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SUMMARY

The Cullin-RING E3 ligase (CRL) family is commonly hijacked by pathogens to redirect the host
ubiquitin proteasome machinery to specific targets. During HIV infection, CRL5 is hijacked by
HIV Vif to target viral restriction factors of the APOBEC3 family for ubiquitination and
degradation. Here, using a quantitative proteomics approach we identify the E3 ligase ARIH2 as a
regulator of CRL5-mediated APOBEC3 degradation. The CUL5VICBFR complex recruits ARIH2
where it acts to transfer ubiquitin directly to the APOBECS3 targets. ARIH2 is essential for CRL5-
dependent HIV infectivity in primary CD4+ T-cells. Furthermore, we show that ARIH2 cooperates
with CRL5 to prime other cellular substrates for polyubiquitination, suggesting this may represent
a general mechanism beyond HIV infection and APOBEC3 degradation. Taken together, these
data identify ARIH2 as a co-factor in the Vif-hijacked CRL5 complex that contributes to HIV
infectivity and demonstrate the operation of the E1-E2-E3/E3-stubstrate ubiquitination mechanism
in a viral infection context.
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E3-E3 Tag-Team: ARIH2 and CUL5VifCBFE

Infectivity
+++

HIV with packaged
APOBEC3G

eTOC Blurb

Degradation of APOBECS3 proteins by HIV Vif hijacking Cullin RING E3 ligase 5 is essential for
HIV proliferation. Hiuttenhain ef a/. discovered the host factor ARIH2 which works with
CULSVIfICBFR vja a tag-team mechanism to target APOBECS3 proteins for ubiquitination and is
essential for HIV proliferation in primary T cells.

INTRODUCTION

Viruses depend on cellular machinery for replication. This requires interactions of viral and
host proteins, resulting in hijack or suppression of normal host functions (Goff, 2007; Hsu
and Spindler, 2012). Accordingly, discovery of host-virus interactions is important for
understanding mechanisms of viral infection including replication, antiviral host responses,
and viral subversion of host defenses (Shah et al., 2015). Moreover, these interactions can be
leveraged to develop agents that target the interface between virus and host proteins for use
as antiviral therapeutics or vaccines (Watanabe et al., 2014). Proteomic approaches based on
purification of affinity tagged viral proteins followed by mass spectrometry (AP-MS)
analyses have emerged as effective tools to discover host-pathogen interactions (Batra et al.,
2018; Davis et al., 2015; Eckhardt et al., 2018; Jager et al., 2011a; 2011b; Jean Beltran et al.,
2017; Y. Luo et al., 2016; Mirrashidi et al., 2015; Penn et al., 2018; Ramage et al., 2015;
Shah et al., 2018; Watanabe et al., 2014). These studies showed that members of the
Ubiquitin Proteasome System (UPS), especially of Cullin RING E3 ligase (CRL) family, are
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commonly hijacked by pathogens to redirect host cell E3 ligases to ubiquitinate host proteins
for degradation (Huh et al., 2007; Jager et al., 2011a; Mahon et al., 2014; Sato et al., 2009).

In recent years, a flurry of reports revealed many different potential routes by which CRLs
can regulate and mediate ubiquitination /in vitro. This in part stems from a single Cullin-
RING catalytic core serving as a subunit of numerous different E3s, each with different
substrate receptors. One important principle to emerge from these studies is that CRLs
assemble on-demand — substrate binding to a substrate receptor initiates a cascade of
reactions that transiently stabilize the assembly of CRL via Cullin modification with the
ubiquitin-like protein NEDD8 (Emberley et al., 2012; Enchev et al., 2012; Fischer et al.,
2011; Pierce et al., 2013; Reitsma et al., 2017; S. Wu et al., 2013; Zemla et al., 2013).
Neddylated CRLs, like other RING E3s, do not themselves directly transfer ubiquitin, but
rather employ other enzymes that carry ubiquitin on an active site cysteine from which
ubiquitin is transferred to the receptor-bound substrate. It was thought that neddylated CRLs
utilize only E2 enzymes as ubiquitin carriers (Deshaies and Joazeiro, 2009), although
recently a new mechanism was discovered for CRL1-4 involving the RING-Between-RING
(RBR) E3 ARIH1 which is recruited to transfer ubiquitin to some CRL substrates via an E1-
E2-E3/E3-substrate or “tag-team” cascade (Dove et al., 2017; Duda et al., 2013; Kelsall et
al., 2013; Scott et al., 2016). Yet, despite the hundreds of endogenous biological processes —
including cell division and differentiation — regulated by human CRLs, and even more
hijacked by pathogens, their underlying ubiquitin transfer mechanism(s) have remained
elusive for decades.

To understand how CRLs hijacked by viruses mediate ubiquitination of their substrates, we
focus on the Cullin-RING E3 ligase 5 (CRL5) complex, which plays a central role in HIV
infection. CRLS5 is hijacked by the primate lentiviral protein Vif, together with the
transcriptional cofactor core-binding factor beta (CBFR), to target viral restriction factors of
the APOBEC3 family for ubiquitination and degradation (Jager et al., 2011b; Mehle et al.,
2004; Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003; Zhang et al., 2011) (Figure
1A). In the absence of Vif, APOBEC3 proteins are potent mediators of the antiviral
response. Through incorporation into virions and introduction into subsequent infected cells,
the APOBEC3 enzymes catalyze deamination of specific Cytosine bases, resulting in their
transformation to Uracils during synthesis of the minus strand viral DNA, which in turn
results in non-functional virions (Wissing et al., 2010). Recruitment of CBFR to CRL5 is
required for this activity, through assembling a properly-folded CRL5-Vif-CBFR complex, in
part by inhibiting Vif oligomerization and also by directly activating CRL5-Vif via the
interaction (Jager et al., 2011b; Kim et al., 2013). The interaction with CRL5-Vif precludes
CBFR’s association with the RUNX family of transcription factors, thereby also perturbing
the expression of RUNX target genes (Kim et al., 2013). This conserved dual hijacking of
both host ubiquitination and transcriptional regulation is beneficial to HIV infectivity (Kane
et al., 2015; Kim et al., 2013).

Notably, NEDD8 and the specific neddylation pathway for CUL5 were found to be crucial
for HIV infectivity (Stanley et al., 2012), raising the question of which other cellular
regulators of CRL5 could play roles in HIV infection. Since efforts have been made to
design inhibitors targeting the interaction between Vif and APOBECS3 proteins (Pery et al.,
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2015), identifying cellular regulators of APOBECS3 degradation via CRL5 could provide an
enzymatic route for pharmaceutical targeting. Here, we address this gap using a quantitative,
differential proteomics approach revealing HIV-dependent remodeling of CRL5 E3 ligase
composition under infection conditions, coupled with CRISPR Cas9-based gene knockout
validation of targets, and biochemical studies of ubiquitination (Figure 1B). By showing that
one of the Vif-dependent interactors identified, the RBR E3 ubiquitin ligase ARIHZ2, is
essential for CRL5-dependent HIV infectivity in primary CD4+ T-cells, we define a discrete
ubiquitination mechanism utilized in an essential human biological process and hijacked by
HIV as well as demonstrate the E1-E2-E3/E3-stubstrate ubiquitination mechanism in cells.
Furthermore, we show that ARIH2 also cooperates with CRL5 to prime other cellular
substrates for polyubiquitination, suggesting this may represent a general mechanism
beyond HIV infection and APOBEC3 degradation.

The combined proteomic and genetic approach presented here, which allows for the study of
differential host interactions networks in response to virus infection followed by functional
validation of host-virus interactions, will be broadly applicable to other viral systems and
facilitate the discovery of anti-viral targets (Figure 1B).

The CRL5 protein interaction network is modulated by HIV infection

To study how CRLS5 is remodeled during HIV infection and to identify cellular regulators
mediating infection, we used a quantitative AP-MS approach to build a differential protein
interaction network of CRL5 in the presence and absence of HIV infection (Figure 2A). We
generated three stable Jurkat T cell lines, each expressing a tetracycline-inducible affinity-
tagged version of a central component of the Vif-hijacked CRL5 complex: CULS5, the
scaffold of CRL5; ELOB, which forms together with ELOC the adaptor of CRL5; and
CBFR, a transcriptional regulator that is redirected by HIV Vif to CRL5, and that is required
for structural reasons to assemble an activated, properly-folded CRL5-Vif complex that also
contains CBFR (Jager et al., 2011b; Kim et al., 2013) (Figure 1A). We selected cell lines
with affinity tagged proteins expressed at similar levels compared to endogenous protein
levels to preserve endogenous protein complex stoichiometry of CRLs and to avoid artifacts
that are inherent with overexpression of scaffold proteins (Gibson et al., 2013). Both affinity
tagged CULS5 and CBFR were expressed in equivalent amounts when compared to the
endogenous proteins, while only levels of affinity tagged ELOB exceeded endogenous levels
(Figure S1A).

Cells expressing the tagged proteins as well as parental Jurkat T cells were subjected to
infection with replication-deficient, Vesicular Stomatitis Virus Glycoprotein (VSV(Q)
pseudotyped HIV-1 NL4-3 virus, a Vif-deficient version of the same virus strain (HIV AVif),
or a mock serving as a non-infection condition (mock) (Figure 2A) (Cronin et al., 2005).
Spinoculation of the cultures at a high multiplicity of infection (MOI) resulted in
reproducible infection rates ranging from 75 to 90% across the lines expressing different
affinity tagged constructs and viruses (Figure S1B). Following 24h of infection, anti-FLAG
immune complexes were purified and subjected to global, quantitative analysis by MS
(Figure 2A). Specific interactors of the three bait proteins were determined using SAINT
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high confidence interactor scoring by comparing affinity purifications from bait-expressing
versus parental Jurkat T cells (H. Choi et al., 2011) (Figure 2A, Table S1). Proteins with a
false discovery rate (FDR) below 0.15 were subsequently validated using a targeted
proteomics approach, which allows for accurate, reproducible and consistent quantification
across samples and conditions (Huttenhain et al., 2012). We developed targeted proteomics
assays specific for all potential interactors with a SAINT FDR below 0.15 based on the
global MS analysis. The assays were then used to quantify potential interactors in a targeted
fashion across all infection conditions and controls, followed by statistical analysis using the
MSstats framework (M. Choi et al., 2014). Proteins significantly enriched in anti-FLAG
immune complexes compared to controls were considered validated interactors and
integrated into the CUL5-CBFR-ELOB network consisting of 138 proteins involved in 192
interactions (Figure 2B, Table S1).

The interaction network was enriched for proteins involved in molecular processes
associated with CRL function, such as protein ubiquitination, signal transduction and
activation of CRLs by conjugation with the ubiquitin like protein NEDD8 (Figure 2B,
Figure S1C). Six of the 192 interactions were observed only in the absence of HIV infection,
and 26 were observed only in the presence of HIV infection (Figure 2B, Table S1). CBFR
served as an internal control, showing HIV-dependent interactions as expected, since in the
absence of infection it is only known to function as a transcriptional regulator through
interaction with RUNX family members, while in the presence of HIV infection it associates
with the CRL5 complex (Jager et al., 2011b; Kim et al., 2013; Wong et al., 2011; Zhang et
al., 2011). Notably, besides functioning as adaptor protein together with ELOC in CRL5 and
CRL2 complexes, ELOB forms the heterotrimeric Elongin (SI11) complex with ELOA and
ELOC, which activates elongation by RNA polymerase |1, and thus a large proportion of
observed ELOB interactors are involved in transcriptional regulation (Figure 2B) (Aso et al.,
1995; Kim et al., 2013). We did not recover APOBECS3 proteins, the known substrates of
CULSVIICBFR i our AP-MS experiments, which can be explained by the transient nature of
ligase-substrate interactions, which makes them difficult to capture (Harper and Tan, 2012)
and by low level, if any, expression of APOBEC3 protein in Jurkat T cells. While previous
studies have shown that CRL5 plays a central functional role during HIV infection, this
global, unbiased CRLY5 interaction network in the context of infection forms the starting
point to determine additional HI\V-mediated cellular regulators of the complex.

We next aimed to determine how Vif modulates the CRLS5 interaction network, which could
point to cellular regulators required for Vif-mediated degradation of APOBECS3 proteins.
Accordingly, the abundances of all validated CUL5, ELOB and CBFR interactors were
compared between wt to Vif-deficient HIV infection. Vif-dependent interactors were defined
by significant enrichment with at least one bait during wt infection (Figure 3A, 3B, Table
S2). The 14 Vif-dependent interactors include the expected Vif and CBFR (Figure 3B).
Consistent with previous results, we found all core complex components of CRL5 and CRL2
physically interacting with CBFR only in the presence of Vif (Jager et al., 2011b; 2011a).

In addition to the known interactions, our approach identified five interactions enriched in wt
over Vif-deficient infections: ARIH1, ARIH2, AMBRAL, ALIX, and DCAF11 (Figure 3B).
Notably, AMBRAL and DCAF11, both substrate receptors of the CRL4 complex, have been
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previously shown to physically interact with Vif (Jager et al., 2011a; Y. Luo et al., 2016). A
recent study from our lab discovered that AMBRAL regulates the activity of CRL5 and
CRL2 complexes by ubiquitination and degradation of ELOC (Chen et al., 2018). The four
other factors, ARIH1, ARIH2, ALIX, and DCAF11, have either not been connected to Vif
previously or their function with Vif is unknown. ALIX is a member of the ESCRT
machinery known to regulate HIV budding (Fujii et al., 2009; Morita et al., 2011; Votteler
and Sundquist, 2013) and appears to be recruited to CBFR and ELOB in a Vif-dependent
manner (Figure 3C). DCAF11, also known as WDR23, interacts with all three bait proteins
in a Vif-dependent manner (Figure 3C) and has been shown to be a component of the
CULA4APCAFLL E3 Jigase, which ubiquitinates the stem-loop binding protein (SLBP) to
regulate the life cycle of histone transcripts (Brodersen et al., 2016; Djakbarova et al., 2016).

ARIH1 and ARIH2, both members of the RBR E3 ligase family, were recently shown to
interact with neddylated CRL complexes (Kelsall et al., 2013). NEDDS8 and its covalently-
linked Cullin are both required to relieve autoinhibition and expose the catalytic cysteines of
the ARIH-family E3s (Duda et al., 2013; Kelsall et al., 2013). Additionally, an /n vitro study
recently identified a “tag-team” mechanism by which ARIH1 collaborates with neddylated
CRL1, CRL2, and CRL3 E3s to transfer the first ubiquitin directly onto their substrate
receptor-bound substrates (Scott et al., 2016). Interestingly, both ARIH1 and ARIH2 interact
with CBFR in a Vif-dependent manner (Figure 3C), suggesting that Vif may use the tag-team
mechanism together with ARIH1 and ARIH2 for substrates of the CUL2VIfICBF8 ang
CULSVITICBFR E3 Jigases, respectively. To investigate the potential impact on HIV infection
of the four Vif-dependent host factors identified here, ARIH1, ARIH2, ALIX or DCAF11,
we selected them for further functional validation.

ARIH2 is functionally relevant for HIV infection

To functionally validate the potential importance of Vif-dependent host factors, we used a
recently developed platform for CRISPR-Cas9 genome engineering in primary CD4+ T cells
(Hultquist et al., 2019; 2016; Schumann et al., 2015) (Figure 4A). Briefly, for each gene of
interest, four different guide RNAs were designed, complexed with Cas9 and electroporated
into primary CD4+ T cells derived from six different donors (Hultquist et al., 2019) (Figure
4A). The expanded polyclonal knockout (KO) T cells for each guide were infected with
replication competent HIV-1 NL4-3 Nef-IRES Gfp reporter virus at a low MOI. Cells were
collected three, five and seven days after infection, fixed and analyzed by flow cytometry to
determine infection rates (Figure 4A). Besides the Vif-dependent factors identified here, we
included genes with known HIV infection phenotypes upon KO in our validation screen.
Amongst them were CXCR4, the co-receptor for HIV virus entry (Hultquist et al., 2016),
and other CUL5VIT/CBF® complex members, such as ELOB, ELOC, and CBFR (Jager et al.,
2011b). KO efficiencies for all genes and all guides in polyclonal primary CD4+ T cells
were evaluated by western blot analysis or tracking of indels by decomposition (TIDE) using
PCR (Brinkman et al., 2014) (Figure S2A, S2B).

Out of the four factors, ARIH2 KO showed a strong and reproducible reduction in HIV
infectivity after 5 days of spreading infection when compared to non-targeting (NT) controls
(Figure 4B). Despite successful KO based on western blot (Figure S2A) or TIDE results

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hittenhain et al.

Page 8

(Figure S2B), no significant change in HIV infectivity was observed for ARIH1, ALIX and
DCAF11 KO when compared to non-targeting (NT) controls (Figure 4B). The strength of
ARIH2’s phenotype on HIV infectivity was comparable or even stronger than the one
observed for other components of the CUL5VI'CBFR |igase, namely ELOB, ELOC and CBFR
(Figure 4B). All four guide RNAs targeting ARIH2 resulted in a significant decrease in
infection rate, which is reproducible across donors (Figure 4C,Figure S2C). The guide that
was least effective in ablating ARIH2 protein levels also showed the smallest impact on HIV
replication (Figure 4B, 4C, Figure S2C). While the spread infection data showed a moderate
effect of ARIH2 KO on HIV infection rate at an early time point after HIV infection (day 3),
the phenotype was most clear at day 5 of spreading infection (Figure 4C, Figure S2C). In
contrast to CXCR4 KO, which affects initial infection, the primary T cell results for ARIH2
point to a function in later stages of the HIV life cycle, either by reducing the formation of
newly formed virus particles or by decreasing their infection rate. Taken together, the results
derived from the initial AP-MS experiments and the functional validation in primary CD4+
T cells suggest a central role for ARIH2 in CRLS5 function during HIV infection.

ARIH2 tag-teams with CRL5VICBFB tg accelerate polyubiquitination of APOBEC3 proteins

in vitro

To test the potential role of ARIH2 in CRL5VICBFR_mediated APOBEC3 ubiquitination, we
performed a series of /in vitro ubiquitination assays considering factors required both for
HIV restriction in host cells and potentially for the tag-team mechanism involving ARIH
RBR E3s (Figure 5A). First, modification of CRL5 with the ubiquitin like protein NEDDS is
required for APOBEC3 ubiquitination and viral infectivity (Stanley et al., 2012). Second,
ubiquitination of APOBECS3 proteins requires Vif, CBFR as well as a neddylated Cullin-
RING core. From the perspective of ARIH RBR E3s, /n vitro ARIH2’s catalytic cysteine is
sequestered without encountering neddylated CUL5-RBX2, although mechanisms and
function of catalytic cysteine release remain unknown (Kelsall et al., 2013). Accordingly,
neddylated CRL5VI’CBF8 complex was reconstituted using purified recombinant proteins.
A3G and A3F ubiquitination was assayed to test the activity of the reconstituted complex
using the well characterized ubiquitin conjugating enzyme UBE2R1 (hCDC34), which is
capable of forming specific K48-linked ubiquitin chains on A3G (Jager et al., 2011b)
(Figure 5A). To test if ARIH2 functions together with neddylated CRL5VI/CBFE o
ubiquitinate A3G, we first performed an /n vitro ubiquitination time course in the presence
and absence of ARIH2 and the ubiquitin conjugating enzyme UBE2L3 (hUBCHT7), which
was previously shown to transfer ubiquitin to the active site of ARIH2 in the presence of
neddylated CUL5-RBX2 (Kelsall et al., 2013) (Figure 5B). While A3G polyubiquitination
was observed in both cases to a certain extent, polyubiquitination in the presence of ARIH2
and UBE2L 3 was not only significantly enhanced but also substantially accelerated (Figure
5B). The rapid Ubiquitin (Ub) chain formation on A3G was specific for ARIH2 working
together with CRL5VIICBFE since replacing with the related ARIH1 in the same reaction did
not show enhanced polyubiquitination of A3G (Figure 5C), and dependent on UBE2L3,
which transfers Ub to ARIH2’s RING2 catalytic cysteine (Figure 5D).

Since ARIH1 was described to prime CRL substrates for polyubiquitination through initial
monoubiquitination (Scott et al., 2016), we next sought to examine if ARIH2 has the same
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effect on A3G. To this end, we performed the /n vitro ubiquitination assay in the presence
and absence of UBE2R1, which restricts the reaction only to ARIH2 activity. Additionally,
we replaced wt Ub with Methyl-Ub or a K48R Ub mutant in the reaction, both of which are
not able to form any Ub chain or K48-linked Ub chains, respectively, and therefore function
as chain terminators. In the absence of UBE2R1, A3G polyubiquitination disappears and is
instead replaced by enhanced multi-monoubiquitination (Figure 5E). Similar products were
observed by replacing wt Ub with both Ub chain terminators (Figure 5E), suggesting that
ARIH2 monoubiquitinated A3G in the presence of neddylated CUL5VICBFR on multiple
lysine residues. Finally, we mapped the A3G Ub sites obtained in our /n vitro ubiquitination
assay by MS and identified sites on K63, K249, K297, K303, and K334, which recapitulated
Ub sites that have been previously detected on A3G in vivo (Figure 5F) (Albin et al., 2013).
All in vitro ubiquitination reactions described for A3G were also performed for A3F, another
potent HIV restriction factor of the APOBEC3 family which is degraded by CUL5VifICBFR
during HIV infection (Hultquist et al., 2011), and the results mirror those observed for A3G
(Figure S3).

Ablation of ARIH2 restores restriction activity of APOBEC3G

We have observed that ARIH2 is responsible for priming ubiquitination of A3G through
CRLS5 and that ablation of ARIH2 in primary CD4+ T cells results in a late block to
infection. Next, we sought to determine if the infection phenotype observed in primary T
cells upon ablation of ARIH2 is a direct result of decreased A3G ubiquitination and
degradation. Based on our observations, we predicted that absence of ARIH2 would lead to
higher cellular A3G levels and subsequent packaging into newly formed HIV-1 particles,
leading to less infectious virions. To test this hypothesis, we then performed an assay to
monitor packaging of A3G into virus particles in the presence and absence of ARIH2. We
first stably depleted ARIH2 in HEK293T cells using a CRISPR-Cas9 approach based on
guide RNA sequences validated in primary CD4+ T cells (Sanjana et al., 2014; Shalem et
al., 2014). Next ARIH2 ablated cell lines as well as HEK293T parental cells were used to
produce replication competent wt or AVif HIV-1 virus particles in the presence of A3G
(Figure 6A). Increasing amounts of ARIH2 were co-transfected into the cells in order to
rescue the phenotype. After 48h, viral supernatants were purified and used to infect CEM-
Gfp reporter cells to assess virus titers (Figure 6A). Additionally, lysates of parental and
ARIH2 ablated HEK293T cells as well as virus-like particles (VLPs) were collected
concurrently to assay A3G expression and packaging.

In contrast to parental HEK293T cells, ARIH2 depleted cell lines showed increased
packaging of A3G into VLPs generated from wt HIV-1, which led to 40% reduced
infectivity of the VLLPs (Figure 6B, condition 4). However, the amount of A3G packaged
into wt HIV-1 virions produced in ARIH2 KO cell lines did not completely phenocopy the
AVif HIV-1 virions in terms of A3G packaging and infectivity (Figure 6B, condition 1-3),
indicating that A3G is still ubiquitinated and degraded in the absence of ARIH2 but to a
much lesser degree. Cotransfection of increasing amounts of ARIH2 in KO cells fully
rescued the A3G packaging and infectivity phenotype in both KO cell lines (Figure 6B,
condition 5 and 6). For one ARIH2 KO cell ling, this decrease in cellular A3G did not
appear dose-dependent, likely due to the higher transfection efficiency of this clone and the
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high levels of exogenous expression relative to endogenous levels. For the highest amount of
ARIH2 transfected, we observed a reduction in cellular levels of A3G even in AVif HIV-1
infected cells (Figure 6B, condition 3). Since ARIH2 modulates the activity of CRL5
broadly (see below), overexpression of ARIH2 could enhance endogenous regulatory
mechanisms resulting in less A3G even in the absence of Vif. Notably, this was not reflected
in the virus particles, potentially due to saturating levels of A3G. Alternately, it may be that
A3G is only being depleted from a specific cellular compartment under these conditions and
that the pool of A3G capable of packaging is unaffected. Indeed, recent studies have shown
that part of the function of Vif is to sequester A3G away from sites of virus assembly
(Binning et al., 2018), and that A3G must be in the right place at the right time to enter the
virus particle. Regardless, the results of the A3G degradation and packaging assay in
combination with the proteomic, /n vitro, and primary cell data, strongly support a model
wherein ARIH2 enhances vif-mediated degradation of A3G.

ARIH2 broadly regulates cellular CRL5-based ubiquitination

Our findings suggested that ARIH2 might use the same tagging cascade with CRL5ViCBFR
for ubiquitinating and degrading APOBEC3 proteins during HIV infection as described for
ARIH1 and CRL1-3 (Dove et al., 2017; Kelsall et al., 2013; Scott et al., 2016). Therefore,
we hypothesized that ARIH2 might regulate ubiquitination of other CRL5-substrates. To
investigate this hypothesis, we performed AP-MS experiments of ARIH2 wt and ARIH2
(C310S) mutant purified from HEK293T cells (Figure S3A). These experiments revealed
that ARIH2 interacts with multiple components of CRL5 complexes, including CULS5 itself
as well as multiple CUL5 substrate receptors such as ASB9 (Figure S3A, Table S3). Using
in vitro ubiquitination assays, we showed that ARIH2 is required for the in vitro
ubiquitination of the previously identified CUL5”SB9 E3 ligase substrate CKB (Debrincat et
al., 2007) (Figure S3B, Figure S3C). We propose a model in which ARIH2 interacts with
neddylated CRLS5 to transfer the first Ub to multiple sites on a substrate, which is followed
by polyubiquitination through the CRL5 E2 conjugating enzyme (Figure 7).

DISCUSSION

Accumulating evidence has pointed to a central role of the UPS in viral pathogenesis (H.
Luo, 2016; Tang et al., 2018). Viral proteins subvert or manipulate the UPS by redirecting
host cell E3 ligases in order to induce ubiquitination and degradation of antiviral restriction
factors or to derail the immune response. Many viruses utilize Cullin RING E3 ligases (Huh
et al., 2007; Jager et al., 2011a; Mahon et al., 2014; Sato et al., 2009), the largest family of
E3 ligases, which form multi-subunit complexes subjected to various sources of regulation.
While the core components of the CRL complexes hijacked by viral proteins and a number
of substrates targeted for ubiquitination during viral infection are known (Mahon et al.,
2014), the mechanisms by which Ub is actually transferred to targets has remained a major
unanswered question.

Characterizing the mechanism of Ub attachment in virus-host systems is critically important
for rational drug design strategies that target these processes. However, this is not a
straightforward question as several mechanisms have been described including, but not

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hittenhain et al.

Page 11

limited to, the recruitment and use of a single E2 enzyme (Deshaies and Joazeiro, 2009).
Sequential recruitment of two functionally distinct E2 enzymes, one for priming substrates
by directly marking them with Ub and another for extending polyubiquitin chains, has been
suggested for both CRL1 and CRL4 E3s (Lu et al., 2018; K. Wu et al., 2010). Furthermore,
CRL1-3 were shown to utilize an E1-E2-E3/E3 tagging cascade where the RBR E3 ligase
ARIH1 catalyzes addition of the first monoubiquitin moieties onto the substrate protein
followed by polyubiquitin chain extension by the respective CRL E3 (Dove et al., 2017;
Scott et al., 2016). Yet, which mechanism(s) work on endogenous substrates of CRLs
remains largely unknown. As a result, the use of unbiased approaches to identify and
characterize proteins mediating ubiquitination are often critical to uncovering their complex
mechanisms.

While much is already known about the assembly of the CUL5VICBFR complex during HIV
infection to target and degrade the APOBEC3 proteins (Jager et al., 2011b; Mehle et al.,
2004; Sheehy et al., 2003; Stopak et al., 2003; Yu et al., 2003; Zhang et al., 2011), the
mechanics of ubiquitination and the identities of the enzymes employed to directly ligate Ub
have remained unknown. To understand how CRLS5 hijacked by HIV Vif mediates
ubiquitination of APOBEC3 family members, we employed a combination of quantitative
AP-MS, CRISPR-Cas9 gene ablation in primary CD4+ T cells, and /n vitro ubiquitination
assays. Using quantitative AP-MS of the CUL5VI'CBFE complex in the context of HIV
infection, we discovered that the RBR E3 ligase ARIH2 interacts with CUL5VIICBF8 jn an
HIV Vif-dependent manner (Figure 2, Figure 3). While ARIH2 has been previously shown
to bind CRL5 /n vitro, this study demonstrates the function of this interaction in a biological
process in cells.

Using /n vitro ubiquitination assays we could then show that in the presence of ARIH2 and
UBE2L3 (hUBCHY7), the physiological E2 for RBR-type E3 ligases (Kelsall et al., 2013),
there is a rapid increase in the amount of polyubiquitinated A3G and A3F as well as
acceleration of the reaction compared to neddylated CUL5VIfICBFR and UBE2R1 (hCDC34)
alone (Figure 5B, S5A). Our /n vitro data suggest that this effect is driven by a tag-team
mechanism in which ARIH2 together with UBE2L 3 act as initiators, priming A3G and A3F
bound to neddylated CUL5VCBFS with monoubiquitination, followed by chain elongation
through UBE2R1 (Figure 5D, 5E, S5C, S5D), a mechanism that is analogous to what was
described for ARIH1 (Dove et al., 2017; Scott et al., 2016). Combined with the mapping of
Ub sites on /n vitro ubiquitinated A3G which recapitulate previous sites detected in cells
(Figure 5F) (Albin et al., 2013) our results strongly suggest that this mechanism also leads to
polyubiquitination of A3G /n vivo. Beyond targeting APOBEC3 proteins during HIV
infection, we further provided evidence that ARIH2 also tag-teams with other CRL5s to
accelerate polyubiquitination of substrates, including CKB (Figure 7, Figure S3).

CRISPR-bhased knockouts of ARIH2 in primary CD4+ T cells resulted in about 50% reduced
infectivity across all donors and guide RNAs, a phenotype that was at least as strong and
consistent as that for ELOB, ELOC and CBFR in this same assay (Figure 4B). While other
selected Vif-dependent factors -ARIH1, ALIX, and DCAF11 - did not show a significant
effect on HIV infection rate in our assay (Figure 4B), these results do not imply that they are
not bona fide Vif-dependent interactors. Rather, these results indicate that these factors are
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not essential for the replication of this virus in primary CD4+ T cells and exploration of
these factors in other cell types or with other virus strains is warranted. While CD4+ T cells
are the primary target of HIV infection, HIV infects other cells types, such as macrophages
and dendritic cells, and in fact these cell types may comprise important reservoirs of latently
infected cells that allow the virus to persist.

Based on the increased ubiquitination of APOBEC3 proteins in the presence of ARIH2 in
vitro and the decreased replicative capacity of the virus in ARIH2 knock-out primary T
cells, we hypothesized a mechanism wherein ARIH2 depletion results in reduced A3G
ubiquitination, enhanced A3G packaging, and less infectious virus. Indeed, when we
produced HIV virions in HEK293T cells lacking ARIH2, increased amounts of A3G were
packaged and the infectivity of the virions was reduced (Figure 6B). HIV virions produced
in ARIH2-ablated cells did not completely phenocopy virions produced from Vif-deficient
HIV in terms of infectivity and A3G packaging, because APOBEC3 proteins can still be
polyubiquitinated in the absence of ARIH2, but to a much lesser degree.

Taken together, we demonstrated that ARIH2 and CUL5VIflCBFR \york via a tag-team
mechanism to target the APOBECS3 proteins for ubiquitination and that ARIH2 is therefore
essential for HIV proliferation in primary CD4+ T cells (Figure 4 and 6). Importantly, this
shows that an E1-E2-E3/E3-substrate cascade directly regulates a biological process, and
demonstrates that the E1-E2-E3/E3-substrate cascade is hijacked by a virus to accelerate
ubiquitination and degradation of antiviral restriction factors. While we believe that this
mechanism plays a role for multiple CRL5 substrates, as suggested by association of ARIH2
with diverse CRL5 adaptors (Figure S3), we specifically demonstrate its importance for HIV,
which hijacks the mechanism using Vif. A crucial element of the tag-teaming mechanism is
a requirement for Cullin neddylation to relieve autoinhibition of the ARIH-family RBR
(Scott et al., 2016). The employment of ARIH2 as a ubiquitin carrying enzyme provides a
mechanistic rationale for the requirement of the distinctive neddylation pathway for CUL5
in HIV infectivity (Stanley et al., 2012).

To date, the studies of hijacking ubiquitination machinery have raised prospects of targeting,
such as the interaction between APOBEC3 and Vif (Pery et al., 2015), but these demand the
challenges of inhibiting protein-protein interactions, especially with broad shallow surfaces.
However, enzyme activities represent more attractive targets. Our study raises the possibility
that ARIH2 could be an attractive target for therapeutic intervention, because it is an
enzyme, undergoes conformational activation, and selectively only targets CRL5.
Furthermore, it is essential for the propagation of HIV infection, but our study as well as
previous studies showed that ARIH2 is a non-essential gene in cells (Wang et al., 2015).

Finally, the approach that we used here combining quantitative AP-MS with functional
testing through CRISPR-Cas9 genome engineering in primary cells can be adapted to other
viruses or pathogens to help study the host complexes that they hijack. Insights from these
types of studies promise not only to promote more comprehensive understanding of viral
infections but also to provide therapeutic targets for intervention.

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hittenhain et al.

Page 13

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING.

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Dr. Nevan J. Krogan (nevan.krogan@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

VSVg-pseudotyped HIV-1 NL4-3 virus production.—ENV-deficient (AEnv) HIV-1
NL4-3 was generated using site-directed mutagenesis to delete the start codon and replace
Env’s Tyr7 and Leul0 with stop codons. All Env mutations maintain identical coding
sequence for overlapping VVpu open reading frame. Vif-deficient (AVif) HIV-1 NL4-3 was
generated using site-directed mutagenesis to delete the start codon and replace Vif’s Lys22
and Arg23 with stop codons (Stanley et al., 2012). All Vif mutations maintain identical
coding sequence for overlapping Pol open reading frame. A T175 flask HEK293T cells were
transfected with 22.02ug of HIV-1 NL4-3 AEnv plasmid and 2.98ug pcDNA/VSV(g using
acidified PEI pH4 in lactate-buffered saline (LBS), which yielded a stoichiometric ratio of
3:1 provirus to envelope. Viral supernatant was collected 48 hours post transfection, and
cleared by centrifugation and filtration through a 0.45 micron filter. Virus was precipitated
by addition of sterile 50% PEG-6000 and 4M NaCl to final concentrations of 8.5% and
0.3M, respectively, followed by incubation at 4 degrees for two hours, centrifugation and
resuspension in Phosphate buffered saline (PBS). Viral titer was quantified by titration on
Jurkat T cells followed by fixation, staining with anti-HIV-1 Core Antigen Clone K57 FITC
(Beckmann Coulter) and detection of HIV infected cells by flow cytometry.

HIV-1 NL4-3 Nef-IRES Gfp Virus production.—HIV NL4-3 Nef-IRES-GFP AS1
reporter virus (Schindler et al., 2003) was generated by transfection into 293T cells using
Polyjet transfection reagent (SignaGen). Viral supernatant was collected 48 hours post
transfection, and cleared by centrifugation and filtration through a 0.45 micron filter. Virus
was precipitated by addition of sterile 50% PEG-6000 and 4M NacCl to final concentrations
of 8.3% and 0.3M, respectively, followed by storage at 4 degrees for two hours,
centrifugation and resuspension of 50X concentrated stocks. Viral titer was quantified by
titration on stimulated primary CD4+ T cells followed by flow cytometry to detect GFP
positive (HIV infected) cells.

Generation of stable Jurkat cells.—Jurkat TRex cells (Invitrogen) were cultured in
RPMI/10%FBS plus Pen/Strep and 10 ug/ml Blasticidin (Gibco). Stable Jurkat cell clones
were generated by electroporation with the linearized vector, limiting dilution followed by
selection with 300ug/ml Zeocin (Invitrogen). Affinity tagged protein expression levels were
tested by inducing expression with 1 ug/ml doxycycline for up to 16 h, collecting cell

pellets, lysing them in 2xLaemmli Sample Buffer (Biorad) and boiling them for 20 min at 95
degrees. Cell lysates were analyzed by Western Blot analysis probing with antibodies against
CULS (1:2000 dil., Bethyl), CBF (1:500 dil., Santa Cruz), ELOB (1:500 dil., Abcam), and
FLAG (1:5000 dil., Sigma-Aldrich). GAPDH (1:5000 dil., Sigma-Aldrich) was used as a
loading control.

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hittenhain et al.

Page 14

Generation of CRISPR knockout HEK293T cells.—Sequences for all guide RNAs
targeting ARIH2 and validated in primary T cells were cloned into the LentiCRISPR2 vector
containing two expression cassettes, for the Cas9 protein and the guide RNAs, as well as
puromycin resistance (Sanjana et al., 2014; Shalem et al., 2014). Lentiviral constructs were
transiently transfected into HEK293T cells using PolyJet transfection reagent (3ul
PolyJet:1ug DNA) (SignaGen) and placed under 1 ug/ml puromycin (Sigma-Aldrich)
selection to select successfully transfected cells. After 48h of selection, single ARIH2
depleted clones were generated for each guideRNA by limiting dilutions. Each clone was
characterized by WB to assess reduction of ARIH2 expression and by sequencing to confirm
gene editing on ARIH2.

Isolation of primary CD4+ T cells.—Human T Cell Isolation and Culture
Leukoreduction chambers from healthy, anonymous donors were purchased from Blood
Centers of the Pacific and processed within 12 hours. Primary CD4+ T-cells were harvested
by positive selection using a FABian automated enrichment system and CD4 isolation kit
(IBA Lifesciences, Goettingen, Germany). Isolated CD4+ T cells were suspended in
complete Roswell Park Memorial Institute (RPMI) media, consisting of RPMI-1640 [UCSF
Cell Culture Facility (CCF)] supplemented with 5mM 4-(2- hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, UCSF CCF), 2mM Glutamine (UCSF CCF),
50ug/mL penicillin/streptomycin (P/S, UCSF CCF), 5mM nonessential amino acids (UCSF
CCF), 5mM sodium pyruvate (UCSF CCF), and 10% fetal bovine serum (FBS, Atlanta
Biologicals). These cells were immediately stimulated on anti-CD3 coated plates [coated
overnight with 10ug/mL aCD3 (UCHT1, Tonbo Biosciences)] in the presence of 5ug/mL
soluble anti-CD28 (CD28.2, Tonbo Biosciences). Cells were stimulated for 48 hours prior to
electroporation.

METHOD DETAILS

Cloning of affinity tagged constructs.—Open reading frames for CBFR, ELOB, and
CULS5 were PCR amplified from templates available in house and ligated into the vector
pcDNA4/TO (Invitrogen) carrying either a 5° 3xFlag2xStrep or a 3’ 2xStrep3xFlag tag.

Infection of Jurkat cells and affinity purification.—For AP, 5x107 cells were induced
with 1 pg/ml doxycycline for 16 h. Infections were performed by spinoculation with high
MOI VSVg pseudotyped HIV-1 NL4-3 AEnv, HIV-1 NL4-3 AEnv AVif and mock in the
presence of 1ug/ml Polyethylenimine (PEI) (Polysciences) and 16ug/ml Polybrene (Sigma-
Aldrich). After 24h of infection, cells were treated 4h before harvesting and AP with 10uM
MG132 to block proteasome activity and stabilize ligase-substrate interactions.

Following infection, cells were lysed in 500ul cold lysis buffer (50 mM Tris pH 7.5, 150
mM NaCl, 1 mM EDTA, 0.5% Nonidet P40, protease inhibitor (Roche) and phosphatase
inhibitor (Roche), 5% Glycerol, 2mM COPSS5 inhibitor 1,10-Phenathroline (Sigma-
Aldrich)). The lysate was incubated with 30 ul anti-FLAG M2 Affinity Gel (Sigma-Aldrich)
for 2h. The beads were washed 2x with lysis buffer containing 0.05% Nonidet P40 followed
by three washes with lysis buffer without detergent and glycerol. Proteins were eluted with
30ul 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA containing either 100 ug/ml 3xFLAG
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peptide (ELIM) and 0.05% RapiGest (Waters). For MS analysis the AP eluates were reduced
with 1 mM DTT at 37°C for 30 minutes then alkylated with 3 mM iodoacetamide for 45
minutes at room temperature, followed with quenching by addition of 3 mM DTT for 15
min. The samples were digested with sequencing grade modified trypsin (Promega)
overnight at 37°C. The resulting peptides were cleaned up for MS analysis using Ultra
Micro Spin C18 columns (The Nest Group). The final peptide sample was resuspended in
0.1% formic acid.

Shotgun mass spectrometric data acquisition.—Digested peptide mixtures were
analyzed by LC-MS/MS on a Thermo Scientific Orbitrap Fusion mass spectrometry system
equipped with a Thermo Scientific Easy nLC 1200 ultra high-pressure liquid
chromatography and autosampler system. Samples were injected onto a C18 column (25 cm
X 75 um I.D. packed with ReproSil Pur C18 AQ 1.9 pm particles) in 0.1% formic acid and
then separated with an 80min gradient from 5% to 30% Buffer B (90% ACN/10% water/
0.1% formic acid) at a flow rate of 300nl/min. The mass spectrometer collected data in a
data-dependent fashion, collecting one full scan in the Orbitrap followed by collision-
induced dissociation MS/MS scans in the dual linear ion trap for the most intense peaks
from the full scan with a set maximum cycle time of 3 seconds. Dynamic exclusion was
enabled for 20 seconds with a repeat count of 1. Charge state screening was employed to
reject analysis of singly charged species or species for which a charge could not be assigned.
The resulting data was analyzed using MaxQuant (version 1.5.2.8) for identification and
quantification (Cox and Mann, 2008). SAINTexpress was applied to score protein networks
components of CUL5, CBFR, and ELOB (H. Choi et al., 2011) (see QUANTIFICATION
AND STATISTICAL ANALYSIS).

Targeted mass spectrometric data acquisition.—SRM assays were generated for
selected interactors of CUL5, CBFR and ELOB. SRM assay generation was performed using
Skyline (Maclean et al., 2010). For all targeted proteins, proteotypic peptides and optimal
transitions for identification and quantification were selected based on the Skyline spectral
library generated from the shotgun MS experiments. For each protein 2-5 peptides were
selected based on intensity, peptide length as well as chromatographic performance. For
each peptide the 4 best SRM transitions were selected based on intensity and peak shape.

Digested peptide mixtures were analyzed by LC-SRM on a Thermo Scientific TSQ Quantiva
MS system equipped with a Proxeon Easy nLC 1200 ultra high-pressure liquid
chromatography and autosampler system. Samples were injected onto a C18 column (25 cm
X 75 um 1.D. packed with ReproSil Pur C18 AQ 1.9 pm particles) in 0.1% formic acid and
then separated with an 80 min gradient from 5% to 40% Buffer B (90% ACN/10% water/
0.1% formic acid) at a flow rate of 300 nl/min. SRM acquisition was performed operating
Q1 and Q3 at 0.7 unit mass resolution. For each peptide the best 4 transitions were
monitored in a scheduled fashion with a retention time window of 4 min and a cycle time
fixed to 2 sec. Argon was used as the collision gas at a nominal pressure of 1.5 mTorr.
Collision energies were calculated by, CE =0.0348 * (m/z) + 0.4551 and CE=0.0271 *
(m/z) + 1.5910 (CE, collision energy and 17/z, mass to charge ratio) for doubly and triply
charged precursor ions, respectively. RF lens voltages were calculated by, #F=0.1088 *
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(m/z) +21.029 and RF=0.1157 * (m/z) + 0.1157 (RF, RF lens voltage and /77/z, mass to
charge ratio) for doubly and triply charged precursor ions, respectively. The resulting data
was analyzed with Skyline for identification and quantification of peptides (Maclean et al.,
2010). MSstats was used for statistical analysis (M. Choi et al., 2014). The resulting protein
interaction network was visualized using Cytoscape (Shannon et al., 2003) (see
QUANTIFICATION AND STATISTICAL ANALYSIS).

Protein expression and purification for in vitro ubiquitination assays.—For
experiments monitoring ubiquitination of A3G, all proteins except A3G were expressed in
E. coliBL21 (DES3) cells, grown at 37°C to optical density ~0.6, and induced overnight at
18°C with 1ImM IPTG. ARIH2 and UBE2L3 were expressed in a pGEX6p1 vector in E. coli
BL21 (DE3) as GST-3C fusion proteins, purified by GST affinity chromatography, ion
exchange chromatography, cleaved overnight at 4°C with 3C protease, purified by size
exclusion chromatography, and stored in 25mM Hepes pH8, 200mM NaCl, 1mM DTT. The
following proteins were purified as described previously: ARIH1 (Scott et al., 2016),
UBE2R1 (Jager et al., 2011b), S. pornbe Ubal (Olsen and Lima, 2013) and NEDD8ylated
Vif E3 (Jager et al., 2011b). C-terminal myc-tagged APOBEC3G was expressed in
baculovirus infected Sf9 cells and purified as described previously (Binning et al., 2018).

For experiments monitoring ubiquitination of CKB, ARIH2, UBE2L3, UBE2F, NEDDS8 E1
(APPBP1-UBAZ3), ubiquitin E1 (UBAL), NEDDS and fluorescently labeled ubiquitin were
prepared as previously described (Duda et al., 2013; D. T. Huang et al., 2009; Kelsall et al.,
2013; Scott et al., 2014; Walden et al., 2003a; 2003b). CKB, ARIH2 were expressed in
E.coliBL21 Gold (DE3) cells as either GST-Thrombin or GST-TEV fusion proteins. GST-
RBX2-CUL5 was expressed in insect cells. These proteins were purified from cell lysates by
glutathione affinity chromatography, and the GST was liberated by either TEV or thrombin
cleavage overnight at 4°C. Cleavage products were further purified by ion exchange and
ultimately by size exclusion chromatography on a Superdex SD200 column in 25 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM DTT.

ASB9 with a TEV-cleavable C-terminal His-tag was coexpressed with ElonginB (residues
1-118) and ElonginC (residues 17-112) in £.coli BL21 Gold (DE3) cells. The complex was
purified from cell lysates by Ni affinity chromatography. Following overnight treatment with
TEV protease at 4°C, the complex was further purified by ion exchange and size exclusion
chromagraphy using a Superdex SD200 column, in 25 mM HEPES pH 7.5, 150 mM NacCl, 1
mM DTT.

The CUL5-RBX2 complex was neddylated by mixing 12 yM CUL5-RBX2, 1 uM UBEZ2F,
0.2 uM APPBP1-UBAS3, 25 pM NEDD8 in 25 mM HEPES pH 7.5, 150 mM NaCl, 10 mM
MgCl,, and 1 mM ATP. NEDDS8 was added and reactions proceeded for 8 min at room
temperature before quenching by adding 10 mM DTT. After microcentrifugation at 13K rpm
for 10 min, the NEDD8~CUL5-RBX2 was purified using a Superdex SD200 column, in 25
mM HEPES pH 7.5, 150 mM NaCl, 1 mM DTT.

In vitro ubiquitination assay.—Ubiquitination assays of A3G were performed at room
temperature (22°C) in 50mM Tris-HCI (pH 7.5), 50mM NacCl, and 2.5mM MgCl,.
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Ubiquitination reactions comprised the ubiquitin activating system, 1.2mM ATP, 45microM
wild type, K48R mutant, or methyl-ubiquitin (Boston Biochem), 1.2microM Ubal, 4.8uM
UBEZ2R1, 1.8uM UBEZ2L3, in addition to 300nM NEDD8ylated HIV-1 NL4-3 Vif E3,
300nM ARIH1 or ARIH2, and 1microM myc-tagged APOBEC3G, with a final reaction
volume of 10uL. Unless otherwise stated, reactions were quenched after 1 hour with 2xSDS
loading dye and boiling. Ubiquitinated A3G was detected using a monoclonal anti-c-myc
antibody (Sigma-Aldrich). Ubiquitination of CKB was performed in pulse-chase format.
Prior to the assay, E3 mixes were made by incubating NEDD8~CUL5-RBX2, ARIH2,
and/or ASB9-ElonginB-ElonginC on ice for 30 min in 25 mM Tris pH 7.5, 50mM NaCl.
The thioester-linked UBCH7~UB intermediate was generated by incubating 10 uyM UBCH?7,
15 uM fluorescently labeled UB, 400 nM UBA1 in 50mM HEPES, 100mM NaCl, 2.5mM
MgCl,, ImM ATP, pH 7 for 15 min at room temperature. This reaction was quenched by
diluting the UBCH7~UB thioester conjugate to 0.6 uM in 50 mM Tris, 50 mM NacCl, 50
mM EDTA, 0.5 mg/ml BSA, pH 7.5 on ice. The chase reaction was performed by combining
E3 mixes, UBCH7~UB, and/or CKB at final concentraions of 0.5 pM E3s, 0.3 uM, and 2
UM, respectively. Aliquots were terminated at indicated times with 2X SDS-PAGE sample
buffer. Reaction products were separated on 4%-12% NuPAGE gels (Invitrogen) and
visualized by scanning on a Typhoon imager (GE).

Detection of ubiquitination sites on A3G.—/n vitro ubiquitination reaction for
APOBEC3G was performed in the presence of ARIH2 and its E2 ligase UBE2L3 (see /n
vitro ubiquitination assays). For MS analysis the result of the reaction was reduced with 1
mM DTT at 37°C for 30 minutes followed by alkylation with 3 mM iodoacetamide for 45
minutes at room temperature, which was quenched by addition of 3 mM DTT for 15 min.
The sample was digested with sequencing grade modified trypsin (Promega) overnight at
37°C. The resulting peptides were cleaned up for MS analysis using Ultra Micro Spin C18
columns (The Nest Group). The final peptide sample was suspended in 20 pl 0.1% formic
acid. The sample was analyzed by MS as described in “Shotgun mass spectrometric data
acquisition” and data analysis for identification of ubiquitination sites was performed using
Maxquant as described in “Protein identification and quantification from shotgun
proteomics” with addition of the di-Glycine variable modification on Lysine.

CRISPR-Cas9 mediated knockout in primary CD4+ T cells.—Electroporation was
performed using the Amaxa P3 Primary Cell 96-well Nucleofector kit and 4D-Nucleofecter
(Lonza). Recombinant S. pyogenes Cas9 protein used in this study contains two nuclear
localization signal (NLS) peptides that facilitate transport across the nuclear membrane. The
protein was expressed and purified as described (Anders and Jinek, 2014) and obtained from
the QB3 Macrolab, University of California, Berkeley. Purified Cas9 protein was stored in
20 mM HEPES at pH 7.5 plus 150mM potassium chloride, 10% glycerol, and 1mM tris(2-
carboxyethyl)phosphine (TCEP) at —80°C. crRNA for each gene were designed by
Dharmacon. Each crRNA and the tracrRNA were chemically synthesized (Dharmacon) and
suspended in 10mM Tris-HCI pH 7.4 to generate 160uM RNA stocks. Cas9 RNPs were
prepared fresh for each experiment. crRNA and tracrRNA were first mixed 1:1 and
incubated 30 minutes at 37°C to generate 80uM crRNA:tracrRNA duplexes. An equal
volume of 40uM S. pyogenes Cas9-NLS was slowly added to the crRNA:tracrRNA and
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incubated for 15 minutes at 37°C to generate 20uM Cas9 RNPs. For each reaction, roughly
1x1075 stimulated T cells were pelleted and suspended in 20uL P3 buffer. 4pl 20uM Cas9
RNP mix was added directly to these cells and the entire volume transferred to the 96-well
reaction cuvette. Cells were electroporated using program EH-115 on the Amaxa 4D-
Nucleofector (Lonza). 80uL pre-warmed complete RPMI was added to each well and the
cells were allowed to recover for 30 minutes at 37°C. Cells were then re-stimulated using
CD2/CD3/CD28 flow cytometry-compatible stimulation beads (Miltenyi Biotec, Auburn,
CA, USA) in complete RPMI supplemented with 80 U/mL IL-2-IS (Miltenyi Biotec) and
cultured in 96-well V-bottom dishes. All subsequent culturing of primary CD4+ T cells was
performed in complete RPMI with 80 U/mL IL-2-1S. Two days post-electroporation media
was changed on the cells, and four days post-electroporation cells were split by replica
plating into three identical 96-well dishes. Seven days post-electroporation two plates were
washed in PBS and banked for genomic DNA purification and western blot analysis
respectively, and the third plate was used for low MOI HIV infection.

Low MOI HIV Infection of primary CD4+ T cells and FACS analysis.—Cells were
replica plated in technical triplicate in U-bottom 96-well plates, and sufficient HIV NL4-3
Nef-IRES-GFP AS1 reporter virus (Schindler et al., 2003) was added to produce 0.5-2%
infection in the first round of infection (according to titration data generated in previous
donors) along with sufficient supplemented RPMI + 80 U/mL IL-2 to bring the total volume
to 200pL per well. 3, 5, and 7 days post-infection, 100uL of cells were moved to a separate
96-well plate and fixed in 70uL of 4% formaldehyde. After collection of each time-point,
fresh media was added to top-up media to 200uL. Flow cytometry was performed on a
Becton Dickinson FACSCanto Il (BD Biosciences) through the UCSF Laboratory for Cell
Analysis. Analysis of flow cytometry data was performed using FlowJo flow cytometry
analysis software (version 10.3.0). Quantification was done by first gating the live cell
population, followed by gating on the GFP* cells.

Packaging assay and infectivity measurements.—Vif-deficient (AVif) HIV-1 NL4-3
was generated using site-directed mutagenesis to delete the start codon and replace Vif’s
Lys22 and Arg23 with stop codons (Stanley et al., 2012). All Vif mutations maintain
identical coding sequence for overlapping Pol open reading frame. HEK293T cells were
transfected with Vif-proficient and AVif containing HIV-1 NL4-3 proviral expression
constructs (1000ng) (Mulder et al., 2010), HA-tagged A3G (100ng), and 2xStrep-3xFlag-
tagged ARIH2 (3 and 9 ng) using TransIT-293 transfection reagent (Mirus). After 48h, viral
particles were harvested and their titers were determined on CEM-Gfp reporter cells
(Gervaix et al., 1997). Cell and viral-particle lysates were prepared for immunoblotting
using the following antibodies: anti-vif, anti-GAPDH, anti-ARIH2 (detection of endogenous
and co-transfected ARIH2) and anti-p24. HIV-infected CEM-Gfp cells were harvested after
72h and prepared for flow cytometry by fixation in 1% paraformaldehyde-1xPBS. Gfp
fluorescence was measured on an Attune NXT flow cytometer (Thermo Fisher Scientific).
All data were analyzed using FlowJo flow cytometry analysis software (version 10.3.0).
Quantification was done by first gating the live cell population, followed by gating on the
Gfp* cells. P-values were calculated using t test statistics implemented in Prism 7.
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CompPASS Interaction Proteomics for ARIH2.—Interaction proteomics using the
CompPASS platform was performed as described (Sowa et al., 2009) with modifications.
Briefly, 293T Flp-In or 293T cells containing N-terminally FLAG-HA tagged ARIH2
C310S were induced for 24 hours with 0.5 pg/mL DOX. Cells were lysed in 50mM Tris pH
7.5, 150 mM NacCl, 0.5% NP40 with protease inhibitors to generate whole cell lysates.
Clarified lysates were filtered through 0.45 pm filters and immunoprecipitated with 30 pL
anti-FLAG magnetic beads per replicate (Sigma-Aldrich). Complexes were washed 4x with
lysis buffer and 2x with PBS and eluted with FLAG peptide at room temperature. Elutions
were subjected to disulfide bond reduction using DTT and alkylation with iodoacetamide
followed by TCA precipitation. TCA-precipitated proteins were trypsinzed, purified with
Empore C18 extraction media (3M) and analyzed via LC-MS/MS with a LTQ-Velos linear
ion trap mass spectrometer (Thermo) with an 18 cm3 125 um (ID) C18 column and a 50 min
8%—26% acetonitrile gradient. Complexes were analyzed twice by LC-MS to generate
technical duplicates. Spectra were searched with Sequest against a target-decoy human
tryptic UNIPROT-based peptide database, and these results were loaded into the
Comparative Proteomics Analysis Software Suite (CompPASS) (Sowa et al., 2009), to
identify high confidence candidate interacting proteins (HCIPs). Individual experiments
were analyzed using a stats table derived from analogous AP-MS data for 41 unrelated
proteins to determine normalized weighted D-scores (NWD-score) and Z-scores based on
spectral counts. To identify bait-associated proteins, proteins were filtered at a 2% false
discovery rate for those with a NWD-score = 1.0 and a Z-score = 4.

QUANTIFICATION AND STATISTICAL ANALYSIS

Protein identification and quantification from shotgun proteomics.—The raw
data was analyzed using the MaxQuant algorithm (version 1.5.2.8) for the identification and
quantification of peptides and proteins (Cox and Mann, 2008). Data were searched against a
database containing SwissProt Human (downloaded 09/2017) sequences and HIV-1 NL4-3
sequences, concatenated to a decoy database where each sequence was randomized in order
to estimate the false discovery rate (FDR). Variable modifications were allowed for
methionine oxidation and protein N-terminus acetylation. A fixed modification was
indicated for cysteine carbamidomethylation. Full trypsin specificity was required. The first
search was performed with a mass accuracy of +/— 20 parts per million and the main search
was performed with a mass accuracy of +/— 4.5 parts per million. A maximum of 5
modifications and 2 missed cleavages were allowed per peptide. The maximum charge was
set to 7+. Individual peptide mass tolerances were allowed. For MS/MS matching, the mass
tolerance was set to 0.8 Da and the top 8 peaks per 100 Da were analyzed. MS/MS matching
was allowed for higher charge states, water and ammonia loss events. The data were filtered
to obtain a peptide, protein, and site-level false discovery rate of 0.01. The minimum peptide
length was 7 amino acids. Results were matched between runs with a time window of 2
minutes for biological replicates.

Scoring of specific interactors for CUL5, CBFR, and ELOB.—The following
experimental design was used for the AP-MS experiments: For all baits and controls we
prepared four biological replicates of each infection condition. Jurkat TRex parental cells
(not expressing any affinity tagged bait) were used as control condition and were processed
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and analyzed in parallel with the bait protein expressing cell lines in order to avoid batch
effects. Protein spectral counts were extracted from each AP sample and each biological
replicate. Finally, we use SAINTexpress (Significance Analysis of INTeractome) to compare
spectral counts for each bait AP sample and infection condition to the control AP sample
and to assign confidence scores to observed PPIs (H. Choi et al., 2011; 2012). Protein
spectral counts for each sample were calculated as the sum from the peptide spectral counts
for one protein in a given sample. To discriminate bona fide protein interactors of CULS5,
CBFR, and ELOB for each infection condition from the control, we set a FDR threshold of
0.15. To generate an overall list of candidate interactors for each bait, we combined the
proteins with an FDR below 0.15 for each infection condition. The candidates were
subsequently validated by targeted MS.

Protein quantification from targeted proteomics data.—SRM data was processed
using Skyline (Maclean et al., 2010). Protein significance analysis was performed using
MSstats (M. Choi et al., 2014). For defining specific interactors each protein was tested for
abundance differences in bait protein APs under different infection conditions compared to
control APs. Proteins with an adjusted P value < 0.05 and log2FC > 1 (in case of ELOB
log2FC > 3) were considered specific interactors. To determine Vif-dependent interactors of
CULS5, CBFR, and ELOB normalization across samples was conducted based on each bait
protein as global standard protein. Each protein was tested for abundance differences
comparing bait APs under HIV wt infection to HIV AVif infection. Proteins with an adjusted
P value < 0.05 and log2FC > 1 were considered significant. Model-based sample
quantification implemented in MSstats was used to calculate the intensity of each protein in
each biological sample and replicate combining all SRM transition intensities.

Gene Ontology analysis.—Gene ontology enrichment for biological function of CULS5,
CBFR, and ELOB interactors was performed using DAVID Bioinformatics Resources 6.8
(D. W. Huang et al., 2009a; 2009b).

DATA AND SOFTWARE AVAILABILITY

Shotgun proteomics data access.—RAW data and database search results have been
deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifier PXD009012 (Jones et al., 2006; Vizcaino et al., 2014). The data can be
accessed using this link: https://www.ebi.ac.uk/pride/archive/projects/PXD009012.

Targeted proteomics data access.—Raw data and SRM transition files can be
accessed, queried, and downloaded via Panorama (https://panoramaweb.org/) (Sharma et al.,
2014) using the following link https://panoramaweb.org/project/UCSF%20-%20Krogan
%20Lab/CRL5_HIV _interactome/begin.view?.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. Quantitative proteomics identifies the E3 ligase ARIH2 as part of
CULS5VIfICBFE complex

. CULSVIf/CBFE complex recruits ARIH2 to transfer ubiquitin directly to
APOBEC3

. ARIH2 acts in an E1-E2-E3/E3 cascade to target degradation of restriction
factor APOBEC3

. ARIH2 is essential for efficient HIV infection in primary T cells
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Figure 1. Approach for discovery and functional validation of host-pathogen interactions.
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(A) Schematic of Vif recruitment of CBFR to the CUL5 E3 ligase complex for ubiquitination

and degradation of APOBEC3G.

(B) Schematic of the approach for discovering host-pathogen interactions using quantitative
proteomics and functional validating the interactions by CRISPR-Cas9 based KO in primary

cells.
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Figure 2. CUL5-ELOB-CBFR protein interaction network in the context of HIV infection.
(A) Affinity purification coupled to mass spectrometry (AP-MS) workflow for discovering

Vif-dependent protein interactors of the CULS5 E3 ligase complex.

(B) Combined network of specific interactors for CUL5, CBFR and ELOB obtained from
infection with HIV wt and mock. Different colors and shapes of the nodes denote gene
ontology enriched biological processes for interacting proteins, different edge colors denote
condition in which the interaction has been observed (see legend).

See also Figure S1 and Table S1.
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Figure 3. Vif-dependent changes on the CUL5-ELOB-CBFR interaction network.
(A) Relative abundance comparison of all specific interactors for CUL5, CBFR, and ELOB,

respectively, under HIV wt and HIV AVif infection conditions shown as volcano plots.
\olcano plots describe the log2 fold change and —log10 p-value of each interactor
comparing HIV wt to AVif infection as determined by MSstats (M. Choi et al., 2014). The
dashed line represents a p-value cutoff of 0.05. Proteins indicated in red are significantly
upregulated enriched under HIV wt infection (p-value cutoff 0.05, n = 4), protein indicated
in black represent known bait interactors, while grey dots are all other interactors. Data has
been acquired by a targeted proteomics strategy.
(B) Hierarchical clustering for relative abundance comparison of interactors for CULS5,
CBFR, and ELOB, that showed a significant fold change comparing HIV wt and HIV AVif
infection (p-value cutoff 0.05) for at least one of the bait proteins. Besides known CUL5 and
CUL2 complex components as well as Vif and CBFR, two known Vif-dependent factors
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recruited to CULS5 complex, the analysis reveals five so far functionally uncharacterized Vif-
dependent interactors, namely ARIH1, ARIH2, AMBRA1, DCAF11, and ALIX.

(C) Protein abundances of selected Vif-dependent interactors across all baits and infection
conditions. Data from four independent experiments are presented as mean + SEM.

See also Table S2.
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Figure 4. ARIH2 knockout in primary T cells leads to a reduced HIV infection rate.
(A) Workflow for functional validation of CULS5 factors using CRISPR knockouts followed

by HIV infection in primary T cells, adapted from Hultquist et a/ (Hultquist et al., 2016).
(B) Relative HIV infection rate in primary T cells comparing CRISPR knockouts of selected
genes to non-targeting control (day 5 of spread infection, NT = non-targeting control). Each
gene was knocked out using 2-4 guide RNAs in 2-6 donors, infections for each donor and
knockout were performed in triplicates.
(C) Western blots confirming ARIH2 knockout for all four guide RNAs in primary T cells
from two donors and the corresponding HIV infection rate at day 5 of spread infection. For

Cell Host Microbe. Author manuscript; available in PMC 2020 July 10.

Page 32



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hittenhain et al.

Page 33

each donor spread HIV infections rate over seven days is shown for each ARIH2 guide RNA
compared to controls, non-targeting guide RNA and CXCR4 knockout (n = 3, data from
three replicate infections are presented as mean + SEM, NT = non-targeting control).

See also Figure S2.
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Figure 5. ARIH2 monoubiquitinates APOBEC3G to prime it for accelerated polyubiquitination
via CUL5VITICBFB i vitro.

(A) Schematic describing the /in vitro ubiquitination reaction.

(B) Immunoblot showing time course for APOBEC3G ubiquitination reactions in the
presence and absence of ARIH2/UBE2L3. In the presence of ARIH2 and UBE2L3,
formation of extensive ubiquitination chains on APOBEC3G via neddylated CUL5Vif/CBFG
(N8~CRL5VIfICBFBY js accelerated and enhanced compared to treatment with neddylated
CULS5VIT/CBFE and UBE2R1 alone.
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(C) Acceleration of APOBEC3G ubiquitination is specific for ARIH2 and cannot be
phenocopied by replacing ARIH2 with ARIH1 (Reaction 3).

(D) Acceleration of APOBEC3G ubiquitination is dependent on UBE2L 3.

(E) ARIH2 monoubiquitinates A3G at multiple sites to prime for CRL5VI'CBF® dependent
Ub chain extension. Immunaoblot showing APOBEC3G ubiquitination reactions in the
presence and absence of UBE2R1, ARIH2 and CUL5VIICBFR b K48R, Methyl-Ub or
wild-type Ub. Methyl-Ub (Reaction 4) and K48R-Ub (Reaction 5) recapitulate the pattern
observed for the reaction that focuses on ARIH2 activity on A3G ubiquitination (Reaction 3,
absence of UBE2R1).

(F) Ubiquitination sites on APOBEC3G derived from the /n vitro assay in the presence of
ARIH2 and UBE2L3 overlap with previously described APOBEC3G sites in cells (Albin et
al., 2013).

See also Figure S3.
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Figure 6. ARIH2 collaborates with CU L5VIfICBFR ¢o degrade APOBEC3G and enable HIV-1
infectivity.

(A) Schematic for APOBEC3G packaging assay. HEK293T parental and ARIH2 ko cells are
transfected either with Vif-proficient or AVif containing HIV-1 NL4-3 proviral expression
constructs, A3G, and ARIH2. After 48h, virus like particles (VLPs) are harvested and their
titers are determined on CEM-Gfp reporter cells. Cells and VVLPs are harvested and prepared
for immunoblotting. HIV-infected CEM-Gfp cells are harvested after 48h and analyzed by
flow cytometry to determine Gfp positive cells.
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(B) Infectivity of Vif-proficient and AVif HIV-1 produced using two different HEK293T-
ARIH2 KO cell lines as well as HEK293T parental cells transfected with proviral construct,
A3G, and ARIH2 as indicated (n = 3; data from three replicate infections are presented as
mean + SEM; * < 0.05, ** < 0.01, *** < 0.001). Immunablots are shown for the indicated
proteins in virus-producing cells and VLPs.
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NEDD8~CRLS5

& ® @ -

Figure 7. Model of how ARIH2 tag-teams with neddylated CRL5 complexes to ubiquitinate CRL
substrates.

(SR = substrate receptor)
See also Figure S4 and Table S3.
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