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Abstract

The dynamics of cellular signaling events are tightly regulated by a diverse set of ubiquitin chains.
Recent work has suggested that branched ubiquitin chains composed of Lys11 and Lys48
isopeptide linkages play a critical role in regulating cell cycle progression. Yet, endogenous Lys11/
Lys48 branched chains could not be detected. By combining a Lys11 linkage specific antibody
with high-resolution middle-down mass spectrometry (an approach termed UbiChEM-MS) we
sought to identify endogenous Lys11/Lys48 branched ubiquitin chains in cells. Using
asynchronous cells, we find that Lys11-linked branched chains can only be detected upon
cotreatment with a proteasome and nonselective deubiquitinase inhibitor. Releasing cells from
mitotic arrest results in a marked accumulation of Lys11/Lys48 branched chains in which branch
points represent ~3-4% of the total ubiquitin population. This report highlights the utility of
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UbiChEM-MS in characterizing the architecture of Lys11 Ub chains under various cellular
conditions and corroborates the formation of Lys11/Lys48 branched chains during mitosis.
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Ubiquitin (Ub) regulates the dynamics of every biochemical pathway in eukaryotes.> Most
of Ub’s function stems from the formation of an immense array of polymeric Ub chains.2-
Different chains are recognized by distinct effector proteins to transmit information into a
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biological outcome.® How, when, why, and where specific Ub chains are formed,
recognized, and removed all remain open and pressing questions in biology.

Ub chains are produced through the concerted actions of E1, E2 and E3 enzymes.® Once a
substrate protein is selected by an E3 and decorated with a single Ub moiety, additional
rounds of modification often target Ub itself resulting in the formation of Ub chains. Single
linkage (homotypic), mixed linkage (heterotypic), and branched chains can all be formed
since there are eight possible linkages (Met1, Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and
Lys63) that can be made between Ub molecules.2# Quantitative proteomics has shown that
all eight linkage types are generated in cells’~10 and there are certain signaling pathways that
require the formation of specific linkage types, indicating different Ub chains do not have
redundant functions.11-15

The “ubiquitin code” hypothesis is based on the idea that each Ub chain regulates the
dynamics of a cellular pathway in a distinct way.2=* The paradigm is based on Lys48 and
Lys63 homotypic chains. The former targets substrate proteins to the proteasome for
degradation, while the latter regulates protein trafficking and the assembly of large
multiprotein signaling complexes.18:17 With exception of Met1 chains, which are vital for
immune signaling,1> much less is known about the other chain types.

The function of Lys11 chains is particularly controversial. The first reports showed Lys11
chains produced by the anaphase-promoting complex/cyclosome (APC/C) are necessary for
triggering proteasomal degradation during mitosis.1418-21 Key to these findings was the
advent of a Lys11 linkage-specific antibody.2? Subsequent studies found Lys11-linked
chains attached to membrane receptors,23:24 proteins involved in NF-B signaling,2®
autophagy,26 and endoplasmic reticulum-associated degradation (ERAD).2” In none of these
cases are Lys11 chains installed by APC/C nor involved in proteasomal degradation. There
is also a recent study indicating Lys11 chains on their own are poor proteasome targeting
signals and instead require added Lys48 chains to promote efficient degradation.28 In accord,
evidence suggests that APC/C marks substrates for degradation by building Lys11/Lys48
branched chains rather than homotypic Lys11 chains.?? Yet, endogenous Lys11/Lys48
branched chains have not been detected at any point in the cell cycle.

We sought to evaluate whether Lys11/Lys48 branched chains accumulate upon proteasome
inhibition and whether their presence is cell cycle dependent. However, identifying and
characterizing branched chains in cell extracts is rather challenging due to multiple
modifications on a single Ub polypeptide and their predicted low frequency. To overcome
these issues, we recently described a method called UbiChEM-MS (ubiquitin chain
enrichment middle-down mass spectrometry) that enables characterization of Ub chain
architecture in enriched populations from cell extracts.39:31 With this approach, Ub chains
composed of a specific linkage are isolated using an immobilized Ub-binding domain.
Trypsin-mediated minimal digestion is then performed to remove the C-terminal diGly motif
of each Ub and afford a mixture of Ub species representative of mono-Ub or the end-caps of
a chain (Ub1_74), singly modified Ub or the linear portion of a chain (°*®Ub;_74), and the
doubly modified form or branch points (2*¢GUb;_74). The relative intensities of the three
species inform on the distribution of the Ub pool as well as the extent of chain branching.
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In this study, we combined the utility of the Lys11 linkage specific antibody (herein referred
to as a-Lys11-1gG) with our UbiChEM-MS approach to detect branched chains in cells.
Much to our surprise, we find that the Lys11 chains isolated from asynchronous cell
populations are short with no observable branching. Proteasome inhibition does little to
change the distribution. Only upon inhibiting both the proteasome and deubiquitinases do
we observe an increase in the abundance of Ub chains with branch points. Releasing cells
from nocodazole-induced mitotic arrest also leads to an accumulation of branched chains.
Congruent with studies on APC/C, the branched chains produced during mitosis are
composed of Lys11 and Lys48 linkages. Our findings demonstrate that UbiChEM-MS
coupled with a-Lys11-1gG effectively captures the global dynamics of Lys11 chains in both
linear and branched configurations.

EXPERIMENTAL SECTION

Materials

Methods

The following materials were used in this study: pFUSEss-CHIg-hG1 (InvivoGen),
pFUSE2ss-CLIg-hk (InvivoGen), Xfect transfection reagent (Takara Clontech; 631318),
DMEM, high glucose (ThermoFisher Scientific; 11965118), Fetal Bovine Serum, qualified,
USDA-approved regions (ThermoFisher Scientific; 10437028), Super Low IgG Fetal Bovine
Serum, US Origin (VWR; 95042), GlutaMAX supplement (ThermoFisher Scientific;
35050061), Trypsin-EDTA (0.25%), phenol red (ThermoFisher Scientific; 25200056),
Chloroacetamide (Sigma-Aldrich; C0267), N-Ethylmaleimide (Alfa Aesar; AA4052606),
PR619 DUB Inhibitor (Fisher Scientific; NC0818370), MG132 (Enzo Life Sciences; BML-
P1102), ProBlockTM gold mammalian protease inhibitor cocktail (Goldbio; GB-331-5),
Trypsin Gold, mass spectrometry grade (Promega; V5280), Ubiquitin monoclonal antibody,
P4D1 (Enzo Life Sciences; BML-PW0930), Goat antimouse 1gG antibody, HRP conjugate
(EMD Millipore; 12—-349), and Goat antihuman IgG antibody, HRP conjugate (EMD-
Millipore; AP112P).

Asynchronous Cell Culture—HEK?293 cells were grown in media containing DMEM,
10% (v/v) FBS, 1x glutamax, 100 U/mL penicillin, and 100 mg/mL streptomycin, at 37 °C,
5% CO». Once cells reached 80-90% confluency, they were washed with cold PBS, and
treated with either DMSO, 10 uM MG132, 30 uM PR619, or combination of 10 uM MG132
and 30 uM PR619 for 4 h. Cells were then harvested by first removing the growth media,
then scrapping cells in the presence of cold PBS (2 mL). Cells were pelleted at 1000g, 4 °C
for 5 min and the supernatant decanted. Cell pellets were resuspended in cold PBS (10 mL)
and pelleted again at 1000g, 4 °C for 10 min. To every 10x 150 mm plates of HEK cells,
was added 5 mL of cold lysis buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol,
0.05% IGEPAL CA-630, 10 mM 2-chloroacetamide, 10 mM N-ethylmaleamide, and 1x
protease inhibitor cocktail (Gold Biotechnology)). In addition, lysis buffer was
supplemented with 10 puM MG132, 30 uM PR619, or both. Cells were incubated in lysis
buffer on ice for 30 min prior to sonication. The resulting lysates were clarified at 16000g,
4 °C for 30 min.

J Proteome Res. Author manuscript; available in PMC 2018 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rana et al.

Page 5

Nocodazole-Induced Mitotic Arrest—To induce mitotic arrest,32 HEK293 cells were
grown in media containing nocodazole (100 ng/mL) for 14 h at 37 °C, 5% CO,. Cells were
then gently washed with PBS, and allowed to progress through mitosis by adding normal
media without nocodazole for 2 h at 37 °C, 5% CO». Aliquots of cells were stained with
Hoechst 33342 and the cell cycle distribution was analyzed using FlowJo version 10.1 and
MACSQuant10.

a-Lys11-1gG Production—DNA sequences encoding the variable regions of light and
heavy chain of conformational Lys11-linkage specific antibody?2 were cloned into the
pFUSE plasmids as recommended by InvivoGen. HEK293 cells were grown in media
containing super low 1gG Fetal Bovine Serum (FBS) to bring down bovine 1gG to negligible
levels. HEK cells were cotransfected with CHIg-hG1:CLIg-hk plasmids in 2:3 ratio, as
recommended, and allowed to grow for 4 h at 37 °C, 5% CO». The media was changed and
the cells were allowed to grow for 38 h at 37 °C, 5% CO5. The media was pipetted out and
saved. The cells were gently washed with cold PBS and combined with the saved media.
The combined solution was buffer exchanged into PBS using 50K MWCO Amicon Ultra-15
centrifugal filters, and subsequently concentrated and stored in PBS containing 0.01%
sodium azide. The selectivity of this IgG was analyzed by ELISA (Figure S1).

Generation of a-Lys11-1gG:ProteinA Resin—Protein A resin (5 mL, Thermo
Scientific Pierce) was washed and equilibrated with 5 column volumes (C.V.) of binding
buffer (25 mM Tris pH 7.2, 150 mM NaCl, 0.05% IGEPAL CA-630). Approx. 150 mg of a-
Lys11-1gG was added to this resin and incubated on a revolver for 16 h at 4 °C. The
suspension was then pelleted at 1000g for 5 min; the supernatant was removed, and the resin
was washed with 20 C.V. of binding buffer (Figure S2).

Ubiquitin Chain Enrichment from Cell Lysate—500 L of a-Lys11-1gG:proteinA
resin was incubated with 150 mg of cell lysate on a revolver for 16 h at 4 °C. The resin was
pelleted at 1000g for 5 min and then washed with 25 C.V. of a minimal buffer (25 mM Tris,
50 mM NaCl, pH 8) containing a lower concentration of salt than previously used.3! The
resin was then resuspended in minimal buffer to bring the final volume to 800 pL. 6x
Laemmli loading buffer was added to aliquots of each step, and the enriched ubiquitinated
proteins were separated on a 15% SDS-PAGE gel, and analyzed by Western blot with anti-
Ub antibody (Figure S3).

On-Resin Minimal Trypsinolysis of Isolated Ub Chains—To a slurry of resin-bound
ubiquitinated proteins (800 L), 7.5 g of trypsin was added and the mixture was incubated
on a revolver for 16 h at room temperature. The on-resin minimal trypsinolysis samples were
then acidified to pH 2 with acetic acid to deactivate trypsin. These acidified solutions were
incubated for 20 min at 4 °C, and centrifuged for 2 min at 1000g, 4 °C. The supernatant was
removed and saved. The resin was resuspended in 500 pL of 0.1% TFA in water, incubated
for 20 min at 4 °C, and then centrifuged for 5 min at 1000g, 4 °C. The supernatants were
combined and concentrated 8-10 fold using a speedvac. Samples were centrifuged for at
least 30 min at 16 000g, 4 °C, prior to injection into the mass spectrometer.
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Middle-Down Mass Spectrometry and Quantitative Analysis—Minimally digested
samples were separated using a nanoAcquity LC system (Waters) equipped with home-
packed PLRP-S column. A multistep gradient over 60 min with solvent A: 0.1% formic acid
in water, and solvent B: 0.1% formic acid in 1:1 solution of acetonitrile and ethanol was
used for each sample. The column equilibrated in 5% B was brought to 30% B in 5 min and
kept at 30% B for another 20 min. The gradient from 30% B to 41% B over next 18 min was
critical for removing unwanted peptides/impurities and reproducibly yield quantifiable Ub
species. The gradient was increased to 95% B by 43 min and then brought back to 5% B for
the last 8 min. The LC system was coupled online with a Bruker Impact Il Q-TOF mass
spectrometer, where the resolving power of the mass analyzer was set at 50000. All spectra
were processed with Compass DataAnalysis 4.3 software using a signal-to-noise (S/N)
threshold of 3 and a quality factor of 70%. Maximum Entropy was used as the deconvolution
algorithm. Quantitative analysis of the relative abundance of the three Ub;_74 species was
performed as described previously.3%:31 The percent distribution was calculated from three
biological replicates, each with three technical replicates; and data is represented as the
mean + standard error of the mean (SEM).

Tandem Mass Spectrometry (MS/MS) Analysis of Ub Chain Linkages—
Minimally digested products were separated using a hanoAcquity LC system (Waters)
equipped with home-packed PLRP-S column and multistep gradients over 60 min with
solvents A and B aforementioned. The LC system was coupled online with a Bruker maXis
I1 Q-TOF mass spectrometer. For MS/MS experiments, individual charge states of protein
molecular ions were isolated then the ions were subjected to electron transfer dissociation
(ETD).33 The ranges for accumulation time, reagent time, and reaction time for ETD
fragmentation were 2500-4000 ms, 5-20 ms and 1-10 ms, respectively. All spectra were
processed with Compass DataAnalysis 4.3 software to generate mass lists which were
supplied to MSAlign34 to identify possible sites of diglycine (GG) modification (data shown
in Supporting Information). The spectra were also processed with the MASH suite
software3:36 using a S/N threshold of 3 and a fit factor of 70%. All reported calculated
(calc.) and experimental (expt.) values correspond to the monoisotopic molecular weight.

RESULTS AND DISCUSSION

Dynamic changes in Lys11 linkages have been observed during the cell cycle and upon
proteasome inhibition, implying that chain comprised of these linkages regulate cell cycle
progression by stimulating the degradation of certain cell cycle-mediators.22 More recently,
data has suggested that the principal drivers of proteasome-mediated cell cycle progression
are not Lys11 homotypic chains but instead heterotypic or branched Lys11/Lys48 chains.
28,29 Testing this supposition has been difficult due to the inability to detect endogenous
Lys11/Lys48 branched chains using standard bottom-up proteomic approaches. We sought to
address this problem using a UbiChEM-MS approach, in which the total population of
Lys11 chains is enriched and chain architecture is evaluated using middle-down mass
spectrometry (Figure 1).
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Integrating a-Lys11-IgG into the UbiChEM-MS Workflow

Previously, we demonstrated that two different Ub-binding domains (UBDs)-the
nonselective tandem Ub-binding elements (TUBES) and the Lys29 specific NZF1 domain—
could be used to pull-down specific populations of Ub chains to facilitate the analysis of
chain architecture.3! Building on this work, we sought to exploit the utility of Ub chain
linkage specific antibodies, specifically the Lys11 linkage specific antibody (a-Lys11-1gG).
Data has shown a-Lys11-1gG exhibits a high affinity (Ky ~ 12 nM) for Lys11-linked chains.
22

We generated a-Lys11-1gG and tested it against a panel of Ub dimers to confirm selectivity
toward Lys11 linkages. As previously described,37 the synthetic bivalent Fab antibody
fragment specific for Lys11 linkages was converted into a full-length immunoglobulin (IgG)
in HEK?293 cells. Using an enzyme-linked immunosorbent assay (ELISA) with four
different Ub dimers along with monomeric Ub immobilized on a plate, the isolated a-Lys11-
IgG was indeed found to be selective for Lys11 Ub dimers (Figure S1). These results are
consistent with previously published reports on the selectivity of a-Lys11-1gG.

With the a-Lys11-1gG antibody in hand, we sought to apply it in our UbiChEM-MS
workflow (Figure 1). During the initial stages of method development, we encountered
issues that were unique in comparison to the previously evaluated UBDs. Under all
circumstances, UbiChEM-MS requires minimal trypsinolysis under nondenaturing
conditions. In the case of a-Lys11-1gG, Ub species could not be detected by LC-MS after
on-resin minimal trypsinolysis. We reasoned that this could be due to a high abundance of
coeluting antibody fragments. To overcome this, we modified the minimal trypsinolysis
conditions and LC gradient (see Methods). Adhering to the revised method led to
reproducible MS detection levels of Ub species.

UbiChEM-MS Analysis Reveals the Dynamics of Lys11 Branched Chains in Asynchronous
Cell Populations

Once we optimized UbiChEM-MS with a-Lys11-1gG, we wanted to first analyze the Lys11
chain population in asynchronously growing HEK293 cells. Consistent with previous
characterization data on a-Lys11-1gG, we observe an enrichment of high molecular weight
Ub species by Western blot analysis (Figure S5). When we subjected these conjugates to
minimal trypsinolysis and high-resolution MS, we were surprised to find the predominant
Ub species (72-78%) is Ub4_74, which represents the end-caps of chains or mono-Ub marks
(Figures 2 and 3; untreated and DMSO treated). Only 21-26% of the enriched Ub
population corresponds to singly modified S6Ub4_74 and little (~1%), of the doubly
modified 2*GGUb;_74 could be detected. These results suggest a-Lys11-1gG enriches a
subpopulation of ubiquitinated proteins that, on average, are tagged with mono-Ub or
multiple mono-Ub modifications along with short Lys11 chains. This is reminiscent of
APC/C-mediated ubiquitination, as studies examining in vitro reactions have shown that Ub
modifications are built in stages.38:39 In the initial phase, APC/C conjugates mono-Ub to
several substrate lysines, and then in the second phase, short chains are assembled.
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Next, we wanted to test whether proteasome inhibition alters the distribution of Ub species
pulled-down by a-Lys11-1gG. Cells were treated with the inhibitor MG132 for 4 h. Previous
studies have shown that proteasome inhibition increases the abundance of Lys11 linkages in
a number of asynchronous cell populations.’-1040 UbiChEM-MS analysis reveals the
distribution of Ub species—Ub;_74, ©SUb;_74, and 2*GCGUb;_74 —remains similar to as that
observed with untreated or DMSO treated cells (Figures 2 and 3). Thus, while the total
amount of Ub chains increases upon proteasome impairment, the overall distribution of a-
Lys11-1gG-enriched chains does not significantly change. We reasoned that perhaps by
compromising proteasome function there is an accumulation of Ub chains that serve as
substrates of deubiquitinases. According to the principles of steady-state kinetics, we would
expect that increasing substrate concentrations would lead to faster chain disassembly, which
could obscure changes in the distribution of Ub species pulled-down from MG132-treated
cells. On the basis of this logic, we surmised the addition of a nonselective deubiquitinase
inhibitor, e.g., PR619, along with MG132 would reveal the architecture of Lys11-linked Ub
chains that are recruited to the proteasome.*!

To test this, we first treated cells with PR619 alone as a control. The MS data shows the
distribution of Ub species is again, quite similar to previous samples (Figures 2A and 2B).
Upon addition of PR619 and MG132, however, we observe a redistribution of Ub species
(Figures 2A and 2B). There is a decrease on mono-Ub/end-caps and a concomitant increase
in singly (from ~23% to 33%) and doubly modified (from ~1% to 3%) Ub. These data are
based on three biological replicates and three technical replicates, indicating the changes are
indeed significant (Figure 2B). Thus, these results suggest the steady-state population of
Lys11-linked chains, which is what we observe when cells are not treated with a
combination of MG132 and PR619, differs from the population involved in proteasomal
degradation. The latter involves long chains with branch points that are rather short-lived.

ETD fragmentation was used to identify the linkages in the branch points. Accounting for all
seven possible linkages that could accompany Lys11, the fragmentation pattern best fit
Lys11/Lys48 branch point, with 11 cand 14 7 ions identified. The presence of ¢;; and Z»g
ions supports the presence of modifications on Lys11 and Lys48 (Figures S6 and S7). We
also analyzed the ETD data using MSAlign, a database search tool used to identify proteins
from top-down tandem MS.34 As opposed to manual analysis of ETD data, MSAlign is
unbiased, thus, enabling the analysis of all possible combinations of 2xGG maodifications.
Congruent with our manual approach, MSAlign revealed the formation of Lys11/Lys48
branch points (Figure S8). On the basis of these results, we contend that short-lived chains
involved in proteasomal degradation have Lys11 and Lys48 linkages.

Mitotic Arrest Leads to the Accumulation of Lys11/Lys48 Branched Chains

Having established the transient nature of Lys11 branched chains in asynchronous cells, we
wanted to evaluate the architecture of Lys11 chains during the cell cycle. Previous work has
shown that Lys11 chains increase in abundance as cells advance through mitosis.22 Higher
levels of Lys11 linkages correlate precisely with the activity of APC/C. Thus, we surmised
that if APC/C is responsible for building branched chains,2? we should be able to detect an
accumulation of these chains during mitosis.
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To test this, we used the spindle toxin nocodazole to arrest HEK293 cells in mitosis. Cells
were treated with nocodazole for 14 h, released for 2 h and then analyzed by flow cytometry.
The DNA content is consistent with cells in the G2/M phase of the cell cycle (Figure S4).
Subjecting this cell population to the UbiChEM-MS workflow using a-Lys11-1gG reveals a
Ub population comprised of 58% Ubq_74, 37% SCUb;_74, and 5% 2*CCGUb;_74 (Figures 3A
and 3B). This distribution is similar to that observed with the asynchronous cells cotreated
with MG132 and PR619; however, there is a slight increase in singly and doubly modified
forms of Ub in the synchronized cell population. Our data therefore shows that branched
chains accumulate in cells released from nocodazole-induced mitotic arrest, providing
unambiguous support for their formation during mitosis.

To identify the linkages in branch points, we again employed ETD fragmentation. We
focused on the M12* charge state of the 2*GSUb;_7,4 species as it provided the most
extensive fragmentation. Assuming the presence of a Lys11 linkage, we varied the position
of the other linkage to find the best fit to the fragmentation data. With 18 cand 29 2 ions,
the presence of both Lys11 and Lys48 provided the best match (Figures 4 and S9). The key
fragments are ¢y, €11, Z23 and Z»7 (Figure 4). Both ¢;7 and ¢4 ions reveal that a diGly
modification resides within residues 8 and 11, i.e., Lys11. And the 2,3 and 2,7 ion shows
the other diGly modification is on Lys48. MSAlign confirmed the presence of Lys11 and
Lys48 linkages in the branch point (Figure S10). Collectively, these data support the notion
that Lys11/Lys48 branched chains are formed in a cell cycle-dependent manner.

CONCLUSION

Branched Ub chains are thought to play critical roles in signaling pathways and protein
turnover. Detecting branched chains, however, is difficult. It has been proposed that Lys11/
Lys48 branched chains are formed by the E3 APC/C to drive proteasome-mediated
degradation of cell cycle regulators.29 In this case, the detection of Lys11/Lys48 branched
chains relied on overexpressing an engineered form of Ub in cells. Thus, it has remained
unclear whether and to what extent Lys11/Lys48 branched chains are generated in a cell
cycle-dependent manner.

In this study, we integrated the Lys11 linkage specific antibody, a-Lys11-1gG, into our
UbiChEM-MS approach to examine the formation of branched conjugates under different
cellular conditions. In asynchronous cells, we uncovered a transient population of Lys11 Ub
chains that contain a substantial amount of branching. We propose that this population is
involved in proteasomal degradation. When proteasome function is impaired, long Lys11
branched chains begin to accumulate, increasing their susceptibility to the activity of DUBs.
Our results demonstrate how the fate of a protein is tightly balanced by the proteasome and
DUBs. Counter to the low abundance of branched chains in asynchronous cells, we find that
branched conjugates are prevalent in cells released from nocodazole-induced mitotic arrest.
These conjugates are comprised of Lys11 and Lys48 linkages, corroborating the formation
of Lys11/Lys48 branched chains during mitosis. In future work, it will be interesting to
identify DUBs that regulate the abundance of branched conjugates with Lys11 linkages.
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Figure 1.
General workflow for a-Lys11-1gG based UbiChEM-MS analysis. Batches of cells are

grown under different conditions and lysed. The clarified lysates are then incubated with a-
Lys11-1gG:Protein A resin to enrich for ubiquitin chains. The isolated chains are subjected
to minimal trypsinolysis yielding the three Ub4_74 species. These samples are then
characterized by high-resolution mass spectrometry coupled with reverse phase
chromatography.
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Figure 2.
UbiChEM-MS analysis of Ub chains enriched from asynchronous cells. (A) Representative

deconvoluted MS spectra for all the conditions tested highlighting the three minimal
digestion products: Ub;_74 (blue), GUb;_74 (green) and 2*GCGUb;_74 (orange). (B) The
distribution was calculated by averaging relative abundance of each Ub;_7,4 species to total
abundance of all three Ub4_74 species from three biological replicates for each condition
(Table S1). Error bars represent standard error of the mean (SEM) for each data set; * p<
0.05, ** p<0.01, and *** p< 0.001 (Student’s ttest). The reported calculated (calc.) and
experimental (expt.) values correspond to the monoisotopic molecular weight.
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UbiChEM-MS analysis of Ub chains enriched from untreated asynchronous cells and
nocodazole treated cells. (A) Representative deconvoluted MS spectra for all the conditions
tested highlighting the three minimal digestion products: Uby_74 (blue), ©®Ub;_74 (green)
and 2XGGUb;_7, (orange). (B) The distribution was calculated by averaging relative
abundance of each Ub4_74 species to total abundance of all three Ub;_74 species from three
biological replicates for each condition (Table S2). Error bars represent standard error of the
mean (SEM) for each data set. The reported calculated (calc.) and experimental (expt.)

values correspond to the monoisotopic molecular weight.
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Figure 4.
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Total c ions:18
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ETD analysis of 2*G6Ub,_7, species isolated from synchronized cells. ETD fragments used
to deduce the site for the two diGly modifications to be at Lys11 and Lys48. The position of
modified lysine is highlighted in green (top). Observed ETD fragments (cand 2 ions)
mapped onto the sequence of Ub containing GG modifications at Lys11 and Lys48 (bottom).
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