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Ubiquitinated substrates can be recruited to macromo-
lecular complexes through interactions between their co-
valently bound ubiquitin (Ub) signals and Ub receptor pro-
teins. To develop a functional understanding of the Ub
system in vivo, methods are needed to determine the
composition of Ub signals on individual substrates and in
protein mixtures. Mass spectrometry has emerged as an
important tool for characterizing the various forms of Ub.
In the Ubiquitin-AQUA approach, synthetic isotopically
labeled internal standard peptides are used to quantify
unbranched peptides and the branched -GG signature
peptides generated by trypsin digestion of Ub signals.
Here we have built upon existing methods and established
a comprehensive platform for the characterization of Ub
signals. Digested peptides and isotopically labeled stan-
dards are analyzed either by selected reaction monitoring
on a QTRAP mass spectrometer or by narrow window
extracted ion chromatograms on a high resolution LTQ-
Orbitrap. Additional peptides are now monitored to ac-
count for the N terminus of ubiquitin, linear polyUb chains,
the peptides surrounding K33 and K48, and incomplete
digestion products. Using this expanded battery of pep-
tides, the total amount of Ub in a sample can be deter-
mined from multiple loci within the protein, minimizing
possible confounding effects of complex Ub signals,
digestion abnormalities, or use of mutant Ub in experi-
ments. These methods have been useful for the charac-
terization of in vitro, multistage ubiquitination and have
now been extended to reactions catalyzed by multiple
E2 enzymes. One question arising from in vitro studies is
whether individual protein substrates in cells may be
modified by multiple forms of polyUb. Here we have
taken advantage of recently developed polyubiquitin
linkage-specific antibodies recognizing K48- and K63-
linked polyUb chains, coupled with these mass spec-
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trometry methods, to further evaluate the abundance of
mixed linkage Ub substrates in cultured mammalian
cells. By combining these two powerful tools, we show
that polyubiquitinated substrates purified from cells can
be modified by mixtures of K48, K63, and K11 linkages.
Molecular & Cellular Proteomics 10: 10.1074/mcp.
M110.003756, 1-19, 2011.

The ubiquitin (Ub)' system regulates cellular processes,
such as protein degradation, endocytosis, DNA repair, and
signal transduction. The central player in this system is Ub, an
abundant 76-residue protein that acts as a post-translational
modification (1). Conjugation of Ub to protein substrates and
the assembly of polyubiquitin (polyUb) chains are catalyzed
by a hierarchical system involving E1 activating, E2 conjugat-
ing, and E3 ligase enzymes. Deubiquitinating (DUB) enzymes
oppose the effects of ubiquitination by hydrolyzing the bond
between the C terminus of a Ub molecule and the substrate or
polyUb chain to which it is conjugated (2). Protein substrates
can be modified by a single Ub (monoubiquitination), by mul-
tiple Ub molecules on separate residues (multiubiquitination),
and by polyUb chains (polyubiquitination).

A diverse array of structurally distinct Ub signals offers
the potential for finely tuned regulation of protein stability,
localization, and activity (3). Monoubiquitination has been
shown to regulate endocytosis and DNA repair as well as
transcription. Although polyUb chains can form via the N
terminus and each of the seven lysine residues within the Ub
sequence, the most widely studied are chains linked
through lysine 48 (K48) and lysine 63 (K63). K48-linked
polyUb plays an important role in proteasomal degradation,

" The abbreviations used are: Ub, ubiquitin; FA, formic acid;
AMBIC, ammonium bicarbonate; H,O,, hydrogen peroxide; AUC, area
under the curve; SRM, selected reaction monitoring; CV, coefficient
of variation; AQUA, absolute quantification; DUB, deubiquitinating;
polyUb, polyubiquitin; monoUb, monomeric Ub; Bis-Tris, 2-[bis(2-hy-
droxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol; UPLC, ultraper-
formance LC; ox, sulfoxide; (ox),, sulfone; APC, anaphase-promoting
complex; IP, immunoprecipitation.
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whereas K63 chains mediate endocytic trafficking, signal
transduction, and DNA repair. Recent reports have estab-
lished that lysine 11 (K11)-linked chains control the degra-
dation of proteins in the endoplasmic reticulum-associated
degradation pathway (4) and the cell cycle (5-8), whereas
linear head-to-tail polyUb signals downstream of the TNF
receptor (9). To a lesser extent, K63-linked chains and mul-
tiubiquitination may also target protein substrates for deg-
radation (10-13). Myriad Ub-binding proteins function
within cells by recognizing and translating these various Ub
signals into biological effects (14).

Complex genetic and post-translational controls exist to
ensure that proper levels of Ub are available to meet cellular
requirements. Encoded by four separate genes, monomeric
Ub (monoUb) protein is generated from ribosomal fusion
and stress-inducible Ub-Ub fusion proteins by cotransla-
tional processing. Co-expression of Ub with ribosomal sub-
units links Ub levels directly to the protein synthesis activity
of a cell, whereas inducible polyUb genes increase available
Ub levels in response to oxidative stress, heavy metals, and
heat shock (15, 16). At the protein level, DUB enzymes
recycle substrate-bound Ub to minimize its destruction via
the proteasomal and lysosomal degradation pathways (17-
19). This sophisticated recycling system, coupled with ex-
quisite transcriptional and translational controls, highlights
the central role of this protein within eukaryotic cells. Dys-
regulation of the cellular Ub pool is a common feature of
xenobiotic toxicity and neurodegenerative disease (20),
whereas ligase and DUB enzymes are frequently dis-
rupted during tumorigenesis (21) and bacterial/viral infec-
tion (22).

Given the complexity of Ub signals on individual protein
substrates and the biological complexity of the cellular Ub
pool, robust methods for decoding Ub signals are needed to
address fundamental biological questions. Early efforts to
determine the functional roles and relative abundances of
mono- and polyUb relied upon antibodies, mutagenesis,
and/or introduction of exogenous DNA constructs (23, 24).
Antibody-based approaches to profiling Ub in cells and
tissues have been complicated by differences in the affinity
of antibodies toward different forms of Ub. In yeast and
more recently in mammalian cells, sophisticated genetics
approaches have been developed to eliminate endogenous
Ub expression and replace it with mutant Ub (23, 25). These
approaches make it possible to directly study the effects of
individual mutant forms of Ub without the confounding ef-
fects of overexpression. Recently, mass spectrometry-
based methods have facilitated direct analyses of ubiquiti-
nated proteins purified from cells, tissues, and biochemical
reactions. In purified Ub conjugates from yeast, Peng et al.
(26) showed the K48-, K63-, and K11-linked chains were the
most abundant cellular linkages and that all seven lysines in
Ub were competent for forming polyUb. K48-, K63-, and
K11-linked chains have consistently been the predominant

forms of polyUb detected in biological samples as was
shown for Ub conjugates enriched from human cells,
clinical specimens, and mouse models of Huntington dis-
ease (27).

The Ub-AQUA method (12) was established as a means of
quantifying the forms of Ub bound to individual protein
substrates generated in vitro (28, 29) or enriched from cells
(30, 31) and has been applied to yeast cell lysates (32). The
method involves using isotopically labeled internal standard
peptides directed toward Ub and the individual forms of
polyUb. Peptides in the sample are generated by digestion
of Ub-modified proteins and polyUb chains with trypsin.
Both unlabeled sample peptides and isotopically labeled
internal standards can be assayed by selected reaction
monitoring (SRM) on a triple quadrupole mass spectrometer
or by narrow window extracted ion chromatograms on a
high resolution tandem mass spectrometer, such as the
LTQ-Orbitrap. Here we describe advances in the methods
used for characterizing polyUb linkage profiles within simple
and complex biological matrices using both approaches.
We have expanded the use of isotope-labeled internal
standard peptides to each of the lysine-based loci within Ub
and several mutant forms of Ub. These methods, coupled
with recently developed linkage-specific antibodies, have
permitted us to evaluate the unexpected effects of mutant
Ub in vitro and the frequency of mixed linkage substrates
within the cellular Ub pool.

MATERIALS AND METHODS

Antibodies, Purified Enzymes, Ub, and Ub Chains—Purified E1,
UbcH5A, UbWT, UbK'R UbK48R  UpRKER UbK®, K48-linked polyUb
(two to seven Ubs), and K63-linked polyUb (two to seven Ubs) were
purchased from Boston Biochem (Cambridge, MA). Synthesis and
purification of K11-linked polyUb (33), linear polyUb (two to four Ubs)
(48), and full-length c-IAP1 protein (35) have each been recently
described elsewhere. Ub-conjugating enzyme UbE2S was subcloned
into pST239 vector with modified N-terminal Unizyme tag and purified
under native conditions over a nickel-nitrilotriacetic acid column fol-
lowed by purification over an S-75 gel filtration column. The enzyme
was prepared in 25 mm Tris, 0.15 M NaCl, 0.25 mwm tris(2-carboxyeth-
yl)phosphine, pH 8. Antibodies against total Ub (P4D1) were obtained
from Santa Cruz Biotechnologies (Santa Cruz, CA). Ub linkage-spe-
cific antibodies against K48 linkages («48), K63 linkages («63), and
K11 linkages («11) were generated in house by phage display as
described previously (29, 33).

Preparation of Ub-AQUA Peptide Mixtures—Concentrated stocks
of isotopically labeled internal standard (heavy) peptides (K11, K27,
K33, K63, K48, LIF, QLE, LI-QL, TLS, EST, LIF-R, TLS-R, IQ-EG, EGI,
and TL-ES) were purchased from Cell Signaling Technologies (Dan-
vers, MA), whereas five peptides (GGMQ, MQIF, TITLE, K6, and K29)
were synthesized in house by solid phase synthesis (see Table I).
Each heavy peptide had a single incorporated residue enriched in
3C/'®N, and peptide concentrations were determined by amino acid
analysis as described previously (36). All concentrated stocks were
stored at —80 °C. From these concentrated stocks, working stock
solutions of each individual peptide were prepared at 40 pmol/ul in
30% ACN, 0.1% FA and used to prepare experimental mixtures
consisting of all 20 peptides at either 2000 fmol/ul in 30% ACN, 0.1%
FA or 1000 fmol/ul in 15% ACN, 0.1% FA. Experimental mixtures
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were frozen at —80 °C in single use aliquots for direct addition to
samples to avoid multiple freeze-thaw cycles.

Trypsin Digestion for Quantitative Analysis of Ubiquitination—In
vitro ubiquitination reaction products, purified monoUb and polyUb
chains, or cell lysates were separated by SDS-PAGE on 4-12%
NuPAGE Bis-Tris gels (Invitrogen) and stained with SimplyBlue Coo-
massie (Invitrogen). Gel bands were excised, diced into 1-mm?®
pieces, and destained by addition of a 10X gel volume of 50 mm
AMBIC, 50% ACN, pH 8.0 with gentle agitation for 20 min. The
solution was removed and replaced with a 10X gel volume of 100%
ACN for 15 min. A second 100% ACN wash was performed to ensure
complete gel dehydration. Trypsin digestion solution (20 ng/ul unless
otherwise indicated) was prepared on ice by dilution of modified
sequencing grade trypsin (Promega, Madison, WI) using prechilled 50
mmMm AMBIC, 5% ACN, pH 8.0. Trypsin solution was subsequently
added to gel pieces at approximately equivalent volume and incu-
bated on ice for 30 min. Another 1X gel volume of trypsin solution
was added to gel samples and incubated an additional 2 h on ice for
a total incubation time of 2.5 h prior to transferring samples to 37 °C
for overnight digestion. Digests were quenched by addition of a 0.5
gel volume of extraction buffer (50% ACN, 5% FA) and briefly
vortexed. After addition of Ub-AQUA peptides at the indicated con-
centration, samples were vortexed for 15 s, agitated gently for 2 min,
and then centrifuged for 1 min at 13,000 X g. Digested peptides were
transferred into fresh Eppendorf tubes, and two additional extraction
steps were performed with shaking (a 1.5X gel volume of 50% ACN,
5% FA for 10 min and then a 1X gel volume of 100% ACN). All
extracted peptides were combined, frozen, and then dried to com-
pletion in a SpeedVac. At least 30 min prior to analysis, samples were
resuspended in 10% ACN, 5% FA, 0.01% H,O, for analysis.

Preparation of Complex Mixture Lysate—Jurkat cells were grown in
RPMI 1640 medium with antibiotics, 10% fetal bovine serum, and 2
mm L-glutamine to a density of 2 X 10° cells/ml. Cells were lysed in 8
M urea, 25 mm NaCl, 50 mm Tris, pH 8.0 by sonication; clarified by
centrifugation (16,000 X g for 10 min); and quantified by Bradford
assay. Lysate (7.3 mg) was separated on a single well 4-12%
NuPAGE Bis-Tris gel and stained with SimplyBlue Coomassie. The
top gel region corresponding to proteins >70 kDa was cut into
1.0-mm? pieces and digested as described above with trypsin at a
concentration of 5 ng/ul. Dried digests were resuspended in 98%
H,0, 2% ACN, 0.1% FA at an approximate concentration of 1 ug/ul;
aliquoted; stored at —80 °C; and thawed prior to use.

Quantitation by Selected Reaction Monitoring—SRM quantitation
was performed on a 4000 QTRAP system (Applied Biosystems, Fos-
ter City, CA) with a Turboionspray source coupled to a Tempo Au-
tosampler (Applied Biosystems) and Agilent 1200 capLC system
(Santa Clara, CA). Samples were loaded via full loop injection directly
onto a 2.1 X 150-mm Thermo Aquasil C,5 column (Thermo Scientific,
San Jose, CA) and separated by reverse phase chromatography at a
flow rate of 200 wl/min where solvent A was 98% H,O, 2% ACN,
0.1% FA and solvent B was 98% ACN, 2% H,0, 0.1% FA. An 18-min
two-stage linear gradient was used where in stage 1 solvent B went
from 5 to 13% over 3 min, and in stage 2 solvent B went from 13 to
25% over 15 min. Total run length was 34 min per sample. The
QTRAP mass spectrometer was operated in SRM mode with Q1/Q3
resolution settings of unit/unit. The most abundant charge states of
heavy and light versions of each peptide were determined empirically
and used for SRM transition development. For the K63 -GG signature
peptide, transitions were generated for both 3+ and 4+ charge
states. SRM transitions were selected to monitor the fragment ion
with the highest intensity, and preference was given to fragment ions
with m/z values higher than that of the parent (37). Collision energies
for each transition were optimized empirically to maximize signal and
improve limits of detection (see Table I). The analysis time was broken

into four segments where a subset of transitions was monitored within
each segment, allowing for dwell times between 75 and 250 ms. The
four segment periods were 0-6.5, 6.5-15.8, 15.8-19.6, and 19.6-34
min. Peak integration was performed using MultiQuant 1.1 software
(Applied Biosystems), and area under the curve (AUC) was used to
determine the abundance of each light peptide in the sample relative
to its corresponding heavy internal standard. For comparison, a non-
segmented method was set up similarly to the segmented method
with the exception that all transitions were monitored throughout the
analysis with dwell times fixed at 60 ms.

Quantitation of High Mass Accuracy Precursor lons—Analysis was
performed on an LTQ-Orbitrap XL (ThermoFisher, San Jose, CA)
equipped with a Michrom ADVANCE source (Auburn, CA) in combi-
nation with a Waters nanoAcquity UPLC system (Milford, MA). Sam-
ples were loaded via partial loop injection directly onto a 0.1 X
100-mm Waters 1.7-um BEH-130 C,5 column at a flow rate of 1.5
wl/min for 10 min. Peptides were separated at 1.0 ul/min across a
two-stage linear gradient where solvent B ramped from 5 to 25% over
20 min and then from 25 to 50% over 2 min. The composition of
solvents A and B were the same as on the QTRAP, and the total run
time per injection was 45 min. The Orbitrap mass spectrometer was
operated in data-dependent mode whereby the duty cycle comprised
one full MS scan collected at 60,000 resolution in the Orbitrap and
MS/MS scans in the ion trap for the four most intense ions observed
in the full MS scan. Quantitation was performed at the MS level by
integrating areas of peaks corresponding to heavy and light m/z
values of the most abundant charge states of each peptide (see Table
l). Peaks for integration were obtained through application of ex-
tracted ion chromatograms over 10-ppm mass intervals using Qual-
Browser v2.07 (ThermoFisher).

Optimization of Methionine Oxidation—Ub-AQUA peptides were
mixed with complex mixture lysate in the presence of 5% FA, 10%
ACN without H,O, or with a concentration of 0.01, 1, 3, 5, or 10%
H,O, and incubated for 30 min at 25 °C. For each sample, a 5-pul
injection consisting of 375 fmol of AQUA peptides and 0.125 ug of
complex mixture lysate was introduced to the QTRAP for analysis
using the segmented method (n = 3). At the 11- and 21.5-h time
points following extended incubation at 4 °C, the samples were rein-
jected, mimicking sample conditions during analysis of a long sample
queue. Analysis buffers comprising H,O, and FA were freshly pre-
pared for each experiment approximately 1 h prior to use.

Determining Total Ub from Loci Using Conservation of Mass— Total
Ub is determined for a locus as the sum of the modified and unmod-
ified forms based on peptides generated during trypsin digestion (12).
Sequence considerations require that conservation of mass equa-
tions be tailored for each locus as the unmodified form may be
represented by one or more unbranched peptides, and the modified
form may yield one or more branched -GG signature peptides. At the
K6 locus, the unbranched portion is represented by the MQIF peptide,
whereas the branched forms are represented as the sum of K6 and
GGMQ (linear chain) peptides. The C-terminal unbranched peptide at
the K6 locus is only five residues (TLTGK) and has not been consid-
ered in this method. At the K11 locus, the unbranched portion is
represented by the TITLE peptide from the C-terminal flank, whereas
the N-terminal flank (again TLTGK) has not been considered. The sum
of K11 and K27 makes up the branched portion at the K11 locus as
the presence of a -GG signature on either K11 or K27 ablates signal
from the TITLE peptide. Peptides derived from forked polyUb chains,
stemming from concurrent modification at adjacent lysines (e.g. K6-
K11 and K11-K27), were assumed in these calculations to be of
negligible abundance and were not actively measured. Given se-
quence considerations, calculations at the K27 locus would be iden-
tical to the K11 locus. The K29 locus was not used for determining
total Ub as the two unbranched peptides flanking K29 (AK and IQDK)
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are only two and four residues, respectively. At the K33 locus, the
unbranched portion has been represented by the sum of the fully
tryptic EGI peptide and the missed trypsin cleavage product IQ-EG
(as described under “Results” and in Fig. 1) with the K33 -GG signa-
ture peptide comprising the branched population. At the K33 locus, it
was assumed that the forked K29-K33 double -GG peptide was of
negligible abundance. The K48 and K63 loci are flanked on both N-
and C-terminal sides by Arg residues, and as such, digestion of their
branched and unbranched peptides is unaffected by polyUb chain
formation at adjacent loci. The unbranched portion of the K48 locus
was accounted for as the average of the LIF and QLE peptides,
whereas the LI-QL peptide was included to monitor incomplete di-
gestion of the unbranched sequence. The unbranched portion of the
K63 locus was accounted for as the average of the TLS and EST
peptides, whereas the TL-ES peptide was included to monitor the
unbranched sequence in case of incomplete digestion. In each case,
total Ub was determined as the sum of the -GG signature peptide
(K48 and K63, respectively), the incomplete digestion product (typi-
cally negligible as described under “Results” and in Fig. 1), and the
average of the unbranched, fully tryptic peptides. At all loci, we have
also assumed that non-Ub modifications (e.g. phosphorylation) com-
prise a negligible proportion of the total Ub.

Characterization of Linear Range and Reproducibility of QTRAP
Analyses — Experimental stocks of Ub-AQUA peptides at 2000 fmol/ul
were serially diluted to prepare samples containing Ub-AQUA peptide
mixtures at 1000, 200, 100, 20, 10, 2, 1, and 0.2 fmol/ul in a constant
background of 0.03 pg/ul complex mixture lysate in 10% ACN, 5%
FA, 0.01% H,0.. Individual injections of 5 ul per sample, correspond-
ing to on-column loading of 5000, 1000, 500, 100, 50, 10, 5, and 1
fmol of Ub-AQUA peptides, each in 0.15 pug of complex mixture
lysate, were analyzed using the segmented method (n = 4). Samples
containing 50 fmol of Ub-AQUA peptides in 0.15 g of lysate were
also analyzed using the non-segmented method (n = 3).

Characterization of Linear Range and Reproducibility of Orbitrap
Analyses—Ub-AQUA peptide mixtures at concentrations of 10, 5, 2,
1, 0.2, and 0.1 fmol/ul in a constant background of 0.03 ug/ul
complex mixture in 10% ACN, 5% FA, 0.01% H,O, were prepared by
serial dilution of 2000 fmol/ul experimental stocks. On-column injec-
tions of 5 ul (n = 3) corresponding to 50, 25, 10, 5, 1, and 0.5 fmol of
Ub-AQUA peptides in 0.15 ug of complex mixture were performed in
order of increasing concentration.

Analysis of Ub Linkages in Serial Dilution Series of MG132-treated
293T Cell Lysate—293T cells were grown to 90% confluence in
DMEM containing antibiotics, 10% fetal bovine serum, and 2 mm
L-glutamine. Cells were treated for 4 h with freshly prepared 50 um
MG132 in DMSO. Cells were lifted with 1X trypsin in PBS; washed
once with ice-cold PBS; and lysed in 20 mm Tris, pH 7.5, 135 mm
NaCl, 1.5 mm MgCl,, 1 mm EDTA, 1% Triton X-100, 10% glycerol, 6
M urea, 2 mMm N-ethylmaleimide, and phosphatase and protease in-
hibitors (Pierce) by sonication. Lysate was clarified by centrifugation
at 13,000 X g for 15 min, and protein concentration determined by
BCA assay. Lysate (880 pg) was partially separated on a 1.5-mm
single well 4-12% NuPAGE Bis-Tris gel and stained with SimplyBlue
Coomassie. The gel region containing protein was excised, diced into
1.5-mm cubes, and subjected to in-gel digestion using trypsin (20
ng/ul) as described above except that AQUA peptides were not
added. Dried, digested peptides were resuspended in 10% ACN, 5%
FA at ~20 pg/ul and serially diluted to concentrations ranging from 4
to 0.02 pg/ul. At least 30 min prior to injection, these were used to
prepare final lysate samples containing Ub-AQUA peptide mixtures in
10% ACN, 5% FA, 0.01% H,O,. For QTRAP segmented method
analysis (n = 3), 5-ul injections containing 0.04, 0.08, 0.4, 0.8, 4, 8, 20,
or 40 ng of lysate, each in the presence of 75 fmol of Ub-AQUA
peptides, were loaded on the column. Likewise, 5-ul injections cor-

responding to 0.04, 0.08, 0.4, or 0.8 ug lysate with 75 fmol of Ub-
AQUA peptides were analyzed (n = 2) on the Orbitrap.

Multienzyme in Vitro Ubiquitination—Ubiquitination assays were
performed in a 50-ul reaction volume with 2 ug of wild-type or
indicated mutant Ub proteins; 0.4 ng of E1; 2 ug of E2 (UbcH5A or
UbE2S); 2 ug of recombinant c-IAP1 in a buffer containing 30 mm
HEPES, 2 mm DTT, 20 M ZnCl,, and 5 mm MgCl,-ATP. Reactions were
preincubated at 21 °C for 5 min with 0.1 ug of UbcH5A followed by
the addition of indicated E2 enzymes and subsequent incubation for
another 35 min at 37 °C (both time periods with shaking at 750 rpm).
Reactions were stopped by addition of 4X lithium dodecyl sulfate
sample buffer, boiled at 90 °C for 10 min, and resolved by SDS-
PAGE. Selected samples were analyzed on the Orbitrap to identify Ub
substrates. All ubiquitination reactions were analyzed on the QTRAP
using the segmented method described above (n = 2) with 420 fmol
of Ub-AQUA peptides loaded on the column. Total Ub was deter-
mined based on data from all five loci (K6, K11, K33, K48, and K63).

Transfection and Linkage Antibody Immunoprecipitation—Immu-
noprecipitation experiments with linkage-specific antibodies were
performed as described previously using 293T cells (33). Briefly, cells
were either mock-transfected or transfected with mutant Ub*° lacking
all seven lysines. After 48 h, transfected cells were lysed in 8 m urea,
50 mm Tris, pH 7.5, 25 mm NaCl, 5 mm EDTA, 2 mm N-ethylmaleimide,
10 wl/ml 100X Halt protease and phosphatase inhibitors (Pierce) and
sonicated briefly to reduce viscosity. Lysates were diluted to 4 m urea
with IP buffer (20 mm Tris, pH 7.5, 135 mm NaCl, 1% Triton X-100,
10% glycerol, 1 mm EDTA, 1.5 mm MgCl,). Lysate (5 mg) was pre-
cleared with Protein A Dynabeads and incubated overnight at 25 °C
with 40 ug of IgG recognizing either K48-linked or K63-linked polyUb
(29). Bound proteins were washed five times with 4 m urea IP buffer
and five times in PBS followed by elution in SDS sample buffer.
Proteins were resolved by SDS-PAGE, stained with SimplyBlue, and
digested with trypsin as described above for quantitative character-
ization of ubiquitination. Analysis was performed on the QTRAP using
the segmented method with 333 fmol of Ub-AQUA peptides loaded
on the column.

RESULTS

Peptides and Loci Used in Profiling Ub Signals—The Ub-
AQUA method originally described quantification of seven
-GG signature peptides from Ub as well as the unbranched
peptides flanking the K63 and K11 loci (12). The total amount
of Ub (total Ub) in a sample was determined as the sum of
branched -GG signature (K63) and unbranched (TLS and EST)
peptides surrounding the K63 locus and confirmed by mea-
surements made at the K11 locus (K11 and TITLE). Following
on these efforts, we evaluated the benefits of determining
total Ub from three additional lysine-based loci of Ub (Table |
and Fig. 1, A and B). The battery of isotopically labeled
peptides was expanded to include internal standards to-
ward the K33, K48, and K6 loci. At the K33 locus, the
unbranched EGI peptide can be used along with the K33 -GG
signature peptide to calculate total Ub, whereas at the K48
locus, LIF and QLE peptides can be used in combination with
the K48 -GG signature peptide to determine total Ub. Internal
standards toward the K6 locus have also been generated, in-
cluding unbranched MQIF peptide directed toward the unmod-
ified terminus and GGMQ peptide to assay linear polyUb link-
ages (38). In a linear polyUb chain, the -GG signature of one Ub
molecule is attached to the N terminus of a second through a
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TABLE |
List of isotopically labeled peptides used to monitor total Ub and various polyUb linkages

Signature peptides representing isopeptide-linked polyUb linkages are denoted by a superscript “GG” adjacent to the modified lysine.
Isotopically labeled amino acids are underlined and italicized. The oxidation state of Met-containing peptides (MQIF, GGMQ, and KB6) is
denoted by “(ox)” for sulfoxide or “(ox),” for sulfone. For each peptide, the optimal precursor ion, fragment ion, and collision energy (CE) used
in the SRM transition are shown. Dwell times correspond to those used in a segmented SRM analyses where the four colored regions of the
table represent the distribution of peptides into four segments based on chromatographic retention time. For Orbitrap data, accurate precursor
ion m/z values shown in the Light and Heavy Q1 columns are used to generate narrow window extracted ion chromatograms.

Abbreviation Peptide Sequence Parent | Fragment Light (m'2) Heavy (m/2) . Dwell CE
z lon Q1 Q3 Q1 Q3 time (ms)
K29 AKSG/QDK 2 y4 408.7323 | 503.28 | 412.2409 | 510.30 250 25
QLE QLEDGR 2 y4 359.1799 | 476.21 362.6885 | 476.21 250 26
EGI EGIPPDQQR 2 y6 520.2622 | 740.37 | 523.2691 | 746.38 75 26
1Q-EG IQDKEGIPPDQQR & y5 508.5988 | 643.32 | 510.6034 | 649.33 75 31
K33 IQDKECEGIPPDQQR 3 y6 546.6129 | 370.69 | 548.6175 | 373.70 75 23
MQIF(ox) M, QIF VK 2 y4 391.2175 | 506.33 | 394.2244 | 512.34 75 21
TLS TLSDYNIQK 2 y7 541.2798 | 867.42 | 544.7854 | 867.42 75 23
GGMQ(ox) GGM,,QIFVK 2 y5 448.2389 | 634.39 | 451.2458 | 640.41 75 21
TLS-R TLSDYNIQR 2 y7 5565.2829 | 895.43 | 560.2965 | 905.45 75 30
MQIF(ox), M ox,QIF VK 2 y4 399.2150 | 506.33 | 402.2218 | 512.34 75 21
GGMQ(ox), |GGM,, QIFVK 2 y5 456.2364 | 634.39 | 459.2433 | 640.41 75 21
LIF LIFAGK 2 y4 324.7076 | 422.24 | 329.7212 | 432.27 75 17
LIF-R LIFAGR 2 y4 338.7107 | 450.25 | 343.7243 | 460.27 75 15
K6ox M, QIFVKSSTLTGK 3 y5 465.9270 | 519.31 468.2660 | 526.33 85 26
MQIF MQIF VK 2 y4 383.2200 | 506.33 | 386.2269 | 512.35 85 21
LI-QL LIFAGKQLEDGR 2 y8 2+ 449.5858 | 560.79 | 451.9248 | 564.30 85 24
K48 LIFAGKECQLEDGR 8 y10 2 487.6001 | 617.81 489.9391 | 621.32 85 21
EST ESTLHLVLR 3 y4 356.5451 | 500.36 | 358.8842 | 507.37 85 26
K6(ox), M oy, QIFVKECTLTGK 3 y5 471.2586 | 519.31 473.5977 | 526.33 85 26
GGMQ GGMQIFVYK 2 y5 440.2415 | 634.39 | 443.2484 | 640.41 85 21
K27 TITLEVEPSDTIENVKGCAK 3 y11 701.0390 | 1315.69 | 703.0435 | 1321.70 85 35
K6 MQIFVKEETLTGK 8 y5 460.5954 | 519.31 462.9344 | 526.33 115 26
K11 TLTGKECTITLEVEPSDTIEN VK 3 y9 801.4269 | 1002.51 | 803.4315 | 1008.52 115 36
TITLE TITLEVEPSDTIENVK 2 y9 894.4673 | 1002.51 | 897.4742 | 1008.52 115 37
TL-ES TLSDYNIQKESTLHLVLR 3 y9 533.2943 | 637.42 | 535.0486 | 644.43 115 32
K63_4 TLSDYNIQKGGESTLHLVLR 4 y16 3+ 561.8050 | 677.36 | 563.5593 | 679.70 115 18
K63_3 TLSDYNIQKGCESTLHLVLR 3 y16 2+ 748.7376 | 1015.54 | 751.0767 | 1019.05 115 35

peptide bond. The abundance values of MQIF and GGMQ can quantify total Ub between samples of differing Ub
be added to the K6 -GG signature peptide to determine total Ub  compositions.

from the K6 locus. Depending on experimental conditions, it can Within a Ub-AQUA experiment, the reliability of total Ub
be beneficial to use a subset of lysine-based loci to uniformly measurements depends on accurately accounting for all of
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Fic. 1. Loci used to determine total Ub. A, schematic diagram of Ub amino acid sequence demonstrating that five different lysine-based
loci can be used to determine the total amount of Ub in a sample. Unbranched tryptic peptides, -GG signature peptides, and/or peptides
covering observed missed cleavages may be required to effectively cover a locus. The peptide used to quantify linear polyUb (GGMQ) is part
of the K6 locus. B, conservation of mass equations used to determine total Ub at the K6, K11, K33, K48, and K63 loci. Equations assume
complete digestion efficiency except where missed cleavage peptides are in place to make direct measurements. C, analysis of the K33, K48,
and K63 loci from digested monoUb or Ub, linked through the N terminus (linear), K11, K48, and K63. The abundance of each peptide is
displayed relative to the total Ub determined from its corresponding locus. Detection of the IQ-EG missed cleavage peptide indicated that
>50% missed cleavage is observed at the K33 locus, denoted by the presence of the IQ-EG missed cleavage peptide (yellow). D, the LI-QL
missed cleavage peptide accounted for <1% of the total peptides from the K48 locus, whereas the K48 -GG signature peptide (red) was
observed at 44% for K48 Ub,. E, the TL-ES missed cleavage peptide accounted for <1% of the total peptides from the K63 locus despite
having a glutamate at the adjacent position. The K63 -GG signature peptide (red) was observed at 47% for K63 Ub,. All samples were injected

in triplicate. Avg, average.

the major peptides at a given locus produced during trypsin
digestion. A key component of this conservation of mass
approach is the assumption that complete digestion effi-
ciency is achieved at each quantified locus such that partial
digestion products impact the measurement in a negligible
way. During initial characterization of the EGI peptide at the
K33 locus, directed quantitation and database search results
indicated that missed cleavage was common, resulting in a
peptide with the sequence IQDK®**EGIPPDQQR (referred to as
IQ-EG). To assess the frequency of missed cleavage at this
locus as well as the K48 and K63 loci, additional internal
standard peptides mimicking missed cleavage at K33 (IQ-EG),
K48 (LI-QL), and K63 (TL-ES) were developed. Digestion op-
timization experiments were carried out across a range of
trypsin concentrations using monoUb and polyUb of various
linkages. As previously described for K48 and K63 loci (12),
we found that digestion with 20 ng/ul trypsin diluted in 50 mm
AMBIC, 5% ACN, pH 8 yielded nearly complete proteolysis.
Following digestion of monoUb and Ub, species with 20 ng/pul

trypsin, we examined the abundances of IQ-EG, LI-QL, and
TL-ES relative to fully digested peptides from each of their
respective loci. In the case of the K33 locus, the abundance of
IQ-EG relative to the EGI peptide indicated that 50-60% of
Ub molecules observed within each sample were not fully
digested regardless of linkage type (Fig. 1C). This may be
attributable to the presence of acidic residues flanking K33 on
both sides that impair trypsin activity. In contrast, based upon
the level of the LI-QL peptide, near complete digestion effi-
ciency was observed at K48 (Fig. 1D). Interestingly, although
K63 resides next to a glutamate residue, >99% of Ub mole-
cules were also fully digested at this locus to generate TLS
and EST peptides (Fig. 1E).

Mutant forms of Ub are frequently used in vitro to prevent
polyUb chain formation through defined lysines. Likewise,
forms of Ub missing between one and seven lysines can be
overexpressed in cells to act as dominant negatives of
linkage-dependent processes. Because it can be important
within these studies to measure the total amount of Ub in a

10.1074/mcp.M110.003756-6
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Fic. 2. Peptides used to directly monitor lysine-to-arginine mutant forms of Ub. A, experiments frequently utilize mutant forms of Ub
where K48, K63, or all lysines (K0) are mutated to arginine. The schematic diagram shows the mutant UbK48R-K63R gsequence and the derived
tryptic peptides from K48R and K63R mutant loci. These mutations prevent formation of polyUb linkages through these lysines. B, extracted
ion chromatograms of unbranched peptides from the K48 locus in samples containing either Ub"™T or UbX® (for each, data are from Fig. 7, gel
region 1). Pairs of co-eluting light (blue) and heavy (red) peaks are shown on the same relative scale (defined by the more abundant of the two
peaks) with retention times shown for each. In Ub"™-containing sample, equivalent amounts of the light forms (blue) of the LIF and QLE
peptides are observed, whereas in the UbX® sample, the light LIF-R to QLE ratio is near equivalence. Each is compared with a constant amount
of heavy (red) internal standard. C, analysis of the K63 locus in the same two samples reveals a similar pattern where equivalent amounts of
the light TLS and EST peptides are observed for the Ub"T sample, whereas the TLS-R and EST light peptides are equivalent for the Ub*°
sample. D, in a mixed population of Ub"T and Ub™"a" (e.g. UbK?), the total Ub can be computed at each locus using a combined equation.
Furthermore, the LIF-R/(LIF + LIF-R + K48) and TLS-R/(TLS + TLS-R + K63) ratios directly define the fraction of Ub™"*#" in a population. Avg,
average.

mixed population containing both Ub™T™ and Ub™"2" two
additional isotopically labeled peptides have been devel-
oped to permit direct measurement of Ub™“*2" (g.g. point
mutant Ub"*®R and lysineless Ub*®) and determine its abun-

dance relative to Ub"W' (Fig. 2; also see Fig. 7). The two
peptides come from the K48 and K63 loci (LIF-R and TLS-R,
respectively) (Fig. 2A) and can be used interchangeably or in
combination with their wild-type counterparts (Fig. 2, B and

Molecular & Cellular Proteomics 10.5
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C). Whereas in Ub™'™ complete digestion should yield equiv-
alent amounts of light TLS and EST peptides, complete
digestion of Ub"®3R or Ub"° yields equivalent amounts of
light TLS-R and EST. Likewise when Ub"“8R or Ub*® are di-
gested, the abundances of LIF-R and QLE peptides should be
equivalent. When determining total Ub in a mixed population,
the sum of TLS and TLS-R can be used to replace TLS alone in
the conservation of mass equation for the K63 locus. Likewise,
LIF and LIF-R can be used in place of LIF when determining
total Ub at the K48 locus (Fig. 2D).

One challenge that comes with quantifying peptides cover-
ing the N terminus of Ub (MQIF, K6, and GGMQ) is the
presence of a methionine (Met). It is possible for Met residues
to become modified within a biological sample or during
sample handling by one or two oxygen atoms, yielding Met
sulfoxide (ox) or Met sulfone ((ox),) (Fig. 3A). Met oxidation
poses a problem for peptide-based quantification when the
analyte is distributed between oxidation states or when the
analyte is in a different form than the internal standard. A
series of conditions were evaluated to find a condition that
would quantitatively convert peptides into either Met(ox) or
Met(ox), forms. As described previously (39), the combination
of FA and H,0O, can be a potent oxidizer of Met residues. In
the presence of 5% FA, we confirmed that 30-min incubation
of the MQIF, K6, and GGMQ peptides with 0.01% H,O,
converted >95% of the unoxidized peptide population to the
Met(ox) form (Fig. 3, B-D). In the case of MQIF, the AUC signal
for the unoxidized peptide decreased from 3.1 X 10° to
undetectable levels (<3 Xx 107, whereas the signal for
MQIF(ox) increased from 1.5 X 10% to 1.1 X 10°. Once Met
was converted to Met(ox) under these conditions, the Met(ox)
form remained stable out to 21.5 h. This allows for the analysis
of large sample sets without concern over shifting oxidation
states midseries. For conversion into the Met(ox), form, H,O,
concentrations above 5% H,O, in 5% FA or incubations
longer than 30 min were required (Fig. 3, B-D) to quantitatively
oxidize Met-containing peptides. Even under the harshest
oxidizing conditions tested (10% H,O,, 5% FA for 21.5 h),
collateral oxidation was not observed for other peptides from
Ub (Fig. 3E). These conditions have been shown to oxidize
cysteine and tryptophan residues (40), but neither occurs in
the Ub sequence.

Instrument Platforms for Profiling Ub Signals—For quanti-
tative characterization of Ub linkage profiles using the battery
of internal standard peptides described above, we took ad-
vantage of two complementary instrument platforms with
chromatographic systems tailored either for low end detection
from small sample amounts or robust, higher throughput anal-
yses of abundant samples. To evaluate the linear range of
each peptide on both instrument setups, a series of experi-
ments were performed where mixtures of Ub-AQUA peptides
were serially diluted in a constant amount of complex mixture
lysate (0.15 ng) for replicate injection. Ub-AQUA peptide mix-
tures were analyzed in this low level complex mixture back-

ground to minimize the effects of peptide loss during and after
sample preparation.

For routine analyses, particularly from samples where >1
g of digested peptides are analyzed, peptides are separated
at 200 wl/min on a 2.1-mm column using an Agilent 1200
HPLC and then delivered to a 4000 QTRAP mass spectrom-
eter operating in SRM mode. The higher flow rates afforded
by the 2.1-mm column permit chromatographic resolution of
early eluting peptides, such as K29 and QLE, that can escape
detection on nanoflow systems. Likewise, sample carryover
on this system is <0.01% for the majority of transitions even
when multiple picomoles of analyte are injected on the col-
umn. For K48, LI-QL, K6(ox), and K63 peptides, carryover of
0.2-0.3% can be seen following a 5-pmol load. Peak areas for
SRM transitions, quantified automatically using MultiQuant
1.1 software, demonstrate that the most sensitive SRM tran-
sition (K48) is detectable down below 1 fmol, and all peptides
display linearity of R? > 0.997 across at least 3 orders of linear
range (Fig. 4). Additional linear range above the 5-pmol level
has been observed but has not been fully elaborated.

Because elution times for each peptide are well character-
ized and highly reproducible from run to run (=0.1 min; n >
50), we generated a method wherein SRM transitions were
divided among four segments (Table I; 0—-6.5 min, blue; 6.5-
15.8 min, pink; 15.8-19.6 min, yellow; 19.6-34.0 min, purple)
such that only a subset of SRM transitions are monitored
during any point in the run. Compared with the non-segmented
method where CV ranged from 5 to 20% per peptide, the
coefficient of variation decreased by more than 5% for 12 of 21
transitions in segmented runs (Fig. 4, A-D). Most greatly af-
fected were hydrophobic peptides at the end of the chromato-
graphic gradient where additional dwell time per transition and
data points across the chromatographic peaks accounted for
the improvement. Segmented methods were used for all sub-
sequent experiments because of performance advantages.

For low level samples and samples where data-dependent
MS/MS are desired in combination with quantitative data,
peptides are analyzed on an LTQ-Orbitrap XL. Here, peptides
are separated by a nanoAcquity UPLC system across a
0.1-mm column at pressures of ~5500 p.s.i. and then deliv-
ered through an ADVANCE nanospray ionization source for
detection. On this system, we detected multiple -GG signa-
ture peptides at levels below 1 fmol (Fig. 5) with the greatest
response for the K48 -GG signature peptide. For K48, we
could detect an AUC signal of 1.7 x 10° for a 0.5-fmol
injection, suggesting a limit of detection between 50 and 100
amol. Standard curves on the Orbitrap detector were ob-
tained with R? > 0.98 for all Ub peptides except LI-QL. One
limitation observed with this setup was that injections con-
taining >1 pmol of a peptide analyte resulted in carryover that
influenced quantitation of lower abundance samples in sub-
sequent runs. However, for samples where <500 fmol are
injected on the column, we find that carryover is consistently
below 0.2%.
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Fic. 3. Quantitative oxidation of methionine-containing peptides. A, peptides containing Met residues can be observed by LC-MS in the
unoxidized, Met sulfoxide, or Met sulfone forms when modified by zero, one, or two oxygens, respectively. B, controlled oxidation of the
N-terminal MQIF peptide from Ub. Quantitative conversion of unoxidized Met to Met sulfoxide is observed in 0.01% H,O,, 5% FA after 30 min
and remains stable out to 21.5 h. The maximal signals for unoxidized and Met sulfone-containing peptides were normalized based upon Met
sulfoxide signal (0.01% H,O,; 30 min) based on the observation that Met sulfoxide conversion was essentially complete under these
conditions. Further oxidation to Met sulfone is observed beginning at concentrations of ~1% H,0,, 5% FA for 30 min, whereas complete
conversion was only seen at higher concentrations and with longer incubation times. C and D, controlled oxidation of the GGMQ linear polyUb
signature peptide and K6 isopeptide-linked -GG signature peptide reveals similar kinetics to MQIF with Met sulfoxide observed with 0.01%
H,0,, 5% FA after 30 min and increasing amounts of Met sulfone observed at higher concentrations and longer times. E, signal intensities for
a selection of Ub peptides (unbranched and -GG signature) show consistent signal intensity across the range of oxidation conditions used.
Values represent the mean area under the curve for n = 3 at each data point.

To test the ability of both analytical platforms to detect total mixture from proteasome inhibitor-treated 293T cell lysate
Ub and cellular linkages from cell lysate, an experiment was  was titrated across a range from 40 ng to 40 ug. All samples
designed where the amount of heavy peptides injected onthe  were injected on the QTRAP, whereas samples containing <1
column was kept constant at 75 fmol, whereas a peptide ug were injected on the Orbitrap (Fig. 6). In the lowest level

Molecular & Cellular Proteomics 10.5 10.1074/mcp.M110.003756-9



Improved Quantitative MS for Characterizing Ub Signals

A 25
—— MQIF, /: R? = 0.998 | A< & | MQIF,,
2.0 T == Kb, ]
=i = GGMQ, A R2=0.999 | LN K60y
. =& = TITLE R
5 1 —— ki1 - w
f°— - K27 R -4 R2=0999 | s COMQex
% 7.t A R=099 K6 & K11
o 1.0 > —=> > | | A+—=0 TITLE | .
g 7T 2 R2 =0.999 Loci
< Lo = R?=0.999 | A— = K11|
0.5
2 A Segmented
| Ae—=n K27 | B Non-segmented
> .‘0 10I00 20I00 30I00 40I00 50I00 6000 0% 10% 20% 30%
% CV (@ 50 fmol)
peptide (fmol)
B 4o
w—fp— EGI|
¢ 1a-EG 4 R?=0.999 1 =l
3.0 —— K33
—~ - = K29
g / mA I0-EG
< 20
S’ R?=0.999 K33
-
2 o R2=0.999 A K33 Locus
1.0 i
fme===% R?=00998 A Segmented
00 -7 Al = K29 ® Non-segmented
0 1000 2000 3000 4000 5000 6000  O% 10% 20% 30%
% CV 50 fmol
peptide (fmol) & @ mol)
C 120
R2=0.997
e LIF R2 =0.998 Ay——H LIF
= = LIF-R \
—4— QLE R2=0.998
& 80717 o ua - ! | 4" LIF-R |
s —— ka3 o R2=1.000
x | Am QLE | K48
o
2 Z Locus
4.0
< ? | am Li-QL |
A Segmented
0.0 R2 = 0.999 | Al+———® K48 | B Non-segmented
) ’ ' ' ' ' ' 0% 10% 20% 30%
0 1000 2000 3000 4000 5000 6000 ° ° ° °
. % CV (@ 50 fmol)
peptide (fmol)
D 9.0 ‘
= TLS '* R2 = 0.999 | HA TLS |
=& = TLS-R P
. —— EST Le s ‘ | Ae—n TLS-R |
© 6.0 — © TLES g
=] —t— K633 o’ ‘ | A+———H0 EST |
x - K634 R K63
o e R2=0.999
Ae——n TL-ES
2 30 . — R = 0,968 | | Locus
R2 = 0.9‘98 | A<+—K63_3—=n |
A Segmented
2 =
0.0 hd sz = g)ggg | A<e————® K634 | W Non-segmented
. ; T T : : ) . - - )
0 1000 2000 3000 4000 5000 6000 °% 10% 20% 30%

Fic. 4. Linear range of Ub peptides on QTRAP mass spectrometer at 200 ul/min chromatographic separation. A mixture of isotopically
labeled Ub peptides was prepared in a constant background of 150 ng of complex mixture digest for repeat injection (n = 4). AUC is plotted for
each SRM transition monitored across a concentration range from 5 to 5000 fmol using a segmented method (four segments). A, standard curves
for peptides from the K6 and K11 loci are shown on the left. On the right is a comparison of the intermeasurement variability (CV in percent) for the
segmented method (triangle) versus a non-segmented method (square). An R? value is shown for each linear fit. Four of six peptides showed a
decrease of >5% in CV with the segmented method (red arrow). B and C, standard curves for peptides from the K33 and K48 loci where one of
four and two of five peptides showed a decrease of >5% in CV with segmenting, respectively. For the sake of presentation, K29 has been grouped
with the K33 locus. D, standard curve for peptides from the K63 locus where five of six peptides displayed a decreased CV of >5% upon

segmenting.
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Fic. 5. Linear range of Ub peptides on Orbitrap mass spectrometer with UPLC separation at 1 ul/min. A mixture of isotopically labeled
Ub peptides was prepared at various concentrations in a constant background of 150 ng of complex mixture digest for repeat injection (n =
3). A-D, AUC is plotted for each peptide from the K6 and K11, K33, K48, and K63 loci across a range from 0.5 to 50 fmol. An R? value is shown
for each linear fit. For presentation, K29 peptide has been included in K33 locus, although it is not included in total Ub calculations at this locus.
Linear ranges generated for K29 and QLE peptides include only values obtained for =5-fmol injections because at lower concentrations
chromatographic peaks for these early eluting peptides were not well resolved. Similar to the QTRAP, the K48 peptide is the most sensitive

with an AUC of 1.7 X 10° for a 0.5-fmol injection.

sample (40 ng of lysate), both instruments were able to detect
total Ub (5.7 and 4.0 fmol) and K48 (0.9 and 0.5 fmol), whereas
other linkages were below the limits of detection. On the
QTRAP setup, K63 and K11 linkages were each detectable
from 0.8 pg of digested lysate, whereas on the Orbitrap
system, it was possible to detect K63 and K11 linkages from
0.4 png. K6 linkages were first observed following a 4-ug
injection in the QTRAP but could be detected from 0.8 ng of
digested lysate on the Orbitrap. Interestingly, K29 linkages
could be detected on the QTRAP when injecting a 4-ug eq
of lysate but were not detected using the Orbitrap setup.
This is due to the improved peak resolution and signal to
noise afforded to this hydrophilic peptide by the high flow
chromatography of the QTRAP platform. K33 was likewise
detected on the QTRAP but only when 40 upg of digested
peptides were injected on the column. The abundance of
each peptide increased linearly in QTRAP analyses up to 40
ng of injected peptides. By stitching together the observed
linear ranges for the Orbitrap and QTRAP instruments, quan-
titation can be performed across at least 4 orders of magnitude

with the majority of peptides being quantifiable from 0.5 to
>5000 fmol.

Profiling Multienzyme in Vitro Ubiquitination Reactions—
Initial work with the Ub-AQUA method examined cyclin B1
ubiquitination by the anaphase-promoting complex (APC). In
those studies, mass spectrometry data revealed two stages of
ubiquitination whereby a foundation of monoUb was applied
to the substrate in the first stage, and then polyUb chains
assembled in the second stage (12). Work on many substrates
now suggests that multistage ubiquitination involves sub-
strate priming by an E2 enzyme, such as those in the UbcH5
family, followed by chain extension by dedicated enzymes
from other E2 families (41, 42) or by E4 ligase enzymes (43,
44). To demonstrate the utility of quantitative mass spectrom-
etry methods for dissecting multistep ubiquitination by se-
quentially acting enzymes, we decided to investigate the E2
enzyme UbE2S. UbE2S was recently shown to function in
concert with UbcH10 to generate K11-linked polyUb chains
on substrates of the APC (5, 6, 8). It is unclear whether UbE2S
functions as a chain-extending enzyme in the context of other
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Fic. 6. Dilution series of proteasome inhibitor-treated 293T cell lysate on multiple instrument platforms. A, a series of lysate samples
ranging from 0.04 to 40 ug was prepared and analyzed on a QTRAP system in the presence of 75 fmol of Ub-AQUA peptide mixture. The
amount of lysate loaded on the column is plotted against the measured abundance for total Ub and each polyUb linkage. Total Ub was
calculated as the average of all loci (K6, K11, K33, K48, and K63). Error bars represent S.D. (n = 3), and R? values are shown for each linear
fit. Total Ub was detectable in all injections, increasing linearly (R® = 0.998) from 5.7 fmol in 0.04 ug of lysate to 6004 fmol in 40 ug of lysate.
Similarly, 0.9 fmol of K48 was quantified in 0.04 ng of lysate up to 1126 fmol in 40 ng of lysate. B, 100X magnification of data from A showing
detection of lower abundance polyUb linkages. R? values greater than 0.99 can be obtained from 40 ug down to a 0.4-ug injection for K63,
a 0.8-ug injection for K11, and a 4.0-pug injection for K6(ox) and K29. K27 and K33 signal was only detectable from 20- or 40-ug injection levels,
whereas linear polyUb chains were not detected in any of the samples. C, subset of lysate samples (with 75 fmol of Ub-AQUA peptide mixture)
used in A (0.04-0.8 ng) was analyzed on the Orbitrap (n = 2). A total Ub level of 4.0 fmol was measured in 0.04 g of lysate, increasing linearly
(R? = 0.996) up to 146 fmol in 0.8 ug of lysate. D, 225x magnification of C. K63 and K11 were detected only at 0.4- and 0.8-ug lysate eq. K6(ox)
was detectable only at a 0.8-ug lysate load, accounting for an R? value of 0.79. K33, K29, K27, and linear chains were not detectable even
at the highest injection levels.

E2s, such as those in the UbcH5 family, or with E3 ligases tion of UbcH5A or UbE2S. Two-step reactions were per-

besides the APC.

To examine whether UbcH5A and UbE2S can act sequen-
tially, two-step in vitro ubiquitination reactions were per-
formed using the autoubiquitinating E3 c-IAP1 as both ligase
and model substrate (Fig. 7). Previous characterization of
these reaction conditions indicated that UbcH5A alone, but
not UbE2S alone, was able to catalyze substrate ubiquitina-
tion.? Conditions were identified here whereby a low level of
UbcH5A (0.05X) was insufficient to catalyze appreciable
ubiquitination. Two-step reactions were then set up by first
performing 0.05X UbcH5A preincubation followed by addi-

formed in the presence of either UbWT, UbK''R UpKeR,
Ub"®R or UbX® (lysineless Ub). Reaction products were sub-
jected to SDS-PAGE to separate subpopulations of Ub sub-
strates and either Coomassie-stained (Fig. 7A) or subjected to
Western blot using antibodies recognizing total Ub (Fig. 7B)
and K11 linkages (Fig. 7C) (29, 33). The Coomassie-stained
gel was cut into regions based on the signals observed in
corresponding Western blots and digested with trypsin for MS
analysis. Given the series of Ub™“*@"s ysed, total Ub was
calculated from the K48 and K63 loci using the wild-type and
mutant peptides described above (Fig. 7D). Specifically,
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Fic. 7. Advanced MS method reveals that UbE2S can modulate function of UbcH5A in K11-dependent manner. In vitro ubiquiti-
nation reactions containing Ubal (E1) and c-IAP1 (E3) were performed in two steps with either UbcH5A or UbE2S, both following
preincubation with a 0.05x amount of UbcH5A, which alone was insufficient to generate chains. Samples were separated by SDS-PAGE
for Coomassie staining (A), and Western blots against total Ub («Ub) (B) and K11 linkages (a11) (C) were run in parallel. Regions 1 and 2
on the Coomassie gel (denoted by red lines) were selected for digestion and MS analysis based upon aUb and a11 Western blot signals.
A benchmark molecular weight marker was loaded in the middle lane (every other band is annotated). D, total Ub reported as the average
of K48 and K63 loci for representative regions 1 and 2 with error bars representing S.D. of duplicate injections. E, K11 linkages reported
for regions 1 and 2. F, abundances of K48, K63, and K11 relative to the total Ub reported for region 1. The mixed linkage profile suggests
that UbE2S activates UbcH5A rather than directly ubiquitinating c-IAP1 or extending chains generated by UbcH5A. G, abundances of K48,
K63, and K11 relative to the total Ub reported for region 2. For UbE2S-stimulated reactions, Western blots and total Ub measurements
indicate that these chains are almost exclusively K11 linkages. Ub%'"® and UbX® reactions with UbE2S do not generate these chains,
indicating synthesis directly by UbE2S.
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(LIF + LIF-R + QLE)/2 and (TLS + TLS-R + EST)/2 were used
to account for the unbranched forms of Ub (monoUb and end
cap Ub) at these two loci.

Western blot and MS analysis both showed that 0.05%
UbcH5A alone was insufficient to catalyze appreciable ubig-
uitination despite incubation for 35 min at 37 °C. In contrast,
two-step ubiquitination reactions using 1X UbcH5A in the
second step (H5A + H5A) demonstrated robust activity with
UbWT and all Ub™“@"s by Western blot and MS (Fig. 7, B and
D). In H5A + H5A reactions with Ub*''®? and Ub¥°, 11
Western blot (Fig. 7C) and MS measurements (Fig. 7E) dem-
onstrated the absence of K11 linkages. Reactions with
UbK*8R failed to generate K48 linkages (Fig. 7, F and G),
whereas the linkage profile of H5A + H5A reactions with
UbX®R mirrored that of Ub™" with nearly equivalent levels of
K48, K63, and K11 (Fig. 7, F and G). K6 and K33 linkages were
detected for Ub"T, but each represented <1% of the total Ub
and are not shown. The GGMQ peptide corresponding to
linear chains was monitored during these runs and was not
detected. Reactions with UbX® generated Western blot and
MS signal indicative of extensive multiubiquitination with a
faster migrating Ub smear than Ub"V" (Fig. 7B) reactions and
an absence of polyUb linkages (Fig. 7, F and G).

As with H5A + H5A reactions, when UbE2S was added
following 0.05X UbcH5A preincubation (H5A + E2S), sub-
strate ubiquitination was observed by Western blotting and
MS (Fig. 7, B and D). This indicated that UbE2S had the ability
to promote conjugation of Ub"'. Because UbE2S is known to
specifically generate K11 chains (33, 45), we expected that
H5A + E2S reactions performed with Ub¥''® and Ub*® might
be impaired. Indeed, H5A + E2S reactions performed using
UbK'™R and Ub"° yielded less total Ub signal than similar
H5A + E2S reactions performed with Ub™' (Fig. 7, B and D).
H5A + E2S reactions utilizing Ub*®® displayed Western blot
(Fig. 7, B and C) and MS signal (Fig. 7, D and E) comparable
with Ub™T in gel region 2 but were unexpectedly impaired in
high molecular weight Ub substrates in gel region 1.

The ability to dissect two populations of Ub substrates
from within a single reaction for MS analysis is a key ad-
vantage of the polyUb linkage profiling methods described
here. Ub substrates present in gel region 1 of H5A + E2S
samples were expected to consist of primarily K11-linked
chains because the reactions were dependent on addition
of UbE2S. Instead, a mixture of K48, K63, and K11 linkages
was observed (Fig. 7F) similar to what might be expected for
UbcH5A-generated chains. One possible explanation for
the mixed linkage profile observed in gel region 1 is that, in
this reconstituted system, UbE2S may be modulating the
Ub-conjugating activity of UbcH5A rather than assembling
polyUb chains itself. This is in contrast to H5A + E2S
reaction products migrating in gel region 2 where MS anal-
ysis indicated that Ub signals comprised almost exclusively
K11-polyUb (Fig. 7G). Alternative explanations have not
been formally tested, including whether UbcH5A modulates

UbE2S activity. Ub linkage profiles in gel region 2 did differ
dramatically between H5A + H5A and H5A + E2S reactions
for the series of Ub™“*@"s and suggest that UbE2S was
catalytically active in these in vitro reactions. Further exper-
iments would be required to formally establish whether
UbE2S catalytic activity is required to generate the reaction
products observed in gel regions 1 and 2 of the H5A + E2S
reactions. Data-dependent MS/MS on the Orbitrap, per-
formed in a follow-up analysis, did identify UbE2S peptides
in gel region 2, suggesting that UbE2S is the major Ub
substrate observed in this gel region (data not shown).

Lysine-to-arginine and lysine-free Ub™“*=" proteins have
been important experimental tools for understanding link-
age specificity of enzymes in the Ub pathway. In reactions
with lysine-to-arginine mutant forms of Ub, failure to gen-
erate Ub substrates has occasionally been interpreted to
mean that a certain lysine is the residue through which
linkages are generated. Given the potential roles of surface-
exposed Ub residues in directing polyUb chain formation at
adjacent sites, caution must be used in interpreting such
indirect results. In the example above, H5A + E2S reactions
with Ub¥®R generated abundant K11-linked chains in gel
region 2 but almost no Ub substrates or K11 linkages in gel
region 1 (Fig. 7, A-C). Although this result might be inter-
preted to mean that the Ub substrates in gel region 1
comprised K6 linkages, MS analysis of Ub"“T reactions
demonstrated that the majority of linkages were in fact
through K48, K63, and K11 with K6 linkages representing a
negligible fraction (Fig. 7F). Although much remains to be
elucidated about the roles that individual residues of Ub
play in directing polyUb linkage formation, this finding rein-
forces the idea that direct, quantitative analysis of Ub link-
ages generated by Ub"" will be essential for characterizing
the mechanisms of polyUb synthesis.

Profiling Mixed Linkage Substrates from Cells—In addition
to characterizing in vitro reaction products, our new methods
are useful for characterizing ubiquitination profiles directly
from cell lysates. In cells, one question yet to be addressed is
whether mixed linkage substrates, which are commonly seen
in vitro (12, 28, 29, 46), are prevalent or functionally significant.
A mixed linkage substrate is a protein molecule that is mod-
ified by more than one polyUb linkage. The mixed linkages on
a substrate may be in the form of a single heterogeneous
chain (e.g. K48 — K63 — K11) or multiple homogeneous
chains of different linkages (e.g. K48 — K48 and K63 — K63)
on separate substrate lysines. To evaluate the prevalence of
mixed linkage substrates, we decided to combine our mass
spectrometry methods with linkage-specific antibody enrich-
ment. Linkage-specific antibodies have been shown previ-
ously to capture Ub-modified proteins carrying the linkage
epitope with a high degree of specificity (29, 33). In immuno-
precipitation experiments, these antibodies are capable of
capturing mixed linkage substrates so long as they carry the
target linkage.

10.1074/mcp.M110.003756-14
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An experiment was designed to compare mock-transfected
cells with cells overexpressing Ub*® (Fig. 8A). Transfected
293T cells were lysed and then subjected to linkage-specific
immunoprecipitation with antibodies against K48 linkages
(«48), K63 linkages (a63), or an isotype control antibody (IgG).
Immunoprecipitated samples, as well as unenriched lysate
(input), were separated by SDS-PAGE and Coomassie-
stained. Selected regions were excised and subjected to in-
gel trypsin digestion and MS analysis on the QTRAP (Fig. 8B).
Peptides covering the wild-type and mutant forms of the K48
and K63 loci were used to determine the abundances of
endogenous Ub"T and exogenous Ub"®,

Compared with mock-transfected cells (Fig. 8C, input),
overexpression of exogenous UbX® caused a >15-fold in-
crease in total Ub for regions 1 and 2 (Fig. 8E, input). Besides
supplementing the Ub pool with exogenous Ub"°, the over-
expression of this construct increased Ub™" (stemming from
chromosomal sources) from 159 to 1885 fmol in region 1 and
352 to 1727 fmol in region 2. This increase is most likely
attributable to impairment of proteasomal degradation, al-
though other possible contributions from increased Ub gene
expression and impaired DUB activity have not been exam-
ined in detail. Although Ub"® transfection could be expected
to dramatically alter the cellular Ub pool by capping polyUb
chains and preventing proper chain elongation, only modest
effects were observed. Analysis of the Ub linkage profiles for
mock (Fig. 8D) and Ub"® (Fig. 8F) input lysates showed a
mixture comprising primarily K48, K63, and K11 linkages. K48
was the most abundant form of polyUb, and lower abundance
linkages, such as K6, K33, and K29, were also detectable in
the input. Of note, no signal was observed for the light forms
of the GGMQ peptide, indicating that linear polyUb chains
were either not present or below the limit of detection in these
samples. The relative abundances of each linkage type dif-
fered slightly between gel regions 1 and 2, particularly for
Ub"C-transfected cells (Fig. 8F). In this Ub*® input sample,
lower molecular weight species in gel region 2 displayed 57 %
monoUb and end caps (terminal unit of a polyUb chain where
all seven lysines are unmodified; indistinguishable from sub-
strate-bound monoUb in our analysis; Ref. 12) (Fig. 8F) com-
pared with just 26% monoUb and end caps in mock input
(Fig. 8D). Interestingly, this increased percentage of monoUb
and chain end caps in Ub*®-expressing cells came at the
expense of K48, but not K63, linkages.

In both linkage immunoprecipitation experiments using
mock- or Ub"C-transfected cells, we found as expected that
Ub proteins captured by «48 and «63 were enriched in the
target linkage relative to the input material. For «48, a 3.3-fold
enrichment was observed for Ub*® cells in region 2 relative to
the input with 1.3-1.5-fold enrichment in other «48 immuno-
precipitation analyses relative to their respective inputs. For
63, enrichment of K63 linkages was between 1.4- and 2.6-
fold relative to the corresponding input material (Fig. 8, D and
F). Despite this enrichment, mixtures of K48, K63, and K11

with lower levels of K6, K33, and K29 were still observed. The
prevalence of mixed linkage substrates in immunoprecipi-
tated samples demonstrated that complex Ub signals con-
taining multiple linkages may be common for stable, cellular
Ub substrates. However, the question of whether in vivo sub-
strates are modified by single chains containing varied link-
ages has been difficult to resolve by genetics, antibody-
based, or mass spectrometry approaches. We found that in
the UbXC-transfected samples the percentage of mutant Ub
for gel region 1 is 51% (Fig. 8E, input), indicating that only
49% of the Ub is capable of forming polyUb linkages. How-
ever, the Ub linkage profile indicates that 64% of the Ub in this
region is in some form of polyUb chain with only 36% in the
form of end caps and monoUb. This is noteworthy because if
the percentage of total Ub in the form of polyUb is greater
than the fraction of Ub"T it indicates the presence of forked
polyUb chains (through K48, K63, and K11) among the protein
aggregates residing at the top of the gel (26, 46). Additional
work remains to be done, but the ability to determine the total
Ub and the relative abundances of endogenous and exoge-
nous forms of Ub within cells opens the door to a full under-
standing of Ub dynamics and the nature of Ub signals on
substrates in vivo.

DISCUSSION

Advances in the methods used to monitor signal transduc-
tion have enabled the detailed mapping of physiological and
pathological processes in eukaryotic cells. Among these, de-
velopments in mass spectrometry-based proteomics have
played a central role in characterizing post-translational mod-
ifications and the effects they have on cellular proteins. This
has been particularly apparent for processes driven by phos-
phorylation and ubiquitination. Ub signals on individual sub-
strates can be heterogeneous in terms of size (number of Ubs)
and composition (polyUb linkage profile) such that even in
vitro reactions can contain multiple Ub substrates with dis-
tinct Ub signals. In optimizing a quantitative MS method for
characterizing Ub signals, we have focused on an approach
that utilizes SDS-PAGE and in-gel digestion. Separation of
Ub-modified proteins by molecular weight permits focused
analysis of defined subpopulations within each sample as
guided by Ub Western blots. As shown in our multienzyme in
vitro experiments, gel-based separation can be critical for
dissecting the individual and combined contributions of en-
zymes, such as UbcH5A and UbE2S (Fig. 7). An obvious
benefit of the gel-based approach is that it effectively dena-
tures the proteins and removes MS-incompatible salts and
chaotropes, promoting efficient proteolysis and MS analysis.
Ub is a notoriously stable protein structure and can be difficult
to digest in solution without the presence of detergents or
other MS-incompatible denaturing agents. Our in-gel diges-
tion protocol includes 5% ACN in the digestion buffers to
increase the activity of trypsin and minimize the loss of hy-
drophobic peptides. Soaking gel pieces in trypsin for >2 h
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Fic. 8. Mutant Ub overexpression alters composition of cellular pool and cellular mixed linkage substrates. A, 293T cells were either
mock-transfected or transfected with Ub"®. Cells were lysed under denaturing conditions and subjected to immunoprecipitation with antibodies
directed against K48 linkages («48), K63 linkages (a63), or an isotype control (IgG). B, Coomassie-stained gel of input lysates and IP samples.
Denoted gel regions were digested with trypsin and analyzed by SRM on the QTRAP. C, abundances of total Ub for gel regions 1 and 2 were
quantified for mock-transfected cells as the average of K48 and K63 loci. D, abundances of each linkage shown relative to total Ub in the
mock-transfected sample. Mono/end cap represents the difference between total Ub and the sum of all linkages. In the 48 and 63 linkage IP
samples, enrichment of the target linkage is observed relative to input material. The complex linkage profile with K48, K63, and K11 indicates that
mixed linkage substrates are prevalent. E, following Ub*® transfection, endogenous Ub"™"" and exogenous mutant Ub (Ub"°) were observed in gel
regions 1 and 2. Increased levels of endogenous Ub"" could be detected compared with mock-transfected cells. The ratio of UbX® to Ub"W™ was
determined based on peptides from the K48 and K63 loci using the equations LIF-R/(K48 + LIF + LIF-R) and TLS-R/(K63 + TLS + TLS-R). F,
UbXC-transfected cells display a linkage profile similar to mock cells. Under all conditions, IP samples display a mixed linkage profile comprising
primarily K48, K63 and K11 with low but detectable levels of K6, K33, and K29. Linear and K27-linked chains were not observed.
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further enhances digestion efficiency as described previously
(47). One drawback of using a gel-based approach is that
imprecise gel band excision can result in errors, such as the
introduction of small amounts of Ub from adjacent lanes. As
with any sample fractionation, separating Ub increases anal-
ysis time by severalfold and can complicate data analysis. As
a practice, we do not sum the abundances of individual ana-
lytes across a series of consecutive gel regions because of
concern over differential peptide extraction efficiency along a
gradient gel.

As in most laboratories, limitations in the available instru-
ment time force a choice between the acquisition of replicate
data points for individual samples and profiling additional
biological conditions. Data shown here demonstrate that
AUCs for reinjections vary by ~5%, suggesting that we ben-
efit most by collecting data from additional gel regions, time
points, and biological control samples at the expense of rep-
licate injections. Minimizing variability between peptide ratios
in biological samples relies in part on adding internal stan-
dards to digested samples as early as possible during sample
preparation. Because digestion of miscleaved Ub internal
standards (IQ-EG, LI-QL, and TL-ES) by residual trypsin ac-
tivity can systematically alter peptide ratios, we add internal
standard mixtures immediately after the digests have been
quenched. To maximize the number of analytes within the
linear range, we find it helpful to use total Ub Western blots for
estimating the amount of Ub in a sample so that internal
standard peptides can be added at an appropriate concen-
tration relative to the digested analyte peptides. The process
of adding AQUA peptides to individual samples remains a
source of variability that can only be managed by careful
sample handling, although preparing single use aliquots of
AQUA peptide mixtures has decreased experimental variabil-
ity. This batch approach also permits us to test AQUA mix-
tures against polyUb chains of defined lengths and linkages to
correct peptide concentrations on a batch by batch basis.

The instrument platforms used in our group have been
chosen because together they enable efficient characteriza-
tion of Ub signals even when low end sensitivity is required.
The limits of detection vary from peptide to peptide, but we
have been able to successfully measure polyUb linkages
across more than 4 orders of linear range from <0.5 fmol for
the K48 -GG signature peptide on the Orbitrap to >5 pmol for
the entire battery of peptides on our QTRAP system. Similar
low end limits of detection have recently been reported for Ub
peptides on a QTRAP instrument when chromatographic sep-
aration is performed at 0.20 wl/min (34). In our current con-
figurations, the UPLC-Orbitrap setup is more sensitive than
the capLC-QTRAP for most peptides by severalfold. The ex-
ceptions are the hydrophilic K29 and QLE peptides, which are
not resolved on the 1 ul/min UPLC gradient but yield sharp
early eluting peaks at 200 wl/min on the capLC. The Orbitrap
configuration is most often used when trying to identify Ub
substrates and profile Ub linkages in a single analysis. For the

majority of Ub linkage profiling studies, such as the ones
described in Figs. 7 and 8, we find that SRM analysis on the
QTRAP at 200 ul/min offers an ideal balance of sensitivity and
robustness. On this system, peptides can be loaded on the
column in ~10-fold higher abundance, permitting detection of
low femtomole amounts of Ub in highly complex mixtures by
simply injecting more material (Fig. 6). We found that unit
resolution represented an ideal balance between absolute
signal intensity and signal to noise. We focus as much dwell
time as possible toward detecting signal from the most sen-
sitive transition for each peptide rather than dividing the duty
cycle among additional less sensitive transitions. Utilizing a
segmented method has allowed us to further extend the dwell
times for these transitions. The risk of relying on a single
transition is that under certain instrument conditions (deteri-
orating performance) or in certain complex mixture samples
quantitation could be compromised by artifactual signal. One
such situation would be a sample where a peptide with pre-
cursor m/z, fragment m/z, and retention time similar to those
of a Ub peptide (heavy or light) is present within the protein
mixture, leading to increased signal for a monitored transition.
Recently, additional transitions for characterizing Ub peptides
have been reported for both yeast and human forms of Ub
that may be useful in resolving such situations (34). Although
monitoring multiple transitions per peptide may improve con-
fidence and specificity in discovery-themed experiments and
complex mixture quantitative studies, we find that monitoring
the single best transition is effective for quantitation of Ub
across a range of conditions, including certain highly complex
mixtures.

Data from these experiments, such as values calculated for
percent total Ub (the portion of the Ub population represented
by a single form; e.g. K48/total Ub), depend on reliably deter-
mining the amount of total Ub across a series of samples. This
can be a challenge given the various structural isomers gen-
erated within cells and the permutations of Ub that may be
used within experimental systems. Although it is cost-effec-
tive to determine total Ub by relying on peptides covering a
single locus, using peptides from multiple loci, as described
here, offers a distinct advantage by providing additional data
that can be considered. We have encountered cases where
results from a single locus misreport the amount of Ub be-
cause of sample composition, unexpected instrument issues,
amino acid modifications, digestion inefficiencies, or altera-
tions in stock peptide concentrations. The multiple locus ap-
proach is particularly helpful for identifying instances where
results are influenced by incomplete digestion, such as during
the analysis of long, homogenous polyUb chains or in cases
where unfractionated mixtures of substrates are analyzed in
batch (34). Built into these methods are several quality con-
trols that recognize errors arising from incomplete digestion
and other systematic effects. The miscleaved peptides, such
as IQ-EG, TL-ES, and LI-QL, can be used directly to diagnose
incomplete digestion, whereas TLS:EST and LIF:QLE ratios
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are robust numerical indicators of digestion efficiency. Pep-
tides stemming from the same locus (such as TLS and EST)
should be of equivalent abundance following complete pro-
teolytic digestion. Past experience suggests that TLS:EST
ratios systematically >1.3 are an indication of incomplete
digestion because trypsin digestion produces the TLS pep-
tide more efficiently than the EST peptide from the same
locus (data not shown). The implicit assumptions that Ub
peptides are not chemically or post-translationally modified
(besides polyUb) or that forked polyUb chains (e.g. K6-K11,
K27-K29, and K29-K33) (26, 46) are of negligible abundance
can be evaluated for each experiment based on the data
collected. For example, in cases where the N-terminal glu-
tamine residue of the QLE peptide is cyclized to form pyro-
glutamate, the K48 locus can be excluded from total Ub
calculations. When considering the N terminus, it is possible
to confirm that the analyte and internal standards for each
Met-containing peptide are in the same oxidation state by
monitoring each of these transitions. Given these consider-
ations, we believe that total Ub is best reported as the
average of the maximum number of loci held in common
between the various samples. In cases where lysineless Ub
(UbX®) or several lysine mutant forms (e.g. Ub**®F and
UbX®3R) are considered concurrently, we chose to deter-
mine total Ub based on loci for which direct measurements
could be made using internal standards toward the wild-
type and mutant forms (Figs. 7 and 8).

It has been shown that individual protein substrates can
be modified by Ub on multiple lysines and may carry more
than one form of polyUb, although the effect of these com-
plex Ub signals on interactions with Ub-binding proteins,
protein complexes, and the proteasome are not yet under-
stood. A number of fundamental questions remain to be
addressed, such as whether substrates with complex Ub
signals are effectively recognized and processed by the
degradation machinery or rather act as dominant negative
inhibitors of the proteasome as has been suggested (46).
What effects do the presence of mixed linkage substrates
have on substrate-specific and broadly acting DUB en-
zymes, and what are the consequences of mixed linkage
substrates within the cellular Ub pool? It is possible that
mixed linkage substrates promote specific biological pro-
cesses, although no such activity has been proposed.
Whereas little is known about the effect of generating mixed
linkages, there is a growing appreciation that assembly of a
Ub signal frequently involves coordination of multiple chain
assembly factors. The results presented here provide a
framework for using mass spectrometry to study complex
Ub signals in reconstituted systems with multiple competing
or complementary enzymatic activities. Combining these
mass spectrometry methods with linkage-specific antibody
enrichment will further contribute to understanding of the
mechanisms and biological consequences of the complex
Ub signals in vivo.
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