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Phase separation drives numerous cellular processes, ranging from
the formation of membrane-less organelles to the cooperative
assembly of signaling proteins. Features such as multivalency and
intrinsic disorder that enable condensate formation are found
not only in cytosolic and nuclear proteins, but also in membrane-
associated proteins. The ABC transporter Rv1747, which is important
for Mycobacterium tuberculosis (Mtb) growth in infected hosts, has
a cytoplasmic regulatory module consisting of 2 phosphothreonine-
binding Forkhead-associated domains joined by an intrinsically dis-
ordered linker with multiple phospho-acceptor threonines. Here we
demonstrate that the regulatory modules of Rv1747 and its homo-
log in Mycobacterium smegmatis form liquid-like condensates as a
function of concentration and phosphorylation. The serine/threo-
nine kinases and sole phosphatase of Mtb tune phosphorylation-
enhanced phase separation and differentially colocalize with the
resulting condensates. The Rv1747 regulatory module also phase-
separates on supported lipid bilayers and forms dynamic foci when
expressed heterologously in live yeast and M. smegmattis cells. Con-
sistent with these observations, single-molecule localization micros-
copy reveals that the endogenous Mtb transporter forms higher-
order clusters within the Mycobacterium membrane. Collectively,
these data suggest a key role for phase separation in the function
of these mycobacterial ABC transporters and their regulation via
intracellular signaling.
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hase separation of proteins and nucleic acids into liquid-like

condensates has emerged as a fundamental mechanism for
eukaryotic cellular organization on a nanometer to micrometer
scale (1-3). Most notably, this phenomenon underpins the spon-
taneous formation of membrane-less organelles, such as nucleoli,
P-bodies, and stress granules. Phase separation results from weak,
reversible multivalent interactions between proteins and/or nucleic
acids (4-6). Proteins prone to phase separation are typically
enriched in repeats of interaction domains and/or intrinsically
disordered (ID) regions. Given that phase separation is enabled by
quite generic and prevalent features of proteins, it is not surprising
that many diverse eukaryotic proteins (1) and, more recently,
prokaryotic proteins (7) have been found to form condensates
in vitro and in vivo. Although much remains to be discovered about
the cellular functions of phase separation in the different kingdoms
of life, it is clear that condensation can be controlled through
changes in protein/nucleic acid concentrations, posttranslational
modifications, and variations in environmental conditions, includ-
ing pH, temperature, and ionic strength.

In addition to membrane-less organelles, phase separation can
create “2-dimensional nanoclusters” of signaling proteins at the
cell membrane, as exemplified by the T-cell receptor (8) and the
Nephrin adhesion receptor (9) pathways. Such cooperative as-
sembly of localized, concentrated protein complexes may lead to
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switch-like behaviors and amplification of cellular responses by
the recruitment or exclusion of additional signaling factors. Whether
phase separation at the cell membrane is a common phenomenon
exploited by many signaling proteins remains to be established. Of
particular interest is the behavior of transmembrane proteins such as
receptors and transporters, many of which are known to oligomerize
and/or occur in nanoclusters (10-12).

We recently characterized the cytoplasmic regulatory module
of the Mycobacterium tuberculosis (Mtb) ATP-binding cassette
(ABC) transporter that is encoded by the ORF Rv1747 (13). This
module consists of 2 phosphothreonine (pThr)-binding Forkhead-
associated (FHA) domains connected by an ~125-aa linker (Fig.
14). The ID linker has low sequence complexity and contains
several threonine residues that can be phosphorylated by multiple
Mtb serine/threonine protein kinases (STPKs), including PknF.
Rv1747'1° a construct spanning the regulatory module, is ca-
pable of intramolecular and intermolecular FHA/pThr interac-
tions that lead to the formation of a variety of higher-order
oligomers, depending on the linker phosphorylation state (13).
Although implicated in the export of cell wall biosynthesis in-
termediates, the physiological cargo of Rv1747 is unknown (14).
Nevertheless, Rv1747 contributes to Mtb virulence in a manner
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Fig. 1. Rv1747'-3'° undergoes phosphorylation-enhanced phase separation
into liquid-like droplets in vitro. (A) Schematic representation of Rv1747 as a
homodimer with the regulatory module (FHA domains, blue; reported PknF
phospho-acceptor sites T152/T210 in the ID linker, red) appended to the core
ABC transporter (transmembrane domain [TMD] and nucleotide binding do-
main [NBD], brown, with boundaries indicated). (B) Unmodified and phos-
phorylated Rv1747'3° phase-separated at different threshold concentrations.
Shown are fluorescent images of unmodified (Top) and phosphorylated
(Bottom) OG-Rv1747'3'°, taken at 120 min after removal from the concen-
tration device or after the addition of 0.5 pM PknF and 100 uM ATP, re-
spectively. (Scale bars: 40 pm.) (C) The indicated saturation concentrations for
phase separation were quantified by fractional fluorescence intensity.

that requires the reported phospho-acceptors T152/T210 and the
binding properties of the FHA domains (15), and thus most
likely on its ability to oligomerize. We hypothesized that phase
separation results from oligomerization of the regulatory module
and mediates phosphorylation-dependent clustering of Rv1747
in the Mtb membrane.

In support of this hypothesis, we demonstrate here that the
Rv1747 regulatory module undergoes reversible phase separation
that is enhanced on phosphorylation by multiple Mtbh STPKs.
Phase separation is also exhibited by MSMEG 1642, the Myco-
bacterium smegmatis ortholog of Rv1747. Furthermore, we dem-
onstrate phase separation of the regulatory module on supported
lipid bilayers, as well as formation of dynamic foci when heterol-
ogously expressed in M. smegmatis and Saccharomyces cerevisiae.
These observations all point to an evolutionarily conserved role of
this phenomenon in the in vivo organization and regulation of my-
cobacterial ABC transporters. Consistent with this role, full-length
Rv1747 forms foci in M. smegmatis, and superresolution single-
molecule localization microscopy reveals that the transporter as-
sembles into higher-order nanoclusters within the Mth membrane.

Results

Rv1747'31° Cooperatively Phase-Separates on Phosphorylation. We
previously demonstrated that the isolated FHA-1 and FHA-2
domains each bind with micromolar affinity to phosphopeptides
corresponding to the mapped PknF phospho-acceptor sites T152
and T210 within the ID linker (13). In addition, NMR-monitored
titrations revealed unambiguously the formation of intramolecular
and intermolecular complexes when either the FHA-1 or FHA-2
domain was joined to the phosphorylated linker as a continuous
polypeptide chain. Such weak, reversible multivalent interactions
are a hallmark of phase-separating proteins. Consistent with phase
separation, solutions of the construct Rv1747'2', spanning the full
regulatory module, became visibly turbid on phosphorylation (13).
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Usin 1croscopy, we found that monodisperse samples of
Rv1747"31° (50 uM) spontaneously formed spheroidal conden-
sates with well-defined boundaries when phosphorylated by PknF
(Fig. 1B and SI Appendix, Fig. S1). The condensates had diagnostic
liquid-like properties, including growth in size over time, co-
alescence into large droplets (SI Appendix, Fig. S2), and diffusive
exchange both within droplets (Fig. 24) and from protein-depleted
to protein-rich phases (SI Appendix, Fig. S3). Droplet formation by
the PknF-treated protein was also cooperative, with a saturation
concentration of ~10 uM under the standardized conditions cho-
sen for these studies (Fig. 1C). Although the necessity of phos-
phorylation was confirmed through control experiments without
kinase, ATP, or Mg”*, electrospray ionization mass spectrometry
revealed that substoichiometric Ifhosphorylatlon was sufficient to
induce condensation of Rv1747 under these conditions (S/
Appendix, Fig. S4). Phase separation was also impaired, but not
fully abrogated, by alanine substitutions of the mapped (15)
phospho-acceptors T152/T210. Residual levels of condensation
likely resulted from phosphorylation of alternative linker residues
(81 Appendix, Fig. S5). Indeed, mass spectrometry phospho-
acceptor mapping revealed that besides T152, T116, T117, S161,
and T169 were also phosphorylated by PknF (SI Appendix, Fig.
S6), whereas the previously identified acceptor T210 was not
confirmed.

Unmodified Rv1747'3'° Also Undergoes Phase Separation. Further
investigation revealed that nonphosphorylated Rv1747'!? also
phase-separated, albeit at a significantly higher saturation concen-
tration (~250 pM) than the PknF-treated protein (Fig. 1 B and C).
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Fig. 2. Diffusive exchange of phase-separated Rv1747"~3'° slows on phos-
phorylation. (A) FRAP measurements of exchange at room temperature in
droplets formed by unmodified 0OG-Rv1747'3'® (>250 uM; Top) or phos-
phorylated OG-Rv1747"3"° (50 uM treated with 0.5 uM PknF and 100 pM
ATP; Bottom). The bleached sector at t = 0 is indicated by an arrow, followed
by images obtained at 2 subsequent time points. (Scale bars: 5 um.) Although
fluorescence recovery is likely dominated by diffusive exchange within the
droplet, exchange with surrounding liquid phase is also possible. (B) FRAP
recovery was quantified by fitting the average normalized intensity (solid dots
with SD bars) to a single exponential function (black lines) for 3 different
droplets in 1 sample of either unmodified or phosphorylated Rv1747'31°,
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Neither the isolated FHA domains (13) nor the ID linker formed
condensates at concentrations as high as 350 uM. Consistent with
the latter, an algorithm based on potential pi—pi interactions pre-
dicted weak phase-separating behavior (z-score of 1.8) for the ID
linker on its own (16). This suggests that nonspecific electrostatic
interactions between the linker (theoretical pI 11.9) and the FHA
domains (pI 6.4 and 5.0, respectively) may play an important role in
phase separation. Consistent with this hypothesis, the saturation
concentration of nonphosphorylated Rv1747'2!% increased with
ionic strength (SI Appendix, Fig. S7). Substoichiometric phosphor-
ylation tips the balance to promote cooperative phase separation of
Rv1747'71 at lower concentrations due to specific FHA domain/
pThr binding.

We used fluorescence recovery after photobleaching (FRAP)
to characterize the diffusive properties of phase-separated
Rv1747'1°, The initial recovery rate was more rapid in drop-
lets formed by unmodified Rv1747'1° (tip = 18 0.5 5) than
those formed by phosphorylated Rv1747' ' (¢,,, = 300 + 20 s)
(Fig. 2B). Although these data should be interpreted as semi-
quantitative, they clearly demonstrate that recovery of the mo-
bile component is slowed by more than an order of magnitude on
phosphorylation. Full fluorescence recovery was not observed,
suggesting that a fraction of the condensed material is less mo-
bile, as also has been observed for stress granules (17) and nu-
cleoli (18) in vivo. Collectively, these measurements indicate that
heterogenous types and numbers of multivalent interactions
mediate phase separation by unmodified and phosphorylated
Rv1747''" and modulate the viscoelastic properties of the
resulting condensates.

Phase Separation of Rv1747 Regulatory Module Is Evolutionarily
Conserved. If phase separation plays a functional role, then
it would be expected to be observed in homologous species.
MSMEG 1642, the M. smegmatis ABC transporter ortholog of
Rv1747, also has a putative regulatory module with 2 conserved
FHA domains joined by a longer, more divergent ID linker (S
Appendix, Fig. S8). Consistent with evolutionary conservation,
a construct spanning this module, MSMEG_1642'*°, phase-
separated in vitro. Phosphorylation by PknF also reduced the
threshold concentration for MSMEG 1642174 to form con-
densates (SI Appendix, Fig. S9).

Phase Separation of Rv1747 Is Reversibly Modulated by the Serine/
Threonine Phosphatase and Additional Kinases of Mth. Functionally
relevant phase separation of Rv1747 should be reversible via
dephosphorylation and induced by other STPKs that exhibit
extensive cross-talk for mycobacterial signaling (19). Indeed,
PstP, the sole serine/threonine Ehosphatase present in Mtb, dis-
solved PknF-induced Rv1747'>'° droplets (Fig. 34). PknF re-
sides in the same operon as Rv1747, and this “cognate” kinase
induced phase separation, as shown above. Mtb also expresses
several related STPKs. We found that the purified catalytic do-
mains of 9 of these also phosphorylated Rv1747' 731 in vitro,
although with varying levels of efficiency and specificity for the
mapped PknF phospho-acceptors T152/T210 and additional
unmapped sites. Importantly, most of these STPKs were able to
induce phase separation of Rv1747''° (Fig. 3B and SI Appen-
dix, Fig. S10). This is consistent with both the promiscuity and
overlapping specificity of the STPKs for their substrates (20),
and also with the observation that even substoichiometric
phosphorylation of Rv1747', as well as the T152A/T210A
mutant, by PknF enhanced droplet formation.

Phase Separation Regulating Enzymes Colocalize to Rv1747'3'°
Droplets. Recent studies have revealed that liquid-like protein
condensates can act as biomolecular filters (21). In the case of
condensates formed by members of the T-cell signaling cascade,
kinases that enhance signaling are enriched in condensates,
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Fig. 3. Rv1747 phase separation is regulated by the Mtb STPKs and phos-
phatase. (A) PstP dissolved PknF-induced Rv1747'3'° droplets. Condensates
of 50 pM OG-Rv1747'3"" were formed at room temperature in buffer con-
taining 100 pM ATP and 0.5 pM PknF. After 120 min, the PstP phosphatase
domain (5 pM) was added to 1 of 2 samples, and fluorescent images were
recorded at the indicated time points. (Scale bars: 20 pm.) Dissolution oc-
curred slowly, likely due to the competing activity of PknF with ATP still
present in the sample and the requirement for only substoichiometric
phosphorylation to induce cooperative phase separation. (B) Fluorescence
images of OG-Rv1747"~3'° droplets induced by 5 Mtb STPKs (0.5-2 pM kinase
domain plus 100 uM ATP) (Scale bars: 20 pm.) With a starting concentra-
tion of 10 pM, any unmodified Rv1747'3'° was below its threshold con-
centration for phase separation. (See also S/ Appendix, Fig. $10.) (C) The
PknF and PstP catalytic domains colocalized to OG-Rv1747'3'° droplets.
After formation with nonlabeled PknF (0.5 pM with 100 uM ATP), 0.05 pM
AF647-PknF (Top) or AF647-PstP (Bottom) was added. Images of OG (green)
and AF647 (red) fluorescence were overlaid to monitor colocalization.
(Scale bars: 2 um.)

whereas phosphatases that oppose condensation are excluded
(8). We tested whether the enzymes regulating phase separation
of Rv1747731° also show preferential interactions with respect to
the resulting condensates. Both AF647-labeled PknF and PstP
were enriched in phosphorylated OG-Rv1747'1 droplets (Fig.
3C). However, unlike uniformly-distributed PknF, fluorescently
labeled PstP appeared as foci on the surface of the droplets. This
points to the presence of coexisting phases that are differentially
penetrated and enriched in components of this Mt signaling
system (17). This might originate from different interaction
mechanisms with the highly concentrated Rv1747''". These
mechanisms could include the association of the enzyme active
sites with the linker phospho-acceptor residues, as well as the
binding of pThr residues in autophosphorylated PknF to the
FHA domains (22, 23). It is important to note that Ry1747' '
droplets do not have an inherent property to recruit any protein.
Whereas a single chain variable fragment (scFv) selected via
phage display screening for binding to the FHA-1 domain of
Rv1747 does colocalize to droplets, this is not the case for a
nonspecific scFv (see below).

Rv1747' 31" Pphase-Separates When Tethered to Lipid Bilayers.
Rv1747'3'% corresponds to the cytosolic regulatory module of a
membrane-spanning ABC transporter. Thus, we tested whether
phase separation still occurs in a membrane-associated context by
anchoring Hise-tagged OG-Rv1747" 31 to a supported lipid bilayer
on a glass coverslip. The pseudo-2D concentration of protein on
the surface of this model membrane is set by the fraction of
nitrilotriacetic acid-modified lipid LDGS-NTA(NiZJ’)] present. In
this system, unmodified Rv1747'>'? readily separated into con-
densates above a sharp cooperative concentration threshold (Fig.
44). The membrane-bound condensates also showed diffusive
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exchange, with FRAP recovery times comparable to those exhibited
by droplets of the nonphosphorylated protein in solution (S7 Ap-
pendix, Fig. S11). This implies that phase separation of the regu-
latory module could drive the clustering of wild-type Rv1747 in its
native context.

Rv1747"3'° Forms Dynamic Foci When Expressed in S. cerevisiae and
M. smegmatis. To assess the behavior of the regulatory module
under native-like conditions, we expressed Rv1747'2'0, tagged
with the fluorescent protein msftGFP, in S. cerevisiae. In contrast
to the uniform distribution of a msfGFP-only control, yeast cells
expressing msfGFP-Rv1747' ' had dense foci (Fig. 4B and SI
Appendix, Fig. S12). These foci displayed properties consistent
with phase separation, such as coalescence (Movie S1) and re-
covery of fluorescence after bleaching (SI Appendix, Fig. S12).
We also carried out live cell imaging of M. smegmatis
expressing the regulatory module tagged with the fluorescent
protein mEos2. Whereas mEos2 signals were mainly uniformly
distributed, mEos2-Rv1747'>'? formed multiple discrete foci along
the length of the bacterium (Fig. 4C and SI Appendix, Fig. S13A4).

oY)

msfGFP

2
® 1.0
5 . " .
b= ?
5 05 S
< ~
L <
T 08 &
s 0 2 4 6 8 10 &
% DGS-NTA(Ni*2) 9«7
€
C M. smegmatis expressing
mEos2

1~

mEos2-Rv1747 mEos2-Rv17471-310

29S ()
298s 0

Kymograph

Fig. 4. Rv1747'3'° undergoes spontaneous clustering on supported lipid
bilayers and in vivo. (A) Fluorescence images of nonphosphorylated Hise-
tagged OG-Rv1747'3'° anchored to supported lipid bilayers containing
DGS-NTA(Ni%*). (Scale bars: 8 ym.) Phase separation was quantified by the
fractional fluorescence intensity vs. weight percentage of the NTA(Ni**)
lipid, which sets the pseudo-2D concentration of anchored Rv1747'-31°, At
higher DGS-NTA(Ni?**) levels, a characteristic spinodal decomposition (9) of
the membrane-anchored droplets was seen. (B) Fluorescent images of yeast
cells expressing msfGFP or msfGFP-Rv1747'3", Arrowheads indicate dense
foci of msfGFP-Rv1747'3'°, and the arrow designates increased fluorescence
intensities at the bud neck. Foci formation coincided with greater expression
levels of msfGFP-Rv1747'3'°, [ikely driven by a higher plasmid copy number
in these cells. Bud neck localization may be due to binding of the Rv1747'31°
FHA domains to similar targets recognized by the endogenous FHA-
containing protein Rad53 (33). (C) Representative total internal reflection
fluorescence (TIRF) micrographs of live M. smegmatis expressing the in-
dicated proteins. (Scale bars: 5 um.) (Top Left) Raw images from the first
frame of Movie S2 were analyzed using Icy Bioimaging particle detection
software (Methods). (Bottom Left) Foci above the detection criteria are
shown in the binary image output of the software. (Right) Kymographs il-
lustrating the time evolution of fluorescence signals across the length of the
bacterium in the raw image.
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We analyzed the signals using a 2D space-time plot (kymograph),
which confirmed that the foci were stable and present throughout
the duration of imaging (Fig. 4C and Movie S2). The expressed
mEos2-Rv1747'31° also underwent diffusive exchange as detected
by FRAP (SI Appendix, Fig. S13 B and C). Together, these findings
demonstrate the Rv1747 regulatory module phase-separates both
on model membranes and in live cells.

Rv1747 Forms Clusters in Mycobacterial Membranes. To investigate
whether our discovery of regulatory module phase separation
translates to clustering of full-length Rv1747 in vivo, we un-
dertook two types of experiments. First, we expressed mEso2-
tagged Rv1747 in M. smegmatis. Similar to the regulatory mod-
ule, the full-length protein formed foci (Fig. 4C and SI Appendix,
Fig. S134); however, these foci were more dynamic, as they as-
sembled and disassembled during the time scale of imaging (Fig.
4C and Movie S2). Interestingly, a similar difference between a
full-length protein and a phase-separation—inducing module was
recently observed for RNase E in Caulobacter crescentus and
linked to its catalytic activity (7). Thus, the presence of the
transmembrane and nucleotide binding domains may modulate
the dynamics of the foci formed by full-length Rv1747.

In a second set of experiments, we used superresolution mi-
croscopy to investigate whether Rv1747 forms higher-order as-
semblies in its native environment in Mtb. To do so, we labeled
fixed, permeabilized Mtb with an AF647-conjugated single chain
variable fragment (scFv) that had been selected via phage display
screening for binding to the FHA-1 domain of Rv1747 (Fig. 54
and SI Appendix, Fig. S144). Single-molecule localization mi-
croscopy (SMLM) images of the stained Mtb cells showed that
the fluorescent anti-Rv1747 scFv was distributed nonuniformly
in nanoclusters (Fig. 5B and Movie S3). More than one-half of
these localizations were organized into clusters with substantially
larger than expected areas from a highly generous estimation of
the dimensions of a single Rv1747 transporter molecule (Fig. 5 C
and D and SI Appendix, Fig. S15). This is consistent with higher-
order assembly of this transporter within the bacterial membrane
in vivo. As key controls, staining of Mtb was not observed with a
nonspecific scFv, and staining of a Arv1747 deletion strain was
not observed with the anti-Rv1747 scFv (SI Appendix, Fig. S14 B
and C).

Discussion

The ABC transporter Rv1747 is a virulence factor that has been
implicated in transporting intermediates of the cell wall bio-
synthesis pathway across the Mtb membrane (14). Deletion of
Rv1747 leads to Mtb growth defects in macrophages and infected
mice. Importantly, the activity of Rv1747 and its contributions to
virulence are dependent on interactions mediated by its regula-
tory module FHA domains and the linker phospho-acceptor
threonines (15). In this study, we show that this module has an
intrinsic ability to form condensates at high concentrations,
possibly mediated by weak electrostatic interactions of the
structured FHA domains with the unmodified ID linker. Phos-
phorylation of 1 or more linker threonines dramatically reduces
the saturation concentration for phase separation of Rv1747'21°,
likely through the synergy of these intrinsic properties with
specific intramolecular and intermolecular FHA domain/pThr
interactions (13).

We postulate that phase separation plays an important role in
the function and regulation of Rv1747. This is supported by our
finding that condensation of the regulatory module of the
orthologous ABC transporter in M. smegmatis, MSMEG_1642, is
conserved. Moreover, phosphorylation-enhanced phase separa-
tion of Rv1747'' is reversible via addition of the Mtb phos-
phatase PstP and inducible to varying degrees via many of the
Mtb regulatory STPKs. Therefore, it ties seamlessly into the in-
tricate phospho-signaling network of the bacterium. However,
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Fig. 5. Nanoclusters of Rv1747 in Mtb. (A) Rv1747-

specific AF647-scFv stained cell wall-labeled (green)
0.2 Mtb, but not Arv1747 Erdman (S/ Appendix, Fig. S14).
(B) Representative TIRF micrographs of GFP (Left)
and anti-Rv1747 AF647 (Middle) from a single Mtb
cell acquired before superresolution imaging. (Right)
SMLM reconstructions of anti-Rv1747 AF647-scFv lo-
calizations, depicted as a color-coded density plot.
(Scale bar: 500 nm.) (C) Single-molecule localizations
were clustered in 3D using DBSCAN (32). The depic-
ted clusters are color-coded by area. Each cluster
contains at least 6 localizations (MinPts) within
30 nm (Eps) of each other. (D) Distribution function
showing the cumulative fraction of all localizations
from 45 Mtb cells. The y-intercept is the fraction of
nonclustered localizations. Close to one-half (47%)
of the localizations were organized into clusters
larger than 2,600 nm?, the estimated maximal area
occupied by an Rv1747 molecule. (E) Model for
phosphorylation-enhanced clustering and regulation
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phosphorylation of the Rv1747 linker at T152 and other sites by
various STPKs under nonphysiological in vitro conditions might
not accurately reflect the in vivo activities of these kinases.

Further support for a functional role of condensation lies in
our observation that PknF and PstP colocalize differently with
phase-separated Rv1747' ', In contrast to the homogenous
distribution of PknF, PstP forms foci at the interface between the
main Rv1747'73'%rich phase and the protein-depleted sur-
rounding buffer. Multiphase immiscibility, which increasingly
appears to be a common feature of cellular condensates (3, 18),
potentially limits the ability of PstP to dissolve condensates of
phosphorylated Rv1747''°, In the cellular context, the reduced
accessibility of the condensate-dissolving phosphatase may in-
crease and prolong the regulatory impact of phosphorylation-
enhanced Rv1747 phase separation (8).

Based on these in vitro findings, we propose a working model
that connects phase separation and transporter activity via its
clustering in the membrane (Fig. 5E). Rv1747 has an intrinsic
ability to cluster at high concentrations on the surface of the Mtb
membrane. Signaling-mediated phosphorylation of the linker by
STPKs serves as a “multivalency dial” by enabling specific FHA
domain/pThr interactions to promote Rv1747 clustering. De-
phosphorylation by PstP reverses this effect. Phase separation-
mediated clustering could potentially increase transport effi-
ciency due to allosteric activity regulation, amplification of
signals by selectively filtering substrates, and/or formation of a
scaffold for interactions with additional components of the cell
wall biosynthesis pathways (14). In this model, STPKs/PstP allow
rapid and reversible activation/deactivation of Rv1747 on initial
exposure to challenging environments in infected macrophages.
Increased expression of Rv1747, or perhaps increased local
concentration driven by additional regulatory factors, may also
lead to phosphorylation-independent phase separation. This
would enable a sustained and prolonged response that is in-
dependent of STPK-mediated signaling.
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of Rv1747. The transporter (core ABC structure,
brown) clusters due to the concentration-dependent
phase separation of the regulatory module (FHA
domains, blue). This may increase the transporter
PstP activity (green arrow) of Rv1747 via an undefined
mechanism. Phosphorylation (red circles) by Mtb
STPKs reduces the saturation concentration for clus-
tering (upper triangle). Additional interactions with
regulatory proteins or transporter substrates could
modulate the saturation concentration.

In accordance with our model, we found that the regulatory
module also phase-separated in the context of supported lipid
bilayers and formed foci that displayed properties consistent with
phase separation when expressed heterologously in S. cerevisiae
and M. smegmatis. Most importantly, full-length Rv1747 also
formed foci in M. smegmatis, and native Rv1747 was nonuniformly
localized into nanoclusters at the Mtb membrane. The clusters
exhibited a distribution of sizes well exceeding the estimated di-
mensions of a single Rv1747 transporter. Previous reports have
shown that some ABC membrane proteins can oligomerize
(24, 25) and form nanoclusters (26), potentially to change sub-
strate specificities or to allosterically regulate activity. Our
findings provide evidence of nanoclustering by a bacterial ABC
transporter.

Nanoclustering has emerged as a general organizing principle
of membrane proteins, particularly receptors. Indeed, advances
in microscopy and fluorescence spectroscopy have enabled the
detailed characterization of the clustering of numerous eukaryotic
and bacterial membrane proteins (11, 27, 28). Recently, phase
separation of adaptor molecules binding to the cytoplasmic tails of
the membrane proteins has been identified as a mechanism that
could lead to nanoclustering (8). Our results are certainly not
conclusive that phase separation of the regulatory module drives
the clustering of full-length Rv1747. Membrane lipid organization,
the tendency of the transmembrane segment to oligomerize, and/or
interactions with other partner molecules could also contribute
to clustering (11, 12, 29). Nonetheless, our data unambiguously
demonstrate that the Rv1747 regulatory module can phase-
separate in vitro and in vivo. Thus, it is likely that phase sepa-
ration contributes to the identified self-organization of Rv1747
even when acting in conjunction with other cluster-promoting
factors (12).

In summary, we reveal that the regulatory module of the Mtb
ABC transporter Rv1747 undergoes phosphorylation-enhanced
phase separation triggered by multiple STPKs. Reversibility via
phosphatase treatment, along with the conserved behavior of an
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orthologous protein from M. smegmatis, suggest that this phase
separation is an evolutionarily-preserved mechanism to assemble
multiple Rv1747 transporter molecules into the nanoclusters that
we observed via superresolution microscopy. Whether phase
separation plays a dominant and widespread role in the assembly
of bacterial membrane proteins remains to be determined. Re-
gardless, it is likely that phase separation, initially discovered in
eukaryotes, is involved in the organization and function of
macromolecular bacterial systems.

Methods

More detailed descriptions of the materials and methods used in this study
are provided in S/ Appendix. A brief summary is provided here.

Protein Expression and Purification. The regulatory modules of Rv1747 and
MSMEG_1642, the catalytic domains of the Mtb phosphatase PstP and STPK
kinases, and the scFv protein constructs were expressed in Escherichia coli
and purified by standard chromatography methods. For fluorescence de-
tection, Rv1747'3"° was labeled with Oregon Green (OG), and PstP'~24°,
PknF'"2%2, and the scFvs were labeled with Alexa Fluor 647 (AF647).

Phase Separation of Rv1747'3'°, Phase separation of the investigated system
depends on numerous factors, such as protein concentration, incubation time
with a kinase, and sample conditions, including temperature. For consistency,
we developed standard protocols for experiments performed in this study.
Typically, samples of OG-Rv1747'3'° at the indicated concentrations were
incubated at 22 °C for 120 min with specified molar ratios of the STPK kinase
domains in 20 mM sodium phosphate, 100 mM NaCl, and 5 mM MgCl, at pH
7.4. For example, to ensure low-level phosphorylation of 50 pM OG-Rv1747'31°,
the PknF:0G-Rv1747'-3'° molar ratio was 1:100 with 100 pM ATP. In the
case of unmodified 0G-Rv1747'3", samples were slowly concentrated at
22 °C and 2,000 x g in 10-kDa molecular weight cutoff centrifugal filters
(EMD Millipore). At frequent intervals, centrifugation was stopped, the
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sample was thoroughly resuspended, and the concentration was determined
using UV-absorbance.

Imaging of Rv1747'31° and MSMEG_1642"3%° Droplets. Differential interfer-
ence contrast (DIC) and fluorescence microscopy were performed using an
Olympus FV1000 inverted confocal microscope with a UplanSApo 60x/1.35
numerical aperture oil immersion objective. All images were acquired at
~22 °C while maintaining consistent lamp/laser power, exposure time, gain,
and offset. Images were processed and analyzed with Imagel. To quantify
phase separation, the integrated intensity of pixels classified as droplets was
divided by the integrated intensity of all pixels within an image.

SMLM of Labeled Mth. GFP-expressing Mtb cells were settled on poly-L-lysine-
coated coverslips for 1 h at 4 °C and then fixed with PBS containing 4%
paraformaldehyde for 30 min. The Mtb samples were then treated with ly-
sozyme (2 mg/mL in H,0) for 30 min at 37 °C, followed by Triton X-100 (0.1%
in H,0) for 5 min at ~22 °C. After washing in PBS, the sample was blocked
with 10% normal goat serum in PBS for 30 min and then stained with the
AF647-conjugated Rv1747-specific scFv for 1 h at 22 °C. The latter was
obtained by biopanning an optimized M13 bacteriophage phagemid library
presenting ~10° different scFv clones against Rv1747'~"°¢ (FHA-1 and partial
linker). SMLM imaging was carried out using a custom-built microscope with
a real-time sample drift-stabilization system as described previously (30, 31).
Custom software written in MATLAB (MathWorks) was used to reconstruct
the SMLM images (30). Clustering of SMLM localizations was performed in
3-dimensions using DBSCAN (32).
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