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Animals interact with microbes that affect their performance and
fitness, including endosymbionts that reside inside their cells.
Maternally transmitted Wolbachia bacteria are the most common
known endosymbionts, in large part because of their manipulation
of host reproduction. For example, many Wolbachia cause cytoplas-
mic incompatibility (Cl) that reduces host embryonic viability when
Wolbachia-modified sperm fertilize uninfected eggs. Operons
termed cifs control Cl, and a single factor (cifA) rescues it, providing
Wolbachia-infected females a fitness advantage. Despite Cl's prev-
alence in nature, theory indicates that natural selection does not act
to maintain Cl, which varies widely in strength. Here, we investigate
the genetic and functional basis of Cl-strength variation observed
among sister Wolbachia that infect Drosophila melanogaster sub-
group hosts. We cloned, Sanger sequenced, and expressed cif
repertoires from weak Cl-causing wYak in Drosophila yakuba,
revealing mutations suspected to weaken Cl relative to model
wMel in D. melanogaster. A single valine-to-leucine mutation
within the deubiquitylating (DUB) domain of the wYak cifB homolog
(cidB) ablates a Cl-like phenotype in yeast. The same mutation re-
duces both DUB efficiency in vitro and transgenic Cl strength in the
fly, each by about twofold. Our results map hypomorphic trans-
genic Cl to reduced DUB activity and indicate that deubiquitylation
is central to Cl induction in cid systems. We also characterize
effects of other genetic variation distinguishing wMel-like cifs.
Importantly, Cl strength determines Wolbachia prevalence in natural
systems and directly influences the efficacy of Wolbachia biocontrol
strategies in transinfected mosquito systems. These approaches rely
on strong Cl to reduce human disease.
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any endosymbionts spread through host populations by

manipulating their reproduction. For example, Rickettsiella
(1), Mesenet (2), Cardinium (3), and Wolbachia (4) all cause
cytoplasmic incompatibility (CI) that reduces the viability of
uninfected host embryos fertilized by symbiont-modified sperm
(5-8). CI is common among Wolbachia bacterial strains, being
observed in at least 10 arthropod orders (6). CI strength influ-
ences Wolbachia prevalence, with stronger CI producing higher
Wolbachia infection frequencies in host populations (8, 9). In-
deed, CI contributes significantly to Wolbachia’s status as the
most-common known endosymbionts in nature (10).

CI strength directly influences the efficacy of Wolbachia bio-
control programs, with vector-control groups relying on strong CI
to either suppress mosquito populations (11, 12) or to transform
them with pathogen-blocking Wolbachia like wMel that naturally
infects Drosophila melanogaster (13-15). The World Health Or-
ganization recommends further developing these programs (16),
which are currently protecting seven million people from disease
with a goal of protecting half a billion by 2030 (14, 17).

Operons generally termed cifs control CI (cifA/B) (5, 18-22),
and CI induction can be rescued by one factor (cif4) (5, 19, 23).
Theory indicates that natural selection does not act to increase
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or maintain CI (24), which varies considerably among even very
closely related Wolbachia (25-27), potentially due to mutational
erosion of cifs (28). For example, CI strength differs significantly
among model wMel from Drosophila melanogaster and closely
related wMel-like Wolbachia in the Drosophila yakuba clade
(wYak, wSan, and wTei) that wMel diverged from in only the last
30,000y (25, 27, 29, 30). We sought to determine how much and
why naturally observed mutations in wMel-like cifs influence
CI strength.

Results

We cloned and Sanger sequenced the two divergent cif operons
observed in wYak that infects D. yakuba in triplicate, confirming
prior reports (29). Specifically, wYak has two pairs of cif loci: a
Type 1 pair with a deubiquitylase (DUB) domain (cid"¥*) that is
homologous to cid*® and a Type 4 pair with nuclease domains
(cin™¥*%) that is homologous to cin™? in wPip that infects Culex
pipiens (29).

In search of sequence variation that differentiates wMel-like cifs,
we aligned cid"¥ to cid*™*' and cin"*** to cin*"” (Fig. 14) (29). In
total, six coding permutations differentiate cid"* from cid"",
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includin% five nonsynonymous mutations (one in cid4"** and four
in cidB"¥**) and an inversion at a CACG palindrome on the 5’ end
of cidB"¥** that truncates CidB"Y** (I Appendi, Fig. S1). Two of
the nonsynonymous mutations in cidB""* fall within the DUB
domain known to be catalytically active for CidB*™*' (V875L, va-
line to leucine; H970Y, histidine to tyrosine) (19). cin*** was
differentiated from cin”"” by 16 coding permutations, including 15
nonsynonymous mutations (five in cind"** and 10 in cinB""*)
and a tandem duplication resulting in a frameshift and premature
stop codon splitting CinB"¥* into two parts (Fig. 1B). No muta-
tions fell within the tandem nuclease domains (Nuc) known to be
catalytically active for CinB"F"P (31). For both CifB*Y** copies,
upstream methionines possibly initiate translation of N-terminally
truncated CifB proteins.

We propose that naturally observed cif sequence variation,
particularly in functional domains, contributes to Cl-strength
variation. To test this hypothesis, we first screened the effects
of natural wYak cif mutations on a CI model in yeast (SI Ap-
pendix, Fig. S2). In this model, CifB proteins induce yeast tox-
icity, and CifA coexpression rescues it (19, 31, 32). Since catalytic
inactive DUB mutants are unable to induce CI, we focused on
wYak cif mutations found in the DUB domain (19). We also
hypothesized that N-terminal truncations weaken CI, because
this pattern is observed recurrently in putatively pseudogenized
cifB genes (33, 34). In yeast serial dilutions, the wYak V875L
(V-L) DUB mutation and a AM1-C98 N-terminal deletion
(NTA) independently eliminated CidB-induced toxicity, while
the H970Y (H-Y) DUB mutation did not differ from the CidB
control (Fig. 1C) (phenotypic ablation can be attributed to re-
duced CidB deubiquitylation). For Cin, wild-type CinB"Y** and
an AM1-K126 N-terminal deletion (NTA) lacked CinB-induced
toxicity (Fig. 1D and SI Appendix, Fig. S3). We conclude that
wMel-like cif functions are disrupted by natural mutations in
their functional domains and through truncation of N termini
(NTA) of their CifB proteins. These variants observed in wYak
cifs represent candidate mutations for involvement in CI strength
variation.
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Fig. 1.

To test the hypothesis that l\gV-L) and (NTA) mutations ob-
served in Cid"Y** reduce Cid"™¢' CI strength, we next expressed
transgenes in Wolbachia-free D. melanogaster males using the
GALA4/UAS system (Fig. 24). When driving transgenes with the
nanos-GAL4-tubulin (NGT) driver in males (18, 32, 35), the
Cid"M¢! construct causes strong transgenic CI (hatch rate =
44% + 16% SD, n = 26), measured as the percent of embryos
that hatch from a mating pair’s clutch, relative to the hatch
produced by uninfected controls (hatch rate = 97% + 3% SD,
n = 29) (Fig. 2B). As predicted, introducing the (V-L) mutation
into Cid*™*! disrupts CI (hatch rate = 77% + 10% SD, n = 36),
reducing CI strength by an average of 2.6-fold (95% CI = 1.8- to
4.9-fold). This further suggests the DUB contributes to CI in-
duction, as predicted (19). A maternal-cytoplasmic wMel infec-
tion fully rescues both Cid"™' (99% + 2% SD, n = 30) and
weakened Cid*™M</(V-L) CI (98% + 3% SD, n = 32) (Fig. 2B).
The Cid"M/(NTA) construct does not cause CI (hatch rate =
95% + 7% SD, n = 31), indicating that the N terminus of CidB is
also essential for CI. While wYak causes sporadic and weak CI in
D. yakuba (27), neither the Cid"¥** (97% =+ 5% SD, n = 36) nor
the Cin"Y** (97% + 5% SD, n = 36) complete constructs induce
CI with the weak NGT driver (Fig. 2B). Therefore, we increased
transgenic expression using the stronger Maternal Triple Driver
(MTD) driver (21, 36) and repeated all crosses (Fig. 2C).

Boosted Cid"™¢' and Cid"M®/(V-L) expression yielded hatch
rates near zero, demonstrating that hypomorphic CI produced by
Cid"™°(V-L) under the NGT driver increases to Cid*M¢! in-
tensity if sufficiently overexpressed (Fig. 2C). This is in contrast
to the (NTA) mutant, in which CI is ablated even under boosted
expression. These results suggest the (V-L) variant is a true
enzymatic hypomorph. )

Under similar conditions, our positive Cin control (Cin""'P)
induces weak CI, whereas neither Cid"¥** nor Cin"”¥** complete
constructs produce a phenotype. In addition, under the boosted
driver, both transgenic phenotypes from Cid"™<' and Cid"M*'(V-L)
are fully rescued by crossintho a maternal (cytoplasmic) wMel in-
fection. Notably, while Cid"” 3 cannot induce CI, when expressed
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Analysis of mutations in yeast model. Analysis of cif permutations in wYak, wMel, and wPip. Amino acid differences between homologs are high-

lighted with red dots for (A) Cid"™®' versus Cid"”"?* and (B) Cin""P versus Cin"'Y2*, CidB"Y2* contains two mutations within the DUB domain and a large
inversion. CinB“Y2* contains a tandem duplication yielding a frameshift and premature stop codon but no mutations in the nuclease (Nuc) domains (C). Serial
dilutions of yeast-expressing constructs with analog mutations for cid (C) and cin (D). For cid, we express cidB""? as in previous studies (19), since it produces a
strong Cl-like phenotype. Introducing (V-L) and (NTA) individually reduces yeast toxicity relative to wild-type control, cidB""P. cidB"*P(C-A) is a catalytic
inactive negative control. CEN-vector is an empty pRS416gal1 negative control. For cin, (NTA) beginning after the tandem duplication and the wild-type
sequence containing the tandem duplication reduces yeast death relative to wild-type control, cinB""P. (NTA) and (NTA)° contain native sequence or codon
optimized sequence, respectively. 2p-vector is an empty pYes2 negative control.
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Fig. 2. Analysis of mutations in a D. melanogaster model. (A) Design of transgene constructs. T2A is a viral sequence causing translation of two proteins. Red
dots indicate amino acid changes. (M99) and (M127) label start codons after NTA. 1) positive Cl control - the cid™e' backbone. 2) cid”Me’ (v-L) point mutant. 3)
cid“™e! (NTA) starting at M99. 4) cid”"?* analog, in effect, wYak wild-type. 5) positive Cl control, the cin*”P backbone. 6) cin**? analog, in effect, wYak wild-
type. 7) pUASp-attb insertion vector. (B) Transgenic Cl with the weak NGT driver. Males expressing cid”"¢ cause strong Cl relative to uninfected (U). Males
expressing cid"“Me/(v-L) cause hypomorphic Cl. wMel cytoplasmic infection rescues Cl from males expressing cid”™®’ or cid”™e/(v-L). (C) Cl analysis with boosted
expression using an MTD driver. Males expressing cid"*™¢ or cid"”Me/(V-L) cause strong Cl that cytoplasmic wMel infections in females fully rescue. Males
expressing cin""P cause weak Cl. (D) Transgenic rescue. wMel cytoplasmic infection in males causes strong Cl. wMel cytoplasmic infection in females rescues
wMel-induced Cl. Expression of operons cid”™e’ or cid”Y? in females fully rescues wMel-induced Cl. Raw hatch rates are plotted over means and SDs. (*) is
P < 107%, and (ns) is not significant. P values for B and C are calculated from one-tailed Wilcoxon tests with Bonferroni correction for multiple comparisons,
while P values for D are calculated by a Kruskal-Wallis analysis with Dunn’s multiple comparison test.

in females, it fully rescues strong CI induced by a cytoplasmic wMel
infection in young males (Fig. 2D). This agrees with theory and
past results that indicate that selection does not act to maintain
CI induction but does act to preserve rescue functions (24,
33, 34).

We hypothesized that variation in CI strength results from
mutational effects on CidB’s DUB domain. To test this, we made
His6-tagged recombinant-protein expression constructs to purify
truncated CidB"™*' DUB domains. These were then compared
with constructs bearing amino acid substitutions found in wYak
(H-Y; and V-L; in addition to a catalytic mutant C-A). DUBs
were purified by affinity chromatography, quantified by densi-
tometry, and subjected to downstream deubiquitylation kinetics
assays (Fig. 3). Previous reports suggest that CidB preferentially
cleaves lysine-63 (K63)-linked di-Ubiquitin as opposed to lysine-
48 (K48) (19).

Initial tests showed decreased deubiquitylation from the
CidB*™¢(V-L) when compared to CidB*™ and CidB"™</(H-Y)
(Fig. 34). We then repeated the tests with K48 linked di-
Ubiquitin and poly-Ubiquitin substrates and observed the same
patterns, though to a lesser degree (Fig. 3B and SI Appendix, Fig.
S4). The K48 substrate data were more variable, and the diver-
gences were not as strong compared to K63. Therefore, we
quantified the hypomorphic activity of CidB"™¢(V-L) using
timed 5-min digests of both K63 and K48 linked di-Ubiquitin in
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conjunction with Michaelis-Mentin kinetics to measure the
precise reduction in enzyme efficiency 1\SFig. 3 C-E). The (V-L)
point mutation strongly reduces CidB*™¢' ability to bind to K63
(Fig. 3E), while the ability to bind to K48 is almost unchanged
(minimal ratio change in KM, refer to value 1.1 in Fig. 3E).
Similarly, the ability to cut K63 is more strongly impaired than
the ability to cut K48 (comparing ratio changes in kcat values,
refer to values 8.3 versus 1.6 in Fig. 3E). Overall, CidB*™/(V-L)’s
enzyme efficiency is reduced 2.4-fold for the K63 substrate and
1.4-fold for K48. This indicates that CI is likely induced by
an interaction involving K63 Ubiquitin linkages, because the
CidB"M¢!(V-L) mutant also reduced transgenic CI penetrance.
These data support a previous hypothesis that CI is induced by
cleavage of K63-linked chains from an unknown substrate,
perhaps P32 or Karyopherin-a (19, 32).

Discussion

In summary, while we do not know the order in which mutations
distinguishing wMel-like cifs occurred, the wYak cid mutations
that we predict to influence CI strength do, with one (V-L) re-
ducing CidB"™¢!' CI strength by an average of 2.6-fold and an
N-terminal truncation ablating CidB"™*' CI by a yet unknown
mechanism. Parallel reduction in DUB activity on K63 by an
average of 2.4-fold directly correlates CI induction to DUB
function. These reductions cannot easily be explained away by
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Fig. 3. Ubiquitin cleavage assays with CidB"M* variants. CidB"*M®' proteins are truncated to the DUB domain (residues H717 through R1128). (V-L) and (H-Y) are
substitutions found in CidB""3*, (C-A) is catalytic mutant negative control. Silver-stained SDS-PAGE analysis of 1-h digests with K63-linked di-Ubiquitin (Ub,) (A)

and K48 linked Ub;, (B). The (V-L) mutant has reduced DUB activity compared

to wild-type (WT). Markers are kDa. Michaelis—-Mentin graphs showing reaction

velocity versus substrate concentration from timed 5-min digests for K63 (C) and K48 (D). (V-L) reaction velocities are reduced compared to WT. At substrate
concentrations of 2 uM, the difference is statistically significant (P = 0.008, unpaired t test with Welch’s correction). (E) Quantification of kinetic parameters for WT
and (V-L) enzymes. Enzyme efficiency (kcat/KM) of (V-L) mutants are reduced 2.4-fold and 1.4-fold from the WT for K63 and K48, respectively.

reduced transgene expression or protein instability (SI Appendix,
Figs. S5 and S6). The valine-to-leucine mutation is conservative,
differing by only a single carbon. It is unlikely that the extra
carbon unfolds CidB’s tertiary structure or causes significant
instability. However, structural analysis will be needed to
explore this.

Since wYak causes sporadic and weak CI (27) and because
complete Cid”¥*™* and Cin”Y*™* did not individually induce CI
here, our data suggest three possible hypotheses for the existence
of relatively weak wYak CI: these operons interact to produce
weak CI (20), expression from native Wolbachia contributes to

40f7 | PNAS
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and/or modulates cif-induced CI, and/or host genomes modulate
CI strength (32, 37, 38), a pattern documented in natural D.
yakuba clade crosses (27). Regardless, we predict that DUB
contributions are significant, and our results demonstrate how
single mutations may directly weaken CI through their effects on
DUB enzymatic activity. Importantly, our discovery of a hypo-
morphic mutation that preferentially cleaves different Ubiquitin
linkages will help identify the penultimate target of CI.

On what timescale is CI disrupted? Disruptions of cifB are
prevalent within published genomes and appear to underlie a
common process of pseudogenization (34), leading terminally
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toward rescue-only phenotypes as predicted by theory (24). This
process appears to be concurrently playing out in wRi, wYak,
and wMau. In these systems, wRi is an early stage example, still
bearing strong CI (with 2/3 cifs putatively pseudogenized) (18,
20, 22, 34, 39); wYak is at an intermediate stage, with both cifs
putatively pseudogenized (29), yet still capable of weak and
sporadic CI (27); and wMau is at a terminal stage, retaining only
rescue functions with cifB fully psuedogenized in the last few
hundred thousand years (33). Our results demonstrate that in-
dividual mutations in cifs can influence the strength of CI caused
by wMel-like Wolbachia that diverged in the last 30,000 y. Ad-
ditional sampling of closely related Wolbachia that differ in CI
phenotype is needed to better understand the timing of cif
degradation, which is clearly relevant for Wolbachia biocontrol
strategies in mosquito systems (11, 13, 40, 41).

Despite weak purifying selection, CI is incredibly common in
nature (6). This motivates additional analyses of cif function,
unrelated to CI, that might lead to selection pressures that in-
directly preserve CI. The prevalence of Cl-inducing strains in
nature also provides the opportunity for them to move hori-
zontally among host species (42), as demonstrated for wMel-like
and wRi-like Wolbachia (26, 29, 43). As previously noted (34),
such clade selection may also act on cif genes themselves, which
are associated with mobile elements that mediate horizontal cif
transfer among divergent genomes (18, 29, 44). Indeed, theo-
retical analysis supports the plausibility of this process of clade
selection on Wolbachia and cifs to explain the contradiction of
pervasive CI in nature and cif degradation.

Materials and Methods

DNA Manipulation. Because Wolbachia cifs are prophage associated and
typically flanked by transposable elements (18, 19, 29, 34), reliably assem-
bling these fragmented and repetitive regions is improved with direct
cloning (29, 34). To clone and sequence the native cif repertoire of wYak, we
extracted genomic DNA from infected D. yakuba. DNA extraction was per-
formed exactly as reported prior (19). In brief, we used a modified organic
DNA extraction. A total 10 flies were placed in a tube with 200 pL lysis
buffer-A (2% Triton X-100, 1% sodium dodecyl sulphate (SDS), 100 mM NacCl,
10mM Tris pH 8.0, and 1 mM ethylenediaminetetraacetic acid), 200 pL
Phenol: Chloroform: Isoamyl alcohol (25:24:1), and ~200 pL volume of acid-
washed glass beads. Flies were homogenized by glass bead disruption in a
Bead Ruptor Elite (OMNI International) for four cycles of 20 s on/ 20 s off.
While on ice, 200 uL of dH,0 was added to the mixture. Insoluble content
was pelleted in a microcentrifuge at 13,000 rom. DNA within the top
aqueous phase (400 pL) was transferred into a fresh tube. DNA was pre-
cipitated by ethanol precipitation overnight at —20 °C after the addition of
800 pL (2 volumes) of 100% ethanol and 120 pL (= 10% total volume) 3M
Sodium Acetate pH 5.4. Precipitate was pelleted, washed in 1 mL 70% ethanol,
dried, then resuspended in 1 mL water; native cif operons were cloned by
PCR using Phusion polymerase (New England Biolabs) into various yeast,
Eshchericha coli, and Drosophila plasmids/vectors (for specifics, refer to
construct and primer databases in Datasets S1 and S2). In general, various
PCR amplicons produced throughout the study are visualized using 0.8 to
2% agarose gels with ethidium bromide. Mutants were made using site-
directed mutagenesis or site-directed, ligase-independent mutagenesis
(SLIM) as described previously (31, 32, 45). All construct inserts and variants
were fully Sanger-sequenced to confirm DNA fidelity. Final plasmid con-
structs are transformed into Top10F' E. coli by standard chemical trans-
formation and stored in glycerol stocks at —80 °C.

Yeast. We closely follow previous reports (19, 31, 32). Yeast strain W303-1a
was used for all serial dilutions. Yeast were transformed using a standard
Lithium acetate protocol (46). Wolbachia cifs were expressed under control
of the GALT promoter in which an alternate sugar source induces expression
(2% galactose) or represses expression (2% glucose). In our hands, CidB"PiP
has most consistently produced robust phenotypes in yeast. Because the
mutated residues tested are conserved between CidB"*® and CidB*M¢!, we
opted to use the CidB“FP as the most adept model. Yeast plasmid backbones
were pRS416GAL1 (a low-copy centromeric [CEN] plasmid with URA3 selec-
tion) (47) and pYes2 (a high-copy 2u plasmid with URA3 selection). Fivefold
serial dilutions from a starting concentration of 0.1 optical density (ODggo)
were described previously (19). Experiments used solid, minimal, synthetic-
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defined media lacking uracil. Plates were placed at 34 to 35 °C for 3 d. All
yeast serial dilutions show images representative of biological triplicate
experiments.

Flies. All lines were maintained on a 12:12 light:dark cycle at 23 °Con 10 mL of
a standard media in vials. A previously described uninfected D. melanogaster
stock WCS was used as our focal uninfected background (189) (19). A
matching corresponding infected line was prior generated by crossing native
wMel Wolbachia into the uninfected line (male *CS X female wMel-infected
line) then backcrossing infected females into “'CS males for greater than five
generations (189wMel) (32). Our transgenic operon flies use the T2A peptide
to cause translation of two protein products (19, 31, 32, 48). Backbone
transgenic T2A operons from cid"“™e!, cin"P, cid”¥?k, and cin""* were
codon-optimized and synthesized by Genscript. The cid”™®' and cin""P
constructs were previously characterized and used as positive control back-
bones (31, 32). Mutants cid"*™¢/(V-L) and cid”M¢/(NTA) were generated from
synthesized backbones by subsequent site-directed mutagenesis and SLIM
reactions. All fly construct inserts were subcloned into pUASp-attb®® vector
(Fig. 2A) and validated by Sanger-sequencing. UAS transgenes were inserted
via ®C31 integrase into D.mel (BDSC 9744) on chromosome 3 (BestGene Inc.).
Homozygous transgenic lines were confirmed by miniwhite selection (red
eye phenotype). Two Gal4 lines were used to drive expression of transgenes:
NGT (BDSC 4442) and MTD (BDSC 3777). FO crosses were set up in vials with
10 mL of standard food and kept at 23 °C to generate flies for gene ex-
pression analysis and to be used as parents in F1 crosses for hatch rate assays.
Multiple FO crosses of Uninfected (189) or Infected (189wMel) females with
GAL4 males produced our focal Uninfected (189/GAL4) or Infected
(189wMel/GAL4) flies. At the same time, FO crosses of GAL4 females with
UAS males produced transgene-expressing (GAL4/UAS) flies.

Hatch Rate. All FO progeny were collected as virgins and aged to 4 to 5 d-old
(except for Infected males used in the experiment for Fig. 2, which were only
aged 18 to 24 h to ensure strong wMel Cl). Age controlled GAL4/UAS flies
were paired with either Infected (189wMel/GAL4) or Uninfected (189/GAL4)
flies in vials containing spoons with cornmeal media and yeast paste. After
24 h, pairs were transferred to new spoons, and this process was repeated
for up to 5 d. After flies were removed, embryos on each spoon were given
25 h at 23 °C to hatch. The hatch rate is the percentage of embryos that
hatched into larvae. Only pairings that produced at least 15 eggs/day were
included in analysis. To test for Cl and Rescue in Fig. 2 B and C, we used one-
tailed Wilcoxon tests with Bonferroni correction for multiple comparisons to
compare egg hatch of all potential Cl-causing crosses to a focal cross. To test
for Cl and Rescue in Fig. 2D, a Kruskal-Wallis analysis followed by a Dunn'’s
multiple comparison test is used. All experiments were carried out at 23 °C
with a 12 light:12 dark photoperiod.

RNA Analysis. To assay transgenic RNA expression levels under the various
GAL4 drivers, transgene-expressing flies (that were siblings to those used in
hatch rate assays) were collected. For each line, for each sex, eight samples
of five abdomens were collected on the day that siblings were ovipositing
for hatch rate assays. Abdomens were dissected in ice-cold phosphate-
buffered saline and transferred to a nuclease-free 2.0-mL tube containing
one 5-mm steel bead chilled in a dry ice/acetone bath. After five abdomens
are added to a given tube, it is flash-frozen in liquid nitrogen and stored
at —80 °C. Tissues were lysed by two cycles in a Tissue Lyser for 2 min at 25 Hz
after adding 350 pL of TRIzol. RNA was then extracted from supernatant
using the Direct-zol RNA MiniPrep Kit (Zymo) following the manufactures
protocol without the on-column DNase step and eluting RNA in 35 pL of
nuclease-free water. Copurifying DNA was degraded using the DNA-free kit
(Ambion, Life Technologies). As a quality control for RNA, 2 pL is diluted 1:5,
and this 10 pL RNA dilution is checked using the high sensitivity (HS) RNA kit
(Qubit). DNA absence is further confirmed with a 285 PCR using GoTaq 2X
Mastermix, and thermocycling conditions are the following: one cycle of
94 °C for 2 min, followed by 35 cycles of 94 °C for 30 s, 50 °C for 30 s, and
72 °C for 1 min, and one final cycle of 72 °C for 5 min. For qRT-PCR, RNA was
diluted to 31.25 ng/uL, and 500 ng of total RNA was reverse-transcribed to
complementary DNA with the SuperScript IV VILO Mastermix (Invitrogen).
qPCR was performed on a Bio-Rad CFX-96 Real-Time System in triplicate
using PowerUp SYBR Master Mix (Bio-Rad). Each transgene was compared to
Drosophila host gene rp49. For details on primers, refer to Dataset S2. Fold
expression of transgenes relative to rp49 was determined with 224, Each
expression study was conducted once.

Cobalt Affinity Protein Purification. A high-expressing truncated DUB domain
from CidB"™¢' corresponding to residues H717 through R1128 of native
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sequence was cloned from genomic DNA into the pBadA (arabinose inducible,
ampicillin selection) E.coli expression plasmid. A start codon and N-terminal
His6 tag were inserted upstream (construct Cu31). Various mutants were built
by site-directed mutagenesis off this plasmid backbone including (C-A), (V-L),
and (H-Y). Plasmids were transformed by electroporation (Eporator, Eppen-
dorf) into the arabinose-compatible expression strain BL21-Al (Thermo Fisher).
For expression, a starter culture was inoculated into 8 L lysogeny broth (LB)
ampicillin and shook at 37 °C. Cultures were induced at ODgg 0.5 by addition
of arabinose to final concentration of 0.02%. Temperature was then shifted to
18 °C, and cultures were shook all night long. Cultures were pelleted by cen-
trifugation in a Sorval RC5B plus floor centrifuge using a SLA-3000 rotor at
16,9000 g for 10 mins. Cell pellets were placed on ice and resuspended in 5 mL
binding wash buffer (50 mM sodium phosphate pH 8.0, 300 mM sodium
chloride, 0.01% tween-20, and 10 mM Imidazole). To assist lysis, samples were
incubated on ice with a pinch of egg white lysozyme (VWR) for 30 min.
Samples were then passed twice through French press then centrifuged at
~5,000 G for 6 h in a Heraeus Multifuge x1R (Thermo Scientific) at 4 °C.
Supernatants with soluble protein extracts were then passed twice through
0.45-um syringe filters (Acrodisc, Pall) and transferred into a 15-mL conical tube
with 2 mL HisPur cobalt beads (ThermoFisher). The tube was inverted at 4 °C
with for 30 min. Contents were transferred to a disposable column and pushed
through using a peristaltic pump. Column was then washed with 40 column
volumes of binding wash buffer. Proteins were eluted off the column by ad-
dition of 1 mL elution buffer (50 mM sodium phosphate pH 8.0, 300 mM so-
dium chloride, 0.01% tween-20, and 300 mM Imidazole). The column was then
capped and inverted for 15 min at 4 °C. Eluent was pushed through the col-
umn and collected into a fresh tube, followed by a final wash with 1 mL
elution buffer yielding 2 mL total eluent. Samples were simultaneously con-
centrated and buffer-exchanged by centrifugation in a centrifugal filter
(Amicon Ultra-4; 3K NMW.L). Elution Buffer was exchanged to a storage buffer
(50 mM Tris-HCI pH 7.6, 150 mM NaCl, and 1 mM dithiothreitol [DTT], 30%
glycerol). Purified proteins were aliquoted into 1.5-mL tubes and stored
at —80 °C. Protein yields were calculated by comparison to a standard bovine
serum albumin curve using densitometry of Coomassie-stained SDS-polyacrylamide
gel electrophoresis (PAGE) gels with the Gel Doc Ez Imager (Bio-Rad).
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Ubiquitin Cleavage Assays. Mono-Ubiquitin (Ub), di-Ubiquitin (Ub,), poly-
Ubiquitin (all Boston Biochem), and purified CidB were thawed on ice. Ubig-
uitin digestion assays (total volume 20 pl) were mixed in Ubiquitin cleavage
buffer (50 mM Tris HCL pH 7.6, 20 mM KCl, 5 mM MgCl,, and 1 mM DTT) to a
final concentration of 0.2 pM enzyme and 2 pM substrate. Samples were in-
cubated at 37 °C for 5 min on a rotator. Reactions were quenched by addition
of 5 pl of 4x Laemmli SDS-PAGE buffer. Samples were warmed for 20 min on a
hot plate at 40 °C (according to manufacturer specifications). Samples were
run on 15% SDS-PAGE gels and stained using a standard silver stain kit (Fast
Silver, G Biosciences). Michaelis-Menten kinetics were measured by holding
enzyme concentration constant while varying substrate concentrations from
0.5 uM to 4 uM. These gels were silver-stained, and the change in concentra-
tion of mono-Ubiquitin [product] was compared to a standard mono-Ubiquitin
curve using Imagel) software. Values were transferred to Graphpad Prism
software, and plots were created using default Michaelis-Mentin algorithm
analysis. Gels and kinetic data represent triplicate digests.
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