNA. However, how an open ring-
shaped structure might translocate on DNA was difficult to
envision. Indeed, a study aimed at understanding the trans-
location of cohesin complexes suggested that the ring of a
cohesin complex may not exist in an entirely open confor-
mation (37). Several other reports examining the topology of
the SMC complexes also pointed to an alternate organization.
The role of the hinge domain in DNA loading and unloading
reactions of the Bacillus subtilis SMC complex indicated a
bending of the coiled coil that would position the hinge near
the head domain (38). A recent report demonstrated that
condensins, cohesins, and MukBEF adopted a folded confor-
mation (13). Instead of a ring shape, the coiled-coil regions of
the SMC dimers aligned from hinge to the head leaving only a
small opening near the head. Furthermore, the coiled-coil re-
gion bent to position the hinge near the head domain. It has
been suggested that such an organization prevails in vivo and is
likely the active form of the complex. However, the importance
of such a conformation in the function of these SMC com-
plexes, specifically their ATPase activity, has remained
enigmatic.

In this study, we have uncovered intramolecular and inter-
molecular interactions between the subunits of the MukBEF
complex that determine its ATP hydrolysis activity. We show,
although the head domain of MukB, like other SMC proteins,
contains the residues for binding and hydrolysis of ATP at
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Figure 8. The MukB variants K1246A and K1246E respond differently to
stimulation by MukF?* compared with wildtype MukF. The MukF-
stimulated and MukF?*-stimulated ATPase activities of wildtype MukB and
all 10 MukB head and neck variants were compared by plotting the dif-
ference in the rate of ATP hydrolysis elicited between wildtype MukF and
MukF?* either in the absence of MukF proteins or in the presence of 9 nM,
19 nM, 38 nM, and 75 nM MukF, proteins. A, MukB K653A and MukB K653E.
B, MukB K1232A and MukB K1232E. C, MukB K1246A and MukB 1246E.
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their dimerization interface, the process of hydrolysis involves
dynamic interactions between MukF and the MukB hinge
domain with the outer surface of the head domain of MukB.
We also present a biochemical basis for the inhibition of this
activity by the MukB-interacting protein ParC, a subunit of
topo IV. ParC, by interacting with both the MukB hinge and
head domains, inhibits the ATPase activity likely by blocking
interaction between the MukB hinge and head domains.

A push by the hinge domain at the head and neck of MukB is
required for ATPase activity

Our crosslinking results with MukB alone suggest that it is
organized in a folded conformation not requiring interaction
with either MukE or MukF. Previous reports had shown that
the complete MukBEF complex was in the folded conforma-
tion (13, 14). Although the fraction of MukB existing in a
folded conformation in solution at any given time is unknown,
given that folding occurs at a specific region, the elbow, on the
coiled-coil region, we assume that the protein may be able to
readily switch between a folded and more extended confor-
mation. Three residues, K1232, K1246 (neck), and K1395, on
the head that crosslink with the hinge are located on the outer
surface of the protein such that the hinge could interact with
them when the coiled coils are folded without disrupting the
association of head domains (Figs. 14 and 11A4). Contrary to
the minor perturbation in the interaction that one would
expect from mutating these residues, a significant reduction
was observed in the ATPase activity for each of these mutants,
indicating a critical role for these interactions. The importance
of the head—hinge interaction was further underscored by the
ability of the isolated hinge domain to stimulate the ATPase
activity in trans of a preparation of MukB depleted of AcpP.
The role of the hinge—head interaction in the MukB ATPase
activity is further reinforced by the manner in which ParC
inhibits the ATPase activity.

A biochemical basis for ParC-mediated inhibition of the MukB
ATPase activity

Mutation of either residues D697, E745, and E753 in the
MukB hinge or residues R705 and R729 in the ParC C-ter-
minal domain disrupts the interaction between MukB and
ParC (7, 8). MukB and ParC variants carrying mutations in
these mutations show no detectable interaction between the
two proteins in pull-down assays, suggesting the MukB hinge
as the only interaction site for ParC. However, here, based on
protein crosslinking, we report a large interface between ParC
and MukB spanning the coiled coil, neck, and head domains,
in addition to the sites reported previously on the hinge
domain. Moreover, the interaction site of ParC on the MukB
head and neck overlaps with those identified for the MukB
hinge and MukF. Whereas overlapping interaction sites could
result in a competition for binding between ParC, the hinge,
and MukF that would affect the ATPase activity, the recent

D, MukB 1314A and MukB 1314E. E, MukB 1395A and MukB 1395E. The
curve for MukB wildtype is reproduced on each graph for comparison.
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Figure 9. The effect of MukE on the ATPase activities of the 10 MukB
head and neck variant proteins. The maximal rates of ATPase activities for
the 10 variant proteins in either the absence or the presence of 38 nM,
75 nM, 150 nM, and 300 nM MukE were determined and are presented for
each MukB protein as activity relative to the rate of ATP hydrolysis in the
absence of MukE. A, MukB K653A and MukB K653E. B, MukB K1232A and
MukB K1232E. C, MukB K1246A and MukB 1246E. D, MukB 1314A and MukB
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cryo-EM structure of the MukBEF complex (14) shows that in
the folded conformation, the MukB hinge contacts one MukB
protomer at the neck (kMukB), whereas MukF contacts the
other protomer in the MukB dimer (vMukB) (Figs. 14 and
11A). This structure makes it much more likely that ParC gets
sandwiched between the MukB hinge and head domains. In
such a conformation, the presence of a huge ParC molecule
between the hinge and head domains would inhibit their
interaction, which we find important for the ATPase activity.
Moreover, the crosslinking of ParC to the MukB K1314 res-
idue present in the larynx, which opens to allow the entry of
DNA into the MukB lumen, suggests that ParC could block
the translocation of MukB on DNA directly as well.

MukF interacts with the neck of MukB to stimulate ATPase
activity

Our picture of the organization of the ATP hydrolysis core
of the MukBEF complex has been based largely on the crystal
structure of the Haemophilus ducreyi MukBEF complex (11).
This structure showed nonhydrolyzable ATPyS sandwiched
between the MukB head domains and the C-terminal winged-
helix domain of MukF, likely facilitating dimerization of the
head domains by interacting with the cap of one of the MukB
heads. Although the structure lacked the MukF N-terminal
domain in complex with MukB, studies with other SMC
complexes showed that the kleisin also interacted with the
neck region of the SMC protein (39, 40), suggesting the pos-
sibility of a similar interaction between MukB and MukF.
Indeed, pull-down experiments with fragments of MukF
demonstrated such an interaction between the MukF N-ter-
minal region and the neck of MukB (29). Moreover, that study
also suggested independent regulatory roles of the MukF
N-terminal and C-terminal domains in the MukBF ATPase
activity. In agreement with these studies, we have found
crosslinks that indicate interaction of MukF with the neck of
MukB and that these interactions are vital for the stimulation
of ATPase activity.

The stimulation of MukB°™* ATPase activity by MukE
could be because of its ability to stabilize MukF in the MukBEF
complex. The mutations in MukB°™* (R187E R189E) were
made based on comparison to residues in the head region of
the B. subtilis SMC protein that were required for DNA
binding (28). The cryo-EM structure of Burmann et al. (14)
shows R187 and R189 to be just adjacent to the DNA-binding
site occupied by the short duplex DNA. Given their position,
these residues could interact with DNA in the absence of
MukF. In the presence of MukF, these residues are likely
masked by the N-terminal residues of MukF. Charge reversal
substitutions at these sites could prevent binding of MukF and
possibly destabilize an important interaction that decreases the
efficiency of stimulation. This possibility could also explain the
observations that MukF decreases the binding of MukB to
DNA (29).

1314E. E, MukB 1395A and MukB 1395E. The curve for MukB wildtype is
reproduced on each graph for comparison.
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Figure 10. The mukB13174A allele is less active than the wildtype allele
in suppressing the temperature sensitivity of a AmukB strain.
BW30270AmukB:kan cells transformed with the indicated plasmids were
grown to midlog phase at 25 °C, serially diluted, plated on LB plates con-
taining ampicillin, and grown at 25 and 37 °C.

Structural bases for the effects of mutagenesis on the MukBEF
ATPase activity

The cryo-EM structures of Burmann et al. (14) show the
organization of the MukBEF-AcpP complex (core complex)
and conformational changes upon association with ATP,
MatP, and DNA (holocomplex). The folded conformation of
MukBEF also corresponds to crosslinking results reported
previously (14) and in our present study. In the folded struc-
ture, the MukF MD aligns with the MukB head domain, and as
our crosslinking results predicted, the top of the MukF MD
faces MukB neck residues.

To understand how the residues reported in our study affect
the ATPase activity of the MukB complex, we mapped these
residues onto the Burmann et al. (14) MukBEF core structure
(Fig. 11A). On either side of the dimeric MukB structure, three
residues K1232, K1246 (both on the MukB neck), and K1395
(on the MukB head), are spaced at a regular distance marking
distinct regions of interaction between the MukB hinge and
MukF. On one side, the MukF MD is aligned facing all three
residues on vMukB, whereas the hinge domain and proximal
coiled-coil regions are aligned with these residues on the other
side on kMukB (Fig. 11A4), supporting our crosslinking results
and ruling out any competition between the MukB hinge and
MukF for binding to these MukB residues.

Because the conformational changes in the MukBEF struc-
ture driven by the binding of ATP and DNA are localized in
the MukB head domain and coiled-coil region above it, we
aligned the core MukBEF and holo—-MukBEF complex struc-
tures based on overall similarity followed by a forced align-
ment at the region of the bend in the coiled coil. As the core
complex associates with ATP, MatP, and two DNA molecules,
the head domains are forced to close in on the bound ATP,
whereas the neck regions on either side open up to favor the
closed head conformation and allow extra space for DNA. The
closure of the head domain seems to be enforced from either
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side, with the kMukB hinge pushing on the head domains from
one side, whereas on the other side, MukF moves closer to the
vMukB neck and inserts two MukE subunits in the MukB
lumen to push the neck outward favoring an ATP-engaged
conformation of the head (Movie S1).

In the core MukBEF structure on kMukB, K1232 and K1395
side chains are present within 5 A of those of E657 (4.3 A) and
D716 (2.3 A) on vMukB (Fig. 11, B and C), suggesting elec-
trostatic interactions between these residues, whereas the
K1246 side chain is not close to any residue on vMukB
(Fig. 11D). On vMukB, however, the K1246 side chain is 5.3 A
away from the MukF D227 side chain (Fig. 11E), and these two
residues could presumably close in further in a dynamic sit-
uation to stabilize the interaction between MukB and MukF.
On the other hand, residues K1232 and K1395 on vMukB are
far from any MukF residue (Fig. 11, F and G) and thus unlikely
to form such an interaction. In this structure, although vMukB
K653 does face the kMukB coiled coil above the neck, we were
unable to locate any interactions. However, in the hol-
ocomplex structure, vMukB K653 moves significantly closer
(5.8 A) to Glu1224 (Fig. 11H).

The mapping of these residues allowed us to classify the
effect of these mutations. The observed decrease in the MukBF
ATPase activity upon mutations in K1232 and K1395 likely
results from a perturbed hinge and head interaction in kMukB,
whereas the decrease observed with mutations at K1246 likely
result from defects in interaction with MukF. Based on its
position, vMukB K653 is likely interacting with the coiled coil
of kMukB and may contribute to a stable alignment of coiled
coils in the bent conformation. Similarly, residues K283 and
R286 of MukF were mapped and analyzed on these structures.
In the core complex, these residues are too far away to contact
any residues of MukB. Although these MukF residues move
significantly toward the MukB neck in the holocomplex
structure, they remain at a distance from MukB residues
(Fig. 11I). However, because MukF K283 crosslinked with
MukB K1232 and both residues remain in the same plane in
the holocomplex structure, further inward movement of MukF
in a dynamic structure would allow this contact. The inter-
action between MukF and MukB in this region is further
substantiated by a reduced effect of MukF** on the ATPase
activity of MukB K1246E. Because MukB K1246 is expected to
be involved in the MukF interaction, its presence in combi-
nation with MukF?* is likely to further reduce a dynamic
interaction between MukF and MukB that is essential for
ATPase activity. Because the decreased ATPase activities
observed with other MukB mutants are likely because of
decreased associations with the hinge region, they do not
exhibit a significant decrease in stimulation with MukF>*,

Coupling of MukB DNA condensation to its ATPase activity
Dependence of the SMC complexes on ATP hydrolysis for
DNA organization activities and the presence of DNA-binding
and ATP-binding sites on the same head domains suggests
that DNA binding may affect the ATPase activity (39). Indeed,
DNA does affect the ATPase activities of different SMC
complexes: The B. subtilis SMC complex displays a DNA-
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Figure 11. Mapping of MukB head and neck mutations to the MukBEF structures of Burmann et al. (14). A, overall view of the head, neck, and larynx
regions of the MukBF dimer in the core MukBEF cryo-EM structure. Amino acid residues discussed in the text are indicated. kMukB, cyan; vMukB, green;
MukF, blue. B-1, specific potential interactions as discussed in the text. B-H are extracted from the core MukBEF structure, whereas / is extracted from the

holo-MukBEF structure.

dependent ATPase (41), whereas human cohesin (18) and
yeast condensin (42) exhibit DNA-stimulated ATPase activ-
ities. In contrast, the effect of DNA on the MukBEF ATPase
has been problematic. It has been reported that the MukB
ATPase activity is DNA independent and is, in fact, inhibited
somewhat by double-stranded DNA (32), whereas Zawadzka
et al. (29) showed that DNA neutralized to some extent the

SASBMB

effect of MukE-mediated inhibition of the MukBF ATPase
activity. However, in our current study, using saturating con-
centrations of AcpP, which is required for the MukBF ATPase
activity (26), we find no effect of DNA on the ATPase activity
of either the MukBF complex or the MukBEF complex.
Nevertheless, MukB-mediated chromosomal organization is
dependent on ATP hydrolysis (20).
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Some of our observations thus raise the question of how
presumed DNA translocation/loop extrusion by MukB is
coupled to its ATPase activity. All the variant MukBs mutated
in the head, neck, and larynx of the protein examined herein
exhibited a 30 to 35% decrease in ATPase activity compared
with the wildtype protein, yet only one of 10 mutants failed to
complement a AmukB strain. The MukB"™* variant, which
has half the ATPase activity and one-fourth the affinity for
DNA as the wildtype (28), also complemented a AmukB strain
(Fig. S2), yet the ATPase activity of this protein was stimulated,
rather than inhibited, by MukE. Answers may lie with further
analysis of the properties of the MukE®* mutant, which does
not inhibit MukBF ATPase activity to the same extent as the
wildtype MukE and does not complement a AmukE strain.
Failure of MukE®® to complement might arise from the
inability of the MukBEF complex to translocate or localize on
DNA even though the complex could hydrolyze ATP. Such a
scenario, if extant, would suggest that MukE is the coupling
factor between the MukBF ATPase cycle and DNA
condensation.

Experimental procedures
Expression plasmids

Wildtype MukB and MukB variants were either expressed
in untagged form from pET11a-mukB (7) or with N-terminal
His10-Smt3 tags from pET28b-His10-Smt3-mukB. ORFs for
the mukB variants were generated by site-directed mutagen-
esis using the Pfu Ultra II Fusion HS DNA Polymerase kit
from Agilent. Primers for generating the variant ORFs are
listed in Table S5. Some mutated regions of mukB ORFS were
transferred from pET28b-Smt3-His10 plasmids to pET11a-
mukB plasmids for complementation studies by recovering a
SgrAl-digested and Rsrll-digested plasmid from the former
vector and ligating it to the latter that had also been digested
with the same restriction enzymes. MukE and MukE®* were
expressed from pET1la-mukE. MukF and MukF** were
expressed from pET1la-mukF as described (28). Primers for
generating the variant ORFs are listed in Table S4. AcpP was
expressed with an N-terminal Smt3-His10 tag. The acp ORF
was amplified from pET29a-acp-His (Addgene) using primers
listed in Table S5 and inserted into Sacl-digested and
BamH1-digested pET28b-Smt3-His10 to give pET28b-Smt3-
His10-acp.

Proteins

Proteins were expressed in E. coli BL21(DE3) as described
(7, 28). Untagged MukB wildtype and variants were purified as
described (7). Tagged MukB proteins were purified as follows
(all procedures were at 4 °C): Cells were lysed with lysozyme,
and MukB proteins were precipitated by the addition of
(NH4),S04 to the cleared S100 lysates to 32% saturation.
Protein pellets were resuspended in buffer T (50 mM potas-
sium phosphate [pH 8.0], 300 mM NaCl, 0.5% Triton X-100,
and 20% glycerol) and dialyzed overnight in the same buffer.
The dialyzed fraction was mixed for 3 h with Talon Metal
Affinity Resin (Clontech) that had been equilibrated with
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buffer T. The slurry was packed into a column and washed
with 20 column volumes of buffer T + 25 mM imidazole-HCl
(pH 8.0). MukB proteins were eluted with buffer T + 0.5 M
imidazole—HCI and incubated overnight with Ulpl at a 1:50
ratio (w/w, Ulpl:MukB) to cleave off the tag. Products were
precipitated with (NH,),SO, at 50% saturation, resuspended in
buffer A (50 mM Tris—HCI [pH 7.5], 5 mM DTT, 1 mM
EDTA, 0.5 M NaCl, and 20% glycerol), and gel filtered through
a Superose 6 10/300 GL column (GE Healthcare) equilibrated
with the same buffer. Peak fractions (located by SDS-PAGE)
were pooled, dialyzed overnight against storage buffer
(50 mM Tris—HCI [pH 7.5], 5 mM DTT, 1 mM EDTA, 02 M
NaCl, and 40% glycerol), aliquoted, frozen in liquid nitrogen,
and stored at —80 °C. All final fractions were free of detectable
nuclease activity. Wildtype MukB purified either without or
via a tag had identical ATPase activity (Fig. S3). MukB wild-
type and variants K653A, K653E, K1246A, and K1246E were
purified without a tag. MukB wildtype and variants K1232A,
K1232E, K1314A, K1314E, K1395A, and K1395E were purified
via a tag. Fig. S4 shows the different MukB preparations and
their saturation with AcpP. Saturation by AcpP could vary
considerably, as illustrated by the gel of the two wildtype
MukB preparations shown in Figure 1B.

MukB hinge fragment

The MukB hinge ORF (residues 645-804) was expressed
from pRSFDuet with an N-terminal His-Smt3 tag in
BL21(DE3). Three liters of cells were grown at 37 °C in LB
medium containing 50 pg/ml kanamycin to an absorbance of
0.5 at 600 nm, cooled to 16 °C, and protein expression induced
by the addition of IPTG to 0.4 mM. Cells were harvested after
16 h, resuspended in buffer A (50 mM Tris—HCI [pH 8.0],
500 mM NaCl, 2 mM PMSF, 5% [v/v] glycerol) containing
10 mM imidazole, lysed by sonication, and the cleared lysate
bound to nickel-nitrilotriacetic acid (NTA) resin (Invitrogen)
overnight at 4 °C. The resin was washed with buffer A con-
taining 50 mM imidazole, and protein was eluted using
300 mM imidazole in buffer A. Peak fractions (located by SDS-
PAGE) were pooled, digested with Ulp1 overnight while being
dialyzed against buffer A containing 10 mM imidazole, and
passed through Ni—-NTA resin again to remove the cleaved tag
and Ulpl. Protein in the flow through was precipitated by the
addition of (NH,)SO4 to 55% saturation, dissolved in buffer A,
and gel filtered through a 135 ml Superdex 200 column
equilibrated and developed with buffer A. Peak fractions were
pooled, dialyzed against storage buffer (50 mM Tris—HCI [pH
7.5], 150 mM NaCl, 2 mM DTT, 1 mM EDTA, and 40%
glycerol) overnight, aliquoted, frozen in liquid nitrogen, and
stored at —80 °C. SDS-PAGE analysis of MukB hinge fragment
is shown in Fig. S4.

MukE and MukE®* were purified as described (28) with the
exception that the order of the gel filtration and hydroxyapa-
tite chromatography steps were reversed. SDS-PAGE analysis
of MukE®® is shown in Fig. S5.

MukF and MukF** were purified as described (28) except
that fraction 3 was precipitated with (NH,),SO, at 35%
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saturation rather than 60%. SDS-PAGE analysis of MukF>* is
shown in Fig. S4.
ParC was purified as described (43).

AcpP

Eight liters of BL21(DE3) (pET28b-Smt3-His10-acp) in LB
medium + 50 pg kanamycin were grown at 37 °C to an
absorbance of 0.8 at 600 nm, IPTG was added to 1 mM, and
growth continued overnight at 16 °C. Cells were harvested,
resuspended in 50 mM Tris—HCI (pH 8.0 at 4 °C), 0.5 M Na(l,
10 mM imidazole—HCI (pH 8.0), 10% sucrose, 5% glycerol, and
1x Bacterial Protease Arrest (G-Biosciences) to 150 absor-
bance at 600 nm/ml, and lysed by three passages through a
French Pressure Cell at 20,000 psi. A cleared S100 lysate was
mixed for 3 h with Ni-NTA resin (Invitrogen) equilibrated
with buffer B (50 mM Tris—HCI [pH 8.0 at 4 °C], 0.5 M NaCl,
and 5% glycerol) containing 10 mM imidazole—-HCI (pH 8.0).
The slurry was then poured into a disposable column, washed
with 20 column volumes of buffer B containing 10 mM
imidazole—HCI (pH 8.0), followed by five column volumes of
buffer B containing 20 mM imidazole—HCI (pH 8.0). AcpP was
eluted with buffer B containing 100 mM imidazole-HCI (pH
8.0), incubated overnight with Ulpl at a 1:70 ratio (w/w,
Ulpl:AcpP) to cleave off the tag, and dialyzed overnight
against buffer B containing 10 mM imidazole-HCI (pH 8.0)
and 0.05% NP-40. The dialyzed fraction was mixed for 2 h with
Ni—-NTA resin (Invitrogen) equilibrated with the same buffer,
poured into a disposable column, and the flow through was
then gel filtered through a Superdex 200 (130 ml) column
equilibrated in 50 mM Tris—HCI (pH 8.0 at 4 °C), 1 mM
EDTA, 5 mM DTT, 300 mM NaCl, 0.05% NP-40, and 10%
glycerol. Peak fractions (located by SDS-PAGE) were pooled,
dialyzed against storage buffer (50 mM Tris—HCIl [pH 8.0 at
4°C], 1 mM EDTA, 5 mM DTT, 150 mM NacCl, 0.05% NP-40,
and 40% glycerol), aliquoted, frozen in liquid nitrogen, and
stored at —80 °C.

Protein-protein crosslinking analyses

Proteins were dialyzed extensively against 50 mM Hepes—
NaOH (pH 8.0), 150 mM KCl, and 20% glycerol to remove
DTT and EDTA. For MukB alone, MukB (125 nM as dimer)
was incubated with 40 pM di-(N-succinimidyl) glutarate in
conjugation buffer (50 mM Hepes—NaOH [pH 8.0],
0.5 mM Mg(OAC),, and 20 mM KCl) at 37 °C for 20 min, the
reaction was quenched by the addition of Tris—HCI (pH 8.8) to
75 mM followed by incubation at room temperature for 5 min,
and the products precipitated by the addition of trichloroacetic
acid to 5%. Proteins were recovered by centrifugation, dis-
solved in SDS-PAGE loading dye, and electrophoresed
through a NuPAGE 3-8% Tris-acetate gel. The gel was stained
with Simply Blue SafeStain (Invitrogen), species with mobil-
ities slower than monomeric MukB were excised, and the
samples submitted to the Memorial Sloan Kettering Mass
Spectrometry Core. Samples were processed as described (44).
For MukB and ParC, 0.9 uM MukB and 1.8 uM ParC (as di-
mers) were treated with 90 uM disuccinimidyl glutarate. For
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MukB and MukF, 0.75 pM MukB and 2.5 pM MukF (as di-
mers) were treated with 200 pM disuccinimidyl glutarate.

The LC-MS/MS .raw files were processed using Mascot
(version 2.6.1.100, Matrix Science) and searched for protein
identification against the SwissProt protein database for E. coli.
Carbamidomethylation of C was set as a fixed modification,
and the following variable modifications were allowed: oxida-
tion (M), N-terminal protein acetylation, deamidation (N and
Q), ubiquitination (K), and phosphorylation (S, T, and Y).
Search parameters specified an MS tolerance of 10 ppm, an
MS/MS tolerance at 0.08 Da, and full trypsin digestion,
allowing for up to two missed cleavages. False discovery rate
was restricted to 1% in both protein and peptide levels. Protein
coverage and peptide count were obtained using Scaffold
(version 4.8.4, Proteome Software).

MS analysis of the MukB hinge fragment

MukB hinge fragment (26 pg) was denatured in 8 M urea
(200 ml), treated with 5 mM Tris(2-carboxyethyl)phosphine at 56
°C for 20 min and alkylated with 10 mM 2-iodoacetamide at
room temperature for 30 min in the dark. The reaction was
quenched by the addition of DTT to 5 mM followed by incuba-
tion at room temperature for 15 min. Tris—HCI (pH 8) was then
added to 4 mM, and the sample was divided into two equal
portions. One portion was treated with 0.5 pg of trypsin at 37 °C
and the other with 0.5 pg of chymotrypsin at room temperature
overnight. Samples were then desalted and analyzed by MS.

ATPase assays

The ENZCheck Phosphate Assay Kit was used. Reaction
mixtures (150 pl) containing the supplied standard reaction
buffer supplemented with 2 mM ATP, 20 mM KCI, and
1 mM Mg(OAC), and the indicated concentrations of proteins
were assembled on ice, aliquots (140 pul) were transferred to a
chilled 96-well plate (Corning; product number: 9017; with
lid), the plate shaken for 2 s at 180 rpm, and the reaction was
analyzed immediately in a BioTek Epoch 2 Microplate Reader
preheated to 37 °C. Absorbance at 330 and 360 nm was
recorded at 2 min intervals for 30 min. A sample that did not
contain proteins was used as the blank in all experiments.

Complementation assays

pET1la plasmids carrying wildtype and mutated mukB,
mukE, and mukF alleles were transformed into BW30270
AmukB::kan (10), AZ5381 mukF:kan trpC9941 (6), and
AZ5450 mukE::kan trpC9941 (6). Post-transformation recov-
ery was at 25 °C. Single colonies from these transformants
were grown overnight in LB medium containing 100 pg/ml
ampicillin at 25 °C, subcultured the next day to an absorbance
of 0.05 at 600 nm in 50 ml medium, grown to an absorbance of
0.6 at 600 nm, diluted serially in phosphate-buffered saline,
and plated on LB agar plates containing ampicillin that were
then grown at 25 °C (permissive temperature) and 37 °C
(nonpermissive temperature). Protein expression from the
plasmids was confirmed by harvesting transformed cells grown
at 25 °C to midlog phase, resuspending in lysis buffer (50 mM
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Tris—HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2 mM DTT,
and 5% glycerol), lysing by sonication, and Western blotting
varying equivalent amounts of cell lysate resolved by SDS-
PAGE. Blots were probed with affinity-purified MukB,
MukE, and MukF polyclonal antibodies as indicated. Blots
were developed using horseradish peroxidase—conjugated
secondary antibodies and ECL reagents (Cytiva Life Sciences).

Data availability

All raw data and images are held by the authors and avail-
able upon request.
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