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Human cytomegalovirus degrades DMXL1 to inhibit
autophagy, lysosomal acidification, and viral

assembly
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In brief

Li et al. report that human
cytomegalovirus (HCMV) US33A
degrades DMXL1, a key regulator of
vacuolar acidification, to remodel host
lysosomes and autophagy. The US33A

Y2 y
K;/@ @/7Vmon
.\ © 72
O

Virion assembly
compartment

@
!

protein hijacks the cellular KPC E3 ligase
Virion assembl
compartment complex, inhibiting HCMV assembly and

)
\\&

)
&)
L)

Plasma membrane

R T T Y

Highlights
e Systematic proteomic definition of the function of seven
HCMV proteins

e HCMV US33A hijacks the KPC E3 ligase and is necessary and
sufficient to degrade DMXLA1

e DMXL1 degradation inhibits lysosomal acidification and
autophagic cargo degradation

e DMXL1 degradation inhibits virion assembly compartment
formation and viral release
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release, as well as suppressing herpes
simplex virus replication.
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SUMMARY

Human cytomegalovirus (HCMV) is an important human pathogen that regulates host immunity and hijacks
host compartments, including lysosomes, to assemble virions. We combined a quantitative proteomic anal-
ysis of HCMV infection with a database of proteins involved in vacuolar acidification, revealing Dmx-like
protein-1 (DMXL1) as the only protein that acidifies vacuoles yet is degraded by HCMV. Systematic compar-
ison of viral deletion mutants reveals the uncharacterized 7 kDa US33A protein as necessary and sufficient for
DMXL1 degradation, which occurs via recruitment of the E3 ubiquitin ligase Kip1 ubiquitination-promoting
complex (KPC). US33A-mediated DMXL1 degradation inhibits lysosome acidification and autophagic cargo
degradation. Formation of the virion assembly compartment, which requires lysosomes, occurs significantly
later with US33A-expressing virus infection, with reduced viral replication. These data thus identify a viral
strategy for cellular remodeling, with the potential to employ US33A in therapies for viral infection or rheu-

matic conditions, in which inhibition of lysosome acidification can attenuate disease.

INTRODUCTION

Human cytomegalovirus (HCMV) is a ubiquitous herpesvirus that
persistently infects more than 60% of all people worldwide." Re-
activation of HCMV from latency in immunocompromised peo-
ple including organ transplant recipients can cause significant
morbidity and mortality.>®> HCMV is also a leading cause of
congenital disease, affecting 0.5%-4% of pregnancies.” Here,
it can cause a spectrum of disease including sensorineural deaf-
ness, intellectual disability, and microcephaly.” However, only
four anti-HCMV drugs have been approved, all with significant
toxicity and problematic drug resistance.”

As a virus that persists lifelong, and that has co-evolved with
its human host over millions of years, HCMV is regarded as a
master cellular regulator, systemically modulating multiple pro-
cesses critical to infection. We previously found that >900 host
proteins are downregulated >3-fold over the course of infection,
with at least 163 proteins degraded in the proteasome or lyso-
some.%® These studies highlighted previously unrecognized fac-
ets of innate immunity, including that helicase-like transcription
factor (HLTF) and Schlafen family member 11 (SLFN11) are novel
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antiviral restriction factors targeted by the viral UL145 and RL1
proteins, respectively, and that mixed lineage kinase domain-
like protein (MLKL) is degraded by HCMV UL36 to inhibit necrop-
totic cell death.”® Small molecules that inhibit these and other
HCMV-host interactions may offer novel therapeutic potential.'®

During productive infection in vitro, expression of HCMV
genes is conventionally divided into immediate-early, early,
and late phases during a ~72-96 h Iytic replication cycle."' We
previously characterized five temporal classes of viral protein
expression, offering finer definition of protein expression pro-
files.” Late during infection, HCMV hijacks host intracellular com-
partments (vacuoles) to facilitate viral replication, especially
virion assembly and egress. For example, in fibroblasts, HCMV
reorganizes the cytoskeleton and endocytic pathway to form
virion assembly compartments (vVACs), which contain virions
and early endosomes in the core, and late endosomes/lyso-
somes at the periphery.'?'® HCMV forms similar structures in
endothelial cells, containing lysosomes and autophagosomes,
but not early endosomes.’* These studies suggest that lyso-
somes are necessary to assemble the HCMV virion. Lysosomes
are also required during viral replication to degrade a variety of
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Figure 1. DMXL1 is targeted for degradation in the proteasome by HCMV US33A

(A) Venn diagram showing the overlap between 163 proteins that we previously identified to be degraded during early and/or late HCMV infection, with a database
of 1,232 proteins that have roles in vacuolar acidification, from AmiGo (accession: GO: 0007035).%*

The following three figures (B)-(D) are based on data from prior publications”® and, along with data shown later in Figure 4A, are the only previously published data
in this manuscript.

(B) Three orthogonal protein degradation screens showing that DMXL1 is degraded with high confidence during early HCMV infection, from Nightingale et al.” Left
panel: DMXL1 was rescued from degradation by the proteasome inhibitor MG132 in HCMV-infected cells, but not during mock infection, infection with UV-
irradiated HCMV (HCMV"Y), or inhibition with the lysosomal protease inhibitor leupeptin (see also Figure 1 from Nightingale et al.”). Middle panel: increased rate of
DMXL1 degradation during HCMV compared with mock infection. Cells were pre-labeled with medium SILAC (stable isotope labelling by amino acids in cell
culture) amino acids prior to infection, then switched to heavy amino acids at the point of infection. Quantification of medium-labeled proteins over time us-
ing TMT-based multiplexing facilitated quantification of protein degradation rates (see also Figure 2 from Nightingale et al.”). Right panel: relative abundance of
DMXL1 transcript over 72 h infection. Although DMXL1 protein was not identified in this screen to enable simultaneous quantitation, DMXL1 was downregulated
in our other experiments over a comparable time course suggesting that it is degraded (left panels and C; see also Figure 3 from Nightingale et al.”).

(C) DMXL1 is degraded during late HCMV infection (data from Fletcher-Etherington et al.?). The y axis scale is the same as (B).

(D) A proteomic screen of viral block deletion mutants determined that the US29-34A gene block is required to downregulate DMXL1. Bars of same color
represent biological replicates, and all viruses were examined in duplicate or triplicate across three independent experiments (data from Nightingale et al.®). Fold
change was calculated in comparison with strain Merlin wild-type 1 (WT1) control. A second control was included, comprising WT1 that lacked UL16 and UL18
genes.” Strain AD169 HCMV was used as the AU, /b’ strain in this study, and we confirmed that AD169 as well as Merlin-strain HCMV downregulates DMXL1
(Figure S2B).

(E) A proteomic screen of viral single-gene-deletion mutants determined that US33A is necessary for downregulation of DMXL1 (each virus was used at MOl = 7.5,
n =2, 60 h infection). Fold change (FC) was calculated from the average signal:noise for both AUS33 biological replicates divided by the average signal:noise for
both control replicates. The Z score was calculated as described in Figure S1. See also Table S3.

(F) An AlphaFold model of US33A suggested that the protein is chiefly unstructured, with a central alpha helix (see Figure S2A for all models generated).

(legend continued on next page)
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molecules important in innate and adaptive immunity.">° In

comparison with the cytoplasm and other intracellular vesicles
with a neutral pH, lysosomes are acidic (pH 4.5-5), requiring
the host V-ATPase to pump protons into the lumen.?' Although
the impact of lysosomal pH on viral replication is poorly defined,
vacuolar acidification conducted by the ATP6VOC subunit of the
V-ATPase may be necessary for vVAC formation.??

To determine how HCMV may globally modulate lysosome
function, we combined our proteomic analyses with a database
of proteins involved in vacuolar acidification. Dmx-like protein-1
(DMXL1) was the only protein that acidifies vacuoles (via interac-
tion with the V-ATPase®®) and is also degraded by HCMV. We
characterize the function of each of seven viral genes from a ge-
netic block we identify as necessary to target DMXL1, determining
that the previously uncharacterized HCMV US33A protein de-
grades DMXL1 by recruiting the Kip1 complex (KPC) E3 ligase.
HCMV-induced DMXL1 degradation was sufficient to inhibit lyso-
somal acidification, autophagic cargo degradation, and vAC for-
mation, all previously unidentified functions for viral proteins.

RESULTS

DMXL1 stimulates vacuolar acidification but is targeted
for degradation by HCMV US33A

To identify host factors with roles in lysosomal acidification that
are antagonized by HCMV, we overlapped data from our previous
publications in which we identified proteins degraded early” and/
or late® during HCMV infection with a database of proteins that
regulate acidification of the vacuole.?* Only DMXL1 fulfilled both
criteria (Figures 1A-1C), suggesting that this protein may be of
substantial importance both to the cell and to virus. DMXL1 has
only been characterized in three prior publications, which identi-
fied that the 338 kDa protein is highly conserved with multiple
WDA40 repeats that fold to form B-propellers.”*?>*® DMXL1 and
DMXL2 interact with WD-repeat-containing protein 7 (WDR7) to
form the complex Rabconnectin-3, which interacts with the
V-ATPase in mouse kidney lysates.”®>*"*® The DMXL proteins
are partially homologous to regulator of V-ATPase in vacuolar
membrane protein 1 (RAV1), a component of the yeast regulator
of H*-ATPase of vacuolar and endosomal membranes (RAVE)
complex, which is involved in the reassembly of dissociated
V-ATPase V1 and VO sectors.”” In addition to a potential role in
the control of V-ATPase trafficking, the DMXL proteins may play
analogous roles to RAV1 in the assembly of V-ATPase subunits
via WD40 domain interactions and are thought to promote intra-
cellular vesicle acidification.?*?2"

To study whether HCMV regulates lysosomal acidification via
DMXLA1, we first needed to identify which of the 171 HCMV genes
isinvolved. We previously conducted a proteomic screen using a
panel of recombinant viruses deleted for one or other of a series
of blocks of genes non-essential for viral replication in vitro.° This
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identified that DMXL1 is targeted by the uncharacterized viral
US29-US34A block (Figure 1D). To determine which gene(s) in
this block is required, we generated a library of HCMV single-
gene deletion mutants in US29-US34A and infected telomerase
reverse transcriptase-immortalized primary human fetal foreskin
fibroblasts (HFFFs-TERTS) with these or the wild-type (WT) strain
(Figure S1A). Multiplexed proteomic analysis of cellular lysates
using tandem mass tag (TMT) peptide labels and MS3 mass
spectrometry quantified 7,687 human and 158 viral proteins,
revealing a diversity of functions for this gene block. These
included regulation of innate immunity via inhibition of multiple
interferon-stimulated genes by US30 and US34A; regulation of
proteins involved in mitotic cell division by US31 and regulation
of protein involved in secretion by US34 (Figure S1B;
Tables S1 and S2). Data from proteomic experiments in this
study are shown in Table S3. Here, the worksheet “Plots” is
interactive, enabling generation of graphs of protein expression
of any of the human and viral proteins quantified.

DMXL1 expression was only rescued by deletion of US33A, a
small 7-kDa protein with a single predicted a-helix (Figures 1E,
1F, S1, and S2A). DMXL1 and the related WDR7 protein were
the only proteins significantly upregulated after 72 h infection
with AUS33A HCMV in comparison with WT virus (Figures 1G,
S1B, and S3A). Overlap of these data with a complementary pro-
teomic screen comparing stably overexpressed US33A with
control suggested that this protein is both necessary and
sufficient for DMXL1 downregulation. Furthermore, the combi-
nation of both screens suggested that DMXL1 and to a lesser
extent WDR7 are the only bona fide targets of US33A
(Figures 1H and S3B; Table S1). However, addition of either an
N- or C-terminal tag ablated US33A-mediated DMXL1 degrada-
tion (Figures S3C and S3D), leading us to use untagged US33A
for subsequent functional experiments. We did not detect any
USS33A peptides either in this study or previously using mass
spectrometry, likely reflecting its small size and a paucity of pep-
tides suitable for proteomic analysis. However, US33A transcript
was detected within the first 24 h of HCMV infection, consistent
with the kinetics of DMXL1 degradation (Figures 11 and 1J).

DMXL degradation by US33A disrupts lysosomal
acidification

To determine whether degradation of DMXL1 by US33A inhibits
lysosomal acidification, HFFF-TERTs stably expressing US33A
or control were stained with LysoTracker DND 99. US33A
expression reduced LysoTracker staining, indicative of a less
acidic lysosome (Figure 2A). These findings were confirmed us-
ing the pH-sensitive probe LysoSensor yellow/blue (Figure 2B).
Whereas LysoTracker quantitation is dependent on the total
cellular LysoTracker signal, ratiometric quantification of
LysoSensor staining at two different wavelengths minimizes
the potential for error due to differences in dye uptake by

(G) Scatterplot of human proteins from (E) with Z > 0 and FC > 1 identified that DMXL1 and WDRY significantly increase in abundance upon infection with AUS33A

compared with WT HCMV.

(H) Overlap of data from (G) with a complementary proteomic screen comparing protein abundance in cells stably overexpressing US33A or a control vector,

which quantified 7,687 proteins (see also Figures S3A-S3D).

(l) Proteomic quantitation of the relative abundance of DMXL1 over 72 h of infection as indicated (MOI = 5). 7,994 human and 143 viral proteins were quantified.

See also Table S3.

(J) Quantification of US33A transcript over 24 h of infection at MOI = 10 by RT-gPCR. Error bars show standard error of the mean (SEM) for three replicates.
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Figure 2. US33A reduces lysosomal acidification and impairs lysosomal pH maintenance

(A) LysoTracker DND-99 staining of lysosomes in HFFF-TERTs expressing US33A or a control vector. BafA1 treatment was at 400 nM for 4 h and LysoTracker at
1 uM for 30 min. Left: representative images. Scale bars: 20 um. Right: representative flow cytometry results.

(B) LysoSensor yellow/blue DND-160 staining of lysosomes in HFFF-TERTs expressing US33A or a control vector. Scale bars: 10 um. To measure fluorescence of
LysoSensor in both confirmations using live-cell imaging, paired excitation/emission wavelengths 405/435 and 458/493 nm were employed as per previously
published protocols.>**" Ten images with >10 cells per image were quantified. The box and whisker plot shows mean and range of the 435/493 emission ratio.
The p value for a difference between control and US33A-expressing cells was estimated using an unpaired two-tailed t test. *p < 0.05.

(C) Quantification of LysoSensor staining using a microplate reader with excitation at 340 or 380 nm and emission at 527 nm as per previous protocols.®’*
Staining with LysoSensor was at 5 pM for 10 min. Left panel: HFFF-TERTs expressing US33A or a control vector. Middle panel: HFFF-TERTs expressing the

(legend continued on next page)
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each stained cell.* US33A-mediated impairment of lysosomal

acidification was confirmed in HFFF-TERTs stably expressing
US33A or control, infected with adenoviruses expressing
US33A (RAd-US33A) or control and infected with WT or AUS33A
HCMV (Figures 2C and S4A). Cells infected with RAd-US33A ex-
pressed a higher level of US33A mRNA, consistent with the
increased magnitude of effect observed (Figure S3E).

A previous publication suggested that in mouse cells, knock-
down of DMXL1 does not impact intravesicular acidification under
baseline conditions; however, re-acidification of intracellular ves-
icles after bafilomycin A1 (BafA1) treatment is suppressed.®® This
indicated that cellular functions requiring significant and sustained
upregulation of V-ATPase activity may be dependent on DMXLA1.
We designed experiments to recapitulate this phenotype with re-
gard to US33A (Figure 2D). Lysosomes in HFFF-TERTSs express-
ing US33A lost their ability to recover an acidic pH after 1 h
BafA1 treatment. Infection of HFFF-TERTs with AUS33A HCMV
enhanced lysosomal pH recovery after 1 h BafA1 treatment
compared with WT HCMV-infected cells (Figure 2D). Small inter-
fering RNA (siRNA) knockdown of DMXL1 phenocopied US33A
expression and inhibited lysosomal pH recovery in HFFF-TERTs
(Figures S4B and S4C). These results suggest that DMXL1 degra-
dation by US33A causes functional lysosomal deficiency, which
may be due to impaired V-ATPase regulation.

US33A inhibits autophagic cargo degradation

A functional V-ATPase and acidic lysosome are required for the
terminal stages of autophagy: autophagosome-lysosome fusion
and autophagosome degradation (Figure 3A).** To determine
whether the lysosomal deficiency caused by US33A-mediated
DMXL1 degradation impacts autophagy, we quantified LC3B-II.
Accumulation of this classical marker of autophagosome abun-
dance either indicates enhanced autophagosome formation
or impaired autophagosome degradation.>>*” To distinguish be-
tween these two possibilities, we also applied the V-ATPase
inhibitor BafA1 to block autophagasome/LC3B-Il degradation
completely, meaning that measurement of LC3B-Il would indicate
autophagosome synthesis.®®*° US33A expression in HFFF-
TERTSs via stable lentiviral transduction or adenoviral infection
significantly enhanced LC3B-Il accumulation in the absence, but
notinthe presence of BafA1 (Figures 3B, 3C, S5A, and S5B). These
findings suggest that US33A leads to inhibition of autophagosome
degradation. To recapitulate the experiment during HCMV infec-
tion, we used a high MOI = 25 to ensure infection of the greatest
number of cells. Pre-incubation of HFFF-TERTs with serum-
free medium can enable high-percentage infection at a lower
MOI®2%4%: however, nutrient starvation can rapidly upregulate au-
tophagic flux and autophagosome degradation,’ which would
confound data. In comparison with infection with WT HCMV, infec-
tion with AUS33A HCMV reduced LC3B-Il accumulationin DMSO-
treated cells but had no significant effect in BafA1-treated cells,
which is consistent with US33A-mediated inhibition of autophago-

Cell Host & Microbe

some degradation (Figures 3D and S5C). siRNA knockdown of
DMXL1 phenocopied US33A expression and inhibited LC3B-II
degradation, suggesting that inhibition of autophagosome degra-
dation by US33A is mediated by DMXL1 degradation (Figure S5D).

A reduction in autophagosome degradation might be caused
by a decrease in autophagic cargo degradation due to reduced
lysosome activity, impaired lysosomal-autophagosome fusion,
or both.*® To identify which applied here, co-localization be-
tween LC3B (autophagosome marker) and LAMP1/CD63 (lyso-
some/late endosome markers) was measured. Stable US33A
expression enhanced co-localization of endogenous LC3B
with LAMP1 and increased expression of both markers, suggest-
ing that autophagosome-lysosome fusion was not impaired
upon DMXL1 degradation and that LC3B-Il degradation was
likely to have been retarded, as we have previously observed
in similar circumstances®®*? (Figures 3E, 3F, and S5E; Video
S1). Infection with AUS33A HCMV led to reduced LC3B-
LAMP1 co-localization and expression in comparison with WT
HCMV infection (Figures 3G, 3H, and S5F). These results sug-
gest that US33A-mediated DMXL1 deficiency inhibits autopha-
gosome degradation in lysosomes, rather than inhibiting the
fusion between lysosomes and autophagosomes.

US33A degrades DMXL1 via recruitment of the KPC E3
ligase complex

We previously conducted a systematic interactome analysis of
169 canonical HCMV proteins, and a subset of non-canonical
HCMV proteins, in infected cells.*® Although this study purified
complexes using C-terminal V5 tags, which ablate US33A-medi-
ated DMXL1 degradation (Figure S3C), it was nevertheless
possible that US33A retained the ability to recruit the relevant
DMXL1 degradation machinery. Interactome analysis revealed
that US33A-V5 interacts with RNF123 and UBACH1, the catalytic
and non-catalytic subunits of the KPC ES3 ligase (Figure 4A). We
confirmed the interaction between US33A and RNF123/UBAC1
by co-immunoprecipitation (colP) (Figures 4B and S6A) and, us-
ing a series of US33A deletion or truncation mutants, determined
that the US33A N terminus is necessary to recruit KPC
(Figures 4C and S6B).

To determine whether KPC is required for US33A to degrade
DMXL1, CRISPR-Cas9 was used to knock out RNF123,
UBACHT, or both in HFFF-TERTS, followed by infection with WT
or AUS33A HCMV. In all three knockout cell types, DMXL1
was rescued during WT HCMV infection to a level similar to
that during AUS33A infection (Figures 4D and S6C; Table S4),
indicating that US33A degrades DMXL1 via recruitment of KPC.

US33A delays the formation of the virion assembly
compartment and negatively regulates the replication of
HCMV and HSV-1

To determine whether the effects of US33A on lysosomal pH and
autophagy may modulate viral assembly compartment (VAC)

coxsackie virus and adenovirus receptor (HFFF-CARs) infected with adenovirus expressing US33A or GFP (MOI 5 for 72 h). Right panel: HFFF-TERTSs infected
with WT or AUS33A HCMV (MOI 5 for 24 h). Values shown are mean + SEM (n = 3 independent experiments; each value was calculated from the mean of five

technical replicates).

(D) US33A inhibits lysosomal re-acidification. Left panels: schematics of workflow. Right panels: quantification of lysosomal acidity via LysoTracker staining in
HFFF-TERTSs expressing US33A or a control vector (top; 400 nM BafA1 for 1 h) or infected with parental or AUS33A HCMV (bottom; 100 nM BafA1 for 1 h). Values
shown are mean + SEM (n = 3 independent experiments). p values were estimated using an unpaired two-tailed t test. *p < 0.05.
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Figure 3. Autophagic cargo degradation is inhibited by US33A

(A) Schematic of the autophagy pathway after the formation of autophagosomes.

(B-D) LC3B-Il expression in (B) HFFF-TERTS stably expressing US33A or control; (C) HFFF-CARs infected with adenovirus expressing US33A or GFP at MOI 5 for
72 h, or (D) HFFF-TERTSs infected with WT or AUS33A HCMV at MOI 25 for 48 h. Cells were treated with vehicle (DMSO) or BafA1 at 400 nM for 4 h, as indicated.
Left panels: immunoblots of LC3B. Right panels: quantification of ratios of LC3B-Il:GAPDH. Error bars show SEM for three independent experiments. p values
were estimated using two-way ANOVA. *p < 0.05, ***p < 0.001, ns, not significant, p > 0.05. For (D), for each experiment, LC3B-II/GAPDH (middle panel) or IE1/
GAPDH ratios (right panel) were first normalized to the ratio of DMSO-treated WT HCMV prior to calculating mean values.

(E) Co-localization of LC3B and LAMP1 in HFFF-TERTSs stably expressing US33A or a control vector, by immunofluorescence. Scale bars: 20 um.

(F) Quantification of (E), using >10 cells from each of a total of 36 images from three independent experiments.

(G) Co-localization of LC3B and LAMP1 in HFFF-TERTSs infected with WT or AUS33A HCMV at MOI 0.5 for 24 h. GFP fluorescence was used to identify infected
cells. Scale bars: 10 um.

(H) Quantification of (G), 93 WT HCMV and 97 AUS33A infected cells from over 30 images from three independent experiments. Pearson’s correlation was used
for (F) and (H), with p values estimated using unpaired two-tailed t tests: ***p < 0.0001. Full data quantifying Pearson’s correlation are shown in Table S5.

formation, we performed a temporal analysis during infection tein B (gB)'>***’ (Figures 4E and S7A). Early/immature vACs
with WT and AUS33A HCMV. Mature vACs were identified asa  were identified as infected cells expressing gB but without
juxtanuclear structure formed by a ring of giantin, a marker for  ring-shaped giantin.'*** vACs formed significantly earlier in cells
the Golgi body, outside a core of the HCMV envelope glycopro- infected with AUS33A HCMV compared with WT (Figures 4E and
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Figure 4. HCMV US33A recruits the KPC E3 ligase to degrade DMXL1 and inhibit vAC formation

(A) High-confidence interacting proteins for US33A from our previous systematic interactome analysis of all canonical HCMV genes in infected cells (data from
Nobre et al.*°). The normalised weighted D (NWD) score is calculated from the fraction of runs in which an interacting protein is observed, the number of peptides
from this protein and the standard deviation of this number across all IPs, and the reproducibility of detection across US33A replicates.

(B) ColP validating that US33A interacts with RNF123 and UBAC1.

(C) ColP showing that the US33A N terminus is necessary to recruit RNF123 and UBAC1. Expression of the N terminus, alpha helix, and C-terminal regions of
US33A-V5 in isolation was validated by qPCR as the proteins were of insufficient size to detect by immunoblot (Figure S6B).

(D) HCMV US33A downregulates DMXL1 in a KPC-dependent manner. Polyclonal bulk populations of HFFF-TERTSs edited using CRISPR-Cas9 as indicated were
infected with WT or AUS33A HCMV at MOI 5 for 72 h. The left panel shows a representative immunoblot from two independent experiments. Blotting for HCMV
IE1/2 confirmed similar infection in each cell type. Immunoblots for RNF123 and UBAC1 are shown in Figure S6C. The right panel shows the quantification of
DMXL1 for three independent experiments (error bars: mean + SEM). p values were estimated using two-way ANOVA, *p < 0.05, **p < 0.01.

(legend continued on next page)
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S7-89), suggesting that vAC formation may depend either on
vacuolar pH, autophagy, or both and that this is delayed in the
absence of DMXL1. To determine whether US33A delays
vAC formation by modulating vacuolar pH, we infected HFFF-
TERTs with WT or AUS33A HCMV in the presence of BafA1.
BafA1 significantly delayed the formation of vACs at 48 h post-
infection (hpi) in AUS33A HCMV-infected cells with a similar
but non-significant trend in WT-infected cells and completely in-
hibited vAC formation with both WT and AUS33A HCMV infec-
tion at 72 h (Figure S9). This provides a mechanistic link between
US33A-mediated inhibition of lysosomal acidification/autopha-
gosome degradation and delayed vAC formation.

To determine whether US33A-mediated effects on vAC forma-
tion are reflected in viral replication, we quantified the number
and size of plaques formed in DMXL1 shRNA (short hairpin
RNA) knockdown cells compared with control (Figures 4F and
4G). As Merlin-strain viruses are recognized to plaque ineffi-
ciently,*® for this experiment, strain AD169-GFP was em-
ployed.'® Knockdown of DMXL1 inhibited both the number and
size of plaques. To determine whether DMXL1 degradation by
US33A also inhibits viral replication, HFFF-TERTs were infected
with the same WT or AUS33A Merlin-strain HCMV as used in all
of our other experiments at MOl = 0.1 for 6 days, to facilitate
approximately two viral replication cycles. Infection with
AUS33A HCMV significantly increased both cell-associated
and released viral titers compared with WT infection (Figure 4H),
indicating that US33A negatively regulates HCMV replication.
Furthermore, infection with AUS33A HCMYV did not significantly
increase viral release compared with WT in cells knocked
down for DMXL1 using siRNA, highlighting the relevance of
DMXL1 as US33A’s target (Figure S10C). The greater effect of
DMXL1 KD on viral release compared with infection with WT
(US33A-expressing) virus likely reflects (1) more complete abro-
gation of DMXL1 expression by siRNA compared with infection
with a US33A-expressing virus and (2) knockdown of DMXL1
from the beginning of the viral replication cycle via siRNA
compared with US33A-expression-dependent DMXL1 degrada-
tion. To determine whether US33A has a more general impact on
other herpesviruses, we infected HFFF-TERTs expressing
US33A or control with herpes simplex virus-1 (HSV-1), which
shares a similar vAC-based viral replication strategy yet does
not express a US33A homolog.*® HSV-1 replication was also
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significantly inhibited in cells expressing US33A compared with
control (Figure 4H).

DISCUSSION

Herpesviruses achieve lifelong persistence in infected individ-
uals by utilizing a wide range of strategies to modulate cellular
processes of the host. These include the deployment of proteins
to target host factors for degradation. Degradation of DMXL1 by
US33A and the KPC E3 ligase complex increases lysosomal pH,
inhibits autophagy, and delays assembly of the vAC, reducing
viral replication. US33A therefore functions to globally regulate
cellular remodeling during infection. Functions were also
ascribed to each of the other members of the previously unchar-
acterized HCMV US29-34A block of viral genes.

Only a few studies have hitherto examined manipulation of
host lysosomes by HCMV. These have chiefly focused on sub-
version of lysosome function to degrade certain key molecules
important in host innate or adaptive immunity, for example, ma-
jor histocompatibility complex (MHC) class | polypeptide-related
sequences (MIC) A/B, Toll-like receptor (TLR) 3/4, natural killer
(NK) cell regulator B7-H6, human leukocyte antigen (HLA)-DR,
and multidrug resistance-associated protein 1 (MRP1)."72° We
previously systematically defined host proteins targeted for lyso-
somal degradation throughout the course of HCMV infection via
application of the lysosomal protease inhibitor leupeptin.”*°
However, there was no enrichment at any time point in the
average abundance of these degraded proteins in cells infected
with AUS33A virus compared with WT. Use of published data
relating change in lysosomal pH to change in LysoSensor emis-
sion suggested that the pH difference between lysosomes from
cells infected with WT HCMV or AUS33A HCMV was ~0.3.°%°"
This relatively modest change may be insufficient to modulate
lysosomal degradation, yet sufficient to modify autophagy and
VvAC formation.

Although no other HCMV proteins are known to modulate lyso-
some function, a systematic microRNA screen demonstrated
that HCMV miR-US25-1 targets the ATP6VOC transcript, which
encodes an essential component of the lysosomal V-ATPase.
siRNA knockdown of ATP6VOC reduced replication of the high-
ly-passaged laboratory HCMV strain AD169.%>° It remains to be
determined whether virally expressed miR-US25-1 reproduces

(E) vVAC formation time course, see Figure S7 for full data. Cells were infected with WT or AUS33A HCMV at MOI 1. At 24 h post-infection (hpi), both viruses
infected a similar proportion of cells (Figure S7B). Left panel: representative images at 48 hpi. Pink arrows: examples of mature vACs. Orange arrows: examples of
early/immature vACs. These were counted separately for the purpose of quantification (Figures S7C and S9C). Scale bars: 20 um. Right panel: percentage of
infected cells with mature vACs at each time point. Similar results were observed in a second independent experiment (Figure S8). The number of images with
infected cells assessed at each time point were: 24 h (n =21 images with 112 infected cells for WT; n =22, 115 for AUS33A); 36 h (n =31, 122 for WT; n=21, 146 for
AUS33A); 48 h (n =21, 240 for WT, n = 27, 241 for AUS33A); 72 h (n = 22, 205 for WT, n = 21, 188 for AUS33A); 96 h (n = 25, 389 for WT, n = 27, 321 for AUS33A). p
values were estimated using a two-tailed unpaired t test. **p < 0.001, ****p < 0.0001.

(F) Top panel: number of plaques (defined as a group of >5 cells) formed by AD169-GFP in HFFF-TERTSs treated with DMXL1 or control shRNA. AD169 degrades
DMXL1 similarly to WT Merlin strain, as shown in Figures 1D and S2B. Error bars show SEM of three independent experiments. **p < 0.01 (unpaired two-tailed t
test). Bottom panel: immunoblot showing DMXL1 knockdown efficiency by shRNA. We confirmed that US33A expression was not affected by DMXL1 shRNAs
(Figures S10A and S10B).

(G) Left panel: quantification of the plaque size from the experiment described in (F). Error bars show SEM for >60 plaques. ***p < 0.0001 (unpaired two-tailed t
test). Right panel: representative images of plague morphology. Scale bars: 1 mm.

(H) Left panel: relative titers of released and cell-associated WT or AUS33A HCMV after 6 days of infection at MOI 0.1. Because absolute titers varied from
experiment to experiment, relative titers were calculated for each experiment and then averaged between experiments (see STAR Methods). Right panel: titer of
released and cell-associated herpes simplex virus-1 (HSV-1) in HFFF-TERTs expressing US33A or control after 24 h of infection at MOI 0.1. Error bars show SEM
for three independent experiments. p values were estimated using unpaired two-tailed t tests. *p < 0.05, **p < 0.01.
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this phenotype, reduces lysosomal acidification, and inhibits
autophagy, as might be expected from our present study. If so,
this would suggest that HCMV encodes two complementary
strategies to achieve the same aim and that the virus is willing
to sacrifice replication efficiency to facilitate its overall lifecycle.
Assuming DMXL1 is also downregulated in other cell types in-
fected with HCMV in vitro, possible explanations might include
(1) immune evasion (for example, in dendritic cells), since endo-
somal acidification is required for efficient MHC class Il presen-
tation and efficient signaling by TLRs>*°; (2) promotion of latent
infection by inhibition of viral assembly in monocytes or other
latent reservoirs®®; or (3) prevention of excessive viral replication,
tissue destruction, and inflammation whose overall effects might
affect the balance between immune control and viral clearance,
or change the duration of transmission from host-to-host. Prior
studies in which HCMV was systematically mutagenized identi-
fied other temperance factors that also reduce viral replication
including RL13, UL9, and US30,°%°"; however, none have hith-
erto been mechanistically characterized. US33A was not
included in these studies, having only been identified in 2011.%¢

A systems-based analysis of HCMV-induced organelle re-
modeling revealed that during late infection, lysosomes are
distributed into two distinct populations.®® The first, denser frac-
tion, was found in discrete punctate structures and was defined
by expression of molecules involved in carbohydrate catabolism
such as lysosomal alpha-glucosides. The second, less-dense
LAMP1-positive fraction localized to the vAC.*® Our data sug-
gest that this latter population may play important roles with re-
gard to US33A function, given the co-localization we observed
between LAMP1 and LC3B in AUS33A HCMV-infected cells.

The impact of HCMV infection on autophagy remains incom-
pletely defined and varies according to the stage of viral replica-
tion.®® Autophagy is promoted early during infection via
increased lipidation of LC3-I into LC3-Il and increased genera-
tion of autophagosomes.®’*®> By 24 h, expression of HCMV
TRS1 and IRS1 block the first stages of autophagy by targeting
the Beclin 1 complex, a key regulator of phagophore and auto-
phagosome formation.®"®®> US33A may thus complement
IRS1/TRS1 function by blocking the last stages of autophagy,
namely autophagic cargo degradation. The impact of autophagy
on HCMV replication also remains incompletely defined, and
conflicting phenotypes have been described. A proviral role
has been suggested by recent studies that have either employed
knockdown of autophagy components or chemical modula-
tors.*”®" Our data support these observations, relating inhibited
autophagy during US33A expression to reduced viral replication.

The overall effect of US33A is somewhat paradoxically to
delay vAC formation and diminish viral replication. Reduced au-
tophagic cargo degradation might have been expected to in-
crease availability of membrane for forming HCMV particles,
and a more alkaline lysosome might have been expected to
degrade new HCMV particles to a lesser degree. However, the
key factor that determines viral replication efficiency might be
pH in the endosome/lysosome/vAC, with a more acidic vacuole
promoting vAC formation. As discussed above, earlier vAC for-
mation in the absence of US33A might present an overall disad-
vantage to the viral lifecycle, for example, by facilitating viral an-
tigen presentation at a stage of replication in which adaptive
immune evasion is critical.
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The power of our prior HCMV interactome analysis to reveal
viral mechanism is exemplified by our identification that the
KPC complex is required for DMXL1 degradation. Given that
this study identified interactions between 51 HCMV proteins
and E3 ligases,*® additional insights are likely to result for other
proteins degraded by HCMV that so far remain mechanistically
uncharacterized. The lack of an observed direct interaction be-
tween US33A and DMXL1 is most likely to reflect the effect of
the V5 tag, which in this study completely ablated DMXL1 degra-
dation when applied either at US33A’s N or C terminus. Given
our demonstration of the interaction between US33A’s N termi-
nus and the KPC complex, it is plausible that the US33A C termi-
nus may interact with DMXL1. Further analyses will require
generation of an antibody specific for unmodified US33A. Func-
tionally, the 57 amino acid US33A is most likely to act in a manner
akin to a viral proteolysis-targeting chimera (PROTAC), linking
KPC together with DMXL1 to facilitate its degradation.®*

US33A is conserved across 264 strains of HCMV with several
minor mutations and in chimpanzee cytomegalovirus (CCMV),
which is the closest relative of HCMV (Figure S11A; Data S1).
However, no homologs are found in other primate cytomegalovi-
ruses, or other betaherpesviruses such as human herpesvirus-6
and -7 (HHV-6 and HHV-7). The divergence of HCMV from
HHV-6 and HHV-7 occurred prior to the branching of cytomega-
loviruses into species-specific lineages (Figure S11B), suggest-
ing that the acquisition of US33A by HCMV and CCMV occurred
during transmission between great apes in the past few million
years.®> %8

As US33A is not conserved in any other human pathogen and
is a small protein, an intriguing possibility is its potential use as a
therapeutic agent. In addition to herpesviruses, multiple viruses
require an acidic endosome at one or other point during their
replication cycle. For example, cellular entry of RNA viruses
including severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), influenza A, and human rhinoviruses is highly
dependent on endosomal pH.®*"? Replication of Alphaviruses
such as Sindbis virus also requires acidic endosomes.”®
Although it is unclear at present whether the relatively modest
change in lysosomal pH offered by US33A-mediated DMXL1
degradation will be sufficient to inhibit these processes, smaller
changes in endosomal pH may result in fewer toxic effects, than
for strong protein flux inhibitors such as BafA1.”* Although
HCMV entry into human fibroblasts is pH independent,”>"® via
fusion at plasma membrane, and we did not observe an effect
of USB3A expression on viral entry into retinal epithelial cells,
in which entry is pH dependent’® (Figure S10D), it is nevertheless
possible that US33A may impair HCMV entry into other cell types
in which entry is pH dependent, such as other epithelial cells or
myeloid lineage cells. Chloroquine and hydroxychloroquine are
lysosomotropic agents that raise intracellular pH, impair auto-
phagic protein degradation, and are widely prescribed to pa-
tients with rheumatic diseases such as lupus and rheumatoid
arthritis.”%° However, these drugs can exhibit off-target effects,
for example, via interaction with TLR ligands and mitochondria,
and toxicity remains a major limitation.®' > A more selective in-
hibitor of lysosomal acidification such as US33A might therefore
be a worthy therapeutic candidate. Furthermore, over-acidifica-
tion of lysosomes due to genetic deficiencies can lead to meta-
bolic disorders, for example, mucopolysaccharidosis plus
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(MPS+) and mucolipidosis IV (MLIV).2°8 Here, the over-acidi-
fied environment within lysosomes may result in the malfunction
of various lysosomal hydrolases, leading to a substrate accumu-
lation, which might be ameliorated via US33A-based therapy.
Finally, the scope of targeted PROTAC-based protein degrada-
tion will increase commensurate with an increased diversity of E3
ligases that can be hijacked. Modification of US33A to the mini-
mal essential sequence that enables recruitment of KPC and
chosen target(s) of interest may therefore provide a tool to this
expanding armory.®*
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Antibodies

Rabbit polyclonal anti-LC3B Abcam Cat#ab48394, RRID: AB_881433

Mouse monoclonal anti-RNF123
Mouse monoclonal anti-UBAC1
Rabbit polyclonal anti-DMXL1
Mouse monoclonal anti-HCMV IE1/2
Mouse monoclonal anti-GAPDH
Rabbit polyclonal anti-Calnexin
Rabbit monoclonal anti-V5

Mouse monoclonal anti-CD107a (LAMP1)
Rabbit polyclonal anti-Giantin
Mouse monoclonal anti-HCMV gB
Goat polyclonal anti-Adenovirus

IRDye 680RD goat anti-mouse IgG
IRDye 800CW goat anti-rabbit IgG
Goat anti-rabbit IgG Alexa Flour 568
Goat anti-mouse IgG Alexa Flour 647
Mouse anti-goat IgG-HRP

Santa Cruz Biotechnology
Proteintech

Bethyl

Merk

R&D Systems

LSBio

Cell Signaling Technology
BioLegend

Abcam

Abcam

Chemicon

LI-COR

LI-COR

Thermo Fisher Scientific
Thermo Fisher Scientific
Santa Cruz Biotechnology

Cat# sc-101122, RRID: AB_2182272
Cat# 67385-1-Ig, RRID: AB_2882630
Cat# A304-685A, RRID: AB_2620880
Cat# MAB810R, RRID: AB_570324
Cat#MAB5718, RRID: AB_10892505
Cat# LS-B6881-100, RRID: AB_11186721
Cat# 13202, RRID: AB_2687461

Cat# 328602, RRID: AB_1134259

Cat# ab80864, RRID: AB_10670397

Cat# ab6499, RRID: AB_305519

Cat# AB1056
RRID: AB_11212049

Cat#925-68070, RRID: AB_2651128
Cat#925-32211, RRID: AB_2651127
Cat# A-11011, RRID: AB_143157
Cat# A-21235, RRID: AB_2535804

Cat# sc-2354,
RRID: AB_628490

Horse anti-mouse I1gG-HRP Cell Signaling Technology Cat #7076,
RRID: AB_330924
Goat anti-rabbit IgG-HRP Cell Signaling Technology Cat #7074,
RRID: AB_2099233
Human TruStain FcX BioLegend Cat#422302
Bacterial and virus strains
HCMV Merlin Stanton et al.*® RCMV1111
HCMV Merlin UL36-GFP This paper RCMV2582
HCMV AD169-GFP Fielding et al." RCMV288
HCMV Merlin AUS29 This paper RCMV3082
HCMV Merlin AUS30 This paper RCMV3066
HCMV Merlin AUS31 This paper RCMV3083
HCMV Merlin AUS32 This paper RCMV3045
HCMV Merlin AUS33A This paper RCMV3037
HCMV Merlin AUS34 This paper RCMV2936
HCMV Merlin AUS34A This paper RCMV2935
HSV-1 UL47-EYFP This paper N/A
E. coli. (a-Select Silver Competent Cells) Bioline Cat#BI0O-85026
Adenovirus expressing US33A Stanton et al.®® N/A
Chemicals, peptides, and recombinant proteins
Tandem mass tag (TMT) 10-plex isobaric Thermo Fisher Cat#90110

reagents

HPLC water

LC-MS grade Acetonitrile
Formic acid
DL-Dithiothreitol (DTT)
Acetonitrile, Extra Dry

VWR

Merck

Thermo Fisher

Sigma

Extra Dry Acros Organics

Cat#23595.328
Cat#1.00029.2500
Cat#85178
Cat#43815-1G
Cat#AC364311000
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Hydroxylamine Sigma Cat#438227
DPBS Sigma Cat#D8537-500ML
DMEM Sigma Cat#D6429-500ML
Phenol-red free DMEM Gibco Cat#31053028
FBS Sigma Cat#F7524-500ML
Lot#0001640350
Puromycin InvivoGen Cat# ant-pr-1
Trypsin-EDTA Gibco Cat# 25300-054
Bovine serum albumin Sigma-Aldrich Cat# A7906
HEPES (1M, pH7.0-7.6) Sigma-Aldrich Cat# H0887
Guanidine hydrochloride (8M) Thermo Fisher Scientific Cat# 24115
Bafilomycin A Enzo Cat# BML-CM110-0100
Complete Protease Inhibitor Cocktail Roche Cat# 11836153001
Fixation Buffer BioLegend Cat# 420801
DMSO Sigma-Aldrich Cat# D8418
Dexamethasone Sigma-Aldrich Cat# D4902
DAPI Cell Signaling Cat# 4083S
Nonidet P-40 (NP-40) Sigma-Aldrich Cat# 75385-1L
Glycerol Sigma-Aldrich Cat# G7757-1L
Triton X-100 Sigma Cat# X100-500ML
4% fixation buffer BioLegend Cat# 420081
Sodium dodecyl sulfate Fisher Chemical Cat# S/P530/53
Critical commercial assays
BCA Protein Assay Kit Thermo Fisher Cat#23227
Micro BCA Protein Assay Kit Thermo Fisher Cat#23235
RNeasy Plus Kit Qiagen Cat#74134
RNeasy Mini Kit Qiagen Cat#74104
QlAprep Spin Miniprep Kit Qiagen Cat#27104
QIAquick Gel Extraction Kit Qiagen Cat#28704
GoScript Reverse Transcriptase kit Promega Cat#A5001
TagMan™ Universal PCR Master Mix Thermo Fisher Cat#4304437
LysoTracker Red DND-99 Invitrogen Cat#L7528
LysoSensor Yellow/Blue DND-160 Invitrogen Cat#L7545
HCS CellMask Blue Stain Invitrogen Cat#H32730
Lipofectamine 3000 transfection reagent Invitrogen Cat#L.3000001
TagMan Universal PCR Master Mix Invitrogen Cat#4304437
Fast SYBR Green PCR Master Mix Invitrogen Cat#4385612
NEBuilder HiFi DNA Assembly Master Mix NEB Cat#E2621S
P3 primary cell 4D-Nucleofector X kit Lonza Cat#V4XP-3032
Mlul-HF restriction enzyme rCutSmart NEB Cat#R3198S
Nhel-HF restriction enzyme rCutSmart NEB Cat#R3131S
SuperSignal West Pico Chemiluminescent Thermo Scientific Cat#34080

Substrate

Deposited data

Raw Mass Spectrometry Data Files

This paper
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ProteomeXchange Consortium via the
PRIDE

partner repository, with the dataset
identifier

PXD044273.
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Unprocessed peptide file for Figure 1 This paper https://data.mendeley.com/datasets/

rvjz8wbz9m/draft?a=318040f4-52fd-49b5-
bd21-cdb0a3343173

Experimental models: Cell lines

HFFF immortalized with human telomerase
(HFFF-TERT)

HFFF expressing the coxsackie virus and
adenovirus receptor (HFFF-CAR)

HEK293T
ARPE-19

Stanton et al.®°

Stanton et al.®®

ATCC
ATCC

N/A

N/A

N/A
N/A

Oligonucleotides

Forward primer for cloning US33A into
Adenovirus vectors: AACCGTCAGATC
GCCTGGAGACGCCATCCACGCTGTT
TTGACCTCCATAGAAGACACCGGGA
CCGATCCAGCCTGGATCCACCATGA
GCCTCAGGTTCCC

Reverse primer for cloning US33A into
Adenovirus vectors: CACAGGCGTGA

CACGTTTATTGAGTAGGATTACAGAG
TATAACATAGAGTATAATATAGAGTAT
ACAATAGTGACGTGGGATCCCTAGG
ACCGCGGCACG

Oligonucleotide 1 for pHAGE-pSFFV-
Control construct: GGGGACAAGTTTGTA
CAAAAAAGCAGGCTCCCAGGCGAGAA
CGTGTGCGTGGACAAGCGAGCAGCAT
ACGAACCCAGCTTTCTTGTACAAAGTG
GTCCCC

Oligonucleotide 2 for pHAGE-pSFFV-
Control construct: GGGGACCACTTTGTA
CAAGAAAGCTGGGTTCGTATGCTGCT
CGCTTGTCCACGCACACGTTCTCGCC
TGGGAGCCTGCTTTTTTGTACAAACTT
GTCCCC

Forward primer for pHAGE-pSFFV-
US33A construct: GGGGACAAGTT
TGTACAAAAAAGCAGGCTATGAG

CCTCAGGTTCCCCG

Reverse primer for pHAGE-pSFFV-
US33A construct: GGGGACCA
CTTTGTACAAGAAAGCTGGGTTT
AGGACCGCGGCACGTAAAAC

Forward primer for pHAGE-pSFFV-V5-SA-
US33A construct: GGGGACAAGTTTGT
ACAAAAAAGCAGGCTATGGGTAAGCCA
ATCCCTAACCCGCTCCTAGGTCTTGA
TTCTACGAGCGCTAGCCTCAGGTTCC
CCGAG

Reverse primer for pHAGE-pSFFV-V5-SA-
US33A construct: GGGGACCACTTTGTAC
AAGAAAGCTGGGTTTAGGACCGCGGCA
CGTAAAAC

This paper

This paper

Nightingale et al.”

Nightingale et al.”

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

(Continued on next page)
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Forward primer for pHAGE-pSFFV-V5-
GGGS-US33A construct: GGGGACAA
GTTTGTACAAAAAAGCAGGCTATGGG
TAAGCCAATCCCTAACCCGCTCCTAG
GTCTTGATTCTACGGGAGGTGGATCA
AGCCTCAGGTTCCCCGAG

Reverse primer for pHAGE-pSFFV-V5-
GGGS-US33A construct: GGGGACCA
CTTTGTACAAGAAAGCTGGGTTTAGG
ACCGCGGCACGTAAAAC

Forward primer for pHAGE-pSFFV-US33A-
GGGS-V5 construct: GGGGACAAGTTTGT
ACAAAAAAGCAGGCTATGAGCCTCAGGT
TCCCCG

Reverse primer for pHAGE-pSFFV-US33A-
GGGS-V5 construct: GGGGACCACTTTGT
ACAAGAAAGCTGGGTTTACGTAGAATCA

AGACCTAGGAGCGGGTTAGGGATTGGC

TTACCTGATCCACCTCCGGACCGCGGC

ACGTAAAAC

Forward primer for HCMV US33A RT-
gPCR: GGGTTACGAGAAACTGGGATAC
Reverse primer for HCMV US33A RT-
qPCR: AACGGAAAAGTGAACGGCAA
Forward primer for GAPDH RT-gPCR:
CCAGTAAGTGCGGGTAATAAGC
Reverse primer for GAPDH RT-qPCR:
GAGCCCCAGCCTTCTCCATG

Forward primer for 18S RT-gqPCR:
CCAGTAAGTGCGGGTAATAAGC
Reverse primer for 18S RT-gPCR:
GCCTCACTAAACCATCCAATCGG
Forward primer for US33A-V5 RT-gPCR:
GGGTTACGAGAAACTGGGATAC
Reverse primer for US33A-V5 RT-qPCR:
GCGGGTTAGGGATTGGCTTAC

Forward primer for US33A-V5-C RT-gPCR:
GCTGGTGTTGCCGTTCACT

Reverse primer for US33A-V5-C RT-qPCR:
CGTAGAATCAAGACCTAGGAGCG
Forward primer for US33A-V5-N RT-gPCR:
AGAGGGCGGGTTACGAGAA

Reverse primer for US33A-V5-N RT-gPCR:
GCGGGTTAGGGATTGGCTTA

Forward primer for US33A-V5-aH RT-
qPCR: GCATGACCCGTTGGGATTGA
Reverse primer for US33A-V5-aH RT-
qPCR: CGTAGAATCAAGACCTAGGAGCG
COL444: CGCACGTGTCGGGGAGG
CGCGCGACCGGGCTGGGAGGCCC
GCCACGCCCAGTGAGCAAGGGCG
AGGAG

COL445: GTTATGCCGCGTCCAGGGCC
ATCGGGGCGCTTTTTATCGGGAGGAG
CTTACTTGTACAGCTCGTCCATG

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Please refer to Table S5 for complete oligonucleotides including those for shRNA and CRISPR/Cas9 gene disruption
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Recombinant DNA

pHAGE-pSFFV This paper N/A
pHAGE-pSFFV-Control This paper N/A
PHAGE-pSFFV-US33A This paper N/A
pHAGE-pSFFV-V5-SA-US33A This paper N/A
pHAGE-pSFFV-V5-GGGS-US33A This paper N/A
pHAGE-pSFFV-US33A-GGGS-V5 This paper N/A
pHAGE-pSFFV-US33A-SA-V5 Nobre et al.® N/A
pCW57.1-US33A-V5 This paper N/A
pCW57.1-US33A-V5_AN This paper N/A
pCW57.1-US33A-V5_AoH This paper N/A
pCW57.1-US33A-V5_AC This paper N/A
pCW57.1-US33A-V5_AN+aH This paper N/A
pCW57.1-US33A-V5_AaH+C This paper N/A
pCW57.1-US33A-V5_AN+C This paper N/A
pCW57-MCS1-2A-MCS2 Barger et al.”’ Addgene #71782
mCherry-LC3B Puri et al.”? N/A
CD63-pEGFP Luzio Lab Addgene #62964
Software and algorithms

“MassPike”, a Sequest-based software Professor Steven Gygi’s lab, Harvard N/A

pipeline for quantitative proteomics.
DAVID software
Image Studio Lite

Image Lab Software

GraphPad Prism 10
BioRender
FlowJo

ImageJ
Volocity
ZEN confocal software

Medical School, Boston, USA.
Huang da et al.®®

LI-COR

Bio-Rad

GraphPad Software Inc.
BioRender.com
Tree Star Inc

NIH
Quorum Technologies Inc.
Zeiss

https://david.ncifcrf.gov/

Ver. 5.2
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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, Michael P.

Weekes (mpw1001@cam.ac.uk).

Materials availability

Materials generated in this study are available on request to the corresponding author.
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Data and code availability

Unprocessed peptide data files for Figure 1 are available at https://data.mendeley.com/datasets/rvjz8wbz9m/draft?a=318040f4-52fd-
49b5-bd21-cdb0a8343173. This file includes details of peptide sequence, redundancy, protein assignment raw unprocessed TMT re-
porter intensities, and isolation specificity. The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE®* partner repository with the dataset identifier PXD044273. No new code was generated in this study. All
raw data and any information required to reanalyze the data in this manuscript are available on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and cell culture

Human fetal foreskin fibroblast cells immortalized with human telomerase (HFFF-TERTSs, male), HEK293T cells (female), and ARPE-
19 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine serum (FBS: 10% v/v, SIGMA)
at 37°C in 5% v/v CO,. HFFF-TERTSs have been tested at regular intervals since isolation to confirm that human leukocyte antigen
(HLA) and MHC Class | Polypeptide-Related Sequence A (MICA) genotypes, cell morphology and antibiotic resistance are un-
changed. In addition, HCMV strain Merlin grows only in human fibroblast cells (dermal or foreskin in origin), further reducing the pos-
sibility that they have been contaminated with another cell type. HEK293T cells were obtained as a gift from Professor Paul Lehner
and had been authenticated by Short Tandem Repeat profiling.>> All cells were confirmed to be mycoplasma-negative (Lonza
MycoAlert).

Viruses

The genome sequence of HCMV strain Merlin (GenBAnk accession AY446894) is designated the reference HCMV sequence (RefSeq
accession NC_006273.2) by the National Center for Biotechnology Information, and was originally sequenced after three passages in
human fibroblast cells.*®°® A recombinant version (RCMV1111) of this strain was derived by transfection of a sequenced BAC
clone.*® RCMV1111 contains point mutations in two genes (RL13 and UL128) that enhance replication in fibroblasts.*®> HCMV ex-
pressing rGFP from a P2A self-cleaving peptide at the 3’-end of the UL36 coding region (RCMV2582) was generated by recombin-
eering the strain Merlin BAC as described previously.*® The single gene deletion mutants: AUS29 (RCMV3082), AUS30 (RCMV3066),
AUS31 (RCMV3083), AUS32 (RCMV3045), AUS33A (RCMV3037), AUS34 (RCMV2936), AUS34A (RCMV2935) were generated on a
background of RCMV2582 (Table S6). RCMV288 was used for plaque assays, and is based on HCMV strain AD169 with one copy of
the EGFP (enhanced green fluorescent protein) gene inserted in one copy of the HCMV long repeat under the control of the HCMV
RNA2.7 early promoter.®” Viral stocks were prepared in HFFF-TERTs as described previously.”® Viruses were titrated by plating
1.5x10% cells in 12-well plates. After 24 h, cells were infected with viral stocks diluted at 1:16, 1:64, 1:256, 1:1024 in DMEM for
2 h prior to replacement with DMEM+10% FBS. Cells were harvested for flow cytometry at 24 h infection, and the viral titer estimated
from the percentage of GFP positive cells. Whole-genome consensus sequences of passage 1 of all recombinant viruses were deter-
mined using the lllumina platform as described previously.

A replication deficient recombinant adenovirus vector (RAd) type 5 expressing US33A was made as described previously.
brief, the entire US33A ORF was amplified from HCMV strain Merlin DNA using primers recognizing the 3’ or 5’ end of US33A
(Table S7A) and inserted into pAdZ5 by recombineering. After verifying the insert by Sanger sequencing, vector DNA was purified
using Qiagen Plasmid Maxi kit and transfected into 293TREXx cells. Virus was amplified in 293TREXx cells, extracted using tetrachloro-
ethylene, and titrated by plaque assay on HEK293T monolayers.

A fluorescent HSV-1 strain encoding UL47 with an in-frame C-terminal fusion to EYFP (A206K) was constructed using bacterial arti-
ficial chromosome (BAC)-cloned KOS strain of HSV-1°% and the two-step Red recombination technique® using the primers COL444
and COL445 (key resources table). Viral stocks were prepared in Vero cells and titrated using a plague assay on HFFF-TERT
monolayers.

89 In

METHOD DETAILS

Viral infections

For HCMV and HSV-1 infection, the required volume of viral stock to achieve the multiplicity of infection (MOI) described in the
results section was diluted in the serum-free DMEM, mixed gently and applied to HFFF-TERTs. Mock infections were performed
identically but with DMEM instead of viral stock. Time zero was considered the time at which cells first came into contact with
virus. Cells were incubated with virus for 2 h at 37C on a rocking platform, and the medium was replaced with DMEM+
FBS or DMEM+FBS supplemented with 10 nM BafA1 or DMSO.

For RAd infections, the required volume of viral stock to achieve MOI 5 was diluted in serum-free DMEM, mixed gently, and applied
to HFFF-CARs. Expression of the CAR receptor boosts the efficiency of adenovirus infection.®® Cells were incubated with virus for 2 h
at 37C on arocking platform, then medium was replaced with DMEM+FBS. Cells were infected with RAd for 72 h at 37C before further
analysis.
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Plasmid construction

US33A was amplified from an adenoviral template, expressing the gene under the control of the HCMV major immediate early promoter
(MIEP). Primers were designed to recognize the 3’ end of the MIEP (forward) and the 3’ end of the gene if untagged (reverse). Both
primers had flanking Gateway attB sequences for the purpose of cloning, and where required V5 and additional linker sequences
(key resources table; Tables S7B and S7C).*° PCR employed PfuUltra Il Fusion HS DNA polymerase (Agilent). Constructs were subse-
quently cloned into lentiviral destination vector pHAGE-pSFFV using Gateway system (Thermo Scientific).” The untagged version of
US33A, US33A with an N-terminal V5 tag separated by a serine-alanine linker (V5-SA-US33A), US33A with an N-terminal V5 tag sepa-
rated by a glycine-glycine-glycine-serine linker (V5-GGGS-US33A) and US33A with a C-terminal V5 tag separated by a glycine-glycine-
glycine-serine linker (US33A-GGGS-V5) were cloned from the pHAGE-pSFFV- US33A-V5 vector (key resources table; Table S7C).

Truncations of US33A-V5 were synthesized as double-stranded DNA fragments (gBlocks, Integrated DNA Technologies, detailed
in key resources table, Table S7B). Gene fragments were cloned into a linearized (Mlul-HF and Nhel-HF (NEB, R3198S, R3131S)), gel-
purified doxycycline-inducible lentiviral vector pCW57-MCS1-2A-MCS2 (plasmid #71782, Addgene)®’ via a Gibson Assembly reac-
tion (NEB, E2621S) at a 5:1 ratio.

To generate shRNA constructs, two partially complementary oligonucleotides were annealed, with all sequences shown in
Table S7D. The resulting product was ligated as a BamHI-EcoRI fragment into the pHR-SIREN vector (a gift from Prof. Paul Lehner,
University of Cambridge) using T4 ligase (Thermo Scientific). All constructed plasmids were transformed into 5-alpha Competent E.
coli (NEB) and selected on antibiotic-containing luria broth (LB) agar plates. All plasmid inserts were sequenced fully to check for
mutations. Two different non-targeting control shRNA sequences are shown in Table S7D, which also lists the sequences of all
primers and oligonucleotides.

Transient transfection of HEK293T cells with US33A truncation mutants

3x10° HEK293T cells were seeded into 10 cm dishes the day preceding transfection. 2.5 pg of plasmid DNA was transfected into
HEK293T cells with Lipofectamine™ 3000 transfection reagent (Invitrogen). After 4 h, 2 ug/ml doxycycline was added to induce
gene expression for 24 h prior to co-immunoprecipitation.

Stable cell line production

Lentiviral particles were generated through transfection of HEK293T cells with the lentiviral transfer vector plus four helper plasmids
(VSVG, TAT1B, MGPM2, CMV-Rev1B), using TransIT-293 transfection reagent (Mirus) according to the manufacturer’s recommen-
dations. Viral supernatant was typically harvested 48 h after transfection, cell debris was removed with a 0.22 um filter, and target
cells were transduced for 48 h then subjected to antibiotic selection for two weeks.

CRISPR/Cas9-mediated gene disruption

A pool of three sgRNAs targeting RNF123 or UBAC1 (Synthego) were delivered to low passage HFFF-TERTSs by nucleofection using a
4D-X Core unit (Lonza). Immunoblot was used to confirm that expression of the relevant protein had reduced in polyclonal popula-
tions of nucleofected cells, which were used for all experiments in this study.

siRNA knockdown

24 h prior to transfection, HFFF-TERTs were plated in 6- or 12-well plates. Cells were transfected with a pool of DMXL1 siRNAs
(L-012091-01-0005, Dharmacon) or control (D-001810-10, Dharmacon) at a final concentration of 50 nM for 24 h, followed by
50 nM DMXL1 or control siRNAs for another 24 h. After 48 h, cells were harvested for immunoblot or lysosomal pH measurement.
For viral release assays, where required, HFFF-TERTs were transfected with 100 nM DMXL1 or control siRNA for 24 h, followed
by 50 nM siRNAs for another 24 h prior to infection.

Proteomic analyses

Whole cell lysate protein digestion

Cells were washed twice with phosphate buffered saline (PBS), and 250 pl lysis buffer added (6M Guanidine/50 mM HEPES pH 8.5).
Cell lifters (Corning) were used to scrape cells in lysis buffer, which was removed to an eppendorf tube, vortexed extensively then
sonicated. Cell debris was removed by centrifuging at 21,000 g for 10 min twice. Dithiothreitol (DTT) was added to half of the sample
to afinal concentration of 5mM and incubated at room temperature for 20 mins. Cysteines were alkylated with 15 mM iodoacetamide
and incubated for 20 min at room temperature in the dark. Excess iodoacetamide was quenched with DTT for 15 mins. Samples were
diluted with 200 mM HEPES pH 8.5 to 1.5 M Guanidine followed by digestion at room temperature for 3 h with LysC protease at a
1:100 protease-to-protein ratio. Samples were further diluted with 200mM HEPES pH8.5 to 0.5 M Guanidine. Trypsin was then added
at a 1:100 protease-to-protein ratio followed by overnight incubation at 37°C. The reaction was quenched with 5% formic acid and
centrifuged at 21,000 g for 10 min to remove undigested protein. Peptides were subjected to C18 solid-phase extraction (SPE, Sep-
Pak, Waters) and vacuum-centrifuged to near-dryness.

Peptide labelling with tandem mass tags (TMT)

In preparation for TMT labelling, desalted peptides were dissolved in 200mM HEPES pH8.5. Peptide concentration was measured by
microBCA (Pierce), and 25 pg of peptide labelled with TMT reagent. TMT reagents (0.8 mg) were dissolved in 43 ul anhydrous
acetonitrile and 3 pl added to peptide at a final acetonitrile concentration of 30% (v/v). Sample labelling was as indicated in
Table S7E. Following incubation at room temperature for 1 h, the reaction was quenched with hydroxylamine to a final concentration
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of 0.3% (v/v). TMT-labelled samples were combined ata 1:1:1:1:1:1:1:1:1:1:1:1:1:1:1:1:1:1 ratio. The sample was vacuum-centrifuged
to near dryness and subjected to C18 SPE (Sep-Pak, Waters). An unfractionated single shot was analyzed initially to ensure similar pep-
tide loading across each TMT channel, thus avoiding the need for excessive electronic normalization. As all normalization factors
were >0.5 and <2, data for each single-shot experiment was analyzed with data for the corresponding fractions to increase the overall
number of peptides quantified. Normalization is discussed in ‘data analysis’ and high pH reversed-phase (HpRP) fractionation is dis-
cussed below.

Offline HpRP fractionation

TMT-labelled tryptic peptides were subjected to HpRP fractionation using an Ultimate 3000 RSLC UHPLC system (Thermo Fisher
Scientific) equipped with a 2.1 mm internal diameter (ID) x 25 cm long, 1.7 um particle Kinetix Evo C18 column (Phenomenex). Mobile
phase consisted of A: 3% acetonitrile (MeCN), B: MeCN and C: 200 mM ammonium formate pH 10. Isocratic conditions were 90%
A/10% C, and C was maintained at 10% throughout the gradient elution. Separations were conducted at 45°C. Samples were loaded
at 200 pl/min for 5 min. The flow rate was then increased to 400 pl/min over 5 min, after which the gradient elution proceed as follows:
0-19% B over 10 min, 19-34% B over 14.25 min, 34-50% B over 8.75 min, followed by a 10 min wash at 90% B. UV absorbance was
monitored at 280 nm and 15 s fractions were collected into 96 well microplates using the integrated fraction collector. Fractions were
recombined orthogonally in a checkerboard fashion, combining alternate wells from each column of the plate into a single fraction,
and commencing combination of adjacent fractions in alternating rows. Wells were excluded prior to the start or after the cessation of
elution of peptide-rich fractions, as identified from the UV trace. This yielded two sets of 12 combined fractions, A and B, which were
dried in a vacuum centrifuge and resuspended in 10 pl MS solvent (4% MeCN/5% formic acid) prior to LC-MS3. 12 set ‘A’ fractions
were used for MS analysis.

LC-MS3. MS data were generated using an Orbitrap Fusion Lumos (Thermo). An Ultimate 3000 RSLC UHPLC machine equip-
ped with a 300 um internal diameter x 5 mm Acclaim PepMap p-Precolumn (Thermo) and a 75 um internal dimeter x 50 cm
2.1 um particle Acclaim PepMap RSLC analytical column were used. The loading solvent was 0.1% FA. The analytical
solvent consisted of 0.1% FA (A) and 80% AcN + 0.1% FA (B). All separations were carried out at 40°C. Samples were loaded
at 5 pl/min for 5 min in loading solvent. The analytical gradient consisted of 3-7% B over 3 min, 7-37% B over 173 min, followed
by a 4 min wash at 95% B and equilibration at 3% B for 15 min. Each analysis used a MultiNotch MS3-based TMT
method.'°%'°" The following settings were used: MS1: 380-1500 Th, 120,000 resolution, 2x10° automatic gain control (AGC)
target, 50 ms maximum injection time. MS2: Quadrupole isolation at an isolation width of mass-to-charge ratio (m/z) 0.7, colli-
sion-induced dissociation fragmentation (normalized collision energy (NCE) 34) with ion trap scanning in turbo mode from m/z
120, 1.5x10* AGC target, 120 ms maximum injection time. MS3: In Synchronous Precursor Selection mode, the top 10 MS2
ions were selected for higher energy collision dissociation (HCD) fragmentation (NCE 45) and scanned in the Orbitrap at
60,000 resolution with an AGC target of 1x10°% and a maximum accumulation time of 150 ms. lons were not accumulated
for all parallelisable time. The entire MS/MS/MS cycle had a target time of 3 s. Dynamic exclusion was set to + 10 ppm for
70 s. MS2 fragmentation was triggered on precursors 5x10% counts and above.

Immunoblotting

HFFF-TERTSs were used for all experiments. For most immunoblots, cells were washed with ice-cold PBS and lysed for 30 min on ice
with a Nonidet P-40 (NP-40) based lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton
X-100 and 0.05% (v/v) NP-40) containing Complete Protease Inhibitor Cocktail (Roche).'”” Lysates were reduced with 6X Protein
Loading Dye (Tris 375 mM pH 6.8, 12% SDS, 30% glycerol, 0.6 M DTT, 0.06% bromophenol blue) for 5 min at 100°C or 15 min at
75°C. Protein samples were then separated by polyacrylamide gel electrophoresis (PAGE) using 4-15% TGX Precast Protein Gels
(Bio-rad), NUPAGE 4-12% Bis-Tris gels (Invitrogen), NUPAGE 3-8% Tris-Acetate gels (Invitrogen), or 10-20% Tricine gels (Invitrogen),
then transferred to 0.2 pm nitrocellulose membranes using Trans-Blot Systems (Bio-rad). The following primary antibodies were used:
anti-LC3B (1:2500, #ab48394, Abcam), anti-RNF123 (1:200, #sc-101122, Santa-Cruz), anti-UBAC1 (1:3000,#67385-1-Ig, Proteintech),
anti-DMXL1 (1:100, #A304-685A, Bethyl Laboratories), anti-HCMV IE1/2 (1:1000, #MAB810R, Merk), anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (1:10,000, #MAB5718, R&D Systems), anti-Calnexin (1:1000, #LS-B6881, LSBio), anti-V5 (1:1000, #D3H8Q,
CST). Secondary antibodies were: IRDye 680RD goat anti-mouse (925-68070, LI-COR), IRDye 800CW goat anti-rabbit (925-32211, LI-
COR), HRP-linked goat-anti mouse (1:10,000, #115-035-146, Jackson), HRP-linked goat anti-rabbit (1:1000, #7074, CST). Fluorescent
signals were detected using a LI-COR Odyssey and HRP signals were detected using Bio-Rad ChemiDoc Imaging Systems, and im-
ages were processed using Image Studio Lite (LI-COR) or ImageLab.

Co-immunoprecipitation

Cells were harvested in lysis buffer (50 mM Tris pH 7.5, 300 mM NaCl, 0.5% (v/v) NP40, 1 mM DTT and Roche protease inhibitor
cocktail), tumbled for 30 min at 4C and then centrifuged at 15,000 g for 14 min at 4C. The supernatants were incubated for 3 h
with immobilized mouse monoclonal anti-V5 agarose resin. Samples were washed multiple times with lysis buffer, followed by incu-
bation in Protein Loading Dye (components see immunoblotting section) for 10 min at 100C, centrifugation at 1000 g for 1 min, then
analysis by immunoblotting.

Flow cytometry

Cells were washed in PBS before fixation with 4% PFA fixation buffer (420801 Biolegend) for 15 min at room temperature. 10,000
or 20,000 events were acquired with a Fortessa flow cytometer (Becton Dickinson) and analyzed using FlowJo V9 software
(Tree Star Inc).
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Immunofluorescence microscopy

For LAMP1-LC3B co-localization analysis, HFFF-TERTSs stably expressing US33A or control were seeded onto coverslips and incu-
bated overnight. For LAMP1-LC3B co-localization analysis in the context of HCMV infection, HFFF-TERTs were infected on cover-
slips with WT or AUS33A HCMV at MOI 0.1 for 24 h. For the HCMV vAC formation analysis, HFFF-TERTs were infected on coverslips
with WT or AUS33A at MOI 1 for 24, 36, 48, 72, or 96 h. Cells were then cross-linked with 4% fixation buffer (Biolegend), permea-
bilized with ice-cold methanol or 0.5% Triton-X100 (Sigma), and blocked with Human TruStain FcX (Biolegend) or HCMV-serotype
negative human serum. Primary antibodies were used as indicated and included: rabbit anti-LC3B (1:1000, #ab43894, Abcam),
mouse anti-LAMP1 (1:100, #328602, Biolegend), rabbit anti-Giantin (1:1000, #Ab80864, Abcam) and mouse anti-glycoprotein B
(1:1000, #Ab6499, Abcam). Secondary antibodies were anti-mouse Alexa Fluor 647 (1:1000, #A31573, Thermo) and anti-rabbit Alexa
Fluor 568 (1:1000, #A-11011, Thermo). Cell nuclei were stained with DAPI (Cell Signaling). Fluorescence was observed using a
confocal microscope (Zeiss LSM 880).

Super-resolution live-cell imaging

HFFF-TERTSs expressing US33A or control were transfected with mCherry-LC3° and CD63-GFP plasmids (kind gift of Prof Paul Lu-
zio, Cambridge Institute for Medical Research) by nucleotransfection using a 4D-X core unit (Lonza). After 72 h, cells were starved
with serum-free DMEM for 30 min and imaged every 2 s for 3 min using the AiryScan function of a Zeiss LSM880 confocal micro-
scope, with a 63x objective.

RT-gPCR

Total RNA from mock-, HCMV- or Adenovirus-infected HFFF-TERTSs was extracted using RNeasy Mini Kit (Qiagen). cDNA was synthe-
sized using GoScript Reverse Transcriptase (Promega). To detect US33A or truncated versions of US33A-V5, gPCR was performed us-
ing Fast SYBR Green Master Mix (Applied Biosystems). Primers targeting HCMV US33A, US33A-V5 or GAPDH and 18S (as an internal
control) are shown in the Table S7F. The PCR program started with activation at 95C for 2 min, followed by 40 cycles of denaturation at
95C for 5 s and annealing/extension at 60C for 30 s. To detect DMXL1, gPCR was performed using TagMan primers (Invitrogen, Assay ID:
Hs00194128_m1 for DMXL1, Assay ID: Hs02786624_g1 for GAPDH) and TagMan Universal PCR Master Mix (Invitrogen). The PCR pro-
gram started with activation at 50C for 2 min and 95C for 10 min, followed by 40 cycles of denaturation at 95C for 15 s and annealing/
extension at 60C for 1 min. Melting curve analyses were performed to verify the amplification specificity. All mock-infected samples ex-
hibited non-singular melting curves, indicating non-specific amplification; values for these samples were set to zero.

Lysosomal pH measurements

For LysoTracker analysis, cells were stained with 100 nM LysoTracker Red DND-99 (L7528 Invitrogen) at 37C for 30 min, washed
with PBS, fixed with 4% PFA fixation buffer (420801 Biolegend) and imaged using flow cytometry or microscopy.

For LysoSensor analysis, cells were stained with 5 uM LysoSensor Yellow/Blue DND-160 (L7545 Invitrogen) at room temperature
for 10 min. LysoSensor was removed, cells were washed three times with PBS then recovered in phenol-red free DMEM (Gibco
31053028) for 15 min. Fluorescence intensity was quantified using a plate reader (CLARIOSTAR) at two excitation wavelengths,
340 nm (F340 nm) and 380 nm (Fago nm), With the emission wavelength set at 527 nm.®" Five independent wells were analyzed for
each condition to calculate an average Fz40 nm/Faso nm fOr each independent experiment. Images of LysoSensor staining were
captured at two emission wavelengths, 430 + 25 nm and 465 + 30 nm.

Plaque assay

1.3 x 10° HFFF-TERTSs stably expressing shRNA constructs targeted against DMXL1 or control were seeded in 12-well plates in trip-
licate 24 h prior to infection with AD169-GFP at MOI 0.005. After 2 h, media was replaced with a 1:1 (v/v) mixture of 2 x DMEM and
Avicel (2% w/v in water, FMC BioPolymer). After two weeks, the DMEM/Avicel mixture was removed, and cells were washed three
times with PBS before fixation in 4% (w/v) paraformaldehyde. The number of GFP-fluorescent plaques per well was counted and an
average calculated across three independent wells for each condition.

Plaque size analysis

Images of 12 plaques per well were taken using a Zeiss AxioObserver inverted fluorescence microscope at 5 x magnification. The first
12 plagues encountered that were suitable for imaging were used. Suitable plaques were those that fitted entirely in the field of view,
were not located against the edge of the well, and were the only plaque within the field of view. Images were converted into greyscale
and plaque area was calculated using Image J Fiji.

Viral release assay

HFFF-TERTs were infected with WT or AUS33A HCMV, or HSV-1 at MOI 0.1. After 6 days (for HCMV infection) or 24 h (for
HSV-1 infection), cell culture medium was harvested, containing released virus. Infected cells were detached using trypsin, fol-
lowed by sonication to release cell-associated virus, using a UP2000St Ultrasonic lab homogenizer (Hielscher). The program
was: 210 W (100% power), 100% pulse, 100% amplitude, 30 sec, 3 cycles. Cell debris were removed by centrifugation at
500 g for 10 min. Released or cell-associated virus was titered on a fresh batch of HFFF-TERTs using the method described
in the ‘Viruses’ section. 10,000 events were acquired with a Fortessa flow cytometer (Becton Dickinson) flow cytometer and
analyzed with FlowJo V9 software, to assess %GFP positive cells. In order to combine data from three independent replicate
experiments, and to account for variation in absolute titer, relative titers were calculated for each experiment and then aver-
aged. Four conditions were examined: (a) WT, released virus; (b) AUS33A, released virus; (c) WT, cell associated virus; (d)
AUS33A, cell associated virus. For (a), the relative titer was calculated as: (a) / Y ((@) + (b) + (c) + (d)). Similar calculations
were performed for (b), (c) and (d). Mean relative titres for (a), (b), (c) and (d) were then calculated.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis

Mass spectra were processed using a Sequest-based software pipeline for quantitative proteomics, ‘“MassPike”’, through a collab-
orative arrangement with Professor Steven Gygi’s laboratory at Harvard Medical School. MS spectra were converted to mzXML us-
ing an extractor built upon Thermo Fisher’'s RAW File Reader library (version 4.0.26). In this extractor, the standard mzxml format has
been augmented with additional custom fields that are specific to ion trap and Orbitrap mass spectrometry and essential for TMT
quantitation. These additional fields include ion injection times for each scan, Fourier Transform-derived baseline and noise values
calculated for every Orbitrap scan, isolation widths for each scan type, scan event numbers, and elapsed scan times. This software is
a component of the MassPike software platform and is licensed by Harvard Medical School.

A combined database was constructed from (a) the human Uniprot database (26th January, 2017), (b) the HCMV strain Merlin Uni-
prot database, (c) all additional non-canonical human cytomegalovirus ORFs described by Stern-Ginossar et al.,'*® (d) a six-frame
translation of HCMV strain Merlin filtered to include all potential ORFs of > 8 amino acids (delimited by stop-stop rather than requiring
ATG-stop) and (e) common contaminants such as porcine trypsin and endoproteinase LysC. ORFs from the six-frame translation
(6FT-ORFs) were named as follows: 6FT_Frame_ORFnumber_length, where Frame is numbered 1-6, and length is the length in
amino acids. The combined database was concatenated with a reverse database composed of all protein sequences in reversed
order. Searches were performed using a 20-ppm precursor ion tolerance. Fragment ion tolerance was set to 1.0 Th. TMT tags on
lysine residues and peptide N termini (Experiment 1: 229.162932 Da; Experiments 2-3: 304.2071 Da) and carbamidomethylation
of cysteine residues (57.02146 Da) were set as static modifications, while oxidation of methionine residues (15.99492 Da) was set
as a variable modification.

To control the fraction of erroneous protein identifications, a target-decoy strategy was employed.'%* Peptide spectral matches
(PSMs) were filtered to an initial peptide-level false discovery rate (FDR) of 1% with subsequent filtering to attain a final protein-level
FDR of 1%. PSM filtering was performed using a linear discriminant analysis, as described previously.'%* This distinguishes correct
from incorrect peptide IDs in a manner analogous to the widely used Percolator algorithm (https://noble.gs.washington.edu/proj/
percolator/), though employing a distinct machine-learning algorithm. The following parameters were considered: XCorr, ACn,
missed cleavages, peptide length, charge state, and precursor mass accuracy.

Protein assembly was guided by principles of parsimony to produce the smallest set of proteins necessary to account for all
observed peptides (algorithm described in Huttlin et al.’®*). Where all PSMs from a given HCMV protein could be explained either
by a canonical gene or non-canonical ORF, the canonical gene was picked in preference. In a small number of cases, PSMs assigned
to a non-canonical or 6FT-ORF were a mixture of peptides from the canonical protein and the ORF. This most commonly occurred
where the ORF was a 5'-terminal extension of the canonical protein (thus meaning that the smallest set of proteins necessary to ac-
count for all observed peptides included the ORFs alone). In these cases, the peptides corresponding to the canonical protein were
separated from those unique to the ORF, generating two separate entries. In a single case, PSM were assigned to the 6FT-ORF
6FT_6_ORF1202_676aa, which is a 5’-terminal extension of the non-canonical ORF ORFL147C. The principles described above
were used to separate these two ORFs.

Proteins were quantified by summing TMT reporter ion counts across all matching peptide-spectral matches using “Mass-
Pike”, as described previously.'’° Briefly, a 0.003 Th window around the theoretical m/z of each reporter ion (127n, 128n,
130c) was scanned for ions and the maximum intensity nearest to the theoretical m/z was used. The primary determinant of
quantitation quality is the number of TMT reporter ions detected in each MS3 spectrum, which is directly proportional to the
signal-to-noise (S:N) ratio observed for each ion. An isolation specificity filter with a cut-off of 50% was additionally employed
to minimize peptide co-isolation.'’° Peptide-spectral matches with poor quality MS3 spectra (a combined S:N ratio of less than
250 across all TMT reporter ions) or no MS3 spectra at all were excluded from quantitation. Peptides meeting the stated criteria
for reliable quantitation were then summed by parent protein, in effect weighting the contributions of individual peptides to the
total protein signal based on their individual TMT reporter ion yields. Protein quantitation values were exported for further anal-
ysis in Excel.

For protein quantitation, reverse and contaminant proteins were removed, then each reporter ion channel was summed across all
quantified proteins and normalized assuming equal protein loading across all channels. For further analysis and display in Figures,
fractional TMT signals were used (i.e. reporting the fraction of maximal signal observed for each protein in each TMT channel, rather
than the absolute normalized signal intensity). This effectively corrected for differences in the numbers of peptides observed per pro-
tein. For the TMT-based experiments, normalized S:N values are presented in Table S1. As it was not possible confidently to assign
peptides to only two HLA-A, -B or -C alleles, signal:noise values were further summed for each of these alleles to give a single com-
bined result for each of HLA-A, -B or -C.

For each protein in the single viral gene-deletion and overexpression screen, a mean (u) and standard deviation (o) for all paired,
summed S:N values was calculated (i.e. sum of both AUS29 replicates, sum of both AUS30 replicates, sum of both AUS31 repli-
cates...). In each case, the maximum (x) value was omitted. For example, for DMXL1 in Figure 1E, p and ¢ were calculated for
WT, AUS29, AUS30, AUS31, AUS32, AUS34, AUS34A but not the maximum AUS33A. The formula Z = (x-p) / o was then applied
to calculate the z-score. Fold change compared to WT infection or control vector expression was calculated from normalized S:N
values using FC = Ax / WT or x / control. For Figure S3A, p-values were estimated using the method of Significance A."'%
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Pathway analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID) was used to determine functional enrichment of Gene
Ontology biological process terms and UniProt Keywords.?® A given cluster was always searched against a background of all pro-
teins quantified within the relevant experiment. For Table S2, DAVID analysis examined proteins rescued by each gene deletion
compared to control by >1.5-fold with a z-score >3. The AimGO vacuolar acidification database (accession: GO:0007035) was
used to overlap with our prior databases of protein degraded early and late during HCMV infection.”® For the former, 133 proteins
degraded with medium confidence were considered, and for the latter, 30 additional proteins degraded as defined in Fletcher-
Etherington et al. were considered.®

Immunofluorescence microscopy analysis
To quantify the LAMP1-LC3B co-localization, at least 10 images with over five cells were analyzed for each sample of each exper-
iment (details see RESULT). Pearson’s coefficients of defined region of interest (ROI) were examined with Volocity software as quan-
tification of co-localization, with a threshold automatically assigned based on a study by Costes et al.'’® (Table S5). ROI of HFFF-
TERTSs expressing US33A or control was defined as an entried image, and that of HCMV infected cells was defined by drawing outline
of regions with GFP signals.

Abundance of LAMP1 and LC3B in HFFF-TERTs expressing US33A or control, or infected cells was quantified by measurement of
mean intensity of ROl using Imaged. ROl was defined by HCS CellMask™ Blue Stain (Invitrogen) for HFFF-TERTs expressing US33A
or control, and GFP signal for HCMV infection using auto-threshold with Huang method.

AlphaFold2 prediction

Potential structures and per-residue local distance difference test (pLDDT) confidence scores for the US33A protein (Uniprot acces-
sion: F7V999) were predicted using AlphaFold2 (AF2).'%” Structures were visualized and generated using PyMol Molecular Graphics
System (http://www.pymol.org).
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