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SUMMARY
Human cytomegalovirus (HCMV) replicates its DNA genome in specialized replication compartments (RCs) in
the host cell nucleus. Thesemembrane-less organelles originate as spherical structures and grow in size over
time. However, the mechanism of RC biogenesis has remained understudied. Using live-cell imaging and
photo-oligomerization, we show that a central component of RCs, the UL112-113 proteins, undergo liquid-
liquid phase separation (LLPS) to formRCs in the nucleus.We show that the self-interacting domain and large
intrinsically disordered regions of UL112-113 are required for LLPS. Importantly, viral DNA induces local clus-
tering of these proteins and lowers the threshold for phase separation. The formation of phase-separated
compartments around viral genomes is necessary to recruit the viral DNA polymerase for viral genome repli-
cation. Thus, HCMV uses its UL112-113 proteins to generate RCs around viral genomes by LLPS to ensure
the formation of a pro-replicative environment.
INTRODUCTION

Compartmentalization is a key feature of all living entities. A com-

mon separation mechanism in cell biology is cellular membranes

that divide cells into distinct compartments. In addition, eukary-

otic cells also harbor membrane-less compartments, such as P-

bodies and stress granules in the cytosol and nucleoli, nuclear

speckles, and Cajal bodies in the nucleus (Brangwynne et al.,

2009; Fei et al., 2017; Feric et al., 2016; Fox et al., 2018; Strom

and Brangwynne, 2019), which are now commonly referred to

as biomolecular condensates (Banani et al., 2017). Some of

these compartments have liquid properties as reflected by their

round shape and their ability to fuse and relax into larger spher-

ical structures as a result of their surface tension as well as rapid

diffusion of molecules within the body (Brangwynne et al., 2009;

Hyman et al., 2014; McSwiggen et al., 2019a; Patel et al., 2015).

These compartments form through a process called liquid-liquid

phase separation (LLPS), similar to the formation of oil droplets in

water (Hyman et al., 2014). LLPS is a process in which the inter-

active forces between groups of molecules outweigh the sur-

rounding solvent’s forces (Alberti et al., 2019). The resulting

condensed liquid droplets constitute membrane-less compart-

ments that concentrate specific factors. Compartment formation
This is an open access article und
by LLPS can increase reaction specificity and kinetics and

exclude inhibitory factors. It also plays a role in buffering sub-

strate concentrations to facilitate and promote biological

reactions.

Phase-separating proteins often contain a multivalent interac-

tion domain and an intrinsically disordered region (IDR), which

drives phase separation by homotypic interactions (Hyman

et al., 2014; Lin et al., 2015; Saar et al., 2021). In a binary system

consisting of a phase-separating protein P and a solute S, phase

separation is governed by the concentration of P in S and ther-

modynamic parameters, such as temperature and pH. However,

heterotypic interactions with cellular polymers, such as nucleic

acids or multivalent proteins (Banani et al., 2017; Shevtsov and

Dundr, 2011; Shin et al., 2018), can act as local triggers that

nucleate clustering and induce LLPS at specific sites below the

global concentration threshold for LLPS (Bracha et al., 2018).

Since phase-separated cellular compartments, such as

nucleoli and nuclear speckles, play essential roles in RNA pro-

cessing, rRNA synthesis, ribosome assembly, and mRNA

splicing (Feric et al., 2016; Riback et al., 2020), it is not surprising

that several RNA viruses use LLPS to generate compartments

for viral RNA replication or virion assembly in the cytoplasm

(Alenquer et al., 2019; Cubuk et al., 2021; Geiger et al., 2021;
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Figure 1. Pre-replication compartments are fluid biomolecular condensates formed by LLPS

(A) Schematic of the UL112-113 gene and its four protein products.

(B) Time-lapse images of MRC-5 cells infected with HCMV-mNeonGreen-UL112 (MOI = 10).

(C) Aspect ratios of PRCs and RCs at 24 and 48 hpi ± PAA treatment for 48 h. An aspect ratio (width:height) close to 1 indicates roundness. n = 30 per condition.

(D) PRCs fusing in MRC-5 cells infected with HCMV-mNeonGreen-UL112 (MOI = 1) at 24 hpi.

(E) Aspect ratios of fusing mNeonGreen-UL112-113 foci over time from (D).

(F) MRC-5 cells were infectedwith HCMV-mNeonGreen-UL112 (MOI = 1) for 24 or 48 h and treatedwith 2%1,6-HD for 90min (pulse) and imaged by spinning disk

microscopy. The medium was replaced and cells were imaged for another 30 min (chase).

(G) MRC-5 cells were infected with HCMV-mNeonGreen-UL112 (MOI = 1) for 24 h, 48 h, or treated with PAA for 48 h and analyzed by FRAP.

(H) FRAP curves show means ± SD of n cells.

(I) Mobile fraction calculated from the data in (H).

(legend continued on next page)
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Guseva et al., 2020; Heinrich et al., 2018; Nikolic et al., 2017;

Zhou et al., 2019b). By contrast, the mechanism of RC formation

employed by DNA viruses and the role of LLPS in this process

remain poorly understood.

The Herpesviridae are a family of large double-stranded DNA

viruses that replicate their genomes in the host cell nucleus.

The family is subdivided into a-, b-, and g-herpesviruses and

comprises important human pathogens, such as herpes simplex

virus, varicella-zoster virus, Epstein-Barr virus, and human cyto-

megalovirus (HCMV) (Pellet et al., 2007). HCMV, the prototype of

the Betaherpesvirinae, is a leading cause of morbidity and mor-

tality in immunocompromised transplant patients and is also the

most frequent cause of congenital infections worldwide (Griffiths

et al., 2015).

Upon HCMV infection, the viral genome is translocated to the

nucleus. One of the first-expressed viral gene products is the im-

mediate-early 1 (IE1) protein. It interacts with the promyelocytic

leukemia (PML) protein and disrupts PML nuclear bodies to

counteract the repressive function of these nuclear structures

on viral gene transcription (Scherer and Stamminger, 2016). Viral

transcription and DNA replication take place in distinct nuclear

areas called viral replication compartments (RCs). Viral genome

replication initiates at the origin of lytic replication (Anders and

Punturieri, 1991) and requires six core replication proteins that

are highly conserved among theHerpesviridae (Boehmer and Ni-

monkar, 2003): the viral DNA polymerase and its processivity

factor (encoded by ORFs UL54 and UL44, respectively), the sin-

gle-stranded DNA-binding protein (UL57), and the tripartite heli-

case-primase complex (UL70, UL102, and UL105). In addition,

HCMV DNA replication depends on a few additional viral pro-

teins, three of which are also RC components: the IE2 protein

and the proteins encoded by UL84 and UL112-113 (Pari and An-

ders, 1993). While the function of IE2 as the major viral transac-

tivator is well understood (Li et al., 2020; Sarisky and Hayward,

1996), much less is known about the roles of UL84 and UL112-

113. UL84 localizes to the periphery of RCs (Bender et al.,

2014) and is essential for replication of some HCMV strains but

not for others (Sarisky and Hayward, 1996; Spector, 2015),

whereas the UL112-113 locus is essential for all HCMV strains

analyzed so far (Dunn et al., 2003; Kim et al., 2015; Schommartz

et al., 2017; Yu et al., 2003). The UL112-113 gene gives rise to

four alternatively spliced transcripts coding for four phosphopro-

teins (p34, p43, p50, and p84; Figure 1A) with a shared N termi-

nus encoded by exon 1 (Schommartz et al., 2017; Wright et al.,

1988). The N-terminal domain mediates interactions between

the four UL112-113 isoforms. The UL112-113 proteins also

interact with the DNA polymerase processivity factor UL44

(Kim and Ahn, 2010; Kim et al., 2015; Park et al., 2006) and

bind to DNA (Iwayama et al., 1994). When expressed outside

of the viral context, the UL112-113 proteins form intranuclear

foci reminiscent of viral pre-replication compartments (PRCs)

(Ahn et al., 1999; Schommartz et al., 2017). However, how the

UL112-113 proteins contribute to RC formation has remained

unclear.
(J) Half-time recovery calculated from the data in (H).

The data shown are representative of three independent experiments (B, C, F–

boundaries. Red dotted lines indicate areas of analysis. Scale bars, 10 mm and 2
Here, we show that LLPS induced by the HCMV UL112-113

proteins is essential for viral replication. The UL112-113 proteins

consist of an interaction domain and a large IDR and form spher-

ical compartments in the nucleus with all key properties of liquid

droplets. We further show that viral DNA nucleates UL112-113

droplets, thereby ensuring that UL112-113 compartments form

around genomes and establish a pro-replicative environment

at a time of infection when overall UL112-113 concentrations

are still low. Accumulation of the viral DNA polymerase proces-

sivity factor UL44 in UL112-113 compartments required the

UL44 C-terminal IDR, and dissolution of PRCs by 1,6-hexanediol

(1,6-HD) resulted in a failure to synthesize progeny viral DNA. Our

results indicate that phase separation is essential for the struc-

tural integrity of PRCs and viral DNA replication. Thus, the

UL112-113 proteins serve an essential function by creating a

pro-replicative environment around viral genomes.

RESULTS

PRCs are fluid biomolecular condensates formed by
LLPS
Pleomorphic HCMV nuclear RCs arise from droplet-like PRCs

(Ahn et al., 1999; Iwayama et al., 1994; Penfold and Mocarski,

1997) that phenotypically resemble fluid biomolecular conden-

sates formed by LLPS (Brangwynne et al., 2009; Hyman et al.,

2014; McSwiggen et al., 2019a). To identify proteins that could

play a role in HCMV PRC formation by LLPS, we performed an

in silico analysis of the viral proteins required for viral replication

(UL54, UL44, UL57, UL70, UL102, UL105, IE2, UL84, and

UL112-113), investigating their content of IDRs. The UL112-

113 proteins caught our attention as they are essential for viral

replication and early constituents of PRCs (Ahn et al., 1999). In

addition to the common ordered N terminus responsible for

self-interaction (Kim et al., 2015; Park et al., 2006), the four pro-

tein isoforms encoded by the ORF UL112-113 are predicted to

have highly disordered C termini containing G/S repeats of vary-

ing lengths (Figure S1A). Thus, the UL112-113 proteins may fulfill

the classic prerequisites for LLPS (Bracha et al., 2018; Feric

et al., 2016).

To investigate the biophysical properties of UL112-113 during

HCMV infection, we constructed a recombinant virus carrying

the green fluorescent protein mNeonGreen fused to the 50 end
of the UL112-113 gene. HCMV-mNeonGreen-UL112 showed

only aminor growth impairment very late in infection (FigureS1B).

As early as 5 h post-infection (hpi), we found strongly fluorescent

pre-replication foci (PRCs) in the nuclei of infected cells (Fig-

ure 1B; Video S1). They were almost perfectly round, as indi-

cated by their aspect ratio (Figure 1C). Importantly, wemeasured

only foci that were too large to be diffraction limited, such that the

measured sphericity was not an artifact of blurring signals by the

point spread function of the microscope. In live-cell imaging,

PRCs were mobile and fused over minutes, relaxing into larger

spheres with aspect ratios close to one, indicating that they

were fluid biomolecular condensates or droplets (Figures 1D
I) or three individual replicates (D and E). Yellow dotted lines indicate nuclear

mm (insets). *** p < 0.001.
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Figure 2. UL112-113 forms liquid compartments in transfected cells

(A) HEK293A cells were transfected with a plasmid expressing mNeonGreen-UL112-113. The four UL112-113 isoforms were detected with an anti-mNeonGreen

antibody.

(B) Maximum intensity projections of cells transfected as in (A), fixed after 48 h, and analyzed by cLSM.

(C) Aspect ratios (width:height) of UL112-113 foci from (B).

(legend continued on next page)
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and 1E). PRCs grew over time about 15-fold (Figure S1C) and

transformed into pleomorphic RCs, as indicated by an increase

in aspect ratios (Figures 1B and 1C; Video S1). The aliphatic

alcohol 1,6-HD is commonly used as a tool to characterize bio-

molecular condensates (Kroschwald et al., 2015). It inhibits

weak interactions leading to the dissolution of compartments

formed by LLPS. We analyzed PRCs by live-cell imaging at

24 hpi and RCs at 48 hpi for their sensitivity toward 1,6-HD.

Treatment with 2% 1,6-HD led to the complete dissolution of

PRCs in a time frame ranging from a few minutes to 2 h. PRCs

reappeared after removal of the inhibitor, indicating reversibility.

By contrast, RCs at 48 hpi did not dissolve completely even after

extended treatment, arguing for a more complex structure (Fig-

ure 1F; Video S2). Recently, propylene glycol (PG) has been used

to dissolve liquid compartments in living cells (Geiger et al.,

2021). Unlike 1,6-HD, which can be detrimental to cell viability

(Kroschwald et al., 2017), PG is known to be well tolerated by

cultured cells at concentrations below 5% (Mochida and Go-

myoda, 1987). When we treated infected cells with 4% PG, we

obtained results similar to those obtained with 1,6-HD

(Figure S1D).

Next, we used fluorescent recovery after photobleaching

(FRAP) to compare the dynamic recovery rates of PRCs and

RCs. We observed a rapid and almost complete recovery after

photobleaching of PRCs (Figures 1G and 1H). By contrast,

RCs appeared to recover only partially and slower (Figures 1G

and 1H) as the fraction of mobile UL112-113 molecules that

could be exchanged with fluorescent ones (mobile fraction)

decreased (Figure 1I). At the same time, the recovery half-time

increased slightly from 24 to 48 hpi (Figure 1J). These results

suggested a change in biophysical properties of PRCs that

correlated with the onset of viral DNA replication right around

24 hpi (McVoy and Adler, 1994). To test if viral DNA replication

is responsible for increasing the fraction of immobilized UL112-

113 and the decreased diffusivity, we used phosphonoacetic

acid (PAA), an inhibitor of viral DNA replication and late gene

expression. In the presence of PAA, PRCs did not transform

into RCs but remained small, spherical, and fluid (Figures S1C,

1C, and 1G–1J). We concluded that PRCs are phase-separated,

fluid compartments that transition into biomolecular conden-

sates with a higher fraction of bound UL112-113 molecules

(i.e., RCs) after the onset of viral DNA replication.

UL112-113 LLPS is independent of viral factors
To determine whether UL112-113 proteins can form phase-

separated droplets in the absence of other viral proteins, we

transfected 293T cells with a plasmid expressing mNeon-

Green-tagged UL112-113. Western blots confirmed that all

four isoforms were expressed (Figure 2A). Transfection resulted
(D) Time-lapse, maximum intensity projections of cells treated as in (A) depicting

(E) Aspect ratios of fusing droplets marked with a red dotted line in (D).

(F) HEK293A cells were co-transfected with mNeonGreen-UL112-113 and mChe

and after its removal (chase).

(G) Cells transfected as in (F), before and after a 5 min pulse with 2% PG.

(H) HEK293A cells were transfected with plasmids encoding mNeonGreen-UL112

and analyzed 2 days post-transfection by FRAP.

(I and J) Mobile fractions and FRAP curves of cells transfected as in (H). Curves s

shown are representative of three independent experiments. Scale bars, 10 mm
in numerous non-diffraction-limited, spherical structures per nu-

cleus (Figures 2B and 2C), providing the first evidence that these

structures were liquid as surface tension would induce sphe-

ricity. Time-lapse imaging data supported this conclusion as

the fusion of UL112-113 foci and relaxation into larger spherical

structures were regularly observed (Figures 2D and 2E), indi-

cating surface tension. The relaxation of droplets occurred in a

time frame of minutes, similarly to other low-viscosity biomole-

cular condensates (Brangwynne et al., 2009; Fei et al., 2017).

We then tested UL112-113 droplets for sensitivity toward 1,6-

HD. As a negative control, we co-transfected cells with a plasmid

encoding mCherry-tagged M45, a viral protein forming insoluble

cytoplasmic aggregates (Muscolino et al., 2020, 2021). Upon

adding 1,6-HD to the medium, M45 aggregates were barely

affected (Figure 2F), while UL112-113 droplets were rapidly dis-

solved (Video S3). Droplet dissolution was reversible as UL112-

113 droplets reappeared after removal of 1,6-HD (Figures 2F and

2G). Similarly, treatment with 4% PG induced a fast dissolution

of UL112-113 droplets but did not affect M45 cytoplasmic

aggregate (Figure 2G). Based on these results, we concluded

that UL112-113 undergoes LLPS and forms droplets without

other viral proteins. To characterize the properties of UL112-

113 droplets, we used FRAP and included fluorescently labeled

Nucleolin and M45 as positive and negative controls, respec-

tively. While UL112-113 and Nucleolin recovered almost entirely,

as indicated by mobile fractions close to 100% (Figures 2H–2J),

M45 recovered to less than 25%, indicating rapid exchange in

UL112-113 and Nucleolin droplets and insolubility of M45 aggre-

gates. Of note, UL112-113 recovered rapidly but with different

kinetics than Nucleolin, arguing for a binding component such

as DNA. Since phase separation could be affected by the

oligomerization propensities of the fluorescent tag (Uebel and

Phillips, 2019), we compared diffusion dynamics of mNeon-

Green-UL112-113 with mCherry-UL112-113 and UL112-113-

mNeonGreen. FRAP analysis of nuclear droplets showed no

significant differences, neither in the recovery rates nor in the

mobile fractions (Figures S2A–S2C). These data indicate that

UL112-113 phase separation is not affected by the fluorescent

tag choice nor by the position of the tag.

UL112-113 proteins undergo LLPS in vitro

To test if UL112-113 can undergo LLPS outside of the

cellular environment, we purified mNeonGreen-tagged UL112-

113 from eukaryotic cells expressing mNeonGreen-tagged

UL112-113 under the control of a doxycycline (Dox)-inducible

promoter (T-REx-293-mNeonGreen-UL112-113) using Ni-NTA

beads. This was done to obtain all four alternatively spliced

isoforms and potential post-translational modifications. By

Coomassie staining, we found a strong enrichment of the
droplet fusion.

rry-M45 plasmids. Cells were imaged during treatment with 2% 1,6-HD (pulse)

-113, mCherry-Nucleolin as a positive and mCherry-M45 as a negative control

how means ± SD of n cells from two independent experiments. (A–J) The data

and 2 mm (insets). ***p < 0.001.
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mNeonGreen-UL112-113 proteins in the preparations (Fig-

ure S3A). However, spectrophotometric analysis (260/280 nm

ratio 0.89) indicated the presence of contaminating nucleic

acids.

We then tested the propensity of the UL112-113 proteins to

undergo LLPS depending on the protein and salt (KCl) concen-

tration (Figures 3A and S3B) in vitro. At 40 ng/mL, the purified

UL112-113 proteins formed droplets in 75 and 150 mM KCl so-

lution. Increasing the KCl concentration to 300 mM abolished

LLPS. Increasing the protein concentration to 70 ng/ml facilitated

LLPS even at 300 mM KCl. No droplets were observed with the

highest salt concentration of 500 mM KCl. Overall, we observed

fewer droplets as the salt concentration increased in all condi-

tions, supporting the notion that charge-based interactions are

important for controlling the nucleation of UL112-113 droplets.

We observed more and bigger droplets when the protein con-

centration was increased (Figure 3B), as expected from a protein

undergoing LLPS. To test if the observed droplet formation was

dependent on weak interactions, we used 1,6-HD on the highest

protein concentration tested (2 mg/ml). Indeed, 1,6-HD almost

completely abrogated droplet formation (Figure 3B), confirming

that LLPS of isolated UL112-113 is due to weak charge-depen-

dent protein-protein interactions. We found no droplets in the

negative control (mNeonGreen alone) (Figure 3B). Altogether,

these findings indicate that purified UL112-113 proteins can un-

dergo LLPS in vitro.

Clustering of the UL112-113 IDR is sufficient for LLPS
Next, we analyzed the role of the UL112-113 N- and C-terminal

domains in driving LLPS. Previous reports showed that the

N-terminal domain of the UL112-113 proteins is necessary for

oligomerization and the formation of nuclear foci (Kim and Ahn,

2010; Kim et al., 2015), while in silico predictions suggested

that the C termini of the UL112-113 isoforms are IDRs (Fig-

ure S1A). This protein structure fulfills the classical prerequisites

for LLPS (Bracha et al., 2018; Feric et al., 2016) in which clus-

tering by an oligomerization domain mediates close IDR interac-

tions and subsequent LLPS. To test whether UL112-113 LLPS

follows a similar principle, we replaced the N-terminal oligomer-

ization domain with a conditional optogenetic oligomerization

system recently developed to map LLPS behavior in living cells

(Bracha et al., 2018). This corelet system (Figure 3C) consists

of a GFP-tagged ferritin core (FTH1), which self-assembles

from 24 copies of an iLID-EGFP-FTH1 fusion protein. Upon

blue light activation, up to 24 copies of an IDR-mCherry-sspB

fusion can bind to the ferritin core through the interaction of

iLID with sspB and lead to the induction of LLPS (Figure 3C).

Our analysis focused on the two essential UL112-113 isoforms,

p43 and p84 (Schommartz et al., 2017). We replaced the N-ter-

minal amino acids (aa) 1–25, which are required for oligomeriza-

tion and focus formation (Kim et al., 2015; Park et al., 2006), with

the mCherry-sspB oligomerization module. We then transduced

HEK293A cells expressing iLID-EGFP-FTH1 cores with lentivi-

ruses expressing p43IDR-mCherry-sspB or p84IDR-mCherry-

sspB. mCherry-sspB was used as negative control (Figure 3D).

Upon blue light stimulation, we observed immediate protein

clustering and successive nucleation of droplets (Figure 3E).

As soon as blue light illumination was stopped, droplets dis-
6 Cell Reports 38, 110469, March 8, 2022
solved. Droplet formation was not observed in cells expressing

mCherry-sspB alone. These results demonstrated that the pre-

dicted UL112-113 IDR mediates LLPS by local clustering in the

photoactivatable corelet system.

Exogenous DNA stimulates UL112-113 phase
separation
Our FRAP analyses revealed that DNA replication led to a

marked change in RC fluidity (Figures 1G–1J). As UL112-113

binds to viral DNA (Iwayama et al., 1994), we investigated

whether DNA-binding influences de novo droplet formation.

Therefore, we analyzed droplet formation in T-REx-293 cells, in

which mNeonGreen-UL112-113 is expressed in a Dox-inducible

fashion, and compared it with droplet formation in MRC-5 fibro-

blasts infected with HCMV-mNeonGreen-UL112. Surprisingly,

T-REx-mNeonGreen-UL112-113 cells did not show droplets at

nuclear fluorescence levels comparable with those of infected

MRC-5 fibroblasts (Figure 4A). Instead, T-REx-mNeonGreen-

UL112-113 cells with droplets had almost 3-fold higher UL112-

113 levels than HCMV-infected cells (Figures 4A and 4B). Since

infection brings viral DNA into the nucleus, we wondered if exog-

enous DNA could stimulate UL112-113 LLPS by lowering the

concentration threshold needed for phase separation. To

exclude that viral proteins induce LLPS, we infected T-REx-

mNeonGreen-UL112-113 cells with replication-incompetent

HSV-1. Indeed, HSV-1 induced UL112-113 LLPS at nuclear

mean fluorescence intensities comparable to those of HCMV-in-

fected cells (Figures 4A and 4B), which were approximately 3-

fold lower than in cells not transfected with exogenous DNA.

To verify these results, we also transfected T-REx-mNeon-

Green-UL112-113 cells with an mCherry-expressing plasmid.

Again, cells formed droplets at levels comparable with HCMV-in-

fected cells and below the level for LLPS without a DNA trigger

(Figures 4A–4C). We further induced T-REx-mNeonGreen-

UL112-113 cells with increasing concentrations of Dox andmap-

ped LLPS in the presence or absence of anmCherry plasmid and

visually scored the resulting phenotypes. Exogenous plasmid

DNA indeed triggered UL112-113 LLPS at lower levels of Dox in-

duction and to a much higher degree (Figures 4D and 4E). Based

on the results with T-REx-mNeonGreen-UL112-113 cells, we

concluded that exogenous DNA could nucleate LLPS of

UL112-113. Comparisons of these cells with HCMV-infected fi-

broblasts have to be interpreted with caution.

UL112-113 can undergo local LLPS below the
concentration threshold for global LLPS
Local nucleation of LLPS below the global threshold for LLPS

has been described (Bracha et al., 2018; Du and Chen, 2018;

Shin et al., 2018; Singatulina et al., 2019; Zhou et al., 2019a).

This phenomenon is due to the local capture of diffusing IDRs

by a few less-motile, larger scaffold molecules (diffusive cap-

ture).Wewondered if UL112-113was capable of locally inducing

LLPS. To test this, we used iLID-EGFP-FTH1-expressing cells,

transfected them with p84IDR-mCherry-sspB as described

above, and selected cells in which global LLPS could not be

induced by full-cell irradiation with blue light (Figure 4F). In these

cells, local activation with a diffraction-limited activation spot re-

sulted in local corelet clustering at the site of activation



Figure 3. Clustering of the UL112-113 IDR is sufficient for LLPS

(A) Binary classification of phase separation in vitro (from Figure S3B) as a function of UL112-113 (x axis) and KCl concentrations (y axis). White dots, no phase

separation; green dots, phase separation.

(B) Representative images of UL112-113 droplets. LLPS was induced by mixing purified UL112-113 proteins with a low salt (75 mM KCl) buffer. Treatment with

500 mM KCl or 5% 1,6-HD was used to inhibit phase separation. 2 mg/mL of soluble mNeonGreen was mixed with a low salt buffer. Scale bar, 100 mm.

(C) Schematic illustrating the corelet system (adapted from [Bracha et al., 2018]). iLID-EGFP-ferritin forms a 24-mer corelet (green star). sspB-mCherry (red

crescent), is conjugated to IDRs from different proteins. sspB fusion proteins bind to corelets upon blue light activation, leading to LLPS (blue).

(D) Schematic of constructs. mCherry-sspB was fused to the IDRs of UL112-113 p43, p84, HNRPA1c as a positive control, or left unfused as a negative control.

(E) Photoactivation of corelet-expressing cells as depicted in (D). (A–C and E) The data shown are representative of three independent experiments. Scale bar,

10 mm.
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Figure 4. Exogenous DNA stimulates UL112-113 phase separation

(A) T-REx-293 cells expressing mNeonGreen-UL112-113 in a Dox-dependent manner were either left untreated, induced for 21 h with 2 mg/mL Dox and then

infected with a replication-incompetent HSV-1 (MOI = 10) for 3 h, or transfected with plasmid DNA, incubated for 24 h, and then induced with 2 mg/mL Dox for

another 24 h before fixation and imaging. MRC-5 cells infected with HCMV-mNeonGreen-UL112 (MOI = 1) for 5 h were used for comparison (MRC-5 infection).

Maximum intensity projections are shown.

(B) Mean summed pixel intensities of cells in (A). Red are intensities from cells without UL112-113 dots, blue with dots.

(C) Time-lapse of UL112-113 behavior in induced T-REx cells with or without exogenousDNA. Cells weremock-transfected (�DNA) or transfected (+DNA) with an

mCherry plasmid 24 h before induction with 2 mg/mL Dox for the indicated times.

(D) Maximum intensity projections of cells transfected as in (C) induced with 1–4 mg/mL Dox and imaged 24 h post-induction.

(E) Cells were manually binned into three categories. 0, disperse, no droplets; 1, metastable, some small droplets with high nuclear UL112-113 background

signal; 2, phase separation, large droplets and reduced nuclear background. n = 50 cells per condition.

(F) HEK293A cells expressing iLID-EGFP-ferritin and p84IDR-mCherry-sspB globally photoactivated for 5 min.

(legend continued on next page)
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(Figure 4G). We also used the corelet system to test if this was

due to the entrapment of diffusing IDRs by locally activated cores

(Bracha et al., 2018). We mapped the phase diagram of the p84

IDR in its native cellular environment (Figure 4H). This diagram

plots the relation between the core/IDR fluorescence intensity

ratio to the core fluorescence intensity. It gives information on

the IDR fluorescence intensities needed to drive global LLPS in

relation to the intensities of cores (Figure 4H). Moreover, it de-

scribes in which density range IDRs undergo LLPS and which

density the resulting phase can have. In Figure 4H, solid red

dots represent individual cells in which UL112-113 could un-

dergo LLPS after photoactivation, while empty red circles mark

cells in which this did not happen. Together, the solid symbols

mark the conditions under which phase separation occurs in

the phase diagram, while empty symbols indicate the conditions

under which LLPS does not occur. We then measured the same

values in cells that did not show global LLPS before and after

local activation and indicated the area in the diagram (blue

circles). Consistent with local LLPS by diffusive capture, local

activation allowed LLPS in an area of the diagram where global

activation would not provide enough binding IDRs (Figure 4H).

UL112-113 droplets form at viral genomes and are
needed for viral genome replication
Since our data suggested that UL112-113 droplets appear at

lower nuclear concentrations when exogenous DNA is intro-

duced, and the UL112-113 p84 IDR is capable of local LLPS,

we asked if viral genomes could induce local LLPS of UL112-

113. To address this question, we first tested if viral genomes

labeled with the nucleotide analog 5-ethynyl-20-deoxyuridine
(EdU) were incorporated into infectious viral particles. We in-

fected MRC-5 cells with HCMV-UL32-GFP (Sampaio et al.,

2005), which expressed a fluorescent, capsid-associated inner

tegument protein pp150, and incubated them with different

amounts of the EdU. We then purified EdU-labeled virions and

used them to infect new MRC-5 cells. After fixation at 2 hpi,

we used Click chemistry to label EdU-containing genomes with

Alexa Fluor 555. When labeling was done with 2 mM EdU, we

found most of the EdU-labeled genomes associated with

pp150-GFP-labeled capsids. By contrast, we observed a much

lower association when a higher EdU concentration was used

(Figures S4A and S4B). We did not detect any EdU-positive par-

ticles in the unlabeled virus preparation (Figure S4A). Therefore,

we decided to use 2 mM EdU for the following experiments. We

produced an HCMV-mNeonGreen-UL112 EdU-labeled virus

stock and infectedMRC-5 cells. After fixation at 24 hpi, we found

most incoming genomes colocalizing with PRCs (Figures 5A and

5B). Together with our previous findings that exogenous DNA

and local clustering stimulate UL112-113 LLPS, this observation

suggested that droplet nucleation is induced by incoming viral

genomes.

Next, we asked whether the presence of UL112-113 is needed

for genome replication. To test this, we did an experiment similar
(G) Cells from (F) photoactivated locally resulting in local LLPS.

(H) In vivo phase diagram of p84IDR-mCherry-sspB given as core fluorescence in

10min of photoactivation; empty red circles, no LLPS; blue circles, LLPS after loca

The data shown are representative of three independent experiments. Scale bar
to the one above but added bromodeoxyuridine (BrdU) at 24 hpi

to label newly synthesized genomes. They were detected using a

BrdU-specific antibody while the incoming genomes were

marked by Click-labeled EdU. At 30 hpi, we were able to distin-

guish replicating from non-replicating genomes by BrdU incor-

poration. Importantly, we found that only genomes associated

with UL112-113 were amplified, as indicated by the increased

area of BrdU labeling around EdU-labeled foci, suggesting that

UL112-113 droplets facilitate viral genome replication (Figures

5C and 5D).

UL112-113 LLPS promotes accumulation of the viral
DNA polymerase accessory factor UL44 at viral
genomes
To directly probe the role of UL112-113 phase separation at

viral genomes, we labeled replicating genomes with EdU and

treated infected cells 24 hpi with 1,6-HD. We carefully titered

the amount and incubation time of 1,6-HD to avoid non-specific

effects due to cytotoxicity (Figure S5A). RCs, as indicated by

UL112-113, were undetectable after treatment with 1,6-HD

for 2 h (Figures 6A and 6B). Importantly, 1,6-HD treatment re-

sulted in an even greater reduction in EdU-positive genome

areas than with the replication inhibitor PAA (Figures 6A and

6C). As UL112-113 has been described to interact with the

DNA polymerase accessory factor UL44 (Kim and Ahn, 2010;

Park et al., 2006), we wondered if UL112-113 LLPS is needed

for UL44 accumulation at viral genomes. Indeed, dispersion

of UL112-113 droplets by 1,6-HD led to complete UL44 disso-

ciation, and no genome replication could be detected by EdU

labeling (Figures 6A and 6D). To confirm that the recruitment

of UL44 to PRCs involves phase separation, we analyzed its

domain structure. Disorder prediction by IUPred3 indicated

that UL44 consists of an ordered N-terminal part (aa 1–290)

and a largely disordered C-terminal part (Figure S5B). As the

C-terminal part of UL44 (aa 291–433) has been reported to

be required for colocalization with UL112-113 foci and RCs

(Kim and Ahn, 2010; Silva et al., 2010), we hypothesized that

phase separation drives UL44 accumulation in UL112-113

droplets. If this is the case, deleting the IDR should be sufficient

to abrogate colocalization with UL112-113. Indeed, we found

that UL44 lacking its IDR did not accumulate in UL112-113

droplets (Figures 6E and 6F). Addition of the disordered domain

(IDR) of UL112-113 isoform p43 to the UL44DIDR mutant

rescued UL44 accumulation in UL112-113 droplets. Impor-

tantly, the C-terminal part of UL44 (aa 291–433) containing

the IDR and the NLS was sufficient for colocalization with

UL112-113 droplets (Figures 6E and 6F), even though the

same UL44 region did not bind to UL112-113 p84 in co-immu-

nopreciptitation experiments (Kim and Ahn, 2010). These

results argue for a model in which UL44 is recruited into

phase-separated PRCs through its IDR.

In summary, these data indicate that LLPS of UL112-113 is a

major factor in the spatial organization of HCMV PRCs and an
tensity and core-to-IDR ratio (Bracha et al., 2018). Solid red circles, LLPS after

l activation see (G). Data are pooled from three independent experiments. (A–F)

, 10 mm. ***p < 0.001, *p < 0.05, ns not significant.
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Figure 5. UL112-113 droplets form at viral genomes and facilitate viral DNA replication

(A) Association of UL112-113 droplets with viral genomes. HFF were infected with EdU-labeled or unlabeled HCMV-mNeonGreen-UL112 (MOI = 10). Cells

(24 hpi) were fixed, Click-labeled with AF555-Picolyl-azide, and counterstained with Hoechst 33342. The inset depicts an EdU-labeled genome associated with a

UL112-113 droplet.

(B) Quantification of EdU-labeled genomes associated with UL112-113 droplets. n = total number of genomes counted in 44 cells.

(C) Effect of UL112-113 droplet association on genome replication. MRC-5 cells were infected with EdU-labeled HCMV-mNeonGreen-UL112 (MOI = 1). At 24 hpi,

cells were pulsed for 6 h with 100 mM BrdU and fixed. EdU-labeled incoming genomes were Click-labeled and nuclei were counterstained with Hoechst 33342.

BrdU was detected by indirect immunofluorescence. Upper inset, replicating genome; lower inset, non-replicating genome.

(D) Quantification of genome area as a function of UL112-113 association. Incoming EdU viral genome replication was detected through incorporation of BrdU.

EdU- and BrdU-labeled summed areas were scored as UL112-113 positive or negative. n = number of incoming EdU-labeled genomes analyzed. (A–D) The data

shown are representative of three independent experiments. Scale bars, 10 mm and 2 mm (insets). ***p < 0.001, **p < 0.01, ns not significant.
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essential factor for the recruitment of proteins necessary for viral

DNA replication (such as UL44) to viral genomes to facilitate their

replication.

DISCUSSION

In this study, we show that theHCMVUL112-113 proteins harbor

large IDRs that mediate LLPS when clustered. They form spher-

ical droplets in the nucleus, which can fuse and quickly regain a

spherical shape, presumably due to surface tension. UL112-113

droplets are sensitive to disturbance by 1,6-HD or PG. Thus, they

display properties of phase-separated compartments (Brang-

wynne et al., 2009; Hyman et al., 2014; McSwiggen et al.,

2019a). LLPS was independent of other viral proteins and could

be induced in vitro. Importantly, local clustering of the UL112-

113 p84 IDR can induce LLPS below the global threshold, and

viral DNA triggers the induction of UL112-113 droplets. Further-

more, UL112-113 droplet formation mediates recruitment of the

viral polymerase accessory factor UL44 and ensures viral

genome replication. Thus we conclude that HCMV uses induc-

tion of local LLPS below the global phase separation threshold

to ensure UL112-113 droplet formation specifically at viral ge-

nomes, recruitment of UL44, and viral genome replication.

Cells have evolved to induce ad-hoc compartments by LLPS

to dynamically react to cues, such as DNA damage, pathogen-

associated molecular patterns, or to regulate gene transcription

(Cho et al., 2018; Du and Chen, 2018; Patel et al., 2015). While

several viral phase-separated compartments have been

described for RNA and recently also for DNA viruses (Seyffert

et al., 2021; Vladimirova et al., 2021), their biological function

has remained largely obscure. Our data indicate that HCMV

genomes serve as a polymeric scaffold for nucleation of

UL112-113 by locally inducing LLPS. Triggering LLPS at ge-

nomes appears to be the mechanism by which the virus en-

sures that the initially limited amounts of UL112-113 early in

infection are specifically concentrated as droplets at genomes.

Droplet growth can be governed by a principle called Ostwald

ripening, although biological systems are more complex than

simple binary systems (Lee et al., 2021). Ostwald ripening de-

scribes the propensity of existing droplets to grow, while the

growth of small droplets is disfavored as small droplets have

a higher surface-to-volume ratio. Triggering UL112-113 LLPS

locally below the global threshold for LLPS might allow the vi-

rus to ensure that UL112-113 LLPS is initiated at viral genomes.

Due to Ostwald ripening, these initial droplets will preferably re-

cruit UL112-113 and provide a pro-replicative environment

while the emergence of additional droplets is disfavored. This
Figure 6. Phase separation of UL112-113 facilitates recruitment of the

(A) Influence of inhibition of UL112-113 LLPS on genome replication. MRC-5 cells

pulsed for 2 h with 10 mMEdU to label newly synthesized DNA. At the same time, c

Click-labeled with AF555-Picolyl-azide (EdU), counterstained with Hoechst 3334

(B–D) Influence of 1,6-HD on UL112-113 foci and genome replication. Number of

under conditions as in (A). Only cells expressing UL112-113 and UL44 were ana

(E) Schematic of mCherry-tagged UL44 constructs. UL44 consists of an ordered N

NLS (aa 425–433).

(F) HEK293A cells were co-transfected with UL44 and UL112-113 plasmids as ind

profiles along the white dotted lines. (A–D and F) The data shown are representa
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principle might also explain why the number of replicating ge-

nomes is limited in herpesvirus-infected cells, regardless of

the multiplicity of infection used (Cohen and Kobiler, 2016;

Kobiler et al., 2010).

After initiation of UL112-113 droplet formation, their proper-

ties gradually change after the onset of viral DNA replication,

when PRCs turn into RCs. RCs become substantially larger,

acquire a less spherical and more irregular shape, and the

fraction of immobile UL112-113 molecules increases. Inhibi-

tion of viral DNA replication prevents this transition, suggest-

ing that the long concatemeric genomes generated during

the rolling-circle replication process alter the liquid properties

of RCs. However, it is also possible that late viral proteins,

which are expressed only after viral DNA replication,

contribute to this change.

HCMV PRCs and RCs consist of several viral proteins as well

as proteins of cellular origin (Strang, 2015). Moreover, the

UL112-113 proteins comprise four isoforms derived from differ-

entially spliced transcripts. Currently, we do not understand how

these modulate the biophysical properties of PRCs. Maybe the

four isoforms allow the virus to fine-tune the formation and the

biophysical properties of PRCs. The isoforms carry IDRs of

different lengths, which might modulate the fluidity of UL112-

113 droplets. Also, splicing might be used to regulate the

expression, stability, or post-translational modification of

individual isoforms. Such regulation could allow the virus to

adapt to its environment, activating the lytic replication cycle

preferentially in specific cell types while favoring latency or abor-

tive infection in others.

The UL112-113 gene is conserved among the Betaherpesvir-

inae, most notably among CMVs of different animals. The best-

studied homolog is the M112-113 gene of mouse CMV. It is

spliced in a very similar fashion as UL112-113 and also encodes

four isoforms, which form PRCs in the host cell nucleus (Ciocco-

Schmitt et al., 2002; Schommartz et al., 2016). Human herpesvi-

ruses 6 and 7, two other b-herpesviruses, also encode homologs

of UL112-113 (Taniguchi et al., 2000), but their function has not

been studied in detail. Obvious sequence homologs of UL112-

113 have not been identified in a- or g-herpesviruses. Thus, it ap-

pears likely that the a- and g-herpesviruses have evolved other

proteins capable of forming fluid PRCs by LLPS. Interestingly,

one study has shown that expression of HCMV UL112-113 by

plasmid transfection stimulates the replication of KSHV, sug-

gesting that the formation of phase-separated compartments

is beneficial also for KSHV (Wells et al., 2009).

The mechanism of viral DNA replication and the formation of

RCs has been studied most extensively in HSV-1, the
viral DNA polymerase accessory factor UL44 to genomes

were infected with HCMV-mNeonGreen-UL112 (MOI = 1). At 24 hpi, cells were

ells were treated with PAA (250 mg/mL), 2% 1,6-HD, or left untreated. Cells were

2, and UL44 was detected by indirect immunofluorescence.

UL44 positive foci, area of genome labeling, and number of UL44 positive foci

lyzed. n = number of foci per nucleus analyzed.

-terminal region (aa 1–290), a disordered C-terminal IDR (aa 291–424), and an

icated in (E) and imaged 48 h post-transfection. Intensity plots illustrate signal

tive of three independent experiments. ***p < 0.001, **p < 0.01.
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prototype of the Alphaherpesvirinae. A recent study by

McSwiggen and colleagues has analyzed the biophysical

properties of HSV-1 RCs using the cellular RNA polymerase

II (RNA Pol II) as an indirect reference molecule (McSwiggen

et al., 2019b). The authors of the study showed that HSV-1

RCs share several, but not all, properties of phase-separated

compartments and concluded that compartmentalization oc-

curs through a mechanism distinct from LLPS as RNA Pol II

was able to freely diffuse in and out of the compartment. By

contrast, a recent study by Seyffert et al. (2021) presented ev-

idence that the HSV-1 protein ICP4, which is an essential RC

constituent, forms biomolecular condensates. However, the

ICP4 condensates were more viscous than the HCMV

UL112-113 droplets described here. Therefore, it is currently

unclear which role compartment formation by LLPS plays in

HSV-1. Comparing these studies with ours, one might

conclude that RC formation differs significantly between

HSV-1 and HCMV. Indeed, RC formation and viral DNA repli-

cation proceed considerably faster in HSV-1 than in HCMV.

Whereas HSV-1 DNA replication commences as early as

3 hpi, it does not start until 24 hpi in HCMV (McVoy and Adler,

1994). Hence, there is probably a much greater need for

HCMV to create a protected phase-separated compartment

in order to prevent sequestration or silencing of the viral

genome by cellular factors. However, another interpretation

is also conceivable. The biophysical properties of HSV-1

RCs are somewhat similar to those of HCMV RCs at late times

post-infection. However, we show that the precursors of

RCs, the PRCs, possess the classical properties of phase-

separated compartments. Interestingly, an HSV-1 protein

mentioned in the study by McSwiggen et al. might be involved

in the formation of PRCs, in a very similar manner to UL112-

113 in HCMV. The HSV-1 ICP0 protein has a distinct IDR, is

expressed in the earliest phase of viral infection, and forms

spherical structures in the nucleus, even in the absence of

other viral proteins (Everett, 1988). Similar to UL112-113, the

ICP0-encoding gene is one of the very few spliced HSV-1

genes. Thus, it remains possible that the formation of phase-

separated PRCs is a conserved feature of all herpesviruses.

Limitations of the study
This study provides ample evidence for LLPS as a driving force of

PRC formation at viral genomes by the HCMV UL112-113 pro-

teins. It also shows that the UL112-113 proteins possess the

typical properties of phase-separating proteins: a multivalent

interaction domain and an IDR. However, previous studies

have suggested that HCMV proteins associate in RCs by clas-

sical protein-protein interactions (Ahn et al., 1999; Kagele

et al., 2012; Kim and Ahn, 2010; Strang, 2015). The current

concept of LLPS clearly supports a role of both, direct protein-

protein interactions and IDR-dependent weak interactions in

the formation of liquid organelles. However, the relative contribu-

tion of the individual types of interactions have not been ad-

dressed in this study. This study also did not show how the

four UL112-113 isoforms contribute to droplet formation and

how the biophysical properties of PRCs change after the onset

of viral DNA replication. These important questions will have to

be addressed in future studies.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-mNeonGreen Chromotek RRID:AB_2827566

Rat anti-BrdU Abcam RRID:AB_305426

Mouse anti-UL44 (ICP36) Virusys Cat# CA006

Goat anti-Mouse IgG Alexa 555 Invitrogen RRID:AB_2633276

Goat anti-Mouse IgG Alexa 647 Invitrogen RRID:AB_2633277

Goat anti-Rabbit IgG Alexa 647 Invitrogen RRID:AB_2633282

Bacterial and virus strains

HCMV-NeonGreen-UL112 This study N/A

HCMV-UL32-GFP Sampaio et al., 2005 N/A

HSV-1 in1374 Preston et al., 1997 N/A

Chemicals, peptides, and recombinant proteins

Fibronectin bovine plasma Sigma Aldrich Cat# F1141

Hoechst 33342 Thermo Fisher Cat# H1399

Polyethylenimine (PEI), branched Sigma Aldrich Cat# 408727

Doxycycline (Dox) Hyclate LKT Labs Cat# LKT- D5897.5

Phosphonoacetic acid (PAA) Sigma Aldrich Cat# 284270

Dulbecco’s Modified Eagle’s Medium (DMEM)

with glucose

Sigma Aldrich Cat# D5796

Penicillin/streptomycin (100x) Sigma Aldrich Cat# P4333

Fetal calf serum (FCS), tetracycline-free Pan Biotech Cat# P30-3602

Fetal calf serum (FCS) Pan Biotech Cat# P30-0602

1,6-Hexanediol Sigma Aldrich Cat# 240117

T4 ligase New England Biolabs Cat# M0202L

HisPur Ni-NTA Resin Thermo Fisher Cat# 88221

Propylene glycol Sigma Aldrich Cat#

398039-25ML

5-Bromo-20-Deoxyuridine (BrdU) Sigma Aldrich Cat# B5002

Experimental models: Cell lines

MRC-5 human embryonic lung fibroblasts ATCC RRID:CVCL_0440

Telomerase-immortalized HFF Bresnahan et al., 2000 N/A

HEK-293T ATCC RRID:CVCL_1926

HEK-293A Invitrogen RRID:CVCL_0045

T-REx-293 Invitrogen RRID:CVCL_D585

T-REx-293-mNeonGreen-UL112-113 This study N/A

Recombinant DNA

pcDNA3.1 Thermo Fisher Cat# V79020

pcDNA mNeongreen-UL112-113 This study N/A

pcDNA mNeongreen This study N/A

pcDNA His-mNeongreen This study N/A

pcDNA M45-mCherry Muscolino et al., 2020 N/A

pmCherry-Nucleolin Muscolino et al., 2020 N/A

pEPkan-S2 Addgene RRID:Addgene_61601

TB40-BAC4 Sinzger et al., 2008 N/A

TB40-BAC4-mNeonGreen-UL112 This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pHR-SFFVp-NLS-iLID::EGFP::FTH1 Addgene RRID:Addgene_122147

pHR-SFFVp-HNRPA1C::mCherry::SspB Addgene RRID:Addgene_122668

pHR-SFFVp-mCherry::SspB This study N/A

pHR-SFFVp-p43DN::mCherry::SspB This study N/A

pHR-SFFVp-p84DN::mCherry::SspB This study N/A

pcDNA6/TR Invitrogen Cat# V1025-20

pcDNA4/T0 Invitrogen Cat# V1020-20

pcDNA4/T0 mNeongreen-UL112-113 This study N/A

pMD2.G Addgene RRID:Addgene_12259

pMDLg/pRRE Addgene RRID:Addgene_12251

pRSV-Rev Addgene RRID:Addgene_12253

pSG5-p43 Park et al., 2006 N/A

pSG5-p84 Park et al., 2006 N/A

pmCherry-C1 Clontech Cat# V011976

pcDNA3.1-UL44 Schommartz et al., 2017 N/A

pmCherry-UL112-113 This study N/A

pcDNA 3.1 UL112-113-mNeonGreen This study N/A

pmCherry-UL44 This study N/A

pmCherry-UL44DIDR This study N/A

pmCherry-UL44DN This study N/A

pmCherry-UL44DIDR+p43IDR This study N/A

Software and algorithms

ImageJ/Fiji Laboratory for Optical and Computational

Instrumentation, University of Wisconsin

at Madison, Madison, Wisconsin, USA

RRID:SCR_003070

NIS-Elements Nikon RRID:SCR_014329

Graphpad Prism 5 GraphPad Software Inc RRID:SCR_002798

IUpred Dosztányi et al., 2005 RRID:SCR_014632
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wolfram

Brune (wolfram.brune@leibniz-hpi.de).

Materials availability
All uniques/stable reagents generated in this study are available from the Lead contact.

Data and code availability
d The datasets supporting the current study have not been deposited in a public repository but are available from the lead contact

on request.

d The paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and viruses
T-REx-293-mNeonGreen-UL112 cells were generated by transfecting T-REx-293 with pcDNA4/T0mNeonGreen-UL112 followed by

selection with 200 mg/mL Zeocin for five days. All cells were grown in Dulbecco’smodified Eaglemedium (DMEM) supplementedwith

10% FCS, 100 U/mL penicillin, and 100 mg/mL streptomycin. All cells used in this study were tested regularly for mycoplasma

contamination by PCR.
Cell Reports 38, 110469, March 8, 2022 e2
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The BAC clone of HCMV strain TB40/E, TB40-BAC4 (Sinzger et al., 2008), was modified by en passantmutagenesis (Tischer et al.,

2010). Fluorescent tagging of the UL112-113 proteins was done by inserting coding sequence of mNeonGreen and a flexible 6x GGS

linker at the 5’ end of the UL112 ORF. To do this, the I-SceI/kan cassette was PCR-amplified from pEPkan-S2 and inserted into the

KpnI site of pcDNA-mNeonGreen-UL112. Flanking homologies for excision of the cassette by homologous recombination were intro-

duced through the PCR primers. The mNeonGreen-kan cassette was PCR amplified with overhangs for homologous recombination

and used for en passantmutagenesis of TB40-BAC4 in E.coli strain GS1783. Correct insertion of the mNeonGreen marker was veri-

fied by sequencing. To reconstitute infectious virus, MRC-5 cells were transfected with BAC DNA as described (Tang et al., 2019).

Virus stocks were produced on MRC-5 cells, and titers were determined using the median tissue culture infective dose (TCID50)

method.

Plasmids, transfection, and transduction
pcDNA-mNeonGreen-UL112, mCherry-UL112-113 and UL112-113-mNeonGreen plasmids were constructed by Gibson assembly.

UL112-113, mCherry or mNeonGreen sequences were PCR amplified and assembled in a linearized pcDNA3.1 vector. A disordered

linker (6xGGS) was inserted between UL112-113 and the fluorescent tags to maintain flexibility. The mNeonGreen-UL112 was

inserted between HindIII and XbaI sites of pcDNA4/TO (ThermoFisher). pHR-SFFVp-p43IDR::mCherry::sspB and pHR-SFFVp-

p84IDR::mCherry::sspB were cloned by Gibson assembly. The UL112-113 p43 and p84 cDNA sequences lacking the first 75 nucle-

otides were PCR amplified from pDEST-SG5-HA-p43 and pDEST-SG5-HA-p84, respectively (kindly provided by Jin-Hyun Ahn,

Sungkyunkwan University, Suwon, South Korea). The pHR-SFFVp-mCherry::sspB plasmid was generated by replacing

HNRPA1C::mCherry with only mCherry. pmCherry-UL44, pmCherry-UL44DIDR, pmCherry-UL44DN, and pmCherry-UL44-

DIDR+p43IDR were generated by Gibson assembly. The UL44 sequence was PCR amplified from pcDNA3.1-UL44 plasmid and in-

serted in pmCherry-C1. All newly generated plasmids were sequence-verified. HEK-293A, HEK-293T, and T-REx-293 cells were

transfected by using polyethylenimine (PEI, Sigma). Lentivirus was produced in HEK-293T cells using standard protocols. Trans-

duced cells were sorted on a FACS Aria III (BD Biosciences).

METHODS DETAILS

In vitro phase separation assay
mNeonGreen-labelledUL112-113 proteins were expressed in T-REx-293mNeonGreen-UL112 cells inducedwith 2 mg/ml Dox. Three

days after induction, cells were harvested, pelleted, and resuspended in a buffer containing 10 mM imidazole, 50 mM Tris–HCl (pH

7.4), 500 mM KCl and a cocktail of protease inhibitors. Cells were then lysed by three freeze-thaw cycles and sonicated 4 times (15 s

each) at 5-10W. Cell debris was removed by centrifugation (16.000 g for 30 min). The supernatant was incubated overnight with His-

Pur Ni-NTA resin at 4�C. After several washing steps, proteins were eluted by adding 250 mM imidazole elution buffer (Thermo

Fisher). Imidazole was removed using desalting columns (Sartorius). The proteins were resuspended in a 50 mM Tris–HCl (pH 7.4)

buffer containing 500 mM KCl to prevent unwanted phase separation. For in vitro phase separation experiments, freshly prepared

protein solution was centrifuged at high speed for two minutes to remove aggregates. Different protein concentrations were then

mixed with buffers with increasing KCl concentration and plated on an 18-well slide (ibidi) and analyzed by microscopy.

Hexanediol and propylene glycol treatment
1,6-Hexanediol powder was dissolved in complete DMEM and stored at 4�C. Propylene glycol was added directly to medium and

stored at 4�C. For pulse experiments, cells were grown on a 35mmdish (ibidi) coatedwith Fibronectin bovine plasma (Millipore). Cells

were then treated with the desired compound concentration and the effect was assayed by direct visualization in live-cell imaging.

EdU labeling
For production of EdU-labeled HCMV, MRC-5 cells were infected with mNeongreen-UL112-113 TB40/E (MOI = 1) and maintained in

medium supplemented with 2 mM EdU (ThermoFisher). EdU-containing medium was replenished every day, and virus supernatant

was harvested starting 4 dpi. Cell debris was removed by low-speed centrifugation. To remove unlabeled EdU, virions were pelleted

by centrifugation (26.000 g for 2 h), resuspended in DMEM, loaded onto a 20% sucrose cushion, and pelleted again. Labeled virions

were resuspended in DMEM with 10% FCS. For EdU pulse experiments, cells were infected at MOI 1 with an EdU-labeled virus. At

the indicated time points, cells were incubated with medium containing 5 mM EdU prior to fixation.

Western blotting
Western blots were performed according to standard protocols. In brief, proteins were denatured in SDS buffer, separated on SDS-

PAGE, and transferred on a nitrocellulosemembrane by semi-blot (Biorad). Membranes were successively stained by a primary (anti-

mNeongreen, 32F6, Chromotek, 1:1000) and secondary antibody conjugated to horseradish peroxidase.For blue coomassie

staining, gels were fixed in Coomassie fixing buffer (50%methanol,10% acetic acid, 40% water) for 30 min, stained in solution con-

taining the 0.1% (v/v) of blue coomassie for 30 min and destained overnight in Coomassie destaining buffer (40% methanol, 10%

acetic acid, 50% water).
e3 Cell Reports 38, 110469, March 8, 2022
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Microscopy modalities
Confocal laser scanningmicroscopywas performedwith aNikon TI2 based A1R confocal laser scanning unit equippedwith PMT and

GaAsP detectors, standard 404, 489, 561, and 637 laser lines, and corresponding filter sets. Nikon 1.4 NA 60x Plan Apo or a Nikon NA

0.9 40x objectives were used for image acquisition and pixel sizes were optimized for maximal resolution in NIS-Elements according

to Nyquist. Spinning disk microscopy was carried out on a Nikon TI2 based spinning disk system equipped with a Yokogawa W2, a

Nikon 1.49 NA Plan Apo objective, and an Andor iXON888 EMCCD. The resulting pixel size was 130 nm, and image acquisition was

donewith NIS-Elements. Further, the setupwas equippedwith 405, 488, 561, and 640 laser lines and corresponding filter sets. Wide-

field fluorescencemicroscopy was done on a Nikon TI based TIRF setup using a Nikon 60x 1.40 NA Plan-Apo objective and an Andor

iXON897 EMCCD, equipped with 405, 488, 561, and 640 laser lines and corresponding filter sets. Life cell experiments on the

different systems were carried out with identical humidified incubation chambers, heated to 37�C and 5% CO2 controlled by a

gas mixer. Cells were grown in ibidi 35mm glass-bottom dishes coated with bovine plasma fibronectin.

Fluorescence labeling
For immunofluorescence staining, cells were seeded on 8-well m-slides (ibidi) one day before infection. Cells were then infected at a

MOI of 1, and medium was changed 3 h later to remove excess virus. Cells were fixed with 4% PFA at different time points and per-

meabilized for 20 min in PBS containing 0.2% Triton X-100. After washing with PBS, cells were blocked using 3% bovine serum

albumin (Sigma Aldrich) in PBS for 30min, and subsequently incubated overnight at 4�Cwith primary antibodies. After washing, sam-

ples were incubated with 1:1000 diluted AlexaFluor-coupled secondary antibodies for 45 min at room temperature. Nuclei were

stained using a 1:2000 Hoechst 33342 solution (ThermoFisher) for 10 min. To visualize EdU-labeled viral genomes, the Click-iTTM

Plus EdU Cell Proliferation Kit for Imaging, with Alexa Fluor 555 (C10638, ThermoFisher) kit was used. Antibodies and antisera

were used at the indicated concentrations: Anti-UL44 (1:1000), anti-mNeonGreen (1:1000), anti-BrdU (1:500), goat anti-mouse

IgG Alexa 555 (1:2000), goat anti-mouse IgG Alexa 647 (1:2000), goat anti-rabbit IgG Alexa 647 (1:2000).

Fluorescence recovery after photo bleaching and photoactivation
FRAP and photoactivation were done on a Nikon A1R confocal laser scanning microscope. For FRAP, an ROI of 1 mm was photo-

bleached for 0.0625 s and the fluorescence intensity was recorded at two frames per second using NIS- element software (Nikon), for

up to two minutes in total. For photobleaching, the same laser wavelength was used as for imaging. At least ten cells per condition

were analyzed. Three areas were measured per cell over time. The bleached sample area (SA), the whole nucleus as reference (REF)

and an area outside area that represented the background (BG) of the image were marked with regions of interest for quantification.

Next, BG was subtracted from all corresponding measurements of SA and REF over time, resulting in SAcorr and REFcorr to correct

for fluctuations in the illumination. Finally, general photobleaching due to the imaging was corrected by dividing all timepoints of SA-

corr by their corresponding REFcorr values. The resulting ratio was then divided by the mean of the last ten timepoints of SA before

photobleaching SA to calculate the degree of recovery over time (SAcorr/REFcorr)/SAinit) and plotted in Prism. To calculate the mo-

bile fraction, we determined the recovery by first calculating SAfinal as the mean of SAcorr of the first 10 frames after fluorescence

recovery had saturated and subtracted the intensity SAbleach which was the first measured frame after bleaching SA. We then

divided the recovery by the amount of fluorescence drop as the difference between SAinit and SAbleach (SAfinal-SAbleach/SAi-

nit-SAbleach). For calculating the recovery half-time, recovery curves were fitted to a nonlinear regression curve in GraphPad Prism

version 5.0.0 for Windows, and Km was extracted.

Cells expressing iLiD and sspB constructs were globally photoactivated by imaging cells simultaneously with 488 and 563 nm laser

illumination for 10 min. After 2 min, cells were imaged with only 563 nm to show the reversibility of the nucleation process. In vivo

phase diagramswere plotted from fluorescence intensities of 150 cells per condition. For obtaining the core-to IDR ratio in the diluted

phase, fluorescence intensities of the nucleoplasm were analyzed prior to photoactivation. The dense phase ratio was obtained by

measuring fluorescence intensity in droplets after photoactivation. Local photoactivation was performed in cells that did not show

clustering after 10 min of global activation. Local phase separation was induced by alternating 563 laser illumination for imaging

and fast stimulation (0.125 s each) with 488 nm laser illumination at 0.01% laser power in a diffraction-limited spot.

Fluorescence intensity profiles
Intensity profiles were measured in ImageJ (Schneider et al., 2012) by drawing a line across the relevant area and exporting the in-

tensity measurements for each channel. The backgroundmeasurement was performed by analyzing themean fluorescence intensity

of each channel in an area outside of the cell in the same image and its value was subtracted to all of the intensity measurements. The

intensities were then normalized to a scale of 0–100% in GraphPad Prism and plotted against the position on the drawn line.

EdU surface area measurements for quantification of viral genome replication and colocalization
EdU surface areas were quantified using ImageJ software. Manual ROIs were drawn around nuclei as identified by Hoechst staining

and EdU-labeled areas were segmented by thresholding. Resulting EdU-ROIs were then used to measure signal intensities in the

UL44 or BrdU channels where applicable.
Cell Reports 38, 110469, March 8, 2022 e4
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Data were analyzed using GraphPad Prism 5. Statistical significance was determined using unpaired Student t-tests. Plots show

mean ± SD. (*p < 0.05, **p < 0.01, ***p < 0.001).
e5 Cell Reports 38, 110469, March 8, 2022
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