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Phosphorylation of ubiquitin at Ser65
affects its polymerization, targets, and

proteome-wide turnover

Danielle L Swaney', Ricard A Rodriguez-Mias' & Judit Villén”

Abstract

Ubiquitylation is an essential post-translational modification
that regulates numerous cellular processes, most notably
protein degradation. Ubiquitin can itself be phosphorylated at
nearly every serine, threonine, and tyrosine residue. However,
the effect of this modification on ubiquitin function is largely
unknown. Here, we characterized the effects of phosphorylation
of yeast ubiquitin at serine 65 in vivo and in vitro. We find this
post-translational modification to be regulated under oxidative
stress, occurring concomitantly with the restructuring of the
ubiquitin landscape into a highly polymeric state. Phosphomi-
metic mutation of S65 recapitulates the oxidative stress pheno-
type, causing a dramatic accumulation of ubiquitylated proteins
and a proteome-wide reduction of protein turnover rates.
Importantly, this mutation impacts ubiquitin chain disassembly,
chain linkage distribution, ubiquitin interactions, and substrate
targeting. These results demonstrate that phosphorylation is an
additional mode of ubiquitin regulation with broad implications
in cellular physiology.
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Introduction

Ubiquitylation is a highly conserved protein post-translational
modification (PTM) that regulates a wide array of cellular
processes. Protein ubiquitylation is controlled by a multi-enzyme
cascade of ubiquitin activation by an E1 enzyme, ubiquitin conju-
gation by an E2 enzyme, and transfer of ubiquitin to a lysine resi-
due on the protein substrate by an E3 ligase associated with the
E2. In addition to monomeric addition of ubiquitin, lysine residues
on ubiquitin itself can serve as sites to form polymeric ubiquitin

chains with distinct topologies and functions [1,2]. Different chain
linkages have been associated with specific cellular processes, the
most common of which is lysine 48 (K48)-linked branching result-
ing in proteasome-mediated degradation. Ubiquitylation can be
reversed by deubiquitinating enzymes (DUBs) that both remove
ubiquitin from substrates and disassemble ubiquitin polymer
chains [3]. Together, this suite of enzymes and chain structures
results in a complex and highly dynamic ubiquitin signaling
network [1].

Ubiquitin and other ubiquitin-like (UBL) proteins can them-
selves be modified by other PTMs, adding another layer of
complexity that cannot occur on many other modifications. Previ-
ous work has documented that nearly every S/T/Y residue in
ubiquitin can be phosphorylated [4-9]. Many of these phosphory-
lation events are conserved across the vast evolutionary distance
from yeast to humans. Despite this knowledge, the functional
consequences of ubiquitin’s phosphorylation sites remain largely
unknown.

Only recently has a functional role for ubiquitin phosphoryla-
tion been described in human cells, in which S65 phosphorylation
by PINK1 kinase contributes to the activation of the Parkin E3
ligase [10,11], using an allosteric mechanism that is still being
refined [12,13]. Interestingly, S65 phosphorylation also exists in
yeast [5], despite the lack of orthologs to PINK1 and Parkin.
Considering the lack of these two enzymes in lower eukaryotes
and the central role of ubiquitin in protein processing, we hypoth-
esized that ubiquitin S65 phosphorylation could have broader
regulatory implications, extending well beyond activating an indi-
vidual E3 ligase.

In fact, recent work has demonstrated that ubiquitin S65 phos-
phorylation affects its reactivity with a number of E2s and DUBs
in vitro [13], findings that we independently made in this study.
However, how S65 phosphorylation is regulated in vivo and what
are the immediate molecular and phenotypic effects are open ques-
tions. Here, we have utilized the yeast model organism, phosp-
homimetic and phosphoinhibitory mutants, and quantitative
proteomics approaches to facilitate the discovery of novel func-
tional roles and substrates for ubiquitin S65 phosphorylation
in vivo.
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Results
Phosphorylation sites on ubiquitin

Since the first proteomic study of protein ubiquitylation in yeast
reported phosphorylation on S57 [4], large-scale phosphoproteomics
experiments have documented additional sites of phosphorylation
on human ubiquitin on T7 and T12 [6], Y59 [8], and S65 [7]
(Fig 1A). We recently took a deep look at the crosstalk between
phosphorylation and ubiquitylation, developing novel biochemical
enrichment approaches that allowed us to confidently identify phos-
phorylation of yeast ubiquitin at T12, T14, S19, T22, T55, S57, S65,
and T66 (S65 is shown in Fig 1B) [5], whereas T7 and T9 showed
ambiguous site localization (Fig 1A). Combined, and assuming
homology, these reports demonstrate that at least 77-82% (10 of 13
in yeast and 9 of 11 in human) of the S/T/Y residues on ubiquitin
are phosphorylated. Based on the prevalence of phosphorylation on
ubiquitin, we hypothesized that phosphorylation of ubiquitin repre-
sents a previously unappreciated mechanism of ubiquitin regula-
tion.

We selected S65 phosphorylation for further interrogation based
on functional and structural criteria. Ubiquitin structure suggests
this site can have effects on local structure and dynamics of the o:2-
BS loop, particularly in light of the hydrogen bond between S65
hydroxyl and Q62 amide (Fig 1C), with recent structural studies of
S65 phosphoubiquitin confirming disruption of this hydrogen bond
upon phosphorylation [13]. We used AQUA mass spectrometry to
measure the stoichiometry of this phosphorylation site in yeast
cultures under exponential growth and determined it to be below
0.5% over total ubiquitin (Fig EV1).
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In vitro analysis of S65E ubiquitin phosphomimetic

The dynamic nature of protein phosphorylation presents challenges in
the in vivo characterization of phosphorylation function. Thus, we
sought to use a phosphomimetic mutant (S65E) to control the phos-
phorylation state of ubiquitin and permit robust characterization of its
in vivo regulatory effects. Recent work has demonstrated that phospho-
mimetic mutation can recapitulate ubiquitin phosphorylation binding
and activation of the Parkin E3 ligase [10-12]. To further assess the
degree of phosphomimicry for the S65E mutant, we carried out a series
of in vitro reactions, examined the interaction with a few representa-
tive components of the ubiquitin machinery, and compared the results
with the in vitro reactivity of S65 phosphoubiquitin [13].

We first evaluated the ability of ubiquitin mutants to load onto an
El enzyme and found that S65E loaded onto the E1 enzyme with
moderately reduced conjugation relative to that of WT ubiquitin;
however, this reduced level was equivalent to that of the S65A mutant
(Fig 2A). Next, we introduced E2 ubiquitin-conjugating enzymes to
determine whether S65E regulates ubiquitin chain formation. Here, we
selected two E2 enzymes, which robustly generate un-anchored chains
with WT ubiquitin. Specifically, we used Ubcl, which generates the
canonical K48-linked chains, and the Ubc13/Mms2 complex, which
primarily generates K63-linked chains. We found S65E mutants to be
defective in ubiquitin chain formation with both E2 enzymes (Fig 2B
and C). Additionally, despite moderately reduced El loading with
S65A, this mutant robustly generated ubiquitin polymers, indicating
that the reduced E1 loading observed with S65E is not the cause of its
inability to form ubiquitin chains in vitro.

Next, we conducted ubiquitylation reactions in the presence of an
E3 ubiquitin ligase. Specifically, we used the HECT domain of the E3
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Figure 1. Phosphorylation sites on ubiquitin.

A Sequence alignment of yeast and human ubiquitin showing identified phosphorylation sites (red: localized sites, blue: ambiguous localization).
B Tandem mass spectra displaying phosphorylation site localization to S65 (denoted by lower case “s”). This spectrum is the result of peptide fragmentation via HCD

and represents five averaged scans detected with the Orbitrap mass analyzer.

C Zoomed in view of the a2-B5 loop of ubiquitin (PDB ID: 2ZCC) with S65 highlighted in red, and hydrogen bond and distance between S65 hydroxyl and Q62 amide are

shown by yellow dashed line.

EMBO reports Vol 16 | No 9| 2015

© 2015 The Authors



Danielle L Swaney et al Effects of ubiquitin phosphorylation at Ser65

A < B L <t
u@ ol 8 QL
CECES an =
260kDa— f 260kDa -
160kDa— ___ ou E1~Ub  160kDa-
110kDa— 110kDa - E2~Ub
80kDa] 80kDa - !
60kDa— 60KDa — s e == |E2~Ub
50kDa— 50kDa -
40kDa—
40kDa -
30kDa— 2 Ub4
30kDa- - Ub,
15kDa— . | Ub,
. . 15kDa - 1
Ub

EMBO reports

D
WT S65A S65E
0 515300 5 15300 5 1530
260kDa| H "
160kDa— B

GST-HECT.

i $
w1 SRE BHH EBL
IRt ittt et

60kDa

Figure 2. In vitro characterization of ubiquitin chain assembly by S65 ubiquitin mutants.
Anti-ubiquitin immunoblots of in vitro reactions of ubiquitylation machinery with S65E, S65A, or WT recombinant ubiquitin.

A Loading of recombinant ubiquitin mutants onto an Ubal E1 enzyme.
Generation of unanchored ubiquitin chains using the Ubcl E2 enzyme.

B
C Generation of unanchored ubiquitin chains using the Ubc13/Mms2 E2 enzyme complex.
D

Rsp5 HECT domain auto-ubiquitylation using the Ubc4 E2 enzyme.

Rsp5 and the E2 Ubc4, and Rsp5 auto-ubiquitination was monitored
over time (Fig 2D). Auto-ubiquitylation readily occurs for WT and
S65A ubiquitin. Interestingly, we observed comparable reaction kinetics
and output for S65E mutant, indicating that Rsp5 seems to mitigate the
deleterious effects of the S65E ubiquitin mutation on E2 ligase activity.

Lastly, we tested the effectiveness of DUBs against ubiquitin S65E in
an in vitro deubiquitylation assay. In this assay, we generated WT and
S65E ubiquitin dimers and compared them regarding their sensitivity to
DUB disassembly. We used Usp5, the functional homolog of the yeast
Ubp14 DUB which is primarily responsible for chain disassembly [14].
Structural analysis of ubiquitin complexed with Usp5 indicated that
ubiquitin S65 lies at the binding interface of this protein complex (PDB
ID: 3IHP, Fig 3A). Thus, we reasoned that phosphorylation of S65
could alter binding interactions. We used E1, Ubcl, and a mixture of
WT and His-tagged S65E ubiquitin to generate di-ubiquitin species:
WT-WT, S65-S65, and WT-S65, all of which can be distinguished in an
SDS-PAGE gel due to the shift introduced by the histidine tag. Different
concentrations of Usp5 were then used to disassemble the di-ubiquitin
species (Fig 3B and C). Results indicate that Usp5 has similar activity
against WT-WT homodimer and WT-S65E heterodimer; nonetheless,
S65E dimer seems to be resistant to the protease activity. Similar trends
were observed in a time—course experiment in which we used a fixed
concentration of Usp5 and monitored the extent of the reaction over
time (Appendix Fig S1).

All in all, our observations of S65E inhibiting both free ubiquitin
chain formation and DUB-mediated chain disassembly are analo-
gous to recent work with phosphorylated ubiquitin [13] and suggest
that S65E should be a biochemically faithful mimic of native S65
ubiquitin phosphorylation.

The effects of S65 mutation on ubiquitin interactions with
ubiquitin-binding domains

Other than the biochemical consequences that ubiquitin S65 muta-

tion or phosphorylation has on E2, E3 or DUB enzymes, this substi-
tution may exert its role by modulating ubiquitin interactions with

© 2015 The Authors

other proteins. In particular, there is a host of proteins containing
ubiquitin-binding domains such as UBA, CUE and UIM that act as
the decoders of ubiquitin-mediated cellular functions [15,16] and
can be affected by the mutation. To interrogate these effects in an
unbiased manner, we carried out a quantitative pull-down proteo-
mic experiment, using His-tagged (WT, S65A and S65E) ubiquitin as
baits against a yeast whole-cell extract. We performed quantitative
pairwise comparisons of proteins binding to WT versus S65A and
WT versus S65E, as well as a WT versus no-bait control that served
to define the set of interactors that are specific to ubiquitin.

In the WT versus no-bait experiment, we found many enriched
proteins (high log, ratio) involved in ubiquitin signaling, including
E2s, E3s, DUBs, and proteasome components (Table 1 and related
source data). As expected, several of these proteins contain ubiqu-
itin-binding domains (UBD) (Table 1). Most of these proteins
showed similar binding to wild-type ubiquitin and S65 ubiquitin
mutants, as evidenced by log, ratios of mutant versus WT around
zero. Despite the lack of dramatic fold changes, a trend can readily
be observed: in general, S65E mutant seems to be slightly disruptive
to ubiquitin recognition. Some examples are as follows: CueS5,
Vps27, and Tom1 (Table 1 and related source data).

A remarkable exception to this trend is Rad23, showing preferen-
tial binding to S65E ubiquitin over wild-type by four-fold. Interest-
ingly, Dsk2—a protein with similar role to Rad23—and Pngl—a
known Rad23 interactor—are also significantly enriched in the S65E
pulldown (Table 1 and related source data). The primary function of
both Rad23 and Dsk2 is to shuttle ubiquitylated proteins to the
proteasome for degradation. They both share a domain architecture
consisting of one (Dsk2) or two (Rad23) UBA domains that interact
with ubiquitylated proteins, and an N-terminal ubiquitin-like
domain (UBL) that interacts with a regulatory proteasome subunit
(Rpn10, Rpnl or Rpn2) and enables recruitment to the proteasome
[17].

The substantial increase of Rad23 on the S65E ubiquitin pull-
down could be the result of increased affinity toward phospho-
mimetic ubiquitin mutant or the consequence of accumulating

EMBO reports Vol 16 | No 9 | 2015
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Figure 3. Usp5 sensitivity of S65 ubiquitin mutant chains.
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A Structure of ubiquitin in complex with Usp5 (PDB ID: 3IHP). S65 is highlighted in red on the cartoon representation of ubiquitin, while Usp5 surface is shown in gray.
B Anti-ubiquitin immunoblotting of in vitro generated mixed chains comprised of both WT and His-tagged S65E ubiquitin. Chains were subjected to disassembly with

various concentrations of Usp5, and the abundance of the dimers was measured.

C Quantification of band signal of the Western blot shown in (B). Y-axis represents signal relative to the point of maximum signal for each series.

Table 1. Interactions of ubiquitin and ubiquitin mutants with proteins containing UBD.

No. of

independent
Protein log, (WT/S65A) log, (WT/65E) log, (WT/Ctrl) Delta quantifications UBD
Defl —0.30 —-011 0.58 —0.19 34 CUE
Vps27 —0.15 0.27 0.77 —0.42 10 UM
Ent2 —0.02 0.03 0.92 —0.05 9 UM
Rad23 —0.24 —2.02 113 178 10 UBA
Hsel —0.24 0.14 1.69 —0.38 8 UM
Cue5 —0.12 0.28 1.99 —0.40 29 CUE
Dsk2 —0.68 —0.93 n/a 0.26 8 UBA
Edel —0.39 —-091 n/a 0.52 4 UBA
Ubpl4 —0.28 —0.52 n/a 0.23 24 UBA
Rupl 157 0.63 n/a 0.94 6 UBA

Log, quantifications for proteins containing ubiquitin-binding domains of the a-helix family as detected in the WT versus S65E, WT versus S65A, and WT versus
no-bait control. Delta represents the preference of binding to S65E over S65A and is calculated as log,(WT/S65A)-10g,(WT/S65E).

Source data are available online for this table.

S65E-ubiquitin conjugates that cannot be processed by the protea-
some and bind more tightly to Rad23. We should note that the
experiment was carried out in conditions where ubiquitin conjuga-
tion was not inhibited; thus, both non-covalent and covalent inter-
actions may contribute to our observations.

The effect of stress on ubiquitin mutant cell viability

Ubiquitin is a highly conserved protein whose function is essential
for cell survival, with previous work demonstrating that mutations
to individual residues is sufficient to render cells inviable [18,19].
To screen for functional implications of S65 phosphorylation, we
tested how mutation of S65 regulated the viability of yeast upon a
selection of stresses, including osmotic stress (NaCl), oxidative
stress (H,0,), proteasome inhibition (bortezomib), DNA damage

EMBO reports Vol 16 | No 9| 2015

(MMS), and protein misfolding (canavanine). In these experiments,
we used yeast strains that express a single form of ubiquitin, either
WT, a phosphorylation inhibitory S65A, or a phosphomimetic
S65E mutant (Appendix Table S1). Of the conditions tested, S65E
ubiquitin cells showed reduced viability under two stresses which
both cause mitochondrial damage and require well functioning
degradation machinery for cell survival: protein misfolding with
canavanine and oxidative stress with hydrogen peroxide (H,O0,)
(Fig 4A).

Canavanine is an arginine analog, which is readily incorporated
into proteins causing protein misfolding. Subsequently, protein
quality control pathways degrade misfolded proteins [20]. It has
been shown that both deficiencies in ubiquitin signaling (via E2
deletion), or more commonly, deficiencies in protein degradation
(via DUB deletion) render yeast sensitive to canavanine [21,22].

© 2015 The Authors
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Figure 4. The effect of stress on ubiquitin signaling and cell viability.
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A Viability assay by serial dilution (1:10) of yeast strains exclusively expressing either WT or S65 mutant ubiquitin. Strains were spotted on YPD plates with or without

different stressors (as indicated).

B Log, (H,0,/control) heat maps displaying the response to 5 mM H,0, exposure for global ubiquitin protein, S65 phosphorylation, and ubiquitin chain abundances.

The reduced viability of S65E cells when required to utilize canava-
nine indicates that this mutation may impact ubiquitin homeostasis
in vivo.

Cells with compromised degradation systems are more sensitive
to hydrogen peroxide exposure as oxidative damage causes an
increased demand for the degradative turnover of damaged
proteins. Additionally, oxidation inhibits proteasomal processing
by direct inhibition of DUB -catalytic activity [23]. Here, we
observed that S65E ubiquitin mutants showed a concentration-
dependent reduction in viability under H,0, stress (Fig EV2A). At
lower concentrations, all strains were similarly viable, but as the
concentration increased to 3 mM, S65E shows a loss in viability
relative to WT or S65A, and by 5 mM H,0,, the viability of the
strain with WT ubiquitin was also affected (Fig 4A and Appendix
Fig S1A). These results suggest that ubiquitin phosphorylation at
S65, either native (WT) or via mimetic mutation (S65E), reduces
the capacity of cells to tolerate H,0,-induced oxidative stress.
Note, the sensitivity of S65E mutant strains to both canavanine
and H,0, was found to be specific for this phosphomimetic, as
mutation of a neighboring serine (S57E) did not display such
sensitivities (Fig EV2B).

Ubiquitin is regulated under hydrogen peroxide stress

Yeast spotting assays indicated that S65E phosphomimetic mutation
has phenotypic consequences under hydrogen peroxide exposure.
To further characterize the molecular consequences of this stress,
we exposed wild-type yeast to H,O, stress and used a quantitative
proteomics approach to measure how this stress regulated global
levels of ubiquitin protein, ubiquitin chain structures, and ubiquitin
phosphorylation at S65 (Fig 4B and Appendix Table S2). This
experiment revealed a nearly universal increase in abundance of the
ubiquitin chains that exceeded the modest increase in global ubiqu-
itin protein abundance. One exception to this was K27-linked
chains, which decreased in abundance. The most highly regulated
components were S65 phosphorylation, and K11- and K63-linked
chains, which all increased in abundance by 14-fold (Fig 4B). In

© 2015 The Authors

contrast, S57 phosphorylation showed only a modest change
(Fig 4B and Appendix Table S2). These findings indicate that ubiqu-
itin S65 phosphorylation can be dynamically regulated upon oxida-
tive stress and this phosphorylation correlates with the restructuring
of the ubiquitin landscape into a highly polymeric state.

A similar experiment exposing yeast to canavanine for 8 h
revealed a significant decrease in the stoichiometry of S65 phos-
phorylation, resulting from a three-fold up-regulation of total ubiqu-
itin, while the levels of S65 phosphorylation remained more or less
constant (Fig EV3). The stoichiometry of S57 did not change with
canavanine.

Phosphomimetic S65E ubiquitin increases global ubiquitylation

We next sought to characterize the regulatory effects of S65 phos-
phorylation on the ubiquitylation landscape. We used strains that
express a single form of ubiquitin, either WT (with normally occur-
ring S65 ubiquitin phosphorylation stoichiometry), phosphorylation
inhibitory S65A (representing no phosphorylation), or a phospho-
mimetic S65E mutant (representing 100% phosphorylation), and
compared these strains via anti-ubiquitin Western blotting and
quantitative proteomics.

Western blot analysis of in vivo ubiquitylation revealed a
dramatic proteome-wide increase in ubiquitylation in the S65E
phosphomimetic strain relative to the WT or S65A strain (Fig 5A),
indicating an imbalance in ubiquitin flux in S65E cells. Additionally,
we observed enrichment in unanchored ubiquitin chains and a
corresponding decrease in monomeric ubiquitin. Further analysis of
individual chain types by quantitative proteomics illustrated that all
chain types increased significantly, with the exception of K27 ubiqui-
tin chains (Fig 5B).

Proteomics analysis of ubiquitylation substrates, via enrichment
with a di-glycyl lysine antibody [24-27], resulted in the identification
of 2,636 ubiquitylation sites on 1,088 proteins (Fig 5C and related
source data). A pronounced accumulation of ubiquitylation sites
on substrate proteins was observed in the S65E strain relative to
WT or S65A ubiquitin (Fig 5C). This increase in ubiquitylation was
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Figure 5. In vivo characterization of S65 ubiquitin mutants.

A Anti-ubiquitin immunoblotting of yeast cell lysates from S65A, WT, and S65E mutant ubiquitin yeast strains (lanes 1-3). Lane 4 shows human K48-linked

polyubiquitin chains as a control for co-migration of unanchored ubiquitin chains.

B Log, quantification of ubiquitin chain abundance in S65A and S65E mutant strains relative to WT. Here, quantification was normalized for total ubiquitin protein
expression. Error bars indicate the standard deviation of biological triplicate measurements. Statistical significance was assessed between S65A/WT and S65E/WT
using two-sided pairwise t-test, where *P < 0.05 and **P < 0.005. Note, K63 chains could not be quantified due to the presence of the mutated S65 amino acid.

C Log, distribution of ubiquitylation sites in S65A and S65E mutant strains relative to WT (n = 2,636). Distributions represent the average of biological triplicate

measurements.

Source data are available online for this figure.

greater than has been observed upon proteasome inhibition [5],
indicating that the S65E mutation has a broad and potent impact
on ubiquitin processing. This large increase was not the result of
protein accumulation, as individual protein levels among all three
strains were similar (Fig EV4A).

Evaluation of the substrate targets of ubiquitylation revealed
enrichment in ubiquitylation sites on ribosomal proteins within
the top 10% of increased sites (P =5.0 x 1073°, Appendix Table
S3). This observation is likely due to a conflict of the fast protein
turnover rate of ribosomal proteins [28] with the inhibition of
DUB processing by S65E. Smaller proteins were also found to be
more highly ubiquitylated in the S65E strain (Fig EV4B), although
this correlation could simply be due to the small size of most
ribosomal proteins (< 300 amino acids, Fig EV2B) [29]. Further
analysis of additional protein properties, including protein abun-
dance, subcellular localization, Pfam domain presence, ubiquityla-
tion site position, and frequency, revealed no additional enriched
characteristics.

Targets of ubiquitin phosphorylation

The global increase in ubiquitylation induced by exclusive expres-
sion of S65E ubiquitin revealed its potential regulatory roles, but
made it difficult to distinguish between substrates that increased in
ubiquitylation because they are preferred targets and those that
increased due to the degradation inhibitory effects of S65E. Thus, to
identify the preferred targets of ubiquitin phosphorylation, we
devised an alternative approach. As no antibodies exist for the
specific purification of phosphorylated ubiquitin species, we instead
applied a phosphomimetic affinity purification strategy. Here, we
used yeast strains that simultaneously expressed two forms of
ubiquitin: the endogenous WT ubiquitin as well as a plasmid-based

EMBO reports Vol 16 | No 9| 2015

His-tagged ubiquitin (Fig 6A). In our quantitative proteomics
approach, we varied the sequence of the His-tagged ubiquitin in
each strain to be WT sequence, phosphorylation inhibitory (S65A),
or phosphomimetic (S65E). As displayed in Fig 6A, we purified His-
tagged ubiquitin (HisUb) conjugates and used proteomics to detect
and quantify the preference of ubiquitin conjugate proteins for
different ubiquitin mutants. From this purification, we identified
958 ubiquitin conjugate proteins and 960 ubiquitylation sites (Fig 6
and related source data). Additionally, we quantified protein and
ubiquitylation site abundances in the His-tag depleted portion of the
sample. These measurements were used as a control to ensure that
the introduction of mutant ubiquitin into the yeast strains did not
alter global protein abundances or ubiquitylation signaling interac-
tions with endogenous ubiquitin.

At a global level, we found the majority of ubiquitin conjugate
proteins identified from His-tag purifications were of equal abun-
dance between ubiquitin mutants, suggesting that S65E has a
limited set of specific binding partners (Fig 6B). Despite this, the
abundance of ubiquitylation on S65E ubiquitin conjugates was
significantly increased (P = 3.0 x 1072'), indicating that phosp-
homimetic S65E increases in the frequency of ubiquitylation on its
target protein substrates (Fig 6C). This increased ubiquitylation
state was highly specific to proteins that were conjugated to S65E
ubiquitin, as the levels of endogenous ubiquitylation in this yeast
strain were comparable to strains that contained S65A or WT
His-tagged ubiquitin (Fig 6C). A similar trend was observed when
evaluating ubiquitin chain abundance. Integration of S65E into
ubiquitin chains was significantly preferred for K6 and K11 chain
types, as indicated by their increased abundance in S65E conjugates,
while K27 chains were disfavored (Fig 6D). Note that in this experi-
ment, due to the mutations, we were not able to measure the rela-
tive abundance of K63 chains. Interestingly, it has recently been

© 2015 The Authors
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Figure 6. Targets and effects of S65E ubiquitin.

A A schematic of the experimental design used here.
B, C

-1 0
Log, (Mutant/WT)

Distribution of protein quantification ratios (B) and ubiquitylation site ratios (C) of the different samples analyzed.

D Log, quantification of ubiquitin chain abundance in S65E mutant strain relative to WT. Both the endogenous ubiquitin and plasmid-based His-tagged ubiquitin
were compared between the S65E and WT strains. Quantification was normalized for total ubiquitin protein expression.

E Protein—protein interactions between SNARE proteins and vacuolar sorting proteins enriched in S65E ubiquitin-associated proteins. The log, (S65E/WT) ratio is
represented in the box interior, while the log, (S65A/WT) ratio is represented in the border color of each protein box.

Data information: Box limits in (B, C) indicate the 25" and 75™ percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th
and 75" percentiles, outliers are represented by dots. Error bars in (D) indicate the standard deviation of biological duplicate measurements. The statistical significance
of the difference between His-tagged and endogenous ubiquitin expression in the S65E or WT strains was assessed using two-sided pairwise t-test, where *P < 0.05.
Note, K63 chains could not be quantified due to the presence of the mutated S65 amino acid.

Source data are available online for this figure.

reported that in human cells, mitochondrial damage promotes
Parkin to preferentially assemble K6, K11, and K63 ubiquitin chain
types [30]. This suggests that despite the lack of a Parkin ortholog
in yeast, there may be similar mechanisms with an E3 sensing
mitochondrial damage and regulating the ligation of S65E ubiquitin
chains.

Two classes of proteins were found to be preferentially targeted
by S65E ubiquitin. Specifically, we observed a two-fold preference
for S65E to associate with histone H2B protein (HTB2), and correlat-
ing with increased ubiquitylation of K50 (9.4-fold enrichment), a

© 2015 The Authors

residue that is adjacent to the HTB2 N-terminal nuclear localization
signal. Increased ubiquitylation was also observed on two other
HTB2 sites, K112 and K124 (2.4- and 1.9-fold enrichment,
respectively). Histone-associated proteins were also enriched in
association with the S65E mutant, including the histone H2B nuclear
import protein Kap95 [31], and the histone deacetylase Rpd3. It was
also recently reported that mammalian histone H2B can be modified
by K6- or K48-acetylated ubiquitin [32]. The association of both
phosphorylated and acetylated ubiquitin with histone H2B suggests
ubiquitin  post-translational modifications may

serve as an
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additional mode of histone regulation, expanding significantly the
canonical histone code [33].

Another class of proteins preferentially conjugated to S65E
ubiquitin was the soluble N-ethylmaleimide-sensitive factor attach-
ment receptor (SNARE) proteins (P = 3.3 x 107°). These are
membrane proteins that facilitate vesicle fusions responsible for the
passage of cargo from one cellular component to another. STRING
analysis of proteins enriched in S6SE conjugates revealed high-
confidence protein interactions between many of these SNARE
proteins, as well as two vacuolar sorting proteins Vps21 and Pepl
[34] (Fig GE). Interestingly, while S65 phosphorylation has been
shown to activate Parkin E3 ligase activity, reduced Parkin activity
and dysfunction in vesicle transport have been reported to contribute
to neurodegenerative disease, such as Parkinson’s [35-37]. Thus,
the preference of SNARE proteins points toward a conserved role for
S65 phosphorylation in yeast.

Phosphomimetic ubiquitin decreases protein degradation
and turnover

Ubiquitylated proteins can be de-ubiquitylated and subsequently
degraded by the proteasome. The significant accumulation of
ubiquitylated substrates and ubiquitin chains in cells expressing

A B

Measurement Yeast strain

Effects of ubiquitin phosphorylation at Ser65

Danielle L Swaney et al

S65E ubiquitin and the results of in vitro DUB disassembly assays
led us to ask whether this modification interferes with protein
degradation and turnover To investigate this,
performed a global quantitative proteomics experiment in which
we simultaneously measured protein synthesis, degradation, and
turnover for WT and the two mutant ubiquitin (S65A and S65E)
strains (Fig 7A) using a pulse SILAC triple labeling approach [38].
This analysis revealed differences in protein flux between WT and
S65E strains that could not be attributed to differences in cell
growth (Appendix Fig S2). Relative to S65A or WT cells, S65E
cells had significantly slower protein degradation and turnover
rates (Fig 7B and related source data). While synthesis rates in

in vivo. we

SG65E cells were also slower, this process was found to be the
most similar to S65A and WT strains. These results indicate that
S65E inhibits protein degradation, and may be used as a mecha-
nism to protect substrates from protein turnover.

Considering our findings of S65E-induced increases in ubiquityla-
tion on ribosomal proteins, and the established role of S65 phos-
phorylation in mitochondria function, if the
mutational status of ubiquitin S65 impacted the turnover rate of
proteins associated with specific cellular compartments. We
compared the relative turnover between S65E, WT, and S65A for a
selection of cellular compartments. Here, we find that the relative

we evaluated

Slower «—» Faster
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Figure 7. Analysis of protein synthesis, degradation, and turnover.
A

0 2
Log, protein quantification normalized to WT

The experiment begins with equal populations of light (KO)-labeled and medium (K4)-labeled cells. The light population serves as a control to account for cell growth.

Medium-labeled cells are then transferred to media containing heavy lysine (K8). Incorporation of heavy label permits quantification of synthesis, loss of medium
label permits quantification of degradation, and the ratio between heavy and medium measures protein turnover.

Log, of protein quantification measured for proteome-wide protein turnover (heavy/medium), protein synthesis (heavy/light), and protein degradation (medium/light).

Center lines show the median of each distribution (S65E n = 1,765, WT n = 1,666, S65A n = 1,718), and all distributions have been normalized such that the median
of the WT sample is centered at zero. Strains with rates slower than WT have median values < 0, while those with faster rates have median values > 0. Box limits
indicate the 25" and 75" percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 250 and 75 percentiles, outliers are
represented by empty circles. P-values displayed are the result of a two-sided t-test assuming unequal variance.

Source data are available online for this figure.

EMBO reports Vol 16 | No 9| 2015

© 2015 The Authors



Danielle L Swaney et al Effects of ubiquitin phosphorylation at Ser65

differences between these mutants are somewhat compartment
specific. For example, when all proteins are considered, protein
turnover rates in the WT ubiquitin strains are between that of S65E
and S65A (Fig 7B). However, for individual cellular compartments,
including the mitochondria, vacuoles, and the plasma membrane,
protein turnover rates in S65A and WT cells are statistically indistin-
guishable (Fig EV5).

Lastly, we evaluated those proteins with the greatest difference
in turnover between S65E and S65A/WT, being much slower on the
S65E. For these proteins, STRING analysis of protein—protein inter-
actions revealed a network of proteins related to mRNA processing
and ribosome biogenesis (Appendix Fig S3). This network included
2 of the 3 components of the nonsense mRNA decay complex (Upf3
and Nmd2). This complex has been shown to associate with both
aberrant mRNA and the resulting truncated poly-peptide, and
facilitates the ubiquitin-mediated degradation of the aberrant
peptide [39].

Discussion

Our finding of phosphorylation on most Ser/Thr/Tyr residues of
ubiquitin prompted us to interrogate the broad regulatory implica-
tions of ubiquitin phosphorylation on the ubiquitin signaling
network. Here, we have provided evidence that S65 phosphoryla-
tion of ubiquitin is a biologically important modification that influ-
ences nearly every step of the in vivo ubiquitin life cycle.

Defects were observed in the ability of the S65E phosphomimetic
mutant to generate polyubiquitin chains in vitro, pointing toward a
potential role for S65 phosphorylation in regulating ubiquitin chain
assembly by modulating the ubiquitylation output of particular E2
and E3 ligases. However, under in vivo conditions, when provided
the full repertoire of ubiquitin machinery, the S65E mutant
produced higher levels of substrate ubiquitylation and ubiquitin
chains. While we cannot rule out that enhanced ubiquitin conjuga-
tion machinery activity (i.e. individual E2 or E3s) contributes to this
increase, as seen with Parkin in human cells [10-13], we attribute
this increase primarily to an imbalance in ubiquitin flux caused by
impairment of DUB processing and protein turnover. This is
supported by in vivo protein turnover and yeast phenotypic spotting
experiments, which both indicate that S65E mutant ubiquitin has
defects in protein degradation, as well as by recent in vitro observa-
tions demonstrating a defect in phosphorylated ubiquitin chains to
be disassembled by a variety of DUBs [13].

Indeed, previous experiments have shown that mutations to both
the hydrophobic core and the C-terminal region of ubiquitin can
render chains resistant to disassembly by DUBs and proteasomal
degradation [40-43]. Our results indicate that such inhibition can be
achieved endogenously by phosphorylation of the S65 residue and
suggest that ubiquitin phosphorylation represents a novel
mechanism to dynamically regulate ubiquitin recycling and protein
degradation. Serine 65 lies at the Usp5 binding interface and its
phosphorylation or phosphomimetic mutation interferes with Usp5
activity. Interestingly, structural analysis indicates that additional
ubiquitin phosphorylation sites such as T12, T14, and T66 also lie at
the Usp5 binding interface. Considering that many DUBs share this
USP fold and ubiquitin recognition mode, phosphorylation of
ubiquitin may serve as a more general mechanism to regulate
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protein degradation [41]. Indeed, our pull-down experiment shows
that Ubp3 and Ubp15 have less affinity toward S65E ubiquitin than
S65A or WT ubiquitin.

Another possibility for the impaired degradation of S65 phospho-
ubiquitin lays in the allosteric regulation of Rad23. Our quantitative
ubiquitin pull-down experiments show that S65E mutation may
enhance the interaction or conjugation of ubiquitin to Rad23, and
could potentially inactivate Rad23 shuttling function. This is a possi-
bility given that under certain conditions, Rad23 has been shown to
inhibit deubiquitylation [44,45]. S65E ubiquitin could also promote
the formation of Rad23 dimers with impaired shuttling activity. In
either case, the ultimate result would be that Rad23 is effectively
depleted from the cell, thereby reducing substrate processing by the
proteasome and leading to longer protein half-lives and accumula-
tion of ubiquitin conjugates. A similar phenotype has been observed
with Rad23 deletion strains [46] and is consistent with our
observations.

The low level abundance of ubiquitin phosphorylation sites
has resulted in their sporadic detection. Only the most abundant,
S57 phosphorylation, has been routinely observe in proteomics
studies; however, the function of this site remains unknown. For
S65, it has been reported that ~1% of global ubiquitin is phos-
phorylated in human cells; however, this concentration is highly
dependent on cellular localization, with ~10% of mitochondrial
ubiquitin being phosphorylated at S65 [12]. In yeast, we find that
<0.5% of the total ubiquitin pool is phosphorylated on S65.
Therefore, the effects observed using phosphomimetic mutants
(100% is S65E ubiquitin), while informative, probably represent
extreme phenotypes, and the comparison with the S65A may be
more relevant.

Considering the breadth of the ubiquitin signaling network, it is
not unexpected that global levels of ubiquitin phosphorylation are
low, as this allows for ubiquitin phosphorylation to exert specificity
and function as a regulatory signal in localized or highly dynamic
environments. A low phosphorylation stoichiometry is also
expected given the polymeric nature of ubiquitin, where the modifi-
cation of a single moiety in a polymer could be sufficient to elicit a
response. Finally, low stoichiometry would also be relevant in phos-
phoubiquitin’s role of imparting allosteric regulation to other
proteins, such as Parkin, or possibly Rad23.

In the context of allosterically regulating other proteins, phos-
phorylation of ubiquitin seems to have functional implications
beyond ubiquitin regulation. Interestingly, many of the phosphory-
lated residues of ubiquitin are conserved, Ser and Thr, across other
UBL domains and proteins, and several of the UBLs have an Asp or
Glu on those positions (e.g. Smt3—yeast SUMO—and Rad23 for
S65), mimicking a phosphorylated state. It is plausible then that
phosphorylation of ubiquitin competes for binding with some of
these UBLs. As it has recently been reported, not only does PINK1
phosphorylate ubiquitin S65 [10-13], but it also phosphorylates the
UBL domain of Parkin at S65 [47]. This phosphorylation occurs
upon mitochondrial damage and activates the E3 ligase Parkin,
which in turn preferentially ubiquitylates substrates via K6-, K11-,
K48-, and K63-linked chains and promotes mitophagy [12]. This
presents an interesting connection to our study, in which H,O,,
which is known to induce mitochondrial damage, caused a > 10-fold
increase in K11-, K48-, and K63-linked chains and ubiquitin S65
phosphorylation.
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Defects in both mitochondrial turnover and protein turnover are
associated with pathological phenotypes. Thus, the association of
S65 phosphorylation with both of these processes presents an addi-
tional interesting therapeutic strategy route, as attested by the
number of DUB, and E2 and E3 inhibitors in current use or clinical
trials [48]. Considering the multitude of additional phosphorylation
sites on ubiquitin, we anticipate that future research expanding
beyond S65 phosphorylation will undoubtedly reveal novel dimen-
sions to ubiquitin signaling with direct implications for our under-
standing of basic biology and disease treatment.

Materials and Methods

Expression and purification of recombinant ubiquitin and
ubiquitin mutants

The ubiquitin sequence was subcloned into pET-24a vector,
expressed in E. coli and purified as described elsewhere [49]. Site-
directed mutagenesis was performed to generate mutant S65A and
S65E ubiquitin sequences. Expression was carried out using trans-
formed BL21 DE3, grown to a density of 0.8 ODggp, and induced
overnight at 30°C with 1 mM IPTG. Harvested cells were resus-
pended in a 50 mM Tris, 100 mM NaCl, and pH 7.5 buffer contain-
ing protease inhibitors (Roche, complete) and benzonase and lysed
by sonication. Lysate was subjected to acidic precipitation by the
addition of perchloric acid to 0.7% (v/v). Supernatant was dialyzed
against 50 mM sodium acetate, pH 4.5, and purified using a
Resource S cation exchange column a gradient from 0 to 300 mM
NaCl. Ubiquitin-containing fractions were pooled and concentrated
with a 2,000 MWCO centricon and further purified over a Superdex
S75 size exclusion column in 50 mM phosphate, 50 mM NacCl, and
pH 7.5 buffer.

Generation of mutant ubiquitin S. cerevisiae strains

The Leu marker was removed from the p425GPD plasmid and
replaced with a Hyg cassette to generate the p42HGPD [50]. Next, a
truncated version of the Ubi3 gene (YLR167W) corresponding to the
cleaved ubiquitin product (amino acids 1-76) was cloned into the
plasmid. Site-directed mutagenesis was performed on this plasmid
to generate mutant S65A and S65SE ubiquitin sequences. The WT
and mutant plasmids were individually transformed into a yeast
strain exclusively expressing ubiquitin from a synthetic gene. This
strain was strain LSY207 (MATa lys2-801, ura3-52, leu2-3,112,
his3A200, trpI-1, ubilATRPI, ubi2Aura3, ubi3A, ubi4ALEU2, pdrS::
KanMX [pUB221] [pUB100]). pUB221 is a URA3-marked plasmid
that expresses 6His-myc-ubiquitin under a CUP1 promoter, whereas
pUB100 expresses the essential ribosomal protein encoded by the
UBII gene [5,51].

The 6His-myc-ubiquitin plasmid (pUB221) was shuffled out by
plating on S5FOA, such that the only remaining expression of
ubiquitin was from the p42HGPD plasmid, with expression of WT
ubiquitin in the DS147 strain, expression of S65A ubiquitin in the
DS181 strain, and expression of S65E ubiquitin mutant in
the DS182 strain. To verify removal of the pUB221 plasmid, cells
were grown overnight in YPD. Cells were harvested by centrifuga-
tion and resuspended in 500 pl of native buffer comprised of
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50 mM Tris, and 100 mM NaCl, pH 8.2. After lysis by bead beat-
ing, lysates were clarified by centrifugation at 10,000 x g.
Perchloric acid was added to a final concentration of 0.7% v/v,
and samples were kept at 4°C for 3 h to precipitate larger proteins.
Lysates were then spun at 10,000 x g for 15 min, and the ubiqu-
itin-containing supernatant was transferred to a new tube. The pH
was adjusted by the addition of 50 pl of 1 M ammonium bicarbon-
ate and 100 pl of 1 M Tris, pH 8.2. After the addition of 5 pl of
acetonitrile, the proteins were digested by the addition of 5 pg of
trypsin (Promega), and overnight incubation at 37°C. Each sample
was desalted on a 50 mg tC18 SepPak cartridge (Waters), and the
eluant was lyophilized. Samples were reconstituted in 4% formic
acid and 3% acetonitrile solution, and ~1 pg was analyzed on a
Velos Orbitrap. In all cases, the proper ubiquitin sequence (WT,
S65A, or S65E) was observed and no evidence of the 6His-myc-
ubiquitin was detected.

Quantitative proteomic analysis of His-tagged
ubiquitin pulldowns

Native whole-cell lysate was produced by bead beating of BY4742
yeast cells in a buffer containing 25 mM Tris, 50 mM NaCl, 1 mM
B-mercaptoethanol, and 5 mM MgCl,, pH 7.5. About 250 pg of puri-
fied recombinant His-tagged ubiquitin (WT and S65A, S6SE
mutants) was incubated with 4 mg of whole-cell lysate and immobi-
lized onto 25 pl of Cobalt TALON metal affinity resin (Clontech).
Resin was washed with 10 column volumes of lysis buffer, 10
column volumes of 25 mM Tris, 50 mM NaCl, 1 mM B-mercapto-
ethanol, 5 mM MgCl,, and 10 mM imidazole, pH 7.5, and eluted
with the same buffer at 300 mM imidazole.

About 50 mM ammonium bicarbonate was added to eluate and
digested overnight at 37°C with trypsin at 5 pg/pl. Resulting
peptides were acidified, desalted on a 50 mg tC18 SepPak cartridge
(Waters), and the eluant was lyophilized. Reductive dimethylation
was carried out on peptides using a 100 mM citrate, 500 mM phos-
phate buffer at pH 5.8, 0.4% formaldehyde, and 60 mM sodium
cyanoborohydride. 'WT His-ubiquitin pull-down samples were
labeled using deuterated formaldehyde and NaCNBD; (Isotec,
Sigma), and the other samples (ubiquitin mutants and no-bait
control) were labeled with the light (non-deuterated) counterparts.
Reaction was stopped by the addition of 10% TFA, and heavy and
light peptides were then mixed and further desalted on 50 mg tC18
SepPak cartridge prior to mass spectrometry (MS) analysis.

His-tagged ubiquitin mutant proteomics

Yeast was grown in lysine-free synthetic complete media supplemented
with 436 uM lysine. Culture for strain DSD209 was supplemented
with KO lysine, DS208 was supplemented with K4 lysine (4,4,5,5-
D4), and DS210 was supplemented with K8 lysine (*3Cs, '°N,)
[52]. Cells were grown in a 320 ml volume in biological duplicate,
and harvested at a density of ~1.0 (ODgoo). Samples were lysed
and ubiquitin protein conjugates were purified by His-tag affinity
chromatography exactly as previously described, with the excep-
tion that the enrichment of peptides containing the di-glycyl lysine
remnant (indicative of mostly ubiquitylation) was also performed
on the His-tag flow-through sample which contained endogenous
ubiquitin [5]. Additionally, prior to His-tag purification, a 100-pg
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aliquot was removed from each sample and diluted five-fold in
50 mM Tris, pH 8.9. This aliquot, which was used for the analysis
of cell mixing normalization and ubiquitin protein quantification,
was reduced and alkylated prior to digestion with lysyl endopepti-
dase (LysC) (Wako) at RT overnight. The resulting peptides were
desalted on 50 mg tC18 SepPak cartridges (Waters) prior to MS
analysis.

H,0, proteomics

LSY207 yeast was grown in lysine-free synthetic complete media
supplemented with 436 pM KO lysine, or K8 lysine [52]. Cells
were grown to a density of ~0.8 (ODgg) and then 5 mM H,0, was
added to the K8 culture. During H,0, exposure, additional media
was added to cultures as needed to maintain log-phase growth.
Cells were harvested by centrifugation at 10, 30, 90, and 240 min
after H,O, addition. At each time point, a volume of 90 ml was
collected from both the KO and K8 labeled cultures. Samples were
lysed and ubiquitin protein conjugates were purified by His-tag
affinity chromatography exactly as previously described, with the
exception that no reduction and alkylation was performed on puri-
fied ubiquitin-conjugated proteins [S]. Additionally, prior to His-
tag purification, a 100-pg aliquot was removed from each sample
and diluted five-fold in 50 mM Tris, pH 8.9. This aliquot, which
was used for the analysis of cell mixing normalization and ubiqu-
itin protein quantification, was reduced and alkylated prior to
digestion with lysyl endopeptidase (LysC) at RT overnight. The
resulting peptides were desalted on 50 mg tC18 SepPak cartridges
prior to MS analysis.

In vitro ubiquitylation reactions

In vitro reactions were performed in a 25-pul volume and contained
0.5 uM Ubal El enzyme from wheat, 0.5 uM E2 enzyme, 20 uM
recombinant ubiquitin (S65A, WT, or S65E), 2 mM ATP, 2 mM
DTT, 50 mM Tris, pH 7.6, 10 mM MgCl,, and 100 mM NaCl. The
wheat Ubal E1 enzyme was a gift from the Rachel Klevit labora-
tory, and Ubcl3/Mms2 was purchased from LifeSensors. Ubcl
was subcloned into PGEX-4T1, expressed in E. coli, and purified
with glutathione agarose affinity purification and size exclusion
chromatography. For the El
omitted from the reaction. Immunoblotting of in vitro reactions
was performed using an anti-ubiquitin antibody (P4D1, Enzo Life
Sciences).

GST-Rsp5 HECT domain 425-809 was subcloned into PGEX-6P1
plasmid, expressed in E. coli, and purified with glutathione agarose
affinity purification. Auto-ubiquitination reactions were carried
using 0.1 uM Ubal, 0.2 uM Ubc4, 0.3 uM GST-Rsp5 HECT, 20 uM
ubiquitin (S65A, WT, or S65E), 2 mM ATP, 2 mM DTT, 50 mM
Tris, pH 7.6, 10 mM MgCl,, and 100 mM NaCl. Samples were taken
at several time points and immunoblotting was performed using a
GST-tag antibody (mouse monoclonal, Cat# A00865-40, GenScript).

loading assay, E2 enzyme was

Usp5 disassembly assays
Ubiquitin dimers were generated in a 40-ul volume containing

0.5 uM Ubal E1 enzyme, 1 puM Ubcl enzyme, 10 uM recombinant
WT ubiquitin, 20 uM His-ubiquitin mutant S65E, 2 mM ATP, 2 mM
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DTT, 50 mM Tris, pH 7.6, 10 mM MgCl,, and 100 mM NaCl. Reac-
tion proceeded for 1 h at 37°C, and 40 units of CIP were added to
the reaction for 10 min to deplete ATP. Usp5 (Enzo Life Sciences)
was pre-activated at 32 ng/ul for 10 min at room temperature in
50 mM HEPES, pH 7.8, 100 mM NaCl, and 5 mM DTT. About 7 pl
of Usp5 solution was reacted with 7 pl of the dimers from above for
15 min at 37°C. Disassembly reaction was stopped with reducing
LDS bulffer, boiled, and run on an SDS-PAGE gel. Immunoblotting
of in vitro reactions was performed using an anti-ubiquitin antibody
(P4D1, Enzo Life Sciences).

Proteomic analysis of mutant ubiquitin strains

Yeast was grown in lysine-free synthetic complete media
supplemented with 436 pM lysine. Culture for strain DS181 was
supplemented with KO lysine, DS147 was supplemented with K4
lysine (4,4,5,5-D4), and DS182 was supplemented with K8 lysine
(13C6, 15Nz) [52]. Cells were grown in a 100 ml volume in biological
triplicate and harvested at a density of ~1.0 (ODggp). Cells were
resuspended at 4°C in proteomics lysis buffer consisting of 8 M
urea, 75 mM NaCl, 50 mM Tris, pH 8.2, 50 mM NaF, 50 mM Na-f-
glycerophosphate, 10 mM Na-pyrophosphate, 1 mM Na-orthovana-
date, and 1x mini protease inhibitor (Roche). Cell suspensions were
lysed by four repetitions of bead beating (I min beating, 1.5 min
rest). Tubes were spun first at 100 x g to remove beads and subse-
quently at 10,000 x g to pellet cellular debris. Supernatants were
mixed 1:1:1 for each biological replicate. Each sample was reduced
in 3 mM DTT at RT for 45 min and alkylated at RT in 8 mM iodo-
acetamide for 45 min in the dark, and finally, the reaction was
quenched by the addition of 8 mM DTT for 15 min at RT. A 100-pg
aliquot was removed from each replicate, diluted five-fold in 50 mM
Tris, pH 8.9, and digested with 5 pg of LysC at RT overnight. This
aliquot was used for the analysis of protein differences between the
yeast strains. The remaining ~20 mg of protein from each aliquot
was diluted five-fold with 50 mM Tris, pH 8.2, and digested with
100 pg of trypsin at 37°C overnight (Promega). This larger aliquot
was used for the characterization of differences in ubiquitylation
between the yeast strains. After digestion, all samples were desalted
on tC18 SepPak cartridges (Waters). LysC-digested peptides were
directly analyzed by mass spectrometry, while tryptic peptides were
enriched for di-glycyl peptides prior to MS analysis, as described
elsewhere [25,26]. Eluates enriched in diGly peptides were loaded
onto styrene divinylbenzene stage tips (3M) and washed with 50 pl
of 0.15% TFA. Peptides were fractionated by stepwise elution from
the stage tip under basic pH reversed-phase conditions. Four frac-
tions were collected after the addition of 30 ul volumes of 20 mM
ammonia with increasing acetonitrile concentration (6, 12, 18 and
80% acetonitrile, respectively). Fractions were lyophilized, resus-
pended in 4% formic acid and 3% acetonitrile, and directly
analyzed by mass spectrometry.

Proteomic analysis of yeast turnover

The approach used here was based on a previously described experi-
mental design [38]. Each strain (DS147, DS181, and DS182) was
individually cultured in lysine-free synthetic complete media supple-
mented with KO or K4 lysine (4,4,5,5-D4) at 436 pM concentration
[52]. After a minimum of six doublings, cells were pelleted and the
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supernatant removed. Cultures grown in KO media were resus-
pended in 20 ml of KO media again, and cultures previously grown
in K4 media were resuspended in media containing K8 lysine (**C,
15N2) at an OD of ~0.3. After 4 h of culture, cells had reached a
density of ~1.0, and 1.5 ml of culture was harvested by centrifuga-
tion. Cells from the same strain were mixed and resuspended at 4°C
in proteomics lysis buffer (see above). Cell suspensions were lysed,
reduced, alkylated, and digested with LysC as described above for
the “Proteomic analysis of mutant ubiquitin strains”. After digestion,
all samples were acidified to pH 2 with the addition of TFA and
desalted on 100 mg styrene divinylbenzene solid phase extraction
cartridges (Phenomenex). Peptides were fractionated by stepwise
elution from the cartridge using basic pH reversed-phase conditions.
Four fractions were collected after the addition of 500 ul volumes of
20 mM ammonia with increasing acetonitrile concentrations (6, 12,
18 and 80% acetonitrile, respectively). Fractions were lyophilized,
resuspended in 4% formic acid and 3% acetonitrile, and directly
analyzed by mass spectrometry.

Yeast spotting assay

Yeast cultures were grown to saturation in YPD overnight, pelleted,
and diluted in water to a density of 1.0 ODggo. Five 10-fold serial
dilutions were prepared, and 4 pl of each dilution was plated onto a
pre-warmed plate of either YPD or YPD supplemented with H,0,
(oxidative stress inducing), canavanine (arginine analog), 150 uM
PS341 (proteasome inhibitor), 500 mM NaCl (osmotic stress), or
0.2% MMS (methyl methanesufonate, DNA damaging agent). Plates
were imaged after 72-96 h of incubation at 30°C, depending upon
cell growth of each particular stress condition.

Mass spectrometry analysis

Peptides were resuspended in 4% formic acid and 3% acetonitrile
and loaded onto a 100 um ID x 3 cm pre-column packed with
Reprosil C18 1.9 pm, 120 A particles (Dr. Maisch). Peptides were
eluted over a 100 um ID x 30 cm analytical column packed with
the same material. Peptides were eluted into either a Velos Orbitrap
or a Q-Exactive (Thermo Fisher) mass spectrometer by gradient
elution delivered by an Easyll nLC or Easyl000 nLC system
(Thermo Fisher). The exact gradient conditions were tailored to the
complexity and chemical properties of each sample. Generally, the
gradient was 8-30% acetonitrile in 0.15% formic acid over the
course of 90-120 min. All MS spectra were collected with orbitrap
detection, while MS/MS spectra of the 20 most abundant ions were
collected either with ion trap detection and resonant excitation colli-
sion-activated dissociation (CAD), or with Orbitrap detection and
beam-type CAD. The mass spectrometry proteomics data (raw and
search result files) have been deposited to the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the
PRIDE partner repository with the dataset identifiers ranging from
PXD002197 to PXD002205 [53].

AQUA mass spectrometry experiments used a mixture of heavy
isotope peptides as internal standards for quantification. Non-modi-
fied ubiquitin peptides (ESTLHLVLR, TLSDYNIQK, and LIFAGK)
were spiked in and measured after tryptic digestion, and S65 ubiqui-
tin phosphopeptides (EpSTLHLVLR, TLSDYNIQKEpSTLHLVLR)
were spiked in after digestion at a ratio of 1% over the non-modified
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peptides and measured after IMAC phosphopeptide enrichment.
Samples were run on the Q-Exactive using a 60-min data-dependent
acquisition method with similar settings as above. Quantifications
were done by peak area integration of the precursor ion using the
Skyline software package.

Identification and quantification of peptides, proteins,
and modifications

All data were searched against the Saccharomyces cerevisiae
database supplemented as appropriate with either the His-tagged
ubiquitin sequence and/or the S65A- and S65E-mutated ubiquitin
sequences. Searches and peptide quantifications were performed
with the MaxQuant data analysis software [54]. All peptide,
protein, and PTM site identifications were filtered to a 1% false-
discovery rate [55]. To account for any errors in mixing of cells, all
quantitative values were normalized such that the median of the
protein quantification distribution was centered at log, = 0. One
exception was for the analysis of protein turnover data; here,
normalization was performed such that the intensity of the light
signal (K0) was equal to sum of the medium (K4) and the heavy
(K8) signal. Another exception was the ubiquitin pull-down experi-
ments; for these experiments, WT to mutant ubiquitin ratios were
normalized to ubiquitin to account for differences in the amount of
bait used.

For experiments involving biological replicates, only ubiquityla-
tion sites identified in at least two replicates were included, and the
statistical significance of quantitative measurements was calculated
by performing a two-sided pairwise t-test between replicate results
from S65A/WT and replicate results of S65E/WT.

Statistical analysis of differences between different yeast strain
rates of protein degradation, synthesis, and turnover was performed
using a two-sided t-test assuming unequal variance.

Bioinformatics

Box plots were generated using the BoxPlotR web-tool (http://
boxplot.tyerslab.com/) [56]. Gene ontology enrichment analysis
was performed using the STRING database (http://string-db.org/)
[34]. For the turnover experiment, proteins in S65E ubiquitin yeast
strains with the largest delay in turnover relative to S65A or
S65WT ubiquitin yeast strains were analyzed for protein—protein
interactions via STRING. Proteins within the primary interaction
group were manually classified into mRNA decay, DEAD box
helices, ribosomal, ribosome biogenesis and synthesis, or other
proteins.

Expanded View for this article is available online:
http://embor.embopress.org
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