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In live cells, phase separation is thought to organize macromolecules into membraneless
structures known as biomolecular condensates. Here, we reconstituted transcription in
condensates from purified mitochondrial components using optimized in vitro reaction
conditions to probe the structure—function relationships of biomolecular condensates. We
find that the core components of the mt-transcription machinery form multiphasic,
viscoelastic condensates in vitro. Strikingly, the rates of condensate-mediated transcription
are substantially lower than in solution. The condensate-mediated decrease in
transcriptional rates is associated with the formation of vesicle-like structures that are
driven by the production and accumulation of RNA during transcription. The generation
of RNA alters the global phase behavior and organization of transcription components
within condensates. Coarse-grained simulations of mesoscale structures at equilibrium
show that the components stably assemble into multiphasic condensates and that the
vesicles formed in vitro are the result of dynamical arrest. Overall, our findings illustrate
the complex phase behavior of transcribing, multicomponent condensates, and they
highlight the intimate, bidirectional interplay of structure and function in transcriptional
condensates.

biomolecular condensates | phase separation | transcription | mitochondrial genome | vesicles

Proteins and nucleic acids form diverse biomolecular condensates that arise via macromo-
lecular phase separation (1-4). Condensates emerge via demixing of protein, RNA, and
DNA components from their cellular surroundings, leading to the formation of distinct,
non-membrane-bound  cellular  structures. The formation of condensates via
macromolecular phase separation is mediated by multivalent homotypic and heterotypic
interactions among proteins and nucleic acids (1). Prominent biomolecular condensates
include P granules and stress granules in the cytoplasm (5, 6) as well as the nucleolus and
RNA splicing factor speckles in the nucleus (7, 8).

Condensates are thought to contribute to many cellular functions, including genome
organization and transcription (9-11). Major architectural chromatin proteins such as the
linker histone H1 (12) and the heterochromatin protein HP1a form condensates in vitro
and in vivo (13, 14). Phase separation, in different manifestations, has been suggested to
contribute to higher-order organization of genomes into domains and compartments
(15-17). In particular, various components of the transcription machinery spontaneously
concentrate into condensed phases in the mammalian nucleus, including prominently at
sites of superenhancers (18). This behavior has been attributed to the intrinsically
disordered regions (IDRs) found in many transcription factors and chromatin proteins
(19). IDRs are thought to mediate an array of multivalent protein—protein interactions
that give rise to dynamic, nonstoichiometric condensed assemblies (20, 21).

Condensates are enriched in functional components, such as transcription factors and
RNA processing factors. It has been proposed that increased concentrations of bioactive
macromolecules within condensates enhances reaction rates and increase the overall effi-
ciencies of key biochemical reactions within condensates (22). However, this hypothesis
rests on the assumption that condensates are well-mixed reactors, without considerations of
complexities of molecular transport within condensates. It thus remains largely unclear
how condensate structure relates to function (2). A major hurdle in elucidating relation-
ships between mesoscale structures and functions in vivo condensates has been the diffi-
culty of reconstituting functionally active condensates in vitro with all the biochemically
relevant components.

The mitochondrial genome (mtDNA) and its own dedicated gene expression machinery
are also organized via phase separation (23). Human mitochondria contain hundreds of
copies of their own 16 kb, circular genome (24) that assemble into mitochondrial (mt-)
nucleoids, which are membraneless, nucleoprotein complexes of ~100 nm in diameter
containing mtDNA and associated proteins (25, 26). In support of phase separation as a
driver of mt-nucleoid organization, the major mt-genome architectural protein TFAM
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phase separates in vitro and in vivo, and, combined with mtDNA,
forms condensates that recapitulate the behavior of mt-nucleoids
in cells (23). The mt-nucleoids also serve as sites of transcription
of long, polycistronic mt-RNA, which becomes further processed
in adjacent mt-RNA granules that are also thought to form via
phase separation (27).

The relative simplicity of me-transcription, involving only a small
number of essential components, makes for a unique and tractable
model system to probe relationships between mesoscale structures
formed via phase separation and the functional outputs of a biologi-
cally relevant transcriptonal condensate. Mt-transcription can be
reconstituted under soluble conditions with only four components:
mtDNA, the single-subunit mtRNA polymerase POLRMT, and
two transcription factors, TFAM and TFB2M (28, 29). Here, we
study me-transcription under condensate-forming  conditions
in vitro. We demonstrate that the mt-transcription machinery forms
multiphasic condensates in vitro, leading to dynamically arrested
mesoscale structures with dampened transcriptional kinetics com-
pared with equivalent reactions in bulk solutions. Importantly, we
find that the production of nascent RNA during transcription alters
the structure of the condensate. Our results demonstrate a close
interplay between the physical behavior and functional activity of
an archetypal biomolecular condensate.

Results

Individual Components of the Mitochondrial Transcription
Machinery Undergo Phase Separation In Vitro. The mt-tran-
scription has previously been reconstituted with three proteins and
a DNA template containing a mitochondrial promoter under
dilute conditions in solution (29). Given the organization of mt-
nucleoids into condensates within the crowded matrix in vivo (9),
we sought to establish in vitro conditions for mt-transcription
within condensates.

Taking a bottom-up approach, we first established the individ-
ual phase behavior of the minimal components required for mt-
transcription. The transcription factors TFAM and TFB2M
combined with the polymerase POLRMT are the minimal com-
ponents of the human mt-transcription machinery. Structural
studies (30) and bioinformatics analysis show that these proteins
contain a combination of ordered domains and IDRs (Fig. 1A4).
Computational predictions for disordered proteins suggest that
unbound TFAM is the most disordered of the three proteins,
with a flexible linker that bridges two DNA binding domains
(high-mobility groups A and B) and a disordered C terminus.
These features are consistent with conformational heterogeneity
that has been reported for TFAM molecules in solution (31).
TFB2M and POLRMT contain well-folded, functional domains
(28, 32). However, both proteins also contain disordered regions
at their N termini.

We find that TFAM, TFB2M, and POLRMT as well as DNA
individually phase separate to form dense phases in the presence
of the macromolecular crowder, polyethylene glycol (PEG, molec-
ular weight of ~3 kDa). Conditions that promote phase separa-
tion of individual components include 10 pM TFAM or TFB2M
in 10% PEG; 1.5 pM to 10 pM POLRMT in 5 to 10% PEG;
and 500 nM DNA in 10% PEG (Fig. 1B and S/ Appendix, Fig.
S1 A-C). In the presence of crowder, condensates formed by
TFAM, TEB2M, or DNA are highly spherical, with an aspect
ratio of approximately one (Fig. 1B and SI Appendix, Fig. S1
A-Q. In contrast, POLRMT assembles into highly irregular
structures, with an aspect ratio of greater than one (Fig. 1B and S7
Appendix, Fig. S1 A-C). The structures formed by POLRMT
show limited recoveries after photobleaching (S Appendix, Fig. S1
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D and E) and fit the description of being dynamically arrested
phases (33-35). Overall, our results show that all components of
the minimal me-transcription machinery can undergo phase sepa-
ration via macromolecular crowder-mediated homotypic interac-
tions. However, each of the condensates has distinct dynamics
and/or overall morphologies.

Multicomponent Systems Form Inhomogeneously Organized
and Dynamically Arrested Condensates In Vitro. Next, we
documented the joint phase behaviors of multiple components by
characterizing the structures formed in binary and ternary mix-
tures of components of the minimal mt-transcription machinery
(Fig. 10). Using the correlation coefficient as a metric of their
colocalization, we find that TFAM and DNA form multiphase
condensates, containing micrometer-sized subdomains that are
either TFAM-rich or DNA-rich (Fig. 10). In contrast, TFB2M
and POLRMT show lower degrees of colocalization with DNA
(Fig. 10). When the proteins were mixed in pairs without DNA,
TFAM and TFB2M colocalize with one another, although they
do not colocalize as well as with POLRMT (Fig. 1 (). This, again,
is a likely consequence of POLRMT driving the formation of
dynamically arrested phases.

For ternary combinations of pairs of proteins with DNA, the
organization of condensates remained inhomogeneous for all
combinations, with micrometer-sized domains forming for
TFAM-TFB2M-DNA and TFB2M-POLRMT-DNA (Fig.
10). However, for the ternary mixture of all proteins without
DNA, the condensates became more well mixed, implying that
heterotypic interactions of proteins with DNA contribute to
the emergence of spatially distinct coexisting phases of the mul-
ticomponent condensates (Fig. 1C). These results demonstrate
differences in phase behaviors of the various components of the
mt-transcription machinery.

To begin to build transcriptionally competent condensates, all
four biomolecular components (DNA, POLRMT, TFAM, and
TFB2M) were combined in equimolar protein ratios (~6 pM
TFAM, TFB2M, and POLRMT with 500 nM DNA) in the
presence of 5% PEG (Fig. 1D). In this mixture, all biomolecules
collectively partition into condensates (Fig. 1D). However, these
condensates do not fully fuse with neighboring ones. Instead, they
come into contact and form dynamically arrested, higher-order
structures (Fig. 1D). Moreover, condensate features appear to be
dependent on the stoichiometries of components (SI Appendix;
Fig. S1H). For example, increasing levels of TFAM relative other
components lead to significant increases in condensate size
(ST Appendix, Fig. S1F). Alternatively, relatively low amounts of
POLRMT lead to more round shapes (SI Appendix, Fig. S1F).
These results suggest that differences in concentration and stoichi-
ometry of components can influence emergent phase behavior.

We also found that localization of individual components
within the multiphasic structures remained inhomogeneous:
POLRMT showed the lowest level of colocalization with all
other components, while TFB2M tended to accumulate more
peripherally (Fig. 1D). Importantly, the colocalization correla-
tion coefficients for specific pairs tended to be higher in the
quaternary condensates than those found in the binary or ter-
nary condensates (Fig. 1 Cand D). This behavior is consistent
with the dual nature of TFAM, which has affinity for DNA via
its N-terminal DNA-binding domain , but also for other pro-
teins, such as POLRMT, via its disordered C terminus (23).
Together, these results show that components of the minimal
me-transcription machinery assemble into multiphasic conden-
sates in vitro.
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Fig. 1. Phase behavior of individual, binary, ter-
nary, and quaternary condensates comprising
mt-transcriptional components. (4  Protein
domain analysis for core mt-transcription pro-
teins TFAM, TFB2M, and POLRMT; Top illustrates
the known protein domains (red, blue, and dark
gray, respectively), and the unfolded, intrinsically
disordered domains are indicated in light gray.
Bottom shows probability of intrinsically disor-
dered sequences as predicted by several models
using D?P?, where high and low likelihoods for
disorder are indicated in red (high) and white
(low) (SI Appendix). (B) Top shows SIM (Structured
llumination Microscopy) images of condensates
formed for individual components at room tem-
perature on pluronic-treated coverslips: 10 uM
TFAM in 10% PEG (red), 10 pM TFB2M in 10%
PEG (blue), 1.5 pM POLRMT in 5% PEG (gray),
and 500 nM DNA in 10% PEG (green). Bottom
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contains violin plots of the aspect ratio for all
condensates analyzed; n = 4 experimental repli-
cates, average (dot) values are indicated, and
error bar = SD. (Scale bar, 2 pm.) (C) Binary and
ternary compound droplets. Violin plots of corre-
lation coefficient measured for each pair of
channels; correlation coefficient = 1 denotes
complete colocalization; n = 4 experimental rep-
licates, average (dot) values are indicated, and
error bar = SD (see S/ Appendix for concentra-
tions). (Scale bar, 1 pm.) (D) Quaternary droplets
at room temperature. Top includes individual
channels of ~6 pM TFAM (red), ~6 pM TFB2M
(blue), ~6 pM POLRMT (gray), and ~500 nM DNA

(green), and the merged image in 5% PEG. (Scale
bar, 2 pm.) Bottom contains violin plots of the
correlation coefficient for all pairs of channels;
n = 3 experimental replicates, average (dot) val-
ues are indicated, and error bar = SD. Buffer for
all conditions was 20 mM Tris-HCl, pH ~8.0,
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= 1 1 1
TFAM-DNA  TFB2M-DNA  POLRMT-DNA

correlation coefficient, p
o o
T T

Dampening of Transcription Rates under Condensate-Forming
Conditions. Next, we sought to reconstitute mt-transcription
in vitro under condensate-forming conditions. We first charac-
terized the effect of increasing concentrations of reaction
components starting with standard, soluble in vitro mt-tran-
scription reactions (29, 36). We added a full set of nucleotides
(nucleoside 5'-triphosphates [NTPs]) to the mixture of
0.6 pM TFAM, 0.6 uM TFB2M, 0.6 pM POLRMT, and
50 nM DNA (1X) in the absence of any crowder (—PEG).
After 30 min of incubation at ~35 °C (SI Appendix), transcrip-
tional activity was measured by detection of a ~300-nt RNA
product using a PCR-amplified template containing the LSP
promoter and radioactively labeled nucleotides, as previously

PNAS 2022 Vol.119 No.41 2207303119

TFAM-TFB2M  TFAM-POLRMT TFB2M-POLRMT

20 mM BME, 10 mM MgCl,, and ~100 mM Nacl
at room temperature.

described (36) (Fig. 24). Using these conditions (1X, —PEG) as a
starting point, we increased the concentration of all components
proportionally over a 10-fold range. Transcriptional activity
increased roughly linearly over an approximately seven-fold range
of initial concentrations, but then dropped off at higher concen-
trations of the macromolecular components (Fig. 2 A and B). Fur-
thermore, by individually titrating various components, we found
that high levels of TFAM relative to TFB2M, POLRMT, and
DNA led to a reduction of the transcription reaction, while lower
concentrations of POLRMT relative to TFAM, TFB2M, and
DNA also reduced RNA production (87 Appendix, Fig. S2 A and
B). By using 1:1:1 stoichiometries of proteins at approximately
10 times the molar concentration of template DNA, we were able
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to produce significant amounts of RNA (Fig. 2 and SI Appendix,
Fig. S24).

To reconstitute transcriptionally active condensates, we propor-
tionally increased protein and DNA concentrations in the presence
of a crowder (+PEG) and nucleotides (Fig. 24). Condensates were
transcriptionally active, but the transcriptional output of conden-
sates was 1.3-fold to 20-fold lower than under the corresponding
solution conditions where condensates do not form (Fig. 2 B
and (). Decreased rates of transcriptional output in condensates
occurred most significantly at equimolar ratios of macromolecular
components and approached unity with increasing reactant con-
centration (Fig. 2 A-O).

To confirm the formation of condensates under conditions
that support transcription and to relate mesoscale structures of
condensates to function, we compared the morphologies of
condensates under different conditions (Fig. 2 D-H and S/
Appendix, Figs. S2C and S3). In the absence of crowder, corre-
sponding to dilute conditions (1X, —PEG), we did not observe
condensates (S/ Appendix, Fig. S3 C-F). Under transcription-
ally competent, condensate-forming conditions (1X to 10X,
+PEG), RNA and all transcriptional components localized to
the periphery of condensates, forming vesicle-like morphologies
within 60 min (Fig. 2 D-H, SI Appendix, Figs. S2C and S3
B—F, and ref. 37). In these vesicles, DNA tended to associate
with the outermost and innermost layers, whereas RNA and
proteins colocalized in the middle layer (Fig. 2H and S/
Appendix, Fig. S31). Visualization of fluorescently labeled PEG
suggests that the crowder is localized to the aqueous phase of
the lumen within these structures, supporting the vesicular
nature of the mt-transcriptional condensates (S7 Appendix, Fig.
S3G). The peripheral localization of the transcription machin-
ery appears to be a consequence of active transcription, as iden-
tical, but transcription-incompetent, condensates generated in
the presence of only uridine 5'-triphosphate (UTP) nucleotides
tended to retain their filled, nonvesicular structures (Fig. 2
E-H and SI Appendix, Figs. S2C and S3; see “Newly Synthe-
sized RNA Transcripts Shape Condensate Structure”).

Similarly, we examined the morphologies of the mt-transcrip-
tional condensates under several stoichiometries (57 Appendix, Fig.
S20). Increasing levels of TFAM led to more-pronounced vesicu-
lar morphologies, suggesting that TFAM supports vesicle
formation. In contrast, lower levels of POLRMT—associated
with reduced RNA production (S/ Appendix, Fig. S2B)—
drastically reduced the amount of the condensed phase, and the
few remaining condensates tended to retain their droplet-like
morphologies. We note that these different stoichiometries exhibit
different phase behaviors under non-reacting conditions (57
Appendix, Fig. S1F), and are associated with different transcrip-
tional efficiencies, or, effectively, RNA levels (S/ Appendix, Fig. S2
A and B). Thus, the phase behaviors that we observe upon the
reaction are functions of not only the protein and DNA compo-
nents but also of the amount of de novo RNA generated.

Opverall, our results demonstrate transcriptional activity and
changes to phase behavior in reconstituted mt-condensates, and
that transcription is dampened in condensates compared with
the bulk solution.

Newly Synthesized RNA Transcripts Shape Condensate
Structure. Newly synthesized RNA transcripts tended to local-
ize to the periphery of mt-transcription condensates (Fig. 2
D-H). To determine whether nascent RNA is exclusively pro-
duced at the edge of the condensates or is generated internally
and accumulates over time at the periphery, we performed time

course experiments (Fig. 3 A and B). RNA can be detected as
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early as 5 min after the start of the reaction in the condensate
interior (Fig. 3 A and B). At early time points of 5 and 10 min,
all components of the transcription machinery localize through-
out the interior of the condensate (Fig. 3 4 and B). In contrast,
at later time points of 20, 40, and 60 min, we detected signifi-
cant changes i organization, whereby condensates with pro-
nounced vacuoles start to appear (Fig. 3 A and B, Movies S1
and S2, and SI Appendix, Fig. S4 H-J). All the components
become peripherally located with increasing reaction time, and
these morphological changes were concomitant with RNA
production (Fig. 3 A and B). Quantification of component
intensities within the condensates over time shows that RNA
and protein levels accumulate over the course of ~20 min and
then plateau, suggesting an arrest of transcription (87 Appendix,
Fig. S44). However, quantification of DNA, as measured by
DAPI, shows a decrease in intensity, corresponding to, poten-
tially, either strand separation resulting from the transcription
reaction or an efflux of DNA to accommodate the accumula-
tion of negatively charged RNA (87 Appendix, Fig. S4A).

The observed reorganization of transcription components dur-
ing the reaction suggests that the presence of RNA, and its
increase in concentration over time, leads to structural changes of
condensates. We performed an order-of-addition experiment to
test the role of the newly synthesized RNA in determining
condensate structure: We added exogenous RNA (ex-RNA)—
comparable in sequence and length—to the mt-components at
various time points in the presence of only UTP. The goal was to
mimic interactions that arise from the presence of RNA despite
the absence of transcriptional activity. Addition of ex-RNA at the
beginning of mixing resulted in condensates with a layered struc-
ture, where ex-RNA, TFAM and POLRMT were in the interior,
surrounded by a shell of DNA (Fig. 3C). In contrast, addition of
ex-RNA after the DNA and protein components had mixed and
had time to form condensates (# = 5, 30 min) resulted in
condensates that had the reverse layered organization: DNA,
TFAM, and POLRMT were in the interior, surrounded by a
peripheral shell of ex-RNA (Fig. 3C). The peripheral localization
of ex-RNA suggests that it coats pre-formed protein-DNA-rich
condensates.

We found that, across the conditions we investigated, the
proteins TFAM and POLRMT tended to partition with
ex-RNA, suggesting that protein—RNA interactions are ener-
getically favorable. However, in all cases, there was little
colocalization of DNA with RNA, implying that DNA and
RNA repel each other and that DNA-RNA interactions are
energetically unfavorable. Indeed, combining only DNA and
RNA yielded condensates with layered organization, where
DNA was internal and surrounded by a shell of RNA, sug-
gesting inherent immiscibility between DNA and RNA (S7
Appendix, Fig. S4 F-G). Moreover, RNA is prone to forming
irregular structures on its own, suggesting that RNA tends to
self-associate in arrested structures, as has been demonstrated
previously (34). The ability of proteins to alter the organiza-
tion of nucleic acids within condensates supports the idea that
proteins can help mitigate the immiscibility between DNA
and RNA in transcriptional condensates (8] Appendix, Fig. S4
E-G).

Our observations, showing that localization of components
within condensates depends on the order in which different
components are added, suggest that active transcription con-
tributes to shaping condensate structure. The distinct morphol-
ogies of condensates depend on when RNA is added, thereby
indicating that active mt-transcriptional vesicular condensates
represent nonequilibrium structures.
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Next, we tested whether these structures were dynamically
arrested by performing fluorescence recovery after photobleach-
ing (FRAP). We used FRAP to measure the mobility of actively
transcribed RNA molecules by detection of fluorescently
labeled nucleotides (fluorescein-12-UTP). After ~30 min of
reaction, minimal recovery occurred over the course of ~15
min (Fig. 3D). As a control, free nucleotides in a transcription-
incompetent condensate rapidly exchanged, resulting in only
limited bleach depth (SI Appendix, Fig. S4 B-D). Taken
together with how organization depends on the order of addi-
tion of macromolecular components, the slow internal dynam-
ics of newly synthesized RNA molecules led us to conclude that
vesicular structures, previously shown to be non-equilibrium
structures (38), are, in fact, dynamically arrested condensates.

Organization of Mitochondrial Nucleoids Is Altered upon
Depletion of Core Transcription Components In Vivo. To
further probe relationships between mesoscale structures and
functions of mt-condensates in vivo, we depleted key mt tran-
scription components and assessed their effects on mt-nucleoid
organization.

Using conditions of partial knockdown by RNA interference,
we find that reduced levels of TFAM lead to a significant reorga-
nization of mt-nucleoids (87 Appendix, Figs. S4B, S5, and S6), as
previously observed in TFAM heterozygous knockout mice (39).
After small interfering RNA (siRNA) treatment, we found that
the number of mt-nucleoids per cell, based on staining for
TFAM, was reduced significantly (S Appendix, Fig. S5). In line
with prior observations (39), dramatically enlarged mt-nucleoids
were observed in Hela cells that were partially depleted of TFAM
(Fig. 4B). Interestingly, these remaining mt-nucleoids resembled
the heterogeneous condensates observed in vitro (23). These clus-
tered mt-nucleoids allowed us to better resolve the spatial organi-
zation of the mitochondrial (ribo)nucleoprotein complexes (Fig.
4B): Mitochondrial 12S rRNA localized peripherally, demixed
from TFAM and mtDNA (Fig. 4B and S/ Appendix, Fig. S6),
similar to in vitro condensates that were formed when ex-RNA
was added at later time points (Fig. 3C), and supporting the con-
clusion that mt-nucleoids and mt-RNA exist as spatially distinct
phases in live mitochondria (23, 27).

We further noticed altered phase behavior upon perturbation
of other mt-nucleoid components involved in transcription
(81 Appendix, Fig. S5). The mt-nucleoid associated protein
MTERF2 (mt-transcription termination factor 2) is an abun-
dant mt-nucleoid protein, present at ~60:1 copies relative to
mtDNA in vivo (40). Partial knockdown of MTERF2 also led
to significantly reduced cell number and altered mt-nucleoid
number (SI Appendix, Fig. S5), associated with a pronounced
population of swollen mitochondria. These mitochondria corre-
sponded to accumulation of RNA puncta alongside the swollen
membrane (SI Appendix, Fig. S6A4). TFAM accumulated in
these mitochondria and appeared to wet the inner surface of
12S rRNA foci. However, mtDNA remained organized as
~100-nm puncta that were surrounded by TFAM and fre-
quently positioned adjacent to bright puncta of 12S rRNA (S7
Appendix, Fig. S6), which further supports the idea of coexist-
ing (ribo)nucleoprotein phases. Additionally, depletion of
mtDNA achieved using a mitochondrially targeted endonucle-
ase (41) led to complete dissolution of mt-nucleoids, including
TFAM, and reduction of 12S rRNA signal (SI Appendix, Fig.
S6). The dissolution of DNA- and RNA-rich condensates in
the me-matrix upon mtDNA depletion suggests that mtDNA
is involved in nucleating mt-transcriptional condensates in
live cells.
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Computational Simulation of Transcription-Mediated Reorga-
nization. To interpret the disparate organizations found in vitro
and in vivo, we used computational modeling to recapitulate
the effect of RNA production on phase behavior of mt-tran-
scriptional condensates. Using the simulation engine Lattice
Simulation Engine for Sticker and Spacer Interactions (LaSSI)
(42), we performed Monte Carlo simulations of coarse-grained
(CG) models of binary and higher-order mixtures to probe the
effects of RNA production on equilibrium condensates (Fig. 5).
To preserve the overall length scales and interaction hierarchies
of the macromolecules involved in mt-transcriptional conden-
sates in the simulations, DNA molecules were modeled as
chains of 20 beads, RNA as chains of 10 beads, TFAM and
TFB2M as chains of 4 beads, POLRMT as chains of 3 beads,
and crowders as chains of 4 beads (Fig. 5A4).

We first parameterized the contact energies between pairs of
molecules by reproducing experimentally observed morpholo-
gies of single and binary mixtures (Fig. 5C compare with Fig.
1 Band O (23). The experimentally measured colocalization
and condensate homogeneity were used as proxies for stronger
heterotypic interactions, while spatial inhomogeneities within
the condensates were used as proxies for stronger homotypic
interactions. We included an additional anisotropic interaction
for TEAM to account for its weak dimerization upon DNA
binding (Fig. 5B) (43). Simulations of the binary mixtures of
transcriptional condensate components generated morphologies
(Fig. 5C and SI Appendix, Fig. S7A) with spatial organizations,
quantified in terms of radial density profiles, that recapitulate
the experimental results (Fig. 1C). For example, TFAM-DNA
and POLRMT-DNA formed multiphase droplets in the simu-
lations, while TFB2M and DNA behaved as distinct coexisting
phases, and pairs of proteins tended to form well-mixed drop-
lets, as observed in vitro (Figs. 1 Cand 50).

Extending this modeling approach to the quaternary conden-
sates, we find the formation of heterogenous droplets that are
consistent with our experimental results. This is best illustrated
by comparing results summarized in Fig. 5E, r = 0, with results
shown in Fig. 1D. Simulations show the formation of layered
droplets with DNA being localized almost exclusively to the
periphery (Fig. 5D and SI Appendix, Fig. S7B). The three pro-
teins tend to be enriched in the interior of the droplet, enveloped
by a shell of DNA. This multiphase organization is consistent
with the heterogeneity and colocalization of components in the
four-component dynamically arrested droplets observed in vitro
(Fig. 1D).

Next, we explored how transcription affects the morphologies
of condensates in silico. We did not explicitly model the active
process of creating RNA transcripts; instead, we performed a series
of independent equilibrium simulations, each with a distinct
amount of RNA. These simulations thus allowed us to query the
equilibrium morphologies that would be achieved using our
model for different amounts of RNA, corresponding to different
time points of the reaction. We then compared these morpholo-
gies with those observed in vitro. The model we used is based
on pairwise interaction energies derived from reconstitutions
with fewer components. As summarized next, the equilibrium
morphologies we observed in the simulations are not the vesicular
structures that were observed in vitro.

The details are as follows: In each simulation, we query the
arrangement of the system for fixed amounts of RNA, corre-
sponding to a particular time point of the reaction. For exam-
ple, at the initial time point #, all reactants are fully mixed,
and no RNA is present, implying that [R],_, = 0, while, at later
times, #; > 0, the system contains increasing amounts of RNA,

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2207303119/-/DCSupplemental

t =20 min t =40 min t =60 min

RNA

DNA

=
L
=
=
=
[a=
|
o
o
B @5 @10 @20 @40 @60 min @5 @10 @20 ©40 O60 min
> 1 RNA TFAM{ 1 POLRMT
§08 . 0.8 QQQOQQ Q
<06 . 0.6
e}
[0}
No.4 . 0.4
®©
€02 . 0.2
[e}
pze 0 \() 0
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
Normalized Radial Position Normalized Radial Position Normalized Radial Position Normalized Radial Position
C t=0min t =5 min t =30 min D
0.5 um
< . )
Z 10
< =
Z © =
[a's ()]
0 g 0.8
(V) < — ~9 min post-bleach
+ =2 < )
> 0 5 0.6f fluorescein-12-UTP A
c
S N
[a —_
E = ©0.4r1 1
2 £ =
+ = @)
e Z 0.2} .
a =
>,\< % transcription: 7X PEG + NTPs
—J ol f N
O
& 0 5 10 15

Time (min)

Fig. 3. Dynamics of transcriptional condensate organization. (A) Time course of condensate morphology under reaction conditions (7x PEG, 5% PEG). Con-
densates were fixed and imaged after t = 5, 10, 20, 40, or 60 min at 35 °C. Single channels for RNA (cyan), DNA (green), TFAM (red), and POLRMT (grayscale)
are shown; n = 4 experimental replicates. (Scale bar, 1 pm.) Intensity of green channel was adjusted for visibility due to decrease in DAPI signal with time; all
other channels are set at the same contrast settings (see S/ Appendix, Fig. S4A for intensity quantification). (B) Quantification of normalized intensity profiles
of each component in the condensate, where r = 0 is the center of the condensate, and r = 1 is the normalized perimeter, for each channel in A. Shading
indicates the time point corresponding to the average line profile, where darker colors are early time points, and lighter colors are late time points; n = 4
experimental replicates, and error bars = SEM. (C) (Top) Organization of condensates after addition of ex-RNA (S/ Appendix) to nonreacting droplets at t = 0
(RNA added before all other proteins/DNA), t = 5 min (RNA added after condensates assembled for 5 min at 35°C), or t = 30 min (RNA added after conden-
sates assembled for 30 min at 35°C). Buffer was the same as that used in the negative control (8 mM UTP). Condensates were fixed onto coverslips after
1 h of incubation at 35°C; n = 3 experimental replicates. (Scale bar, 0.5 pm.) Bottom contains schematic illustration indicating localization (peripheral or inter-
nal) of each component: RNA (cyan), DNA (green), TFAM (red), and POLRMT (grayscale). (D) FRAP recovery for transcribing droplets (NTPs, each 2 mM) for 7x
and 5% PEG conditions. /Inset shows condensates prebleach, bleach, and 9 min postbleach. Dashed circle represents region that was bleached; n = 9 drop-
lets, and error bars = SEM. (Scale bar, 1 pm.)
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intensity surrounding mt-nucleoids. Data represent n = 4 independent experimental replicates that were pooled together.

implying that [R],., > 0. Here, [R]; represents the total con-
centration or amount of RNA in the system at a given time, #.
With increasing amounts of RNA in our simulations, or our
proxy for time, we observe three features: First, the fixed
amounts of RNA that are included in each simulation are
incorporated exclusively in the interior of existing droplets (the
fifth panel in Fig. 5D and S/ Appendix, Fig. S7B); second, as
shown in the third panel of Fig. 5D, there is an appreciable
reduction of TFB2M in the interior, and a concomitant
increase of TFB2M near the periphery; and third, DNA persists
at the periphery, while TFAM and POLRMT remain in the
interior, largely unaffected by different RNA levels (Fig. 5 D
and Eand SI Appendix, Fig. S7B).

The computational results summarized in Fig. 5 D and E do
not show vesicular structures observed in vitro. However, they
capture the poor mixing of DNA and RNA. Taken together
with the observations in vitro that RNA localization depends
on the order of addition of RNA into the system (Figs. 2 and
3(C), we take the discrepancy between the equilibrium mor-
phologies observed in the simulations and the vesicular struc-
tures observed in vitro as evidence that the vesicles represent
dynamically arrested structures.

Importantly, vesicular organization is not observed in vivo
either. This is likely because newly synthesized me-RNA mole-
cules are bound by RNA-binding proteins and processed in mt-
RNA granules, which are phase-separated structures that are
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often located adjacent to mt-nucleoids (27, 44). To test for this
possibility, we incorporated an additional favorable interaction
between the crowder and RNA in our simulations, to mimic the
presence of association of RNA-binding proteins to the newly
synthesized RNA under steady-state conditions in vivo (Fig. 5B).
Under these conditions, RNA no longer associates with the
DNA- and protein-rich droplet but condenses separately in
the bulk (Fig. 5 D, Inser and Fand SI Appendix, Fig. S7C). The
removal or exclusion of RNA from the me-transcriptional con-
densate by an effective RNA binding protein in our simulations
thus mirrors their distribution in vivo (Fig. 4 and S/ Appendix,
Figs. S5 and S6).

Discussion

We report here the in vitro reconstitution of transcriptionally
active, multiphasic condensates using the human mt-transcrip-
tion machinery as a model system. We show that, when com-
pared with bulk reactions in solution, the transcriptional rate is
reduced under condensate-forming conditions. We also observe
that the production of RNA alters the spatial organization of
condensates, thus providing direct evidence for a dynamic
interplay between the structure of condensates and the func-
tional activities they harbor.

A key observation in our study is the finding of reduced
transcriptional output when phase separation occurs, compared
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Fig. 5. Computational modeling of mt-transcriptional condensates. (A) CG model for the mt-transcriptional components. All beads are connected by implicit
linkers of two-lattice sites. DNA and RNA are modeled as chains of 20 and 10 beads, respectively. TFAM is modeled as four beads (X-a-b-X’), where the central
two beads, a and b, interact more favorably with DNA. To account for TFAM's weak dimerization upon DNA binding, bead b has an additional interaction energy
(—2 kgT) for another b bead, yielding a local anisotropic interaction. TFB2M, POLRMT, and crowder are chains with four, three, and four beads, respectively.
(B) Interaction matrices for the two models considered. Model A lacks RNA-binding proteins and captures the organization of the condensates seen in vitro.
The crowder has repulsive interactions with every species, including itself. The DNA and RNA have no interactions, while the rest of the molecules have favor-
able interactions. Model B mimics the effective inclusion of RNA-binding proteins by making the RNA-crowder interactions favorable, modeling an effective
RNA binding protein as occurs in vivo. (C) Representative snapshots and density profiles for the binary mixtures shown in Fig. 1C. For clarity, the crowder is not
shown. (D) Density profiles of each component with different RNA amounts for model A. Inset corresponds to RNA profiles for model B and shows no RNA
accumulation inside the condensate when RNA binding proteins are present. (E and F) Representative snapshots of the condensates with increasing RNA for
models A (E) and B (F). A higher amount of RNA in the system corresponds to a later time in the transcription reactions. For clarity, the crowder is not shown,
and non-RNA components are made transparent. The RNA is evenly distributed inside the condensates and continues to be accumulated as the reaction con-
tinues (E). With a suitable RNA binding protein, the RNA can be prevented from going inside the condensates, as observed in vivo (F).
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with bulk solution conditions. Decreased rates of transcription
within condensates are likely due to the slower internal dynam-
ics associated with arrested phases, which represent metastable,
nonequilibrium structures, wherein one or more macromole-
cules are immobile because they are a part of highly cross-
linked networks. The slow dynamics associated with an arrested
environment suggest that mt-transcriptional condensates expe-
rience transport-limited kinetics. In support, our rough esti-
mates suggest that less than one round of transcription occurs
under condensate-forming conditions, indicating that not all
DNA templates are actively transcribed. This behavior is in line
with the situation in live cells, where only a minority of <5%
of the mt-nucleoids are actively transcribing at any given time
(45, 46).

Comparisons of in vitro and in vivo mt-transcription and
phase behavior are complicated by differences in the stoichiome-
try and DNA templates required to reconstitute efficient mt-
transcription in vitro. For example, in vivo TFAM is present in
roughly 1,000 copies per copy of mtDNA (25), or, equivalently,
0.06 molecules TFAM per base pair of DNA and in significant
stoichiometric excess of TFB2M and POLRMT (47), whereas
our in vitro reconstitution system requires use lower TFAM/
DNA ratios (~0.02 molecules TFAM per base pair of DNA; S/
Appendix) and roughly equimolar ratios of proteins to generate
detectable RNA product (28, 48). We find that increasing
TFAM levels closer to physiological levels significantly reduced
the reaction in vitro (SI Appendix, Fig. S2) (29). Moreover, the
mt-genome is circular and 16 kb in size; conversely, in vitro
transcription assays require short linear DNA templates of ~0.5
kb, since longer transcripts cannot be efficiently generated in vitro
without the presence of other protein factors (30). The RNA
molecules synthesized in vivo are long transcripts that are quickly
bound and modified by RNA-binding proteins (49), while our
in vitro system generates short (~300 nt) RNAs in the absence
of any such RNA-modifying proteins.

Importantly, we find that the mesoscale structures of
mt-transcriptional condensates are affected by their activity.
Production of RNA in the otherwise DNA- and protein-rich
mt-transcriptional condensate leads to nonequilibrium changes
in condensate organization, reflected by the emergence of
vesicle-like morphologies. Intriguingly, similar vesicle morphol-
ogies have been observed for simple in vitro RNA—protein sys-
tems (37), in vivo liquid spherical shells of the DNA- and
RNA-binding protein TDP-43 (50), and in vitro liquid spheri-
cal shells of DNA and poly-L-Lysine (51). RNA has also been
shown to form a corona on the surface of engineered conden-
sates, directly impeding their coarsening (52).

The vesicles observed due to RNA generation in mt-transcrip-
tional condensates in vitro differ from that of the canonical mt-
nucleoid organization in mitochondria in vivo (25, 26, 53),
where mt-nucleoids remain as condensed, ~100-nm droplet-
like structures, and mt-RNA localizes to separate mt-
RNA-processing granules (27). Our simulations, which are based
on experimentally determined interaction parameters, suggest
that, during transcription, mt-RNA is tethered to the mt-nucle-
oid as it is being transcribed by POLRMT and is effectively
handed off from the mt-nucleoids to the more energetically favor-
able mt-RNA-—processing granules, which are themselves conden-
sates (27). This scenario is supported by our computational
simulations which demonstrate that the presence of RNA-
binding activities outside the condensate is sufficient to remove
the accumulating RNA from the condensate, restoring morpholo-
gies concordant with the maintenance of local equilibrium. This
feature, whereby the newly transcribed RNA molecules are
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sequestered in RNA granules juxtaposed to non-vesicular mt-
nucleoids, appears to help with maintaining local thermodynamic
equilibrium, a phenomenon recently observed for P granules
(54). It is worth emphasizing that our simulatons do not directly
model active transcription. Instead, we perform a series of sepa-
rate simulations, each with a predetermined amount of RNA.
This approach allows us to model the mesoscale structures of
condensates that form at equilibrium by minimizing the global
free energy in the presence of specific amounts of RNA (Fig. 5).
Other approaches have been introduced in the literature to model
phase equilibria in the presence of chemical reactions of the
phase-separating components (55, 56).

There are growing numbers of reports of transcription occur-
ring within condensates in vivo. RNA Pol I transcribes ribosomal
RNA (rRNA) in the multiphase nucleolus (7, 57), and RNA Pol
II has been reported to produce messenger RNA in transcrip-
tional condensates (58, 59). By extension, POLRMT generates
long, polycistronic mt-RNA in the droplet-like mt-nucleoid
(23, 27, 30). While condensate formation is not an absolute
requirement for transcription, since soluble conditions can sup-
port in vitro transcription of mt-RNA (60), there is growing
evidence that condensate formation may offer advantages for reg-
ulation of transcription in vivo. First, the condensed phase
enriches for specific reactants, which may contribute to mass
action effects (22, 61). In addition, increased dwell times of pro-
teins associated with the condensate microenvironment may also
be conducive for assembly of reacting complexes (62). In support
of this hypothesis, an early FRAP study showed that the kinetics
of multiple RNA Pol I components could only be explained by
inclusion of a slow kinetic component prior to binding of the
polymerase subunits to the promoter, possibly reflecting slowed
diffusion in a nucleolar condensate (63).

The eukaryotic RNA Pol II transcription machinery has long
been known to be organized into transcription factories in human
nuclei (64), where nonspecific interactions stabilize the clusters
(65)—many of which exhibit condensate-like properties (18, 58).
Initially, Pol II and its transcription machinery assemble into
dynamic, droplet-like structures, particularly around superen-
hancers, and, as RNA is generated, it demixes from the DNA-rich
phase (66, 67), reminiscent of a microphase separation process
(68). Interestingly, for RNA Pol II condensates, rapid, local RNA
production has been shown to result in complete dissolution of
the condensate, underscoring a feedback mechanism between
phase behavior and RNA production, as also observed here for
mt-transcription (69). Conversely, transcriptional condensates are
not always associated with increased activity: During embryonic
development, such hubs may act as repressors (70-73). Similar
condensation events of transcription have also been seen in the
bacterial nucleoid, where RNAP clusters with transcription factors
at specific sites, particularly rDNA, in the bacterial genome (74,
75). The commonality that begins to emerge from these observa-
tions is that RNA is not retained in DNA-rich phases, pointing to
an intrinsic energetic barrier for their mixing.

Our in vitro studies describe the formation of arrested phases
of mt-transcriptional components, suggesting that equilibrium
morphologies observed in silico can become dynamically inacces-
sible because of energetic barriers. These barriers appear to be
negotiated to alleviate arrest and metastability in vivo by achiev-
ing local thermodynamic equilibria upon transcription through
the presence of RNA-associating proteins—a feature that is read-
ily reproduced in simulations. The resulting multiway interplay
of phase separation, active transcription, and sinks for new
transcripts likely gives rise to local thermodynamic equilibrium
(54), that is, the maintenance of local detailed balance. It is
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attractive to postulate that local equilibria are being actively
maintained in other cellular processes, where there is coupling of
phase separation and biochemical reactions.

Materials and Methods

All details and protocols are described in full in SI Appendix. Briefly, core compo-
nents of the human mt-transcription machinery (TFAM, TFB2M, and POLRMT)
were purified using bacterial expression, and short template DNA (~0.5 kb) con-
taining the mitochondrial light-strand promoter was amplified using PCR. Phase
separation assays were imaged using Structured lllumination Microscopy or
Laser-Scanning Confocal Microscopy. In vitro transcription reactions were per-
formed in the absence and presence of the crowder PEG to capture soluble and
condensed states, respectively. In vivo organization of mt-transcription compo-
nents was observed in Hela cells upon siRNA and mtDNA depletion. Simulations
on the phase behavior of mt-transcriptional condensates were performed using
a LaSSI simulation engine.

Data, Materials, and Software Availability. All data supporting the find-
ings are available in the main text and supporting information. Images and
image analysis code can be found in the GitHub repository: https://github.com/
fericm/mito-transcriptional-condensates (76).
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