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Abstract 

Post-translational modification of proteins via the covalent attachment of Ubiquitin plays 

an important role in the regulation of protein stability and function in eukaryotic cells. In the 

second chapter of my thesis, a novel method for identifying ubiquitinated proteins from a 

complex biological sample, such as a whole cell lysate, using a combination of immunoaffinity 

purification and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis is 

described. The applicability of this approach is demonstrated by the identification of seventy 

ubiquitinated proteins from the human MCF-7 breast cancer cell line after treatment with the 

proteasome inhibitor MG132. 

In the third chapter of my thesis, an application of a microfluidic protein processing 

device, termed the Proteomic Reactor, for enzymatic digestion of proteins for subsequent LC-

MS/MS analysis is described. Use of the Proteomic Reactor following immunoaffinity 

purification enabled the identification of numerous low abundance ubiquitinated proteins from 

the human 1299 lung cancer cell line expressing reduced amounts of the ubiquitin-dependent 

chaperone known as the Valosin-Containing Protein. 

In the fourth chapter of my thesis, a method for determining peptide ion score cutoffs that 

permit the confident identification of ubiquitinated proteins by MS/MS is described. Experiments 

involving the analysis of gel bands containing multi-Ubiquitin chains with quadrupole time-of-

flight and quadrupole ion trap mass spectrometers revealed that standard ion score cutoffs used 

for database searching after MS/MS analysis were not sufficiently stringent. False positive and 

false negative rates were also found to vary significantly depending on the cutoff scores used and 

that appropriate cutoffs could only be determined following a systematic evaluation of false 
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positive rates. When standard ion score cutoffs were used for the analysis of complex mixtures of 

ubiquitinated proteins, unacceptably high false positive rates were observed. Finally, false 

positive rates for ubiquitinated proteins were found to be affected by the size of the protein 

database that is searched. 

In chapters five and six of my thesis, two biological applications employing the methods 

I developed for identifying ubiquitinated proteins are described. The first application involves 

the identification of specific lysine residues within the membrane-anchored transcription factor 

Mga2p that are targets of the E3 ubiquitin ligase Rsp5p in Saccharomyces cerevisiae. 

Ubiquitination of these lysines were found to mediate mobilization of the Mga2p transcription 

factor complex and its subsequent disassembly. The second application involves the 

identification of proteins that are ubiquitinated upon mitotic exit in Xenopus laevis embryos. 

Sequence analysis of these proteins revealed that the majority of poly-ubiquitination occurs 

through lysine-11 chain polymerization, which is an atypical form of ubiquitination. 
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Chapter 1: Introduction 

1.1 Early history of ubiquitin and the ubiquitin-proteasome pathway 

In the mid 1950's, Christian de Duve discovered a membrane-bound organelle known as 

the lysosome, which was recognized in rat liver as a vacuolar structure that contains hydrolytic 

enzymes that function optimally at low pH.1'2 This discovery, in combination with studies 

conducted around the same time which demonstrated that proteins are in a constant state of 

synthesis and degradation, led to the conclusion that the lysosome was likely responsible for 

mediating the degradation of all intracellular proteins.3 Although the structure of the lysosome 

explained the separation required for hydrolytic enzymes and their protein substrates, and 

autophagy explained the mechanism of entry of proteins into the lysosomal lumen, increasing 

evidence accumulated over the next two decades suggested that the degradation of at least certain 

classes of intracellular proteins occurred in a non-lysosomal manner.4 

Progress in identifying a non-lysosomal degradation system was hindered during this 

period primarily due to the lack of an in vitro system that could mimic proteolytic degradation in 

a specific and energy-dependent manner. It was not until 1977 that Etlinger and Goldberg were 

able to isolate and characterize an extract prepared from rabbit reticulocytes that selectively 

degraded abnormal hemoglobin, required energy (ATP), and functioned optimally at neutral pH.5 

Since reticulocytes are terminally differentiated red blood cells which do not contain lysosomes, 

the proteolytic activity was concluded to be of non-lysosomal origin. A similar system was also 

isolated and characterized a year later by Hershko et al.6 (who was awarded the Nobel Prize in 

Chemistry in 2004 with Ciechanover and Rose for the discovery of the Ub-proteasome pathway). 
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In initial experiments, Ciechanover and Hershko fractionated a crude reticulocyte cell 

extract using an anion-exchange resin (DEAE-cellulose) into two components, both of which 

were required to reconstitute the energy-dependent proteolytic activity of the crude extract. The 

unabsorbed column flow-through was designated as Fraction 1, while all proteins adsorbed to the 

resin and eluted with high salt was designated as Fraction 2. The active component from Fraction 

1 was a small, 8.5 kDa heat-stable protein, that was termed ATP-dependent Proteolysis Factor 1 

(APF-1). In subsequent experiments, purified APF-1 was radiolabeled and incubated with 

Fraction 2 in the presence or absence of ATP.8 ATP-dependent binding of APF-1 to high 

molecular weight proteins was then observed by gel filtration chromatography. Treatment of 

these high molecular weight complexes with acid, alkali, hydroxylamine, or boiling with sodium 

dodecyl sulfate and mercaptoethanol did not affect their stability, thus indicating a covalent 

linkage between APF-1 and these proteins. 

The discovery that APF-1 stimulates proteolysis in the presence of ATP and Fraction 2 

and is covalently linked to protein substrates, led to the proposal of a model in 1980 by 

Ciechanover, Hershko and Rose that multiple moieties of APF-1 target a substrate for 

degradation by a downstream protease that does not recognize the unmodified substrate. That 

same year, Wilkinson et al. confirmed that APF-1 was a previously characterized protein known 

as Ubiquitin (Ub),10 which was purified in 1974 during the isolation of thymopoetin from the 

thymus and was initially thought to be present in all living cells.11'12 Interestingly, Ub was 

thought to have lymphocyte-differentiating properties and was named UBiquitious 

Immunopoietic Polypeptide (UBIP). However, later studies revealed that it was not involved in 

the immune response and its expression was restricted to eukaryotes.4 
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Another important discovery in the Ub field was that a single Ub moiety was conjugated 

to histones, specifically to histone H2A. The structure of Ub-H2A was elucidated by Goldknopf 

and Busch in 1977, who found that they are linked together through an isopeptide bond between 

the carboxy-terminal glycine residue of Ub (G76) and the £-NH2-group of an internal lysine of 

histone H2A (Kl 19).13 Over the next few years, additional studies by Ciechanover, Hershko and 

Rose revealed that the isopeptide bond of the Ub-H2A conjugate was identical to the covalent 

linkage between a single Ub moiety and a protein substrate and between multiple Ub moieties 

within a poly-Ub chain that is recognized by the downstream protease.14'15 

The identification of APF-1 as Ub and the discovery that an isopeptide bond links Ub to 

a protein substrate enabled the complex mechanism of isopeptide bond formation to be resolved. 

Ciechanover and Hershko found that Ub is ligated to a protein substrate not by a single enzyme 

(as was originally proposed in their 1980 model, with the putative enzyme termed APF-1 protein 

amide synthetase), but by the sequential action of three enzymes. These enzymes are the El 

activating enzyme, the E2 conjugating enzyme, and the E3 ligating enzyme. El was found to 

catalyze an ATP-dependent activation of the carboxy-terminal glycine of Ub by the formation of 

Ub adenylate, followed by the transfer of activated Ub to a thiol site of El with the formation of 

a thiolester linkage.16'17 Activated Ub is transferred to a thiol site of E2 by transacylation, and is 

then further transferred to an amino group of the protein substrate in a reaction that requires E3. 

They also found that the role of E3 is to bind specific protein substrates19 and based on this 

observation, it was proposed in 1988 that the selectivity of Ub-mediated protein degradation was 

mainly determined by the substrate specificity of different E3 enzymes. Subsequent studies 

verified the selectivity of numerous E3 enzymes on their substrates.21 
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The remaining component of the Ub-mediated protein degradation system to be identified 

was the downstream protease responsible for recognizing and degrading poly-ubiquitinated 

proteins. In 1986, Hough et al. purified and characterized a high-molecular weight alkaline 

protease that degraded Ub-conjugated lysozyme, but not unmodified lysozyme, in an ATP-

dependent manner.22 This discovery was confirmed a year later by Waxman et al. who further 

characterized the protease as a large, 1.5 megadalton enzyme (later termed the 26S proteasome), 

which differed from all other known proteases.23 In a subsequent study, Hough et al. reported 

the existence of a smaller 20S multi-subunit protease24 that was similar to a previously 

characterized protease known as the Multicatalytic Proteinase Complex (MPC), which was 

purified in 1980 from the bovine pituitary gland. This 20S complex was found to be ATP-

independent and cleaved the carboxy-terminal side of hydrophobic, basic and acidic amino acid 

residues. Based on this observation, it was proposed that the 20S complex was a component of 

the larger 26S proteasome.24 Subsequent studies confirmed that the 20S complex is the core 
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catalytic component of the 26S proteasome. ' 

In 1992, Hoffman et al. purified an additional component of the 26S proteasome, termed 

•JO 

the 19S regulatory complex. By mixing the catalytic 20S catalytic complex and the 19S 

regulatory complex, they were able to generate an active 26S proteasome that degraded poly-

ubiquitinated proteins into smaller peptides. The structure of the 20S complex was found to be 

barrel-shaped and is composed of four stacked rings consisting of two outer a rings and two 

inner P rings.29 In eukaryotes, the a and P rings are composed of seven subunits, giving the 20S 

complex the general structure of ai.7, Pi_7, Pi_7, a.1.7. The catalytic activity is localized to three p 

rings, the Pi, P2 and Ps, which are described as having chymotryptic-like, tryptic-like and post-

glutamyl peptidyl hydrolytic-like activities.29'30 
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Each extremity of the 20S complex is capped by a 19S regulatory complex that is 

composed of 17 different subunits. The 19S regulatory complex recognizes ubiquitinated 

proteins and opens an orifice in the a ring that allows entry of the substrate into the proteolytic 

chamber. Since a folded protein is unable to fit through the proteasomal channel, it is assumed 

that the 19S regulatory complex unfolds substrates and inserts them into the 20S complex. Both 

the channel opening and unfolding functions are energy-dependent, which likely accounts for the 

presence of six different ATPase subunits.29'30 Following degradation of the substrate, short 

peptides derived from the substrate are released as well as free and reusable Ub molecules. 

1.2 Proteasome inhibitors: Peptide aldehydes and MG132 

Due to the groundbreaking work by Ciechanover, Hershko, Rose and others, it was 

shown that the Ub-proteasome pathway is responsible for degrading the majority of intracellular 

proteins, including cell cycle proteins and their regulators, transcription factors and their 

inhibitors, and antigenic proteins. Examples include the mitotic cyclins and the p21 and p27 

inhibitors of the cyclin-dependent kinases, the p53 tumor suppressor, the IKB inhibitors of the 

NF-KB transcription factor, the breast cancer 1 early onset protein BRCA1, and the angiogenesis 

regulator HIF-la.31"35 Not surprisingly, the proteasome has become an attractive target for drug 

development for a host of human diseases and conditions, including cancer, neurodegenerative 

diseases and autoimmune disorders.36"39 

The most characterized and widely-used drugs that target the proteasome belong to a 

class of compounds known as competitive inhibitors. These compounds function by mimicking 

proteasomal substrates in their structure, charge and hydrophobicity.40 Competitive inhibitors 
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bind specific subunits of the 20S complex covalently or non-covalently, act in a reversible or 

non-reversible manner, may target a specific active site with high-affinity, or may block all three 

peptidase activities with a similar binding constant. Although the chymotryptic-like activity is 

most often targeted, competitive inhibitors have also been developed that are specific for the 

tryptic-like and post-glutamyl peptidyl hydrolytic-like activities.40'41 

Peptide aldehydes were the first competitive inhibitors used for studying the proteasome. 

They are relatively easy to synthesize and are known to rapidly permeate the cell membrane. 

Peptide aldehydes typically have three distinguishing features; 1) an amine protecting group on 

their amino-terminus, such as Carboxybenzyl (Cbz); 2) a tri- or tetra-peptide sequence and; 3) an 

aldehyde group on their carboxy-terminus. The amine protecting group functions as an 

electrophilic trap that binds the active site residues of the P subunits of the 20S complex in a 

manner resembling the tetrahedral transition state or the acyl-enzyme intermediate. It is for this 

reason that peptide aldehydes are often referred to as transition state inhibitors.40 The aldehyde 

group forms a covalent hemiacetal with the active threonine hydroxyl in a reaction that is 

reversible under physiological conditions, and form a stable oxazolidine ring by reaction with the 

amino-terminal amine and an accessible side chain hydroxyl.40'42'43 

The peptide aldehyde MG132, also known as Cbz-leu-leu-leu-al or Cbz-leu-leu-leucinal, 

was one of the first proteasome inhibitors used in cell culture experiments that displayed 

excellent potency and acceptable specificity. This tri-peptide derivative was used in several 

studies to demonstrate that the proteasome is responsible for degrading many important 

substrates, including p53, IKB, and the membrane channel protein CFTR. MG132 is a potent 

inhibitor of all three peptidase activities of the proteasome, with the highest affinity towards the 

chymotrypsin-like active site (K; = 4 nM).40 MG132 is more potent than the tri-peptide derivative 
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MG115, also known as Cbz-leu-leu-norval-al or Cbz-leu-leu-norvalinal, which has a Kj of 21 

nM. Although MG132 also inhibits the enzymes calpain and cathepsin, they require a 

concentration that is an order of magnitude higher than is required for disrupting proteasomal 

activity in vivo. Despite this limitation in specificity, the availability and low cost of MG132 has 

made it one of the most widely-used proteasome inhibitors to date.41'43 

1.3 Poly-ubiquitin chains 

Ub contains seven conserved lysine residues within its amino acid sequence (K6, Kl l , 

K27, K29, K33, K48 and K63), all of which may be involved in the synthesis of poly-Ub chains. 

The two most common types of poly-Ub chains are those involving K48 and K63. K48-linked 

poly-Ub chains are typically found on substrates that are destined for proteasomal degradation, 

whereas poly-Ub chains linked through K63 appear to be associated with processes that do not 

involve proteolysis. For example, K63-linked poly-Ub chains are known to be involved in 

various cellular processes including the DNA damage response, the inflammatory response, 

protein trafficking and ribosomal protein synthesis.44 

In the case of the DNA damage response, ubiquitination occurs on a DNA polymerase 

processivity factor known as the Proliferating Cell Nuclear Antigen or PCNA, which trimerizes 

and encircles the DNA template during replication. Conjugation of a single Ub moiety (mono-

Ub) on lysine-164 of PCNA results in an error-prone mode of DNA lesion bypass through the 

recruitment of a translesion synthesis polymerase, which inserts nucleotides opposite damaged 

bases.45 Synthesis of a K63-linked poly-Ub chain results in an error-free mode of DNA lesion 

bypass, which is thought to occur due to a switch in the template DNA strand.46 In the case of the 
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inflammatory response, ubiquitination plays a role in the activation of the transcription factor 

NFKB and the IKB kinase. Synthesis of a K63 -linked poly-Ub chain on TRAF6 allows the 

recruitment of specific kinase adaptors through their zinc finger motifs and the resulting TRAF6 

complex activates IKB kinase. This in turn, leads to phosphorylation of the NFKB inhibitor IKBCX 

and subsequent synthesis of a K48-linked poly-Ub chain on IKB. The targeting of IKB for 

proteasomal degradation frees NFKB, which is then able to translocate to the nucleus.47 

Although poly-Ub chains linked through other lysine residues have been identified, their 

functional consequences remain less characterized than K48- and K63-linked chains. In a recent 

study, it was shown that the E3 ligase AIP4 synthesizes K29-linked poly-Ub chains on the Notch 

signaling modulator DTX, which targets it for lysosomal degradation.48 In another study, it was 

shown that two AMPK-related kinases, AMPK-related kinase 5 and microtubule-affinity-

regulating kinase 4, are modified with K29- and/or K3 3-linked poly-Ub chains, which appear to 

regulate their activity.49 The BRCA1 tumor suppressor synthesizes a K6-linked poly-Ub chain on 

itself (auto-ubiquitination) when complexed with a protein known as BARD1. This poly-Ub 

chain is recognized by the 26S proteasome and is subsequently removed, but degradation of 

BR.CA1 does not occur. This suggests a stabilization function of K6-linked poly-Ub chains rather 

than a role in proteasomal degradation.50 Even less is known about the consequences of K l l -

linked poly-Ub chains, which have been reported to be the third most abundant type found in 

yeast after K48- and K63-linked chains.51 Kl 1-linked chains have not yet been implicated in any 

signaling pathways, although one study has demonstrated that it targets substrates for 

proteasomal degradation in vitro.52 The functional consequences of mixed poly-Ub chain 

linkages in involving K48-, K63- and the other possible lysine branching sites is also a field that 

requires further study. 
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1.4 E3 ligases, E4 elongation factors and poly-ubiquitin chain synthesis 

The various types of poly-Ub chains stem from the existence of a large number of 

enzymes and co-factors that catalyze their synthesis. It is now known that poly-ubiquitination 

involves at least two El activating enzymes, dozens of E2 conjugating enzymes, and hundreds of 

E3 ligases.53 E3 ligases can be classified into at least two major types on the basis of their 

catalytic domains: 1) the Homologous to E6-associated protein C-terminus (HECT) domain E3s; 

and 2) the Really Interesting New Gene (RING) finger E3s. The HECT domain was identified in 

1993 by Scheffner et al. in the E6-AP protein, which associates with the human papillomavirus 

E6 gene product to ubiquitinate and target the p53 tumor suppressor for degradation.54 A 

catalytic cysteine residue in the HECT domain accepts Ub from an E2 enzyme before 

transferring it to protein substrates. In contrast, the RING E3s do not form covalent intermediates 

with Ub and function as a scaffold to position substrates in close proximity to an E2-Ub 

complex, which facilitates the direct transfer of Ub from E2 to the protein substrate.55 

HECT E3 ligases have a modular structure consisting of a 350 amino acid carboxy-

terminal domain that is homologous to the carboxy-terminus of E6-AP and a variable amino-

terminal domain that is responsible for substrate recognition and binding. Some HECT E3s 

have amino-terminal WW domains, which are peptide motifs characterized by two conserved 

tryptophan residues that form hydrophobic pockets. The WW domain binds substrates with 

phosphorylated serine or threonine residues as well as proline-rich motifs. ' For example, the 

WW domain of the E3 ligase NEDD4, binds proline-rich subunits of sodium channels and 

ubiquitinates them. Mutations in these proline-rich motifs that prevent NEDD4 binding in 

epithelial cells results in a hypertensive disorder called Liddle syndrome, in which the activity of 

sodium channels are enhanced due to reduced proteasomal degradation. 
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RING finger E3s contain a characteristic structure composed of conserved histidine and 

cysteine residues in complex with two zinc ions.36 The RING finger E3s can be categorized into 

single or multi-subunit proteins. Two examples of single subunit RING finger E3s are the 

MDM2 oncoprotein which is known to ubiquitinate p53, and the c-CBL protein which 

ubiquitinates receptor tyrosine kinases such as the EGFR.59'60 Examples of multi-subunit RING 

finger E3s belong to the Skpl-Cullinl-F-box (SCF) protein family that contain a RING finger 

domain component known as Rbxl, which recruits the E2-Ub complex, and the Cullin proteins, 

which act as a scaffold between Rbxl and the proteins involved in substrate selection. 

Substrate selection and recognition is mediated through the F-box proteins which are themselves, 

recruited to the SCF Ring finger E3s by the Skpl adaptor protein.61 

E4 elongation factors assist both HECT and RING finger E3s in the synthesis of poly-Ub 

chains. E4 enzymes are characterized by a conserved C-terminal U-box domain of roughly 70 

amino acids that is structurally related to the RING finger motif. In 1999, the first E4 enzyme 

known as Ubiquitin fusion degradation 2 (UFD2) was identified. It was shown to bind substrates 

conjugated to one to three Ub molecules and catalyses the addition of Ub moieties to yield poly-

Ub substrates that are targets for the 26S proteasome. In 2005, Richly et al. demonstrated the in 

vivo relevance of UFD2 in a study of the AAA ATPase Cdc48 (also known as p97 or VCP) and 

the transcription factor Mga2p (also known as Spt23), which is anchored to the endoplasmic 

reticulum membrane as an inactive dimer. Mono-ubiquitination of inactive Mga2p by the 

HECT E3 ligase Rsp5p and cleavage by the 26S proteasome generates the activated 90 kDa form 

of Mga2p which then translocates to the nucleus. In the nucleus, Mga2p90 is a target for poly-

ubiquitination by UFD2 which actives Mga2p90 and leads to the transcription of genes involved 

in fatty acid synthesis. 
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Single UFD2-homologues have been identified in Saccharomyces cerevisiae, C. Elegans, 

Dictyostelium and Arabidopsis thaliana, while two UFD2 related genes (UFD2a and UFD2b) 

have been identified in Mus Musculus and in humans. As mentioned above, UFD2 is involved in 

fatty acid synthesis but it is also known to be implicated in cell survival under stress conditions.64 

The UFD2 homologue in Dictyostelium known as NosA is required for cellular differentiation as 

NosA mutants do not develop fruiting bodies.65 Interestingly, in vitro and in vivo experiments 

demonstrated that mammalian UFD2a functions as an E4 enzyme and promotes the degradation 

of pathological forms of ataxin-3 that are responsible for spinocerebellar ataxia type-3, which is 

a neurodegenerative disorder also known as Machado-Joseph disease.66 

1.5 Methods of purifying ubiquitinated proteins 

Previous studies with the aim of characterizing and identifying ubiquitinated proteins 

were largely hindered by the fact that ubiquitinated proteins have a high turnover rate and that 

the modification is reversed by the action of de-ubiquitinating enzymes (DUBs), which are 

proteases that recognize Ub and cleave the isopeptide bond between carboxy-terminal glycine 

residue (G76) and the amino group of a lysine residue. The use of epitope tags for capturing 

and enriching proteins proved to be a major breakthrough that enabled researchers to overcome 

these obstacles. Epitope tags function as immunological binding sites for antibodies or as affinity 

binding sites for specific affinity resins (e.g. antibody-coupled protein G/A-agarose beads). 

Influenza virus hemagglutinin (HA), Myc and Flag are three short peptide epitope tags that are 

recognized by commercially available monoclonal antibodies.68 HA-tagged Ub, Myc-tagged Ub 

and Flag-tagged Ub can be expressed in eukaryotic cells to form Ub-conjugates in vitro and in 
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vivo. Polyhistidine-tagged Ub and biotin-labeled Ub have also been used to form Ub conjugates. 

Polyhistidine-tagged Ub was expressed in bacteria and purified for in vitro ubiquitination studies 

and expressed in eukaryotic cells for in vivo studies. Biotinylation of Ub as well as other 

proteins is known to modify the amino groups of lysine residues and hinders the formation of 

poly-Ub chains, making it less desirable tag for in vivo ubiquitination studies.70 

Unlike the other peptide epitope tags mentioned above, proteins tagged with polyhistidine 

are purified using a strategy known as immobilized metal ion affinity chromatography (IMAC), 

which is based on the specific coordinate binding of amino acids (particularly histidine) to metal 

71 

ions, such as nickel, cobalt, copper, zinc or iron. IMAC resins such as nitriloacetic acid (NTA)-

agarose or iminodiacetic acid (IDA)-agarose are used to load and bind the metal ions prior to 

purification. The use of IMAC to purify polyhistidine-tagged Ub offers an important advantage 

over other epitope tagging strategies in that it can be performed in the presence of denaturants 

(i.e. buffers containing high salt and detergent concentrations) to reduce non-specific binding to 

the affinity resin.70 However, a major drawback of this strategy is the co-purification of histidine-

rich proteins, which is especially problematic in mammalian cells where the population of 
79 

histidine-rich proteins is significant. 

In 2003, Gururaja et al. reported a proteomics-based analysis of ubiquitinated proteins by 

purifying and incubating 6xHis-Ub with HeLa cell lysates in the presence of ATP. Purification 

of 6xHis-Ub conjugates with a nickel (Ni2+)-charged IMAC resin enabled the identification of 80 

proteins by liquid chromatography-tandem mass spectrometry (LC-MS/MS), which included 22 

proteasome subunits or associated proteins, 18 Ub-proteasome pathway enzymes, 4 ubiquitin 

domain (UBD)-containing proteins and 36 proteins associated with redox processes, 

endocytosis/vessicle trafficking, the cytoskeleton, DNA repair, calcium binding and mRNA 
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splicing. That same year, Peng et al. reported a proteomics-based analysis of ubiquitinated 

proteins from a yeast strain expressing only 6xHis-Ub.51 6xHis-Ub conjugates were purified, 

digested in solution, and analyzed by two dimensional LC-tandem mass spectrometry (LC/LC-

MS/MS). A negative control was performed using an isogenic yeast strain expressing wild-type 

Ub. A total of 1,075 proteins were identified in the IMAC enriched sample after discarding 48 

proteins that were present in the negative control. However, only 72 of these proteins were 

reported as being ubiquitinated. Among the proteins identified, one third were internal membrane 

proteins including known substrates of various E3 ligases. 

Also in 2003, Hitchcock et al. employed a similar strategy as that described by Peng et 

al. to purify and identify 6xHis-Ub conjugates in endoplasmic reticulum (ER) membrane 

containing fractions from yeast cells.74 A total of 211 ER membrane-associated proteins were 

identified by LC/LC-MS/MS, 29 of which were reported as being ubiquitinated. Among the 211 

membrane-associated proteins, 83 were classified as potential substrates of the ER degradation 

pathway (ERAD). For this set of experiments, yeast strains expressing 6xHis-Ub with and 

without mutations in the ER resident E2 conjugating enzyme UBC7 and the ERAD-associated 

protein NPL4 were employed. 

In early 2005, the expression of 6xHis-Ub and the purification of tagged Ub-conjugates 

was extended to mammalian cells by Kirkpatrick et al, but with much less success compared to 

previous studies in yeast.75 A total of 22 proteins from human embryonic kidney (HEK293) cells 

were identified by LC-MS/MS, only one of which was reported to be ubiquitinated. For this set 

of experiments, 6xHis-Ub and the green fluorescent protein (GFP) were co-expressed by stable 

transfection of HEK293 cells. The poor yield of ubiquitinated proteins in this study is thought to 

be the result of the low expression level of poly-histidine tagged Ub compared to that of 
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endogeneously expressed Ub from multiple Ub genes. In vivo expression of polyhistidine-

tagged Ub in a transgenic mouse model has also been described. Tsirigotis et al. successfully 

employed the human UbC promoter to drive the expression of 6xHis-tagged human Ub in a 

variety of mouse tissues as assessed by a GFP marker.76 Expression of 6xHis-Ub was reported as 

early as the morula stage of embryogenesis. Following a purification step employing nickel 

matrix Fast Protein Liquid Chromatography (FPLC), Ub-conjugates were detected by Western 

blot analysis. The identities of the proteins, however, were not determined. 

1.6 Gel-based and gel-free proteomics 

The term "proteome" was coined in 1994 by Wilkins et al. and was defined as "the study 

of the full set of proteins encoded by a genome".77'78 The traditional method for analyzing the 

proteome of a cell, tissue or organ involves the separation of proteins by one-dimensional (1-D) 

or two-dimensional (2-D) gel electrophoresis and the identification of the separated proteins by 

mass spectrometry analysis. 2-D gel electrophoresis is a technique that was described in 1975 by 

O'Farrell and since then, numerous studies have described improvements to 2-D gel based 

methods. However, the underlying principle has remained the same; proteins are separated 

according to their isoelectric point (pi) in the first dimension and according to their molecular 

weight in the second dimension. Since these physicochemical properties are unrelated, it is 

possible to obtain a distribution of protein spots across a 2-D gel. The resulting map of protein 

spots is considered as the protein fingerprint of the sample. 
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Since polyacrylamide has the same ultraviolet absorbance as proteins, they must be 

stained to visualize them on a gel. Coomassie blue staining is the most popular staining method 

as it is relatively inexpensive, easy to use and has a wide linear range, making relative 

quantitation possible. However, coomassie blue is somewhat insensitive and a large number of 

proteins remain undetected using this method. In contrast, silver staining has a higher detection 

limit but has the disadvantage of not being very compatible with mass spectrometry analysis. 

The use of formaldehyde or glutaraldehyde during the silver staining development step 

covalently modifies lysine and arginine residues of the proteins, which has the consequence of 

impairing the efficiency of in-gel tryptic digestion and the ability of database search engines to 

recognize these modified residues during MS/MS data analysis. Other mass spectrometry-

Q 1 

compatible stains exist such as Sypro ruby. However, this and other fluorescent staining 

methods require the use of costly and complex scanning devices for detection. 

Proteins present in a sample in extremely low concentrations or proteins that cannot be 

separated on a gel due to their physicochemical properties (pi, hydrophobicity, molecular 

weight) will not be detected regardless of the staining technique employed. In practice this 

means that low-abundance proteins (e.g. ubiquitinated proteins), membrane proteins and small 

proteins/peptides present a significant challenge when it comes to their detection and analysis. 

Instead of using 1-D or 2-D gel electrophoresis for separating proteins, gel-free approaches for 

separating and digesting proteins may be employed. For example, a complex protein sample can 

be enzymatically digested and the peptides separated by multi-dimensional capillary liquid 

chromatography. Washburn et al. developed a method employing multi-dimensional 

chromatography and MS/MS analysis known as MudPIT, which is based on the sequential 

packing of strong cation exchange (SCX) beads and reversed phased beads on a biphasic 
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column. In this study, MudPIT was applied for the analysis of the yeast proteome. A total of 

1,484 proteins were identified from Saccharomyces cerevisaie, which included low-abundance 

proteins, such as transcription factors and protein kinases, which were rarely seen in prior studies 

employing standard gel-based methods. 

Another gel-free approach for processing protein samples for mass spectrometry analysis 

was recently described by Ethier et al. and is based on the use of a microfluidic device known as 

the Proteomic Reactor. This device allows for pre-concentration, derivatization and proteolytic 

digestion of proteins into peptides prior to MS/MS analysis. In this study, the Proteomic Reactor 

was configured to bind up to 10-15 |̂ g of protein. At the lower limit, proteins were detected from 

a P19 cell lysate containing 0.5 \ig of total protein. Online cell lysis was also performed and 

enabled the identification of proteins from as little as 300 cells. The Proteomic Reactor itself 

consists of a fused silica capillary column loaded with SCX resin, and because of the low pH 

environment within the reactor, proteins bind to the resin allowing for reduction and alkylation 

and subsequent tryptic digestion when the pH is neutralized. Comparison to other gel-free 

approaches revealed that the Proteomic Reactor was at least ten times more sensitive, with one 

protein identified per 440 pg of protein lysate loaded. 

1.7 Protein identification by mass spectrometry 

Mass spectrometry is a technique that measures the mass to charge ratios (m/z) of gas-

phase ions. In the last 20 years, it has played an increasingly significant role in the life sciences 

and today it is the most sensitive method for the identification and structural characterization of 

biomolecules, including proteins. The successes of mass spectrometry in the life sciences are 
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mainly the result of the introduction of the "soft" ionization techniques known as electrospray 

ionization (ESI) and matrix-assisted laser desorption ionization (MALDI), which allow for the 

transfer of polar, thermally labile biomolecules into the gas phase for subsequent mass 

analysis.84'85 In 2002, Fenn and Tanaka were awarded the Nobel Prize in Chemistry for their 

pioneering work on ESI and MALDI. 

Modern-day mass spectrometers consist of three essential components: 1) an ion source, 

to produce ions from the sample; 2) one or more mass analyzers, to separate the ions according 

to their m/z ratios; and 3) a detector, to register the number of ions at each m/z value. As 

mentioned above, the ionization techniques used for mass spectrometric analysis proteins and 

peptides are ESI and MALDI. ESI produces gaseous ions from solution phase samples at 

atmospheric pressure, is easily coupled to liquid-based separation methods such as liquid 

chromatography and is generally used to analyze complex peptide mixtures. In contrast, MALDI 

produces gaseous ions from a dry, crystalline matrix under vacuum conditions and is generally 

used to analyze simple peptide mixtures. 

To generate gas-phase ions by ESI, a solution phase sample is passed at low flow rates 

(uL/min) through a capillary to which a high voltage is applied. The solution experiences an 

electric field between the capillary and a counter electrode and, assuming a positive potential is 

applied to the capillary, positive ions in solution accumulate at the tip of the capillary and the 

o n 

liquid assume a conical shape known as a Taylor cone. As the liquid is forced to hold more 

electric charge, the cone is drawn out into a filament that produces positively charged droplets 

via a budding process when the applied electrostatic force exceeds the surface tension. The 

droplets then travel towards the counter electrode and pass through a curtain of nitrogen gas 

which causes solvent to evaporate. As the size of the droplets decreases, the electrical charge 
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density at the surface of the droplets increases. When the electrostatic force exceeds the surface 

tension (Rayleigh limit), a Coulomb explosion occurs, emitting smaller droplets.87 Continual 

depletion of droplet size eventually results in the formation of droplets containing a single ion. 

This is known as the Charge Residue model. An alternative mechanism for gas-phase ion 

production has been proposed, whereby ions are produced from highly charged droplets, with the 

driving force for ion formation being the repulsion between the charged ion and the other 

charges of the droplet.87 This is known as the Ion Evaporation model. Although there is debate 

over which is the correct model, ions of the form [M + H]+ or [M + nH]n+ are produced. 

Nanoelectrospray ionisation (nanoESI) is simply a low flow rate (nL/min) version of ESI. 

The mass analyzer is the component of the mass spectrometer that separates the ions 

produced by ESI. The parameters that affect the performance of the mass analyzer include its 

resolution, mass accuracy, dynamic range and sensitivity. Currently there are five types of mass 

analyzers used for proteomics experiments: the quadrupole, the ion trap, the time-of-flight 

(TOF), the ion cyclotron resonance analyzer (ICR) and the orbitrap. They are unique in terms of 

their design and performance and can be used as stand-alone analyzers or in some cases, can be 

combined in tandem to take advantage of their different strengths.84"86 (Only the quadrupole is 

discussed below as an overview of the other types of analyzers is beyond the scope of this 

introduction.) 

Quadrupole mass analyzers consist of four parallel rods equally spaced around a central 

axis.86 Opposing sets of rods have both a direct current (DC) and a radio frequency (RF) voltage 

component that generate electric fields, one set positive and the other set negative. The positive 

rods create a high-pass mass filter and the negative rods create a low pass mass filter. An area of 

mutual stability is created where the two mass filter regions overlap, allowing ions of a certain 
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m/z to be transmitted through the quadrupole. Ions with m/z ratios outside this area of mutual 

stability cannot be transmitted and collide with the rods. The m/z ratio of the ions that are 

transmitted is proportional to the voltage that is applied the rods; the higher the voltage, the 

higher the m/z value that is transmitted. By varying the relative contributions of the DC and RF 

voltages, the width of the transmission area can be adjusted. The wider the area, the wider peak, 

resulting in lower resolution. The narrower the area, the narrower the peak, resulting in higher 

resolution.86 Scanning a quadrupole involves ramping the DC and RF voltages in a constant 

ratio, thus changing the position of the transmission region and allowing ions of different m/z to 

be transmitted. For MS/MS analysis, three quadrupoles can be combined in succession to form a 

triple quad. The first and third quadrupoles are used for scanning, while the middle one is used as 

a collision cell to fragment the ions.85'86 Fragmentation occurs by collision-induced dissociation 

(CID) via low-energy collisions with inert gas molecules, such as nitrogen or helium. 

Peptide ion fragmentation is promoted by a "mobile" proton and the relative populations 

of the different protonated forms of a peptide depend on the internal energy content and its 

primary structure.86 Collisions with gas molecules increases the energy of the protonated peptide 

ions. For these excited peptide ions, the proton is located at various backbone heteroatoms. Three 

different types of bonds can fragment along the amino acid backbone: the NH-CH; CH-CO; and 

CO-NH bonds.86'88 Each bond cleavage gives rise to two species, one neutral and the other one 

g o 

charged, and only the charged species is detected. The charge can stay on either of the two 

fragments depending on the chemistry and relative proton affinity of the two species. There are 

six possible fragment ions for each amino acid and these are denoted as a, b and c ions having 

the charge retained on the N-terminal fragment, and the x, y and z ions having the charge retained 

on the C-terminal fragment.88 The most common cleavage site is at the CO-NH bond (peptide 
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bond), which gives rise to the b and/or the y ions. The mass difference between two adjacent b 

ions oxy ions is indicative of a particular amino acid residue.86'88 

A typical proteomics experiment using a triple quad would therefore proceed as follows. 

The protein sample is digested with a suitable enzyme, such as trypsin or chymotrypsin. Trypsin 

is useful because each proteolytic fragment contains a basic arginine or lysine residue at its C-

terminus, making it suitable for positive ionization. The digest mixture is then subjected to ESI 

and the resulting peptide ions are transmitted through the first quadrupole. This first quadrupole 

is not used as an analyzer, but merely as a lens to focus the ions into the third quadrupole which 

functions as an analyzer and separates the ions according to their m/z for detection. The mass 

spectrometer in this case, operates in the "MS mode" and produces a rather complex MS 

spectrum, called a peptide map, which contains the m/z ratios of all of the tryptic peptides. 

While the digest mixture is spraying out of the ESI needle and ions are being produced, 

the mass spectrometer is switched into "MS/MS" mode. The peptide ions are now independently 

selected and transmitted through the first quadrupole, which is now used as an analyzer to 

transmit the ions of interest into the collision cell. An inert gas is introduced into the collision 

cell and the peptide ions collide with the gas molecules, which increases their energy and causes 

them to fragment via CID. The fragment ions (or product ions) are then transmitted through the 

third quadrupole and are detected. In this way MS/MS spectra are produced which display all the 

fragment ions that arise directly from the chosen precursor peptide ions. 

Each MS/MS spectrum needs to be interpreted either manually or using a database search 

engine such as Mascot or Sequest. These search engines function by comparing the MS/MS 

fragmentation patterns of the unknown peptides to the predicted fragmentation patterns of all 
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peptides of the same mass in a protein database and reporting the best matches. Although 

MS/MS data processing is typically automated, spectra interpretation almost always takes a 

longer amount of time than the data acquisition step if accurate and reliable data is generated. 

The amount of sequence information generated will vary from one peptide to another. Some 

peptide sequences will be confirmed completely while a partial sequence of, say 4-6 amino acid 

residues, may be obtained for others. The outcome of database searching of the MS/MS spectra 

is the identification of the proteins that were present in the original sample via single or multiple 

peptide matches. 

1.8 Identification of Ub proteins and ubiquitination sites by mass spectrometry 

The specific lysine residues on a protein substrate that are modified by Ub can be mapped 

by MS/MS analysis after tryptic digestion because trypsin cleaves the carboxy terminus of Ub 

after arginine-74 (R74), leaving a di-glycine (GG) remnant with a monoisotopic mass of 

114.04292 Da on lysine residues of the substrate.51 In addition, tryptic peptides harboring a GG 

remnant contain a missed cleavage site at the modified lysine residue(s). Based on these 

characteristics, sites of Ub modification can be identified by the unique MS/MS spectra of GG-

on 

containing peptides after database searching using search engines such as Mascot and Sequest. 

In addition to the GG remnant, it has been speculated that a miscleavage at R74 of Ub may occur 

during tryptic digestion, leaving a longer LRGG remnant with a monoisotopic mass of 

383.22809 Da, which can also be identified by MS/MS analysis and database searching.90 The 

primary structure of Ub and the production of a signature peptide with a GG or LRGG remnant 

after tryptic digestion is shown in Figure 1.1. 
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During database searching of MS/MS data, the number of Ub modification sites may be 

overestimated by incorrect assignments. For example, peptides can be incorrectly assigned as 

being ubiquitinated if they contain an internal lysine and an adjacent amino acid residue that has 

a similar mass as the GG remnant. The possible residues include asparagine (114.02493 Da), 

aspartate (115.02694 Da), leucine (113.08406 Da) and isoleucine (113.08406 Da), provided that 

the mass of precursor and product ions is still within selected mass tolerance range during 

database searching.89 This type of mismatch can be caught by determining the tryptic state of the 

peptides, as the mismatched peptides have only one tryptic end. The use of high mass accuracy 

mass spectrometers is also effective in minimizing errors caused by flanking amino acid residues 

with similar masses. 

Even when high mass accuracy mass spectrometers are employed for MS/MS analysis, 

incorrect assignment of tryptic peptides occur as a result of random matches to the protein 

database that is being searched. This is because database search engines employ algorithms that 

compare the observed MS/MS fragmentation pattern of an unknown peptide with the predicted 

MS/MS fragmentation patterns of all peptides of equivalent mass within the database and return 

a peptide sequence whose predicted fragmentation pattern best matches the observed MS/MS 

fragmentation pattern.91 The consequence of this approach is the possibility of false positive 

identifications. 

In order to minimize the number of false positive identifications, search engines employ a 

set of scoring criteria so that only the most likely candidates to be correct matches are retained. 

Mascot and the open-source search engines XITandem and OMSSA use a set of scoring criteria 

that that are based on idealized random models. These models are typically trained on datasets 

consisting of peptide MS/MS spectra obtained from simple mixtures of known standard 
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proteins. However, the specific organisms under study, growth conditions, experimental 

protocols, types of instrumentation and sample complexities of any particular experiment are 

unlikely to match the conditions under which these models are trained or the assumptions that 

are made by idealized peptide fragmentation models.80 Therefore, the probabilistic estimates 

from these models are not always reliable and improved methods for estimating the error rates of 

peptide identifications are required. This is especially true for peptides harboring post-

translational modifications, such as phosphorylation, glycosylation or ubiquitination. 

One method for estimating the error rate or false positive rate (FPR) for peptide 

identifications involves the use of a randomized sequence database for database searching of 

experimental MS/MS data. This approach estimates the number of false positive identifications 

by counting the number of peptide matches to the randomized sequence database using the same 

set of search criteria used for performing a search with an actual protein database (i.e. peptide ion 

score cutoff, variable and fixed modifications, etc.). A separate randomized database can be 

used, where the real database is searched first, then the randomized database is searched 

separately. Alternatively, the real and randomized databases can be combined or appended and 

searched simultaneously. In 2005, Higdon et al. compared both strategies using MS/MS data 

from tryptic digests of known protein standards and from the model microorganism Shewanella 

oneidensis strain MR-1 and found that the latter provided more accurate estimates of FPR. 
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1.9 Research hypotheses and objectives 

Hypothesis #1: Endogenously-expressed ubiquitinated proteins can be purified using an 

antibody-based approach and identified by mass spectrometry. 

Objectives: 

1) Determine if a commercially-available anti-Ub mouse monoclonal antibody can be used to 

purify endogenously expressed ubiquitinated proteins. 

2) Develop an antibody-based purification protocol for ubiquitinated proteins expressed in 

mammalian cells. 

3) Profile ubiquitinated proteins in MCF-7 human breast cancer cells treated with the proteasome 

inhibitor MG132. 

Hypothesis #2: A microfluidic processing device known as the Proteomic Reactor can be used to 

facilitate the analysis of low-abundance affinity-purified proteins by mass spectrometry. 

Objectives: 

1) Determine if the Proteomic Reactor can be used to process affinity-purified ubiquitinated 

proteins for mass spectrometry analysis. 

2) Develop a protocol that couples affinity-purification with tryptic digestion of proteins using 

the Proteomic Reactor. 
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3) Demonstrate the applicability of the protocol using affinity-purified ubiquitinated proteins 

from human HI299 cells treated with siRNA targeting the ubiquitin chaperone VCP. 

Hypothesis #3: False positive identification of ubiquitinated proteins by mass spectrometry can 

be minimized by systematically evaluating a range of peptide ion score cutoffs. 

Objectives: 

1) Determine if standard ion score cutoffs for identifying tryptic peptides are sufficiently 

stringent for identifying ubiquitinated peptides. 

2) Determine if false positive rates for ubiquitinated proteins are affected by the size of the 

protein database that is searched. 

3) Develop a systematic approach for determining appropriate ion score cutoffs for ubiquitinated 

proteins based on false positive rate calculations. 

Hypothesis #4: The improved methods developed for analyzing ubiquitinated proteins (see 

Hypotheses 1-3) can be used to identify specific targets of ubiquitination in eukaryotic cells. 

Objectives: 

1) Identify the specific lysine residues on the membrane-anchored transcription factor Mga2p 

that are targets of the E3 ubiquitin ligase Rsp5p in Saccharomyces cerevisiae. 

2) Identify the proteins that are ubiquitinated upon mitotic exit in the embryos of Xenopus laevis. 
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Figure 1.1 Primary structure of Ubiquitin and production of signature peptides. Ub is 

76-amino acid protein that is covalently attached via its C-terminal glycine (G ) to a lysine (K) 

on a target protein via an isopeptide bond. When ubiquitinated proteins are subjected to trypsin 

digestion, signature peptides with a GG or LRGG remnant are produced. Signature peptides have 

monoisotopic mass increases of+114.04292 or +383.22809 Da and missed cleavage sites that 

can be identified by tandem mass spectrometry (MS/MS) analysis. 
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Chapter 2: Proteomic analysis of ubiquitinated proteins from human MCF-7 breast 

cancer cells by immunoaffinity purification and mass spectrometry 

2.1 Manuscript status and statement of author contributions 

A version of this chapter has been published in the Journal of Proteome Research: 

Vasilescu J, Smith JC, Ethier M, Figeys D. Proteomic analysis of ubiquitinated proteins by 

immunoaffinity purification and mass spectrometry. Journal of Proteome Research. Vol. 4: 

2192-2200, 2005. JV conceived, designed and performed the experiments. JV also wrote the 

manuscript. JCS and ME assisted with the data analysis. DF edited the manuscript. 

2.2 Summary 

Post-translational modification of proteins via the covalent attachment of Ubiquitin (Ub) 

plays an important role in the regulation of protein stability and function in eukaryotic cells. In 

the present study, we describe a novel method for identifying ubiquitinated proteins from a 

complex biological sample, such as a whole cell lysate, using a combination of immunoaffinity 

purification and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. We 

have demonstrated the applicability of this approach by identifying 70 ubiquitinated proteins 

from the human MCF-7 breast cancer cell line after treatment with the proteasome inhibitor 

MG132. This method will aid the study of protein ubiquitination and may be used as a tool for 

the discovery of novel biomarkers that are associated with disease progression. 
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2.3 Introduction 

Ubiquitin (Ub) is a small 8.5 kDa protein present in all eukaryotes that participates in a 

host of critical cellular functions by mediating the selective degradation of regulatory proteins. 

The progression of the cell cycle,1 the heat shock response,2 and antigen presentation,3 are 

among the many processes regulated by Ub-dependent proteolysis. Not surprisingly, aberrations 

in this pathway are implicated in the pathogenesis of many diseases including cancer.4 

Ubiquitination also regulates certain processes by mechanisms that, although poorly understood, 

do not appear to involve proteolysis. These include ribosomal function,5 DNA repair,6 and the 

activation of protein kinases such as IKB kinase.7 

Post-translational attachment of Ub to a target protein typically occurs via covalent 

attachment of its C-terminal glycine to a lysine residue on the target protein by a multienzymatic 

system consisting of activating (El), conjugating (E2), and ligating (E3) enzymes.8 Since Ub 

itself carries seven lysine residues, this initial modification is often followed by the glycine-

lysine ligation of additional Ub molecules to the first forming di-, tri-, tetra-, or poly-Ub chains. 

Recent evidence suggests that for several proteins, initial covalent attachment of Ub may occur 

via the amino group of the N-terminal residue.9 

Tetra- and poly-Ub chains serve as consensus signals for protein degradation by the 26S 

proteasome, which is a multisubunit protease with activity specific for ubiquitinated proteins. 

Within the lumen of the barrel-shapped proteasome, the target protein is cleaved into peptides of 

3-20 residues that are further hydrolyzed to amino acids by cytosolic peptidases.10 The liberated 

poly-Ub chains are not degraded by the proteasome, but are reused for modification of other 

proteins (see Figure 2.1). 

40 



Several types of low-molecular weight proteasome inhibitors that can readily enter cells 

are commercially available. The most widely used are peptide aldehydes, such as Cbz-leu-leu-

leucinal (or MG132) and Cbz-leu-leu-norvalinal (or MG115). These agents are substrate 

11 19 

analogues and act as potent transition state inhibitors. ' For example, the Ki (or binding 

affinity) of MG132 in vitro is a few nanomolar and its IC50 (concentration required for 50% 
1 "X 

inhibition) is in the micromolar range for inhibition of proteolysis in cultured cells. 

Enzymatic digestion of ubiquitinated proteins with trypsin results in a signature peptide 

containing a di-glycine remnant derived from the C-terminus of Ub that is covalently attached to 

a lysine residue on the target protein.14'15 This signature peptide has a mass addition of 114.1026 

Da as well as a missed cleavage site because trypsin is unable to cleave after the modified lysine 

residue (see Figure 2.1). Such a uniquely tagged peptide provides a platform for the 

identification of ubiquitinated proteins by mass spectrometry because the di-glycine remnant is 

detected as a variable modification on lysine residues after MS/MS analysis and database 

searching. 

Previous studies in yeast have shown that an affinity purification step prior to MS/MS 

analysis offers significant advantages for studying ubiquitinated proteins. Peng et al. identified 

72 Ub-protein conjugates from cells expressing 6*His-Ub while Hitchcock et al. identified 211 

membrane associated ubiquitinated proteins from cells expressing 6><His- Myc-Ub.15'16 In both 

cases, large quantities of yeast cells were cultured and epitope-tagged Ub conjugates were 

isolated. More recently, Kirkpatrick et al. adapted this strategy to HEK293 embryonic kidney 

cells expressing 6><His-Ub-GFP. Results from a series of experiments enabled the identification 

of 22 Ub-associated proteins, nearly half of which were identified by a single peptide match.17 
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In the present study, we describe a novel method for identifying ubiquitinated proteins 

using a combination of immunoaffinity purification and LC-MS/MS analysis. Application of this 

method enabled the confident identification of 70 ubiquitinated proteins from the human MCF-7 

breast cancer cell line after overnight treatment with the proteasome inhibitor MG132. Proteins 

identified include Ub-ligating enzymes, subunits of the 26S proteasome complex, heat shock 

proteins, transport proteins, DNA repair proteins, transcription and translation elongation factors, 

and several proteins involved in cell cycle regulation, apoptosis, and signal transduction. Our 

findings represent the first proteomic analysis of native ubiquitinated proteins from a genetically 

unmodified mammalian cell line, and we expect our method to be adapted for the study of other 

biologically relevant samples soon. 

2.4 Materials and methods 

Antibodies and Reagents. The mouse monoclonal anti-Ub antibody (clone FK2) was 

obtained from BIOMOL Inc. (Plymouth Meeting, PA). This antibody has been shown by western 

blotting to recognize K29-, K48-, and K63-linked poly-ubiquitinated and mono-ubiquitinated 

proteins but not free ubiquitin. Purified mouse IgGiK immunoglobulin was obtained from Sigma-

Aldrich (St. Louis, MO). Goat antimouse HRP-conjugated secondary antibody was obtained 

from DAKO (Glostrup, Denmark). MG132 was purchased from Sigma-Aldrich. One mM stock 

solutions of MG132 were prepared by reconstituting it in dimethyl sulfoxide. All other reagents, 

unless specified, were obtained from Fisher Scientific (Burlington, ON). 
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Cell Culture. Human MCF-7 breast epithelial cancer cells were cultured at 37 °C in 5% 

C02 in DMEM medium (GIBCOBRL, Burlington, ON) supplemented with 10% fetal calf 

serum. After reaching 80% confluence, cells were treated overnight with 5-50 uM MG132 in 

DMEM medium. Cells were harvested, washed twice with phosphate buffered saline (PBS), and 

resuspended in modified RIPA lysis buffer (50 raM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 

0.25% Na deoxycholate, 1 mM EDTA) containing a cocktail of protease inhibitors (Roche 

Diagnostics, Laval, QC). Cell lysates were centrifuged for 10 min at 14 000 rpm to pellet cell 

debris. Supernatants were collected and protein concentration was assessed using a Bradford 

protein assay kit (Bio-Rad, Hercules, CA). 

Immunoaffinity Purification. Anti-Ub beads were prepared by coupling 2 mg of anti-Ub 

Ab to 1 mL of protein G-agarose beads (Roche) with dimethyl pimelimidate according to 

manufacturer's instructions (Pierce, Rockford, IL). 0.8 * 4 cm Poly-Prep chromatography 

columns (Bio-Rad) were then filled with 0.5 mL of anti-Ub beads. Prior to each purification, cell 

lysates were pre-cleared with columns containing only protein G agarose beads for 10 min at 4 

°C. Pre-cleared lysates containing 12.5 mg of total protein were then loaded onto immunoaffinity 

purification columns and allowed to incubate for 2 h at 4 °C. Columns were washed 10* with 5 

mL of modified RIPA buffer. Bound material was eluted with 2% SDS for 20 min at 37 °C. 

Eluates from three successive purifications were pooled together and concentrated with an 

Amicon Ultra-4 10 000 MWCO centrifugal filter (Millipore, Nepean, ON). Five times sample 

buffer (2% SDS, 10% glycerol, 40 mM Tris pH 6.8, 715 mM p-mercaptoethanol when diluted to 

lx) was added to the concentrated samples and proteins were separated on a 10% SDS-PAGE 

gel and visualized with Colloidal Coomassie (Invitrogen). 
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LC-MS/MS. Protein bands were excised from SDS-PAGE gels and subjected to in-gel 

tryptic digestion as previously described. Digestions were carried out for 8 h at 37 °C with 

sequencing grade trypsin (Promega, Madison, WI). Peptides from each gel band were extracted, 

brought to a final volume of 10 uL with 5% formic acid, and analyzed by LC-MS/MS. An 

Agilent 1100 series HPLC system (Agilent Technologies, Palo Alto, CA) was used to load 

peptides at 2 uL/min onto a 75 um x 50 mm precolumn packed with 5 urn YMC ODS-A CI8 

beads (Waters, Milford, MA). Following a desalting step, the flow was split and peptides were 

eluted through a second 75 um x 50 mm column packed with the same beads at approximately 

200 nL/min using a 5-80% gradient of acetonitrile with 0.1% formic acid for 1 h. The LC 

effluent was electrosprayed into the sampling orifice of a QSTAR Pulsar quadrupole-TOF mass 

spectrometer (ABI/MDS Sciex, Concord, ON). MS/MS data was then analyzed and matched to 

human protein sequences in the MSDB database using the Mascot search engine. Peptide and 

MS/MS mass tolerances were set at ± 100 ppm and 0.2 Da, respectively. 

Western Blotting and Immunoprecipitation. Proteins were separated on NuPage 4-12% 

Bis-Tris pre-cast gels (Invitrogen) and transferred onto nitrocellulose. Membranes were blocked 

with 2% BSA (BioShop, Burlington, ON) overnight at 4 °C, incubated with 1° Ab for 1 h at RT, 

washed 4x with 0.1% Tween-20 in PBS for 5 min, and incubated with 2° Ab for 1 h at RT. After 

another round of washing, bands were visualized with ECL reagent (Amersham Biosciences, 

Oakville, ON) and BioMax XAR imaging film (Kodak, New Haven, CT). For 

immunoprecipitations, pre-cleared cell lysates were incubated with 10 uL of anti-Ub beads 

(described above) for 2 h at 4 °C. After washing 3x times with modified RIPA buffer, bound 

material was eluted by heating the beads in 2x sample buffer for 5 min at 95 °C. 

44 



2.5 Results and discussion 

Although many substrates of the Ub-proteasome pathway have been individually 

characterized by biochemical and genetic approaches,19,20 only a few large-scale studies of 

ubiquitinated proteins have been reported primarily due to the difficulties encountered in 

isolating these low-abundance proteins using conventional purification methods. Several groups 

have reported that when Ub is tagged at its N-terminus with the Myc epitope or poly-Histidine, 

the isolation of Ub conjugates is greatly facilitated.21"23 Recently, Gygi and coworkers have 

adapted this strategy for the purification of 6><His- and 6*His-Myc tagged Ub-conjugates from 

yeast cells for mass spectrometry analysis.15'16 

Epitope tagging strategies, however, are limited to cells that have been genetically 

modified to express tagged Ub and it is known that such molecules do not completely function as 

their wild-type counterparts. In addition, many false positives are likely to be obtained because 

expression levels of these molecules may differ significantly compared to normal physiological 

conditions. Furthermore, when Nickel (Ni)-affinity chromatography is used to purify His-tagged 

Ub-conjugates, numerous proteins containing multiple His residues in their primary structure, or 

that have an alignment of His within their secondary or tertiary structures, are co-purified 

nonselectively. 

Identification of ubiquitinated proteins, whether in cell lysates, tissues, or biological 

fluids, may enable the discovery of relevant protein-based disease and drug biomarkers. This is 

because degenerative diseases that destroy specific cells, or diseases in which there is a certain 

level of necrosis, are known to release ubiquitinated proteins into the blood.24 In addition, drugs 

that induce apoptosis may also cause the accumulation and release of ubiquitinated proteins into 
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biological fluids. With this in mind, it was our goal to develop a novel proteomics method for 

the analysis of native ubiquitinated proteins from a complex biological sample (i.e., a human 

whole cell lysate) using a combination of immunoaffinity purification, SDS-PAGE separation, 

and LC-MS/MS analysis. For immunoaffinity purification, a mouse monoclonal anti-Ub 

antibody (clone FK2) that recognizes both mono- and poly-ubiquitinated species, but not free 

Ub, would be employed. This antibody has been successfully used to investigate the dynamics of 

Ub-conjugation and for the development of immunoassays permitting the quantification of 

intracellular and serum Ub chains.26"28 A schematic representation of the method is outlined in 

Figure 2.2. 

MCF-7 cells, which serve as a model system for breast cancer cell transformation and 

proliferation,29'30 were treated overnight with the proteasome inhibitor MG132 prior to 

immunoaffinity purification. Biochemical studies have shown that many regulatory proteins are 

degraded by the Ub-proteasome pathway and because of their rapid degradation, such proteins 

are often very hard to isolate.13 Therefore, their stabilization with proteasome inhibitors is a 

valuable means to enhance cell content and to facilitate their isolation from mammalian cells. As 

shown in the Western blot in Figure 2.3, treatment of MCF-7 cells with various concentrations of 

MG132 resulted in increased levels of ubiquitination. A 5 uM concentration was determined to 

be optimal based on the signal intensity strength and the number of ubiquitinated species that 

were detected compared to the untreated control. Concentrations above 50 uM were not assessed 

due to the low survival rate of cells after overnight treatment. 

A series of small-scale immunoprecipitations was performed using the anti-Ub antibody 

to confirm its ability to purify ubiquitinated proteins from MCF-7 cells and to optimize a number 
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of conditions. This included the ratio of anti-Ub beads for a given amount of starting material, 

the necessary incubation time to ensure strong antibody-antigen interactions, the number of 

washing steps to eliminate the bulk of co-purifying background proteins, and the most efficient 

type of elution buffer. (Anti-Ub beads were prepared by covalently coupling the anti-Ub 

antibody to Protein G-agarose beads (see Materials and Methods).) The Western blot in Figure 

2.3, for example, clearly shows that when 10 uL of anti-Ub beads was incubated with increasing 

amounts of protein from MCF-7 cell lysates, there was a proportional increase in the signal 

intensities of the bands detected. This indicated that the anti-Ub beads displayed specificity 

toward ubiquitinated proteins and enabled the determination that 250 jag of protein per 10 uU of 

anti-Ub beads was an optimal ratio that could be scaled-up for subsequent purifications. This 

optimal ratio was deduced as increasing the amount of protein up to 500 jig or above (data not 

shown) did not result in increases in the intensities of the bands. 

To identify ubiquitinated proteins from MCF-7 cells, sufficient amounts of material 

needed to be purified for LC-MS/MS analysis. Initially, we attempted to pool material from 

several immunoprecipitations for visualization on a SDS-PAGE gel. Despite a considerable 

enrichment, as observed by Western blotting, this proved to be inadequate (data not shown). The 

pooling of multiple samples did little to improve the yield of ubiquitinated proteins and only 

resulted in an increased amount of nonspecific background. As a result, we decided to employ a 

large-scale purification approach based on immunoaffinity chromatography to overcome these 

constraints. In a recent study, such an approach enabled the successful identification of several 

low-abundance protein complexes by LC-MS/MS.31 
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Poly-Prep chromatography columns were filled with anti-Ub beads and MCF-7 cell 

lysates were loaded and allowed to incubate at 4 °C. Prior to loading, cell lysates were subjected 

to a pre-clearing step by passing them through chromatography columns containing only Protein-

G agarose beads. After a 2 h incubation period, which allowed sufficient time for ubiquitinated 

proteins to bind with high-affinity to the anti-Ub beads, a series of stringent washing steps was 

performed. Bound material was then eluted with a solution containing a low percentage of ionic 

detergent. 

Eluates from three successive purifications were pooled, concentrated, and fractionated 

by SDS-PAGE (see Figure 2.4). Staining the gel with Colloidal Coomassie revealed that 

numerous proteins from the two anti-Ub purifications (lanes 2 & 3) were not present in the IgG 

isotype control (lane 1). Visual inspection of the two anti-Ub purifications also revealed the 

presence of additional proteins specific to MCF-7 cells that were treated overnight with 5 uM 

MG132. A corresponding Western blot analysis of 2% of the final eluates is shown in Figure 2.4. 

As expected, no ubiquitinated proteins were detected when the mouse anti-IgG antibody was 

used for purification, thus confirming the specificity of the anti-Ub antibody. 

For the present study, it is necessary to point out that it was not our intention to perform a 

comparative or differential analysis of ubiquitinated proteins from MG132-treated and untreated 

MCF-7 cells. Instead, it was our goal to develop a method for the analysis of ubiquitinated 

proteins and to validate it using a biologically relevant sample. An important conclusion that can 

be drawn from a qualitative/visual inspection of the results shown in Figure 2.4 is that 

application of our immunoaffinity purification protocol will result in the isolation of additional 

target proteins when there is an increase in the level of ubiquitination in a given sample (e.g., 
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after MG132 treatment). Currently, we are developing a gel-free protocol for the differential 

analysis of multiple samples using LC-MS/MS, and a commercially available mass spectrometry 

software package. In this way, we will be able to quantitatively monitor the expression levels of 

ubiquitinated proteins before and after drug treatment. 

Thirty bands were excised from the MG132-treated lane shown in Figure 2.4 and were 

subjected to in-gel tryptic digestion. Peptides were extracted, separated by nanoflow LC, and 

then introduced into a quadrupole-TOF mass spectrometer MS/MS analysis and database 

searching resulted in the identification of 70 proteins, each matching with 2 or more unique 

peptide sequences. Identification of signature peptides (see Figure 2.1) was made possible by 

selecting an ubiquitinated lysine residue with a monoisotopic mass of 242.13788 Da in the 

Mascot variable modification list prior to database searching. This mass corresponds to a lysine 

residue with an attached di-glycine moiety derived from Ub (128.09496 Da + 114.04292 Da).32 

A complete list of the ubiquitinated proteins identified with their corresponding Mascot scores is 

found in Table 2.1. 

Representative MS/MS spectra of three signature peptides are shown Figure 2.5. Doubly 

charged [M + 2H]+ peptide ions at m/z 698.3 (a), 730.9 (b), and 401.2 (c) were fragmented via 

collision-induced dissociation. The masses of the fragments were measured and the peptide 

sequences MQIFVKGGTLTGK, LIFAGKGGQLEDGR, and EGKGGLLK, all of which contain an 

internal lysine with a di-glycine remnant that is derived from Ub, were obtained. Subsequent 

database searching matched these peptide sequences to proteins found in bands 5, 12, and 24. In 

all cases, signature peptides were manually verified to confirm protein ubiquitination. 
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The two bands present in the IgG control lane in Figure 2.4, with molecular weights of 

approximately 50 kDa and 40 kDa, were also subjected to LC-MS/MS analysis and database 

searching. This resulted in the identification of Tubulin and Actin isoforms as co-purifying 

background proteins (see Table 2.2). As a result, they were removed from consideration as 

ubiquitinated proteins. Tubulin and Actin have also been reported as commonly observed 

contaminants with other affinity purifications using agarose and sepharose-based resins.33'34 

Recently, isoforms of each were reported as nonspecific proteins when Ni-NTA-agarose beads 

were used for the isolation His-tagged GFP-Ub conjugates from HEK293 cells.17 

Among the proteins listed in Table 2.1 are the E3 and EDD ubiquitin protein ligases, both 

of which were identified from band 2 with Mascot scores of 769 and 201, respectively (the 

statistically significant threshold score was 38). These enzymes are attached to Ub within cells 

and act as readily accessible storage pools of Ub. Also identified were Poly-Ub and a protein 

containing multiple Ub-like sequences (FLJ32377). Interestingly, both proteins have theoretical 

molecular weights well below the apparent molecular weight of band 2. Therefore, it is likely 

that they comigrated with either of the two Ub-ligating enzymes and were still covalently 

attached due to incomplete tryptic digestion. A similar explanation is likely for all of the bands 

that were found to contain Poly-Ub and/or Ub. 

Numerous proteins belonging to the 26S proteasome complex are listed in Table 2.1, 

including 6 ATPase and 3 non-ATPase regulatory subunits. Each subunit is known to interact 

with a number of related regulatory proteins as well as a distinct subset of cytosolic, nuclear, 

and/or membrane proteins that are known to be ubiquitinated. For example, the 26S proteasome 

non-ATPase regulatory subunit 2, identified from Band 9 with a Mascot score of 707, is known 
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to directly bind to ATPase regulatory subunits 1 and 2, non-ATPase regulatory subunit 5, the E3 

ubiquitin protein ligase, and the intracellular domain of the Tumor Necrosis Factor (TNF)-type 1 

^S-37 

receptor. 

Eleven members of the heat-shock protein family and three members of chaperonin 

protein family were identified from bands 11, 13, and 15-19. This was not surprising as the heat 

shock response is known to be directly regulated through the Ub-proteasome pathway. By 

tagging and degrading unfolded or damaged proteins, the Ub-proteasome pathway helps to 

prevent the accumulation of heat shock proteins under normal conditions.13 However, when this 

degradative process is blocked by a proteasome inhibitor such as MG132, there is an induction of 

heat shock proteins and molecular chaperones (e.g., BiP and glucose-regulated stress proteins) 

which will in turn bind to Ub and Ub-tagged proteins. ' 

All other ubiquitinated proteins that were identified are listed in Table 2. This includes 

thirteen metabolic enzymes, eight DNA repair proteins, five cell cycle and apoptosis-related 

proteins, five proteins involved in signal transduction, four transcription and translation 

elongation factors, four transport proteins, four structural proteins, and two hypothetical proteins 

with currently unknown functions. A pie-chart distribution of these proteins into different 

functional categories is shown in Figure 2.6. As expected, the diversity of proteins identified in 

this study confirms that the important role that ubiquitination plays in the regulation of many key 

cellular functions in MCF-7 cells. 
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2.6 Conclusion 

Taken together, our findings represent the first proteomic analysis of native ubiquitinated 

proteins from a genetically unmodified/untransfected mammalian cell line. Our method was 

shown to enable the profiling of ubiquitinated proteins from human MCF-7 cells under normal 

physiological conditions and/or after drug treatment. Further work is underway to improve the 

sensitivity of the method in order to permit the identification of very low-abundance 

ubiquitinated proteins which may serve as biomarkers of disease progression or as targets of 

novel therapeutics that interfere with the Ub-proteasome pathway. We expect our method to soon 

be adapted for the study of ubiquitinated proteins in other complex biological material, including 

human serum and plasma samples. 
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Figure 2.1 Ubiquitin-proteasome pathway and tryptic digestion of ubiquitinated 

proteins, (a) Post-translational modification of proteins by Ub occurs via covalent attachment of 

its C-terminal glycine to a lysine on the target protein by 3 enzymes (El, E2, E3). Ubiquitination 

serves as a consensus signal for protein degradation by the 26S proteasome complex, (b) After 

tryptic digestion, ubiquitinated proteins contain a di-glycine remnant attached to a lysine residue. 

A signature peptide with a 114.1026 Da mass increase and a missed cleavage site can be 

identified by MS/MS. 
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Figure 2.2 Experimental method. (1) MCF7 cells were treated with MG132, or were left 

untreated. (2) Ubiquitinated proteins were isolated by immunoaffinity purification. (3) Proteins 

were separated by SDS-PAGE and visualized with Colloidal Coomassie. Gel bands were excised 

and subjected to in-gel tryptic digestion. (4) Peptides were analyzed by LC-MS/MS. (5) MS/MS 

spectra were matched to human protein sequences after database searching and were manually 

verified to confirm ubiquitination sites. 
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Figure 2.3 Treatment of MCF-7 cells with the proteasome inhibitor MG132. (a) MCF7 

cells were treated overnight with various concentrations (5-50 |aM) of MG132. Cell lysates 

containing 40 ng of protein were analyzed by Western blotting with an anti-Ub antibody to 

monitor differential levels of ubiquitination. (b) Small-scale immunoprecipitations with anti-Ub 

beads (see materials and methods) and MCF7 cell lysates were performed and analyzed by 

Western blotting. 

•> MCF7 (40 jig protein) 
< 1 

(kDa> 0 5 25 50 MG132 

*» 10 id anti-Ub beads 

188 

9? 

52 

33 

I t 
(kDa) 0 50 100 250 500 jig protein 

188 

33 

21 

I 

W8: anti-Ub WB: anti-Ub 

55 



Figure 2.4 Immunoaffinity purification of ubiquitinated proteins from MCF-7 cells, (a) 

Ubiquitinated proteins from untreated MCF7 cells (lane 2) and MG132-treated MCF7 cells (lane 

3) were purified by immunoaffinity chromatography, separated by SDS-PAGE, and visualized 

with Colloidal Coomassie. (b) Aliquots containing 2% of the purified samples were also 

analyzed by Western blotting. 

8) IP: IgG Ub 
(kOa) 

250 ] 

138 

97 

52 ; 

MG132(5nM) 

«..<s*i»«8» ng^m/nnm *,<*MW(fcl! 

33 

Y 0) 
"0 3 
IS Q. O SF &> CL 

'=»' 55" 

b) IP: IgG 
i 1 r 

(kDa) -

188 

97 

52 

Ub 

33 

MG132(5J IM) 

B 
2! a' w 

Colloidal Coomassie WB: anti-Ub 

56 



Figure 2.5 Representative MS/MS spectra of signature peptides. MS/MS spectra of 

doubly charged [M + 2H]+ peptide ions at m/z 698.3 (a), 730.9 (b), and 401.2 (c). The peptide 

sequences MQIFVKGGTLTGK, LIFAGKGGQLEDGR, and EGKGGLLK all contain an internal 

lysine with a di-glycine remnant that was derived from Ub. 
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Ubiqiritinated proteins identified from MG132-treated MCF-7 cells were grouped into 10 

functional categories. 
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Table 2.1 Ubiquitinated proteins from MCF7 cells identified by LC-MS/MS. 
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Table 2.1 continued 
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Note: Lane 3 of the gel shown in Figure 2.4 (MG132-treated MCF7 cells) was excised 

and sectioned into 30 bands of equal size for MS/MS analysis. 
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Co-purified background proteins. 

band protein accession ira, M„ JM3a) 

i Class (Vb beta ftibaln QfilWPe 50.1 
I TubulJibeta-2chata P07437 SOJGI 
1 Tiibulta. alpba-ubtqutaus chain PS8363 50.8 
2 Actio, beta Q9iHG5 41.3 
2 Actta-Ite protein 2 Fisneo 45.0 
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Chapter 3: The proteomic reactor facilitates the analysis of affinity-purified proteins 

by mass Spectrometry: application for identifying ubiquitinated proteins 

in human cells 

3.1 Manuscript status and statement of author contributions 

A version of this chapter has been published in the Journal of Proteome Research: 

Vasilescu J, Zweitzig D, Denis NJ, Smith JC, Ethier M, Haines DS, Figeys D. The proteomic 

reactor facilitates the analysis of affinity-purified proteins by mass spectrometry: application for 

identifying ubiquitinated proteins in human cells. Journal of Proteome Research. Vol. 6: 298-

305, 2007. JV conceived, designed and performed most of the experiments. JV also wrote the 

manuscript. DZ performed the cell culture and siRNA experiments. NJD processed samples on 

the proteomic reactor. JCS and ME assisted with the data analysis. DSH and DF edited the 

manuscript. 

3.2 Summary 

Mass spectrometry (MS) coupled to affinity purification is a powerful approach for 

identifying protein-protein interactions and for mapping post-translational modifications. Prior to 

MS analysis, affinity purified proteins are typically separated by gel electrophoresis, visualized 

with a protein stain, excised, and subjected to in-gel digestion. An inherent limitation of this 

series of steps is the loss of protein sample that occurs during gel processing. Although methods 

employing in-solution digestion have been reported, they generally suffer from poor reaction 
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kinetics. In the present study, we demonstrate an application of a microfluidic processing device, 

termed the Proteomic Reactor, for enzymatic digestion of affinity-purified proteins for liquid 

chromatography tandem mass spectrometry (LC-MS/MS) analysis. Use of the Proteomic Reactor 

enabled the identification of numerous ubiquitinated proteins in a human cell line expressing 

reduced amounts of the ubiquitin-dependent chaperone, valosin-containing protein (VCP). The 

Proteomic Reactor is a novel technology that facilitates the analysis of affinity-purified proteins 

and has the potential to aid future biological studies. 

3.3 Introduction 

When mass spectrometry (MS) is coupled to affinity purification techniques, such as 

immunopurification, tandem affinity purification (TAP), and metal-affinity chromatography, 

components of targeted protein complexes may be identified. ' In addition, key post-

translational modifications that regulate the interaction of proteins within a complex may be 

mapped to specific amino acid residues. MS coupled to affinity purification has also been used in 

large-scale proteomic studies to map glycosylation, phosphorylation, and ubiquitination sites in 

yeast and human cells. "6 

Prior to MS analysis, affinity-purified proteins are typically separated by 1-D or 2-D gel 

electrophoresis, visualized with a MS-compatible stain (e.g., Coomassie, silver nitrate, or sypro 

ruby), excised, and subjected to in-gel digestion.7 Limitations of this approach include the loss of 

sample that occurs during gel processing and the possibility of introducing contaminants. 

Although gel-free protein separation methods are available, including size-exclusion 
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chromatography and free-flow electrophoresis,8,9 in-solution digestions need to be performed for 

every fractionated sample. Furthermore, when affinity-purified proteins are present in low 

(submicromolar) concentrations, in-solution digestion efficiencies are hindered because most 

proteolytic enzymes have Km values in the order of 5-50 uM.10 To compensate for this, enzyme 

concentrations may be increased, but this results in an increased rate of enzyme autoproteolysis, 

which can suppress MS signals for the protein(s) of interest. 

Alternatives to in-solution digestion have been reported, but they were evaluated with 

standard proteins and have yet to be tested with biologically relevant samples. For example, 

Doucette et al. developed a method for immobilizing proteins on polymeric microbeads and 

digesting them with trypsin. Peptides were analyzed by MS after depositing the beads directly on 

a MALDI target.11 This procedure was demonstrated using cytochrome c, lysozyme, and 

albumin. Craft et al. later modified this approach by preparing microcolumns packed with 

hydrophobic beads and loaded standard proteins on these columns. Bound proteins were digested 

with trypsin, and peptides were eluted and analyzed by MS.12 Recently, a complex automated 

version of this method was reported for liquid chromatography-tandem mass spectrometry (LC-

MS/MS) that employs numerous pumps and switching valves. 

In the following study, we demonstrate an application of a microfluidic processing 

device, termed the Proteomic Reactor,14 for rapid preconcentration, derivatization, and enzymatic 

digestion of affinity-purified proteins for LC-MS/MS analysis. Briefly, the Proteomic Reactor 

consists of a short length of fused silica capillary tubing packed with strong cation exchange 

(SCX) resin. Proteins samples are acidified, mixed with trypsin, and loaded on the Proteomic 

Reactor. At low pH, most of the proteins are positively charged and bind to the SCX resin. After 
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disulfide bond reduction, the pH is increased to permit simultaneous alkylation and enzymatic 

digestion. Peptides are then eluted in a buffer that is compatible with LC-MS/MS analysis.14 

We integrated the Proteomic Reactor with a method that we have previously developed15 

and applied this novel approach to identify ubiquitinated proteins in human cells harboring 

reduced levels of the valosin-containing protein (VCP). VCP is a highly abundant member of the 

AAA ATPase family.16,17 VCP participates in numerous cellular processes, including 

transcription, DNA repair, mitosis, membrane fusion, and ER-associated degradation of 

misfolded proteins, and these functions are mediated via ubiquitin adaptor proteins that target 

VCP to ubiquitinated substrates.18 Although the biochemical functions of VCP containing 

complexes are poorly understood, they are thought to function in the separation of ubiquitinated 

substrates from unmodified binding partners, the retrotranslocation of ubiquitinated proteins 

from membranes, and/or the delivery of ubiquitinated proteins to the proteasome.19'20 

Use of the Proteomic Reactor enabled 27 ubiquitination sites to be precisely mapped on 

21 proteins and enabled the identification of 58 candidate ubiquitinated proteins from control and 

VCP depleted HI299 lung adenocarcinoma cells. Differences in ubiquitination were also 

observed when two populations of HI299 cells (i.e. -/+ VCP depletion) were compared. Several 

proteins designated as candidates were confirmed to be ubiquitinated by subsequent 

immunoprecipitation and Western blotting experiments. Our results demonstrate that the 

Proteomic Reactor facilitates the analysis of ubiquitinated proteins and may be used for the study 

of other post-translational modifications. In addition, the Proteomic Reactor has the potential to 

aid future biological studies requiring MS analysis of affinity-purified proteins or protein 

complexes. 
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3.4 Materials and methods 

Antibodies and Plasmids. Mouse monoclonal anti-Ub antibody (clone FK2) was obtained 

from Biomol. Mouse IgGik immunoglobulin was obtained from Sigma-Aldrich. Mouse 

monoclonal anti-VCP, anti-Sequestosome 1, anti-Actin, and anti-HSP90 antibodies were 

obtained from Abeam, BD Biosciences, Chemicon, and Upstate, respectively. Goat antimouse 

HRP-conjugated secondary antibody was obtained from DakoCytomation. Anti-VCP siRNA 

9 1 

constructs were generated as previously described against VCP sequences 5'-

AGATGATGTGGACCTGGAA-3' (VCP3) and 5'-AAGTAGGGTATGATGACAT-3' (VCP6). 

Cell Culture and siRNA Treatment. HI299 lung adenocarcinoma cells were cultured at 

37°C in 5% C02 in DMEM medium supplemented with 10% FBS and 1% 

penicillinstreptomycin (Cellgro, Mediatech). After reaching 50% confluence, cells were 

transfected with 5 ug of anti-VCP siRNA constructs or empty vector (pSuper), along with 0.5 ug 

of a plasmid conferring puromycin resistance (pBabe-Puro), using the FuGENE 6 transfection 

reagent (Roche). A total of 48 h after transfection, cells were split into media containing 3 

ug/mL of puromycin (BD Bioscience). Five days later, cells were harvested and lysed in 

modified RIP A buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na 

deoxycholate, and 1 mM EDTA) containing leupeptin (10 ug/mL), pepstatin (10 ug/mL), 

aprotinin (2 ug/mL), PMSF (100 ug/mL), MG115 (10 uM), and NEM (1 uM). Whole cell 

lysates were centrifuged for 10 min at 14 000 rpm to pellet cell debris. Protein concentrations 

were determined using a Bradford protein assay kit (Bio-Rad). 
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Immunopurification of Ubiquitinated Proteins and Acetone Precipitation. Polyprep 

chromatography columns (Bio-Rad) were filled with 250 uL of anti-Ub beads, prepared as 

previously described.15 Pre-cleared HI299 WCLs were then loaded onto immunopurification 

columns and allowed to incubate for 4 h at 4 °C. Columns were washed with modified RIPA 

buffer, and bound proteins were eluted with 2% SDS. Trichloroacetic acid was added to 

immunopurified samples up to a final concentration of 25%, and samples were put on ice for 30 

min with periodic vortexing. Samples were then centrifuged for 30 min at 14 000 rpm. 

Supernatants were removed, and protein pellets were washed with chilled (-20 °C) acetone and 

centrifuged for another 20 min at 14 000 rpm. Acetone was removed, and protein pellets were 

reconstituted in 1% NP-40, 150 mM NaCl, and 10 mM potassium phosphate (KPB buffer). 

Formic acid (FA) up to 10% was added to help dissolve the pellets. Western blotting and 

immunoprecipitations have been described previously.15 

Proteomic Reactor Assembly and Protein Processing. The Proteomic Reactor was 

assembled by connecting 8 cm of fused silica capillary tubing (200 jam i.d.) to an in-line 

microfilter (Upchurch Scientific). A pressure bomb was then used to pack 4 cm of strong cation 

exchange (SCX) beads (The Nest Group) into the opposite end of the capillary tubing by 

applying 150 psi of N2 gas. SCX resin was then washed with KPB buffer. Immunopurified 

samples were acidified, and 2 (ag of sequencing-grade trypsin (Promega) was added (0.5 ug/uL 

in KPB buffer, pH 3.0). Protein samples were centrifuged at 14 000 rpm for 5 min to pellet 

insoluble material. The supernatant was loaded on the SCX beads using the pressure bomb and 

N2 gas. Bound proteins were then washed with 20% acetonitrile (ACN), followed by milli-Q 

H2O. Proteins were subjected to disulfide bond reduction with 100 mM dithiothreitol (in 10 mM 
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ammonium bicarbonate) for 30 min. The SCX resin was then dried and washed with KPB buffer 

to quench the reaction. Proteins were subjected to simultaneous alkylation and trypsin digestion 

with 10 mM iodoacetamide (in 100 mM Tris-HCl, pH 8.0) for 2 h. Peptides were then eluted 

with 200 mM ammonium bicarbonate. 

LC-MS/MS and Data Analysis. Peptide samples were acidified with FA and loaded on a 

200 urn x 50 mm fused silica precolumn packed with 5 cm of YMC ODS-A CI8 beads (Waters 

Co.) using an 1100 series HPLC system (Agilent Technologies). Following a desalting step, the 

flow was split, and peptides were eluted through a second 75 jam x 50 mm column packed with 

the same beads at approximately 200 nL/min using a 5-80% gradient of ACN with 0.1% FA (J.T. 

Baker) for 1 h. The LC effluent was electrosprayed into a QSTAR Pulsar quadrupole-TOF mass 

spectrometer (ABI/MDS Sciex). MS and MS/MS spectra were acquired in a data-dependent 

mode, with one MS scan followed by four MS/MS scans. MS/MS spectra were matched to 

human sequences in the NCBI database using the Mascot (Matrix Science) search engine with 

carbamidomethyl (C) as a fixed modification and oxidation (M) and ubiquitination (K) as 

variable modifications. Peptide and MS/MS mass tolerances were set at ±100 ppm and 0.2 Da, 

respectively. Ion cutoff scores were set to 15. Reverse database searches using the same criteria 

were also performed to determine false positive rates. MS/MS spectra of all signature peptides 

were manually verified to confirm internal lysine residues with GG or LRGG moieties. 
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3.5 Results and discussion 

Strategy for Processing Proteins on the Proteomic Reactor. The overall strategy for 

processing proteins on the Proteomic Reactor is a three-step procedure (Figure 3.1). In the first 

step, protein samples (~100 uL) are acidified, mixed with trypsin, and loaded on the Proteomic 

Reactor using a pressure bomb and nitrogen gas. At pH 3, most of the proteins are positively 

charged and bind to the SCX resin. Nonionic detergents, salts, and other buffer components are 

removed by washing the beads with a dilute organic solvent and water. Since the interstitial 

volume in the Proteomic Reactor is approximately 50 nL, a 2000-fold pre-concentration effect is 

achieved when 100 |j.L of protein sample is loaded.14 Therefore, chemical derivatizations and 

enzymatic reaction rates are significantly enhanced as compared to in-gel and in-solution 

digestions. 

In the second step, bound proteins are subjected to disulfide bond reduction with 

dithiothreitol. A buffer solution containing iodoacetamide is then added to increase the pH and 

permit simultaneous cysteine alkylation and trypsin digestion. Only sufficient volumes of 

dithiothreitol and iodoacetamide solutions are added to hydrate the SCX beads. In the third and 

final step of the procedure, peptides are eluted using an ammonium bicarbonate buffer, which is 

readily compatible with LC-MS/MS analysis. The total time for processing protein samples on 

the Proteomic Reactor is approximately 2.5 h, which is shorter than standard in-gel or in-solution 

digestion protocols. 

Immunopurification of Ubiquitinated Proteins from HI299 Cells -/+ VCP Depletion. To 

demonstrate a biological application of the Proteomic Reactor, we integrated this technology 

with a protocol that we have previously developed for purifying and identifying ubiquitinated 
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proteins in human cells.15 We believed that by eliminating SDS-PAGE separation and in-gel 

digestions after immunopurification, a significant reduction in sample processing times could be 

achieved (Figure 3.1). 

Two populations of human HI299 lung adenocarcinoma cells were used in this study. 

The first consisted of cells transfected with anti-VCP siRNA, while the second consisted of 

control cells transfected with empty vector (pSuper). As depicted in Figure 3.2, knock-down of 

VCP by two different anti-VCP siRNA constructs (VCP3 and VCP6) resulted in an 

accumulation of ubiquitinated proteins as assessed by Western blotting with an anti-ubiquitin 

(Ub) antibody. Cells transfected with anti-VCP3 siRNA were used for large-scale 

immunopurification experiments because slightly higher levels of knockdown and ubiquitin 

accumulation were observed with this construct. 

Poly-prep chromatography columns were filled with anti-Ub beads, and HI299 whole 

cell lysates (WCLs) were loaded and allowed to incubate at 4 °C. Prior to loading, WCLs were 

pre-cleared by passing them through columns containing only Protein G-agarose beads. After a 4 

h incubation period, which was a sufficient time to permit ubiquitinated proteins to bind the anti-

Ub beads with high-affinity, a series of washing steps was performed. Bound proteins were then 

eluted with a solution containing a low percentage of ionic detergent (2% SDS). A control 

experiment using anti-IgG beads was also performed in parallel. 

Aliquots of VCP3 and pSuper WCLs before and after immunopurification were analyzed 

by Western blotting (Figure 3.2). Prior to immunopurification, numerous ubiquitinated proteins 

were observed in both cell populations (lanes 1 and 4). The stronger band intensities in lane 4 

confirmed the previous observation of increased ubiquitination as a result of anti-VCP3 siRNA 
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transfection. After immunopurification, WCLs were depleted of ubiquitinated proteins (lanes 2 

and 5), indicating that they were captured and retained by the anti-Ub beads. Aliquots containing 

0.2% of the immunopurified samples were also analyzed to confirm the efficiency of elution 

(lanes 3 and 6). As expected, no ubiquitinated proteins were detected when anti-IgG beads were 

used (lane 7), thus confirming the specificity of the anti-Ub beads. 

Loading Affinity-Purified Proteins on the Proteomic Reactor. When dissolved in 2% 

SDS, purified protein samples did not bind to the SCX beads in the Proteomic Reactor. This was 

determined by analyzing reactor flow-throughs after SDS-PAGE and silver staining. Therefore, 

we explored the use of acetone precipitation and spin columns with a low molecular weight 

cutoff (MWCO) to permit a buffer exchange step. We tested both procedures using bovine serum 

albumin (BSA) dissolved in 2% SDS. Acetone precipitation resulted in a BSA pellet that was 

dissolved in a reactor-compatible solution, while spin columns concentrated BSA in a small 

enough volume to be diluted in the same solution. Only acetone-precipitated samples displayed 

efficient binding to SCX beads. Therefore, this procedure was selected as the method of choice 

for removing SDS from immunopurified samples. 

Interestingly, we found that ubiquitinated protein pellets did not dissolve as easily as the 

BSA protein pellet. To aid the solubilization process, formic acid up to 10% was added. This 

step was fully compatible with the Proteomic Reactor as protein samples require an acidification 

step prior to loading.14 After samples were loaded on the Proteomic Reactor, bound proteins 

were subjected to reduction, alkylation, and trypsin digestion. The resulting peptides were then 

eluted for LC-MS/MS analysis. 
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Mass Spectrometric Analysis of Immunopurified Proteins. Tryptic peptides were 

separated by nanoflow LC and introduced into a quadrupole time-of-flight (q-TOF) mass 

spectrometer.22'23 Mapping of ubiquitination sites was performed by identifying internal lysine 

(K) residues with monoisotopic masses of 242.13788 or 511.32305 Da. These masses correspond 

to lysine residues (128.09496 Da) with attached GG (+114.04292 Da) or LRGG (+383.22809 

Da) moieties derived from the carboxy terminus of Ub.15'24 Signature peptides containing 

modified lysine residues were produced by trypsin digestion. 

Representative MS/MS spectra of signature peptides are shown in Figure 3.3. Doubly 

charged [M + 2H]+ peptide ions at m/z 543.27, 475.72, 436.72, and 415.24 were fragmented via 

collision-induced dissociation. The masses of these fragments were measured, and the peptide 

sequences LKGGDLVQQK, FGSLEKGGR, ALAEAKGGR, and ALLKGGDR, all of which contain 

an internal lysine with a diglycine remnant (KGG), were obtained. Database searching matched 

these peptides to a Kinesin-like motor protein, KIF-14, MTG8-related protein, and Neu tumor-

associated kinase. 

A total of 16 signature peptides matching to 14 proteins were identified in the VCP3 

sample, while 12 signature peptides matching to 11 proteins were identified in the pSuper sample 

(see Table 3.1). Reverse database searching using the same criteria for protein identifications 

were performed to determine false positive rates. A single signature peptide was identified with 

the reverse database that had a higher score in the forward database for the VCP3 MS/MS data, 

which represents a false positive rate of approximately 6% (1/16), while three signature peptides 

were identified with the reverse database that had higher scores in the forward database for the 

pSuper MS/MS data, which represents a false positive rate of 25% (3/12). 
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A total of 58 candidate ubiquitinated proteins were also identified from the VCP3 and 

pSuper samples. These proteins were selectively purified using the anti-Ub antibody and were 

not identified after immunopurification with the IgG antibody. Candidate ubiquitinated proteins 

that were identified include the following: Sequestosome-1, which is a protein that contains a 

ubiquitin-associated (UBA) domain and is involved in proteasomal degradation of ubiquitinated 

proteins; numerous E2 and E3 ubiquitin ligases; subunits of the 26S proteasome complex; 

Actin, which is known to be ubiquitinated on lysine-118; and Racl, which is a regulator of 

actin dynamics that was recently shown to be ubiquitinated. 

These proteins were designated as candidates because they were isolated by 

immunopurification with the anti-Ub antibody, but no ubiquitination sites could be precisely 

mapped by MS/MS. The inability to map ubiquitination sites on these proteins may be attributed 

to sensitivity issues, but it is also possible that for at least a subset of these proteins, they, or a 

large percentage of their total pool, were not ubiquitinated but instead interacted strongly with 

various ubiquitinated substrates (especially in the case of VCP depletion) and were copurified. 

The distribution of ubiquitinated and candidate ubiquitinated proteins identified from the 

VCP3 and pSuper samples is shown in Figure 3.4. Five ubiquitination sites were mapped on four 

proteins that were common to both samples (4/21 or 19%), while 12 ubiquitination sites were 

exclusively mapped on 10 proteins that were identified from the VCP3 sample. A greater degree 

of overlap was observed for the candidate ubiquitinated proteins, as 23 were common to samples 

(23/58 or 40%), while 21 were exclusively identified from the VCP3 sample. Pie-chart 

distributions of all proteins into functional categories are also shown in Figure 3.4. 
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Confirmation of Candidate Ubiquitinated Proteins. Three candidate ubiquitinated proteins 

were selected for immunoprecipitation and Western blotting experiments to confirm their 

ubiquitination status in HI299 cells -/+ VCP depletion. Sequestosome-1 (also known as p62 or 

p60) and HSP90 were selected because their higher abundance in VCP depleted cells versus the 

control cells (based on the number of identified peptides) could be due to increases in their 

ubiquitination or to interactions with ubiquitinated proteins. Actin, on the other hand, was 

selected because was no apparent difference in the abundance of this protein in control versus 

VCP depleted cells was observed. 

Protein extracts from HI299 cells transfected with empty vector (pSuper) or anti-VCP3 

siRNA (VCP3) were subjected to immunoprecipitation with anti-Sequestosome-1, anti-HSP90, 

and anti-Actin beads and were analyzed by Western blotting with the anti-Ub antibody (Figure 

3.5). For Sequestosome-1, numerous bands above 62 kDa were detected in both samples, 

confirming the presence of higher molecular weight polyubiquitinated isoforms (lanes 1 and 2). 

Stronger band intensities in lane 2 were also observed, confirming an increase in the amount of 

ubiquitinated Sequestosome-1 as a result of VCP knockdown (lane 2). 

For Actin (Figure 3.5), a single band at approximately 50 kDa was detected in both 

samples, which confirmed the presence of a mono-ubiquitinated isoform of actin (lanes 1 and 2). 

Band intensities were similar for both samples, suggesting that VCP knockdown had no effect on 

the ubiquitination status of actin. For HSP90 (Figure 3.5), bands above 90 kDa were detected in 

both samples, which confirmed the presence of higher molecular weight poly-ubiquitinated 

isoforms (lanes 1 and 2). Stronger band intensities in lane 2 were also observed, confirming an 

increase in the amount of ubiquitinated HSP90 as a result of VCP knockdown (lane 2). 
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Preliminary Data Analysis. Although the goal of this study was to demonstrate an 

application of the Proteomic Reactor for identifying affinity-purified proteins, it is worth 

discussing briefly the potential significance of the data. Many proteins that were identified in 

VCP depleted cells are consistent with an accumulation of ubiquitinated proteins when VCP 

expression/function is suppressed. These proteins include various subunits of the 26S proteasome 

complex, known ubiquitin binding partners, and members of the heat shock family of proteins. 

Interestingly, studies have shown that several other proteins, including Sequestosome-1, may be 
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substrates of the ubiquitination machinery, ' and our results indicate that ubiquitinated forms 

of these proteins accumulate in cells containing low VCP levels. It also deserves to be noted that 

our approach has mapped many novel ubiquitination sites on proteins that were purified from 

cells containing and/or expressing reduced amounts of VCP. Some of these proteins have been 

documented to be regulated by the ubiquitin-proteasome pathway,30'31 while others have not. 

Thus, it will be interesting to determine the effect of ubiquitination on these proteins and if 

mutations of lysine residues harboring this modification impair or suppress their function. 

3.6 Conclusion 

Taken together, our results demonstrate that the Proteomic Reactor is a microfluidic 

processing device that permits the analysis of affinity-purified proteins by LC-MS/MS. A 

specific application was demonstrated that enabled the identification of ubiquitinated and 

candidate ubiquitinated proteins in human HI299 lung adenocarcinoma cells. The Proteomic 

Reactor may be adapted for the study of other posttranslational modifications and may be 

employed for future studies requiring an analysis of affinity-purified proteins. 
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Figure 3.1 Experimental method and the Proteomic Reactor, (a) 1: H1299 cells were 

transfected with empty vector (pSuper) or anti-VCP siRNA. 2: Ubiquitinated proteins were 

isolated by immunopurification. 3: Immunopurified samples were processed on the Proteomic 

Reactor. 4: Peptides were analyzed by LC-MS/MS. (b) 1: Immunopurified samples were 

acidified (pH < 3), mixed with trypsin, and loaded on the Proteomic Reactor. 2: Proteins were 

reduced, and the pH was raised to permit alkylation and enzymatic digestion (pH = 8). 3: 

Peptides were eluted in a buffer compatible with LC-MS/MS analysis. 
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Figure 3.2 Anti-VCP siRNA constructs and immunopurification of ubiquitinated 

proteins, (a) Protein extracts (20 ug) from HI299 cells transfected with empty vector (pSuper) 

or anti-VCP siRNA constructs (VCP3 and VCP6) were analyzed by Western blotting with anti-

VCP, anti-Ub, and anti-Actin (as a loading control) antibodies, (b) Protein extracts (100 ug) from 

HI299 cells were analyzed by Western blotting with the anti-Ub antibody before and after 
i 
i 

immunopurification (WCL and WCL post-IP). Aliquots containing 0.2% of the immunopurified 

samples were also I analyzed (Eluate). A negative control was performed using an anti-IgG 

antibody for immunopurification. 
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Figure 3.3 Representative MS/MS spectra of signature peptides. MS/MS spectra of 

peptide ions at m/z (a) 543.27 (2+), (b) 475.72 (2+), (c) 436.72 (2+), and (d) 415.24 (2+) 

matching to Kinesin-like motor protein, KIF14, MTG8-related protein, and Neu tumor-

associated kinase, respectively. The peptide sequences LKGGDLVQQK (ion score 21), 

FGSLEKQGR (ion score 17), ALAEAKGGR (ion score 28), and ALLKGGDR (ion score 15) all 

contain an internal lysine (K) residue with a diglycine (GG) remnant that was derived from Ub. 
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Figure 3.4 Ubiquitinated proteins and candidate ubiquitinated proteins, (a and c) Venn 

diagrams of ubiquitinated proteins and candidate ubiquitinated proteins identified in two 

populations of HI299 cells, (b and d) Pie-chart distributions of ubiquitinated proteins and 

candidate ubiquitinated proteins into functional categories. 
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Figure 3.5 Confirmation of candidate ubiquitinated proteins. Protein extracts (500 ^g) 

from HI299 cells transfected with empty vector (pSuper) or anti-VCP3 siRNA (VCP3) were 

subjected to immunoprecipitation with (a) anti-Sequestosome 1, (b) anti-Actin, or (c) anti-HSP90 

antibodies and were analyzed by Western blotting with the anti-Ub antibody. 
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Table 3.1 Ubiquitinated Proteins and Signature Peptides Identified in Human H1299 

Lung Adenocarcinoma Cells. 

protein name3 

Obiquitm 

RPL 1-33416.1 
ktnesin-lfke motor protein 
EU32745 
fibroblast growth factor receptor 4 variant 
Nudix-type motif 6 isoform a variant 
TRA["3-interactingJNK-activatingm<xMatar 
Homeobox protein Hox-B7 
kinesln-like protein KIF1.4 
CUF1 
zinc finger protein HRX 
Polyubiquitin 

MTG8 -related protein 
ATPnse family AAA domain-containing protein 1 
threonyl-tRNA synthetase 
ASH1L 
LOG.143684 
ATR-irUeracting protein 
v-fos FBJ osteosarcoma oncogene homologue 
Neu-tumor associated kinase 
5-liydroxyt.ryptajrrine 1A receptor 

accession no. 

im 
229532 

57162363 
58036802 
29791.660 
62088842 
62089102 
4678741 
123255 
40788943 
54035062 
4007383 
26271.29 

2981446 
1.8033709 
.1464742 
7243221 
46195787 
17227178 
4885241 
7657214 
35524 

function" 

ubiquilinalfcin 

unknown 
transport (other) 
unknown 
signal transduction 
hydrolase (other) 
signal transduction 
transcription 
motor protein (other) 
signal transduction 
transcription 
ubiquilination 

transcription 
ATPase (other) 
translation 
transcription 
unknown 
ribonuclease (other) 
unknown 
signal transduction 
signal transduction 

sample^ 

pSuper, 
pSuper, 
pSuper, 
pSuper, 
pSuper, 
pSuper 
pSuper 
pSuper 
pSuper 
pSuper 
pSuper 
pSuper 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 
VCP3 

VCP3 
VCP3 
VCP3 
VCP3 
VCP3 

signature peptide 

LIFAGK^QLEDGR 
UFAGKUMXJQLED GR 

KfioAEKEAK 
E.Kc0DLVQQK 
KG<;!DIQAKR 
I G T V T P S K M V S R 

LDAAAFQKcr.GlJQ GK 
KGOVLLEMEDQKN SYEQK 
RMKOCWKCGKENK 

FGSLEKffiR 
NNKmrjoQVLDK 
DSKO^IEKUKMSKGOR 

UFAGKecQLEDGR 
UFAGIWQLED GR 
.AIAEAKcoB 
WM.VDAID.PTRKGO.QK 

QAFERLEVKsrrK 
'KIVASSAMGLVNKOG'DIGKOCK 

LESKficPSNGDRSM 
.UlXSMSKnsNPSG K 
A G W K G C T M T G G R A Q S I G R R 

ALLKGCOR 
K«;MAI.AR 

ion 
score 

58, 51 
19, 19 
22, 20 
21, 18 
2.1, .17 
20 
20 
20 
18 
17 
17 
15 
5.1. 
19 
28 
21 
19 
18 
18 
17 
J6 
15 
15 

a -Commonly used protein names ami functional information obtained from SwbsPcot: (http;//ca,expasy.oj:g} aaid the Human Protein ReFerence Database 
(tattp://www,hpr&arg) e pSuper refers to H1299 cells tnmsfeeted with an empty vector; VCP3 r&fers to HI299 cells transacted with arm~VCP siRNA 
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Chapter 4: Systematic determination of ion score cutoffs based on calculated false 

positive rates: application for identifying ubiquitinated proteins by tandem 

mass spectrometry 

4.1 Manuscript status and statement of author contributions 

A version of this chapter has been published in the Journal of Mass Spectrometry: 

Vasilescu J, Smith JC, Zweitzig D, Denis NJ, Haines DS, Figeys D. Systematic determination of 

ion score cutoffs based on calculated false positive rates: Application for identifying 

ubiquitinated proteins by tandem mass spectrometry. Journal of Mass Spectrometry. Vol. 43: 

296-304, 2008. JV and JCS conceived, designed and performed the experiments. JV wrote the 

manuscript. DZ performed the cell culture and siRNA experiments. NJD processed samples on 

the proteomic reactor. DSH and DF edited the manuscript. 

4.2 Summary 

We report a simple approach for determining ion score cutoffs that permit the confident 

identification of ubiquitinated proteins by tandem mass spectrometry (MS/MS). Initial 

experiments involving the analysis of gel bands containing multi-Ubiquitin chains with 

quadrupole time-of-flight and quadrupole ion trap mass spectrometers revealed that standard ion 

score cutoffs used for database searching were not sufficiently stringent. We also found that false 

positive and false negative rates (FPR and FNR) varied significantly depending on the cutoff 

scores used and that appropriate cutoffs could only be determined following a systematic 
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evaluation of false positive rates. When standard cutoff scores were used for the analysis of 

complex mixtures of ubiquitinated proteins, unacceptably high FPR were observed. Finally, we 

found that FPR for ubiquitinated proteins are affected by the size of the protein database that is 

searched. These observations may be applicable for the study of other post-translational 

modifications. 

4.3 Introduction 

The majority of proteomic studies that have been conducted over the last decade have 

relied on tandem mass spectrometry (MS/MS) to identify proteins and their post-translational 

modifications in a wide variety of samples including tissue extracts, biological fluids, cell lysates 

and subcellular fractions. Consequently, our understanding of signaling pathways and the 

interactions that regulate key cellular processes have improved significantly. With an increasing 

number of laboratories relying on proteomic experiments to guide their research efforts and an 

escalating amount of data in the literature, straightforward methods to estimate the accuracy of 

MS/MS results are necessary.1-9 This is especially true for mapping post-translational 

modifications, including phosphorylation and ubiquitination, since the standard criteria used for 

identifying modified proteins may not suitable.1(M6 

Prior to MS/MS analysis, protein samples are typically subjected to an enzymatic 

digestion step to generate shorter length peptides. The peptides are then introduced into a mass 

spectrometer by electrospray ionization (ESI) or matrix-assisted laser desorption ionization 

(MALDI) so their mass to charge ratios (m/z) and fragmentation patterns may be determined. 
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The resulting MS/MS data are searched against a protein database using a software algorithm, 

such as Mascot or Sequest.17'18 These algorithms function by comparing the MS/MS 

fragmentation patterns of the unknown peptides to the predicted fragmentation patterns of all 

peptides of the same mass in a protein database and reporting the best matches. 

An important consequence of this database searching strategy is that incorrect matches 

will occur since the best match is not always a perfect match. To differentiate between correct 

and incorrect matches, algorithms assign ion scores which reflect the likelihood that a peptide 

match occurred by chance. An ion score cutoff is then employed so that peptides that match with 

scores below this value are rejected, while those with higher scores are accepted. This means that 

for any given cutoff, some correct matches will be rejected (false negatives) while a number of 

incorrect matches (false positives) will be accepted. One method for estimating false positive 

rates (FPR) involves searching a MS/MS dataset against a database that also contains non-sense 

sequences.19'20 These non-sense sequences may be generated by randomly scrambling or 

reversing the protein sequences in the original (forward only) database. While correct matches 

will be made to the forward protein sequences, matches that occur randomly will be made with 

equal frequency to the forward and scrambled/reversed protein sequences. 

Numerous factors can influence FPR, including the mass accuracy and resolution of the 

mass spectrometer, the size of the protein database that is searched, and the nature of the 

sample.4'6'21 Therefore, if a single ion score cutoff is used for every MS/MS experiment, a variety 

of FPR may be observed. For example, if a single yeast protein in a gel band is digested and 

analysed, most of the resulting peptides should be matched with scores well-above a standard 

cutoff and the FPR should be negligible. However, if a protein extract from whole cell lysates 
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(WCLs) is analysed using the same cutoff, hundreds or thousands of peptide matches could be 

accepted at, or just above the cutoff. In this case, many will represent incorrect matches and a 

significant FPR will be observed. 

In the current study, we report a simple approach for determining appropriate ion score 

cutoffs for the identification of ubiquitinated proteins that ensures a low FPR. For our initial 

experiments, we analysed multi-Ubiquitin (Ub) chains with quadrupole time-of-fiight (QqTOF; 

Qstar) ' and quadrupole ion trap (QIT; LTQ) ' mass spectrometers in combination with the 

Mascot database search engine. We found that standard ion score cutoffs (i.e. 15 for the Qstar 

and 26 for the LTQ) were not sufficiently stringent as significant FPR were observed. We also 

found that FPR and false negative rates (FNR) varied significantly depending on the cutoff score 

used and that appropriate cutoff scores could only be determined following a systematic 

evaluation of FPR. When a range of cutoff scores was used for the analysis of complex mixtures 

of ubiquitinated proteins obtained from human cell lysates by immunopurification with an anti-

Ub antibody, unacceptably high FPR were observed. As a final set of experiments, we searched 

the MS/MS data obtained for the analysis of immunopurified ubiquitinated proteins against five 

protein databases of increasing size to determine if FPR for ubiquitinated proteins are affected by 

the size of the protein database that is searched. 

4.4 Materials and methods 

Reagents and ubiquitinated proteins. Mouse monoclonal anti-Ub antibody (clone FK2) 

and K48- & K63-linked multi-Ub chain standards were purchased from Biomol Inc. 5 ug of 
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multi-Ub chains were separated by SDS-PAGE and stained with Coomassie blue. HI299 lung 

adenocarcinoma cells were cultured and harvested as previously described. WCLs were 

prepared and protein content was determined using a Bradford protein assay kit (Bio-Rad). 

Immunopurification of ubiquitinated proteins. Pre-cleared WCLs were loaded onto 

columns containing 250 uL of protein G-agarose beads coupled to 500 ug of anti-Ub antibody 
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and allowed to incubate for 4 h at 4 °C. ' Columns were washed with RIPA buffer (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1% NP-40, 0.25% Na deoxycholate, 1 mM EDTA) and bound 

proteins were eluted with 2% SDS. Trichloroacetic acid was added to a final concentration of 

25% and samples were put on ice for 30 min. Samples were then centrifuged for 30 min at 14 

000 rpm. Supernatants were removed and protein pellets were washed with chilled (-20 °C) 

acetone and centrifuged for another 20 min at 14 000 rpm. Acetone was removed and protein 

pellets were reconstituted in 1% NP-40, 150 mM NaCl, and 10 mM potassium phosphate (KPB 

buffer). Formic acid up to 10% was added to help dissolve the pellets. 

Protein digestion and sample preparation. Gel bands containing multi-Ub chains were 
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excised and subjected to tryptic digestion using a standard in-gel digestion protocol. 

Immunopurified samples were digested with the Proteomic Reactor, which was assembled by 

connecting 8 cm of fused silica capillary tubing (200 uM i.d.) to an in-line microfilter (Upchurch 

Scientific). A pressure bomb was then used to pack 4 cm of strong cation exchange (SCX) beads 

(The NestGroup) into the opposite end of the capillary tubing by applying 150 PSI of N2 gas. 

Immunopurified samples were acidified and 2 ug of sequencing-grade trypsin (Promega) was 

added (0.5 ug/ul in KPB buffer, pH 3.0) to give a final protein: trypsin ratio of approximately 

5:1. The supernatant was loaded on the SCX beads using the pressure bomb and N2 gas. Bound 
94 



proteins were then washed with 20% acetonitrile (ACN), followed by milli-Q H2O. Disulfide 

bond reduction was achieved with 100 mM dithiothreitol (in 10 mM ammonium bicarbonate) for 

30 min. The SCX resin was then dried and washed with KPB buffer to quench the reaction. 

Proteins were subjected to simultaneous alkylation and tryptic digestion with 10 mM 

iodoacetamide (in 100 mM Tris-HCl, pH 8.0) for 2 h at room temperature. Tryptic peptides were 

eluted with 200 mM ammonium bicarbonate. 

LC-MS/MS analysis. Peptides were loaded onto a microtrap column (Dionex, 

Sunnyvale,CA) for desalting/concentration using an Agilent 1100 HPLC (Agilent, Santa Clara, 

CA). Peptides were then separated on a CI8 PepmaplOO analytical column (Dionex, Sunnyvale, 

CA) using a 250 nl/min flow with the following gradient of acetonitrile: 0 min: 5%, 2 min: 10%, 

50 min: 30%, 57.5 min: 50%, 62 min: 80%, 70 min: 80%, 72.5 min: 5%, 85 min: 5%. Peptides 

were analysed with a Qstar Elite (Applied Biosystems, Foster City, CA) and a LTQ mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA) both operated in an information-

dependent acquisition mode with a 1 survey scan (MS) followed by 5 product ion scans 

(MS/MS). MS times were 250 ms (Qstar) or 50 ms (LTQ); MS/MS experiments were 150 ms 

(LTQ) or dynamic based on the quality of the spectrum (Qstar). Additional immunopurified 

samples were analysed in duplicate with the Qstar Elite. 

Data analysis and bioinformatics. MS/MS data was searched against a concatenated IPI 

protein database29 containing forward and reversed human protein sequences using the Mascot 

search engine (Matrixscience Ltd, Boston, MA). Carbamidomethylation of cysteine (C) residues 

was selected as a fixed modification while oxidation of methionine (M) residues and 

ubiquitination of lysine (K) residues were selected as variable modifications. Peptide mass 
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tolerances were set to 50 ppm (Qstar) or 2 Da (LTQ) and fragment ion mass tolerances were set 

to 0.15 Da (Qstar) or 0.8 Da (LTQ). The Mascot output was formatted as a peptide summary 

with standard scoring and a minimum ion score cutoff of 15. The requirement that each protein 

contain at least one bold red peptide was also selected, which effectively removes duplicate 

homologous proteins from the results (for more information see 

www.matrixscience.com/help/interpretation help.html). The HTML output was copied into a 

Microsoft Excel spreadsheet and parsed using a modified version of a recently reported tool. 

The parser removed all non-signature peptides and examined the MS/MS data to ensure that 

there were at least 3 y- or b-ions in a row (excluding bi-+ ions), or 3 y-++ or b-++ ions in a row 

(excluding bi-++ ions) if the charge state of the precursor was > 2+. The parser also discarded 

MS/MS data if the RMS error was greater than 200 ppm (Qstar) or 1000 ppm (LTQ). Signature 

peptides were then manually validated to ensure that all ubiquitination sites were mapped to 

internal lysine residues. 

4.5 Results and discussion 

Ubiquitin (Ub) and signature peptides. Ub is a highly conserved 76-amino acid protein 

that is present in all eukaryotes and differs in only four residues among yeast, plants and 

mammals.31,32 In its simplest form, a single Ub molecule is covalently attached via its C-terminal 

glycine (G76) to a lysine on the target protein through an isopeptide bond. This process, known 

as mono-ubiquitination, is often followed by the glycine-lysine ligation of additional Ub 

molecules to the first, forming di-, tri-, tetra or multi-Ub chains. Since Ub itself contains seven 
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lysines (K6, Kl l , K27, K29, K33, K48 and K63) a number of different chain linkages are 

possible (Figure 4.1). 

Enzymatic digestion of ubiquitinated proteins with trypsin typically results in the 

production of signature peptides with a di-glycine (GG) tag that is derived from the carboxy-

terminus of Ub. These signature peptides have a monoisotopic mass addition of 114.04292 Da on 

lysine residues and are characterized by a missed cleavage site because trypsin is unable to 

cleave after these modified lysine residues. This provides a platform for the identification of 

ubiquitinated proteins because the GG-tag can be detected as a variable modification after 

MS/MS analysis and database searching.26,27 Recently, we reported a more comprehensive 

approach for identifying ubiquitinated proteins that also involves searching for signature peptides 

with a LRGG-tag (+383.22809 Da), which is the result of a missed cleavage site at arginine-74 

ofUb.33 

MS/MS analysis of multi-Ub chains. Although several proteomic studies have reported 

the identification of ubiquitinated proteins in yeast and mammalian cell lysates,34^36 no 

systematic method for estimating the accuracy of the results was described. This represents a 

concern for several large-scale studies that have reported the identification of hundreds or even 

thousands of post-translational modifications by MS/MS since a number of experimental details, 

including individual ion scores, have only recently become a requirement for publication. ' 

Historically, the proteomics field has relied on standard ion score cutoffs to achieve 

acceptable FPR for protein identifications. Gygi and co-workers, for example, demonstrated that 

Mascot ion score cutoffs of 15 and 16 (for 3+ and 2+ ions, respectively) using a Qstar mass 

spectrometer or 26 and 30 (for 3+ and 2+ ions, respectively) using a LTQ mass spectrometer 
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achieved a 1% FPR for the identification of tryptic peptides from a yeast cell lysate using a gel-

based approach.22 Although these cutoff scores are generally useful for achieving low FPR for 

protein identifications, they may not be suitable for mapping post-translational modifications, 

such as phosphorylation and ubiquitination. 

To determine if standard ion score cutoffs are suitable for mapping ubiquitination sites, 

we analysed commercially available multi-Ub chains since they produce a simple mixture of 

signature peptides following tryptic digestion. Multi-Ub chain isoforms (Stnd 1 and 2) were 

mixed (Mix) in a 50:50 ratio, separated by SDS-PAGE, and stained with Coomassie Blue. Three 

gel bands were excised and subjected to in-gel trypsin digestion as shown in Figure 4.2. The 

digested samples were split into equal fractions and analysed with a QqTOF (Qstar) and a QIT 

(LTQ) mass spectrometer. The Mascot search engine was then used to search the MS/MS data 

against a concatenated database containing both forward and reversed human protein sequences. 

Ion score cutoffs between 15 and 40 were employed. The Mascot output was then copied into 

Microsoft Excel and filtered using a parser program as described in the Materials and methods 

section. A complete list of database searching parameters can be found in Table 4.1. 

All signature peptide matches were manually validated to ensure that ubiquitination sites 

were mapped to internal lysine residues. Representative MS/MS spectra of signature peptides 

obtained with the Qstar and the LTQ are shown in Figure 4.2. The spectrum on the left is a triply 

charged [M + 3H]+ peptide ion at m/z 487.6 that matched to the sequence L IFAGKGGQLEDGR 

with an ion score of 65, while the spectrum on the right is a triply charged [M + 3H]+ ion at m/z 

749.1 that matched to the sequence TLSDYNIQKGGESTLHLVLR with an ion score of 111. 
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The top scoring signature peptides matching to Ub were tabulated to determine which 

lysine residues were involved in Ub-chain branching (Table 4.2). A total of six Ub-chain 

branching sites (out of a possible of seven) were identified with the Qstar and the LTQ, as shown 

in Figure 4.2. Each of the five sites identified with the Qstar were observed for all three analyses, 

while the five sites identified with the LTQ were observed with less consistency. However, the 

LTQ enabled the identification of a unique branching site that was missed by the Qstar (K27), 

which is likely due to experimental variation. Overall, our results indicate that the sensitivity of 

the Qstar is slightly higher than that of the LTQ. 

False positive and false negative rates for the analysis of multi-Ub chains. In theory, the 

probability of non-peptide spectral noise matching to forward or reversed protein sequences in a 

concatenated database should be equivalent.19'39 As an example, if five peptides are matched to 

reversed protein sequences, one can assume that there are also five false positives hidden 

i n 

amongst the matches to the forward protein sequences. Therefore, the total number of false 

positives in a MS/MS dataset is equal to the number of matches to reversed protein sequences 

multiplied by two. For this study, we assume that the number of signature peptide matches to 

reversed protein sequences corresponds to the number of false positives that would have 

occurred if the original (forward only) database were searched. Therefore, FPR for signature 

peptides were calculated as follows: FPR = no. of reversed signature peptide matches/no. of 

forward signature peptide matches. 

FPR for signature peptides and standard deviations were calculated for the multi-Ub 

chain analyses and plotted as a function of the ion score cutoff (Figure 4.3). The average FPR (n 

= 3) for the Qstar at an ion score cutoff of 15 was 16.54%, which is considerably higher than the 
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1% FPR for tryptic peptides observed by Gygi and co-workers at the same cutoff. The average 

FPR for signature peptides improved to 9.02% at a cutoff of 20 and eventually fell to 3.78% at a 

cutoff of 27. Improved FPR were also observed for the LTQ as the cutoff scores were increased. 

The average FPR for the LTQ at a cutoff score of 25 was 27.47% and improved to 8.64% at a 

cutoff score of 35 and eventually fell to 4.60% at a cutoff score of 40. Overall, FPR for signature 

peptides were lower for the Qstar when compared to the LTQ. 

The number of false negatives in a MS/MS dataset can be estimated by calculating the 

number of correct peptide matches that are rejected at any given cutoff score. Therefore, FNR for 

signature peptides were calculated as follows: FNR = no. of Ub signature peptides rejected/total 

no. of Ub signature peptides. FNR for signature peptides and standard deviations were calculated 

for the multi-Ub chain analyses and plotted as a function of the ion score cutoff (Figure 4.3). The 

average FNR (n = 3) for the Qstar was negligible for cutoff scores between 15 and 25, indicating 

that no correct signature peptide matches were rejected in this range. For cutoff scores between 

27 and 40, the FNR increased from 5.69 to 24.13%. A nearly identical trend for FNR was 

observed with the LTQ between cutoff scores of 27 and 40, indicating that roughly the same 

proportion of correct signature peptide matches are rejected when cutoff scores in this range are 

used. 

Taken together, Figure 4.3 demonstrates that standard ion score cutoffs used with the 

Qstar (i.e. 15 for 3+ ions and 16 for 2+ ions) and the LTQ (i.e. 26 for 3+ ions and 30 for 2+ ions) 

mass spectrometers are not sufficiently stringent for mapping ubiquitination sites as significant 

FPR are observed. We believe that the reason why higher cutoff scores are necessary for 

signature peptides is because database searching using variable modifications on lysine residues 

100 



(GG- and LRGG-tags) significantly increases the size of the protein database (i.e. the peptide 

pool) that is searched, thus increasing the probability of obtaining incorrect signature peptide 

matches. 

MS/MS analysis of complex mixtures of ubiquitinated proteins. To further investigate the 

effect of ion score cutoff on FPR, we analysed two samples containing a mixture of ubiquitinated 

proteins (samples 1 and 2). Ubiquitinated proteins were obtained from two populations of human 

HI299 lung adenocarcinoma cells (± anti-VCP siRNA treatment) by immunopurification with 

an anti-Ub antibody. Briefly, poly-prep chromatography columns were filled with anti-Ub beads 

and HI299 WCLs were loaded and allowed to incubate at 4°C. After a 4 h incubation period, 

which was sufficient time to permit ubiquitinated proteins to bind the anti-Ub beads with high-

affinity, a series of washing steps was performed. Bound proteins were eluted with a solution 

containing a low percentage of ionic detergent and subjected to trypsin digestion step using a 

microfluidic protein processing device known as the Proteomic Reactor.40 

The two digested samples were split into equal fractions and analysed with the Qstar and 

LTQ mass spectrometers. The Mascot search engine was used to search the MS/MS data using 

the same criteria as the gel band analyses with ion score cutoffs between 15 and 40. The Mascot 

output was filtered and FPR were calculated as previously described. The number of signature 

peptides matching to forward and reversed protein sequences for sample 1 is shown in Figure 

4.4. At a cutoff score of 15, a total of 35 signature peptides were identified with the Qstar, seven 

of which were false positives; FPR = 7/28 = 25%. At the same cutoff score (15), 235 signature 

peptides were identified with the LTQ. Although this represents a seven-fold increase in the 

number of signature peptides identified, the FPR was extremely high at roughly 93%; FPR = 
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113/122 = 92.6%. At a cutoff score of 23, 11 signature peptides were identified with the Qstar, 

only one of which was a false positive; FPR = 1/10 = 10%. At the same cutoff score (23), 49 

signature peptides were identified with the LTQ but once again, the FPR was beyond any 

acceptable level at 104.1%; FPR = 25/24 = 104.1%. The remaining FPR for sample 1 were 

calculated and running averages were plotted as a function of the ion score cutoff (Figure 4.4). 

A similar decreasing trend for signature peptide FPR was observed with the Qstar for 

sample 2. At a cutoff score of 15, a total of 25 signature peptides were identified with the Qstar, 

six of which were false positives; FPR = 6/19 = 31.5% (Figure 4.4). While at a higher cutoff 

score of 23, 11 signature peptides were identified, with only one false positive; FPR = 1/10 = 

10%. The results for sample 2 with the LTQ were slightly improved compared to sample 1. At a 

cutoff score of 15, 182 signature peptides were identified, with a corresponding FPR of 111.6%. 

For cutoff scores between 23 and 30, FPR decreased from 50 to 33.3%. Only at a cutoff score of 

40, did the FPR fall to below 25% for the LTQ, which was problematic since only three 

signature peptide matches to forward protein sequences were observed. The remaining FPR for 

sample 2 were calculated and running averages were plotted as a function of the ion score cutoff. 

When FPR for samples 1 and 2 were compared to those obtained for the multi-Ub chain 

analyses, a significant increase was observed for both the Qstar and the LTQ. We believe that 

this is a result of the complex nature of samples 1 and 2 which increased the total amount of 

MS/MS data obtained and decreased its overall quality due to matrix effects, such as ionization 

competition, greater numbers of co-eluting peptides, and isobaric interferences. The differences 

in FPR observed with the Qstar and the LTQ for the same samples, however, may be attributed 
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to the fact that the Qstar provides higher mass accuracy and resolution and its ability to select 

only multiply charged ions for fragmentation, thus reducing the amount of spectral noise. 

False positive rates and protein database size. One of the factors that can influence the 

FPR for a MS/MS dataset is the size of the protein database that is searched. This is because 

larger databases contain a greater number of sequences, which in turn, increases the probability 

that a search engine will randomly match non-peptide spectral noise to peptide sequences. To 

test whether protein database size influences FPR for signature peptides, we searched the 

MS/MS data for samples 1 and 2 obtained with the Qstar against five databases of increasing 

size; 1) Homo sapiens (human) containing 153 777 sequences; 2) modified Homo sapiens 

containing 248 060 sequences; 3) Chordata (vertebrates and relatives) containing 690 662 

sequences; 4) Eukaryota (eukaryotes) containing 1 604 804 sequences; and 5) All entries (all 

species) containing 3 893 302 sequences. Chymotrypsin, rather than trypsin, was specified as the 

proteolytic enzyme so all signature peptide matches would represent known false positives. An 

ion score cutoff of 25 was employed for all database searches. 

The number of signature peptide and non-signature peptide false positives for sample 1 is 

shown in Figure 4.5. A single signature peptide false positive was observed when the Homo 

sapiens and modified Homo sapiens databases were searched, 8 when the Chordata database was 

searched, 26 when the Eukaryota database was searched, and 50 when the All entries database 

was searched. Therefore, as the database size increased, there was a corresponding increase in 

the number of signature peptide false positives. The R value for this relationship was 0.9838, 

indicating a linear correlation. A linear correlation was also observed between database size and 

the number of non-signature peptide false positives as the R value was 0.9811. 
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The number of signature peptide and non-signature peptide false positives for sample 2 is 

shown in Figure 4.5. Two signature peptide false positives were observed when the Homo 

sapiens and modified Homo sapiens databases were searched, 10 when the Chordata database 

was searched, 38 when the Eukaryota database was searched, and 55 when the All entries 

database was searched. The calculated R value for this relationship was 0.9232, which is 

slightly lower than the R2 value for sample 1 but was still sufficiently high to indicate a linear 

correlation. A linear correlation was also observed between database size and the number of non-

signature peptide false positives as the calculated R2 value was 0.9801. Overall, these results 

clearly demonstrate that protein database size affects the FPR for both signature peptides and 

non-signature peptides. 

4.6 Conclusion 

MS/MS analysis of ubiquitinated proteins requires the use of higher ion score cutoffs 

compared to conventional protein identifications. This is likely the result of an increase in 

protein database size when variable modifications on lysine residues (GG- and LRGG-tags) are 

considered. When complex samples containing a mixture of ubiquitinated proteins are analysed, 

even more stringent criteria may be necessary due to significant matrix effects. Appropriate ion 

score cutoffs should be determined on a sample by sample basis by performing a systematic 

evaluation of FPR for a range of cutoff scores. To further ensure a low false positive rate for the 

identification of ubiquitinated proteins, mass spectrometers capable of high mass accuracy and 

resolution should be employed. 
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Figure 4.1 Ubiquitin and signature peptides. Ub is 76-amino acid protein that is covalently 

attached via its C-terminal glycine (G76) to a lysine (K) on a target protein. When ubiquitinated 

proteins are subjected to trypsin digestion, signature peptides with a GG- or LRGG-tag are 

produced. Signature peptides have monoisotopic mass increases of+114.04292 or +383.22809 

Da and missed cleavage sites that can be identified by tandem mass spectrometry (MS/MS) 

analysis. 

Ubiquitin 
MQIFVICrLTGICriTLEVEPSDTIENVKAKIQDKEGIPPDQQRLlFAGKQLEDGRTLSDYNiQKESTLHLVLRLROG 

I I i l l I I 
6 11 27 29 33 48 63 

Ubiquitin J \ / / 

/'"V, / ""l J l Trypsin w / / 
u- ^ \ ^J digestion / / o r 
\ 

Ubiquitinated protein Signature peptide: Signature peptide: 
+114.04292 Da on K* +383.22809 Da on K* 
Miscleavage of K* Miscleavages of K* and R 
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Figure 4.2 MS/MS analysis of multi-Ub chains, (a) Multi-Ub chains (Stnd 1 and 2) were 

mixed (Mix) in a 50:50 ratio, separated by SDS-PAGE, and stained with Coomassie blue. Three 

bands were excised and subjected to in-gel trypsin digestion, (b) The digested samples were split 

into equal fractions and analysed with QqTOF (Qstar) and QIT (LTQ) mass spectrometers. 

Representative MS/MS spectra of signature peptides are shown, (c) The top scoring signature 

peptides after database searching with the Mascot search engine were tabulated and the number 

of times that each lysine (K) residue was involved in Ub-chain branching is shown. 
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Figure 4.3 False positive and false negative rates for multi-Ub chains. MS/MS data from 

the multi-Ub chain analyses were searched against a concatenated database containing forward 

and reversed human protein sequences with the Mascot search engine using ion score cutoffs 

between 15 and 40. (a) False positive rates for signature peptides were calculated and averages (n 

= 3) were plotted as a function of the ion score cutoff, (b) False negative rates for Ubiquitin 

signature peptides were calculated and averages (n = 3) were plotted as a function of the ion 

score cutoff. 
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Figure 4.4 False positive rates for complex mixtures of ubiquitinated proteins. 

Immunopurified ubiquitinated proteins (samples 1 and 2) were subjected to trypsin digestion 

with the Proteomic Reactor. The digested samples were split into equal fractions and analysed 

with the Qstar and LTQ mass spectrometers. MS/MS data was searched against a concatenated 

database containing forward and reversed human protein sequences with the Mascot search 

engine using ion score cutoffs between 15 and 40. (a) and (c) The number of signature peptides 

that matched to forward and reversed protein sequences for each cutoff score is shown, (b) and 

(d) False positive rates were calculated for each sample (n = 1) and plotted as a function of the 

ion score cutoff. 
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Figure 4.4 continued 
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Figure 4.5 False positive rates and protein database size. MS/MS data obtained with the 

Qstar for the analysis of immunopurified ubiquitinated proteins (samples 1 and 2) was searched 

against five protein databases with the Mascot search engine; (1) Homo sapiens; (2) modified 

Homo sapiens; (3) Chordata; (4) Eukaryota; and (5) All species. Chymotrypsin, rather than 

trypsin, was specified as the proteolytic enzyme, (a) and (b) The number of signature peptide and 

non-signature peptide false positives for the five databases are shown. Trend lines and 

correlation coefficients (R ) are also shown. 
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Table 4.1 Mascot database searching parameters. 

Missed Fixed Variable Peptide MS/MS 
Instrument Database cleavages modifications modifications" tolerance tolerance 

Qstar Human IPI 2 Carbamidomethyl (C) Oxidation (M) ±50 ppin ±0.15 Da 
~ - - - Ubiquitination (K) - -

LTQ Human IPI 2 Carbamidomethyl (C) Oxidation (M) ±2.0 Da ±0.8 Da 
- - - - Ubiquitination (K) - -

* Only internal lysines (K) with a GG- or LRGG- tag were considered for ubiquitination. 
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Table 4.2 Signature peptides identified from multi-ubiquitin (Ub) chains. 

Band 
HO. 

1 

2 

3 

Signature peptide 

MQlFVKccTLTGK 
MQIFV.KTLTGKLRGCTITLEVEPSDTIENVK 
T L T G K C G T L T L E V E P S D T I E N V K 

T I T L E V E P S D T I E N V K G G A K 

I Q D K C G E G I P P D Q Q R 

L I F A G K G C Q L E D G R 

L I F A G K G C Q L E D G R T L S D Y N I Q K 

LIPAGKLUGGQLEDGR 

T L S D Y N I Q K C G E S T L 

T L S D Y N I Q K C G E S T L H L V L R 

TLSDYNIQKUicc.ESTLHLVLR 
MQIFV.Kcc;TLTGK 
TLTGKccTITL'EVEPSDTIBNVK 
I Q D K O G E G I P P D Q Q R 

L I F A G K G C Q L E D G R 

L I F A G K G C Q L E D G R T L S D Y N I Q K 

LIFAGKLKGGQLEDGR 

U ' P A G K L R G G Q L E D G R T L S D Y N I Q K 

T L S D Y N I Q K C G E S T L H L V L R 

T L S D Y N I Q K C G E S T L 

TLSDYNIQKlRGCESTLHLVLR 
MQlFVKccTLTGK 
T L T G K G G T I T L E V ' E P S D T I E N V K 

T T T L E V E P S D T I E N V K G G A K 

I Q D K O G E G I P P D Q Q R 

L I F A G K G C Q L E D G R 

LIFAGKLRGGQLEDGR 

L I F A G K G C Q L E D G R T L S D Y N I Q K 

TLSDYNIQK^ESTL 
T L S D Y N I Q K C G E S T L H L V L R 

TLSDYNIQKLRGC ESTLHL VLR 
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X 
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-
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-
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X 
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-
X 
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-
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X 
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- X 
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49 

-
I l l 
-
S3 

n 
35 
17 
78 

113 
25 
48 
90 
53 
85 
37 

-
20 
73 
43 

-
56 
92 

-
45 
65 

-
28 
62 

126 
30 

1 

LTQ 

_ 
32 
81 
28 

_ 
87 
26 

-
49 

110 
82 
80 

100 
-
89 
89 
43 
38 

111 

-
& 
76 
80 
41 

-
89 
50 

-
62 

1.1.4 
76 

Ub 
site 

K6 
Kl l 
K l l 
K27 

K33 
K48 
K48 
K48 
K63 
K63 
K63 
K6 

K l l 
K33 
K48 
K48 
K48 
K48 
K63 
K63 
K63 
K6 

K l l 
K27 
K33 
K48 
K48 
K48 
K63 
K63 
K63 

a Only the top ion score is shown for each signature peptide. 
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Chapter 5: Identification of lysines within membrane-anchored Mga2pl20 that are 

targets of Rsp5p ubiquitination and mediate mobilization of tethered 

Mga2p90 

5.1 Manuscript status and statement of author contributions 

A version of this chapter has been published in the Journal of Molecular Biology: 

Bhattacharya S, Shcherbik N, Vasilescu J, Smith JC, Figeys D, Haines DS. Identification of 

lysine residues within the carboxy-terminus of Mga2pl 20 that are targets of Rsp5p-dependent 

ubiquitination and mediate mobilization of interaction Mga2p90. Journal of Molecular Biology. 

Vol. 385: 718-725, 2009. SB and NS conceived, designed and performed most of the 

experiments. JV performed the mass spectrometry and data analysis to map protein 

ubiquitination sites. JCS assisted with the data analysis. JV and DF edited the manuscript. DSH 

wrote the manuscript. 

5.2 Summary 

Mga2p90 is an endoplasmic reticulum (ER)-localized transcription factor that is released 

from the ER membrane by a unique ubiquitin (Ub)-dependent mechanism. Mga2p90 

mobilization requires polyubiquitination of its associating membrane-bound Mga2pl20 anchor 

and subsequent Mga2pl20-Mga2p90 complex disassembly that is mediated by ATPase Cdc48p 

and its heteromeric Ub-binding adaptor Npl4p-Ufdlp. Although previous studies have identified 

the Ub ligase (i.e., Rsp5p) and ligase binding site on Mga2pl20 that play a role in this process, 
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the amino acids of Mga2pl20 that are targets of ubiquitination and promote Mga2p90 

mobilization are unknown. We have identified, using mass spectrometry analysis of in vitro 

ubiquitinated Mga2pl20-Mga2p90 complex, that lysine residues 983 and 985 contained within 

the carboxy-terminal domain of Mga2pl20 are Rsp5p-directed Ub-conjugation sites. Mutation of 

these residues as well as proximally located lysine 980 results in suppression of Mga2pl20 

ubiquitination in vitro and in vivo, inefficient liberation of Mga2p90 by Cdc48pNpl4p/ufd,p in vitro, 

and ER retention of Mga2p in cells. Moreover, mga2A/spt23ts harboring Rsp5p binding and 

conjugation mga2 mutants express low OLE1 (an Mga2p90 target gene) transcripts and display 

reduced growth. We conclude that residues 980, 983, and 985 are targets of Rsp5pinduced 

polyubiquitination and mediate Cdc48pNpl4p/ufdlp-dependent Mga2p90-Mga2pl20 separation and 

Mga2p90 mobilization. 

5.3 Introduction 

Ubiquitination is a post translation modification process where a 76-amino-acid 

polypeptide called ubiquitin (Ub) is covalently attached to a lysine residue of substrate. ' This 

process requires the coordinated activities of a Ub-activating enzyme (El), a Ub conjugating 

enzyme (E2), and a Ub ligase (E3). While an attachment of a single Ub moiety can occur, 

generally, this reaction occurs repeatedly, leading to the attachment of Ub to internal lysines of 

Ub and/or proximal lysine residues on the substrate. The best understood consequence of 

substrate ubiquitination is targeting the protein for destruction by the proteasome.3 It is becoming 

increasingly apparent, however, that a Ub signal can regulate protein function by non-

degradative mechanisms, including modulating protein-protein interactions.4 
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Ubiquitination plays unique roles in regulating the expression and localization of the 

Mga2p transcriptional regulator. Mga2p is one of two (Spt23p being the other) homologous 

endoplasmic reticulum (ER)-localized transcription factors in Saccharomyces cerevisiae.5 Full-

length Mga2p is approximately 120 kDa in size and harbors a carboxy-terminal localized 

transmembrane domain. It is retained at the ER after synthesis and undergoes homodimerization, 

which is mediated by the centrally localized IPT (Ig-like/plexin/transcription factor) domain. ' 

After dimerization, ubiquitination of one of the 120-kDa monomers recruits the proteasome, 

resulting in endoproteolytic cleavage and bidirectional degradation of one of the monomers. ' 

While this process destroys the carboxy-terminal domain of the monomer, the proteasome is 

unable to degrade the central and amino-terminal domains of Mga2p. A 90-kDa Mga2p fragment 

(termed Mga2p90) remains tethered to the membrane via an interaction with its 120-kDa 

unprocessed anchor (termed Mga2pl20).6'7 

In addition to facilitating Mga2p90 generation, ubiquitination plays an unusual role in 

promoting release of the processed product from the ER. This Ub-directed event does not 

involve the proteasome, but is dependent on the Cdc48p and its Ub-binding adaptor composed of 

Npl4 and Ufdlp. Cdc48p (also called p97 or VCP) is a highly conserved member of the AAA 

(ATPase associated with diverse cellular activities) ATPase family of molecular chaperones. 

This protein, in collaboration with specific adaptor proteins that bind to ubiquitinated substrates, 

participates in numerous Ub-selective processes such as ubiquitination, deubiquitination, and 

Ub-dependent protein complex disassembly.10 It is believed that Cdc48p applies mechanical 

force onto substrates upon ATP hydrolysis, leading to p97-dependent changes in their structure 

and subsequent biochemical events.11 Ubiquitination of Mga2pl20 by the Rsp5p E3 ligase 

recruits Cdc48pNpl4p/ufdlp to an Mga2pl20-Mga2p90 complex. This interaction results in 
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Cdc48pNpl4p/ufdlp-mediated Mga2pl20-Mga2p90 complex disassembly and release of Mga2p90 

from the membrane. Upon release, Mga2p90 is capable of migrating to the nucleus where it 

induces transcription of OLE1 and other genes involved in lipid metabolism.513 

5.4 Materials and methods 

Plasmids. Plasmids pYes-FLAGMGA2 and pGEX-6p-l-RSP5 have been described 

previously. Mutants were generated by PCR-based site-directed mutagenesis using the low error 

rate polymerase PFU. mga2-k980r mutants were generated using the following primers: 5'-

CTTGGGGCGAGATGATAAATTGAAAACC-3' and 5'GGTTTTCAATTTATCATCTC 

GCCCCAAG-3', mga2-k983r mutants were generated using the following primers: 5'-

AGATGATAAATTGCGAACCACAAATCAAGACAGTATTGTGGAGC-3' and 5'-GCTCCA 

CAATACTGTCTTGATTTGTGGTTCGCAATTTATCATCT-3', finally mga2-k985r mutants 

were generated using the following primers: 5'- AGATGATCGATTGAAAACCACAAAT 

CAAGACAGTATTGTGGAGC-3' and 5'- GCTCCACAATACTGTCTTGATTTGTGGTTTT 

CAATCGATCATCT-3'. pYes-FLAGmga2k983/985r (referred to as mga2-2k in the text) was 

generated by using pYes-FLAGMGA2 as the template and primers: 5'-GGGTCGAGATGAT 

CGATTGCGAACCACAAATCAAGACAGTATTGTGGAGC-3' and 5'- GCTCCACAATACT 

GTCTTGATTTGTGGTTCGCAATCGATCATCTCGACCC-3'. pYes-FLAG mga2k980/983/ 

985r (referred to as mga2-3k) was generated the same way except pYes-FLAGmga2k983/985r 

was used as a template and primers 5'-GTTGTCTTGGGGTCGAGATGATCGATTGC-3' and 

5'-GCAATCGATCATCTCGACCCCAAGACAAC-3' were used for the PCR reactions. 
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Yeast strains and viability assays. InvScl was purchased from Invitrogen while the 

mga2zlspt23ts strain was kindly provided by David Garfinkel (National Cancer Institute). 

mga2zlspt23ts transformed with expressing constructs were grown overnight at 25°C. The OD 

was measured the next day and equal number of cells from each culture was subjected to serial 

dilutions (1:10). Cells were placed in 96 well plates and were replica-plated onto plates lacking 

or containing 1 raM oleic acid. Plates were incubated at 34°C for 3 days. 

Isolation of microsomes. Wild type InVsc cells were transformed with plasmids encoding 

Mga2p. Transformed cells were picked and grown in synthetic dropout media for 24 hours. 

Mga2p expression was induced with synthetic dropout media containing galactose. Following 

induction, cells were collected and lysed with acid washed glass beads (Sigma) by vortexing at 

4°C in buffer containing, 200 mM D-Sorbitol, 75 mM NaCl, 20 mM NaH2P04 (pH 7.5) and 

ImM MgC12 with protease inhibitors cocktail comprised of Aprotinin, Pepstatin A, Leupeptin, 

and Phenylmethylsulfonyl Fluoride. Following lysis, the cell debris was separated by 

centrifugation. The supernatant was collected and subjected to ultracentrifugation at 50,000 rpm 

for 1 hour in a Sorvall OTD 70B with a 42.2 TI rotor. The microsomes were either used for 

mobilization assays or the proteins in the microsomal fraction were solubilized by incubating the 

membranes in SLIP buffer containing, 150 mM NaCl, 50 mM HEPES (pH 7.5), 10% glycerol, 

0.1% Triton X-100, 10 uM proteasome inhibitor MG115 and protease inhibitor cocktail. The 

solubilized proteins were subjected to immunoprecipitation with anti-FLAG affinity gel M2 

(Sigma) to isolate Mga2pl20-Mga2p90 complexes. 
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In vitro ubiquitination assays. Following immunoprecipitation of Mga2pl20-Mga2p90 

complexes, the beads were washed several times with RIP A buffer containing 0.5 M NaCl and 

then once with 0.25M Tris-HCl (pH 7.4). Ubiquitination assays were carried out in 10 mM Tris-

HC1 (pH 7.5), 20 mM NaCl, 125 uM DTT, 5 mM MgC12, 5 mM ATP, 50 ug/ml ubiquitin 

(Sigma), 20 ng of purified human El and 10 ng of purified yeast E2 Ubclp. Recombinant Rsp5p 

(10-50 ng) or buffer control was added to initiate the reactions. The reactions were carried out 

for 40 min at room temperature and then the beads were again washed with RIPA buffer 

containing 0.5M NaCl and then with elution buffer containing, 50mM Tris-HCl (pH 8), 200 mM 

KC1, 25mM MgC12, 1% Triton X-100, 5% glycerol, 0.1M DTT, 10 uM MG115, and protease 

inhibitor cocktail. The FLAG-tagged proteins were eluted from the beads by adding 100 ng/uL 

of FLAG peptide (Sigma) in the aforementioned elution buffer at 4°C for 2 to 4 hours. The beads 

were then subjected to micro-centrifugation and the supernatants were collected. The beads were 

subjected to at least two rounds of extraction with the FLAG peptide. The eluted proteins were 

then denatured by adding SDS-PAGE loading buffer and boiling for 5 minutes. These proteins 

were resolved on an 8% SDS-PAGE gel and were detected by western blotting using anti-FLAG 

M5 (Sigma) or anti-Ub P4D1 (Santa Cruz) antibodies or by coomassie blue staining. 

LC-MS/MS analysis. High molecular weight, Rsp5p modified Mga2p was excised from 

SDS-PAGE gels and subjected to in-gel tryptic digestion as previously described. Digestions 

were carried out for 8 h at 37oC with sequencing grade trypsin (Promega, Madison, WI). 

Peptides from each gel band were extracted, brought to a final volume of 10 uL with 5% formic 

acid, and analyzed by LC-MS/MS. An Agilent 1100 series HPLC system (Agilent Technologies, 

Palo Alto, CA) was used to load peptides at 2 uL/min onto a precolumn packed with 5 um YMC 

124 



ODS-A CI8 beads (Waters, Milford, MA). Following a desalting step, the flow was split and 

peptides were eluted through a second column packed with the same beads at approximately 200 

nL/min using a 5-80% gradient of acetonitrile with 0.1% formic acid for 1 h. The LC effluent 

was electrosprayed into the sampling orifice of a QSTAR Pulsar quadrupole-TOF mass 

spectrometer (ABI/MDS Sciex, Concord, ON). MS/MS data was then analyzed and matched to 

yeast protein sequences in the NCBI database using the Mascot search engine. Peptide and 

MS/MS mass tolerances were set at ±100 ppm and 0.2 Da, respectively. Carbamidomethyl was 

set as a fixed modification and oxidation and ubiquitination were set as variable modifications. 

MS/MS spectra of all ubiquitinated peptides were manually verified to confirm internal lysine 

residues with GG or LRGG moieties. 

Microsome-based mobilization assay. Microsomal fractions were prepared as described 

above and placed in reactions containing 25mM Tris-HCl (pH 7.5), 75 mM NaCl, 5 raM MgCb, 

3 mM ATP, 1 mM creatine phosphate, 0.05 units/uL creatine kinase, 20 uM DTT, 0.5M MG115, 

protease inhibitor cocktail and 300 ng of recombinant Cdc48p or Cdc48pNpl4p"ufdlp complex. 

Reactions were incubated at 27°C for one hour and were separated into membrane and soluble 

fractions by ultracentrifugation 50,000 g for 30 minutes at 4°C. Proteins from soluble and 

membrane fractions were resolved by SDS-PAGE and western blotting was carried out with anti-

FLAG antibody. 

Immunofluorescence. Cells expressing epitope-tagged Mga2p were fixed with 3.7% 

formaldehyde and washed with 0.1M potassium phosphate buffer, pH 7.5. These cells were 

treated with 50 units of lyticase (Sigma) for one hour at 30°C to generate spheroplasts, washed 

with PBS and placed on polylysine-coated glass slides. Cells were permeabilized with 0.1% 
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Triton X-100/PBS for 5 minutes. Anti-FLAG antibodies or Anti-Kar2p antibodies were added 

and incubations were carried out at room temperature for one hr. FITC conjugated anti-rabbit 

IgG or alexa fiuor 647 conjugated anti-mouse antibodies were added and incubated for an 

additional 30 min. Mounting media was placed on cells and visualized by microscopy. 

5.5 Results and discussion 

Previous studies have identified the Ub ligase and ligase-binding site on Mga2pl20 that 

play a role in Mga2p90 release.12'14 However, the amino acids of Mga2pl20 that are targets of 

ubiquitination and mediate mobilization have yet to be identified. We employed mass 

spectrometry analysis with in vitro ubiquitinated product to identify lysine residues of Mga2pl20 

that are ubiquitinated by Rsp5p. To generate the substrate, microsomes were first prepared from 

yeast harboring an amino-terminal FLAG-tagged MGA2 expression construct. Mga2pl20-

Mga2p90 complexes were immunopurified from microsomes using an agarose-conjugated anti-

FLAG antibody. Bead-bound complexes were then placed in ubiquitination reactions containing 

El, E2, and Rsp5p. After termination of these reactions, complexes were washed, resuspended in 

SDS-PAGE loading buffer, boiled, and resolved by SDS-PAGE. After the gel was stained with 

Coomassie blue (Figure 5.1), a region containing high molecular weight proteins was excised 

and subjected to in-gel tryptic digestion and the resulting peptides were analyzed by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). The analysis successfully identified 

a peptide matching Mga2pl20 with two Ub-conjugation sites at lysine residues 983 and 985 

(Figure 5.1). This ubiquitinated peptide was assigned a Mascot score of 53, which indicated a 

high-confidence identification.15 
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Based on this information, site-directed mutagenesis was performed to generate an mga2 

expression construct encoding FLAG-tagged protein harboring arginine substitutions at residues 

983 and 985 (termed Mga2p-2K). Mga2pl20-Mga2p90 complexes were purified from cells 

expressing this mutant and subjected to in vitro ubiquitination by Rsp5p. In initial experiments, 

as well as the one presented in Figure 5.2, mutation of these two amino acids leads to 

suppression of Rsp5p-induced Mga2pl20 ubiquitination. This is evidenced by a reduction in 

high molecular weight proteins measured by Western blotting using anti-FLAG or anti-Ub 

antibodies. However, high molecular weight Mga2pl20 products were evident in reactions 

harboring this mutant when Western blots were probed with the more sensitive anti-Ub antibody, 

suggesting the presence of additional Rsp5p-induced Ub-conjugation sites. 

Considering that Mag2p harbors another lysine residue at 980 that is in close proximity to 

983 and 985 and a peptide fragment containing this amino acid was not covered by the LC-

MS/MS analysis, we generated an mga2 construct encoding anMga2pl20 mutant containing 

arginine substitutions at 980, 983, and 985 (termed Mga2p-3K). Complexes were again purified 

from cells harboring this triple-lysine mutant as well as those from yeast harboring mga2-2k or 

mga2Alpky. mga2Alpky encodes a mutant protein lacking the Rsp5p binding site 14 on 

Mga2pl20 and serves as an important control for this and subsequent experiments. Mga2pl20-

Mga2p90 complexes were then placed in ubiquitination reactions with varying amounts of 

Rsp5p. As shown in Figure 5.2, the Mga2p-3K and Mga2pALPKY mutants are more resistant to 

Rsp5p-mediated ubiquitination when compared to Mga2p-2K. It also deserves to be mentioned 

that mutation of any one of these amino acids individually has no detectable affect on Rsp5p 

ubiquitination (data not shown). These results suggest that lysine residues 980, 983, and 985 can 
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serve as potential acceptor sites for Rsp5pinduced Mga2pl20 ubiquitination in vitro and that 

mutation of at least two of these sites are needed to suppress Rsp5p-induced ubiquitination. 

To determine if mutation of these sites affects Mga2pl20 ubiquitination in cells, we 

measured the amount of Ub-modified protein directly after immunopurification of wild-type and 

mutant proteins with anti-FLAG antibody. Since the amount of ubiquitinated Mga2pl20 

represents only a small fraction of total Mga2pl20 after immunopurification, a greater amount of 

cells was used for immunopurification. Also, we analyzed increased amounts of immunopurified 

protein when compared to the inputs for the Rsp5p-dependent ubiquitination reactions presented 

in Figure 5.1. Consistent with the in vitro ubiquitination data, the Mga2pl20 mutant harboring 

mutations in 983 and 985 displayed reduced ubiquitination (Figure 5.2). This figure also shows 

that elimination of all three sites results in a further reduction in the amount of ubiquitinated 

Mga2pl20 and the amount of Ub-modified Mga2pl20 immunoprecipitated from cells harboring 

the mga2-3k mutant was similar to that immunopurified from cells harboring the Rsp5p-binding-

deficientmga2Alpky mutant. These results suggest that lysine residues 980, 983, and 985 can 

also serve as targets of the ubiquitination machinery in vivo. 

One trivial explanation for the observed results is that the engineered mutations abrogate 

an Mga2pl20-Rsp5p interaction. To investigate this possibility, we performed in vitro binding 

assays with recombinant glutathione S-transferase (GST)-tagged Rsp5p and immunopurified 

FLAG-tagged Mga2pl20-Mga2p90 complexes. As shown in the right panel of Figure 5.2, 

Rsp5p interacts with Mga2pl20-Mga2p90 complexes immunopurified from cells 

harboringMGA2 or mga2-3k, but not mga2Alpky. Consistent with this in vitro binding data, we 
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also found that Rsp5p-bound Mga2pl20-Mga2p complex in cells containing mga2-3k as 

assessed by co-immunoprecipitation analysis (Figure 5.2). 

Rsp5p promotes mobilization of Mga2p90 from the ER membrane by promoting 

polyubiquitination of its interacting membrane-bound Mga2pl20 anchor. This Rsp5p-dependent 

activity is dependent on Cdc48pNpl4p/Ufdlp, which recognizes the polyubiquitinated signal on 

Mga2pl20 and facilitates segregation of Mga2p90 from Mga2pl20.12 Thus, we next wanted to 

determine how mutation of the identified carboxy-terminal-localized Mga2pl20 conjugation 

sites affects Cdc48pNpl4p/ufdl"-dependent Mga2p90 mobilization in vitro. For these and 

subsequent experiments, we used only the Mga2p-3K Rsp5pUb-conjugation-defective mutant. 

Microsomes were prepared from cells expressing amino-terminal FLAG-tagged Mga2p products. 

Microsomes were placed into reactions containing ATP, an ATP regeneration system, 

and recombinant Cdc48p or preformed recombinant Cdc48pNpl4p/Ufdlp complex (left panel of 

Figure 5.3). The ATP-depleting enzyme apyrase was also included in a set of reactions 

containing Cdc48pNpl4p/ufdlp to verify that mobilization is ATP dependent. Reactions were 

subjected to ultracentrifugation, and the amounts of Mga2p90 and Mga2pl20 in the soluble and 

membrane fractions were measured by Western blotting using anti-FLAG antibody. As shown in 

the right panel of Figure 5.3, the greatest amount of soluble Mga2p90 was detected in reactions 

containing microsomes prepared from cells harboringMGA2 and recombinant Cdc48pNp 4p u lp 

complex. Only background Mga2p90 release was detected in the other reactions, including those 

containing Cdc48pNpl4p/ufdlp and microsomes derived from yeast expressing the Rsp5p binding 

deficient mutant Mga2pALPKY or the Rsp5p conjugation mutant Mga2p-3K (Figure 5.3). 
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In addition to this in vitro approach, we also determined the localization of Mga2p in 

cells containing MGA2, mga2Alpky, and mga2-3k by indirect immunofluorescence using the 

anti-FLAG antibody, which recognizes both Mga2pl20 and Mga2p90. As shown in Figure 5.3, 

Mga2p displays a mix of perinuclear and nuclear staining in cells harboring MGA2. In contrast, 

cells expressing the Rsp5p binding or lysine conjugation mutants show anti-FLAG positive 

"half-moon structures," which is a marker of Mga2p90 ER sequestration that has been reported 

previously.7'8 The ER sequestration is also confirmed by co-localization with the ER-localized 

protein Kar2p (Figure 5.3). These experiments suggest that these lysine residues on membrane-

bound Mga2pl20 mediate the release of the tethered Mga2p90 product. 

We next evaluated the biological consequences of mutating these residues on Mga2p90 

transcriptional regulation function in vivo. We first generated low- copy MGA2, mga2Alpky, and 

mga2-3k expression constructs under the control of the native MGA2 promoter. We also 

generated expression constructs that harbored single mutations at each of the lysine residues. 

These constructs, alone with an empty vector control, were transformed into mga2Aspt23ts cells. 

These cells are not viable at elevated temperatures due to lack of both Mga2p and Spt23p, which 

perform redundant functions inducing the expression of the essential gene, OLE 1.5 Their growth 

defects can be suppressed, however, by the addition of oleic acid to the growth media. 5 After 

transformation with the indicated constructs, cells were grown at 25°C and then placed at the 

non-permissive temperature of 34°C. Cells were harvested, RNA was prepared, and RNA levels 

of the Mga2p90 target gene OLE1 were measured by Northern blotting. As shown in Figure 5.4, 

cells harboring mga2Alpky or mga2-3k express lower OLE1 RNA amounts when compared to 

those with MGA2. OLE1 levels are, however, higher in mga2Alpky or mga2-3k cells when 
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compared to the vector alone control (Figure 5.4). Cells containing the single-lysine mga2 

mutants did not display reduced OLE1 levels. 

We also assessed the proliferative capacity of mga2Aspt23ts cells transformed with these 

constructs when grown at non-permissive temperature, both in the absence and presence of oleic 

acid. As shown in Figure 5.4, cells harboring the mga2Alpky and mga2-3k constructs do not 

proliferate to the same extent as those containing MGA2, mga2-k980r, mga2-k983r, or mga2-

k985r in the absence of oleic acid, but do grow better than cells containing the empty vector 

control. There was no noticeable difference in the growth of any of these transformants when 

cells were plated on media containing oleic acid (Figure 5.4). These results suggest that 

elimination of the Rsp5p-binding and Ub-conjugation sites on Mga2pl20 suppresses, but does 

not eliminate, its OLE 1-inducing function when cells are grown at elevated temperature. 

The conjugation of Ub to lysine residues on a substrate by the ubiquitination machinery is 

generally promiscuous in nature. This lack of Ub conjugation specificity has made it very 

difficult to identify specific residues on proteins that mediate Ub-controlled signaling events. 

1 ft 17 

Taking Rsp5p as an example, we have identified numerous substrates for this ligase. ' 

However, Ub-conjugation sites for the majority of Rsp5p substrates have yet to be identified. We 

set out to identify lysine residues of Mga2pl20 that are targets for Rsp5p-induced ubiquitination 

and provide evidence here that three lysine residues, 980, 983, and 985, all located carboxy-

terminal to the LPKY motif, can serve as sites for Rsp5p-induced Ub attachment both in vitro 

and in vivo. Moreover, mutation of these residues abrogates Cdc48pNpl4p/ufdlp-mediated 

mobilization of Mga2p90 from microsomes in vitro and ER sequestration of Mga2p90 in cells. 

Considering that these residues are contained within the membrane bound Mga2pl20 anchor and 
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not in tethered Mga2p90, these findings further support the model12 where Cdc48pNpl4p/ufdlp-

mediated segregation of Mga2pl20-Mga2p90 complexes is mediated by a Ub signal present on 

Mga2pl20. Although all three sites can serve as conjugation sites, it remains unclear if there is a 

preference for a specific residue or residues under conditions where all three sites are available. 

As stated in the introduction, SPT23 is a homologue of MGA2, and their encoded protein 

p90 products undergo Rsp5p-dependent release and possess redundant OLE1 transactivation 

function.5 We have also attempted to identify Rsp5p-directed Ub-conjugation sites on 

Spt23pl20. Unfortunately, using a similar approach described here for Mga2pl20, we have not 

been able to identify Rsp5p-induced Ub-conjugation sites on Spt23pl20. Moreover, we have 

mutated 11 lysine residues (alone and in combination) in the carboxy-terminal region of 

Spt23pl20 extending from amino acid 900 to the transmembrane domain and have seen no effect 

on Spt23pl20 ubiquitination, processing, or mobilization (S.B., N.S., and D.S.H., unpublished 

data). These lysine residues include five that are amino-terminal (901, 903, 908, 914, and 917) 

and six that are carboxy-terminal (947, 948, 950, 957, 996, and 997) to the Rsp5p-binding LPKY 

site (938-941). It is conceivable that the Rsp5p-induced Ub signal is placed on lysine residues 

present in a different locale and there are important functional consequences for this differential 

placement. Alternatively, the location of Ub conjugation on Spt23pl20 may not be as stringent 

when compared to Mga2pl20 and this is preventing us from detecting the true ligation sites, 

which are contained within the carboxy-terminus of Spt23pl20. 
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5.6 Conclusion 

Although Rsp5p is largely dispensable for Mga2pl20 processing, we have previously 

shown that it mediates release of Mga2p90 from the ER.1 ' 4 We were thus somewhat surprised 

by the rescue data presented here, as we were expecting that both the Rsp5p-binding and Ub-

conjugation mutants would be unable to rescue the growth defects of mga2Aspt23ts. While 

mga2Aspt23ts cells transformed with mga2Alpky and mga2-3k do not grow as well when 

compared to those containing MGA2, they proliferate better than the vector-alone control. It is 

possible, based on these results, that multiple ligases promote Mga2p90 release and Rsp5p plays 

a contributing rather than an obligatory role. Consistent with this idea, we have found that 

despite displaying reduced ubiquitination, Ub-modified forms of Mga2pALPKY and Mga2p-3k 

can be detected after immunopurification of these mutant proteins from cells (Figure 5.2 and our 

unpublished overexposed blots). It is also interesting to note that deletion of the Rsp5p binding 

and conjugation sites on Mga2p also has a slight effect on Mga2p processing, as the ratio of 

Mga2p90 to Mga2pl20 is reduced in cells harboring these mutants. Thus, it is possible that 

Rsp5p and yet to be identified ligase(s) play roles in providing both the processing and release 

signals. However, in the absence of knowing ligases that perform such functions, we cannot rule 

out the possibility that Rsp5p-independent Mga2p processing and release is mediated by signals 

other than ubiquitination. Notwithstanding, it will be interesting to elucidate Rsp5p-independent 

processes that contribute to Mga2pl20 processing and/or inducing release of processed Mga2p90 

from the ER. 

133 



Figure 5.1 Mga2pl20 is ubiquitinated on lysine 983 and 985 by Rsp5p. (a) Microsomes 

from cells expressing FLAG-tagged Mga2pl20-Mga2p90 complex were collected and the 

proteins from the microsomes were eluted and subjected to immunoprecipitation with anti-FLAG 

antibodies. In vitro ubiquitination assays were performed using the immunoprecipitated 

complexes and recombinant El, E2, and E3 (Rsp5p) as described in the supplemental 

information. Proteins were separated by SDS-PAGE and the gel was stained with Coomassie 

blue, (b) Model depicting Mga2pl20 (unprocessed membrane-bound form) and Mga2p90 

(processed membrane-tethered form) with noted IPT domain, two ankyrin (Anks) repeats, and 

transmembrane domain. Also shown is the Rsp5p interaction motif LPKY, the ubiquitinated 

lysine residues that were identified (983 and 985, blue) by MS/MS analysis, and the lysine 

residue in proximity to the identified residues (980, green) that was not covered by the MS/MS 

analysis. 
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Figure 5.2 Mutations at lysine 980, 983, and 985 of Mga2pl20 abolish Rsp5p-mediated 

polyubiquitination. (a) Mga2pl20-Mga2p90 complexes were immunopurified from cells 

harboring galactose-inducible FLAGMGA2, FLAGmga2Alpky, FLAGmga2-2k, or FLAGMga2-

3k as described in the supplemental information. The immunoprecipitated proteins were 

subjected to an in vitro ubiquitination assay using recombinant Rsp5p. Modified proteins were 

resolved by SDS-PAGE and transferred to a nitrocellulose membrane, and Western blotting was 

performed with anti-Ub and anti-FLAG antibodies, (b) Lysates from cells harboring the 

indicated expression constructs were subjected to immunoprecipitation with anti-FLAG 

antibodies. The immunoprecipitated proteins were separated by SDS-PAGE and transferred to a 

nitrocellulose membrane, and proteins were detected by Western blotting with anti-Ub and anti-

FLAG antibodies, (c) Immunopurified Mga2pl20-Mga2p90 complexes from cells harboring 

FLAGMGA2, FLAGmga2Alpky, FLAGmga2-2k, or FLAGMga2-3k were liberated from the 

beads with FLAG peptide and used in in vitro pull-down assay with immobilized GSTRsp5p. 

Bound material was resolved by SDS-PAGE, transferred to a nitrocellulose membrane, and 

detected by Western blotting with anti-FLAG antibodies. The amount of GST-Rsp5p used in the 

pull-down assays was determined by Ponceau S staining of the blot prior to transfer. The left 

panel shows the input for each Mga2p protein and the asterisk denotes an alternatively processed 

Mga2p product, (d) Cells expressing HA-tagged Rsp5p and/or FLAG-tagged Mga2p proteins 

were lysed, and immunoprecipitations were performed with anti-FLAG antibody. 

Immunoprecipitated proteins were resolved by SDS-PAGE and transferred to nitrocellulose 

membranes, and the membranes were probed with either anti-HA or anti-FLAG antibodies. The 

left panel shows input levels of Mga2p and Rsp5p proteins in the extracts as determined by 

Western blotting. 
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Figure 5.2 continued 
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Figure 5.3 Lysine 980, 983, and 985 of Mga2pl20 mediate mobilization of Mga2p90 

from membranes in vitro and in vivo, (a) Left panel: Recombinant Cdc48p and 

Cdc48pNpl4p/ufdlp complex was prepared, resolved by SDS-PAGE gel, and visualized by 

Coomassie blue staining to assess purity as described in the supplemental information. Right 

panel: Microsomes were isolated from cells containing FLAGMGA2, FLAGmga2pAlpky, or 

FLAGmga2p-3k, and in vitro mobilization assays were performed as described previously 12 

with BSA, Cdc48p, or Cdc48pNp,4p/ufdlp complex with or without apyrase. Following completion 

of the assay, the soluble and insoluble fractions were separated by ultracentrifugation and 

amounts of Mga2p products in the two fractions were determined by Western blotting with anti-

FLAG antibodies, (b) Cells harboring FLAGMGA2, FLAGmga2pAlpky, or FLAGmga2p-3k 

were fixed and localization of Mga2p in these cells was determined by indirect 

immunofluorescence using anti-FLAG mouse monoclonal antibody as described in the 

supplemental information. Cells were also co-stained with rabbit anti-Kar2p polyclonal 

antibodies. FLAG-tagged proteins were visualized by an Alexa Fluor 647 (red)-conjugated anti-

mouse secondary antibody, while Kar2p was visualized by fluorescein isothiocyanate (green)-

conjugated anti-rabbit secondary antibody. N, nuclear. 
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Figure 5.3 continued 
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Chapter 6: Differential proteomic screen to evidence proteins ubiquitinated upon 

mitotic exit in cell-free extract of Xenopus laevis embryos 

6.1 Manuscript status and statement of author contributions 

A version of this chapter has been published in the Journal of Proteome Research: 

Bazile F, Gagne JP, Mercier G, Lo KS, Pascal A, Vasilescu J, Figeys D, Poirier GG, Kubiak JZ, 

Chesnel F. Differential proteomic screen to evidence proteins ubiquitinated upon mitotic exit in 

cell-free extract of Xenopus laevis embryo. Journal of Proteome Research. Vol. 7: 4701-4714, 

2008. FB, JPG, GM conceived, designed and performed most of the experiments. GM and KSL 

performed the mass spectrometry analysis. JV performed the data analysis to map protein 

ubiquitination sites. DF, JZK and FC edited the manuscript. FB wrote the manuscript. 

6.2 Summary 

Post-translational modification of proteins via ubiquitination plays a crucial role in 

numerous functions of the cell. Polyubiquitination is one of the key regulatory processes 

involved in the regulation of mitotic progression. Here we describe a differential proteomic 

screen dedicated to the identification of novel proteins ubiquitinated upon mitotic exit in cell-free 

extract of Xenopus laevis embryos. Mutated recombinant 6><His-tagged ubiquitin (Ubi ) was 

added to mitotic extract from which we purified conjugated proteins, as well as associated 

proteins in nondenaturing conditions by cobalt affinity chromatography. Proteins eluted from 

UbiK48R supplemented and control extracts were compared by LC-MS/MS analysis after 
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monodimensional SDS-PAGE. A total of 144 proteins potentially ubiquitinated or associated 

with them were identified. Forty-one percent of these proteins were shown to be involved in 

ubiquitination and/or proteasomal degradation pathway confirming the specificity of the screen. 

Twelve proteins, among them ubiquitin itself, were shown to carry a "GG" or "LRGG" remnant 

tag indicating their direct ubiquitination. Interestingly, sequence analysis of ubiquitinated 

substrates carrying these tags indicated that in Xenopus cell-free embryo extract supplemented 

with UbiK48R, the majority of polyubiquitination occurred through lysine-11 specific ubiquitin 

chain polymerization. The potential interest in this atypical form of ubiquitination as well as 

usefulness of our method in analyzing atypical polyubiquitin species is discussed. 

6.3 Introduction 

Ubiquitination is a post-translational protein modification involved in the regulation of 

different cell functions. The precise regulation of ubiquitination is correlated to the number of 

ubiquitin moieties involved in the modification. Polyubiquitination determines the half-life of 

modified proteins by targeting them to finely controlled proteolysis via the proteasome pathway, 

while monoubiquitination is known for its non-proteolytic signaling functions.1 Ubiquitination is 

carried out by a series of enzymes (usually three; El activating, E2 conjugating and E3 ligating 

enzymes). The specificity of polyubiquitinated substrates relies largely on the third enzyme, the 

E3 ubiquitin ligase.2 

Polyubiquitination is a key regulator of mitotic progression. Numerous E3 ligases are 

involved in polyubiquitination of proteins involved in regulation of the M-phase of the cell cycle; 
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however, a particular E3 ligase APC/C (Anaphase Promoting Complex/Cyclosome) plays a 

crucial role. The tuning of APC/C specificity is mediated via two different and exclusive 

regulatory subunits associating with the core complex: Cdc20 or Cdhl. APC/C-dependent 

polyubiquitination mediates the sequential degradation of mitotic proteins responsible for the 

correct sequence of events during the M-phase.3'4 

Numerous substrates of polyubiquitination were identified during mitosis. Nek2A and 

cyclin A are the early substrates degraded in prophase. Cyclins B1-B5 are degraded sequentially 

upon the metaphase/anaphase transition, which assures inactivation of MPF (M-phase Promoting 

Factor) and therefore M-phase exit.6'7 Similarly, polyubiquitination and subsequent degradation 

of securin enables separation of sister chromatids and anaphase movement during the same 

period of M-phase. ' Later substrates, such as Tome-1 or Aurora A, are degraded after the M-

phase exit and throughout the Gl phase.10'" Polyubiquitination and degradation of Cdc20, the 

regulatory subunit of APC/C, is of special importance in M-phase regulation since it enables the 

middle-M-phase switch from Cdc20-APC/C- to Cdhl -APC/C-dependent targeting of proteins to 

be degraded. Some substrates, such as cyclin B, are degraded first via Cdc20-APC/C and later 

via Cdhl -APC/C ubiquitin ligase-dependent pathways. Therefore, polyubiquitination not only 

regulates the sequence of degradation of mitotic proteins, but also autoregulates the switch 

between two regulatory pathways. 

The number of mitotic substrates of polyubiquitination being identified in different 

species and cellular contexts is still growing. There are likely other proteins behaving in this way 

that are yet to be identified. In addition, some substrates may differ between cell types and 

species. Recent data show that monoubiquitinated proteins, like histones (e.g. H2A), could also 
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be involved in regulation of mitotic progression. Extensive identification of novel poly- and 

mono-ubiquitinated mitotic proteins could therefore reveal new mechanisms involved in the 

regulation of mitotic progression and enable a better understanding of mitotic regulation. 

Xenopus laevis embryo cell-free extract is a model of choice to study the regulatory 

pathways of mitotic progression because of the perfect synchrony of a large quantity of 

cytoplasm accessible for biochemical analysis. In addition, embryonic mitosis, whose 

biochemical events can be restored in the cell-free cytoplasmic extract, is thought to be a 

simplified version of somatic mitosis. For example, the checkpoint controls are not executed 

during embryonic mitoses in Xenopus despite the presence of the necessary molecular 

machinery.15 The mitotic substrates that are polyubiquitinated also differ in embryonic and 

somatic cells. Among the substrates of APC/C, the Nek2A protein was shown to be absent 

during early embryonic mitoses,16 while Aurora A, although present, is not degraded because of 

the absence of APC/C regulator Cdhl.17'18 Another fundamental feature of the cell-free Xenopus 

embryo extract is that proteasome inhibition during embryonic M-phase does not prevent MPF 

inactivation,7 while it perfectly arrests somatic cells19 or mouse oocytes9 in M-phase. This could 

be linked to the potential presence of different substrates necessary to be degraded upstream 

from cyclin B in these three cell types. 

The recent development of proteome analysis has provided a powerful tool especially 

suitable for the study of ubiquitination.2022 Subproteomics approaches using affinity probes that 

target ubiquitinated proteins have been used successfully in various models. " Optimized 

versions of this approach combine the screening of mono- and poly-ubiquitinated proteins to the 

identification of the modification site on the substrate's lysine residues.27'28 Taking advantage of 

146 



a targeted proteomic approach, we performed a large-scale proteome analysis of ubiquitin-

protein conjugates during the first embryonic M-phase in Xenopus laevis. Using cobalt-affinity 

chromatography, we designed a proteomic screen capable of identifying novel ubiquitin 

substrates. An exogenously expressed epitope tagged His(6x)-ubiquitin bearing a mutation at the 

48 amino acid residue (UbiK48R) was used to limit ubiquitin chain assembly in mitotic cell-free 

extracts.29 Although other lysine residues within ubiquitin can be involved in ubiquitin 

conjugation, K48 has been shown to be the most prominent conjugation site in the models 

studied so far.30"34 Notably, Chau and collaborators demonstrated that UbiK48R causes a 10-fold 

•in 

decrease in substrate degradation rates compared to wild-type ubiquitin. This mutant protein 

dramatically slows down cyclin B degradation and MPF inactivation upon mitotic exit in cell-

free Xenopus embryo extracts. In addition, MPF stability increases when MG132 is present in 

the extract in addition to UbiK48R. 

The goal of this manipulation in our system was to accumulate short-chain His(6*)-

ubiquitinated target proteins upon prolonged mitotic exit and to isolate them from the extract. 

Proteins eluted from the cobalt affinity column were resolved by SDS-PAGE, in-gel trypsin 

digested and identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

Spectral data was searched for the characteristic ion fragmentation pattern corresponding to an 

ubiquitin signature, which is inferred from the presence of an ubiquitin remnant tag (GG or 

LRGG) generated from the tryptic digestion of a covalently linked ubiquitin moiety. This 

procedure enabled us to identify candidates for novel proteins potentially ubiquitinated during 

mitotic exit in Xenopus embryo cell-free extract. 
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6.4 Materials and methods 

Frogs. Xenopus laevis females were purchased from NASCO (Fort Atkinson, WI). Drugs. 

Proteasome inhibitor MG132 was purchased from Biomol (Plymouth Meeting, PA). Other 

chemicals were obtained either from Sigma or MP Biochemicals unless otherwise stated. 

Egg Collection and Activation. Females were injected subcutaneously with human 

chorionic gonadotropin (500-600 IU per female; Organon, Puteaux, France) and kept overnight 

at 21°C in 110 mM NaCl. Unfertilized eggs collected from "overnight lay" were dejellied with 

2% L-cysteine pH 7.8 in XB buffer (100 mM KC1, 1 mM MgCl2, 50 uM CaCl2, 10 mM HEPES, 

50 mM sucrose, pH 7.6), washed in XB, treated for 1.5 min with 0.5 ug/mL calcium ionophore 

A23187 and then extensively washed in XB. Activated eggs were then incubated in XB at 21°C. 

Cell-Free Extracts. Cytoplasmic extracts from calcium ionophore-activated embryos 

before the first embryonic mitosis were prepared according to a classical protocol of Murray 

modified as previously described.36'37 Briefly, embryos were cultured at 21°C in XB for 60 min 

post activation. They were transferred into appropriate tubes (5 mL ultraclear centrifuge tubes; 

Beckman Coulter, Roissy, France) containing 0.5 mL of XB supplemented with 0.1 mM AEBSF, 

aprotinin, leupeptin, pepstatin, chymostatin (10 ug/mL each) and 25 |j,g/mL cytochalasin D and 

packed through a short spin at lOOg. After removal of any excess XB medium, embryos were 

subjected to two consecutive centrifugations: a crushing spin, 10 OOOg for 10 min at 4°C and a 

clarification spin of the supernatant 10 OOOg for 10 min at 4°C in which cytochalasin D, AEBSF, 

aprotinin, leupeptin, pepstatin and chymostatin were again added. The resulting low-speed 

supernatants were then reincubated at 21°C for 60 min and aliquots were taken out and either 
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frozen in liquid nitrogen and stored at -70 °C (for cobalt resin chromatography) or mixed with 

sample buffer,38 heated at 85°C for 5 min, and stored at -20°C (for Western blot analyses). 

Metal Ion Affinity Chromatography. Samples of 200 uL of extract were diluted in NP40 

buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 50 mM NaF, 50 mM |3-

glycerophosphate, 0.2% NP40) supplemented with 0.5 mM sodium orthovanadate, 0.5 mM 

AEBSF and 10 ug/uL leupeptin, aprotinin and pepstatin, and centrifuged through a 30-kDa filter 

(Nanosep 3 OK OMEGA) at 10 OOOg and 4°C for 60 min. A second filtration was performed with 

filter loaded with 400 uL of NP40 buffer. The solution remaining on the filter was diluted 50 

times with NP40 buffer. The mixture was then incubated overnight at 4°C with 30 uL of 

equilibrated cobalt resin (TALON Metal Affinity Resin; Clontech Laboratories, Inc. Mountain 

View, CA). Following centrifugation at 10 OOOg at 4°C for 20 s to pellet the resin, it was washed 

five times with the washing buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 50 

mM NaF, 50 mM P-glycerophosphate, 0.2% NP40, 20 mM imidazole). The last wash was 

performed with a buffer only containing 20 mM Tris-HCl, pH 7.5, and 150 mM NaCl. Then the 

resin was eluted with 300 uL of imidazole buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10% 

glycerol, 50 mM NaF, 50 mM P-glycerophosphate, 0.2% NP40, 500 mM imidazole). The eluted 

fraction was concentrated on 10 kDa filter (Nanosep 10K OMEGA) by a 8000g centrifugation at 

4°C to obtain a final volume of 30 uL. Then, 15 uL of loading buffer was added and the 

mixture was heated for 5 min at 85°C. 

Sample Preparation for MS Analysis. Protein samples were resolved on a 4-12% Bis-Tris 

Criterion XT Precast gradient gel (Bio-Rad) with XT MOPS running buffer. The gel was then 

stained with SYPRO Ruby fluorescent protein stain (Bio-Rad, Hercules, CA) according to the 
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manufacturer's instructions. Image acquisition was made using a CCD-based Chemi-Imager 

4000 imaging system and AlphaEase software 3.3 (Alpha Innotech Corporation, San Leandro, 

CA). Protein lanes were cut into 80 gel slices using a disposable lanepicker (The Gel Company, 

San Francisco, CA). Gel slices were pooled two by two into 96-well plates. In-gel protein digests 

were performed on a MassPREP liquid handling station (Waters, Milford, MA) according to the 

manufacturer's specifications and using sequencing-grade modified trypsin (Promega, Madison, 

WI). Peptide extracts were dried out using a SpeedVac. 

LC-MS/MS Method. The samples were analyzed using a NanoLC 1100 series system 

(Agilent, Palo Alto, CA) coupled with a hybrid quadrupole-TOF mass spectrometer (QSTAR xl, 

MDS Sciex, Concord, Canada) equipped with a nanoelectrospray ionization source (Proxeon, 

Odense, Denmark) fitted with a 10-um-i.d. fused-silica tip (FS360-20-10-D, New Objective, 

Woburn, MA). The dried samples were resuspended in 12 uL of a 0.1% trifluoroacetic acid 

(TFA) in water solution containing 20 fmol/uL of two synthetic peptides, used as internal 

standards to monitor the chromatographic and detection performances. Five microliters were 

loaded on a 300 urn i.d. x 5 mm Zorbax trapping column (300SB-C18, 5 urn, Agilent). 

Chromatographic separation was achieved on a 75 urn i.d. x 10 cm Biobasic CI8 Integrafrit 

column (IFC75-BI-10, New Objective) with a linear gradient of 13-32% B (0.1% formic acid in 

acetonitrile) against A (0.1% formic acid in water) in 43 min, at 250 nL/min. The total run time 

was 70 min. MS data was acquired automatically using Analyst QS 1.1 software (MDS SCIEX). 

An information dependent acquisition (IDA) method was used to fragment the three most intense 

peaks, which were then put on an exclusion list for 4 min. 
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Protein Databases. A FASTA compatible Xenopus protein database (43 835 entries) has 

been generated from the UnireflOO protein sequence database available on the Universal Protein 

Resource Web site.39 A Perl (version 5.8.8) script was used to retrieve and format all sequences 

related to Xenopus genus (NCBI taxonomy database ID:8353). A general database (All taxa) that 

contains nonidentical sequences from GenBank, CDS translations, PDB (Protein Data Bank), 

Swiss-Prot, PIR (Protein Information Resource), and PRF (Protein Research Foundation) has 

been adapted from the NCBI (National Center for Biotechnology Information) nr database 

(nonredundant). 

Database Searching. Tandem mass spectra were extracted by Mascot.dll version 1.6bl6 

(Applied Biosystems). Charge state deconvolution and deisotoping process were not performed. 

All MS/MS samples were analyzed using Mascot (Matrix Science, London, U.K.; version 

2.1.04) and XITandem (www-.thegpm.org; version 2006.04.01.2). XITandem and Mascot were 

set up to search the Xenopus or the All taxa databases. Mascot and XITandem were searched 

with a fragment ion mass tolerance of 0.20 Da and a parent ion tolerance of 0.20 Da. 

Iodoacetamide derivative of cysteine was specified in Mascot and XITandem as a fixed 

modification. Deamidation of asparagines and glutamine, methylation and dimethylation of 

lysine and arginine, oxidation of methionine, and acetylation of lysine and the N-terminus were 

specified in Mascot and XITandem as variable modifications. Scaffold (version 0106 05, 

Proteome Software, Inc., Portland, OR) was used to validate MS/MS based peptide and protein 

identifications. Peptide identifications were accepted if they could be established at greater than 

80.0% probability as specified by the Peptide Prophet algorithm.40 Protein identifications were 

accepted if they could be established at greater than 90.0% probability and contained at least 2 

identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm.41 
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Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis 

alone were grouped to satisfy the principles of parsimony. 

Identification of Ubiquitination Sites. Several studies were conducted to attempt the 

precise identification of polyubiquitination sites within proteins by tandem mass spectrometry. 

However, a re-evaluation of the ion score cutoffs to achieve acceptable false positive rates for 

protein identifications performed by Vasilescu and colleagues42 have tempered the rather 

impressive rate of ubiquitination site mapping reported in some studies. They found that, 

although these cutoff scores were generally useful for achieving low false positive rates for 

protein identifications, they may not be suitable for mapping post-translational ubiquitination 

modifications. Moreover, the choice of high accuracy and resolution mass spectrometers such as 

the QSTAR that was used for the present study is critical to achieve acceptable false positive 

rates. Therefore, the search for ubiquitination sites was based on this recent study that described 

the use of a parsing tool to extract signature peptides. Briefly, MS/MS data was searched against 

the Xenopus protein database using the Mascot search engine. Carbamidomethylation of cysteine 

residues was selected as a fixed modification. GG and LRGG ubiquitination signatures of lysine 

and oxidation of methionine residues were selected as variable modifications. Peptide mass 

tolerances were set to 100 ppm and fragment ion mass tolerances were set to 0.2 Da. Mascot 

outputs were formatted and parsed using the reported parser criteria for acceptable ubiquitination 

sites.42 Signature peptides were then manually validated to ensure that all ubiquitination sites 

were mapped to internal lysine residues. 
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6.5 Results and discussion 

Fine Control of Mitotic Progression and Cyclin B Behavior. We have previously shown 

that 6><His-tagged UbiK48R substantially slows down cyclin B degradation, MCM4 protein 

dephosphorylation and histone HI kinase inactivation in mitotic cell-free embryo extract, 

therefore delaying M-phase exit.29 Additional inhibition of the proteolytic activity of the 

proteasome with MG132 amplifies this delay.29 We used the latter experimental system to search 

K4SR 

for other proteins that could behave similarly to cyclin B subsequent to 6><His-Ubi 

conjugation. First, we analyzed whether cyclin B2 is indeed polyubiquitinated in the presence of 

both 6xHis-UbiK48R and MG132 in the extract. The samples collected during the slowed down 

mitotic exit were incubated with cobalt resin and the eluates were immunoblotted, revealed with 

anticyclin B2 antibody and compared to the sample taken at the beginning of the incubation. 

Cyclin B2 is visible as an up-shifted phosphorylated band at 45 kDa and two discrete higher 

molecular weight additional bands corresponding to the molecular weight of mono- and di-

ubiquitinated forms of this protein (Figure 6.1). 

Similar samples were collected from mitotic extract after incubation of control and 

6><His-UbiK48R and MG132-supplemented extracts after 50 min and the evolution of mitotic 

marker proteins (MCM4 phosphorylation status and cyclin B2 abundance) was followed by 

Western blotting (Figure 6.2). Sibling samples were thereafter subjected to cobalt affinity 

chromatography. 6><His-UbiK48R pulled-down cobalt-associated proteins were processed for 

proteomic analysis (see Materials and Methods). Sypro Ruby staining of the gel shows clear 

quantitative and qualitative differences in the control and experimental samples (Figure 6.3). 

This suggested that 6><His-UbiK48R pull-down actually enables efficient isolation of 
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polyubiquitinated proteins and their associated partners since the pull-down was performed in 

native conditions. Differential LC-MS/MS analysis of in-gel digested bands excised from the gel 

enabled the identification of 144 Xenopus proteins specifically bound to the resin (Figure 6.4). 

"Gene Ontology" (GO) analysis of the protein data set enabled us to classify these proteins 

according to their established or putative functions (Figure 6.4, Table 6.1). 

The Differentially Identified Candidate Ubiquitinated Proteins. The two major categories 

correspond either to proteins of the ubiquitin/proteasome pathway (59 out of 144: 41%) or to 

ribosomal subunits (30 out of 144: 20.8%). Among the proteins belonging to the ubiquitin cycle 

we found ubiquitin itself (Table 6.1; protein no. 15), the ubiquitin-activating enzyme El 

(proteins nos. 1 or 2), ubiquitin-conjugating enzymes E2s (proteins nos. 36, 59,...), ubiquitin 

ligases E3s (proteins nos. 4, 12,...) as well as subunits of the 26S proteasome and interestingly 

RpnlO/S5A (protein no. 23). The latter was shown before to bind K48-linked polyubiquitinated 

substrates.43 Ubiquitinyl hydrolases (proteins nos. 5, 105,...) were also purified from the mitotic 

extract as well as carrier proteins like VCP/p97 (protein no. 75) or Rad23 (protein no. 72) that 

interact with ubiquitinated substrates and target them to the proteasome for degradation.44'45 The 

remaining 38% of purified proteins are either involved in DNA/RNA metabolism, signal 

transduction, cell cycle and division or in a variety of other functions ("other": Figure 6.4). 

In the context of the present study aimed at identifying new embryonic mitotic players, 

the proteins assigned with a role in (or related to) cell cycle and division are of particular interest 

and represent 8.3% (12 out of 144) of the purified proteins. Some have already been described as 

mono/polyubiquitinated (PCNA; Table 6.1; no. 126)46 or polyubiquitinated and degraded by the 

proteasome during mitotic exit (plkl; Table 6.1; no. 126)47. Others, like Npl4 (Table 6.1; no. 63) 
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and VCP/p97 (Table 6.1; no. 75) have been reported during M-phase to associate together in 

order to present ubiquitinated mitotic substrates to the 26S proteasome for degradation.48 In the 

latter case, we should have expected to identify Ufdl as well since Npl4 requires Ufdl to 

associate with VCP/p97.49"51 As Ufdl complete sequence is present in Xenopus laevis databases 

(MGC68571), its absence in our screen may result from a loss during the purification procedure 

or an insufficient recovery. 

Other proteins known to be involved in mitotic regulation (e.g., CDK11, MCM7A, PP2A 

and Orc3-like) were neither described as ubiquitinated nor associated with ubiquitinated ones so 

far. We did not find any mitotic cyclin (A or B) that are expected to be sequentially ubiquitinated 

and proteolyzed during M-phase, but purified their common partner, cdc2a (Table 6.1; no. 92). 

Cyclin partners of cdc2a are polyubiquitinated to different degree (e.g. Figure 6.1 for cyclin B2) 

and thus migrate in the gel as dispersed bands contrarily to the enzymatic component of the 

complex of cyclins A, Bl, B2, B3, B4 which migrates as a single, more abundant band which 

facilitates identification. Finally, few cell-cycle related proteins identified here such as CDK11 

(Table 6.1; no. 47), MCM7A (no. 68), PP2A (no. 124) or orc3-like p81 (no. 143) need to be 

further studied in order to know whether they are directly ubiquitinated or associated with 

proteins of the ubiquitin/proteasome machinery. 

At first glance, the identification of such a low number of known cell cycle-involved 

candidates can be surprising. However, ubiquitination is a very dynamic process involving both 

E3 ubiquitin ligases and deubiquitinases (DUBs) and M-phase players that have been already 

evidenced as ubiquitinated are usually modified during a very narrow time window. Even the 

addition of MG132 in our assay to limit degradation of the ubiquitinated substrates probably did 
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not prevent DUB action limiting the level of ubiquitinated substrates. CDK11, which appears in 

our data set, is of particular interest. The 58-kDa isoform (C-terminus part of pi 10 CDK11) has 

been recently shown to be specifically expressed during M-phase in mammalian somatic cells 

and is required for its completion.52"54 Its regulation during mitosis, however, has not yet been 

defined. As we identified only C-terminal peptides, it seems that only the short, p58 CDK11 

form is expressed during embryonic M-phase in Xenopus laevis. It is tempting to speculate that 

down-regulation of its expression upon mitotic exit observed in human somatic cells (Regis Giet, 

personal communication) may occur through ubiquitination and subsequent degradation by the 

proteasome. 

The list of 144 proteins we present here contains, however, both ubiquitinated proteins 

and members of complexes associated with them, as the screen was performed in non-denaturing 

conditions. Not all of them may be specifically ubiquitinated during mitosis since we are unable 

to distinguish such proteins from those which are modified via ubiquitination constitutively or in 

a cell cycle independent manner, for example, meiosis-specific substrates polyubiquitinated and 

degraded gradually following oocyte activation. At least 6 oocyte and/or embryo specific 

proteins were purified. Among them, zyg-11 seems an interesting candidate. It is a substrate 

recognition subunit within the Cullin2-based E3 ubiquitin ligase55 which allows meiotic 

anaphase II progression in Caenorhabditis elegans.56 Other such candidates are zona pellucida 

proteins (ZP A-C) that have been suggested in other animal models to be ubiquitinated upon 

fertilization.57'58 We found, however, no evidence in the literature for the ubiquitination of two 

other oocyte proteins identified in our screen, namely, CPSF-5 (cleavage and polyadenylation 

specificity factor; Table 6.1: protein no. 98) and EP45 precursor (protein no. 62). It is likely that 
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they belong to a group of oocyte-specific proteins that might be degraded following the entry 

into the embryonic development. 

Specificity of Xenopus laevis Protein Identifications. The successful use of tandem mass 

spectrometry (MS/MS) to annotate complex proteomics samples predominantly depends on 

whether the proteins exist in the database that is being searched. Being conscious that the 

Xenopus laevis protein database might be incomplete because of partial genome coverage, 

MS/MS data was run against a nonredundant protein database (NCBI nr) which is a composite of 

several protein databases where entries with absolutely identical sequences have been merged (3 

525 863 entries). The idea behind this approach is to identify Xenopus homologous proteins in 

other taxa that could have been missed from the original database because of partial proteome 

coverage (Table 6.2). As expected, evolutionary conserved proteins known to be associated with 

the ubiquitin machinery are found in other organisms, but the fairly limited number (30; Table 

6.2) of non-Xenopus proteins identified using the All taxa database indicates that the Xenopus 

database is satisfactory for the identification of a wide range of Xenopus specific proteins. 

Identification of Ubiquitinated Proteins via Detection of Ubiquitin Moieties. In contrast 

to protein identification probabilities that can be modeled from a standard statistical distribution 

of correct and incorrect matches within a large data set like we performed with Scaffold, the 

precise identification of ubiquitination sites within proteins requires an alternative approach. 

Scaffold calculates protein probabilities from peptide probabilities. Peptide probabilities are 

combined to estimate the protein probability, even if these probabilities are low. This allows for 

a more complete use of the data set. However, an important factor to determine protein 

probabilities is the prevalence of multiple peptides hits for a protein identification. In our data 
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set, most of the proteins are identified by multiple peptides, so the Scaffold algorithm 

downgrades one-hit protein identifications. In a shotgun proteomics approach, the peptide 

coverage for identified proteins is low,59 so the probability of identifying a peptide that bears a 

ubiquitination signature is even lower. The probability of identifying a protein with multiple 

peptides in which one of these will be a polyubiquitinated peptide is very unlikely. Thus, 

Scaffold is most appropriate to identify statistically relevant proteins in a large data set but too 

stringent to account for unlikely events, such as the identification of a one-hit peptide that 

harbors a ubiquitination signature. A Scaffold graph of protein probability calculation based on 

the peptides identified by LC-MS/MS is presented in Figure 6.5. Scaffold is very conservative, 

so we can see that, even if one-hit peptides are identified with high probabilities, the 

corresponding protein probabilities will not meet our 90% protein probability cutoff. Although 

they may have acceptable quality spectra, these one-hit proteins are excluded from the protein 

identification data set presented in Table 6.1. 

To directly ascertain the ubiquitination of lysine residues within all identified peptides, 

we searched for peptide sequences bearing "GG" and "LRGG" moieties indicating 

unequivocally ubiquitination sites21 using a recently reported parser tool.42 We found 13 

modified peptides that could be assigned to 12 proteins, including ubiquitin itself (Table 6.3). 

The majority of ubiquitin peptides carried such moieties at lysine 11 

(TLTGKTITLEVEPSDTIENVK), while the remaining ones were modified at lysine 48 

(LIFAGKQLEDGR) (see Table 6.3 and Figure 6.6A,B). We identified a single low ion score 

peptide with a LRGG moeity at lysine 29 (AKIQDK), but we excluded it after manual 

inspection. Interestingly, an ubiquitin signature at lysine 63 was not identified. This result 

suggests an unexpected hierarchy of frequency of lysines participating in polyubiquitin in our 
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experimental conditions in contrast to previous data obtained in different species and cells. 

However, new data shows potential roles for Kll-mediated ubiquitination, suggesting that this 

kind of atypical ubiquitination may indeed play some specific functions. Kirkpatrick and 

colleagues have shown that the major mitotic E3 ligase, APC/C, can in vitro polyubiquitinate 

cyclin Bl through K11-, K48- and K63-linked chains.60 Recently, Jin and collaborators have 

demonstrated that human APC/C, when associated with the ubiquitin-conjugating enzyme 

UbcHIO, targets substrates for proteasomal degradation preferentially through Kll-linked 

polyubiquitination.61 It seems therefore that, in Xenopus embryo cell-free mitotic extracts, K63-

linked polyubiquitin chain elongation could be a very minor event. In contrast, Kll-linked 

polyubiquitination is either a major process in this context, or is favored by the addition of an 

excess of free 6xHis-UbiK48R. In both cases, these observations strengthen the conclusions of Jin 

and collaborators about the physiological importance of Kll-linked polyubiquitination which 

was so far underestimated.61 Alternatively, we cannot totally rule out that canonical 

ubiquitination sites (K48 and K63) can be more efficiently deubiquitinated by endogenous 

deubiquitinases in the extract. 

Among the proteins identified as carriers of GG and LRGG motifs of ubiquitin, besides 

ubiquitin itself (endogenous or K48R exogenous mutant), we found two ubiquitin-conjugating 

enzymes E2: ubiquitin carrier protein (Table 6.3; no. Q7SZ88) and E2D2 (Ubc4/5 homologue; 

no. P62840). These enzymes are known to carry a polyubiquitin chain on a conserved catalytic 

cysteine that is then transferred by an E3 ligase to a substrate. However, Ravid and Hochstrasser 

recently reported that these conjugating enzymes can be targeted to proteasomal degradation 

under the cysteine-linked autoubiquitinated form or after the polyubiquitin chain has been 

transferred to a lysine side chain.62 We found Xenopus ubiquitin carrier protein to be 
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ubiquitinated on lysine-92 within the IC87LDILK92DK peptide nearby the catalytic cysteine-87, 

which suggests the possible auto-ubiquitination of this enzyme as demonstrated by Ravid and 

Hochstrasser. In contrast, the ubiquitination site of E2D2 identified by us was K128 (Table 6.3 

and Figure 6.6C), whereas the conserved catalytic cysteine is at position 85. But in this case as in 

few E2s, there is no lysine in position +5 from the cysteine. It is therefore necessary to determine 

whether ubiquitination on lysine-128 also occurs via autocatalysis (by the transfer of the chain 

from the cysteine-85; in silico structure analysis of X1E2D2 with Swiss PDBviewer suggests that 

it is physically possible) and whether it is physiologically relevant during mitosis. 

None of the remaining proteins displayed in Table 6.3 have been reported to be 

ubiquitinated. However, some of them deserve to be further analyzed as they belong to the 

ubiquitin machinery or may be implicated in M-phase regulation. The chaperonin TCP-1 is 

known as a component of a complex associated with the COP-1 E3 ligase,63 XRP2 is a GTPase 

activating protein for Arf-like 3 (Arl3), the knock-down of which inhibits cytokinesis,64 Xenopus 

putative SSRM1 (no. Q2VPI0) which is described in many species as a splicing coactivator 

would also participate in sister chromatid cohesion as it physically and functionally interacts 

with cohesin in C. elegans.65 Understanding the nature (mono- or poly-ubiquitination) and the 

eventual mitotic role of this modification on these proteins is an important issue. 

Finally, the presence of organ-specific developmental proteins that have not been shown 

to be expressed during oocyte maturation or early embryonic stages illustrates some limitations 

that might be encountered when dealing with low identification scores (Table 6.3: no. Q6GQD9: 

mab21-like 1; no.Q2VPLl: Usher syndrome 1C protein homologue; no. Q5EC17: ventricular 

myosin heavy chain (vMHC)). Although poorly characterized, these proteins may be false 
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positive identifications. This is particularly likely for vMHC which is not expressed before 

formation of heart chambers during Xenopus organogenesis.66 

Limits and Further Usefulness of the Screen. Some proteins effectively ubiquitinated 

during mitosis may lack in this list because of the stringency of our screen. Proteins with 

naturally high affinity to cobalt were discarded from the list since they were also present in high 

quantity in the control sample. Also quantitatively minor ubiquitinated substrates, which could 

play a crucial role in mitosis, may have been omitted in our screen because of their poor 

representation and low number of identified peptides. In addition, the list does not contain 

nuclear DNA-associated proteins since the nuclear fraction is discarded upon cell-free extract 

production. Identification of substrates of ubiquitination among M-phase regulating proteins is of 

great importance for a better understanding of mitotic regulation. Knowledge of the molecules 

and pathways involved in M-phase progression is the first step to design novel anticancer drugs 

and therapies. Proteasome inhibitors have proven to be potent anticancer drugs.67 Ubiquitinated 

substrates may constitute even more specific therapeutic targets. Eventual identification of these 

proteins in our list will be possible after validation of the chosen candidates and analysis of their 

type of ubiquitination and their role in M-phase regulation. 
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6.6 Conclusion 

In conclusion, our screen enabled us to present a list of 144 candidate proteins which are 

either ubiquitinated or associated with complexes in which some members are ubiquitinated 

during mitotic exit. We evidenced already known cell-cycle as well as oocyte/embryo-specific 

proteins whose ubiquitination relevance and role need to be elucidated. Detection of "GG" and 

"LRGG" motifs shows that (i) at least 9 of the candidates are effectively ubiquitinated and (ii) 

Kl l - and K48-linked polyubiquitination predominate in Xenopus laevis cell-free extract upon 

mitotic exit in our experimental conditions. 
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Figure 6.1 Cyclin B2 is mono- and di-ubiquitinated in mitotic Xenopus laevis cell-free 
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Figure 6.2 MCM4 status and cyclin B2 abundance during the M-phase progression in 

the cell-free extract. Note that cyclin B2 Western blot in the bottom panel (tO and t60) 

corresponds to the input of the WB shown in Figure 6.1. 
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Figure 6.3 Comparative protein profile from cobalt affinity chromatography of Ubi 

containing cell-free Xenopus embryonic mitotic extracts versus control extracts. Eluted 

proteins were resolved on SDS-PAGE and revealed with SYPRO Ruby protein gel stain. 
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Figure 6.5 Protein probabilities derived from peptides as calculated by Scaffold. The 

graph shows for each sample how the peptide probabilities are combined to estimate the protein 

probability. 
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Figure 6.6 Polyubiquitination signatures on peptides identified by MS/MS analysis from 

affinity-purified UbiK48R supplemented cell-free extracts. Ubiquitination can be identified in 

MS/MS spectra by two signatures, GG and LRGG. For some peptides, only one signature is 

observed; for other peptides, both signatures are observed. Modification of polyubiquitin on K48 

is shown here with a GG (K+l 14 on spectrum A) and a LRGG (K+383 on spectrum B) signature 

for the peptide LIFAGKQLEDGR. Another example of GG signature is shown on peptide 

IYKTDREK which corresponds to K128 of ubiquitin-conjugating enzyme E2 D2 (spectrum C). 
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Table 6.1 Ubiquitin-Conjugated Substrates Identified by Tandem Mass Spectrometry 

in Mitotic Xenopus laevis Cell-Free Extracts. 
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9 

S 

9 
9 

9 

9 

8 

8 

8 

8 

8 

GCkooMaast 

CO:OO04B39 

GO:ou«a4S7 
00:0004842 

GO:0004221 

GG:OuO§5il 

GO:oooesii 

GO:00O3872 

GftO0OS511 

GftO0OO511 

GO:000704S 
00:0004842 

GO-.00OS511 

GttOQOSSll 

GO*O0G6511 

GO-O0OS511 

00:0003735 

00:0005198 
GO;00O5511 

GO:003219O 
00:0003735 

00:0008180 
00:0006511 

G&O0OB511 

GftO0OSS511 

60:0005511 

G&oooasii 

00:0008511 

Gttoooasil 

00:0032190 
00:0003735 

CO:O0Oa5il 

GO:O0O5511 

GO:QOQ65I1 

GO:00055il 

60:0004842 

GO:O0Q8511 

GO:0008511 

ubUpiltln acttaUrtg enzyme 
aEttvlty 

ubhpittn aetftiting enzyme 
activity 

protein foiling 
ubtqttlttn-prowtn Slgase 

activity 
ubtqultln thtotesterase 

activity 
ubtqultln-deperident protein 

catabollc process 
uofqulthi-dependent protein. 

catabouc process 

6-phcsphofruetoMiiase 
activity 

ubtquldn-eiependent protein 
catabouc process 

ubtqulHn-dependent protein 
catabollc process 

cell cycle 
uMqultm-protetn (Ipse 

activity 
ubtqulttn-etependent protein 

catabollc process 
ublquitta-dependent prolate 

catabollc process 
ubiquittirs-ctepeiidenl protein 

catabollc process 
ublqulttn-dsopetideM protein 

catabollc process 
structural constituent of 

ribosorae 
structural molecule acfMry 
ublqulttn-dependeM protein 

catabollc process 
acrosln binding 
structural constituent of 

rtoosom® 
stgnalosome complex 
ubtcjuitln-dependmit protein 

catabollc process 
ublquHtn-dependent protein 

catabollc process 
ubtqulttn-dependent protttn 

catabollc process 

ublqultm-dependant protein, 
catabollc process 

ubtqtjltin-ciependent protetn. 
catabollc process 

ublqtutln-dependeiit protein 
catabollc process 

ubfqultto-deperjdent protein 
catabollc process 

aero sin binding 
structural constituent of 

rlbosome 
ubhpltm-deperident protete 

catabollc process 
ubiqulttri-depetjdent protein 

catabollc process 
ubtqultln-dependent protetn 

catabollc process 
ublOjUlttH-efepefideni protein 

catabollc process 
ublqulttn-proteln llgase 

activity 
ublqulttn-dependeiM. protetn 

catabollc process 
ublqultln-dependent protein 

catabollc process 
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Table 6.1 continued 

protefti name accession numbers" peptides Ctit 
unique unique peptides 

gene ontotogy 
39 Hypothetical protein 

40 .Hypothetical protein 

41 Nudeosorae assembly protein 1 p56B 

42 MGCB2306 protein (Ritasomal protein 
813) 

43 M6C8S31.Q protein 
44 MGC80364 protete 

45 Abcf2-prov pretein 
46 Hsp9Qbeta protein 
47 MGCBQ275 ptOteta 

48 Menylyi cydase-assodated protein 

49 MGCffl357.1 protein 

50 Utakpittto carder protein 

51 Bacuiovlral SAP repeat-containing 

protein 6 
52 Proteasome: subuntt beta type 5 

precursor 

53 WK.4W02S protein 

54 MGC8S305 protein 

55 Ribosomal protein Sl5 

56 CoFonln homotragua 

57 Sdcbp-prov protein 

58 MGCB6287 protein 

59 UbtqMtto-caBJUBatlrtg enzyme B>N 

BO Prallletattag ceil nuclear antigen 

61 «0s rtbosomal pratian rp.112 prov 
protein 

82 Estrogai-t^^lated protein EP45 
precursor 

63 LQC49481S protein 
64 40S rtbosomal protein S3a 
85 MGC53234 protein 
66 LQC443632 protein (Similar to 

eukarytmc translation Initiation 
factor 3) 

67 MGCH5523 protein 
68 DNA replication licensing factor 

mcjHT-A (CDC47p) 

69 Prottasome stibunit beta type 

"0 Rps9-pta¥ protein (Ritxssomal protein 

71 Bibosomat protein S13 

72 MGC115064 protein 

73 MGC8534B protetn 

74 MGC13il3i protein 

75 Valosln-coritalntng protetn 

76 40S rBsQsomal proteto S27 

77 MGC82841 protete 

Q3B8B3 

Q3KQCS 

Q4U0Y5 
Q&NTT2 

QWBf© 

Q6GQ40 

Q7ZWW5 
Q&AZVI 
Q8DE25 

QSDE80 

QSP704 

Q4QB35 

UP1M006A2EEF 

UPIO0OQ6A1 70A 

Q5XHEZ 

Q98ER8 

Q5RJI6 

Q9PWG7 
QaDPiB 
QBAX35 

QftP349 

QBPF20 

Q28FK& 

Q0D9S7 

Q63ZR4 
QS42T2 

QTZXDB 
QSCPA3 

Q436F1 

0425S1 

Q68EX4 

Q7ZTO4 

Q28I74 

Q505MS 

QB6KX3 

Q3B8H2 

QBGIiM 

Q5D091 

QSGNF4 

1 

0 

0 
0 

1 

0 

0 
0 
0 

0 

0 

0 

0 

0 

0 

I 

I 

t 
t 
0 

0 

0 

0 

0 

0 
0 

0 
0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

0 

0 

7 

7 

7 
7 

6 

6 

8 
8 
6 

e 
ft 

6 

6 

6 

6 

5 

5 

5 
5 
5 

5 

5 

5 

5 

5 
5 

5 
5 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

00:0006511 

GO: 0003735 

00:0006334 
GO:0003735 

GO:O0O3735 

GO:O0Ot>511 

GO:0(HMB7 
GO:oaooees 
00:0004874 

(50:00071.86 

00:0006511 

00:0006511. 

GO:00O4B4O 

GO:O0O85H. 

GQ:O0O651J 

00:0003735 

60:0003735 

00:0015629 
GO:O0O5515 
GO:O0O651l 

GO:O0O4842 

GO:0030337 

00:0003735 

60:0004867 

GO:OOOS2?0 
00:0003735 

GO:OQ07I55 
GO;OO03743 

GO:O0O3735 

60:0030174 

GO:O0O65ll 

GCKO0O3735 

GO:O0O3735 

GO: 0005511 

GO:00O3735 

Gaoaos5ii 

00:001710 

GO:O0O3735 

00:0003735 

ublEpjltin-dept«Hdent protein 
cataboiic process 

structural cons!!Burnt of 
rtbosome 

nucleososae assembly 
structural constituent of 

ritasome 
structural constituent of 

rtbosome 
ubiquitta-dependent protein 

cataboiic process 
A'lTase activity 
response to unfolded protein 
protein serine /threonine 

kinase activity 
G-preteln coupled receptor 

protein signaling pathway 
ubEQUlon-dependent protein 

catatolic pro-cess 
ubttjulttn-depsnde.nt protein 

catahoiic process 
ubtoiiittn conjugating 

enzyme activity 
uhkjuittn-dependent protein 

cataboiic process 
ubiqairin.-dspend.ent protetn 

catahoiic process 
structural constituent of 

rtbosome 
structural constituent of 

rtbosome 
actin cytostoteton 
protein binding 
ul}|qumn-cli>pt'<ndent protein 

cataboiic process 
ublQuitm-proteln ttgise 

activity 
DNA polymerase 

proccsfivtty factor activity 
stnictrtral consntuent of 

rtbosome 
sertne-type endopepttdase 

iniilbtor aclftlty 
zinc ion binding 
structural consrittient of 

rtbosome 
cell adhesion 
translation initiation fader 

activity 

structural constituent of 
rtoosorne 

regulation sf DNA 
replication Inlttatton 

ubfctultin-dependent protetn 
cataboiic process 

structural canstltaent of 
rtbosome 

structural constituent of 
rtbosome 

ubtqulttn-dependeiti protein 
catabalic process 

smi0.urat constituent of 
rtbosome 

ubitjuittn-dependent protein 
cataboiic process 

nucteosWe-trtphospbatase 
activity 

structural constituent of 
rtbosome 

stniaural consBtaent of 
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Table 6.1 continued 

pratpln name 
untquK unique 

accession numbers** peptides Ctrl Ufot3 
gene ontology 

78 LOOMS 148 protein 
79 Probable ATP-dependent RMA heltcase 

DESKS 
80 Cain-prov protein 
81 Rptio-prov protein (MMScmal protein 

Lioe) 
82 MGQSBSOO protein (Similar to 

hyaluronic acid binding protein 4) 
83 Rettasblastoma-assoclaled factor 600 
84 Wu:f)08di2 protein 

85 LOC49014B ptoteln (similar to 
taiwobox pre* 1 pmteia'l 

86 Eukaryotlc translation Initiation factor 
2B 

87 Ftosptofructoktnase. platelet 

88 Rlbosornal. protein S5 

8B Hypothetical ptoteln LOC549795 
(Similar to Mitogen-activated protein 
ktaas« 12) 

90 Rlbosornal ptoteln 122 
91 VJblqultm carrier protein 

92 Cell division control preteln 2-A 
93 Putative imcharaetertzed protein 

9* Protein VAC14 homologtie 
35 Ublqulttn carrier protein 

96 Ubltpltln-conJMgattrtg enzyme X 

37 UbUjultln canter protetn 

98 Cleavage and polyadenylatlon spedftc 

factor 5 
99 UPI000089FA78 (similar to 

ubliiuttln-acttvating enzyme El) 
too HZPA protein 
101 Y-bOT-fetndlng protein 2-A 
102 Vacuolar protein sorting26 

103 MOC83258 protein 

104 MGC854CM protein 

105 Ublqultm specific protease 10 

tOi Pstyprotefn 

107 Retlnoblastoma-assoclated factor eoo 

108 MGC83824 protein 

i ts LOC495281 protein 

n o Htspatecyt® growth factor-regulated 
tyrosine kinase substrate 

111 Probable ubkjEtittn carboxyl-termlnat 
hydrolase FAF-X 

112 MGCBI067 protein (Stmllar to 
hyaluronic add binding protein 41 

113 THO complex subunlt 2 (Tho2) 

114 MGC86445 protein (similar to 
transport protein Secaij 

Q5XGTI 
UPIO0O0S9E2CF 

Q7ZXJ1 
Q7ZXK4 

Q6PBZ2 

UPIQ0O06A2OB7 

Q3BSfe 

Q5M9&0 

Q2SD58 

Q6P4Y8 

Q2B&S, 

UHO0OO509D47 

Q28I1& 

QGDFKS 

P35S67 
QtiDJQS 

Qoaraa 
Q5E005 

P56116 

Q7Z3C7B 

Q28I89 

UHQ0OO69FA76 

QGAXD5 
P21S74 
Q2:aGAS 

QONTO 

Q66KV2 

QGDI14 

Q91S74 

UFIOO0O6A2G83 

QStRMB 

Q5XG62 

Q28CS1 

UPI00O069E1D9 

Q6NRY1 

UPI«K»S90B7i 

Q66KF3 

0 
0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 
0 

0 

0 

0 

0 

0 
0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

a 

0 

0 

4 
4 

4 
4 

4 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
3 

3 
3 

a 
3 

3 

3 

3 
3 
3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

2 

2 

2 

GOsoooBiao 
00:0003724 

00:0005509 
GQ;S0M735 

00:0004252 

GO:iO04842 

GO:eoa374« 

00:0003704 

00:0093746 

GO:eo(J3«72 

00:0003735 

GO:0004674 

00:0003735 

00:0006511 

CO:00S1301 
00:0003735 

GO:000BO47 
00:0008511 

00:0004842 

00:0004842 

00:0016787 

00:0004840 

00:0032190 
GG:0009386 
00:0043 ICS2 

00:0004842 

00:0003735 

00:0006511 

00:0004252 

00:0004842 

00:0003735 

00:0004842 

GQ:on#S886 

00:0008511 

00:0004252 

00:0006308 

GO:aoosaa8 

stgraalosom© complex 
RNA helfcase activity 

calcium ton binding 
structural constituent of 

ribosome 
serine-type endopepHctase 

activity 
ufaiqultln-protein Ilgase 

activity 
translation elongation factor 

activity 
specific RNA polymerase II 

rranscrtptSon factor activity 
translation elongation factor 

activity 
s-phosptaiructokinase 

activity 
structural constituent of 

flbosorae 
protein serine/threonine 

kinase activity 

structural constituent of 
ribosorne 

ubicjultln-dependent preteln 
catabollc process 

cell dlTtslon 
structural constituent of 

rfbesome, 
enzyma activator activtry 
ublqultln-dependent protein 

catabollc process 
ublqultln-protetn ilgase 

activity 
ubtqultln-preieln Ilgase 

activity 
hydrolase activity 

ublqultin conjugatlne; 
enzyme activity 

acrosln binding 
translationM attenuation 
ubtqultta-depeiHtent protein 

catabollc process via the 
multivesicular body 
pathway 

ublqultln-proteln Ilgase 
acttvtty 

structural constituent of 
rtbosome 

ublqultln-dependent protein 
catabollc process 

sertoe-type eiutepepttdase 
activity 

ublqultln-proteln Ilgase 
activity 

structural constituent of 
ribasorne 

ubkjultln-pKrtein Ilgase 
activity 

intracellular protein 
transport 

ubiqultln-dependent protein 
catabollc process 

serine-type #ndopeprldase 
activity 

UNA elongation front RNA 
polymerase If promoter 

ER to Golgl vesicle-mediated 
transport 
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Table 6.1 continued 

protein name 
unique unlsjue 

accession, numbers" peptides Ctrl Utsi3 gene ontology 

1.15 Cytostne-specific methyltransferase 
u e MGQB233 protein 

117 Proteasorae subuntl alpha type 

P79S22 
Q4KLWS 

Q5XGP0 

Q5RIOB 1.18 Proteasome (Prosome. macropaln) 
subunlt, beta type, 4 

119 Nudeoseme assembly protein 1-Uce 1 Q6NVB1 
1.20 40S ribosomal pnetein S10 

1.21 Rlbophorta fJ 

122 MGOeflM protein 

123 Ribosomal pratefa Ll4 

Q5I0S3 

QBGNF2 

Qzacvs 

124 Proteto phosphatase 2 CFamieily 2&), Q5XGH9 
regulatory subuiut B (PR 52) 

125 Glucase-e-phasptate dehydrogenase Q28DS9 
126 Serine/threonine-protein kinase PLK1 PSZ205 

1.27 MGC817B4 protein Q8GMP0 
128 BSS ribosomal protein UQa Q7ZYS8 

12S U3C4947MJ ptoteto (slraltar to PIPl 
like 1) 

130 CuHta-2 (CUU2) 
131 Glyceraldehyde 3-phosphate 

dehydrogenase 
132 Hypothetical protein LOC496848 

(DEAD (Asp-Gra-Aia-Asp) box 
polypeptide l) 

133 MGC78885 protein Q6AZV3 

UPlBOO069Flfs6 
Q7ZV52 

Q5XH91 

134 405 ribosomal protein Si 5a, [Xeneptis UPloooMDsDAS 
iroplcalis] 

135 WD repeat-containlng protein 82-A 

136 LOClQorai.273 protein 

137 Ubiqultm conjugating enzyme E2 

138 MGGS9O20 protein (similar to zyf-11 
horjiologue B (C efegiiwjj-tjke 
Isofnrm 1J 

139 Protuasome subuntt alpha type 

140 MCC«S3ie protein 

Q86KV6 

Q76EZ3 

Q8PP36 

Q8PE96 

Q6AZL9 

1*1 pS3-assodated patten-Uke cytoplasmic UPlooooaAlBE? 
protein (putative E3 ublqutdn Hgase) 

142 Proteasont* subuntt beta type QANRC2 

143 Origin recognition complex associated 093513 
protein pal 

144 Sec23 homotogue B Q28DM5 

2 
2 

2 

2: 

2 
2 

2 

2 

2 

2 

'? 

2 

2 
.2 

2 

2 
2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

00:0098306 
GOiODOtffill 

00:0008511 

60:0086511 

GO;00§6334 
00:0003735 

00:0918279 

GO: 0003735 

00:0003735 

00:0007185 

GO:00«M»06 
00:0004674 

00:0000991 
GO:0003735 

GQ:0tM8»7 

00:0007049 
00:0000096 

00:0008026 

00:0003735 

GCK0003735 

G0:00@651i 

00:0003735 

GO:00§6511 

00:0005488 

00:0006511 

00:0003735 

CO:oooe5lt 

00:0006511 

DNA HiMhytation. 
ubtqultta-depe orient protein 
eatatailc process 
ubtqurtln-dependersi protein 

catabottc, process 
ubiqultta-dependent protein 

catabollc process 
nucleosome assembly 
structural constituent of 

rlbesorne 
protein amino acid N-llnked 

gryeosylatton via 
asparagtna 

structural constituent of 
ribssome 

structural constituent of 
Elbososira 

signal transduction 

glucose Bunabollc proress 
prowtn serine/threonine 

idnase activity 
prota® blosynihettc process 
structural constituent of 

rtbosotiii" 
mRNA processing 

edl cycle 
glycolysis 

ATP-dependent helfcase 
activity 

structural constituent of 
rlbesaimg 

structural constituent of 
rfbosome 

ubtqultln-deptmdens protein 
cataboMc process 

structural constituent of 
tibosorae 

ttbl«|ul.tln-dependcnt protein 
catabottc process 

binding 

ubiqultta-dependent protein 
cataboltc process 

structural, constituent of 
rlbssorae 

ubfcpltln-dependMB protein 
cataboltc process 

ubtqultin-dependerat protein 
cataboltc process 

G0:ooifl2«f> DNA replication. 

00:0016192 vesicle-mediated transport 

* UH (Universal Protein index! and Swiss-Prat accession numbers. 
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Table 6.2 Assignment of Homologue Ub-Conjugated Substrates in Non-Xenopus Taxa. 

protein name 
accession 
numbers 

unique unique peptides 
peptides Ctrl Ubr"81 ' gene ontotogy ftmetian 

1 MF-blndlng protein 1 [Harm sapiens] 

9 
10 

i i 

1.2 

13 

14 

15 
16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

2.6 
27 

28 

29 

30 

Predicted; similar to ublqutfJn protein 
Igase BA [Sas taree] 

Conserved hypothetical protein 
[Ometomium gie&osum CBS 14&51) 

Tubulin, beta chain (Beta tubulin!! 
| Parmtmtmtus litMus] 

Predicted: similar to E3 
aWQuittn-ptoleln Kgase 1IECTB1 

Predicted: stellar to 25S preteasome 
suburdt p44,5 [MonwielpMs 
domestka] 

Unnamed protein product [Mus 
musmlm\ 

Predicted: stellar to heat shock 
protein S [Mus museulus] 

Arachlm Any-4 [Amcftfe IsjpogatfM] 
Predicted: stellar to Actth, 
cytoplasmic 2 (Gamma-actto) [Rattus 
nonmgScus] 

Tubulin alpha 6 [Homo sapiens) 

40S nbosomal protein. Si.8 [kmlurm 
puwciatus] 

Predicted: similar to KIAAlTM protein 
[Gailus fftllas] 

Predicted: similar to proteasome 
[Manaitelphls domestic^ 

LBA [Mus musculus] 
2:68 proteasome regulatory chain. 4 

[validated) [Noma sapiens^ 
Predicted: s t a t e to 
carbaiirayl-pbospaaEe synthetase 2 
[Mantis non>eglai4 

Thyroid hormone receptor tnteractor 
12 [Homo sapiens) 

Predicted: similar to E3 Hblqultta 
protein llgase [Macmxi mukma) 

Predicted: hypothetical protein [Dattio 

JJ1I56417899 

81II199139Q2 

gll 11618 M20 

gll 135489 

0 

0 

1 

0 

Polyubifjultln [Ciieeluttts grtseus] 
Chain A. VcpP97 completed with ADP 

[Mas musculus] 
Rirjoseirtal protein SlO [Sofea 

lenegHfensUj 
Epsl3 protein [Mm mmculus] 

40S rtbosomal protein S2 [Qtcetulus 
gmeus] 

MSP 9f>b«ta [Bos taurus] 
Ublquitin^onjugMfag enzyme [Homo 

sttpten$ 
Predicted: similar to Hornaftn [Homo 

saplem] 
Elbosomal protein S27 [Bomo saplem] 

Rcdi (required for celt differentiation) 
rtontotogue 1 [Mus musmltis] 

gll74141281 

81194387119 

gllSTMtei 
gilice50"oea 

gll 14389309 

I1I41018.KH 

gll 118099829 

811128270093 

gilIOIB026lS 
£11345717 

gll 10347 79 73 

gilioseasoa 

811108087122 

Jill 125843812 

jjll2627133 
81162738726 

glll243S»8£J5 

gll 15029927 

glll l73239 

.01118601868 
gll 10444495 

gll 113412*58 

gll4506711 

glllOS48722 

0 

0 

0 
1 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 

0 
0 

0 

0 

0 

0 
0 

0 

0 

0 

35 €(0:0006888 Intracellular protein. 
transport 

19 00:0064842 ubttjultln-pwtetn llgase 
activity 

8 GO:M085li utokpltln-depeotlent protein 
catabolic process 

7 GO:OOO52O0 structural constituent, of 
cytoskeleron 

7 GO:i0O4S42 uottpltln-pteteta llgase 
activity 

8 GOttOO&Sll ubtqultln-dependint protein 
catabolic process 

6 GO:©0S6511 uWtplllo-dependent protein 
catabolic process 

fl GO:ooe6@a6 response to unfolded protein 

6 GO;©Q4!5735 nutrient reservoir activity 
5 GO:©o©52C» structural constituent of" 

cytoskelston 

5 GO:00052OO structural constituent of 
cytoskelaton 

s GO»0O3735 structural constituent of 
ribosonie 

3 GO:G0O4842 ubtqultin-proteta llgase 
activity 

3 GO:eao65ii ublquitta-dependent protein 
catabolic process 

3 GO:ooifii97 eadossrne transport 
3 GO:00O8511 ubtqultln-depentient protein 

catabolic process 
2 GO:00O4G87 carbamoyl-phospnate 

synthase artlvrry 

2 €rf>:eoo4842 uhtqaitln-pioteln llgase 
activity 

2 GO:©004842 ubtquiua-proreto llgase 
activity 

2 GO:©00S397 mRNA processing 

2 <;O:0008464 protein modification process 
2 GO:0O©69B6 response to unfolded protein 

2 GO:M03735 structural constituent of 
rfbosome 

2 €,0:83003735 structural constituent of 
rtbosome 

2 GO:e»orj3735 strucftiral constituent of 
rlbosorae 

.2 GO:«S6986 response to unfolded prorttm 
2 GO:0O04842 ubtqultln-prateln llgase 

activity 
2 GO-.0005508 calcium ton binding 

2 GO:0003735 structural constituent of 
ribosorae 

2 GO:0019221 cytoidne and cheraoklne 
mediated signaling 

'Ml obsen«l MS/MS spectra vmm subjected, to search against ths NCBi nonredunstant [NCBInr) data bank. 
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Table 6.3 Identification of Ubiquitination Sites (K) in Ubiquitin-Conjugated Proteins. 

peptide 

TLTGKTmEVEPS DTIENVK 
LIFAGKQLEDGR 
LLAKVH 
IEDAKR 
KNKNFTK 
WKDIVLR 
KAA1SXSIR 
NLKWEGLDLLNGKPft 
QKKLLK 
iSVKLDR 
iCLDILKDK 
EALEKSEARR 
1YKTDREK 

Mascel ton score 
(rata-insx) 

3 5 -
2 2 -
2 1 -

m 
35 

34 
M 
3 3 -
30 
30 
28 
24 
23 

•90 
•65 
•39 

•33 

number of GG 
spectra 

26 
MS 
2 
1 
1 

1 
1 
0 
1 
1 
1 
1 
1 

number of 
LEGG spectra 

14 
16 
0 
0 
0 

0 
0 
3 
0 
0 
0 
0 
0 

protein Identification 

Ublqulttn 
UMqufcta/Ubi""1* 
Putative uticharacterized protein 
Protein XRPz (Retinitis pigmentosa 2) 
Putative iBicharactOTlzsd protein 
MGCB&M5 protein 
Protein mai>-2i-Bte I 
T-comptex protein 1, alpha ntbunlt 
LOG494754 protein 
MGC131293 protein 
Ublcplttn carter protein 
Ventricular, myosin heavy chain 
UMqulttn-eonjugattag enzyme E2 D2 

accession, number 

P62972 
P62972 
Q5SA66 
Q8AVX5 
ASPKM7 

QseKK 
QSGQD9 
QSNTQ5 
Q2VPI0 
Q2VPU 
Q7SZ88 
QSEC17 
P82B40 

"GG (+114J and LBQG (+38)) libtqulltn remnants tag? were targeted as variable medtrkattans In MASCOT. Only peptides with Internal lysine 
modifications are listed. 
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Chapter 7: Discussion 

7.1 Thesis summary 

In the second chapter of my thesis, a novel method for identifying ubiquitinated proteins 

from a complex biological sample, such as a whole cell lysate, using a combination of 

immunoaffinity purification and liquid chromatography-tandem mass spectrometry analysis (LC-

MS/MS) was described. Application of this method enabled the confident identification of 70 

ubiquitinated proteins from the human MCF-7 breast cancer cell line after overnight treatment 

with the proteasome inhibitor MG132. Proteins identified included Ub-ligating enzymes, 

subunits of the 26S proteasome complex, heat shock proteins, transport proteins, DNA repair 

proteins, transcription and translation elongation factors, and several proteins involved in cell 

cycle regulation, apoptosis, and signal transduction. These findings represented the first 

proteomic analysis of native ubiquitinated proteins from a genetically unmodified mammalian 

cell line. 

In the third chapter of my thesis, an application of a microfluidic protein processing 

device, termed the Proteomic Reactor, for enzymatic digestion of proteins for subsequent LC-

MS/MS analysis was described. Use of the Proteomic Reactor enabled 27 ubiquitination sites to 

be precisely mapped on 21 proteins and enabled the identification of 58 candidate ubiquitinated 

proteins from control and VCP depleted HI299 lung adenocarcinoma cells. Differences in 

ubiquitination were also observed when two populations of HI 299 cells (i.e. -/+ VCP depletion) 

were compared. Several proteins designated as candidates were confirmed to be ubiquitinated by 
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subsequent immunoprecipitation and Western blotting experiments. Our results demonstrated 

that the Proteomic Reactor facilitates the analysis of ubiquitinated proteins and may be used for 

the study of other post-translational modifications. 

In the fourth chapter of my thesis, a method for determining peptide ion score cutoffs that 

permit the confident identification of ubiquitinated proteins by MS/MS was described. For initial 

experiments, we analysed multi-Ubiquitin (Ub) chains with quadrupole time-of-flight and 

quadrupole ion trap mass spectrometers in combination with the Mascot database search engine. 

We found that standard ion score cutoffs were not sufficiently stringent as significant false 

positive rates (FPR) were observed. We also found that FPR and false negative rates varied 

significantly depending on the cutoff score used and that appropriate cutoff scores could only be 

determined following a systematic evaluation of FPR. When a range of cutoff scores was used 

for the analysis of complex mixtures of ubiquitinated proteins obtained from human cell lysates 

by immunopurification with an anti-Ub antibody, unacceptably high FPR were observed. As a 

final set of experiments, MS/MS data obtained for the analysis of immunopurified ubiquitinated 

proteins was searched against five protein databases of increasing size and it was determined that 

FPR for ubiquitinated proteins are affected by the size of the protein database that is searched. 

In the fifth chapter of my thesis, a specific application of the gel-based method I 

developed for identifying ubiquitinated proteins was described for Mga2p, an endoplasmic 

reticulum (ER)-localized transcription factor that is released from the ER membrane by a unique 

Ub-dependent mechanism. We identified, using an in vitro ubiquitinated Mga2pl20-Mga2p90 

complex, that lysine residues 983 and 985 contained within the carboxy-terminal domain of 

Mga2pl20 are Rsp5p-directed Ub-conjugation sites. Mutation of these residues as well as 
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proximally located lysine 980 resulted in suppression of Mga2pl20 ubiquitination in vitro and in 

vivo, inefficient liberation of Mga2p90 by Cdc48pNpl4p/ufdlp in vitro, and ER membrane retention 

of Mga2p in cells. Moreover, mga2A/spt23ts harboring Rsp5p binding and conjugation mga2 

mutants expressed low OLE1 (an Mga2p90 target gene) transcripts and displayed reduced 

growth. We concluded that residues 980, 983, and 985 are targets of Rsp5p-induced 

polyubiquitination and mediate Cdc48pNpl4p/ufdlp-dependent Mga2p90-Mga2pl20 separation and 

Mga2p90 mobilization. 

Finally, in the sixth chapter of my thesis, a specific application of the method I developed 

for determining peptide ion score cutoffs that permit the confident identification of ubiquitinated 

proteins by MS/MS was described for a proteomic analysis of Xenopus laevis embryos. Mutated 

recombinant 6xHis-tagged ubiquitin (Ubi ) was added to mitotic cell-free embryo extracts 

from which Ub-conjugated proteins were purified, as well as associated proteins, in 

nondenaturing conditions by cobalt affinity chromatography. Proteins eluted from Ubi 

supplemented and control extracts were compared by LC-MS/MS analysis after 

monodimensional SDS-PAGE. A total of 144 proteins potentially ubiquitinated or associated 

with them were identified. Forty-one percent of these proteins were shown to be involved in 

ubiquitination and/or proteasomal degradation pathway confirming the specificity of the screen. 

Twelve proteins, among them ubiquitin itself, were shown to carry a GG or LRGG tag indicating 

their direct ubiquitination. Sequence analysis of ubiquitinated substrates carrying these tags 

indicated that in Xenopus cell-free embryo extract supplemented with UbiK48R, the majority of 

polyubiquitination occurred through lysine-11 specific ubiquitin chain polymerization. 
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7.2 Future perspectives 

Several follow-up studies could be performed based on the results presented in this thesis. 

Since the gel-based method discussed in chapter two was successfully used to map Rsp5p-

directed Ub-conjugation sites on Mga2p, a reasonable set of future experiments would involve 

the study of Mga2p's homologue, Spt23p, using a similar approach. Spt23p encodes a p90 

product that also undergoes Rsp5p-dependent release from the endoplasmic reticulum membrane 

and possesses redundant OLE1 transactivation function. It is expected that the mapping of Ub-

conjugation sites on Spt23p and assessment of the in vitro and in vivo effects of mutating these 

lysine residues would be fairly straightforward. However, if initial attempts to identify Ub-

conjugation sites on Spt23p fail using the current methodology, several modifications to the 

protocol could be made to improve its sensitivity given the availability of new affinity 

purification methods and mass spectrometry-based technologies. 

As an example, the current affinity purification protocol for capturing ubiquitinated 

proteins employs an affinity resin consisting of an anti-Ub antibody (clone FK2) coupled to 

protein-G agarose beads. Since the article's publication in 2005, an improved affinity resin 

employing commercially available magnetic protein-G Dynabeads (Invitrogen) has been 

successfully employed and reported by our group and others. Similar to protein-A/G agarose 

beads, an antibody of interest (i.e. anti-Ub antibody) can be covalently coupled to the protein-

A/G Dynabeads with dimethyl pimelimidate (DMP). However, the use of the Dynabeads avoids 

two problems associated with agarose beads that occur during the washing step; 1) the loss of 

beads and sample; and 2) unwanted remaining washing buffer. These problems are avoided 

because all of the washing steps take place in a single microfuge tube with no centrifugations 
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since the Dynabeads are retained on the walls of the tube using a magnet. Other benefits of the 

Dynabeads include reduced background contamination, since fewer proteins bind non-

specifically to the beads, as well as reduced sample processing times. It would therefore be of 

interest to determine the improvements in sensitivity that could be achieved by incorporating this 

technology into our purification protocol for ubiquitinated proteins. 

Another set of follow-up experiments that could be performed would involve the study 

of selected proteins from the group of candidate ubiquitinated proteins discussed in the third and 

sixth chapters to map their specific Ub-conjugation sites. Specifically, proteins among the group 

of 58 candidates identified in control and VCP-depleted HI299 lung adenocarcinoma cells from 

Chapter 3 (Group A) and among the group of 144 candidates identified in Xenopus laevis cell-

free embryo extracts from Chapter 6 (Group B). Among the candidates from Group A, 

Sequestosome-1 represents an ideal target because it contains an ubiquitin-associated (UBA) 

domain, is involved in proteasomal degradation of ubiquitinated proteins, and was shown by us 

to be ubiquitinated by immunoprecipitation and western blotting. Among the candidates from 

Group B, several proteins assigned with a role in (or related to) cell cycle and division are ideal 

targets, including PCNA, plkl, Npl4, VCP, CDK11, MCM7A, PP2A, Orc3-like p81 and cdc2a. 

CDK11, for example, is of particular interest since the C-terminus part of pi 10 CDK11 has been 

shown to be specifically expressed during M-phase in mammalian somatic cells and is required 

for its completion. For the remaining proteins in Groups A and B, it would be of interest to 

specifically search for the presence of a UBA domain within their primary structure, since this 40 

amino acid motif is known bind both mono- and poly-Ub in vitro and has been proposed to limit 

Ub chain elongation and to target ubiquitinated proteins to the 26S proteasome for degradation. 
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A further set of experiments which represents a significant undertaking, but would have 

implications in biomarker discovery and the potential to aid in predicting and diagnosing 

diseases, involves the identification and profiling of ubiquitinated proteins in biological fluids, 

such as blood plasma or serum. Although no studies have reported the identification of 

ubiquitinated proteins in human plasma, we recently confirmed the presence of ubiquitinated 

proteins in mouse plasma (from both normal and diseased samples) by immunoprecipitation and 

western blotting. We believe that the identification of plasma ubiquitinated proteins using the 

methods discussed in this thesis will be feasible once a suitable albumin depletion system has 

been incorporated into our purification protocol. This represents a critical step towards this goal 

since albumin is the most abundant protein in plasma and impairs our ability to identify lower-

abundance proteins of interest. Currently, several commercially available albumin and 

immunoglobulin (IgG) depletion kits are available which might serve this purpose. Once the 

identity of specific ubiquitinated proteins are confirmed in plasma, it would also be of interest to 

determine whether ubiquitination of these proteins occurs in the blood and if so, what purpose 

and function it might serve. Interaction partners of ubiquitinated proteins in plasma could also be 

identified by co-immunoprecipitation and LC-MS/MS analysis, which might reveal which E3 

ubiquitin ligases they associate or interact with. To confirm whether El activating, E2 

conjugating and E3 ligating enzymes are functional in plasma, in vitro ubiquitination assays 

could be performed where the identified enzymes and substrates are added in the presence of 

epitope-tagged Ub. Ubiquitinated substrates would be visualized by western blotting using an 

antibody that recognizes the epitope tag. Immunopurification using the same antibody followed 

by LC-MS/MS analysis would then be employed to identify their Ub-conjugation sites. 
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