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Abstract

Multiple studies demonstrate that ubiquitination of proteins codes for regulation of cell
differentiation, apoptosis, endocytosis, and many other cellular functions. There is great interest
in, and considerable effort being given to defining the relationships between the structures of
polyubiquitin modifications and the fates of the modified proteins. Does each ubiquitin
modification achieve a specific effect, much like phosphorylation, or is ubiquitin like
glycosylation, where there is heterogeneity and redundancy in the signal? The sensitive analytical
tools needed to address such questions readily are not yet mature. To lay the foundation for mass
spectrometry-based studies of the ubiquitin code we have assembled seven isomeric diubiquitins
with all-native sequences and isopeptide linkages. Using these compounds as standards enables
the development and testing of a new mass spectrometry-based strategy tailored specifically to
characterize the number and sites of isopeptide linkages in polyubiquitin chains. Here we report
the use of Asp-selective acid cleavage, separation by reverse phase HPLC, and characterization by
tandem mass spectrometry to distinguish and characterize all seven isomeric lysine-linked
ubiquitin dimers.

INTRODUCTION

Since the earliest sequence analysis of a protein conjugated by ubiquitin,[] the sites of
attachment in the target protein have been identified by locating the glycinylglycine (GG)
tag left by ubiquitin when conjugates were subjected to exhaustive trypsin proteolysis.
Indeed, most of our present knowledge about ubiquitination in vitro and in vivo is based on
tryptic digestion and bottom up proteomics.[2-4] GG tags are also left at linkage points in
ubiquitin polymers, and thus the quantitative ratios of the different linkages from mixed
chains have been extracted using synthetic reference peptides carrying isotope labels.[®! This
approach does not provide information about the order of the linkages and is impaired by
incomplete cleavage. One alternative approach, top-down analysis of ubiquitin conjugates, is
challenging for several reasons. First, the molecular mass is incremented 8.5 kDa by each
ubiquitin module added, rapidly raising the requisite mass and resolution beyond the
capability of many mass spectrometers. Second, fragmentation of intact polymers with
multiple branches is reported not to progress to branch points even in simple dimers and
cannot be used to determine the site of the linkage.[®] Thus there is a strong need to advance
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a technology that trims the branches to reduce the overall mass, yet preserves the branch
points for characterization by LC-MS/MS,[7-91 and can eventually be incorporated into
studies of biological samples.

We report here the use of time-limited proteolysis with a concentration of acetic acid that
cleaves selectively at aspartic acid residues fortuitously spaced to trim the branches, and we
demonstrate that this strategy allows successful application of HPLC and tandem mass
spectrometry to provide information on linkage sites in dimers. We report that ubiquitin
dimers linked by all-native isopeptide bonds at the seven lysine residues can be
distinguished and characterized by LC-MS/MS.

With the expectation to extend the strategy to longer ubiquitin chains consisting of
homogeneous and mixed linkages and to ubiquitinated proteins, we have optimized acid
cleavage reactions of our reference dimers to allow the production of peptides that retain
both linkage site and the carboxyl-terminus of the proximal ubiquitin moiety that would be
involved in additional isopeptide linkages. This strategy is illustrated in the sequence of
monoubiquitin in a MALDI spectrum of the acid cleavage products of monoubiquitin shown
in Figure 1. Lysine residues in the sequence are shown in blue as potential sites of
attachment, and aspartate residues are highlighted in red as potential sites for acid cleavage.
Peaks are annotated in the spectrum of the mixture corresponding to peptide products, six of
which contain particular attachment sites while still retaining the G76 carboxyl-terminus.
Information is also obtained from cleavage products that contain unique branch sites without
the carboxyl terminus.

METHODS AND MATERIALS

Assembly of diubiquitins

Diubiquitin (Ub,) was assembled either enzymatically (K48, K63) or chemically (K6, K11,
K27, K29, K33) using recombinant ubiquitin (Ub) monomers. Linkage-specific ubiquitin
conjugating enzymes E2-25K and the heterodimer Ubc13:Mms2 were used to make K48-
and K63-linked Ub,, respectively. Enzymatic reactions were performed using wild-type
ubiquitin, and quenched after 1-2 hours using 2 drops of glacial acetic acid, as described
previously[10: 111 Ub, was purified from unreacted monomers and longer chains using cation
exchange chromatography on a HP SP column (GE Healthcare).

K6, K11, K27, K29 and K33-linked Ub, were chemically assembled using a strategy
employing a combination of removable, orthogonal amine protecting groups (Boc and
Alloc) and a silver-mediated condensation reaction between the two ubiquitin monomers.
The assembly scheme is outlined below; details of each reaction step, including reagents are
reported elsewhere.[12] Linkage specificity was achieved by introducing a Lys(Boc)
mutation at the target lysine of interest in ubiquitin. The Lys(Boc) ubiquitin variant was
expressed in E. coli BL21(DES3) cells, together with an orthogonal tRNA synthetase/tRNA
pair that incorporated the unnatural amino acid Lys(Boc).[*3! After purification, all
remaining amines on the Lys(Boc) ubiquitin variant were subsequently protected with the
orthogonal protecting group, Alloc. The e-NH of the target lysine was made available for
isopeptide linkage by removal of the Boc protecting group using trifluoroacetic acid. The
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second ubiquitin monomer, wild-type ubiquitin, was activated with E1 to form a C-terminal
thioester on ubiquitin (Ub-COSR), and all of its amines were also protected with the Alloc
protecting group. Ub, was assembled via a silver-mediated condensation reaction between
Ub-COSR and the single available e-NH, amine on the other ubiquitin. After ligation, the
Alloc protecting groups were removed, followed by protein denaturation and renaturation.
Ub, was purified from unreacted monomers as described above. Structures of the synthetic
dimers were characterized by NMR and mass spectrometry.[12]1 All Ub, species were
exchanged into distilled water prior to microwave treatment. Diubiquitin concentrations
were estimated using their extinction coefficient at 280nm (2980 cm=tM™1).

X X
X X X X
X X + X X
X X X X
X
X~ “COSR k6§ X “COOH

x = Alloc l

a) Ag+-mediated condensation
b) Alloc deprotection
¢) Renaturation and purification

K6
COOH

. [ .
Distal (E—N Proximal

o)

Assembly scheme for K6, K11, K27, K29 and K33-linked diubiquitins. In this report the
ubiquitin moiety containing a free C-terminus (G76) is designated proximal, while the distal
moiety has its G76 conjugated to a lysine on the proximal ubiquitin.

Microwave-Assisted Acid Cleavage

Diubiquitin samples were diluted to 0.1mg/ml in a 100 pL 12.5% acetic acid solution and
digested at 140°C using 300W microwave energy for 30 sec or 15 min in a CEM Discover
microwave (Matthews, NC). Acidic solvent was removed by lyophilization in a FreeZone
2.5 Plus from Labconco Corporation (Kansas City, MO) before further analysis. These
conditions have been previously reported to hydrolyze proteins with high selectivity at Asp
residues,[14] yielding peptides that produce searchable CID spectra.[1°]

MALDI Analysis

A Kratos Axima CFR MALDI-TOF MS (Shimadzu Biosciences, Columbia, MD) was used
in linear mode to acquire mass spectra. One hundred scans were integrated per spectrum.
Laser power was 84V and the matrix used was a-cyano-4-hydroxycinnamic acid at 10mg/ml
in 70/30/0.1 acetonitrile/water/TFA. The 0.1mg/ml protein sample and the matrix solution
were mixed 1:1 by volume for MALDI analysis.
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LC-MS/MS with Electrospray lonization

After lyophilization, samples were diluted with HPLC grade water with 0.1% formic acid
back to 100 pL.5 pL were injected, concentrated and desalted on a C8 trapping column
(0.5x3 mm, Agilent Technologies) for 5 minutes before being separated through a pepSil C8
column (Column Technology Inc., Fremont, CA) with a flow rate of 300 nL/min and a
gradient of 18-22% in 120 min (Solvent A: 97.5% HPLC grade water, 2.5% ACN, and
0.1% formic acid; Solvent B: 97.5% ACN, 2.5% HPLC grade water and 0.1% formic).
Analysis was performed in reverse-phase using a 2D nano HPLC system (Shimadzu
BioSciences, Columbia, MD) interfaced to an LTQ-Orbitrap XL mass spectrometer
(Thermo-Fisher, San Jose, CA). Precursor masses were acquired with a resolution of 60000
while fragment ions were acquired with a resolution of 30000 all within the orbitrap mass
analyzer. Fragmentation was accomplished by CID with collision energy normalized at 35.
The 4 most intense ions were isolated and fragmented in each cycle. All spectra were
interpreted manually using both raw and deconvoluted spectra.

RESULTS

Microwave-supported acid hydrolysis was optimized at 140 °C for 30 sec to produce the
branched target peptides from each dimer. The sequences and observed and theoretical
molecular masses of the truncated products of interest are shown in Table 1. All theoretical
and observed masses match within 15 ppm. Each retains the linkage point and the carboxyl
terminal prospectively attached to a target protein or another ubiquitin. Cleavage at Asp
produces unique products for dimers linked via K63, K48, and K33, and isomeric products
with linkages at K27/K29 or K6/K11. Other peptides are produced in each proteolysis
reaction including the fully truncated branched peptides (Table 2), which provide
confirming structural information about the linkage point.

As suggested by the MALDI spectrum in Figure 1, this strategy produces a mixture of
peptide products from a purified synthetic dimer, which we expect to extend to a conjugated
dimers enriched from a cell lysate by immunoprecipitation.[*>] Small peptides released from
the ends of both branches can be removed from the larger branched peptides of interest by
fractionation through a small ion exchange column prior to fractionation by HPLC
interfaced to the mass spectrometer. Figure 2 summarizes chromatographic separation on a
C8 reverse phase column of the seven target peptides (shown in Table 1) formed by acid
cleavage of a mixture of all seven isomeric dimers. Reconstructed ion chromatograms of the
protonated molecular ions indicate that separation is achieved of most of the truncated
peptides of interest and indicate that relative retention times can contribute to
characterization of the branched peptides. Ascertained using hydrolysis products from
individual dimers and fragmentation patterns from the mixture of all seven dimers, the
product from K63 elutes in a peak centered at 32 min; K27 and K29 coelute at 42 min; K33
at 48 min; K48 at 51 min; K6 and K11 coelute around 97 min. Retention times do not
correlate completely with molecular masses, suggesting that molecular shapes imparted by
branching are also influential. The molecular masses of the target hydrolysis products are
characteristic; however four of the traces contain extra peaks. These are contributed by non-
targeted hydrolysis products with the same masses formed from other dimers in the mixture.
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As discussed in the Introduction, fragmentation and tandem MS experiments together are
required to distinguish the truncated K6/K11 and K27/K29 pairs and to provide definitive
support for assignment of dimers with other linkage points.

Collisionally induced dissociation provides class characteristic fragment ions that will allow
the investigator to recognize the truncated target peptides shown in Table 1 and are obtained
from diubiquitins and potentially ubiquitin chains conjugated to peptides as they elute from
the HPLC. In an earlier report®] we noted that low mass singly-charged b ions are formed
reliably from the C-terminal tail remaining from the distal ubiquitin of truncated K63-linked
diubiquitin. Some or all of these ions are observed in all the truncated dimers studied here.
Reconstructed ion chromatograms in Figure 3 demonstrate how the suite of bg, b7, bg, bg,
and by ions can be used to recognize or detect candidate truncated diubiquitins eluting from
the HPLC.

Figure 4 summarizes the fragment ions observed in the truncated branched peptides obtained
from the K33-, K48-, and K63-linked diubiquitins. In all three cases, acid cleavage and CID
combine to define the linkage site and differentiate it from all others. Note also the
formation of suites of b ions, consistently observed in all target peptides (Table 1) and
presented in Figure 3. Figure 5 summarizes fragmentation in the truncated products from the
K6 and K11-linked isomers, and Figure 6 presents the fragmentation in the truncated
products from K27- and K29-linked diubiquitins. Among these two sets of isomers, only the
linkage at K6 can be unambiguously characterized from the product ions (Figure 7). The
other three CID spectra do eliminate most possibilities and bracket the linkage site to one of
two positions. In our hands neither ETD nor HCD produced more definitive fragmentation
in these longer branched peptides, and similarly the combination of in-source fragmentation
and high energy CID in a MALDI TOF instrument did not produce the fragmentation
required, e.g., to distinguish K27 from K29 or K11 from K6. The CID spectra in Figures 6
and 7 eliminate all other potential branch sites and bracket the linkage sites.

Table 2 shows the structures of completely truncated minor products formed from all seven
diubiquitins in the 30 sec hydrolysis and favored products in a 15 min reaction. Note that
each peptide contains the branch site, however the C-terminus, and thus its potential
conjugated peptide, has been lost. The branch points are clearly defined by CID in all seven
of these smaller branched peptides. Fragmentation is shown in Figure 8 for all completely
truncated K-linked peptide products. The potential branching sites are clearly distinguished
in these tandem spectra, and we expect that the smaller products will be useful to elucidate
more complex structures, e.g. in immunoprecipitates from cell lysates.

It has been pointed out previously that several of the ubiquitin-like proteins from the SUMO
family leave a 32 residue tag when digested with trypsin, often longer than the modified
peptide.l16.17] The ubiquitin-like protein Nedd8 leaves a GG tag when cleaved with trypsin,
which cannot be distinguished from ubiquitin.[X8] The use of tags resulting from acid
cleavage, as proposed by this laboratory[15:19] alleviates these issues with SUMO and
Nedd8.
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In conclusion, the middle out strategy reported here allows the seven all natural K-linked
diubiquitins to be characterized readily by LC-MS/MS. Truncated branched peptides are
produced in 30 sec, which carry linkage points as well as the proximal carboxyl terminus
that is the potential site for further conjugation. This feature potentially allows determination
of consecutive linkages in a polyubiquitin chain, which is not feasible with the current
complete proteolytic methods. The shortened branched peptides undergo extensive CID
fragmentation, which allows reliable identification or bracketing of conjugation sites. A set
of class characteristic b ions is reliably observed in CID spectra and can be used to identify
elution times of ubiquitin conjugates. A current limitation is the need for manual
interpretation of product ion spectra of the branched peptides. We are working to automate
spectral interpretation and allow database searching. Building on the foundation of
experience with isomeric diubiquitins, we are now extending our strategy to longer
polyubiquitin conjugates, with the longer term objective of applying it to characterize
linkage order and composition of polyubiquitins and their conjugates in cell lysates.
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Figure 1.
MALDI TOF mass spectrum of the product mixture of peptides from time-controlled (60

sec) acid cleavage of ubiquitin. Peaks are annotated to indicate the peptides formed. The
sequence of monoubiquitin is also shown, with K linkage sites and D cleavage sites
highlighted.
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lon chromatograms of the target masses listed in Table 1 reconstructed from the LC-MS/MS
analysis of the products of a 30 sec hydrolysis of a mixture of all seven isomeric dimers
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that distinguishes the K6-linkage from all other linkages. The branched peptide sequence is
shown with those b- and y-ions starred.
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50 YIS JQUKESSTLfH LV LRLRGGTS

K63 59 YINSLJQKTESSTLAHL VLR LR GGTs

50 YINOLJQKSESS; T/LJHL v L RFL R G G 76

K48 40Q1Q RILS1JF A G)K)Q LyE 51

s9Y NfIJQIKJEfS TLHLVLRLRYG Gy 76

K33 33 K EjGyl P P 38

59 YINTI QfKyESs T L H LSV, L RJLRJG G 76

K29 22 TOTEMNAVSKIA K, 1,Q 31

59 YINOIJQIKEfsTML H LV L RIALRSG G 76

K27 2 T 1TEMN; VK AK) 1 Q21

50 Y NOITQJKESJS TLHLVLRLRGGTS

K11 1M QM F VKM TG K T I T LyEJVyE)P S 20

50Y NOITQfK/E)S TLHLVLRLRGGT

K6 1 MQAF VAGT LTI KyT 15TyLyEVyE PyS 20

Figure8.
Fragmentation by CID observed in all truncated K-linked dimers.
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Table 1

Sequences and the theoretical and observed monoisotopic masses of the truncated branched peptides analyzed
from the seven all-native K-linked ubiquitin dimers

Linkage Sequences of the Truncated Target Peptides Mass (Da)
Theor. Obser.
GRTLSDYNIQKESTLHLVLRLRGG
K63 GRTLSDYNIQKESTLHLVLRLRGG 5432.98 | 5433.04
GRTLSDYNIQKESTLHLVLRLRG
K48 QQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 6942.77 | 6942.83
GRTLSDYNIQKESTLHLVLRLRGG
K33 KEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 7696.17 | 7696.23
GRTLSDYNIQKESTLHLVLRLRGG

K29 TIENVEAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

8935.85 | 8935.89
GRTLSDYNIQKESTLHLVLRLRG
K27 TIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
GRTLSDYNIQKESTLHLVLRLRGG
K11 MOQIFVKTLTGKTITLEVEPSDTIENVK AKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 11267.03
(jR'l'LSD\'.\'IQKL-‘S']‘LHL\-"LRLRG? 11267.09
Ké MQIFVKTLTGKTITLEVEPSDTIENVK AKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 11267.12
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Sequences and the theoretical and observed monoisotopic masses of the fully truncated branched peptides
analyzed from the seven all native K-linked diubiquitins.

Linkage Sequences of the Fully Truncated Target Peptides Mass (Da)
Theor. Obser.
YNIQKESTLHLVLRLRG
K63 Y:\"IQKESTLHLVLRLRGG 4174.35 | 4174.36
YNIQKESTLHLVLRLRGG
K48 QQRLIFAGKQLE 3490.95 | 3490.96
YNIQKESTLHLVLRLRG
K33 KEGIPP 271752 | 2717.53
YNIQKESTLHLVLRLRGG
K29 TIENVKAl(IQ
3220.83 | 3220.85
YNIQKESTLHLVLRLRGG
Kt TIENVKAKIQ
YNIQKESTLHLVLRLRG
K1l MQIFVKTLTGKTITLEVEPS
4312.39 | 431241
YNIQKESTLHLVLRLRG
Ké MQIFVKTLTGKTITLEVEPS
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