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The strength of the phenotype may thus be in-
fluenced by the relative incorporation of Env
variants. This view is consistent with the find-
ing that the Env(ACT) variant shows a cell-
type—dependent infectivity defect (3, 22), which
correlates with Env incorporation and can be res-
cued by a mutation that increases this incorpo-
ration (25).

We suggest that Env trimers are initially re-
cruited to viral budding sites in a random dis-
tribution, yielding a multifocal appearance. Their
lateral movement is restricted by the underlying
rigid Gag lattice interacting with the Env CT and
preventing formation of a single Env cluster in
the immature virus. Proteolytic maturation, spe-
cifically the separation of MA from CA, over-
comes this restriction, leading to coalescence into
a single Env focus, driven by intermolecular Env
CT interactions. This rearrangement polarizes
the virus particle with subsequent attachment of
the Env cluster to a CD4 patch on the target cell
surface, thus initiating virus entry. Whereas Env
trimers with truncated CT are mobile irrespec-
tive of Gag maturation, they lack the propensity
to cluster. Clustering of Env trimers is partially
rescued upon engagement of the cellular recep-
tor provided that individual trimers are free to
move within the viral membrane. Conversion of

the inner core is thereby coupled to surface al-
terations in a mechanism of “inside-out signal-
ing,” ensuring that only particles whose interior
has switched to the entry mode are fully com-
petent for membrane fusion.
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In Vivo Architecture and Action
of Bacterial Structural Maintenance
of Chromosome Proteins

Anjana Badrinarayanan,’*t Rodrigo Reyes-Lamothe,™*t Stephan Uphoff,

Mark C. Leake,?§ David ]. Sherratt's

SMC (structural maintenance of chromosome) proteins act ubiquitously in chromosome processing.
In Escherichia coli, the SMC complex MukBEF plays roles in chromosome segregation and
organization. We used single-molecule millisecond multicolor fluorescence microscopy of live
bacteria to reveal that a dimer of dimeric fluorescent MukBEF molecules acts as the minimal
functional unit. On average, 8 to 10 of these complexes accumulated as “spots” in one to three
discrete chromosome-associated regions of the cell, where they formed higher-order structures.
Functional MukBEF within spots exchanged with freely diffusing complexes at a rate of one
complex about every 50 seconds in reactions requiring adenosine triphosphate (ATP) hydrolysis.
Thus, by functioning in pairs, MukBEF complexes may undergo multiple cycles of ATP hydrolysis
without being released from DNA, analogous to the behavior of well-characterized molecular

motors.

MC (structural maintenance of chromo-

some) complexes share conserved archi-

tectures and function in chromosome
maintenance in all domains of life, although
the molecular mechanism by which they act
in vivo is unknown (/-3). In eukaryotes, SMC
heterodimers associate with a range of acces-
sory proteins, acting in chromosome organi-
zation, sister chromosome cohesion, and other
chromosome biology functions, whereas in bacte-

ria an SMC homodimer and associated acces-
sory proteins act in chromosome maintenance
(). In Escherichia coli and some other y pro-
teobacteria, a distant SMC relative, MukB with
accessory proteins MukE and MukF, replaces
the typical SMC complex but has similar func-
tions (4, 5). Bacterial smc null mutants are fre-
quently temperature sensitive, produce anucleate
cells, and show disturbed chromosome orga-
nization at permissive temperature, indicating

roles in SMC-mediated chromosome segrega-
tion and/or compaction (/, 6, 7). In E. coli un-
dergoing nonoverlapping replication cycles,
MukBEF accumulates as “spots” at about one
to three discrete chromosome locations, typi-
cally at mid-cell and/or quarter-cell, in the same
regions as replication origins (6). Structural and
biochemical MukBEF fragment studies report
two subunit arrangements, 2:4:2 or 2:2:1, for
MukB:E:F, dependent on whether adenosine
triphosphate (ATP) is absent or bound, respec-
tively (8) (fig. S1A). Here, our aim was to under-
stand the molecular architecture of active SMC
complexes in vivo, as well as the transformations
undergone during ATP binding and hydrolysis,
as complexes associate with, and dissociate from,
the chromosome.

E. coli cells, in which endogenous MukBEF
genes were replaced by functional yellow flu-
orescent protein (YPet) fusions, were analyzed
by slimfield microscopy, a strategy used pre-
viously for studying replisomes (9) (Fig. 1A,
figs. S1 and S2, and tables S1 to S3). Analysis
of the numbers of MukB, E, or F molecules
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in individual fluorescent spots showed broad
stoichiometry distributions, even between spots
in the same cell, with mean values 36 + 3, 36 + 4,
and 19 £ 1 molecules (+SEM) for MukB, E,
and F, respectively (9, 10) (Fig. 1B and C).
Fourier analysis showed periodicities in stoi-
chiometry of 4:4:2 molecules, respectively, for
MukB:E:F (Fig. 1C, insets). Spots were elon-
gated parallel to the cell’s long axis (Fig. 1D),
suggesting that MukBEF complexes spanned
several tens of nm, with a decrease of ~20% in
measured spot width with increasing stoichi-
ometry across the range measured, consistent

with increasing compaction of MukBEF struc-
tures as more molecules are added (fig. S3 and
table S4).

Higher-resolution data were obtained using
live-cell PALM (photoactivated localization
microscopy) (/) with functional photoacti-
vatable red fluorescent protein (PAmCherry)
fusions to MukBEF. Rapidly diffusing and rel-
atively immobile populations forming about
one to three immobile elongated spots per cell
were observed, as in slimfield images (Fig. 1E),
the latter resolvable into subclusters containing
closely associated individual PAmCherry mole-

REPORTS I

cules in a diameter of less than 40 nm (figs. S4
and S5).

Slimfield analysis of diffusing cellular YPet
fluorescence (9) (fig. S6) indicated ~300 to
400 molecules per cell for MukB and E, and
~200 molecules per cell for MukF (table S5),
in broad agreement with ensemble western es-
timates (/2), implying that only ~20% of cel-
lular MukBEEF is integrated into spot complexes.
PALM single-particle tracking gave similar ap-
parent diffusion coefficients for diffusing MukB,
E, and F, despite large differences in individ-
ual molecular weights, compatible with their
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Fig. 1. MukBEF imaging. (A) Representative frame-average and slimfield
MukB-YPet cell images (yellow), brightfield and cell outline overlaid (white).
(B) Photobleaching of MukBEF-YPet spots, high (upper row) and low stoi-
chiometry data (expanded sections, lower row), raw (blue) and filtered (red).
(C) Stoichiometry distributions; N = 51 to 84 cells. Four-molecule interval
grid lines, power spectra (arbitrary units) inset. (D) False-color plots for

Diffusing
MukB-PAmCherry

Immobile

MukB-PAmCherry

Expanded sectlon of
immobile clusters

mean two-dimensional spatial distributions for slimfield images with a
3-ms integration time; N = 197 to 237 spots. Estimates for full width at half
maximum ¢ and o,/c, for Gaussian fits parallel to x and y axes (SD error).
(E) Live-cell PALM, diffusing (gray brightfield, tracks colored) and immobile
MukB-PAmCherry (different clusters colored), expanded indicating tracks
(black) and clusters (red).
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Fig. 2. Dual-color single-molecule millisecond im-
aging. (A) Brightfield (gray) and 3-ms fluorescence
green (left panel) and red (middle panel) channels,
overlaid (right panel) for dual-label strain. (B) Un-
biased kernel density stoichiometry estimation on
mCherry (red) and GFP (blue) components for two
dual-label strains, 4-molecule spaced grid lines.
(C) Stoichiometry of mCherry versus GFP component
for each spot; dotted line gradients of 1.0 and 0.5;
distribution of ratio of stoichiometry for mCherry
and GFP components (gray) with Gaussian fit (red);
mean £ SD indicated.

being components of the same large complexes
(fig. S9).

We confirmed the stoichiometry periodicity
of 4:4:2 for MukB:E:F by measuring simulta-
neously the intensities of mCherry and green fluo-
rescent protein (GFP) fusions to pairs of MukB,
E, and F in the same spots (Fig. 2, figs. S1 and
S7, and table S6). A plot of the spot-by-spot stoi-
chiometry gave mean ratio values of 1.0 + 0.3
(=SD) and 0.5 £ 0.2 for relative content of MukE
to MukB and of MukF to MukB, respectively.
Thus, the localized MukBEF spots contain ~8 to
10 dimers of dimer 4:4:2 complexes as minimal
functional units.

A 2:2:1 MukB:E:F ratio defines an ATP-
bound state (8), resulting from displacement of
one MukF and two MukE from a 2:4:2 putative
ATP-free form. Given that MukF forms stable
homodimers (8, 1/3), MukF displacement may
allow recruitment of a second 2:2:1 complex
through MukF-mediated dimerization (8, 12, 14),
generating the observed 4:4:2 periodicity. Indeed,
ATP binding and MukB head engagement were
essential for localized spot formation, because they
were present in cells of a MukBg, mutant that
binds ATP but is hydrolysis-impaired (8, 15, 16),
but not in cells carrying either nucleotide-binding
(MukBp,) or engagement-deficient (MukBgg)
mutations (17, 18) (fig. S8). The relative stoi-
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chiometries of MukBgq:E:F in localized spots
were similar to wild type, consistent with both
being ATP-bound, as was the total number of
MukBgoEF complexes per spot (fig. S9), and the
cellular content of diffusing molecules (tables S4
and S5). Because MukBgqEF cells are Muk,
MukBEF complexes must hydrolyze ATP to be
functional.

To investigate whether conformational changes
during ATP hydrolysis are linked to MukBEF
turnover, we compared fluorescence recovery af-
ter photobleaching (FRAP) on two MukBgoEF
strains with wild-type counterparts (Fig. 3A and
fig. S10). Detection sensitivity was increased
using longer cephalexin-treated cells in which
the photoactive to bleached MukBEF-YPet con-
tent was higher; recovery up to 60% of pre-
bleach levels over several minutes was observed
(Fig. 3B). In comparison, steady-state cells gave
up to 30% recovery from prebleach levels (fig.
S10). Reaction-diffusion modeling indicated
dwell times for single MukBEF 4:4:2 complexes
of ~50 s, independent of cephalexin treatment,
with no dependence on prebleach intensity. Lo-
calized spots outside the original bleach zone
indicated fluorescence loss in photobleaching
(FLIP) over a similar time scale, converging to
similar steady-state intensities. Quantifying post-
bleach fluorescence for all localized spots in-

dicated ~4-molecule periodicity for MukB and
MukE, and ~2-molecule periodicity for MukF
(fig. S11), consistent with integer units of 4:4:2
complexes turning over. In contrast to wild-type
MukBEF, MukBgEF spots showed no recovery
in fluorescence after photobleaching, showing
that ATP hydrolysis promoted MukBEF disso-
ciation from DNA (Fig. 3C and fig. S10).

High-speed imaging allowed us to compare
dim spots of rapidly diffusing wild-type MukBEF
complexes with those carrying either ATP-binding
or ATP-hydrolysis mutations. Fluorescence was
converted to stoichiometries using single-molecule
YPet intensity (fig. S12). Wild-type and hydrol-
ysis mutants contained mixed populations of
MukBEF complexes, with ~30% in the 4:4:2 and
~70% in the 2:4:2 state, whereas complexes of
the ATP-binding mutant were exclusively in the
dimeric 2:4:2 state.

Although ATP hydrolysis is essential for
the activity of SMC complexes, its mechanis-
tic importance has been unclear. Our data in-
dicate that the minimal functional MukBEF
complex acting at discrete chromosome posi-
tions is an ATP-bound dimer of MukB dimers,
with ATP binding and head engagement being
necessary for stable chromosome association
and ATP hydrolysis required to release com-
plexes from chromosomes. The observation
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Fig. 3. Turnover of MukBEF complexes. (A) FRAP of MukB-YPet (upper panel)
and ATP hydrolysis mutant MukBgqo-YPet (lower panel), laser focus (orange cir-
cle), and FRAP (red arrow) and FLIP (blue arrow) indicated; steady-state cells.

that turnover of MukBEF complexes from
chromosomes is slower than predicted from in
vitro adenosine triphosphatase (ATPase) lev-
els (8, 19) (fig. S1F) supports a model where
ATP hydrolysis within each ATPase head pair
is independent, with all four ATP molecules
in the two closed dimer of dimer heads need-
ing to be hydrolyzed almost simultaneously
to completely release a single DNA-bound com-
plex. A multimeric form of MukBEF would
therefore allow release of one DNA segment
and capture of a new segment without releas-
ing the complex from the chromosome, a pro-
cess akin to a rock climber making trial grabs
to reach a hand hold, and one which could
lead to ordered MukBEF movement within a
chromosome, perhaps leading to DNA remod-
eling (fig. S1F). This is analogous to the pro-
cessive “walking” of the molecular motors
kinesin and dynein along microtubules (20).
The functional advantage of dimeric SMC com-
plex oligomerization may be exploited by other
SMC complexes, irrespective of the mecha-
nism of multimerization. Like MukBEF, bacte-
rial SMC-ScpAB forms relatively immobile
complexes that accumulate at a few chromo-
some positions. Bacillus subtilis SMC-ScpAB
can form multimeric complexes in vitro, with
SMC and ScpB forming homodimers and ScpA
forming monomers or dimers (/5, 21). Eukaryote
SMC complexes also share similar character-
istics to MukBEF in maintaining chromosomes,
accumulating at discrete chromosome loci (22, 23),
and turning over in seconds, as well as having

300 0

100 200 300
Time post bleach (s)

14 traces.

the same distinctive architecture (24, 25). Al-
though they capture DNA topologically in appa-
rent heterodimeric complexes (26), higher-order
complexes might form and exploit the type of
rock-climbing mechanism described here.
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