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Modulates Host Membrane Trafficking by Multiple Mechanisms
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ABSTRACT Host cell membrane-trafficking pathways are often manipulated by bacterial
pathogens to gain cell entry, avoid immune responses, or to obtain nutrients. The 1,369-
residue OtDUB protein from the obligate intracellular human pathogen Orientia tsutsugamu-
shi bears a deubiquitylase (DUB) and additional domains. Here we show that OtDUB ectopic
expression disrupts membrane trafficking through multiple mechanisms. OtDUB binds
directly to the clathrin adaptor-protein (AP) complexes AP-1 and AP-2, and the OtDUB,, 4,5
fragment is sufficient for binding to either complex. To assess the impact of OtDUB inter-
actions with AP-1 and AP-2, we examined trans-Golgi trafficking and endocytosis, respec-
tively. Endocytosis is reduced by two separate OtDUB fragments: one contains the AP-binding
domain (OtDUB,_4,5), and the other does not (OtDUBg;s_;360). OtDUB, ¢, disruption
of endocytosis requires its ubiquitin-binding capabilities. OtDUBg;,s_;5¢o also fragments
trans- and cis-Golgi structures. Using a growth-based selection in yeast, we identified viable
OtDUB,5_;34, pOINt mutants that also no longer caused Golgi defects in human cells. In par-
allel, we found OtDUB,s_34, binds directly to phosphatidylserine, and this lipid binding
is lost in the same mutants. Together these results show that OtDUB contains multiple
activities capable of modulating membrane trafficking. We discuss how these activities
may contribute to Orientia infections.

KEYWORDS Orientia, clathrin adaptor proteins, endocytosis, Golgi, membrane
trafficking, phosphatidylserine, ubiquitin, scrub typhus

crub typhus is a neglected tropical disease endemic to Southeast Asia (1). The disease

has a wide spectrum of symptoms, making diagnosis difficult, and is often mistaken
for other febrile diseases, such as dengue fever. Over one million people a year are diagnosed
with scrub typhus and the median mortality rate is 6% and 1.4% for untreated and antibiotic
treated patients, respectively (2). The causative agent is the obligate intracellular Gram-nega-
tive bacterium Orientia tsutsugamushi. Transmission to humans, which are dead-end hosts,
occurs when one is bitten by infected larval mites (commonly called chiggers) from the
Leptotrombidium genus (2). The bacterium exhibits tropism for dendritic cells, monocytes,
macrophages, and endothelial cells (3) and also invades nonphagocytic cells through cla-
thrin-mediated endocytosis (4). Through unknown means, the bacteria escape to the cytosol
from the phagosomal or endosomal vesicles; they replicate in a polysaccharide-enriched
niche near the microtubule organizing center. While O. tsutsugamushi effects on host cell-sig-
naling pathways have been well characterized (3), analyses of bacterial proteins that allow for
host occupancy are also now gaining traction (5-11).

One such protein, OtDUB, was originally identified by computational screening for
ubiquitin-like protein (Ubl)-specific protease (Ulp1-like or C48 family) domains (12-14). The
presence of a ubiquitin pathway enzyme in the genome of a bacterial pathogen suggests
the protein is important for infection as the ubiquitin-proteasome system (UPS) plays numer-
ous roles in host cell defense and bacteria lack their own UPS. Biochemical analysis of the
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Ulp1-like domain revealed a ubiquitin-specific deubiquitylase (DUB) with activity toward vari-
ous ubiquitin chain linkage types and a preference for cleaving longer chains (12).

Just downstream of the N-terminal DUB domain is a high-affinity ubiquitin-binding
domain (UBD) that regulates the DUB domain and modulates its specificity (12). When
expressed in yeast, OtDUB causes a complete inhibition of growth, but this effect is
DUB/UBD independent (15). A proteomics screen identified multiple host proteins that
could interact with the fragment causing yeast toxicity. Two of those interactors were
the Rho GTPases CDC42 and Rac1, which led to the discovery and characterization of a
cryptic Rac1 guanine nucleotide exchange factor (GEF) domain in OtDUB. The GEF ac-
tivity, however, was also not responsible for the yeast toxicity (15).

Mass spectrometry identified additional human proteins that bind OtDUB, including multi-
ple subunits of the clathrin adaptor protein (AP) complexes AP-1 and AP-2 (15). AP complexes
are heterotetramers involved in intracellular vesicle trafficking (16). These complexes recognize
the sorting signals in the cytoplasmic tails of membrane-embedded cargo proteins, thereby
recruiting the coat protein clathrin and accessory factors. These proteins in turn drive mem-
brane invagination and formation of vesicles that transport the cargo to target membranes.
AP-1 is responsible for the forward and retrograde trafficking of proteins between the trans-
Golgi network (TGN) and endosomes and lysosomes, while AP-2 is required for clathrin-medi-
ated endocytosis from the plasma membrane (16).

Given the plethora of ways membrane trafficking is exploited by bacterial pathogens,
the interactions with AP-1 and AP-2 were further pursued here. We first verified that OtDUB
binds directly to AP-1 and AP-2 and then identified a region of OtDUB sufficient for binding
AP-1/2 (OtDUB,;5_¢5). Ectopic expression of full-length OtDUB in Hela cells disrupted both
AP-1-dependent TGN trafficking and AP-2-dependent endocytosis. Endocytosis was dis-
rupted by two different OtDUB fragments, one (OtDUB, _¢,s) containing the AP-1/2 binding
domain (AP-1/2BD) and the other (OtDUBq;5_;5¢0) NOt. TGN trafficking was only disrupted by
OtDUB in an AP-1/2BD-independent manner (by OtDUB;5_;34), and expression of this do-
main fragmented Golgi stacks. This Golgi-dispersing domain overlapped with a minimal do-
main (OtDUBs,_;1s0) required for toxicity in yeast.

Utilizing a growth-based yeast assay, we identified a panel of single-residue mutations in
OtDUB that suppressed its toxicity in yeast; these mutations in OtDUB;,s_;54, also prevented
membrane trafficking defects in Hela cells. In parallel, OtDUBy;s 135, Was found to bind
directly to phosphatidylserine (PS); the tested suppressor mutants no longer bound to PS,
suggesting the trafficking defects induced by OtDUB,,s ;55 Occurred through interaction
with and/or modification of the PS phospholipid. Cumulatively, our data reveal that OtDUB
has several mechanisms by which it interacts with and modulates host membrane-traffick-
ing pathways; these are predicted to play important roles in bacterial infection.

RESULTS

OtDUB binds AP-1 and AP-2 directly in vitro and in cells. Peptides from multiple
subunits of the clathrin adaptor protein complexes 1 and 2 were greatly enriched in a previ-
ously reported proteomics screen for OtDUB interactors (15). To validate these hits and to
examine AP-1/2 association in the context of the known binding of ubiquitin to OtDUB (12),
we performed binding assays using Hela cell lysates and the recombinant, mutationally inacti-
vated DUB OtDUB,3sx-Flag. To maintain ubiquitin-conjugate levels, cells were lysed in
the presence of N-ethylmaleimide (NEM) to inhibit host DUB proteases by alkylation of
their active-site cysteines. OtDUB readily bound both free ubiquitin (Ub,) and (poly)ubiquitin
conjugates (Ub,) with more conjugates present in the NEM-treated lysates (Fig. TA).
Representative subunits of both AP-1 and AP-2 were strongly enriched in the OtDUB
pulldowns, confirming the original proteomics results. Unexpectedly, the interactions with AP-
1/2 were almost eliminated by NEM treatment (Fig. 1A, right lane) (discussed further below).

To determine if OtDUB binds AP-1 and AP-2 complexes directly, purified recombinant
OtDUBc, 354 Was incubated with recombinant core complexes of AP-1 and AP-2 and then
resolved in a gel-filtration peak-shift assay. When the AP-2 core alone was passed through
the column, a single peak eluted at ~15.7 mL. OtDUB alone eluted at ~12.6 mL and the
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FIG 1 OtDUB associates directly with adapter protein-1 and -2 (AP-1 and AP-2). (A) Hela cell lysates treated with 30 mM N-ethylmaleimide (NEM) (+/—)
were incubated with anti-Flag-resin or immobilized OtDUB-Flag resin. Input lysates and eluates were tested for putative binding partners by SDS-PAGE and
immunoblotting (n = 1). Arrowhead denotes monoubiquitin (Ub,), Uby, ubiquitin conjugates. Numbers on the left in this panel and elsewhere indicate
molecular mass markers (in kDa). (B and C) Superose 6 gel filtration chromatograms of purified proteins: AP2 core alone (green), OtDUB alone (black), or
the complex of both (blue) (n = 2) (B); AP1 core alone (green), OtDUB alone (black), or the complex of both (blue) (n = 1) (C). (D) C-terminal truncations of
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complex of the two proteins resolved earliest as a single, enlarged peak at ~12.1 mL, indi-
cating direct interaction (Fig. 1B). Comparable results were seen with AP-1 (Fig. 1C).

A truncation analysis was carried out to determine the region of OtDUB sufficient for bind-
ing the adaptor protein complexes directly (Fig. 1D and E). In this assay, bacterial lysates con-
taining recombinantly expressed GST-tagged OtDUB fragments were incubated with purified
recombinant AP-1 and AP-2 core complexes followed by glutathione-resin enrichment and
isolation. When C-terminal truncations were examined, OtDUB,_,s was the shortest fragment
still capable of binding AP-1 and AP-2 (Fig. 1D). Furthermore, OtDUB,, 4,5 was sufficient for
binding AP-1/2 in both pulldown and peak-shift assays (Fig. 1E and F). Given that OtDUB,s 4o
could not bind AP-1/2 and the structurally resolved GEF domain begins downstream at
residue 548 (15), it is likely the C-terminal boundary for residues necessary for binding
lies between 450 and 548.

AP complexes bind their cargo proteins through either dileucine-based (D/E-XXX-LL) or
tyrosine-based motifs (YXX¢) located in the cargo proteins (17). Binding of tyrosine motifs
occurs exclusively through the C-terminal domain of the mu subunit (wCTD) (18). To deter-
mine if OtDUB might utilize similar motifs for AP-1/2 association, peak-shift assays were
first carried out with truncated AP-2 lacking the w2CTD (Fig. 1G, AP-2-u.2CTD truncated) or
with only the uCTD (Fig. 1H). OtDUB still bound to AP-2 lacking the ©2CTD and did not
bind wCTD, suggesting AP-2 binding does not require a YXX¢ in OtDUB. These data pointed
to possible dileucine motif-based binding if OtDUB were to mimic a cargo protein in its bind-
ing to AP-1/2, and OtDUB,,s ;s has four such consensus sequences. Circumstantial evidence
supporting dileucine-motif binding is the NEM inhibition of binding from Fig. 1A. The AP-2
binding pocket for dileucine-based motifs contains a cysteine (19), which may be alkylated by
NEM and could explain the loss of AP-1/2 binding to OtDUB in the presence of NEM (Fig. 1A).

The cytolysin listeriolysin O (LLO) from Listeria monocytogenes contains a PEST-like
sequence that binds directly to the Ap2a2 subunit of AP-2, stimulating its endocytosis
and removal from the host plasma membrane (20). This alternative AP-2 binding mechanism
cannot be ruled out for OtDUB,,s_¢;s, although only two low-scoring PEST motifs in this region
were predicted by the PESTfind algorithm. Given that effectors can bind AP-1/2 complexes ei-
ther by occupying cargo docking sites or through alternative domains, further work will be
needed to determine the mode of OtDUB binding to AP-1/2.

To assess if OtDUB and AP-1/2 associate in cells, various Flag-tagged OtDUB fragments
were ectopically expressed in Hela cells (Fig. 11), immunoprecipitated from cell lysates, and
assayed for Rac1, AP-1, and AP-2 association. Consistent with our proteomics data, Rac1 and
AP-1/2 bound OtDUB,5_;5¢, but not OtDUB;5_434, (15). The same minimal domain that bound
AP-1/2 in vitro, OtDUB,,s 4,5, also bound the complexes in cells (Fig. 1J). We conclude that
OtDUB,,5 s is sufficient for direct AP-1/2 binding in vitro and in human cells.

Ectopic OtDUB expression disrupts endocytosis. The AP-2 adaptor complex mediates
clathrin-dependent endocytosis by binding a cargo protein such as the transferrin receptor
and recruiting downstream factors for plasma membrane invagination and vesiculation (16).
To assess the impact of OtDUB on endocytosis, Hela cells ectopically expressing the Orientia
protein were pulsed with fluorescently labeled transferrin before being processed for wide-
field fluorescence microscopy. Untransfected cells readily endocytosed the transferrin and
the corresponding fluorescence signal was visible on interior endosomal structures in
93% = 6% of these cells (n = 8; 765 total cells), which served as an internal control for
endocytic activity on each coverslip (Fig. 2A). Expression of full-length OtDUB in transient

FIG 1 Legend (Continued)
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GST-OtDUB or GST alone evaluated for enrichment by glutathione-resin pulldowns from bacterial lysates spiked with purified AP-1 or AP-2 core (n = 1).
Eluates were resolved by SDS-PAGE and analyzed by immunoblotting or Ponceau-S staining (PonS). (E) Pulldown performed as in panel D with OtDUB,5; 45,
and OtDUB,, ¢, being tested compared to controls (n = 1). For both D and E, representative Ponceau-S stains are used for the AP-1 and AP-2 pulldowns. (F, G, and
H) Superose 6 gel filtration chromatograms of purified protein complexes. (F) AP2 core alone (green), OtDUB,, s alone (black dashed), or the complex of both
(blue) (n = 1). (G) OtDUB alone (black) or in complex with AP-2-u2CTD-truncated (blue) (n = 1). (H) AP2 u2CTD alone (green), OtDUB alone (black), or (blue) (n = 1).
The same representative OtDUB alone chromatogram is used in panels B, C, G, and H. (l) Cartoon representation of the OtDUB fragments used in panel J. (J)
Ectopically expressed Flag-tagged OtDUB fragments were immunoprecipitated from Hela cell lysates, resolved by SDS-PAGE with input lysates and immunoblotted
for AP-1 (AP1G1) and AP-2 (AP2M1) subunits and the positive control Racl (n = 2). mAU, mean arbitrary units; FL, full length; GEF, guanine nucleotide exchange

factor; UBD, ubiquitin-binding domain.
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FIG 2 Endocytosis inhibition by OtDUB fragments with and without the AP1/2BD. (A) Representative images
of Hela cells ectopically expressing the indicated OtDUB-Flag fragments were incubated with fluorescently
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transfectants severely impacted endocytosis, with only 15% = 8% of cells having internalized
transferrin (Fig. 2A and B). A subset of OtDUB-expressing cells exhibited detectable enrichment
of transferrin at the plasma membrane, suggesting the transferrin receptor is present and
binding transferrin but is not being endocytosed in those cells (Fig. 2A, arrowhead). Other cells
have no detectable transferrin at the plasma membrane, and this may indicate the receptor is
not present due to defects in forward trafficking or endosome recycling.

To determine which OtDUB domain(s) was required for disrupting endocytosis, various
ectopically expressed OtDUB fragments were tested. Two fragments containing the AP-1/2BD
impaired endocytosis, with transferrin being internalized in only 17% * 7% of OtDUB,;5 ;369
expressing cells and 41% * 12% of OtDUB, _g,s-expressing cells (Fig. 2A and B). Unexpectedly,
the domain sufficient for AP-1/2 binding (AP-1/2BD) had only a marginal and statistically insig-
nificant impact on endocytosis with 83% = 5% of OtDUB,,s_¢,s-expressing cells containing
transferrin. The OtDUB, _,.s DUB-UBD fragment did not significantly affect endocytosis: transfer-
rin was internalized in 87% * 9% of cells with the wild-type (WT) fragment and 89% * 7% of
cells with the DUB-inactive C135A derivative. The longer DUB-inactivated OtDUB, ,.-C135A
fragment did still cause a significant decrease in transferrin-positive cells (37% = 7%), suggest-
ing the UBD (but not the activity of the DUB domain) when linked to the AP-1/2BD interferes
in a dominant negative manner with endocytosis. Since residues 275-675 alone did not block
endocytosis, but 275-1369 did, we tested OtDUB;s_,3¢, and found only 28% = 2% of express-
ing cells had internalized transferrin (Fig. 2A and B). This fragment lacks the AP-1/2BD. Overall,
the deletion analysis indicated that two domains of OtDUB are capable of blocking clathrin-
mediated endocytosis: one resides in the OtDUB, _,s segment that contains the AP-1/2BD and
the other is in OtDUBg;5_,360, Which cannot bind AP-1/2.

To examine the contribution of the UBD within the context of OtDUB,_g;s in blocking
endocytosis, we analyzed a number of OtDUB,_;s variants and truncations thereof for their
ability to take up transferrin (Fig. 2C). To our initial surprise, both OtDUB,_¢,s with a V203D
mutation, which strongly interferes with UBD-ubiquitin binding (12), and the C135A, V203D
double mutant derivative still significantly impaired endocytosis compared to control cells
expressing OtDUB, s ¢,5. We hypothesized this might be due to ubiquitin binding by the
active or inactive DUB domain (21). Indeed, only when the DUB domain was completely
removed (OtDUB,,,4,5) was the UBD-dependent block to endocytosis eliminated: neither
OtDUB;50_¢75-V203D nor OtDUB,¢, /s significantly altered transferrin uptake compared to
OtDUB, ;s ¢,5 (Fig. 2C). Given these findings, it appears that strong ectopic expression of the
AP-1/2BD of OtDUB tethered to a domain capable of binding ubiquitin interferes with endo-
cytosis; whether this effect is relevant to the function of OtDUB expressed at normal levels
remains uncertain (see Discussion).

The TGN is disrupted by OtDUB4;,;_,35,, Which overlaps a domain toxic to yeast. In
addition to evaluating AP-2-dependent endocytosis, we analyzed cellular AP-1 activity
by following the TGN marker cation-independent mannose-6 phosphate receptor (M6PR),
which concentrates in the TGN and binds to lysosomal hydrolases to facilitate their AP-1-
dependent transport to lysosomes (22). OtDUB-expressing cells exhibited a loss of M6PR-
enriched foci, instead displaying a diffuse M6PR signal throughout the cytosol by immuno-
fluorescence microscopy (Fig. 3A). By an OtDUB fragment analysis analogous to that carried
out for transferrin uptake, we saw TGN disruption was independent of the AP-1/2BD but
was observed with OtDUBg;s 54, (Fig. 3A and B).

FIG 2 Legend (Continued)

labeled transferrin (Tfr; red) for 15 min prior to fixation. Cells were then stained with anti-Flag antibodies
(green) and Hoechst DNA stain (blue). Scale bar = 20 um. (B) Quantification of fluorescent transferrin uptake
by Hela cells ectopically expressing different OtDUB-Flag fragments (a subset shown in panel A). Each data
point represents quantification from an independent experiment (n = 3-4) for =211 total cells counted per
condition. Horizontal bars and ranges represent means = SD. ****, P < 0.0001, by ordinary one-way ANOVA
with Tukey’s multiple comparisons. (C) Quantification of fluorescent transferrin endocytosis in Hela cells
ectopically expressing OtDUB, ,--Flag derivatives. Each data point represents quantification from an
independent experiment for =216 total cells counted per condition. Horizontal bars and ranges represent
means * SE. **** P < 0.0001, by one-way ANOVA test with Tukey's multiple comparisons as post hoc
analysis.
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FIG 3 OtDUBq;,s_,54, disrupts the trans-Golgi network (TGN) and closely overlaps the minimal yeast toxicity domain OtDUB,, ,,s,. (A) Representative images
of Hela cells ectopically expressing the indicated OtDUB-Flag fragments were analyzed by indirect immunofluorescence with anti-Flag (green) and anti-
M6PR (red) antibodies and Hoechst DNA stain (blue). Scale bar = 20 um. (B) Quantification of focal localization of M6PR signal in Hela cells ectopically
expressing different OtDUB-Flag fragments (a subset shown in panel A). Each data point represents quantification from an independent experiment (n = 3-4),
each with =219 total cells counted. Horizontal bars and ranges represent means * SE; ns, not significant. ****, P < 0.0001, by ordinary one-way ANOVA with
Tukey’s multiple comparisons. (C) Growth analysis of wild-type (WT) yeast (W303) transformed with the empty p416GAL1 vector or expressing the indicated
OtDUB-Flag fragments from the GALT promoter. Cultures were serially diluted, spotted on galactose or glucose plates lacking uracil and grown for 3 days at
30°C (n = 2). (D) Steady state protein levels of OtDUB fragments from transformants in (C) were examined by anti-Flag immunoblot analysis of OtDUB-Flag
proteins and Ponceau S staining for overall loading. (E) Growth assay performed as in (C) (n = 2). (F, G) Steady-state levels of OtDUB fragments from
transformants in (E) were examined by anti-OtDUB immunoblotting of OtDUB-Flag fragments (F) or by anti-Flag immunoblotting (G). Ponceau S staining was
used to compare loading. (H) Cartoon schematic of OtDUB and key OtDUB fragments analyzed for yeast toxicity. Nontoxic domains (green), toxic domains
(red) and the inferred minimal toxicity domain, OtDUB,,_;,s, (dashed red).
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As previously reported, OtDUB inhibits yeast growth even in the absence of the DUB and
UBD domains (OtDUB,,s ;34,) (15). However, neither subdomain OtDUB,,s ¢,s nor OtDUB;s 1349
exhibited toxicity, suggesting residue 675 resides within the toxic domain (Fig. 3C and D).
Residue 675 falls within the characterized GEF domain OtDUB.,g ,, Whose activity is also not
responsible for toxicity (15). To hone in on the boundaries responsible for toxicity, we gener-
ated N- and C-terminal truncations of OtDUB,;s 135, C-terminal truncations of OtDUB,,s ;3¢
were made roughly every 30-100 residues based on secondary structure predictions. Toxicity
was lost between OtDUB,,s_;5, and OtDUB,,s 1, (Fig. 3E, F, and H).

Given the GEF domain boundaries, we first made N-terminal truncations starting at residue
760 (Fig. 3E, G, and H). OtDUB,, 3¢, exhibited a mild toxicity, while further truncations were
not toxic at all. The earliest N-terminal start point for complete toxicity was residue 650, which
was chosen based on our structural knowledge of this region (15). OtDUBg;5_;34,, Which is min-
imally toxic, starts within a helical bundle of the GEF domain and likely disrupts this N-terminal
structure, while OtDUBy,, 34, has the entire bundle intact to provide structural support for the
C-terminal toxic domain. Together, these data suggest OtDUBgs, 5, is the minimal domain
required for strong toxicity in yeast (Fig. 3H).

Mutations that suppress OtDUB yeast toxicity rescue membrane trafficking defects.
We next designed a genetic selection to identify missense mutations within OtDUBgs ;150
capable of suppressing OtDUB toxicity in yeast. To this end, we generated an in-frame fusion
linking the OtDUB toxic domain to the N-terminus of the auxotrophic marker Ura3 (Fig. 4A).
When reporter expression is induced with galactose in cells plated on minimal media lacking
uracil, only yeast expressing a full-length nontoxic chimera should be capable of growing.
We designed several constructs starting at residue 650 and ending between residues 1159
and 1282. Fusion of Ura3-HA to the end of OtDUBg, ,,5, Was no longer deleterious to growth
under these selection conditions; by contrast, fusions in which the C-terminal end points
of the OtDUB insert extended to residues 1234 or 1282 were highly toxic with the Ura3-HA
appendage (Fig. 4B).

To introduce random mutations at low frequency, the plasmid p415GAL1-OtDUBgsq_;55,-
URA3-HA was cleaved to remove OtDUB codons 805-1282 (Fig. 4A and Q). In parallel, the
plasmid was used as a template for PCR amplification of OtDUB codons 760-1282 and a 5’
portion of URA3 (Fig. 4A). The screen was designed to generate mutations only between
codons 760 and 1282, since any mutation between 650 and 760 would impact the GEF
domain. The gapped plasmid and the PCR product were then cotransformed into yeast
for gap repair by homologous recombination (Fig. 4C). Single colonies from the selective
growth plates were isolated, and plasmids were recovered for Sanger sequencing. From
4 independent transformations, 94 total plasmids were recovered; 43 contained single
amino acid mutations at 24 different positions (42 of which occurred between residues
760 and 1159) (Fig. 4D). All but 1 of the 43 mutations (A1206P) occurred within the boundaries
of the OtDUB toxic domain (OtDUBgs, 1;s0)- Eighty percent of the mutations clustered within
110 residues (969-1079), which we call Zone 2. Zone 2 represented just 21% of the PCR prod-
uct length, implicating it as a key region within the toxic domain. A smaller upstream cluster,
representing 12% of the mutations, was dubbed Zone 1 (residues 824-885).

To validate these findings, recovered plasmids representing each of the 24 mutated
residues were retransformed into yeast and tested for suppression; the C1053Y mutant
plasmid is shown as an example (Fig. 4E). Evaluation of protein expression in a panel of
these mutants showed steady-state levels comparable to those of the original OtDUBgs, ;55>
Ura3-HA protein (Fig. 4F).

Given the overlap of the yeast toxic domain (OtDUBgs,_;5,) and the domain responsible
for membrane trafficking defects (OtDUB;5_1340), We wondered if these mutations could sup-
press the Golgi disruption caused by OtDUB,s_;5¢ in Hela cells. Eleven of the 24 mutation
sites were selected based on their position and frequency (Fig. 4D, bold), and these mutations
were introduced into the OtDUB;,s_;34, Mammalian expression vector. Hela cells ectopically
expressing these proteins were assessed by indirect immunofluorescence for the localization
of the cis-Golgi marker GM130. In control OtDUB,,s ¢,5s (AP-1/2 BD)-expressing cells,
90% =+ 5% of cells had a compact Golgi focal structure (Fig. 4G and H). By contrast, only
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FIG 4 OtDUB yeast toxicity and Golgi disruption in human cells are suppressed by the same point mutations. (A) Schematic of the galactose-inducible
gene fusion used to select for suppressing mutations in the OtDUB toxic region. Codons 650-1282 were cloned in-frame with URA3 and a C-terminal
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28% = 4% of cells expressing OtDUBg,s_;5¢, exhibited a compact Golgi structure; the remain-
ing 72% of these cells showed a dispersed or fragmented GM130 signal (Fig. 4G and H).

Representative images of OtDUBy,s_;14, proteins with Zone 1 (L825P) or Zone 2 (C1053Y)
mutations are shown in Fig. 4G; both lost the Golgi fragmentation defect. In fact, each of the
tested yeast toxicity suppressor mutations was able to significantly restore WT Golgi struc-
ture to OtDUB;s_;3¢5-€Xpressing cells, with 67-82% of cells exhibiting compact Golgi struc-
tures (Fig. 4H). We also assessed whether OtDUB fragments containing only Zone 1 or Zone
2 alone could disrupt the Golgi, using OtDUBg;s_o;; and OtDUB,,,_;340, respectively. Neither
fragment significantly disrupted the Golgi (Fig. 4H), suggesting both zones are required for
Golgi disruption just as they are both required for yeast toxicity. Cumulatively, these data
directly link the OtDUBgs, ;5o toxicity in yeast to the disrupted membrane trafficking pheno-
type in cultured human cells observed with OtDUB;5_;360.

The yeast toxicity domain of OtDUB binds phosphatidylserine and alters its localiza-
tion. In characterizing the effects of OtDUB on AP-1/2 functions, we noticed that OtDUBg;s_;34,
frequently localizes at or near the plasma membrane (see Fig. 2A and Fig. 3A). None of our
proteomic protein-interaction data had linked this fragment of OtDUB to the plasma mem-
brane. Since GEF domain-containing proteins frequently have a phospholipid-binding pleck-
strin homology (PH) domain to localize the GEF near its cognate GTPase (23), we decided to
test OtDUB for lipid binding. Using a protein-lipid overlay assay with recombinant full-length
OtDUB(,35, and commercially available lipid-spotted filters, we screened 22 unique lipids
across 2 filters containing an overlapping set of lipids (Fig. 5A). On both filters, OtDUB bound
specifically to phosphatidylserine (PS).

To validate the PS binding observed in the overlay assay, we performed liposome cose-
dimentation assays using OtDUB fragments and liposomes containing 0% or 30% PS. The
OtDUB,;5_;360 and OtDUB;5_;560 fragments were substantially enriched in the pelleted 30%
PS liposomes compared to their 0% PS counterparts, whereas OtDUB,,s 4,5 showed no
enrichment (Fig. 5B). Given that the PS-binding domain is within OtDUB residues 675-1369
and this overlaps with the segment displaying yeast toxicity, we tested two toxicity suppres-
sor mutations for loss of PS binding. Using the protein-lipid overlay assay, recombinant GST-
OtDUB, ;5 1340 displayed strong PS binding, while the Q879R and C1053Y mutants showed
minimal binding (Fig. 5C). These data suggest OtDUB directly binds the acidic PS lipid head
group and does so through the domain responsible for disrupting membrane trafficking in
human cells and causing toxicity in yeast.

To test if PS is required for OtDUB yeast toxicity, we expressed OtDUBgsq,_55,-URA3-
HA in choTA yeast, a strain devoid of PS (24). WT and choTA yeast transformants carrying
OtDUBgs0_128-URA3-HA, OtDUBgs,_1,5,-URA3-HA-C1053Y, or empty vector were serially
diluted and spotted on minimal medium lacking leucine, supplemented with choline and
ethanolamine to support cho7A growth and with glucose or galactose as a carbon source.
When OtDUBgs,_;,5,-URA3-HA expression was induced in cholA cells, no growth defect
was observed, while it inhibited growth completely in WT control cells (Fig. 5D); expression
of the protein was comparable in the two strains (Fig. 5E). Growth inhibition of WT yeast in

FIG 4 Legend (Continued)

HA epitope coding sequence. PCR primers annealing at codon 760 (5') and within URA3 (3’) were used to amplify the toxic region with infrequent
nucleotide changes. The plasmid was gapped with the Hindlll and BamHI enzymes. (B) Growth of cells with gene fusions of the indicated OtDUB
fragments and URA3 expressed from the p415GAL1 (LEU2) vector were compared to a URA3-3HA control by streaking onto a galactose plate lacking
uracil (top), a galactose plate lacking leucine (middle) or a glucose plate lacking leucine (bottom) for 2-4 days at 30°C. (C) Cartoon of gap repair
method in yeast; linearized plasmid and PCR amplicon were cotransformed into yeast and repaired by homologous recombination, * denotes mutant
transcript (top). Comparison of cells transformed with gapped plasmid alone or in combination with the PCR amplicon followed by plating on minimal
media lacking leucine (bottom). (D) The location and frequency of single-site mutations recovered from the selection for OtDUB toxic domain
suppressors. (E) Representative experiment for the retransformation of recovered and sequenced plasmids containing single missense mutations. Two
independent p415GAL1 OtDUBg,_,,5,-C1053Y transformants were struck out on galactose-containing minimal media lacking uracil along with
OtDUB;, 1,50 and OtDUB, .5, as controls and grown at 30°C for 3 days. (F) A subset of recovered plasmid transformants were grown in galactose
media lacking leucine and extracts from 0.25 ODy,, units of cells were resolved by SDS-PAGE and immunoblotted with anti-HA antibodies. Ponceau S
staining used for loading comparison (n = 1). (G) Representative indirect immunofluorescence images visualizing the cis-Golgi with GM130 staining
(red), in Hela cells transiently expressing OtDUB-Flag fragments (green). Scale bar = 20 um. One Zone 1 mutant (L825P) and one Zone 2 mutant
(C1053Y) are compared to WT OtDUB,;,;_,5¢, and the negative control AP-1/2BD (OtDUB,,; ,s). (H) Quantification of Hela cells ectopically expressing
OtDUBL;,s_;340 Mutant variants exhibiting a compact (WT) GM130 staining pattern (from micrographs similar to panel G). Each data point represents a
technical replicate (n = 3, total cells quantified is =90). The bars represent means = SD.
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FIG 5 OtDUB binds phosphatidylserine and binding involves residues also required for membrane trafficking defects. (A) Protein-lipid overlay
screening was performed on commercially available hydrophobic membranes spotted with the indicated lipids by adding 0.5 pg/mL of recombinant
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the presence of choline and ethanolamine suggests OtDUB yeast toxicity is not driven by
PS depletion. The strong genetic link between OtDUB yeast toxicity and the presence of
PS provide evidence for OtDUB-PS binding in vivo.

To further characterize the OtDUB PS-binding domain, we coexpressed OtDUBgs, 126>
URA3-HA with the PS sensor Lact-C2-GFP in yeast (25). The Lact-C2-GFP sensor binds PS and
localizes strongly to the plasma membrane as observed when cotransformed with empty
vector (Fig. 5F). When expressed with OtDUBgs, 136, (Fig. 5G), the Lact-C2-GFP plasma mem-
brane signal is greatly reduced and becomes dispersed within the cell (Fig. 5F). The number
of cells with plasma membrane GFP signal is reduced by roughly 2-fold in the presence of
OtDUB,s, 130 (Fig. 5H). While the sensor localization change is striking, it is unknown how
OtDUB-PS binding causes the change. Nevertheless, this redistribution of PS within the
cell supports an important role for OtDUB-PS interaction in membrane alterations by the
Orientia protein.

DISCUSSION

Our efforts to characterize the OtDUB protein from the Orientia tsutsugamushi pathogen
have uncovered a multitude of biochemical activities that likely modulate host cell activities.
Previously, we discovered and characterized a deubiquitylase (DUB), a high-affinity UBD, and
a novel Rac1 GEF domain (12, 15). Here we present data for two additional biochemical
activities: a domain sufficient for binding the clathrin adaptor protein complexes AP-1 and
AP-2, and a region that binds the PS phospholipid and disrupts membrane trafficking.

Apparent interactions with AP-1 and AP-2 were originally identified in a proteomic screen
for OtDUB-host protein interactions (15). We validated these interactions here through direct
binding and immunoprecipitation experiments; our data indicate binding is mediated by ele-
ments within OtDUB,,s_¢,s, but the exact boundaries are still unknown (Fig. 5I). Interestingly,
while endocytosis and TGN trafficking were both disrupted in cells ectopically expressing
full-length OtDUB, OtDUB,,s ¢, alone had no effect on either pathway. Potentially, OtDUB
interaction with AP-1/2 may tether OtDUB to specific membranes to modulate trafficking
pathways by other domains of the Orientia protein. For example, when OtDUB, s is ectopically
expressed in Hela cells, it disrupts endocytosis, and this effect requires the ubiquitin-binding
capabilities contributed by either the UBD or DUB domain.

This ubiquitin-binding requirement for disrupting endocytosis suggests OtDUB may take
advantage of known effects of monoubiquitination on endocytic mechanisms. It could
do so by binding ubiquitin through the high-affinity UBD or carrying out coupled mono-
ubiquitination via the UBD. Monoubiquitination of endocytic cargo proteins is a common
modification and is required for efficient endocytic activity (26). Under ectopic expression
conditions, ubiquitin binding by OtDUB,_¢,s may be causing dominant negative effects
on endocytosis. In the context of Orientia infections, the levels of OtDUB will likely be far
lower than during transient expression in Hela cell transfectants. Hence, the ability of OtDUB
to bind ubiquitin and AP-1 or AP-2 could induce localized membrane remodeling that may
differ from the dominant effect on endocytosis seen here.

FIG 5 Legend (Continued)

OtDUB,;55-Flag followed by immunoblotting for OtDUB with anti-OtDUB antibodies (n=1). As positive controls, one membrane was spotted with 1L of
secondary antibody and with 100 ng of OtDUB,,,s,-Flag. (B) Liposome sedimentation assay pellets from liposomes containing 0% or 30% phosphatidylserine
(PS) incubated with 4 uM the indicated recombinant OtDUB polypeptide fragments were resolved by SDS-PAGE and stained (n=3). (C) Protein-lipid overlays
were carried out using 2 pg/mL of the indicated GST-OtDUB, s ,, variants followed by immunoblotting with anti-GST antibodies (n=1). As a positive control,
500 pg of GST-PLC-d1-PH protein were spotted on each membrane. (D) WT or cholA transformants carrying p415GAL1, p415GAL1-OtDUBgs,, 1.6, OF P415GALT-
OtDUBg,, 1,5,"C1053Y were serially diluted and plated on minimal media lacking leucine and supplemented with choline and ethanolamine, and containing
either glucose or galactose. Cells were grown at 30°C for 2-6 days (n = 3). (E) Transformants from panel D grown in galactose were used to make extracts from
0.25 ODyy, units; proteins were analyzed by anti-HA immunoblotting. Ponceau S staining was used for loading comparison (n=1). (F) Epifluorescence images of
the PS biosensor Lact-C2-GFP after galactose induced expression of OtDUB, ,55, OF empty vector. (G) The three transformants used for panels F and H were
cultured to make extracts, and 0.25 OD,,, units of cells were analyzed by anti-Flag immunoblotting. Ponceau S staining was used for loading comparison. (H)
Quantification of yeast strains used in panel F. Each data point represents quantification from an independent transformant, 32-45 cells counted per
transformant. (112 total control cells 143 total cells expressing OtDUB, ,¢,). Horizontal bars represent the mean. ** P <0.01, by Student’s t test. (I) Cartoon
representation of OtDUB with current boundaries mapped for each known functional domain. The exact boundaries of AP-1/2BD and the N-terminal boundary
of PS-BD remain unknown. BF, bright field; EV, empty vector; DAG, diacylglycerol; LPA, lysophosphatidic acid; LPC, lysophosphatidylcholine; PA,
phosphatidic acid; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PS, phosphatidylserine; PG, phosphatidylglycerol; PI, phosphatidylinositol; SP-1,
sphingosine-1-phosphate; PtdIn(x)P, phosphatidylinositol (X) phosphate.
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Unexpectedly, an OtDUB fragment that does not bind AP-1/2 is capable of strongly
impairing both endocytosis and TGN trafficking: OtDUB;,5_,36, NOt only interferes with endo-
cytosis and the TGN but also disrupts the cis-Golgi, suggesting its ectopic expression causes
general imbalances in membrane trafficking homeostasis. Future studies will be needed to
elucidate the exact stage(s) of trafficking being impacted. It is noteworthy that OtDUBg;s_; 34,
also contains most of the region (residues 650-1159) responsible for very strong toxicity in
yeast, suggesting the same domain may be responsible for both disruption of membrane
trafficking and inhibited yeast growth. We initially searched for conserved primary and terti-
ary structure features in this region but did not find any. This is not surprising given that the
UBD, the GEF domain, and the AP1/2BD (identified in this study) were also not revealed by
primary sequence searches. We did not identify any proteins bound to the C-terminal half of
OtDUB that would suggest any relevance to the above phenotypic effects.

We therefore used a selection based on yeast growth to identify single-residue missense
mutations capable of suppressing OtDUBys,, 1.4, toxicity (Fig. 4). These same mutations also
suppress the Golgi fragmentation caused by OtDUBg;s 54, in Hela cells, indicating the same
domain is responsible for both traits. We eventually linked a biochemical activity to this do-
main by screening for phospholipid binding. OtDUB;5_;5¢, binds directly and specifically to
the anionic lipid PS. Furthermore, two mutants identified in the yeast suppressor screen
(Q879R and C1053Y) almost completely blocked PS binding in vitro, suggesting the trafficking
defects in human cells and toxicity in yeast are due to PS binding (Fig. 5l). To complement the
biochemical data, we found OtDUBs, 1.5, has no toxicity when expressed in a yeast strain
lacking PS (choTA). Furthermore, the localization of the PS biosensor Lact-C2-GFP is diverted
from the plasma membrane in yeast expressing high levels of OtDUBgs, 13- TOgether, these
data provide strong evidence for in vivo PS binding by OtDUB.

Two basic residues that were found to be mutated in the screen (R972 and K983) could
be at least partially responsible for providing the PS head-group binding site. One mutation
of K983 (to N) and three mutations of R972 (to K, G, and |) were identified. The R972K muta-
tion is a conservative change, but the arginine side chain is more basic and could bind the ani-
onic headgroup of PS more readily. The remaining mutated residues may be required for
folding or structural stability of the PS-binding domain. The PS-binding activity observed
here could function together with the nearby Racl GEF domain. Lipid binding, often
involving PH domains, is a commonly observed feature of GEF proteins (23). Positioning
of the OtDUB GEF domain at the plasma membrane may allow localized exchange of
GDP for GTP on Rac1 and might also enhance GEF activity.

Potentially, this OtDUB domain not only binds PS but also has a lipid transport activity or
can modify the lipid enzymatically. Other PS-binding domains, such as the C2 domain from
Lactadherin, which binds PS with nanomolar affinity, and the PH domain of Evt-2, have
been ectopically expressed without inhibiting growth in yeast or disrupting Golgi structure
in mammalian cells (27, 28). While PS is known to be essential in mammalian cells, the exact
PS functions that OtDUB is disrupting are currently unclear (29). The OtDUB PS-binding do-
main may prove to be a useful tool for better understanding the role of PS in healthy, nona-
poptotic cells. While beyond the scope of this study, an in-depth analysis of cellular lipid
content could address the relative PS levels in the presence of exogenous OtDUB in yeast
and mammalian cells.

PS binding could help localize OtDUB protein to the plasma membrane, endosomes,
and/or the TGN where PS is concentrated (29). Plasma membrane localization of OtDUB
while binding AP-2 might promote AP-2 binding to membrane domains enriched in phos-
phatidylinositol-4,5-bisphosphate and activate AP-2 (30, 31). Similarly, OtDUB-bound AP-1
could simultaneously interact with phosphatidylinositol-4-phosphate, which is enriched in
endosomes and the TGN, and result in AP-1 activation, at least when in the presence of the
GTPase Arfl, a second cofactor required for AP-1 activation (31, 32).

A well-characterized role for PS occurs during cell apoptosis. In cells undergoing apoptosis,
PS relocalizes from the inner leaflet to the outer leaflet of the plasma membrane, and this sur-
face charge change leads to the recruitment of phagocytes and eventual clearance of the ap-
optotic cell (33). During Orientia infection there is evidence for both pro- and antiapoptotic
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activities, depending on the strain of Orientia and the infected cell type analyzed (3). A
potential function of the OtDUB PS-binding domain during infection would be to prevent
PS relocalization to the outer membrane to suppress apoptosis and allow for the persistence
of infection. Another possible role during infection would be to localize OtDUB to the host
plasma membrane to locally activate Rac1 via the OtDUB GEF domain, which appears to
contribute to actin-dependent changes in cellular architecture (15).

Interestingly, the effector protein CagA from the pathogenic bacterium Helicobacter
pylori is also a PS-binding protein and is a known surface protein of the bacterium. H. pylori
gains entry into host cells following contact-dependent flipping of inner leaflet PS to the outer
leaflet of the plasma membrane, which allows CagA-PS binding and initiation of bacterial
internalization (34). If OtDUB is a surface protein of Orientia, the PS-binding domain could
have a similar function in host cell entry. Future work examining the roles of OtDUB and
its different domains during Orientia infection will be needed to resolve these questions.

MATERIALS AND METHODS

Plasmids. All plasmids and primers used in this study are in Table 1, and the plasmids were generated using
standard cloning techniques. Plasmids were confirmed by sequencing and/or restriction analysis (12, 15, 32, 35, 36).

Protein purifications. For purifications of OtDUB tagged with both glutathione S-transferase (GST)
and a Flag epitope, Rosetta DE3 E. coli transformed with pGEX6P-1-OtDUB-Flag (WT or C135A) were back-diluted
in Luria-Bertani (LB) medium supplemented with 100 wg/mL of ampicillin, grown at 37°C, induced with 300 uM
isopropyl 3-b-1-thiogalactopyranoside (IPTG) at an optical density at 600 nm (ODy,,) of 0.5-0.6, and incubated at
18°C for 16 h. Harvested cells were pelleted and resuspended in ice-cold phosphate-buffered saline (PBS) contain-
ing 400 mM KCl, T mM DTT, 2 mM PMSF, lysozyme, DNase. After incubating on ice for 1 h, cells were lysed at
900 Ibs of pressure in a French press and centrifuged at 50,000 x g to remove insoluble material.

Clarified lysates were loaded onto a glutathione resin (17513202; Cytiva) gravity column preequilibrated
with wash buffer (PBS + 400 mM KClI). After extensive washing, proteins were eluted with 250 mM Tris-HC| pH
8, 0.5 M KCl, and 10 mM reduced glutathione. Eluates were then incubated with GST-human rhinovirus (HRV)
3C protease during a 2-stage dialysis: first in wash buffer + 1 mM DTT and then in wash buffer. The cleaved
and dialyzed protein was then concentrated using an Amicon Ultra 50 kDa cutoff filter (UFC905024; Sigma)
and further dialyzed in Flag buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl) before being loaded onto a column
with 0.5 mL preequilibrated M2 Flag resin (A2220; Sigma). The column was washed with 20 mL of Flag buffer
supplemented with 0.1% Tween 20, and the OtDUB protein was eluted with 1.5 mL of Flag buffer + 0.2 wg/mL
3xFlag peptide. Finally, eluates were resolved by size exclusion fast protein liquid chromatography (AKTA) on
a Superose-6 column equilibrated with 50 mM HEPES pH 7.5, 100 mM NaCl. Peak fractions were analyzed by
SDS-PAGE and GelCode Blue (24590; ThermoFisher) staining, and fractions containing full-length OtDUB
were pooled and concentrated to ~1 mg/mL as determined by A,g,. Aliquots were flash frozen in liquid N, and
stored at —80°C.

OtDUB,, 4,5 Was purified as was done for the full-length protein but with the following changes. After
overnight dialysis, the free GST tag and GST-HRV 3C protease were recaptured on glutathione resin and the
flow through was concentrated and loaded onto a Superdex75 HiLoad column preequilibrated with 25 mM
HEPES, 5 mM Tris-HCl pH 8.0, 200 mM NaCl, and 1 mM DTT. Peak fractions were pooled and concentrated. The
protein concentration was determined by A, aliquoted, flash frozen in liquid N,, and stored at —80°C.

For purification of GST-OtDUB,,s _,54, (WT, Q879R, and C1053Y) proteins, clarified lysates were incubated
with glutathione resin for 1 h at 4°C, and the resins were washed extensively with wash buffer (PBS + 400 mM
KCl). After washing, GST-tagged proteins were eluted with 10 mL of elution buffer (250 mM Tris-HCI pH 8, 0.5
M KCl, and 10 mM reduced glutathione), and the eluted proteins were subject to a buffer change to 50 mM
HEPES pH 7.5, 150 mM NaCl buffer using an Amicon Ultra 3 kDa cutoff filter (UFC900324, Sigma) following the
manufacturer’s protocol. The concentrated proteins were loaded onto a Superdex 200 gel filtration column
preequilibrated with 50 mM HEPES pH 7.5, 150 mM NaCl. Protein concentrations were determined by Bradford
assay (5000205; Bio-Rad). All proteins were flash-frozen in liquid N, and stored at —80°C until use.

AP-1 core was purified as previously published with minor adjustments (32). Rosetta DE3 cells transformed
with a plasmid coding for all four subunits (AP-1 core/pST39) (32) were back diluted in LB containing 100 ng/mL
ampicillin and grown at 37°C. Protein expression was induced at ODg,, 0.5-0.6 with 300 uM IPTG and the culture
was shifted to 20°C for 16 h. After centrifuging the culture, the resulting bacterial pellet was resuspended in AP-1
lysis buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 10% glycerol, 3 mM B-mercaptoethanol [3ME], 2 mM PMSF,
lysozyme, DNase) and incubated on ice for 1 h. Cells were mechanically disrupted with 900 Ibs. pressure in a
French press and centrifuged at 50,000 x g to pellet the insoluble fraction. Clarified lysates were incubated with
5 mL of Ni-NTA resin (30210; Qiagen), and AP-1 core was batch purified by rotating for 1 h at 4°C. The sample
was transferred to a 25-mL gravity column, and the settled resin was washed with wash buffer (50 mM Tris-HCl
pH 8.0, 300 mM NaCl, 10% glycerol, 3 mM BME) before elution with wash buffer containing 250 mM imidazole,
pH 8.0. The eluate was then loaded onto 3 mL of packed glutathione resin in a 25 mL gravity column. The resin
was handled similarly to the Ni-NTA resin, and the protein was eluted with 250 mM Tris-HCl pH 8.0, 200 mM
Nadl, 3 mM BME, and 10 mM reduced glutathione. Overnight tag cleavage was performed with 6x His-TEV pro-
tease during dialysis in column buffer (20 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM DTT). The protein was then
concentrated and loaded onto an S200 HiLoad column preequilibrated with column buffer and further purified
by size exclusion chromatography. Main peak fractions were pooled and concentrated, and aliquots were flash
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frozen in liquid N, and stored at —80°C. Protein concentration was determined by the bicinchoninic acid assay
(23227; ThermoFisher).

AP-2 full-length and AP-2 u2CTD-truncated cores were purified as previously described (35). Briefly,
Rosetta DE3 cells were transformed with two Duet vectors: pETDuet encoding human 32(1-591) and human
fullength w2(1-435) or CTD-truncated(1-135); and pCDFDuet encoding rat «(1-621) with a C-terminal GST
tag and human ¢2(1-142). Transformed cells were grown at 37°C in the presence of 100 ug/mL each ampicil-
lin and streptomycin, and protein expression was induced with 500 wM IPTG at 22°C for 16 h. Cell pellets were
resuspended in lysis buffer and disrupted by several rounds of microfluidization before clarification by high-
speed centrifugation. AP-2 cores were then affinity purified exactly as the AP-1 core.

For expression of u2CTD alone, codons 159-435 of human u2 were cloned into the pMAT9S vector,
encoding an N-terminal maltose-binding protein (MBP) affinity tag as previously described (35). Expression of
MBP-u2CTD also required coexpression with the pGro7 vector, which encodes the GroEL/ES chaperone.
Rosetta DE3 cells were transformed with both MBP-.2CTD/pMAT9S and pGro7 and grown at 37°C in the pres-
ence of 100 ng/mL each ampicillin and chloramphenicol; chaperone expression was induced with 1.5 g/L L-
(+)-arabinose at Ay, ~ 0.2, and MBP-u2CTD/expression was induced at Ay, ~ 0.8 by 500 M IPTG at 18°C for
16 h. Proteins were purified by Ni-NTA and amylose resin (E8021L; NEB), followed by overnight cleavage of the
MBP tag by TEV protease (1:100 mass ratio) and dialysis into cation exchange buffer (25 mM HEPES pH 7,
50 mM NaCl, 0.1 mM TCEP). Isolated ©2CTD was further purified by cation exchange chromatography (HiTrap
S) using a linear gradient from 0 to 1 M NaCl followed by size exclusion chromatography.

Recombinant OtDUB pulldowns of HelLa lysates. Frozen Hela cell pellets were thawed on ice and
resuspended in lysis buffer = 20 mM NEM 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM PMSF,
and protease inhibitor tablet (cOmplete, 11697498001; Roche). After lysis, the insoluble fraction was pelleted,
and clarified lysates were quantified by Bradford assay. Normalized lysates (4 mg/mL, 1-mL aliquots) were incu-
bated with ~25 ug of OtDUB-C135A-Flag and rotated overnight at 4°C. Prewashed Flag M2 resin was added
to each tube and rotated at 4°C for an additional hour. Pelleted resin was washed three times with 1 mL wash
buffer (50 mM Tris-HCl pH 7.5, 150 mM Nacl, 0.1% Triton X-100) and then incubated for 15 min at 37°C in elu-
tion buffer (0.2 uwg/mL 3xFlag peptide in wash buffer). Eluates were separated from the resin by transferring
the sample to a Quick spin column (7326204; Bio-Rad) and centrifuged. Isolated eluates were quenched in
SDS-PAGE sample-buffer and resolved alongside input lysates by SDS-PAGE.

Direct binding assays with OtDUB fragments and AP-1 or AP-2 core. Bacteria transformed with
empty pGEX6P1 or various pGEX6P1-OtDUB fragments were grown overnight, back diluted in LB supplemented
with 100 pg/mL of ampicillin and grown to an OD, of 0.5-0.7, induced with 300 uM IPTG. After 16 h of growth
at 18°C, ~40 mL of culture was pelleted and resuspended in 2 mL of 20 mM Tris-HCl pH 8.0, 200 mL NaCl, 1 mM
DTT, 2 mM PMSF, and protease inhibitor tablet (cOmplete EDTA-free, 11873580001; Roche). Bacteria were then
mechanically disrupted by sonication, and the insoluble fraction was removed by centrifugation. For each pull-
down, 500 uL of clarified lysate was supplemented with 40 wL of prewashed glutathione resin slurry and 20 ng
of purified AP-1 or AP-2 core. The samples were incubated with rotation for 1 h at 4°C and washed three times
with 0.5 mL wash buffer (20 mM Tris-HCl pH 8.0, 200 mL NaCl, 1 mM DTT) before eluting in SDS-PAGE sample
buffer and resolved by SDS-PAGE.

Size exclusion chromatography peak shift assays. For complex formation, OtDUB,;, (4 uM) or
OtDUB, 5 4,5 (22 wM) was incubated with either AP-1 core, AP-2 full core, . 2CTD-truncated AP-2 or AP-2 £2CTD
(2 M with fullHlength and 11 M with OtDUB, ) for 1 h at 37°C in 20 mM Tris-HCl pH 8.0, 200 mM NaCl, and
1 mM DTT in 600 uL total volume. After incubation, the sample was centrifuged for 5 min at 10,000 x g, and
500 ulL was loaded onto a preequilibrated Superose 6 10/30 column and resolved at 4°C.

Cell culture and transfections. Hela cells (ATCC) were cultured under standard conditions in com-
plete medium (Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (vol/vol) antibi-
otic-free fetal bovine serum and 1% (vol/vol) penicillin/streptomycin). For transient transfections, cells
were plated in 12-well plates containing coverslips (16004-300; VWR) (1 x 10° cells in 1 mL media) or in
10-cm plates (2.2 x 10° cells in 10 mL media); 24 h later, cells were transfected with the desired DNA
using XtremeGENE9 (6365787001; Roche) according to the manufacturer’s directions. In brief, 75 ulL
Opti-MEM, 3 uL XtremeGENE9, and 1 wg DNA for each milliliter of media were mixed and incubated at
room temperature for 15 min before being adding dropwise to cells in antibiotic-free media.

Immunoprecipitations. Hela cells ectopically expressing Flag-tagged OtDUB fragments for 24 h
were collected by scraping in ice-cold PBS. The resulting cell pellet was then resuspended in lysis buffer (50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 0.2% Triton X-100, 2 mM PMSF, protease inhibitor tablet [cOmplete]). After thor-
ough lysis on ice with intermittent vortexing the insoluble fraction was removed by pelleting, and the clarified
lysate protein concentrations were determined by Bradford assay. Equal amounts of protein lysates were incu-
bated with M2 Flag resin and rotated for 2 h at 4°C. Resin was then washed three times with 0.5 mL of wash
buffer (lysis buffer without protease inhibitors) before being eluted in wash buffer + 0.4 wg/mL 3xFlag peptide
and incubating for 15 min at 37°C. Samples were then loaded onto Quick spin columns to separate eluate
from the resin. Eluates were mixed with SDS-PAGE sample buffer and resolved by SDS-PAGE alongside input
lysates for downstream immunoblotting.

Fluorescent transferrin uptake assay. Twenty-four hours after transfection, Hela cells plated on
coverslips were washed twice in 37°C in serum-free (SF) DMEM medium and then incubated in SF medium
for 60 min. The medium was then replaced with SF medium cooled to 4°C and containing 25 ng/mL of Alexa
Fluor 568-labeled transferrin (T23365; ThermoFisher) and incubated for 15 min at 37°C before being processed
for indirect immunofluorescence (below).

Indirect immunofluorescence. Hela cells on coverslips were thoroughly washed with Tris-buffered
saline (TBS) before each stage. Cells were first fixed in 3.7% formaldehyde in TBS for 15 min, permeabilized in
0.2% Triton X-100 in TBS for 15 min, and blocked in 3% (wt/vol) bovine serum albumin (BSA) in TBS for 1 h; all

July 2022 Volume 42 Issue 7

Molecular and Cellular Biology

10.1128/mcb.00071-22

19


https://journals.asm.org/journal/mcb
https://doi.org/10.1128/mcb.00071-22

OtDUB Disrupts Membrane Trafficking

steps were performed at room temperature. After blocking, coverslips were incubated with primary antibodies
diluted in 3% BSA in TBS + 0.1% Triton X-100 for either 1 h at room temperature or overnight at 4°C in a
humidified chamber. Coverslips were then incubated with Alexa Fluor-labeled secondary antibodies (Life
Technologies) at 1:700 dilution for 1 h at room temperature in a humidified chamber before staining with
Hoechst DNA stain (H3570; ThermoFisher) and mounting in Fluoromount-G (0100-01; Southern Biotech)
on glass slides. Images were captured at ambient temperature with AxioVision (release 4.8.2.0) imaging
software (Zeiss) controlling a Zeiss Axio Observer D1 microscope with a 63x/1.4 numerical aperture lens
and an AxioCam MRm charge-coupled device camera (Zeiss).

Immunoblotting. Proteins resolved in SDS-PAGE gels were transferred to PVDF (Immobilon-P,
IPVH00010; Millipore), and the membranes were blocked in either 5% (wt/vol) milk or 3% (wt/vol) BSA in TBS
with 0.1% Tween 20 (TBST). After blocking, the membranes were incubated in primary antibody diluted in ei-
ther milk or BSA depending on the antibody (see Antibodies section) for 1 h at room temperature or overnight
at 4°C. Membranes were washed and then incubated with horseradish peroxidase (HRP)-conjugated secondary
antibody (NA931V and NA934V; Cytiva) in the same blocking agent as the primary antibody for 1 h at room
temperature, washed, and imaged by chemiluminescence (ECL) on a GBox (Syngene) imaging system or for
Fig. 5C, autoradiography film (37).

Antibodies. Antibodies were used as follows: rabbit anti-ubiquitin (Dako, discontinued) at 1:2,000
for immunoblotting (membrane blocked with milk); mouse anti-AP1G1 (610385; BD Bioscience) at 1:5,00 for
immunoblotting (BSA); mouse anti-AP2M1 (611350; BD Bioscience) at 1:500 for immunoblotting (BSA); mouse
anti-Flag (F3165; Sigma) at 1:500 for immunofluorescence and 1:5,000 for immunoblotting (milk); mouse anti-
HA (H9658; Sigma) at 1:5,000 for immunoblotting (milk); rabbit anti-OtDUB (YU1430 in-house antiserum) at
1:5,000-10,000 for immunoblotting (milk); rabbit anti-Rac1,2,3 (2465; Cell Signaling) at 1:1,000 for immunoblot-
ting (BSA); rabbit anti-M6PR (PA3-850; ThermoFisher) at 1:100 for immunofluorescence; rabbit anti-GM130
(12480; Cell Signaling) at 1:3,200 for immunofluorescence; and rabbit anti-GST (ab111947; Abcam) at 1:5,000
for membrane lipid array analysis (BSA).

Yeast methods. Saccharomyces cerevisiae yeast were cultured under standard conditions at 30°C in
either rich (yeast extract, peptone, and dextrose) or minimal medium (synthetic defined supplemented
with nucleobases, amino acids, and dextrose) (38). The W303 background strain (39) (MHY2416) was
used for all experiments except the choTA analysis. For the latter, the BY4741 WT strain (MHY10139) was
utilized along with the BY4741-derived cholA:kanMX4 deletion strain (clone ID 7756) obtained from Open
Biosystems. In these experiments, choline and ethanolamine were each added to 1 mM (final). Plasmids were
introduced by lithium acetate transformation (40), plated on selective media, and single colonies were isolated
for use in ensuing experiments. For growth assays, transformants carrying the empty p416GAL1 vector (41) or
p416GAL1-OtDUB variants were grown overnight in SD medium lacking uracil, and the cultures were diluted
to an Ay, of 0.2 OD units in 1 mL of sterile water. Samples were then serially diluted in 10-fold steps, and each
dilution series was spotted onto minimal plates lacking uracil and either a noninducing (glucose) or inducing
(galactose) carbon source. Plates were incubated at 30°C for 2 to 6 days before Gbox imaging.

To examine steady-state OtDUB protein levels, transformants were grown overnight in SD medium lacking
uracil. The next day the cultures were back diluted into media lacking uracil and supplemented with 2% raffi-
nose as a carbon source and grown overnight. On the last day, 2.5 OD units were diluted into medium lacking
uracil with 2% galactose and grown for 4 h at 30°C after which 2.5 OD units were recovered, and the resulting
yeast pellet was processed by alkaline treatment and SDS lysis (42) prior to immunoblot analysis.

Yeast selection for suppressors of OtDUB toxicity. The growth-based search for suppressors was
carried out similarly to a previously published positive selection for mutants (43). Yeast were trans-
formed with p415GAL1-based constructs encoding URA3-3HA, OtDUB,,, ,,50-URA3-HA, OtDUBg,, ;,54-
URA3-HA, or OtDUB,_;,5,-URA3-HA and plated on SD medium lacking leucine. The transformants were
then evaluated on galactose-containing SD-LEU plates to verify toxicity. OtDUBgs, 1;5-URA3-HA was not
toxic, unlike the longer constructs, and was used as a control in further experiments. The p415GAL1-
OtDUBg,_;,5,-URA3-HA plasmid was digested with Hindlll and BamHI to remove the toxic domain DNA.
Separately, the same plasmid was used as template in high-fidelity polymerase chain reactions (Phusion,
E0553L; NEB) to amplify DNA between codon 748 of the OtDUB sequence and the 5’ end of the URA3
gene using primers JMB656/792. The ends of the PCR product therefore overlapped the sequences
remaining in the gapped parent plasmid. Given the relatively large PCR fragment being screened
(~1.6 kb), a high-fidelity polymerase was required to keep the frequency of mutations low enough to
maximize the fraction of single-residue changes per fragment. When low-fidelity Tag polymerase-medi-
ated PCR was used, most of the recovered transformants had greater than or equal to two codon
changes (29 out of 31). The gapped plasmid and PCR amplicons were then gel purified (28706; Qiagen).

Gapped plasmid was transformed alone or along with different amounts of the PCR product into WT
yeast. The cotransformations were expected to yield circular plasmids resulting from homologous
recombination-based gap repair (Fig. 4C); the reconstituted circular plasmids are stable in cells and can
be identified by growth on SD-LEU. Transformants were plated on SD-LEU plates and grown for 2 days
at 30°C, then replica plated onto SD-URA+GAL plates. Colonies that grew within 2 to 3 days at 30°C
were isolated by patching onto fresh SD-LEU plates, grown overnight in SD-LEU liquid media, and then
processed for DNA extraction (38).

The resulting DNA was electroporated into DH5« E. coli, plated on LB-agar plates supplemented with
ampicillin, and incubated overnight at 37°C to recover the plasmids. Bacterial transformants were then grown
overnight in LB + ampicillin liquid cultures. The plasmids were isolated, and the DNA was sequenced, using
primers JMB793, 656, and 657, across the entire region that had been PCR amplified. Of the 94 plasmids
sequenced, 43 contained single-codon mutations, 37 had more than 1 codon mutated, 11 were gap repair
failures, and 3 contained premature stop codons.
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SDS-PAGE sample buffer, resolved by SDS-PAGE, and stained for protein (GelCode Blue).

Molecular and Cellular Biology

Yeast microscopy. The W303 strain (MHY2416) was cotransformed with either p415GAL1 vector or
p415GAL1-OtDUB650-1369-Flag along with p416GPD-Lact-C2-GFP vector and plated on selective media.
Transformants were grown overnight in SD medium lacking uracil and leucine, and the cultures were diluted
into media lacking uracil and leucine with 2% raffinose and grown overnight. The next day, the cultures were
diluted to an A4y, of 0.2 OD units in medium lacking uracil and leucine and supplemented with 2% galactose
and grown for 4 h at 30°C (0D, of 0.5-0.6). Cells were collected by centrifugation (4,000 rpm, 3 min), washed
with sterile water, and resuspended in fresh medium. Cells were mounted on glass slides and sealed under cover-
slips with nail polish. Yeast were visualized at ambient temperature on an Axioskop microsope (Zeiss) with a
Plan-Apochromat 100x/1.40 oil DIC objective and an AxioCam MRm CCD camera (Zeiss). Epifluorescence images
were captured using AxioVision software.
Protein-lipid overlay assay. Membrane strips each spotted with 15 different membrane lipids at
100 pmol per spot were obtained from Echelon Biosciences (P-6001, PIP Strip; P6002, Membrane Lipid Strip) and
processed as suggested by the manufacturer. In brief, the membranes were first spotted with positive controls
1 uL secondary antibody, 100 ng OtDUB,;s,-Flag, or 500 pg of PI(4,5)P2 Grip (GST-PLC-d1-PH) from Echelon
Biosciences (G-4501), blocked for 1 h in 3% BSA in TBST and then incubated for 1 h with 0.5-2 wg/mL of the indi-
cated recombinant OtDUB polypeptides diluted in 3% BSA in TBST. Filters were then immunoblotted with
anti-OtDUB or anti-GST antibodies and HRP-conjugated secondary antibodies as described in the immunoblot-
ting section above.
Liposome sedimentation assay. The liposome sedimentation assay was carried out as previously
described (44). Individual lipids obtained from Avanti Polar Lipids were resuspended in chloroform and
included: DOPC (850375), DOPS (840035), cholesterol (700100), and PI,P (850150). Liposomes were composed
of 0% or 30% DOPS, 20% cholesterol, 1% PI,P, and 79% or 49% DOPC by adding adjusted quantities to a glass
round-bottom flask, evaporating the chloroform under a nitrogen gas stream, and resuspending the lipids in
400 pL of 50 mM Tris HCl pH 7.5, 150 mM NaCl to a final concentration of 2.5 mM and transferring to a micro-
fuge tube. The suspensions were freeze-thaw cycled eight times by transferring between liquid nitrogen and a
37°C water bath. To generate liposomes of uniform size, the suspensions were then passed through a room
temperature mini-extruder 21 times (610000; Avanti Polar Lipids Cat) loaded with either 0.2 (n = 1)- or 0.4-um
(n = 2) polycarbonate membranes (610006 and 610007; Avanti Polar Lipids). The resulting liposomes were
transferred to a new microfuge tube and placed on ice. For each binding reaction, 20 uL of 2.5 mM liposomes
was mixed with 1 L of 80 M protein to obtain a final protein concentration of 4 uM within a polycarbonate
ultracentrifuge tube (343775; Beckman Coulter). The tube was covered with parafilm and incubated for 30 min
at 37°C. Liposome:protein complexes were then pelleted at 100,000 x g for 20 min at 4°C in a TLA100 rotor in
a benchtop ultracentrifuge. The supernatants were carefully removed, and the pellets were resuspended in
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