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Any of seven lysine residues on ubiquitin can serve as the
base for chain-extension, resulting in a sizeable spectrum
of ubiquitin modifications differing in chain length or link-
age type. By optimizing a procedure for rapid lysis, we
charted the profile of conjugated cellular ubiquitin directly
from whole cell extract. Roughly half of conjugated ubiq-
uitin (even at high molecular weights) was nonextended,
consisting of monoubiquitin modifications and chain ter-
minators (endcaps). Of extended ubiquitin, the primary
linkages were via Lys48 and Lys63. All other linkages were
detected, contributing a relatively small portion that in-
creased at lower molecular weights. In vivo expression of
lysineless ubiquitin (KO Ub) perturbed the ubiquitin land-
scape leading to elevated levels of conjugated ubiquitin,
with a higher mono-to-poly ratio. Affinity purification of
these trapped conjugates identified a comprehensive list
of close to 900 proteins including novel targets. Many of
the proteins enriched by KO ubiquitination were mem-
brane-associated, or involved in cellular trafficking. Prime
among them are components of the ESCRT machinery
and adaptors of the Rsp5 E3 ubiquitin ligase. Ubiquitin
chains associated with these substrates were enriched
for Lys63 linkages over Lys48, indicating that KO Ub is
unevenly distributed throughout the ubiquitinome. Biolog-
ical assays validated the interference of KO Ub with pro-
tein trafficking and MVB sorting, minimally affecting
Lys48-dependent turnover of proteasome substrates. We
conclude that despite the shared use of the ubiquitin
molecule, the two branches of the ubiquitin machinery—
the ubiquitin-proteasome system and the ubiquitin traf-
ficking system—were unevenly perturbed by expression
of KO ubiquitin. Molecular & Cellular Proteomics 10:
10.1074/mcp.M111.009753, 1-22, 2011.
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Post-translational modification of cellular proteins with
ubiquitin determines their fate by influencing protein-protein
interactions, altering recognition, targeting to cellular com-
partments, or by promoting their degradation at the 26S pro-
teasomes (1-6). In order to carry out, in parallel, such diverse
cellular functions, downstream components must differentiate
between ubiquitin-conjugates destined for alternative fates.
This is made possible because ubiquitin polymerizes into
chains and therefore does not represent a single signal em-
bodied by a single molecule, but rather a family of polymeric
signals differing in chain length, linkage type, and spatial
conformation. Any of seven lysine residues (Lys6, Lys11,
Lys27, Lys29, Lys33, Lys48, and Lys63) on the surface of
ubiquitin can be linked via a covalent amide bond to the free
carboxy-terminus of a distal ubiquitin, resulting in a sizeable
spectrum of configurations. Structurally distinct surfaces pre-
sented by different linkage types can be selected for by
dedicated down-stream ubiquitin-binding proteins (2, 4, 7).
Recent advances in mass spectrometry (MS) have provided a
powerful tool for accurate, direct determination of modified
lysines on ubiquitin or on the target substrate allowing for
insightful analysis of ubiquitin signals and their cellular corre-
lations (8-13). Indeed MS analysis has provided lists of ubig-
uitinated substrates (9, 14-17) and recognized ubiquitin
chains (8, 17, 18).

An essential outcome of ubiquitination is targeting to the
26S proteasome, which is responsible for the degradation of
most cytosolic, nuclear, endoplasmic reticulum lumenal or
membrane proteins, and even mitochondrial proteins (5, 6, 19,
20). The majority of proteasome substrates are tagged not by
a single ubiquitin (monoUb)’, but by a polyubiquitin (polyUb)
chain. Lys48 is the only lysine on ubiquitin whose substitution
to arginine is lethal, pointing to a unique and essential role for
Lys48-linked chains (21). It is generally thought that such
Lys48-linked polyUb chains longer than four ubiquitin mole-
cules are the preferred signal for efficient recognition and

" The abbreviations used are: monoUb, single ubiquitin; polyUb,
polyubiquitin; Ub, ubiquitin; WCE, whole cell extract; SILAC, stable
isotope labeling with amino acids in cell culture; MW, molecular
weight; ERAD, ER-associated degradation.
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degradation by 26S proteasomes (22). Once bound by pro-
teasomes, substrate-conjugates are deubiquitinated, un-
folded, and subsequently degraded.

Other biological pathways that are regulated by ubiquitina-
tion include endocytosis and intracellular trafficking (23-25),
histone and transcriptional regulation (26), autophagy (27),
DNA repair (28), and diverse cell signaling (29-31). Most of
these nonproteolytic roles are carried out by so called “alter-
native” ubiquitin signals, such as embodied by conjugation of
a single ubiquitin molecule (monoubiquitination), or by non-
Lys48-linked polyUb chains. For instance, nonproteolytic pro-
cesses associated with Lys63 chains have been documented
in protein trafficking, DNA damage tolerance, the inflamma-
tory response, and ribosomal protein function (4). In protein
trafficking, Lys63-linked polyUb serves as a signal mediating
the internalization of plasma membrane receptors and trans-
porters, intracellular transport, and subsequent lysosomal and
vacuolar degradation (32-39). Lys63-linked chains function
also as a trafficking signal at the endosomal level for MVB
sorting (40). By promoting Lys63-linked polymerization, Rsp5,
an E3 ubiquitin ligase of the Nedd4 HECT family, has been
shown to have a prevailing role in ubiquitination of plasma-
membrane transporters in yeast cells (41-44). In most cases,
this ligase does not bind its substrates directly, but is re-
cruited to them via a subset of specific adaptors some of
which were shown to undergo Rsp5-dependent ubiquitination
themselves (40, 45-47). Complicating the ability to attribute
specific functions to Lys63 linkages, many membrane pro-
cesses associated with Lys63 linkages are also driven by
monoubiquitination. Often the same substrates are docu-
mented to be targets of both Lys63 polyUb or monoUb mod-
ifications. Both signals may partially overlap, though mild
discrepancies between samples may also arise from rapid
deubiquitination of Lys63 chains (48, 49). Notably Ubp2, spe-
cifically deubiquitinates Lys63-linked ubiquitin chains on
Rsp5-substrates leading to an increase in monoubiquitinated
substrates (42). Sample preparation may thus influence effi-
ciency of trapping of polyUb chains, in particular the relatively
labile Lys63 linkages. Understanding the relative prevalence
and relative efficiency of monoubiquitination versus Lys63
chains in intracellular transport and endocytosis is a subject of
intense investigation and great scrutiny.

The precise biological differences between polyUb chains
of various topologies have not been broadly understood yet,
though sporadic observations keep coming in. Recent studies
have spotlighted Lys11-linked ubiquitin chains, revealing their
involvement in endoplasmic reticulum associated degradation
(ERAD) as modifiers of the E2 Ubc6, which has also been
proposed to participate in the synthesis of these chains (8).
Other studies have related Lys11 chains to regulation of mi-
totic protein degradation and cell cycle control (50, 51). Lys6
chains were shown to be synthesized by the BRCA1/BARD1
complex (52, 53); Lys27 chains were described to be involved
in ubiquitination of the transcription factor Jun, a modification

required for its unconventional lysosomal targeting (54); Lys33
chains were recently reported to modify TCR-{ thereby regu-
lating cell-surface-receptor-mediated signal transduction; in-
volvement of Lys29 chains was demonstrated in protein deg-
radation and recruitment of a chain elongating factor E4 (55,
56). Two different substrates of AlP4/Itch were also described
to be modified by K29-linked ubiquitin chains in the context of
Notch trafficking and signaling (57). Adding yet another layer
of complexity to the conjugated ubiquitin landscape, there are
additional modifications by ubiquitin, including: mono- and
multiple-mono ubiquitinations (58-60), mixed or branched
ubiquitin chains (61-65), and linear chains (66). As linkages via
lysines other than Lys48 are not strictly essential, these “al-
ternative” chains may be less specific for a unique outcome
allowing some overlap in signaling. Alternatively, polymeriza-
tion quality control may be less rigidly enforced generating
mixed signals in these pathways.

Utilization of ubiquitin mutants is a strategy used to study
the role or different ubiquitin chains. Substituting lysine resi-
dues in the ubiquitin molecule with arginine blocks specific
chain extensions and thereby inhibits downstream conse-
quences associated with a specific ubiquitin linkage (67).
Single-lysine ubiquitin mutants and a lysine-less, nonextend-
able mutant (KO Ub) (68) are commonly used in vivo and in
vitro for defining chain structure and for directing cellular
ubiquitinations toward a specific ubiquitin modification. Be-
cause of the complicated dynamics of polyUb chains, when
expressing ubiquitin mutants in living cells, the ratio of mutant
to wild-type ubiquitin is likely to be a critical factor in the
outcome of these types of experiments (67). A phenotypic
analysis of all single K-to-R substitutions (excluding K48R-Ub)
revealed hypersensitivity to DNA damaging agents specific for
K63R mutation (69). Moreover by using the K63R mutant, the
role of Lys63 ubiquitin chains in endocytosis and vacuolar
targeting was unearthed (33, 70-72). Use of K48R-Ub as the
sole form of cellular ubiquitin has demonstrated the essential
role of this lysine residue for cell viability (21).

The large portion of proteins that are direct targets of ubig-
uitination, and the role that this modification has in directing
their bio-stability, cellular localization and function, makes the
ubiquitin system an ideal system for proteomic analysis. A
large portion of ubiquitin-modified proteins have been identi-
fied by high throughput screens relying on advanced mass
spectrometry (9, 14-17). However, not in all cases have high
throughput screens been able correlate between groups of
ubiquitinated proteins, their associated chains and biological
relevance. By combining ubiquitin mutants and high through-
put MS analysis we studied changes to the ubiquitin land-
scape and to the conjugated ubiquitinome. This approach
identified new substrates and enabled to dissect use of ubig-
uitin in the ubiquitin-proteasome system from that in the ubig-
uitin trafficking system (UTS).
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EXPERIMENTAL PROCEDURES

Plasmids, Yeast Strains, and Growth Conditions—Plasmids used in
this study are detailed in the accompanying supplementary file. Wild-
type (WT) Saccharomyces cerevisiae yeast strains were purchased
from Euroscarf (genotypes detailed in accompanying supplementary
file) and were transformed with the relevant plasmids by standard
lithium acetate/polyethylene glycol procedure. For stable isotope la-
beling with amino acids in cell culture (SILAC) analysis we deleted
ARG4 from MY59 strain by mating with ARG4 deletion strain (pur-
chased from the Euroscarf collection) followed by sporulation and
random spore analysis (as described in (73)). A Jen1-green fluores-
cent protein (GFP) expressing yeast strain was a gift from Sandra
Paiva (University of Minho, Portugal). Generally, all yeast strains were
grown in selective minimal yeast media or YPD at 30°, and experi-
ments were performed when cells have reached an ODgqq of 1.

Ub-AQUA Analysis

Yeast Cell Extract Preparation for AQUA Analysis—Cell cultures (5
ml) were grown to logarithmic phase; optical density was measured at
600 nm and cell density normalized. Samples were prepared by
trichloroacetic acid (TCA) lysis and precipitation (except for samples
described in Fig. 1B) and separated on 4-12% Tris-Bis SDS-PAGE.
High-molecular-weight (MW) Gel regions were excised as indicated,
and subjected to in-gel trypsin digestion. Ub-AQUA peptides were
added to the digests and samples were subjected to liquid chroma-
tography-selected reaction monitoring in a TSQuantum Ultra (Ther-
moElectron, San Jose, CA) (12). The Ub-AQUA method applied in
yeast is detailed in (18).

For lysis-conditions experiment described in Fig. 1B, yeast cells
were grown to log phase and then lysed using glass beads under four
different conditions: (1) Nondenaturing conditions (50 mm Tris pH =
7.4, 150 mm KCI, 0.1% Triton X-100, and 2 mm dithiotreitol) without
protease inhibitors (Native); (2) Nondenaturing conditions including
general protease inhibitors (Roche Diagnostics) (Native+ Inhibitors);
(8) Denaturing Urea lysis buffer (8 m urea, 50 mm Tris pH = 7.4) (Urea);
or (4) Denaturing 20% TCA lysis buffer, which was diluted to 12%
TCA buffer after breaking the cells with glass beads. After lysis, a
buffering solution of 1 M Tris pH 8 was added to TCA lysed samples
to neutralize any residual TCA. Laemmli buffer was added to all
lysates or TCA precipitates before separation on SDS-PAGE.

Data Analysis—For each peptide, the areas under the curve were
determined for the native (trypsin digested) and synthetic (isotope
labeled) SRM transitions (see accompanying supplementary file for
peptide transitions). The product of this ratio with the known abun-
dance of each synthetic peptide was calculated to determine the
abundance of each ubiquitin linkage type. For the K63 polyUb pep-
tide, two distinct SRM transitions were monitored, with the reported
values reflecting the average of these two measurements. To deter-
mine the total amount of ubiquitin in a sample the law of conservation
of mass was applied (10) to the peptides surrounding the Lys6, Lys63,
and Lys48 locus. The total amount of ubiquitin reported represents
the average of the Lys6, Lys48, and Lys63 measurements. For strains
expressing ubiquitin mutants (K48R and KO0), the total amount of
ubiquitin was calculated similarly, excluding the peptides carrying the
lysine-to-arginine mutations. Nonextended ubiquitin modifications
(mono and endcap Ub) were calculated by subtracting the number
representing all identified modifications from the total amount of
ubiquitin (detailed in (50)).

Quantitative Proteomics Analysis by SILAC

Preparation of Yeast Cell Extract and Isolation of Ubiquitin Conju-
gates (Pullout)—RGS-Hisg-WT Ub and RGS-Hisg-KO Ub were each
separately transformed into yeast strain auxotrophic for LYS2 and

ARG4 genes. Cultures were grown in synthetic minimal media; WT Ub
expressing cells in heavy medium containing 40 mg/l '°C4'°N, lysine
and 20 mg/l "3C4'°N,, arginine (Cambridge Isotope Laboratories Inc.),
and KO Ub expressing cells in light medium (containing unlabeled
lysine and arginine). Both cultures were grown for at least 10 gener-
ations to ensure complete incorporation of heavy isotopes-labeled
amino acids. Cultures were harvested at ODgq of 1 in a final volume
of 70 ml, and lysed using glass beads in a 20% TCA solution. The
supernatant was collected and the beads were washed with diluted
TCA solution to retrieve the remains. The final cell lysate of each
sample contained 12% TCA for efficient protein precipitation. A frac-
tion making up 10% of the total sample volume of each heavy and
light lysate was taken aside for “total extract” analysis, and all lysates
were incubated at 4° for 1h, followed by centrifugation to separate
precipitates from supernatants. The precipitates pH was adjusted to
~7.5 using 1 m Tris pH = 11. Precipitates destined for “total extract”
analysis were resuspended in 5% SDS solution, whereas the rest of
the precipitates, destined for ubiquitin pullout, were resuspended in
loading buffer (6 M GuHCI, 20 mm Tris pH = 8, 100 mm K,HPO,, 10
mwm imidazole, 100 mm NaCl, 0.1%triton X-100). Protein concentration
for all samples was determined using BradfordUltra (Expedeon), and
then equal amounts of heavy and light samples were mixed together
for either total extract or ubiquitin pullout analysis.

The combined sample destined for ubiquitin pullout (~6 mg total
protein) was loaded onto a mini NiNTA column (Qiagen, The Nether-
lands) and incubated overnight at 4°C. Flow-through was collected
and after several column washes with loading buffer, was reloaded
onto the column and incubated for 3h at room temperature. The
column was subsequently washed several times with wash buffer 1
(20 mm tris pH = 8, 100 mm K,HPO,, 20 mm imidazole, 100 mm NaCl,
0.1%triton X-100) followed by washes with wash buffer 2 (20 mm tris
pH = 8, 100 mm K,HPO,, 10 mm imidazole, 1 m NaCl, 0.1%triton
X-100) followed by imidazole elution (20 mm tris pH = 8, 100 mm
K;HPO,, 500 mm imidazole, 100 mm NaCl). The eluate was concen-
trated using 12% TCA and acetone precipitation and then resus-
pended in Laemmli buffer for separation by SDS-PAGE. Both total
extract (total of 100 ng) and pullout samples (the entire concentrated
eluate) were separated by a 12% SDS-PAGE, and after staining with
Imperial Protein Stain (Thermo), each lane of the gel was cut into 10
to 12 slices. The above procedures were repeated twice in order to
obtain two biological repeats of this experiment.

In-gel Trypsinization and Mass Spectrometry Analysis—The pro-
teins in each gel slice were reduced (10 mm dithiotreitol), modified
with 40 mm iodoacetamide (at 25 °C) and trypsinized (modified trypsin
(Promega)) at a 1:100 enzyme-to-substrate ratio for 18 h at 37 °C. A
similar amount of fresh trypsin was then added and samples were
incubated for additional 8 h at 37 °C.

The resulting tryptic peptides from each gel slice were resolved by
reverse-phase chromatography on 0.075 X 200-mm fused silica cap-
illaries (Aligent Technologies J&W, Santa Clara, California) packed
with Reprosil reversed phase material (Dr Maisch GmbH, Germany).
The peptides were eluted with linear 65 min gradients of 5 to 45% and
15 min at 95% acetonitrile with 0.1% formic acid in water at flow rates
of 0.25 pl/min. Mass spectrometry was performed by "hybrid” mass
spectrometer (Orbitrap, Thermo) in a positive mode using repetitively
full MS scan followed by collision induces dissociation of the seven
most dominant ion selected from the first MS scan.

Targeted quantitative MS of trypsin-derived Ub peptides (8) and of
ubiquitin linkages was facilitated (when required) by a mass inclusion
list (detailed in the accompanying supplementary file). In these cases,
the chromatography step included a linear 34 min gradient of 5 to
40% and 10 min at 95% acetonitrile with 0.1% formic acid in water at
flow rates of 0.25 wl/min. For inclusion list-dependent acquisition on
the Orbitrap mass spectrometer, a single Orbitrap MS scan from m/z
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320 to 900 at resolution 60,000 was followed by up to three MS/MS
scans. Preview mode and charge state screening were enabled for
selection of precursors. The m/z tolerance around targeted precur-
sors was =30 ppm. Dynamic exclusion was disabled. The intensity
threshold for triggering of a detected peak was set to 30,000, and
normalized collision energy was specified to 35.

SILAC Quantitative Data Analysis—Raw MS files from the LTQ-
Orbitrap were processed in Quant.exe, the first module of MaxQuant
(version 1.1.1.6) (74) combining the RAW MS files of the 2 biological
repeats (i.e. Totall and Total2 were analyzed together). The derived
peak list was searched using Andromeda, MaxQuant build-in search
module against the S. cerevisiae translations of all systematically
named open reading frames (release date Jan 5th, 2010; Downloaded
form SGD), to which the sequence of KO Ub was added. To these
5905 sequences, known contaminants and reverse sequences were
added. The search was performed using an initial precursor mass
tolerance of 7 ppm and fragment mass tolerance of 0.5 Da. The
following search criteria were used: tryptic/P specificity was required
with two missed cleavages allowed; cysteine carbamidomethylation
was set as fixed modification and oxidized-methionine, protein N-
acetylation and lysine ubiquitination were set as variable modifica-
tions. In addition, the default settings were used: maximal peptide
posterior error probability of 1, maximal peptide false discovery rate
of 0.01, and minimal peptide length of six amino acids. For peptide
and protein identification the 1% false discovery rate was determined
by accumulating 1% of reverse database hits. When the identified
peptide was shared by two proteins (homologues or isoforms), the
two proteins were reported by MaxQuant as one protein group.
Quantification was performed using MaxQuant with the following
settings: minimal ratio count of two and using only unmodified
peptides and peptides modified by methionine oxidation or protein
N-terminal acetylation. Lists of quantified proteins including only pro-
teins identified by two peptides or more are presented in sup-
plementary Tables S1 and S2. Raw and normalized SILAC ratios are
standard MaxQaunt output. Normalization is done at the peptide level
for each of the LC-MS runs separately, allowing for different protein
mixing ratios in different runs. The peptides in each LC-MS run are
grouped in bins according to their intensity and for each bin the ratios
are normalized by setting the median of logarithmic ratios at zero. It is
done separately for lysine and arginine labeled peptides to compen-
sate for any possible label-specific bias. Protein ratios are calculated
as the median of all SILAC peptide ratios, minimizing the effect of
outliers (74).

SILAC-based Targeted Quantitative MS of Ubiquitin and Ubiquitin
Linkages—The intensities of the tryptic peptides derived from unmod-
ified ubiquitin and ubiquitin linked to another ubiquitin molecule (link-
age signature peptide) were manually analyzed by ion chromato-
grams using Xcalibur v2.0.7 software (Thermo Finnigan, San Jose,
CA) and used to estimate changes to linkage profile between the two
strains. The peak area of each precursor was calculated using Gen-
esis peak algorithm with a mass tolerance of 10 ppm. The abundance
ratio for each peptide was calculated by dividing for peak area of the
light form (KO Ub) of each peptide by corresponding peak area of the
heavy form (WT Ub). For peptides that were identified in more than
one charge or modification state (i.e. oxidized methionine or pyroglu-
tamine) the abundance ratio of both states was averaged.

Go Enrichment Analysis—In order to characterize unique features
shared by the high abundance ratio proteins found in the pullout of
ubiquitin conjugates, we determined their main GO categories using
AmiGO GO term enrichment tool (75) and selected the categories that
showed high enrichment ratio (>2) relative to the background set.

Detection of Ectopically Expressed Ubiquitin—Cells transformed
with RGS-Hisg WT Ub or with RGS-Hisg KO Ub were lysed using glass
beads in TCA solution and separated on SDS-PAGE. Ectopically

expressed ubiquitin was visualized using mouse monoclonal anti
RGS-His antibodies (Qiagen). The entire cellular ubiquitin species
were visualized using rabbit polyclonal anti ubiquitin antibodies
(Dako).

Cycloheximide Chase—MyoD encoding plasmid was cotrans-
formed into WT yeast cells with either WT or KO Ub encoding plas-
mids. Fresh cultures were grown to an ODgyo~1 in the presence of
2% galactose, and the stability of MyoD was monitored after inhibi-
tion of protein synthesis by Cycloheximide (200 wg/ml). Cell aliquots
were taken at the indicated times, lysed using glass beads in TCA
solution, and separated on an SDS-PAGE. MyoD was visualized by
Western blot using anti MyoD antibodies (sc-760) (Santa Cruz Bio-
technology, Santa Cruz, CA). For loading control, PGK was visualized
by mouse monoclonal antibodies (Invitrogen-Molecular Probes,
Carlsbad, California).

The stability of Pcl5 was monitored similarly in cells cotransformed
with Pcl5 encoding plasmid together with either WT or KO Ub encod-
ing plasmids. In this case cultures were grown in minimal medium
containing 2% glucose. Pcl5 was visualized using anti Pcl5 polyclonal
antibodies (a gift from Daniel Kornitzer, Rappaport Faculty of medi-
cine, Technion).

Isolation of Ubiquitinated Syp1-GFP—Genomic Syp1-GFP yeast
strain was transformed with either RGS-Hisg-WT Ub or RGS-Hisg-KO
Ub encoding plasmids. Cells from both cultures were grown in syn-
thetic minimal medium and harvested at ODgpo~1. Cells were lysed
and loaded separately onto a NiNTA column as described in “Prep-
aration of Yeast Cell Extract and isolation of ubiquitin conjugates
(Pullout)” section. Total-cell-lysates and isolated ubiquitinomes were
separated by SDS-PAGE and blotted with monoclonal anti GFP an-
tibodies (clones 7.1 and 13.1, Roche).

Immunoprecipitation of Sna3—6HA—Sna3-6HA encoding plasmid
was cotransformed into WT yeast cells with either WT or KO Ub
encoding plasmids. Exponentially growing cells (40 ml ODgyo~1) were
harvested and washed with cold TNE buffer (100 mm Tris-HCI pH 7.5,
150 mm NaCl, 5 mm EDTA). After resuspension in lysis buffer (TNE
supplemented with a protease inhibitor mixture (Complete, EDTA-free
mixture, Roche Diagnostics) and freshly prepared N-ethylmaleimide
(5 mwm final)) cells were broken using the glass beads method. Cell
debris and unbroken cells were removed by centrifugation. Proteins
from the lysate were precipitated by addition of 10% TCA. The protein
pellet was then resuspended in Laemmli’s sample buffer without
B-mercaptoethanol, followed by incubation at 95 °C. TNET buffer
(TNE supplemented with 1% Triton X-100) was then added to the
sample before a centrifugation to get rid of unsolubilized proteins. The
supernatant was incubated with a rabbit polyclonal anti-HA (Santa
Cruz, sc-805). After addition of freshly prepared Protein G Sephar-
ose beads (Gamma Bind G Sepharose, Amersham Biosciences
Pharmacia), incubation was prolonged over night. The Protein G
beads were collected by centrifugation, and then washed with
TNET buffer. Elution of the immune complex was made by addition
to the beads of an equal volume of sample buffer with 2% p-mer-
captoethanol and incubation at 95 °C. Immunoprecipitated Sna3-
6HA and its ubiquitin conjugates were detected by Western blot
using a monoclonal anti-HA (Santa Cruz, sc-7392) or anti-RGS-
His(Qiagen), respectively.

Canavanine and Nickel Phenotypic Analysis—WT yeast strains
transformed with either WT or KO Ub encoding plasmids were grown
in synthetic minimal medium to a same optical density (1600 nm).
Ten-fold serial dilutions in sterile double distilled water (DDW) were
spotted (5 ul) onto a control, canavanine (1 wg/ml), or NiCl, (1.5 mwm)
containing agar plates. Plates were incubated at 30 °C.

Cellular Localization Analysis of GFP-Phmb5, Sit1-GFP, and Jen1-
GFP—PRS416-GFP-Phmb5 plasmid was cotransformed into WT yeast
cells with either WT or KO Ub encoding plasmids. Cells were grown in
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synthetic minimal medium to mid-exponential Phase and then exam-
ined by fluorescence microscopy.

Sit1-GFP encoding plasmid was cotransformed into WT yeast cells
with either WT or KO Ub encoding plasmids. Cells were grown in 2%
Raffinose-containing minimal medium to mid-exponential Phase and
then the expression of Sit1-GFP was induced by addition of 2%
galactose. After 1 h induction cells were examined by fluorescence
microscopy.

Genomically tagged Jen1-GFP yeast strain was transformed with
either WT or KO Ub encoding plasmids. Glucose (2%)-containing
medium was used for growth under repression conditions. For ex-
pression conditions, glucose-grown cells in exponential growth phase
were collected by centrifugation, and grown in fresh YNB medium
containing lactic acid (0.5%, v/v, pH 5.0) for 4h. Cells were then
examined by fluorescence microscopy (t = 0') and 2% glucose was
added for induction of endocytosis. Cells were reexamined micro-
scopically after 30min (t = 30').

For fluorescence microscopy, cells were concentrated by a factor
of 10 by mild centrifugation. Cells were viewed immediately, without
fixation, under a fluorescence microscope (type BY61, Olympus, To-
kyo, Japan) using Chroma GFP Il filter (excitation wavelength 440-
470 nm) for detection of Green fluorescent protein (GFP)-tagged
proteins.

RESULTS

Ubiquitin-linkage Profile of High MW Conjugates—A large
portion of cellular ubiquitin (detected by immunoblotting) ac-
cumulated as slowly migrating species at the top of the gel
when whole cell extracts (WCE) were resolved by standard
SDS-PAGE (Fig. 1A left). These same high MW regions were
less abundant in total protein content, reflecting a high ubig-
uitin-to-total protein ratio (Fig. 1A, middle). Ubiquitin is an
extendable covalent modification forming polyUb chains,
which may explain the migration of ubiquitin in extremely
high-MW regions. Given that the ratio of ubiquitin to total
protein content was very favorable in the highest MW re-
gions we initially chose this region to assess the conjugated
ubiquitin linkage profile directly from whole cell extract. The
efficiency of ubiquitin extraction from whole cell extract
lysed under a variety of conditions (Fig. 1B) was evaluated
by comparing to isotopically labeled peptide standards (Ub-
AQUA), similarly to what has been employed before for
ubiquitin (18, 50, 76) or for other components of the ubig-
uitin system (77).

Ubiquitin conjugates are subject to deubiquitination and/or
degradation, therefore lysis under native conditions may un-
derestimate in vivo ubiquitin levels. Addition of commonly
used protease inhibitors did not improve ubiquitin extraction
by much (Fig. 1B; top). Urea— often used for denaturing lysis
(8, 17, 76)—increased efficiency of ubiquitin capture directly
from whole cell extract, though with inconsistent reproduc-
ibility. The most efficient protocol that we found for extraction
of ubiquitin from whole-cell-lysate was rapid TCA lysis fol-
lowed by SDS resolublization. Not only were total ubiquitin
levels highest, but all linkage types were consistently recov-
ered. Specifically we note that Lys63 linkages were better
represented without detracting from identification of any other
linkage type (Fig. 1B; middle), suggesting that some modifi-

cations may be particularly prone to postlysis editing. Like-
wise, high levels of unmodified ubiquitin were correlated with
efficiency of total ubiquitin recovery (Fig. 1B; bottom). Con-
sequently, all subsequent data in this study was collected
using the protocol of TCA lysis.

The most prevalent high MW ubiquitin linkages detected in
whole cell yeast extract were via Lys48 or Lys63, which to-
gether made up between 80% to 90% of polyUb. The next
abundant linkage was Lys29, and all other linkage possibilities
detected at trace amounts (Lys6, Lys11, Lys27, Lys33, and
even N-terminal linear Ub). In total, roughly half of the ubig-
uitin in the high MW region was modified on at least one lysine
(Fig. 1C) with all remaining ubiquitin serving either as a
monoUb modification or as a chain terminator (endcap). Al-
though the majority of ubiquitin is often thought to be tied up
in long polyUb chains each made up of multiple ubiquitin
molecules, it was surprising to find that roughly 50% of ubig-
uitin in the high MW region was unmodified on any lysine
residue. This result indicated that average chain-length is
rather short and that mono ubiquitination is a prevalent mod-
ification even in high MW conjugates likely representing mul-
tiple-mono ubiquitin molecules per target. Although our study
focuses on high MW conjugates, analysis of lower MW re-
gions revealed an expected increase in the mono-to-poly ratio
with decreasing MW (supplemental Fig. S1). Lys48 and Lys63
remain prevalent throughout, yet a mild increase in other
linkages—including Lys11—was observed with decreasing
MW (supplemental Fig. S2).

Using a common building block (ubiquitin) to assemble into
different orientations (linkages), may provide cells with the
capability to adapt signals according to conditions. For in-
stance, it was shown that induction of ubiquitin-binding pro-
teins can increase the ratio of Lys48-to-Lys63 linkages (18).
One way to stress the linkage profile is to limit the ability of
ubiquitin to form specific linkages. We evaluated changes to
the ubiquitin landscape upon overexpression of a single-site
K48R mutated ubiquitin in a WT background (Fig. 1D). In this
case the data is presented as relative changes from WT. With
Lys48 representing a significant portion of ubiquitin conju-
gates one may expect that partial blocking of Lys48-chain
synthesis would lead to a decrease in total ubiquitination.
Interestingly, although the relative portion of Lys48 linkages
did decrease, it was accompanied by a general increase of
total ubiquitination. The end result was that absolute levels of
Lys48 modifications (generated by endogenous WT ubiquitin)
remained robust next to the elevated levels of other modifi-
cations (Fig. 1D). As a control, similar induction of a WT
ubiquitin gene over the endogenous background did not alter
the normal distribution between modifications.

Perturbation of the Ub-landscape by Altering the Ratio of
Mono-to-Poly Ubiquitin—A prominent feature of the conju-
gated Ub landscape was that about half of the Ub molecules
in WCE were in the form of nonextended Ub (Fig. 1). Such a
high proportion of monoUb modifications was somewhat un-
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Fic. 1. The conjugated Ub linkage profile. A, A general scheme for determining the linkage profile of conjugated ubiquitin. Logarithmically
growing WT yeast cells (genotype of this and other strains used in this study are listed in supplemental Table S7) were rapidly lysed and the
resulting whole-cell extract was resolved by a 4-12% gradient SDS-PAGE. The high MW region, corresponding to the majority of the Ub
conjugates (as verified by immunoblotting with anti-Ub polyclonal antibody; left panel), was excised and subjected to digestion by Trypsin (right
panel). Isotope-labeled Ub AQUA peptides were added as internal standards, and mixture subjected to multiplexed liquid chromatography-
selected reaction monitoring processing (Ub-AQUA peptide transitions are listed in supplemental Table S9). Ubiquitin-linkage determination
was performed as described (11, 18, 50, 76, 79). B, TCA lysis reproducibly generates the highest yield of ubiquitin conjugates. Logarithmic
yeast cells were processed according to scheme in panel A, differing only in the lysis protocol. Top: The total amount of conjugated ubiquitin
detected under the different lysis conditions is shown in pmols. TCA lysis retained the highest amount of total ubiquitin in high MW conjugates
compared with other lysis conditions. Middle: Quantification of Lys48 and Lys63 ubiquitin linkages captured under different lysis conditions.
TCA lysis retained the highest absolute amounts of Lys48 linkages and significantly higher amounts of Lys63 chains than those trapped in a
measurable form by other lysis conditions. Bottom: Quantification of mono and endcap ubiquitin under different lysis conditions. A large portion
of ubiquitin found in high MW conjugates was not modified on any lysine residue. The highest portion of such ubiquitin representing mono and
endcap modifications was obtained under TCA lysis, without detracting from amounts of polyUb chains trapped in same samples (middle
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expected, because the primary ubiquitin signals are often
thought to be in the form of polyUb chains (of various linkage
types) (2, 7, 78). Therefore, we evaluated the perturbation
upon increasing the ratio of mono-to-poly modifications
using non extendable, lysineless, ubiquitin (KO Ub). This
mutant has been previously used as a chain terminator to
decrease average chain length and increase modifications
by monoUb (53, 79). We transformed WT yeast cells with
WT [Hisg-Ub] or mutant [Hisg-KO0-Ub]. In either strain, the
pool of free (unconjugated) ubiquitin consisted of a mixture
of both endogenous untagged WT Ub and the tagged ver-
sion (Fig. 2A). Immunoblotting indicated that the mutated KO
Ub was fully usable and was incorporated into the ubiquitin-
ome at all levels to generate a ubiquitination pattern similar to
that of WT Ub, albeit with an even higher level of accumulated
high MW conjugates (Fig. 2A). Likewise, mass-spectrometric
analysis of ubiquitin conjugates in either strain relative to a
nontransformed WT strain (empty vector) confirmed the accu-
mulation of high MW ubiquitin conjugates with expression of the
mutant ubiquitin (Fig. 2B).

The increase in total Ub conjugates (Fig. 2A, B) was due
largely to a significant increase in monoubiquitination without
altering the relative distribution of major linkage types (Fig.
2C). Incorporation of the nonextendable ubiquitin as a modi-
fier (estimated at roughly 60% of total conjugates; sup-
plemental Fig. S3) can explain the predominance of monou-
biquitin modifications (Fig. 3C). Such a penetration into the
ubiquitinome resulted in a perturbed landscape in which a
remarkable 85% of total modifications were mono and end-
caps (Fig. 3D). Remarkably, these cells were viable under
standard growth conditions, possibly because of robust
levels of polyubiquitin chains maintained by the endoge-
nous WT ubiquitin. Shutting down expression of all endog-
enous WT Ub eventually leads to cell death, although we
note that KO Ub remained abundant in high MW conjugates
even when making up nearly 100% of all available ubiquitin
(supplemental Fig. S4).

To summarize, the ubiquitin landscape is malleable and
responsive to imbalances in linkage-specific or general po-
lymerization capacity. This flexibility may channel ubiquitin
into differential pathways, differing in linkage type and length,
according to cellular needs.

KO Mutant Ub Induces Perturbations in Ubiquitinome of
Select Biological Pathways— Accumulation of KO Ub-modified
proteins should facilitate trapping and identification of ubig-

uitinated substrates with possible broader effects on the com-
position of the cellular proteome. Interference with the syn-
thesis of polyUb chains as a degradation signal may directly
stabilize target proteins thereby trapping normally transient
ubiquitin-conjugates in a monoUb state. In order to assess the
interference of KO Ub with the steady-state population of
ubiquitinated substrates, we carried out a comparative pro-
teomic screen. The background strain used to analyze ubig-
uitin linkage profiles (described in Figs. 1 and 2) was geneti-
cally manipulated to be compatible with SILAC experiments
using labeled arginine and lysine in media. These cells ex-
pressing either tagged WT [Hisg-Ub] or mutant [Hisg-K0-Ub]
ubiquitin were grown to mid log phase in heavy or light media
respectively. Cell pellets were lysed, equal amounts of ex-
tracts (total protein) were mixed, and the mixture was split for
parallel analysis of proteins in extract and for affinity-purifica-
tion of ubiquitin-conjugates (Fig. 3A). After resolution of sam-
ples by SDS-PAGE, gel slices were excised, trypsinized and
subjected to LC-MS/MS analysis. Intensity ratios of identical
peptides (Light-to-heavy) were obtained by running the entire
data set through MaxQuant software (74).

Of affinity-purified ubiquitin-conjugates, light/heavy iso-
topic abundance ratios were obtained for 856 proteins includ-
ing 186 new substrates uniquely identified here (supple-
mental Table S1). In total cell extract, the raw MS/MS data
identified 2654 proteins (supplemental Table S2 sheet 2;
ZivSTS2B), of which 2196 were positively identified by at least
two different peptides with signals contributed from both light
and heavy cells, thus allowing for a ratio to be calculated by
MaxQuant (supplemental Table S2 sheet 1; ZivSTS2A). The
validated lists were used for all subsequent analysis of data.
Compiling our targets together with available published data
bases of potentially ubiquitinated proteins, generates a com-
prehensive list of high confidence substrates in yeast
(supplemental Table S3). For some of these targets, Ub-
modified lysine residues (“GG-signature peptides”) were iden-
tified (supplemental Table S4 and supplemental Spectra S10).

The majority of proteins were equally abundant in total
extracts from both cell types (light/heavy ratio ~1; Fig. 3B)
although the distribution was slightly off-centered toward en-
richment of proteins in cells expressing KO Ub (Fig. 3B).
Among proteins most dramatically enriched with KO Ub ex-
pression we found Orm2, Cla4, Mic17, and Ubc6 (sup-
plemental Table S2 sheet 1; ZivSTS2A). Orm2 and Ormf1
control membrane biogenesis by coordinating lipid homeo-

panel). C, Summary of ubiquitin linkage distribution obtained under TCA lysis. The relative abundance of polyUb as well as nonextended
ubiquitin (mono and end cap) displayed as a percentage of total conjugated ubiquitin. In this sample, chains linked via Lys6, or N terminus are
scarce (<0.03%) and are therefore not shown in this chart. D, Lys48Arg (K48R) ubiquitin mutation alters normal partitioning between polyUb
linkages. Equal amounts of WT cells transformed with plasmids overexpressing (oe) WT Ub or K48R Ub were processed as in panel A, and
distribution of main ubiquitin modifications was compared with that in cells transformed with empty vector (serving as background strain).
Properties of these and other plasmids used in this study are listed in supplemental Table S8. Overexpression of WT Ub did not significantly
alter ubiquitin conjugates in high MW relative to background strain. Upon expression of K48R Ub, Lys48-linkages remained the same as in WT
background, however as other linkages increased, the relative portion of Lys48-linkages decreased.
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Fic. 2. Lysineless (K0) Ub penetrates into the conjugated Ub pool increasing mono/poly Ub ratio. A, WT yeast cells were transformed

with plasmids for expression of either RGS-Hisg tagged lysineless Ub (KO Ub) or with tagged WT Ub as control. Rapidly lysed whole cell
extracts were resolved by 18% SDS-PAGE, transferred and immunoblotted with anti RGS-His antibodies (left panel) or with anti Ub antibodies
(right panel). B-D, Equal amounts of cells expressing WT Ub, KO Ub, or empty vector (serving as background strain) were lysed and whole-cell
extracts resolved by gradient SDS-PAGE. The high MW region was excised and subjected to Ub-AQUA analysis as described in Fig. 1. B, As
in Fig. 1, expression of WT Ub from a plasmid did not significantly alter total conjugates relative to background strain (empty vector). Ubiquitin
levels in both strains were normalized using common internal peptide standards. KO Ub expression resulted in a roughly 50% increase in total
ubiquitin conjugates. C, Increase in mono/end cap modifications accounts for bulk of ubiquitin conjugates accumulating in KO Ub expressing
cells relative to nontransformed cells. D, The relative abundance of different Ub modifications in cells expressing KO Ub is displayed as a

percentage of total cellular conjugated Ub.

stasis with protein quality control required for resistance to
induced unfolded protein response (80). Cla4 is part of a
complex involved in septin ring assembly, vacuole inherit-
ance, cytokinesis, and sterol uptake (81). Mic17 is a mito-
chondrial intermembrane space protein, required for normal
oxygen consumption (82). Ubc6 is an E2 Ub conjugating
enzyme in ERAD and membrane processes (8). In the other
extreme, diminished levels of Vps28, were found in KO Ub
expressing cells. Vps28 is a component of the ESCRT-I com-
plex for ubiquitin-dependent sorting of proteins into the en-
dosome (83). As mentioned, the overall effect of KO Ub ex-
pression on the proteome was mild, nonetheless, of proteins

whose levels did change, a larger number increased upon
expression of KO Ub. Accumulation may reflect direct stabili-
zation of proteins modified by KO Ub, or an indirect effect
because of alteration of synthesis and degradation pathways.

Ubiquitin conjugates display a nonGaussian distribution of
abundance ratios, lopsided toward enrichment of proteins
tagged with KO Ub over WT Ub (Fig. 3C). More than one third
of proteins were enriched by a factor greater than 1.5 (ratio of
KO Ub-conjugates relative to conjugates of WT Ub; Fig. 3C).
No correlation was found between preferred targets of KO
ubiquitination and high cellular abundance (supplemen-
tal Fig. S5; based on predicted number of copies in the cell

10.1074/mcp.M111.009753-8
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(84)). The paucity of proteins with an abundance ratio lower
than unity is probably a reflection of general protein stabiliza-
tion upon interference of KO Ub with ubiquitin polymerization.
Plotting enrichment factors of all identified ubiquitin conju-
gates (“ubiquitinome”) against their enrichment factors in
whole cell extract highlights that increased ubiquitination
leads to small changes in overall protein levels, therefore
implying that the ubiquitinated portion of most proteins is
probably small (Fig. 3D). Nevertheless, the elevated levels of
ubiquitin conjugates upon KO Ub perturbation may serve as a
means to trap targets in a relatively stable ubiquitination state.

What are the ubiquitinated proteins trapped as KO Ub con-
jugates? Among the “very high scores” (ratio >4.5) listed in
supplemental Table S1, one can find several membrane-as-
sociated proteins involved in stress response. Some notable
examples include Dre2 that may prevent mitochondria in-
duced cell death by shielding Tah18 in absence of stress (85),
proteins involved in bud selection, cell fusion or vesicular
transport (Bud1, Bud24, Gcs1), and membrane-associated
proteins involved in signaling of stress responses (Opy2, Gis4,
YML131W). Several proteasome subunits such as 83 (Pup3)
or a3 (Pre9), and ubiquitin conjugating enzymes such as
Cdc34 were also found heavily enriched with KO Ub (though
why they accumulate in ubiquitinated form in response to KO
Ub induction is somewhat of an enigma). At the other ex-
treme, some proteins that are severely down regulated upon
expression of KO Ub include the putative RING finger E3
ligase Pep3, a component of CORVET tethering complex that
promotes vesicular docking/fusion reactions in conjunction
with SNARE proteins (86), She2, an RNA-binding protein that
regulates mRNA localization (87), and RFC2, a subunit of the
replication factor that loads the sliding clamp PCNA onto DNA
templates (88).

Naturally, the next question we addressed was whether
these targets represent a random selection of naturally ubig-

uitinated substrates, or does KO Ub preferentially perturb
certain biological pathways (reflected in the preferred targets
such as those listed above). Using the AmiGo program (75) to
curate the list of proteins enriched by ubiquitination of KO Ub,
we found that a substantial number of high ratio targets
cluster in a limited number of biological pathways, many of
which pertain to protein sorting or trafficking, or to ubiquitin-
dependent proteolysis (supplemental Table S5). Of proteins
associated with KO Ub, the relative portion that these cate-
gories make up is higher than the portion they account for
among all known ubiquitinated proteins (Fig. 3E, sup-
plemental Table S6). Members of these categories were en-
riched specifically in their ubiquitinated state indicating that
these proteins are particularly prone to ubiquitination by KO
Ub (Fig. 3F). We conclude that KO Ub differentiates between
targets and leads to increased ubiquitination of a subset of
proteins associated with membrane processes, vesicle medi-
ated transport, actin cytoskeleton, and ubiquitin-proteasome
dependent proteolysis (Tables I, Il).

One of the interesting targets is Rsp5, an E3 ubiquitin ligase
whose substrates include many membrane proteins (41),
components of vesicular trafficking machinery (89), and pro-
teins in connection with the actin cytoskeleton (90, 91). Rsp5
function is mediated via a series of substrate specific adap-
tors such as Art1-Art10 and Bul1, Bul2 (45-47, 92, 93). Rsp5-
associated proteins—adaptors as well as substrates—show
up prominently in our list of targets preferentially ubiquitinated
by KO Ub (Tables I, ). Among Rsp5-ubiquitinated targets, our
list uncovers even substrates for proteasome dependent deg-
radation, such as Rbp1 (94). With the exception of Rsp5
related proteins, other biological categories (such as tran-
scriptional regulation, metabolic enzymes, protein translation,
and cell cycle) did not appear to be altered by KO Ub expres-
sion. This was not a self-evident observation as KO Ub is often
thought to serve as a nondiscriminatory chain terminator,

Fic. 3. Impact of KO Ub expression on proteome and ubiquitinome. A, Schematic description of SILAC approach used in this study. Cells
expressing RGS-Hisg tagged WT or RGS-Hisg tagged KO Ub were differentially isotopically labeled, mixed, lysed under denaturing conditions,
and split for MW resolution of total proteome or for affinity purification of Ub-conjugates. MS/MS analysis was performed at three levels:
proteins in total cell extract (proteome; panel B); proteins in pullout of ubiquitin-conjugates (ubiquitinome; panel C); and analysis of ubiquitin
linkages (Fig. 4). B, 2196 different proteins were identified at high confidence in whole cell extracts of KO Ub and WT Ub expressing cells.
Enrichment factors were calculated from intensity of MS signals (log,(KO/WT); supplemental Table S2). Bars represent frequency of proteins
(%) in each enrichment factor range. The red dotted line represents a ratio of unity (log,1 = 0); i.e. proteins whose ratio was unaltered by
expression of KO Ub. C, A total of 856 different proteins were identified by Ub-affinity pullout (supplemental Table S1). Enrichment factors were
calculated and displayed as in panel B. D, The enrichment factor for each protein in the Ub pullout (y axis) was plotted against its enrichment
factor in whole cell extract (x axis). The two dimensional plot indicates the KO Ub-induced perturbation on ubiquitination status of each
substrate relative to changes in its cellular abundance. A red asterisk represents the KO Ub protein, which was added to the database of all
possible yeast translated open reading frames. E, Biological pathways significantly enriched with ubiquitinated proteins upon KO Ub
expression. Identified proteins were classified into biological pathways using the AmiGO program. Ubiquitinated proteins with a greater than
twofold increase in KO Ub expressing cells were categorized according to biological pathways. The relative portion that each category makes
up out of total ubiquitinated proteins is shown in red bars. Blue bars represent the portion that these pathways make up of known ubiquitinated
targets (taken from supplemental Table S3). F, To emphasize the enrichment of ubiquitinated proteins in specific biological categories the span
of enrichment factors for all proteins identified in the Ub pullout is displayed for each category (surrounding the average enrichment ratio
marked as red squares). For comparison, the enrichment factors of these same proteins in whole cell extract are also shown along with the
average enrichment in extract of proteins belonging to each category (green diamonds). The comparison highlights that proteins belonging to
these categories accumulate as ubiquitinated conjugates in KO Ub expressing cells.
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TABLE |
UPS or UTS associated targets identified as preferentially ubiquitinated with KO Ub. Ubiquitinated proteins enriched in KO Ub expressing cells
from supplemental Table S1 that are documented to be associated with ubiquitin, either as ubiquitin proteasome system components and
substrates, or as ubiquitin trafficking system components. Light-to-Heavy (L/H) ratio represents abundance of each target in KO Ub-expressing
cells relative to WT. Protein description and links to protein trafficking or Rsp5 are based on SGD http://www.yeastgenome.org/

Systematic Protein Ratio L/H Protein description Ro.le |.n prote!n RSPS.
name trafficking/sorting association
YER094C PUP3 141 Beta subunit of the 20S proteasome involved
in ubiquitin-dependent catabolism
YJL151C SNA3? 8.4 Integral membrane protein has a possible + +
role in either cell wall synthesis or protein-
vacuolar targeting
YDR054C CDC34 4.8 Ubiquitin-conjugating enzyme (E2) and
catalytic subunit of SCF ubiquitin-protein
ligase complex
YPLO84W BRO1 4.7 Class E vacuolar protein sorting factor that + +
coordinates deubiquitination
YBLO58W SHP1 4.6 UBX domain-containing protein that +
regulates GIc7p phosphatase activity
YNROOBW  VPS27 4.4 Endosomal protein that forms a complex + +
with Hse1p; required for recycling Golgi
proteins
YMLQ97C VPS9 4.3 A guanine nucleotide exchange factor +

involved in vesicle-mediated vacuolar
protein transport
YOR042W  CUE5 4.2 Protein containing a CUE domain that binds + +
ubiquitin, which may facilitate
intramolecular monoubiquitination

YDL126C CDC48 41 ATPase in ER, nuclear membrane and +
cytosol

YMR275C BULA1 3.9 Ubiquitin-binding component of the Rsp5p + +
E3-ubiquitin ligase complex

YFLOOSW CDC4 3.9 F-box protein required for G1/S and G2/M
transition

YDR320C SWA2 3.9 Auxilin-like protein involved in vesicular +
transport

YOLO38W PRE6 3.9 20S proteasome alpha-type subunit

YELO37C RAD23 3.9 Protein with ubiquitin-like N terminus,
recognizes and binds damaged DNA

YDR177W  UBCH1 3.7 Ubiquitin-conjugating enzyme (E2)

YOR261C RPN8 3.7 Essential, non-ATPase regulatory subunit of
the 26S proteasome

YDR0O92W  UBC13 3.7 Ubiquitin-conjugating enzyme (E2)

YDL161W ENT1 3.4 Epsin-like protein involved in endocytosis + +
and actin patch assembly

YLR421C RPN13 3.3 Subunit of the 19S regulatory particle of the
268 proteasome lid

YELO12W UBC8 3.2 Ubiquitin-conjugating enzyme (E2)

YJL172W CPS1 3.2 Vacuolar carboxypeptidase yscS + +

YGR135W  PRE9 3.1 20S proteasome beta-type subunit

YORO18W ROD1/ART4 3.0 Membrane protein; contains 2 PY motifs, + +
which are required for Rod1p interaction
with Rsp5p

YCRO030C SYP1 2.8 Protein with a potential role in actin +
cytoskeletal organization

YOR322C LDB19/ART1/CVS7 2.8 Protein involved in regulating the endocytosis + +
of plasma membrane proteins

YKL213C DOA1 2.7 WD repeat protein required for ubiquitin-
mediated protein degradation

YBL101C ECM21/ART2 2.7 Protein involved in regulating the endocytosis + +
of plasma membrane proteins

YLR392C ART10 2.7 Protein of unknown function that contains 2 + +

PY motifs and is ubiquinated by Rsp5p
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TABLE |—continued

Systematic

Role in protein

Rsp5

name Protein Ratio L/H Protein description trafficking/sorting association
YLR206W ENT2 2.7 Epsin-like protein required for endocytosis + +
and actin patch assembly
YFRO10W UBP6 2.6 Ubiquitin-specific protease situated in the
base subcomplex of the 26S proteasome
YGR068C ART5 2.6 Protein proposed to regulate the endocytosis + +
of plasma membrane proteins
YER125W RSP5 2.6 Ubiquitin-protein ligase (E3) + +
YJL084C ALY2/ART3 2.5 Protein proposed to regulate the endocytosis + +
of plasma membrane proteins
YKL145W RPT1 2.4 One of six ATPases of the 19S regulatory
particle of the 26S proteasome
YBR082C UBC4 2.4 Ubiquitin-conjugating enzyme (E2)
YHR200W RPN10 2.4 Non-ATPase base subunit of the 19S +
regulatory particle of the 26S proteasome
YBLO57C PTH2 2.2 Mitochondrially-localized peptidyl-tRNA
hydrolases; negatively regulates the
ubiquitin-proteasome pathway
YDLOO7W RPT2 2.2 One of six ATPases of the 19S regulatory
particle of the 26S proteasome
YBR058C UBP14 2.2 Ubiquitin-specific protease that specifically
disassembles unanchored ubiquitin chains
YOR124C UBP2 2.2 Ubiquitin-specific protease that removes +
ubiquitin from ubiquitinated proteins
YNL243W SLA2 2.1 Transmembrane actin-binding protein + +
involved in membrane cytoskeleton
assembly and cell polarization
YDR388W RVS167 2.1 Actin-associated protein, interacts with + +
Rvs161p to regulate actin cytoskeleton,
endocytosis, and viability
YGLO45W RIM8/ART9 2.1 Protein involved in proteolytic activation of + +
Rim101p in response to alkaline pH
YMR304W  UBP15 2.0 Ubiquitin-specific protease that may play a
role in ubiquitin precursor processing
YHR108W  GGA2 2.0 Golgi-localized protein with homology to +
gamma-adaptin
YML111W BUL2 2.0 Component of the Rsp5p E3-ubiquitin ligase + +
complex, involved in intracellular amino
acid permease sorting
YGRO048W UFD1 2.0 Involved in recognition of polyubiquitinated
proteins and their presentation to the 26S
proteasome
YKLO10C UFD4 1.9 Ubiquitin-protein ligase (E3) +
YBL047C EDE1 1.9 Key endocytic protein involved in a network + +
of interactions with other endocytic
proteins
YMLO13W UBX2/SELA1 1.9 Protein involved in ER-associated protein +
degradation
YHR027C RPN1 1.6 Non-ATPase base subunit of the 19S
regulatory particle of the 26S proteasome
YPR103W PRE2 1.6 20S proteasome beta-type subunit,
responsible for the chymotryptic activity of
the proteasome
YDL190C UFD2 1.6 Ubiquitin chain assembly factor (E4) +
YDL097C RPN6 1.6 Essential, non-ATPase regulatory subunit of
the 26S proteasome
YILO75C RPN2 15 Subunit of the 26S proteasome
YDL140C RPB1 1.5 RNA polymerase Il largest subunit B220, part +

of central core

@ |dentified by one peptide only.
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TABLE Il
Additional trafficking or membrane associated proteins preferentially ubiquitinated with KO Ub. Ubiquitinated proteins enriched in KO Ub
expressing cells from supplementary Table S1 that are associated with protein sorting, trafficking, or membrane-associated processes, but not
included in Table I. Light-to-Heavy (L/H) ratio represents abundance of each target in KO Ub-expressing cells relative to WT. Protein descriptions
are based on SGD http://www.yeastgenome.org

Systematic Protein Ratio L/H Protein description
name

YMR316W DIA1 12.2 Protein of unknown function, involved in invasive and pseudohyphal growth,
target of calcineurin signaling

YDL226C GCSH1 6.1 ADP-ribosylation factor GTPase activating protein (ARF GAP), involved in
ER-Golgi transpor

YDR425W SNX41 5.1 Sorting nexin, involved in the retrieval of late-Golgi SNAREs

YLR219W MSC3 3.9 Protein of unknown function; may be a component of eisosomes

YDL203C ACK1 3.5 Protein that functions upstream of Pkc1p in the cell wall integrity pathway

YOR171C LCB4 3.5 Sphingoid long-chain base kinase, responsible for synthesis of long-chain base
phosphates

YJR125C ENT3 3.0 Protein containing an N-terminal epsin-like domain involved in clathrin
recruitment and traffic

YGR086C PIL1 2.9 Primary component of eisosomes, which are large immobile cell cortex
structures associated with endocytosis

YOR109W INP53 2.8 Polyphosphatidylinositol phosphatase, dephosphorylates multiple phosphatidyl-
inositols

YMRO79W SEC14 2.7 Phosphatidylinositol/phosphatidylcholine transfer protein

YNLO54W VAC7 2.6 Integral vacuolar membrane protein involved in vacuole inheritance and
morphology

YALOO2W VPS8 2.6 Membrane-associated protein that interacts with Vps21p to facilitate soluble
vacuolar protein localization

YGR136W LSB1 2.4 Protein containing an N-terminal SH3 domain

YGR130C YGR130C 2.4 Putative protein of unknown function; possible component of the eisosome

YILO41W GVP36 2.1 BAR domain-containing protein that localizes to both early and late Golgi
vesicles

YDLO29W ARP2 2.1 Essential component of the Arp2/3 complex, which is a highly conserved actin
nucleation center

YPL195W APL5 2.0 Delta adaptin-like subunit of the clathrin associated protein complex (AP-3)

YJL154C VPS35 1.9 Endosomal subunit of membrane-associated retromer complex required for
retrograde transport

YKL212W SAC1 1.8 Phosphatidylinositol phosphate (PtdinsP) phosphatase involved in hydrolysis of
PtdIns[4]P

YCR088W ABP1 1.8 Actin-binding protein of the cortical actin cytoskeleton

YDR129C SAC6 1.8 Fimbrin, actin-bundling protein; cooperates with Scp1p in the organization of
the actin cytoskeleton

YNLO44W YIP3 1.7 Protein localized to COPII vesicles, proposed to be involved in ER to Golgi
transport

YGR261C APL6 1.7 Beta3-like subunit of the yeast AP-3 complex

YELO13W VACS8 1.7 Phosphorylated and palmitoylated vacuolar membrane protein, required for
cytoplasm-to-vacuole targeting

YPR139C VPS66 1.6 Cytoplasmic protein of unknown function involved in vacuolar protein sorting

YFRO51C RET2 1.6 Delta subunit of the coatomer complex (COPI), which coats Golgi-derived
transport vesicles

YFLO39C ACT1 1.6 Actin, structural protein involved in cell polarization, endocytosis, and other
cytoskeletal functions

YER143W DDI1 1.5 DNA damage-inducible v-SNARE binding protein, contains a ubiquitin-
associated (UBA) domain

YBRO080C SEC18 1.5 ATPase required for vesicular transport between ER and Golgi

YMLO48W GSF2 1.5 ER localized integral membrane protein that may promote secretion of certain
hexose transporters

YKRO01C VPS1 15 Dynamin-like GTPase required for vacuolar sorting; also involved in actin
cytoskeleton organization

YCR009C RVS161 1.5 Amphiphysin-like lipid raft protein; regulates polarization of the actin
cytoskeleton, endocytosis, cell polarity

YPR029C APL4 1.5 Gamma-adaptin, large subunit of the clathrin-associated protein (AP-1) complex

Molecular & Cellular Proteomics 10.5 10.1074/mcp.M111.009753-13
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FiG. 4. Distribution of KO Ub with ubiquitin chain-linkages. A, The ratios of the main Ub linkages, Lys48 and Lys63 in whole cell extract

(KO/WT Ub) were determined by SILAC according to MW regions. For MW regions <130 kDa, Orbitrap detection of signature peptides
(supplemental Fig. S6) was performed with a mass inclusion list. B, Ratio of total conjugated Ub in cells expressing KO Ub relative to cells
expressing WT Ub based on the MS intensity ratio of the tryptic peptide EGIPPDQQR (see explanation in supplemental Fig. S6). C, Penetration
of KO Ub into the ubiquitin landscape according to MW. Ubiquitin in the SILAC cells comes from two sources: endogenous (WT) and expressed
tagged ubiquitin (either WT or KO0). The ratio of extendable Ub (derived from peptide TITLEVESSDTIDNVK) to total ubiquitin (derived from
peptide EGIPPDQQR) between strains provides a measure of KO Ub penetration (details in supplemental Fig. S6). D, Main ubiquitin linkages
pulled out with tagged ubiquitin. Bars reflect ratio of linkages associated with tagged-KO Ub relative to tagged-WT Ub in each MW region. KO

Ub is preferentially associated with Lys63 linkages over Lys48 in affinity purified chains.

expected to lead to pervasive substrate stabilization (79).
Observations presented in the current study suggest that in
vivo, KO mutant ubiquitin dissects the ubiquitin system, per-
turbing some branches more than others.

KO mutant Ub is Preferentially Linked to Lys63 Chains—A
nonrandom effect of KO Ub expression on the identity and
steady state levels of ubiquitinated proteins (Fig. 3) raises the
question whether this is the outcome of a general effect on the
nature of ubiquitin modifications (polyUb chain length, for
instance), or whether KO Ub also has a nonrandom effect on
the ubiquitin landscape (by altering the ratio of modification
types). Prior to analysis of chains directly linked to KO Ub, we
looked at the broader effects on the ubiquitin profile in WCE.
Lys48 and Lys63 were prevalent in the high MW ubiquitin-rich
region of mixed SILAC samples (>130kDa; Fig. 4A) in agree-
ment with determination based on synthetically labeled stan-

dards (AQUA analysis; Figs. 1 and 2). Induction of KO Ub had
a similar effect on the levels of both of these linkages, sug-
gesting that in the high MW region their relative ratio to one
another remained stable. Using a mass-inclusion list for all
potential tryptic peptides derived from ubiquitin (including the
seven linkage-signature peptides depicted in supple-
mental Fig. S6) positively identified CLys ,5 and SCLysg,
signals in two adjacent MW slices (67-90 and 90-130 kDa;
Fig. 4A). In one slice, around 100 kDa, Lys63 linkages in-
creased slightly upon expression of KO Ub. This analysis
also confirmed that KO Ub induction led to a 2.5- to fourfold
increase in total ubiquitin conjugates relative to WT ex-
pressing cells (Fig. 4B). This increase was mainly because of
accumulation of nonextended monoubiquitin modifications
(Fig. 4C), supporting independent observations by Ub
AQUA (Fig. 2).
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Utilizing SILAC ratios of multiple tryptic peptides of ubiqui-
tin allowed an estimation of KO Ub penetration into the ubig-
uitin landscape over the entire MW span (Fig. 4C). The highest
incorporation of KO Ub into conjugates was detected in very
high MW and in the low-mid range MW regions. Penetration of
KO Ub into these conjugates nears 75%, similar to indepen-
dent estimates by Ub AQUA ( supplemental Fig. S3). Because
KO Ub serves as a chain terminator, the lower MW fractions
likely represent monoubiquitinated substrates or those mod-
ified by very short chains, whereas high-MW region conju-
gates probably reflect multiple-monoubiquitinated targets as
well as KO Ub capping long chains. KO Ub was also enriched
in the free pool of unanchored ubiquitin (<15kDa) implying
possible difficulties in utilization.

Ubiquitin itself is also a substrate for ubiquitination, a prop-
erty that allows trapping of chains that are physically corre-
lated with KO Ub, either as a chain terminator or as modifiers
of the same substrate (on different lysines). SILAC-based
analysis of linkage types pulled out with affinity tagged ubiqg-
uitin (KO versus WT), revealed that Lys63 chains are two times
more likely than Lys48 chains to be associated with targets of
KO Ub; this is particularly so in the low-mid range MW (Fig.
4D). At this stage we cannot distinguish between a situation in
which KO Ub caps short Lys63 chains from that whereby KO
Ub and Lys63 chains are conjugated to separate lysines on a
common substrate on. As a side note, we were unable to
identify any Lys63 linkages in unanchored di- or tri-ubiquitin
chains (low MW fractions of Fig. 4D). In conclusion, KO Ub
seems to associate with a subset of substrates, those that are
also linked to short Lys63 chains. The next question we asked
was “how does modification by KO Ub influence the fate of
these substrates?”.

KO Mutant Ub Interferes With Protein Sorting and Localiza-
tion but not with Proteasome-dependent Proteolysis— Simul-
tanous accumulation of ubiquitinated proteins alongside
changes to the cellular ubiquitination pattern upon KO Ub
expression posits that both outcomes reflect the altered fate
of modified targets. A logical explanation would be that pro-
teasome substrates evade degradation and accumulate in
cellulo because of the nonoptimal signhal embodied by KO Ub.
To evaluate the direct effect of KO Ub on ubiquitin-protea-
some dependent degradation, we measured the degradation
rates of two ubiquitin-proteasome substrates. MyoD is a
short-lived transcription factor (95) whose degradation in
yeast is strictly dependent on Lys48-linked polyubiquitin (96).
Overexpression of lysineless ubiquitin caused no delay in
MyoD turnover (Fig. 5A). Likewise, an endogenous yeast cy-
clin for the CDK Pho85, Pcl5, is turned over by the E3 ubig-
uitin ligase complex SCFS™ (97). Once again, overexpression
of KO Ub caused no delay in Pcl5 degradation (Fig. 5A).

Even though high cellular abundance of KO Ub did not seem
to interfere with ubiquitin-proteasome dependent degradation
(Fig. 5A), it did lead to accumulation of a substantial number
of proteins involved in membrane-associated processes (Ta-

ble 1, Table II, Figs. 3E, 3F). One such protein that was not
reported to be modified by ubiquitin is Syp1, a conserved
protein involved in regulation of endocytic pathway initiation
(98-100). Tagged WT or KO Ub were separately affinity puri-
fied from cells expressing genomically tagged Syp1 and im-
munoblotted for Syp1 (Fig. 5B). More monoubiquitinated-
Syp1 was isolated from KO Ub expressing cells. Thus
although not documented before, ubiquitination of Syp1 is
confirmed in this study by two independent methods: SILAC
of affinity “Ub-pullout” samples, and by immunoblotting for
ubiquitinated forms of Syp1. As mentioned above, KO Ub
emerges as a practical approach to trap otherwise difficult-
to-detect ubiquitin conjugates. Another protein, Sna3, was
previously identified as an MVB cargo targeted to the vacuole
upon modification by Lys63 chains on a single target lysine
(101). A general accumulation of ubiquitinated Sna3 was vi-
sualized (using antibodies for both anti-Ub and anti-Sna3
epitopes) upon KO Ub expression. Interestingly, even when
modified with KO Ub, a prominent mono-ubiquitinated band
of Sna3 was present at the base of a ladder extending to
higher- and even much higher-MW forms. Notably, Sna3
was identified by a single peptide in the ubiquitin pullout
(supplemental Table S1; Table I) and therefore was not con-
sidered as a high confidence hit in our proteomic screen
(supplemental Table S3), yet immunoblotting validated the
status of Sna3 as a bona fide target of ubiquitination (Fig. 5C).
A focus on an individual substrate (Fig. 5C) confirms that
multiple ubiquitin modifications occur per target even in pres-
ence of KO Ub; a similar pattern is seen also in the general
ubiquitinome of KO Ub conjugates migrating as high-MW
forms (Fig. 2, supplemental Fig. S4).

We may now ask whether the perturbed ubiquitination pat-
tern of MVB cargos (such as Sna3) represents a defect in
endocytosis or downstream trafficking. Many membrane-
bound proteins (receptors, transporters) are internalized at the
plasma membrane, sorted to early endosomes, and then to
late endosomes, where they meet proteins arriving from the
Golgi apparatus by the VPS (vacuolar protein sorting) path-
way. Endocytosed proteins are then either sorted to internal
vesicles of late endosomes/multivesicular bodies and deliv-
ered to the vacuole for degradation, or recycled back to the
plasma membrane. This trafficking pathway includes two
ubiquitin-dependent steps involving the E3 ubiquitin ligase,
Rsp5: internalization (102), and MVB sorting (41). A defect in
either of these ubiquitin-dependent events results in accumu-
lation of plasma membrane proteins in the plasma membrane
(103). One such protein is Can1, an amino acid transporter of
arginine that can also import the toxic analog canavanine. As
a result, cells defective in Can1 internalization, or MVB sort-
ing, are particularly sensitive to canavanine (46, 104). Indeed,
expression of KO Ub was sufficient to cause sensitivity to
canavanine (Fig. 5D), indicative of elevated levels of the Can1
transporter at the plasma membrane. However, as sensitivity
to canavanine may also be an outcome of other regulatory
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Fic. 5. Induction of KO Ub interferes with protein sorting more than it impacts ubiquitin-proteasome dependent degradation.
A, Influence of KO Ub induction on known ubiquitin-proteasome substrates. Cellular stability of ectopically expressed MyoD or Pcl5 in the
presence of either WT or KO Ub was monitored by addition of cycloheximide to exponentially growing yeast cells. Aliquots were taken at the
indicated time points after addition of cycloheximide and analyzed by immunoblotting with anti-MyoD (top panel) or anti-Pcl5 (bottom)
antibodies, and anti-PGK serving as loading control. B, Expression of KO Ub increases the ubiquitination levels of Syp1. Cells expressing
Syp1-GFP together with either RGS-Hisg-KO Ub or RGS-Hisg-WT Ub were lysed and loaded onto a Ni-NTA column for isolation of ubiquitin
conjugates. Syp1 content in whole cell extracts (WCE) and eluate of isolated ubiquitin conjugates (El) were analyzed by immunoblotting with
anti-GFP antibodies. C, Expression of KO Ub alters the ubiquitination pattern of Sna3. Cells expressing Sna3-6HA together with either WT or
KO Ub were lysed, immunoprecipitated with anti-HA antibodies, and analyzed for ubiquitinated Sna3 species. Immunoblotting the immuno-
precipitate with anti-HA identified unmodified Sna3 as well as modified higher MW forms (left). Inmunoblotting with anti His-tag confirmed the
presence of KO Ub in high MW conjugates of ubiquitinated Sna3 (right). D, Cells expressing KO Ub display typical phenotypes of defected
endocytosis: sensitivity to canavanine but resistance to nickel ions. Ten-fold serial dilutions of cells expressing either WT or KO Ub were spotted
onto selective medium (control) or media supplemented with either canavanine (1 ug/ml) or NiCI2 (1.5 mwm), and grown at 30°. E, Expression
of KO Ub partially impairs MVB sorting of GFP-Phm5 and Sit1-GFP. Cells expressing GFP-Phm5 together with KO or WT Ub were grown to
midexponential phase in selective medium (carbon source glucose). Intracellular localization of GFP-Phm5 was examined by fluorescence
microscopy. GFP-Phmb5 localizes to vacuolar lumen in WT cells at steady state, whereas accumulation at vacuolar membrane periphery and
endosomes occurs upon KO Ub induction. Similar monitoring of Sit1 was performed after 1 h induction with galactose for the expression of
Sit1-GFP. For this target too, KO Ub interferes with vacuolar lumen sorting. F, Expression of KO Ub partially impairs plasma membrane
internalization and MVB sorting of the Jen1 transporter. Cells encoding for Jen1-GFP were transformed with either KO or WT Ub. Cells were
induced in lactic acid for 4 h for expression and plasma membrane targeting of Jen1-GFP. GFP fluorescence was monitored before (t = 0) and
30 min after (t = 30’) the addition of 2% glucose, which triggers endocytosis and vacuolar targeting of Jen1. Within 30 min, all GFP
fluorescence was detected within vacololar lumen, whereas ~10% of KO Ub expressing cells retained vacuolar membrane and faint plasma
membrane staining.
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malfunctions, we assayed for Nickel ion resistance, another
phenotype displayed by many mutants in MVB sorting or
endosomes-to-Golgi transport (105, 106). In this assay, ex-
pression of KO Ub provided some resistance to Ni* (Fig. 5D),
once again pointing to a general misregulation of protein
traffic networks.

In order to follow the effect of KO Ub on intracellular traf-
ficking directly, we checked the fate of several GFP-tagged
membrane-bound proteins that are targeted to the vacuole,
either from the Golgi apparatus, or from the plasma mem-
brane. The vacuolar resident, Phmb5, is a polyphosphatase
that reaches its destination via MVB sorting, apparently in an
Rsp5-dependent manner (107, 108). In WT cells GFP-Phm5
accumulated inside vacuoles (Fig. 5E; left). In contrast, in
some KO Ub expressing cells, GFP-Phm5 resided at the vac-
uolar membrane staining the periphery instead of the lumen;
this being a typical phenotype of MVB sorting defects (Fig. 5E;
left). Another example is the siderophore transporter Siti,
which in the absence of its natural substrates is sorted from
the Golgi apparatus to the vacuole (rather than to the plasma
membrane), again upon Lys63-linked ubiquitin-modification
(70). Whereas Sit1-GFP was efficiently imported into vacuolar
lumen in all WT cells, it was largely localized at the vacuolar
rim in some KO Ub expressing cells (Fig. 5E; right). Mislocal-
ization of these targets was observed in a limited number of
KO Ub expressing cells, however it was reproducible, and
moreover, not a single case of protein mislocalization was
observed in the control WT cells. Impaired sorting resulting in
delivery of these targets to the vacuolar membrane instead of
the vacuolar lumen is a typical phenotype of defects in MVB
sorting machinery (the ESCRT proteins) or in ubiquitination of
cargo (109).

In addition to these two examples of MVB cargoes, we also
followed the fate of an endocytic cargo in cells expressing KO
Ub. Growth phenotypes associated with KO Ub expression
(Fig. 5D) may imply an interference with proper internalization
or MVB sorting of such targets. The monocarboxylate trans-
porter, Jen1, resides in the plasma membrane, yet when cells
are exposed to preferred carbon sources such as glucose,
Jen1 is rapidly internalized and degraded within the vacuole
(83). This dynamic process can be monitored upon addition of
glucose to Jen1-GFP expressing cells (Fig. 5F). In some KO
Ub expressing cells, Jen1-GFP appeared to start the internal-
ization process but displayed defective MVB sorting as
judged from vacuolar membrane and endosomes enhanced
fluorescence rather than complete accumulation in lumen
(Fig. 5F; right). Some KO Ub expressing cells even still dis-
played residual plasma membrane staining (Fig. 5F and data
not shown). KO Ub appears to delay endocytosis.

DISCUSSION

In this study we have charted the cellular ubiquitin land-
scape, focusing on the various modes of ubiquitin conjugates,
and ubiquitin-in-conjugates. To take a broadest possible

shapshot of the landscape, we refined a protocol for rapid
lysis of cells under denaturing conditions without involving
further purification steps. This approach enabled us to grasp
a representative spectrum of conjugated ubiquitin. The ubig-
uitin signal is not limited to polyUb chains, but encompasses
a variety of chain lengths and linkage types distributed
throughout the entire MW range, from unanchored mole-
cules to extremely high MW conjugates (Figs. 1, 2, 4, supple-
mental Figs. S1, S2, S4). Of polyUb modifications, the most
prevalent linkages that we detected in whole cell extract were
via Lys48 and Lys63. This was particularly evident for high
MW conjugates. Together these linkages make up close to
half of all conjugated ubiquitin, with the bulk of the remainder
going to monoUb (and chain terminating endcaps). Very few
studies have charted the linkage profile in whole cell extract
without including any enrichment steps. One recent study (76)
identified Lys48 and Lys63 as the primary and secondary
linkages in high MW conjugates of mammalian extract. A
range of linkage distributions has been reported when isolat-
ing conjugates to enrich for the ubiquitin content. In one such
case, Lys48 and Lys63 made up 90% of chains in conjugates
isolated from Drosophila neuronal tissue (110). In another
case, ubiquitin captured from mouse brain showed the high-
est content to be of Lys48 linkages, followed by lower levels
of Lys63 and Lys11 (111). Conjugates isolated from urea-
denatured yeast lysate identified Lys11 as the second most
abundant linkage making up over a quarter of chains and
nearing the abundance of the majority type, Lys48 (8). Lys11
of ubiquitin was shown to play a role in ERAD (8) and in cell
cycle progression (51, 112), suggesting that levels of Lys11
conjugates cyclically fluctuate. The relatively higher abun-
dance of Lys11 found in lower MW samples of unsynchro-
nized cells (supplemental Fig. S2) or of specifically ubiquiti-
nated samples (76) indicates that many Lys11 targets may be
small proteins or modified by short chains. Considering
these studies together, the ubiquitin linkage profile seems to
be extremely sensitive to experimental conditions such as
culture medium, growth phase, lysis conditions, and sample
handling postlysis. Of the conditions tested herein, TCA-SDS
lysis provided the most consistent results and highest levels
of all linkages captured. Using these conditions we were able
to capture high levels of Lys48 and particularly high levels of
Lys63 chains (Fig. 1), which may partially explain the low
portion (though not necessarily low levels) of “alternative”
ubiquitin chains.

In the high-MW region, where we find the highest ubiquitin-
to-protein ratio, the most striking observation is the preva-
lence of nonextended ubiquitin molecules (Fig. 1). These
consist of both monoubiquitin modifications and chain termi-
nators (endcap) implying that average chain length is short
(either a majority of short chains or a mixture of few long
chains among multiple-monoUb modifications). Monoubig-
uitination on targets may represent intermediate steps in
chain elongation, intermediate steps in polyUb disassembly,
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or a specific stand-alone signal. Additionally, there is also the
option of branched chains (61, 62) which are impossible to
analyze using current MS protocols and therefore may ac-
count for a portion of ubiquitin-in-conjugates (adding multiple
endcaps per chain). Modifications by multiple mono-ubiquitin
on a single substrate were shown to sustain proteasomal
processing in vitro (113). Mono-ubiquitin has even been
shown to target substrates to the 26S proteasome for degra-
dation (albeit at lower efficiency) (114, 115), suggesting that
the cell may be able to tolerate a certain level of premature
chain-terminations or short chains. Involvement of monoubiqg-
uitin has also been documented as a signal for endocytosis
and intracellular sorting of proteins (3, 24, 25, 116), though the
relative portion of such monomeric modifications has not
been quantified. Moreover, attributing a distinct, unique, sig-
nal to monoubiquitin has been tricky as many substrates for
which a role of monoubiquitination has been documented, are
also found modified by polyUb chains, particularly Lys63
linked chains (29, 40).

Ubiquitin mutants in which arginine has been substituted
for one or more of the lysine residues on ubiquitin have been
used extensively to tilt the ubiquitin landscape by preventing/
promoting polymerization of certain chain linkages over oth-
ers (21, 55, 117, 118). In the extreme case, nonextendable
lysineless Ub (KO Ub) has been used as a chain terminator to
probe the fate of monoubiquitin conjugates (53, 64, 79, 113).
Because decreasing average chain length has generally been
assumed to be toxic to cells, most studies using KO Ub were
performed in vitro, or in cell free extract. In the current study
we assessed the overall effect of KO Ub induction over WT
background and correlated changes to the ubiquitin signal
with changes to the population of ubiquitinated proteins. We
deliberately expressed KO Ub from a mild promoter so as not
to overwhelm the ubiquitin pool with the mutant ubiquitin.
Interestingly, even though KO Ub consisted of more than
half of the ubiquitin molecules in the cells (supple-
mental Fig. S3, Fig. 4C), the resulting stress on growth rates
and viability was minimal. KO Ub was utilized by the ubig-
uitination machinery to modify proteins, increasing the por-
tion of monoubiquitin from 50% to 80% of total signal in
high MW conjugates, reflecting multiple modifications per
target (Fig. 2). Even when KO Ub literally replaces all available
cellular ubiquitin (supplemental Fig. S4), the ubiquitination
processes continued generating substrates in heavily ubig-
uitinated forms, which are improperly targeted and hence
accumulate. Over time, the accumulation of these mutant
ubiquitin-conjugates eventually leads to cell death.

Analysis of conjugates preferentially tagged with KO Ub
drew a correlation between KO Ub and Lys63 linkages (Fig. 4).
The implication being that KO Ub was not evenly distributed
throughout the ubiquitinome, but was more likely to be found
on targets that were also modified with Lys63 chains (Fig. 3,
4). In particular, KO Ub interfered more with the nonessential
pathways of protein internalization and sorting rather than

with the essential pathways of cell cycle, transcriptional reg-
ulation, protein synthesis or general metabolism. Such a
skewing of ubiquitin between pathways and target popula-
tions was nontrivial, as we initially assumed that KO Ub
would serve as a general chain terminator, equally capping
chains of all linkage types. Based on results presented in
this study, we propose that KO Ub concentrates primarily on
proteins associated with membrane processes for protein
sorting and trafficking, and to a lesser extent with rapidly
turned-over short-lived proteasome targets (Fig. 3, 5, Tables |,
Il, and supplemental Tables S3 and S5).

Understanding the direct targets and relative roles of
monoubiquitination versus Lys63-linked polyubiquitination in
endocytosis, protein sorting, and vacuolar targeting is an
ongoing endeavor. We wish to raise the possibility, subject to
further investigation, that monoubiquitin (or multiple monou-
biquitin) is a sufficient signal for most steps in endocytosis
and vacuolar targeting but does not represent the preferred
signal, particularly so for MVB sorting and late steps of vac-
uolar trafficking. Overexpression of KO Ub, which covered
80% of conjugated cellular ubiquitin, triggered a slight defect
on internalization of plasma membrane proteins (Fig. 5F), yet
interfered to a greater extent with MVB sorting leading to
mislocalized vacuolar targets failing to enter the vacuole
lumen.

Partially impaired Lys63 modifications on MVB cargoes
such as Sna3 (Fig. 5E) might be one reason for their altered
fate. Another reason could be a change in the ubiquitinated
status of ESCRT proteins. Strikingly, some ESCRT proteins
were recovered in the list of enhanced ubiquitinated proteins
(Tables | and Il). Notable is the case of Vps27 (Hrs in mam-
mals; ESCRT0) and Bro1, the yeast homolog of Alix (119).
Ubiquitination of yeast ESCRT proteins has not yet been
studied in as great a detail as their mammalian counterparts.
Thus, human Hrs was described to undergo ubiquitination by
AIP4, one of the human HECT domain ligases homologous to
Rsp5. Ubiquitination was proposed to trigger a conforma-
tional change of Hrs, influencing its function in MVB cargo
sorting (120). STAM (in yeast; Hse1), an Hrs partner, was also
described to be ubiquitinated, and to be a substrate of the
deubiquitinating enzyme AMSH (121) that specifically disas-
sembles Lys63-linked ubiquitin chains (122). Accumulation of
ubiquitinated STAM in AMSH deficient cells was shown to
result in defective MVB sorting (121). Likewise, accumulation
of ubiquitinated yeast ESCRT proteins induced by KO Ub
expression may impair correct functioning and regulation of
the ESCRT machinery. Finding Vps28 as the most signifi-
cantly diminished protein in the proteome upon induction
of KO Ub coincides with defective MVB sorting
(supplemental Table S2). As a member of the ESCRT I
complex, low levels of Vps28 would be expected to hinder
sorting of proteins into the endosome (MVBs) with some
cargo ending up on the outer membrane of the vacuole as
seen in Fig. 5.
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In a seeming contradiction to the mild effects observed on
proteasome-dependent turnover, a large number of ubiquiti-
nation machinery components, including proteasome sub-
units, were found enriched conjugated to KO Ub (Fig. 4).
Particularly notable are Rsp5 adaptors for ubiquitination of
plasma membrane proteins (Bul1/2, Arts) and Rsp5 sub-
strates in connection with the actin cytoskeleton, and com-
ponents of the 26S proteasome (Table I). Rsp5 itself was also
recovered among the protein more heavily ubiquitinated in the
presence of KO Ub. This phenomenon suggests that ubiquitin-
proteasome components bear the brunt of the stress imposed
by nonextendable KO ubiquitin, possibly as a ubiquitin-land-
scape sensing response mechanism. In this respect, finding
so many Rsp5-associated proteins raises the possibility that
phenotypes observed are largely an indirect result of Rsp5
malfunctioning. As detailed above, Rsp5 is heavily involved in
regulating trafficking events via Lys63-ubiquitination of endo-
cytic and MVB cargos (41, 46, 71). Actin cytoskeleton orga-
nization and Rsp5 are genetically linked via rsp5 mutant phe-
notypes (123, 124). Indeed, several proteins in connection
with actin were already described to undergo Rsp5-depen-
dent ubiquitination (90, 91), but the underlying function is still
largely unknown. The actin cytoskeleton is known to play a
crucial role in both yeast and mammals in the internalization
step of endocytosis (125). Several proteins located at actin
patches and/or involved in actin cytoskeleton assembly/dis-
assembly or in actin nucleation and polymerization (Ent1/2,
Sla2, Rvs167, Syp1, Arp2, and Act1 itself) were present in the
list of proteins preferentially ubiquitinated upon expression of
KO Ub (Tables I, 1), and GO analysis identified this category as
prone to perturbation (Fig. 3). Of particular interest is the case
of Syp1, a protein that interacts with Ede1 and is one of the
first proteins arriving at actin patches, the sites of endocytosis
(100). Our study emphasizes that ubiquitination and deubiqg-
uitination events play subtle roles in the regulation of protein/
protein interactions in the process of actin-mediated endocy-
tosis.

Taking into account ubiquitin in all its forms, the resulting
ubiquitin landscape seems to be roughly dissected into two
main spheres: the ubiquitin proteasome arm (dominated by
Lys48-linked polyUb), and the ubiquitin trafficking arm
(where Lys63 linkages and monoUb modifications prevail).
The two branches of the ubiquitin system are codependent
as they both share the pool of free unconjugated ubiquitin,
a large portion of which is recycled from conjugates. A
profound implication is that inhibition of one branch could
tie up ubiquitin in conjugates leading to a shortage of avail-
able ubiquitin, and in turn inhibit other processes indirectly.
In this respect, the effectiveness of KO Ub to dissect the
ubiquitin landscape into its two arms may serve as a pow-
erful experimental tool to tweak and study specific cellular
processes, which may be encouraging for drug discovery
efforts.
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