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The faithful segregation of duplicated genetic material into daugh-
ter cells is critical to all organisms. In many bacteria, the segregation
of chromosomes involves transport of “centromere-like” loci over
the main body of the chromosome, the nucleoid, mediated by a two-
protein partition system: a nonspecific DNA-binding ATPase, ParA,
and an ATPase stimulator, ParB, which binds to the centromere-like
loci. These systems have previously been proposed to function
through a filament-based mechanism, analogous to actin- or micro-
tubule-based movement. Here, we reconstituted the F-plasmid par-
tition system using a DNA-carpeted flow cell as an artificial nucleoid
surface and magnetic beads coated with plasmid partition com-
plexes as surface-confined cargo. This minimal system recapitulated
directed cargo motion driven by a surface ATPase gradient that
propagated with the cargo. The dynamics are consistent with a dif-
fusion-ratchet model, whereby the cargo dynamically establishes,
and interacts with, a concentration gradient of the ATPase. A che-
mophoresis force ensues as the cargo perpetually chases the ATPase
gradient, allowing the cargo to essentially “surf” the nucleoid on a
continuously traveling wave of the ATPase. Demonstration of this
non–filament-based motility mechanism in a biological context estab-
lishes a distinct class of motor system used for the transport and
positioning of large cellular cargo.
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Bacterial chromosomes and plasmids use active segregation,
or partition (Par), mechanisms to ensure faithful inheritance.

The ParA ATPase family forms dynamic gradients on the nu-
cleoid while spatially organizing chromosomes and plasmids, as
well as other large cargoes (1). ParA-type ATPases are ubiqui-
tous in the microbial world, but the mechanism by which ParA
patterning produces the driving force for cargo movement over
the nucleoid remains controversial (2). The stability of plasmid
(SOP) system of F plasmid is a canonical ParA-mediated cargo
transport system. The ParA ATPase of F plasmid, SopA, is
stimulated by SopB that assembles into a partition complex on
the centromere-like locus, sopC, on the plasmid cargo (3, 4).
SopA binds DNA nonspecifically in the presence of ATP and
colocalizes with the nucleoid in vivo (5, 6). The partition complex
locally removes SopA, forming a SopA depletion zone on the
nucleoid in the vicinity of the plasmid (7), but how this pat-
terning on the nucleoid results in cargo transport is a subject of
considerable debate.
In vivo cytology of ParA-mediated transport is consistent with,

and provides a foundation for, two competing models (2). The
filament-pulling model is reminiscent of eukaryotic mitosis whereby
partition complexes are mobilized by helical (8) or linear (9) con-
tractile filaments composed of the ParA ATPase. The diffusion-
ratchet model, however, proposes that ParA dimers, or small
oligomers, independently bind the nucleoid and form concentration
gradients in the vicinity of the partition complex, which generates
the driving force for cargo movement (6, 10, 11). Here, we extend
this model further by showing that a pulling force on the plasmid
cargo can be mechanochemically coupled to the ParA concen-
tration gradient on the nucleoid. This force can be modeled as

a chemophoresis force (12): ParA provides a chemical potential
gradient that is sensed by a macroscopic element, the partition
complex, containing a large number of ParB molecules that bind
weakly to ParA. The cumulative effect of the individual ParA–ParB
interactions directs cargo motion toward regions of increased bind-
ing, that is, the partition complex moves up the gradient toward
higher ParA concentrations.
We previously reconstituted the F- and P1-plasmid partition

systems using purified components inside a DNA-carpeted flow
cell (6, 11), which acted as an artificial nucleoid surface. The cell-
free dynamics recapitulated the local removal of SopA (or P1
ParA) on the DNA carpet around a partition complex. However,
the complexes were only transiently tethered to the DNA carpet
and the SopA gradients surrounding a partition complex did not
generate robust directed motion (6). Instead, the plasmid dif-
fused away from the carpet once all tether points, i.e., SopB–
SopA interactions, were released. We hypothesized our flow cell
lacked the surface confinement needed to maintain contact be-
tween the plasmid and the DNA carpet, as the narrow gap be-
tween the nucleoid and the inner membrane in vivo would
confine the plasmid to the nucleoid surface (13).
Here, we reconstituted and visualized directed cargo motion by

the F-plasmid partition system with purified components using total
internal reflection fluorescence microscopy (TIRFM) in a DNA-
carpeted flow cell (6, 11). To mimic surface confinement on the
nucleoid, we artificially confined magnetic beads, coated with sopC
DNA, to the carpet. Our results demonstrate that physical con-
finement of the partition complex to the nucleoid surface is a key
requirement for ParA-mediated transport by a diffusion-ratchet
mechanism, where a chemophoresis force generates cargo motion.

Significance

The process of DNA segregation is of central importance for all
organisms. Although the basic mechanism of eukaryotic mito-
sis is relatively well established, the most common mechanism
used for bacterial DNA segregation has been unclear. ParA
ATPases form dynamic patterns on the bacterial nucleoid to spa-
tially organize plasmids, chromosomes and other large cellular
cargo, but the force-generating mechanism has been a source of
controversy and debate. A dominant view proposes that ParA-
mediated transport and cargo positioning occurs via a filament-
based mechanism that resembles eukaryotic mitosis. Here, we
present direct evidence against such models. Our cell-free recon-
stitution supports a non–filament-based mode of transport that
may be as widely found in nature as filament-based mechanisms.
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Results
Sop Proteins Direct sopC-Bead Movement. As in our previous recon-
stitutions of plasmid partition (6, 11), purified components of the
partition system were assembled inside a DNA-carpeted flow cell,
the surface of which acted as a nucleoid mimic. To confine partition
complexes to this surface, magnetic beads coated with DNA en-
coding sopC were used as cargo (Fig. S1). An external magnetic
field perpendicular to the slide surface was applied to confine the
beads to the DNA carpet surface. SopB was preincubated with
sopC-beads, and SopA-GFP with ATP. The two solutions were
mixed and infused into the flow cell where the dynamics of the
magnetic beads and the Sop proteins on the DNA carpet were
visualized using prism-type TIRFM (Fig. 1A).
sopC-beads initially formed tethers to the SopA-coated DNA

carpet through protein-mediated cross-bridges (Fig. 1B). Bead
tethering required both Sop proteins and ATP (Movie S1) as was
the case when using a plasmid substrate (6). However, in striking
contrast to plasmid cargo, which detached from the DNA carpet
following SopA release, the sopC-beads began traveling across the
DNA carpet after SopA disassembled in the vicinity of the bead
(Fig. 1 B and C, and Movie S2). The traveling beads produced
robust SopA depletion zones on the surrounding DNA carpet
(Fig. 1D).
Not all beads displayed directed motion. The artificial con-

finement provided by the magnet produced a spectrum of bead
behaviors ranging from directed transport to diffusive motion
(Movie S3) similar to that observed with free beads—in the ab-
sence of either of the Sop proteins or ATP (Fig. 2 A and B, and

Fig. S2). To determine whether the amount of protein associated
with the “directed” and “diffusive” bead populations influenced
their behavior, SopA-GFP and SopB-Alexa 647 (mixed 1:9 with
unlabeled SopB) were covisualized with unlabeled sopC-beads
(Movie S4). SopB content on both bead populations was similar,
∼2.5-fold higher than on the DNA carpet (Fig. 2C). However,
SopA content on the directed beads was 25 ± 5% less than on
diffusive beads. Also, the directed beads established robust SopA
depletion zones on the surrounding carpet that propagated
with the beads as they moved (Fig. 2D and Movie S4). The
data suggest that diffusive beads do not maintain persistent
interactions with the carpet because their high SopA content
sequesters SopB from interaction with carpet-bound SopA. Con-
sistent with this hypothesis, diffusive beads showed intermittent
carpet contact, similar to free beads in the absence of Sop proteins,
as measured by intensity fluctuations of beads “bouncing” in and
out of the TIRF illumination (Fig. S2D and E). The directed beads,
however, have SopB available for persistent interaction with SopA
molecules on the carpet. Fluorescence recovery after photo-
bleaching analysis showed SopB exchange was faster on the non-
specific DNA carpet than on the sopC-coated bead (Fig. S3). SopB
on the bead also showed a significant immobile fraction (23 ± 2%),
which can be attributed to specific binding to sopC. The data show
that SopB, concentrated at sopC sites, both generates and follows
a SopA gradient on the carpet, resulting in directed bead motion.

Directed Movement Requires Surface Confinement. The magnet was
required to maintain the beads on the carpet once SopA was
depleted (Fig. S4 and Movie S5), indicating that without surface
confinement of the cargo, SopA–SopB interactions alone are
insufficient to maintain the persistent association between the
plasmid and the nucleoid required for directed movement. In-
creasing the confinement force on the beads decreased the dif-
fusive bead population. We conclude that persistent interactions
between plasmid-bound SopB and nucleoid-bound SopA, facil-
itated by surface confinement of the cargo, are critical for nu-
cleoid patterning of SopA and the resulting directed plasmid
transport in vivo.
Beads with a distinct SopA depletion zone displayed directed

and highly persistent motion with an average speed of 0.10 ±
0.02 μm/s (Fig. 3 A and B, and Fig. S2). The diffusion constant of
the directed beads (0.03 ± 0.01 μm2/s) was 3.3-fold lower than
that of free beads (0.10 ± 0.03 μm2/s). Vertical motion, or bead
“bouncing,” was also suppressed compared with that of free
beads (Fig. 3 C and D). These data suggest that a SopA-SopB–
mediated interaction with the surface reduces bead diffusion and
generates directed motion.

A Chemophoresis Force for Directed Movement. The Sop-mediated
force driving directed movement was estimated from two indepen-
dent measurements. The repulsive force between magnetic beads
(SI Text) allowed directed beads to “bulldoze” diffusive beads out
of their path (Movie S6). However, when a directed bead ap-
proached an immobile bead, it stalled or was deflected (Movie S7).
Calculations of the repulsive magnetic force between beads at
the distance of closest approach (9 ± 1 μm) suggest a deflection
force of Sop-mediated transport of 5 ± 2 fN (Fig. S5B), similar to
estimates of the driving force based on the viscous drag of ∼12 ±
4 fN calculated for directed beads (SI Text). These force esti-
mates are compatible with estimates of the force generated by
SopB interaction with the SopA gradient based on a chemo-
phoresis model (12) where cargo-bound SopB senses the local
SopA chemical potential gradient and is attracted toward higher
SopA concentrations (SI Text and Fig. S6).
The magnetic force used to confine sopC-beads to the surface is

not the major driving force for directed bead movement. The es-
timated magnetic force on the beads, ∼40 fN (Fig. S5A), is per-
pendicular to the surface. We estimate the magnetic axis alignment

Fig. 1. SopA- and SopB-mediated transport of a sopC-coated bead on
a DNA carpet. (A) Schematic of the magnetic bead system in a DNA-carpeted
flow cell visualized by TIRFM. The upward arrow represents magnetic force
on the bead, and the gray arrow indicates Sop-mediated motion of the
bead. (B) Time-lapse sequence of a directed sopC-bead (red) in the presence
of SopA-GFP (green), SopB, and ATP. Time 0 is when flow was stopped. “X”
marks the initial location of the traveling bead. (C) SopA disassembly is
a prerequisite for bead movement. SopA-GFP intensity on the bead in B was
plotted against time. The average SopA-GFP intensity on the carpet was
subtracted. The bead was immobile (gray shading) until a threshold level of
SopA was released, at which point the bead moved in a directed manner. (D)
Sop protein dynamics in the vicinity of a directed bead. Time-lapse sequence
of SopB-stimulated release of SopA-GFP (green) from a bead (red) and the
surrounding DNA carpet over time. Time 0 is the point at which the bead
tethered to the carpet.
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is typically within 1°. Even with 2° misalignment, the lateral mag-
netic force would be less than 1.5 fN. Furthermore, if the external
force were the major contributor to bead motion, diffusive beads

within the flow cell would have exhibited the same average directed
motion, which was not the case. However, a slight lateral force due
to magnet misalignment might have contributed to the extremely

Fig. 2. SopB-induced patterning of SopA enables directed transport of sopC cargo. (A) Freeze-frame of a bead (red) in the absence (Upper) or presence
(Lower) of SopA-GFP (green), SopB, and ATP. Bead trajectories are yellow lines. (B) Montage of free- and directed-bead trajectories in the absence (Left) or
presence (Right) of the Sop system. Light to dark shading of the trajectories shows the progression from beginning to end. (C) Directed beads are depleted of
SopA, but not SopB. The maximum intensity of SopA-GFP (green) and SopB-Alexa 647 (red) associated with directed or diffusive beads was normalized to the
average intensity for each protein on the carpet. Error bars represent the SD. (D) One frame of the SopA (green) and SopB (red) channels for a directed bead.
The bead trajectory is shown in white in the merge.

Fig. 3. Quantitative characteristics of Sop-mediated directed motion. (A) Sop system induces highly directional bead movement. Mean square displacement
(MSD) of directed and free beads was plotted against time. The black line is the average MSD for free beads. (B) Directed bead trajectories were rotated to
achieve maximal projection along the x axis (Upper), and the displacements are plotted against time. Directed velocities were obtained from slopes of linear
fits of the x motion as a function of time. The y motion as a function of time is essentially diffusive. MSD of rotated x and y motion plotted against time
(Lower). (C) Directed beads maintain a persistent interaction with the carpet. Fluorescence intensity fluctuations of a free and directed bead as a function of
time were fit to a linear equation and the residuals, which are indicative of the z position of the bead, are plotted. (D) Histogram of bead intensity fluc-
tuations for free- and directed-bead populations. (E) A time-lapse image series of the fluorescence profile of SopA (green) and SopB (red) on and around
a bead traveling from right to left.
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long persistence length of motion observed despite the local
diffusive motion of the beads.

Discussion
It has been 60 years since Alan Turing first proposed the re-
action-diffusion concept to explain how multiple diffusing spe-
cies can interact and react to self-organize into patterns (14).
Several groups have speculated that this concept might un-
derlie ParA-directed plasmid/chromosome movement (15, 16).
However, a more recently prevailing view favors the filament-
pulling model of ParA action. We have argued that the in vivo
cytological observations, upon which the contractile filament
models have been based, are fully consistent with a diffusion-
ratchet mechanism (6, 10, 11) that builds on the classical reaction-
diffusion concept. Here, we have recapitulated the directed
movement of a ParA system and shown that its features are well
described by a diffusion-ratchet mechanism.
The protein distribution on and around a bead undergoing di-

rected movement (Fig. 3E and Movie S8) remarkably mirrors the
nucleoid patterning and cargo transport activities observed in vivo
for several ParA-type systems (7, 8, 17, 18). SopA uniformly binds
the DNA carpet away from SopB-bound cargo (sopC-bead). We
have previously shown that, under these conditions, SopA binding
density on the DNA carpet is less than 1% of saturation (6), which
is comparable to the in vivo estimate of 0.2% binding density per
bacterial chromosome (19). SopB stimulates the release of SopA
on and around the cargo, forming a local SopA gradient on the
carpet by a reaction-diffusion process. At the center of the SopA-
depleted zone, the cargo randomly diffuses (Fig. 4A and Movie S9).
When surface-confined cargo drifts to one side of the depletion
zone, forward motion is promoted by the lowered free energy state
resulting from an increased number of SopB–SopA interactions at
the edge of the depletion zone, whereas reverse motion is sup-
pressed by decreased SopB–SopA interaction in its wake (Fig. 4B
and Movie S9). The SopA gradient, which mechanochemically
drives motility via a chemophoresis force, is maintained by a delay
in nucleoid rebinding by the SopA molecules released upon in-
teraction with the partition complex. This delay prevents SopA
from immediately rebinding the nucleoid in the vicinity of the cargo
that stimulated its release. We recently identified one of the bio-
chemical delays in the ATPase cycle of ParA from P1 plasmid (10).
This diffusion-ratchet mechanism allows the cargo to essentially
“surf” the nucleoid on a continually redistributing wave of the
ATPase. Also, bidirectional cargo segregation is built into the above
mechanism (Fig. 4C and Movie S9). After replication, the SopB-
bound daughter plasmids would split as they chase the nucleoid-
bound ATPase gradient on opposite sides of the existing de-
pletion zone. Similarly, when multiple cargoes share the same
nucleoid, their respective ATPase depletion zones would dis-
tribute the cargoes equidistantly.
Our results strongly implicate the extreme spatial confinement

within a bacterial cell as an underappreciated requirement for
ParA-type transport, and likely for other forms of intracellular
spatial organization (20). In our diffusion-ratchet model, the
motive force is not generated by a self-supporting filament, as it
is for the actin-like class of partition ATPases (21). Rather, it is
based on a biased Brownian walk of the cargo, bound by a suffi-
ciently large number of ATPase stimulator molecules (SopB/ParB),
which individually interact weakly and transiently with the nu-
cleoid-bound ATPase (SopA/ParA). The cumulative contact den-
sity between ATPase and stimulator is continually probed via
Brownian dynamics of the cargo, which occurs at a much slower
timescale than the individual contacts. We further propose that
for the Brownian walk to be sufficiently directionally biased, the
diffusion of the cargo must be intrinsically slow and/or slowed by
the drag caused by contacts with the ATPase. Otherwise, the
cargo could diffuse out of the ATPase depletion zone and lose its
positional memory. Therefore, surface confinement, along with

Fig. 4. A diffusion-ratchet model for ParA-mediated transport and partition.
(A) The DNA-binding form of ParA (ParA*-ATP) binds the nucleoid and the
ParB stimulator protein loads onto the cargo. ParB transitions ParA into a state
(ParA-AXP) that weakens its interaction with the nucleoid. ParA release around
the cargo creates a ParA depletion zone on the nucleoid. The cargo undergoes
Brownian motion as ParA anchor points are removed. Without surface con-
finement, the cargo diffuses away once all ParA anchor points are released and
the depletion zone refills. ParA-AXP is recycled through ATP hydrolysis, nu-
cleotide exchange, and conformational changes back to ParA*-ATP. Time
delays in the recycling process allow diffusion of ParA in solution away from
the point of nucleoid release, resulting in slow refilling of the ParA depletion
zone. (B) In a bacterial cell, the narrow cytosolic gap between the membrane
and nucleoid confines large cargoes to the nucleoid surface and maintains
a ParA depletion zone in the vicinity of the cargo. Cargo movement is directed
by the large number of ParA contacts at its movement front and reversal is
suppressed by the ParA depletion zone in the wake of movement. (C) Repli-
cated cargoes, or cargoes in close proximity, would bidirectionally segregate as
they chase ParA gradients in opposite directions.
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molecular crowding that increases viscosity and slows diffusion
inside the cell, likely play pivotal roles in the transport mechanism.
Despite the confinement inside a bacterial cell, small cargoes may
not be able to fulfill these requirements. Thus, it is perhaps not a
coincidence that all cargoes using ParA-type transport are massive
bodies that, without active transport, are excluded from the nu-
cleoid region of the cell.
The results show ParA-mediated systems can transport very

large cargoes by a diffusion-ratchet mechanism in a defined cell-
free reaction setup. The mechanism requires many ATPase
stimulator molecules to be bound to the cargo. For low-copy
plasmids, the stimulator not only loads specifically onto the
plasmid centromeres but also spreads onto surrounding DNA
regions, and clusters sister copies into groups by a mechanism
that is still unclear (22). Limiting the spread of the stimulator on
the plasmid compromises partition in vivo. Thus, the partition
complex contains many more stimulator molecules than the
number of specific binding sites on the plasmid. In our cell-free
reaction, we have not accomplished high loading of ParB/SopB
molecules around parS/sopC sites (refs. 6 and 11, and this study).
Instead, the requisite number of stimulator molecules per unit
cargo was achieved by clustering a large number of plasmid
copies (6, 11), or in this study, by using beads coated with sopC
DNA. Although the nature of a bead is indeed different from
a low-copy plasmid, the finding that ParA-type systems trans-
port a variety of DNA- and protein-based cargoes suggest that
the transport mechanism is indifferent to cargo composition (2).
A unifying feature of the cargoes is their size, which we propose
accommodates the binding of a large number of ATPase
stimulator molecules.
The magnetic force used here to confine the beads to the DNA-

carpeted surface differs in many respects from plasmid confine-
ment between the nucleoid and membrane in vivo. Nevertheless,
we could tune the magnetic force to find conditions that supported
robust directional motion of beads coated with partition com-
plexes. Too strong a force impeded bead motion, whereas too
weak a force left most beads freely diffusing near the surface.
Thus, we believe the conditions used here qualitatively mimic the
spatial confinement of the cargo in vivo.
Reaction-diffusion mechanisms have been proposed to underlie

many biological patterns from surface patterning of animals and
digit number determination in mammals (23, 24) to divisome site
selection and faithful genomic inheritance in bacteria (2). Here, we
demonstrate that biomolecular patterning can drive the transport of
cellular cargo under confinement. In the diffusion-ratchet mecha-
nism of cargo transport, the system components function as a dis-
persed ensemble of transient interactions, which is fundamentally
distinct from classical motor systems that rely on stable molec-
ular assemblies. It is not difficult to imagine similar principles for
a special class of burnt-bridge motion systems. Take, for example,
surface-bound ligand molecules that are destroyed by a cargo-
bound enzyme. If a large number of enzyme molecules are bound
to the cargo, and if the enzyme–ligand interaction kinetics is ap-
propriate, a chemophoresis force could drive cargo motion on the
surface while the ligand molecules are mowed down. Influenza
viruses bind and subsequently destroy the surface receptors of
a host cell to prevent viral aggregation and allow for efficient viral
spread in the respiratory tract (25). Could the association of a viral
particle with the surface of a host cell exemplify a similar mecha-
nism? A diffusion-ratchet mechanism would certainly be more ef-
ficient than one that is purely diffusion based. We anticipate that
the two major components of our diffusion-ratchet model, pat-
terning by reaction-diffusion and force generation by chemo-
phoresis, can explain directed motion and positioning for mesoscale
spatial organization of many biological systems.

Materials and Methods
Proteins. Protein expression, purification, and labeling were performed as
described previously (6).

Flow Cell. Flow cell assembly, pacification, and carpeting with sonicated
salmon sperm DNA was done as described previously (11).

Biotinylated sopC Construction. SopB binds specifically to sopC and non-
specifically to DNA flanking the sopC site. Therefore, the pBR322::sopC
template (6) was used to amplify a 3.36-kb DNA fragment containing a sopC
site (12 × 43 bp tandem repeat = 516 bp) flanked by 1.7 and 1.1 kb of
pBR322 sequence upstream and downstream of sopC, respectively. Primers
(IDT) were designed such that the sopC-fragment was biotinylated (three
biotin molecules in tandem) at the upstream end for conjugation to strep-
tavidin-coated beads (DNA–Bead Coupling), and Alexa 647 labeled (one dye
per DNA fragment) at the downstream end for fluorescence visualization
when used (Table S1). The restriction enzyme PstI was used to digest frag-
ments off the bead after conjugation to estimate the number of fragments/
bead (see below).

DNA–Bead Coupling. Fifty microliters of 10 mg/mL MyOne Steptavidin C1
Dynabeads (Invitrogen) were washed in wash buffer (10 mM Tris·HCl, pH 8.2,
1 M NaCl, 1 mM EDTA) according to manufacturer’s specifications, and
resuspended in 1.3 mL of wash buffer plus 0.2% Tween20. Biotinylated
sopC-DNA (10 pmol in 200 μL) was added to the 1.3 mL of beads (cf = 0.33
mg/mL) and incubated for 1 h with gentle rotation. The beads were then
washed with wash buffer according to manufacturer’s guidelines, and
resuspended in 50 μL of 30 mM Tris·HCl, pH 7, 100 mM KCl, 1 mM EDTA, and
stored on ice. A 5-μL aliquot of sopC-beads was digested with PstI, the
beads were pelleted, and sopC-DNA fragments in the supernatant were
ethanol precipitated to quantify the mean number of fragments/bead by
A260 on a Nanodrop spectrophotometer (1,000 ± 200 DNA fragments per
bead; n = 8).

Sample Handling and Preparation. All experiments were performed in Sop
buffer: 50 mM Hepes, pH 7.5, 100 mM KCl, 10% (vol/vol) glycerol, 5 mM
MgCl2, 2 mM DTT, 0.1 mg/mL α-casein, and 0.6 mg/mL ascorbic acid. Two
millimolar phosphoenolpyruvate (Sigma) and 10 μg/mL pyruvate kinase
(Sigma) were also added for ATP regeneration.

SopA-GFP (5 μM) was preincubated with 2 mM ATP, and 10 μM SopB
(mixed 1:9 with SopB-Alexa 647, when specified) was preincubated with
1.6 μg/μL sopC-beads (Alexa 647-labeled, when specified) for 20 min at 23 °C.
The two samples were then mixed and diluted to the final concentrations of
0.5 μM SopA-GFP, 1 μM SopB, 0.16 μg/μL sopC-beads, and 2 mM ATP. The
sample was then immediately loaded into a syringe (Hamilton), and TFZL
1/16” × 0.02” tubing (UpChurch) was used to connect to a Micro-Metering
Valve (UpChurch), which was connected to the flow cell inlet nanoport
(UpChurch). The same valve type was also connected to the flow cell outlet
nanoport. The sample was infused into the flow cell at 20 μL/min for 1 min,
and flow was stopped for data acquisition. The Micro-Metering Valves were
closed to ensure that all residual flow was stopped. Using a goniometer
mount, a magnet [N 52, cylindrical magnet 1.5” (38.1 mm) in length and 1/4”
(6.35 mm) in diameter; K&J Magnetics] was centered 12 mm above the ob-
jective lens of the inverted microscope. Movies were then acquired.

Imaging and Analysis. The illumination, microscope, and camera settings were
described previously (11). Movies were acquired using Metamorph 7 (Mo-
lecular Devices) and transferred to ImageJ (National Institutes of Health) for
conversion to QuickTime file format (.mov). For bead trajectories, the
background was subtracted using a sliding window length of 40 pixels with
the Mosaic Plug-in (26) for ImageJ. The Octane plug-in (27) for ImageJ was
then used to track bead trajectories and fluorescence intensity transients of
the tracked bead. The brightness and contrast were set for each picture or
movie individually for the best representation of the features of interest.
Movie frame rates are indicated in the figure legends. Adobe Illustrator was
used to convert movies into figures.
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