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previously to characterize the polyubiquitin chains, but their tedium makes it difficult

to study a broad ubiquitinome. Top-down and middle-out mass spectral based



proteomic studies have been reported for polyubiquitin and have had success in
characterizing parts of the chain, but no method to date has been successful at
differentiating all theoretical ubiquitin chain isomers (ubiquitin chain lengths from
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Chapter 1: Introduction

Ubiquitin Chains

Ubiquitin (Ub) is a 76 amino acid protein that is found ubiquitously in
eukaryotic cells, hence its name. There are also many Ub-like (UbL) proteins in a
range of eukaryotic cell types including Rub1 (AKA Nedd8 in mammals)* and
SUMO,? which have complimentary, but different sequences and functions compared
to Ub.® Prokaryotes are also known to carry a UbL, called ThiS, which has been
shown to have similar functions to Ub.* The fact that Ub and its sequence are so
highly conserved suggests its importance for cellular proliferation.®

The alteration of a protein after it has been translated is called a post
translational modification (PTM). Ub can be attached to proteins, including itself, as a
PTM, through the formation of an isopeptide bond between its carboxyl terminus
(G76) and the e-amine of a lysine (K) residue or the N-terminus of the initial

methionine (M1) in a process called ubiquitination.® (Figure 1.1)

MiQIFVKs TLTGKu TITLEVEPSDTIENVK2AK21QD3:KasEGIPPDQQRLIFAGKEQ
LEDGRTLSDYNIQKgESTLHLVLRLRGG

Figure 1.1. Human ubiquitin sequence, which contains 76 amino acid residues. All
potential isopeptide linkage sites (lysines) and the initial methionine are highlighted

in cyan.



Ubiquitination can occur in different ways: a single Ub can be attached at a
single site (monoubiquitination) (Figure 1.2a) or multiple sites (multiubiquitination),
(Figure 1.2b) or a chain of internally linked Ub can be anchored to a protein
(polyubiquitination.) (Figure 1.2d) Various polyUbs are also present in the cell
unanchored (Figure 1.2c). The possible linkage sites for intra Ub chain formation are
M1, K6, K11, K27, K29, K33, K48, and K63 (highlighted in cyan in Figure 1.1).
PolyUb is difficult to characterize because a single Ub chain can be made of all one
linkage type (homotypic) (Figure 1.2c) or different linkages (mixed) (Figure 1.2d)’ It
is even possible -and seen in vivo- to have a branched polyUb;® a Ub with multiple
isopeptide linked Ubs attached (Figure 1.2e). Thus the potential intracellular

complexity of these polyUb chains makes proteomic analysis immensely challenging.



Substrate

Figure 1.2. The many types of ubiquitination laid out in ball-and-stick models.
Monoubiquitination (single: a. and multi: b.) and polyubiquitination (homotypic: c.,
heterotypic: d., and branched: e.) are shown anchored (a., b., and c.) and unanchored

(c. and e.) to a substrate protein.

Anchored and unanchored chains have been known to play a major role in
DNA repair,® protein degradation,>° cancer morphology,*! protein kinase activity,*2
redox regulation,'® and aggresome degradation.!* This myriad of cellular responses is

thought to be directed by different structures of Ub polymers depending on chain



shape and linkages present (Figure 1.3)* and yet, characterization and quantification
of the ubiquitinome has been limited.”*® Current characterization techniques do not
allow for the full identification of the different possible structures and linkages of
polyUb, thus limiting the information cellular biologists can obtain about the function

of Ub in the cell.*’

Anchored Unanchored
Linkage  Function Mixed Function Linkage Function
& £
Innate immunity . - Ml .
M1 @ @ | NE-xB signali [ ] oL
NF- gnaling .
K6 . DNA damage response . or - K6 . . ‘ Mitochondrial quality control
. Mitochondrial quality control . MHC I endocytosis
Kii Human cell cycle control . o K1l ?
Cellular adaptation to hypoxia .
K27 Host immune response . K27 ?
DNA damage response -
.' . Proteolytic degradation K29. E
K29. . \ Repress Wnt/f-catenin signaling I . .
0, -
. Post-Golgi protein trafficking . . K33 .
K33 . TGN signaling . 7

. . K4R... [ 268 proteasome inhibition
K48.‘ . . . .or Proteolytic degradation

. Activating TAKI kinase
DNA damage response . or cf'j;?;ll:“lt to degrade K63. . Activate IRF3 signaling
K63. . Modulate oxidative stress . i
Protein sorting (Extracellular vesical) Regulate ubiquitinome
. . Unknown e
Immune inflammation response Intracellular aggresomes recruit

Figure 1.3. Outline of the different linkages and shapes of polyUb and their known

functions. (Adapted and updated from reference 15)

The scientific community has developed a few methods for identification and
characterization of Ub linkages and, very generally, shape. One method which does

not use mass spectrometry directly is the use of antibodies. Antibodies are often used




to isolate, and/or confirm the presence of, specific protein substrates from samples.
There are many anti-Ub antibodies, and some have linkage specificity. However
immunoprecipitation does not always reveal the number of Ub moieties (unless
coupled with intact mass analysis) or complete linkage other than the epitope. If there
is a mixed linkage, for example, then the epitope of one of the linkages will match the
antibody, but the other linkages in the polyUb maybe unaccounted for in the antibody
based analysis alone.*® There is not yet an antibody for every linkage type either, so
some linkages are impossible to identify by this method. It has also been shown that
not all antibodies isolate the same cohort, which would introduce unexpected
variables.'® There are antibodies which can isolate unanchored Ubs?® and some that
isolate polyUbs,® but more specific features (such as branching) cannot be elucidated.
Similar to antibody work, proteins called deubiquitinases (DUBS) have been
used to reveal the structure of polyUbs without using mass spectrometry. DUBs
remove ubiquitin isopeptide bonds either generally or at specific linkages. A process
called UbiCRest (ubiquitin chain restriction)? has been shown to effectively identify
linkages present in heterotypic chains. Some topological determination has been
accomplished using DUBs.?? These methods are extremely useful and have been
implemented successfully in vitro experiments.?® However, the DUBs currently
available do not cover all the possible Ub linkages, and the DUBs that have
specificity have not been tested to confirm their specificity in all chain lengths and
topologies.?? This is an uncertainty that fragmentation resulting from tandem mass
spectrometry could overcome since the linkage present would produce unigque

fragments matching that linkage only.



Many of the studies shown in Figure 1.3 have elucidated the linkages present
and shown their importance in cellular functions using sequence mutations.?* By
converting specific K residues to R, the general shape of the Ub can be maintained,
but the conjugating abilities are completely lost. This means, for example, that if K63
linkages are suspected to be involved in a process, researchers can genetically mutate
the cells to produce K63R mutant Ubs and see if the functions being studied are
perturbed.3% In this way, scientists have definitively defined functions without any
uncertainty. However, these studies must disrupt the normal Ub pathway, which may
have unpredicted consequences.?

Two specific studies that attempted K to R mutations for topological
determination came to the conclusion that they were unable to determine the exact
topology of the polyUb chain using mutations. The authors suggest a chain shape and
determined the linkages involved, but no more was definitively concluded.??’
Another K to R mutation experiment successfully demonstrated that K11 branched
off K48 chains in vivo and that these chains allowed for a more efficient proteolysis.?®
However, all these processes involved multiple experiments where separate mutations
were needed. These mutations not only involve more invasive biochemical techniques
in vivo, but also require a lot of time in cell culture and genetic mutation experiments.
To map the entire ubiquitinome would be a gargantuan biochemical undertaking

using any one of the methods mentioned above.



Mass Spectrometric Methods for Ubiquitin Determination

Bottom-Up Proteomics

Cellular systems have many different enzymes that cleave peptide bonds on
proteins. These enzymes have been isolated and are now commercially available for
general use. Trypsin is one of the most common cleavage enzymes; it cleaves
specifically at arginine (R) and lysine (K) residues making it possible to predict the
product peptides from large protein repositories. When these peptides are coupled
with a LC-MS/MS analysis, the method is called bottom-up proteomics. The bottom-
up refers to the fact that the peptides must be pieced back together after identification
by MS/MS and matched with a protein that has the same potential peptide products
and sequence identified by MS/MS.?®

Many laboratories use trypsin cleavage to locate ubiquitination on proteins
because it leaves a -GG tag on the g-amine of the target protein’s lysine after trypsin
cleaves at R74 of Ub. When peptides from the conjugated protein are sequenced by
tandem mass spectrometry (MS/MS) and bioinformatics, the additional mass from the
-GG tag, 114.043 Da, can be recognized and located.*°3%233 However, this technique
shows neither the length nor the linkage pattern of the ubiquitination side chain, but
can show all the linkages present (as Ub peptides with -GG tags) and the location of

the ubiquitination on the substrate protein.®* (Figure 1.4)
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Figure 1.4. Visual representation of an ubiquitinated protein undergoing tryptic
digestion. Cleavage at R74 of the Ub leaves a signature mass addition of 114.043 Da

onto the modified lysine (K*) due to the -GG remnant. (Adapted from ref 31)

Many ubiquitinomal features have been interrogated using bottom-up -GG
tagging. This method allows for a facile shot-gun proteomic study to reveal Ub levels
in the cell and to quickly identify the sites. This method allows for quantitative
measurements which can compare the amount of ubiquitination compared to other
PTMs. 3368 For example, through -GG tagging, it was found that total Ub is 486.4
pmol/mg (or 0.42%) total protein of the cellular cargo in HEK293 cells.%® It was also
determined that monoUb was the most abundant form of around 60%,” but that the
cellular levels of mono and polyUb change depending on the system. PolyUb reached
at most 14% of the total Ub in the MEF cell line.3":%

Bottom-up proteomics has also allowed for quantification of the linkages
present in the cell. By using SILAC (Stable Isotope Labeling with Amino acids in
Cell culture) with -GG tagged peptides the relative abundance of the linkages were
found to be K11 (35%), K48 (30%), K63 (11%), K6 (11%), K27 (7%), K29 (4%),

K33 (1%), and M1 (1%).%® Knowing the linkages present is important to show that



the complexity of the Ub pool cannot be reduced to a few highly abundant linkages.
A method is needed that can correctly assign all linkages present. Bottom-up
proteomics has been able to find all the Lys linkages, but it is limited in knowing their
relationship to each other and the chain topology, which has been shown to have

different effects in the cell.?%728

Top-Down Proteomics

An alternative approach is to identify proteins directly from the cell without
digesting to peptides, and is thus called top-down proteomics. Top-down proteomics
can be very beneficial for the identification of a multitude of PTMs because the whole
protein is kept together, and consequently, the potential to map co-PTMs (multiple
PTMS on the same protein) becomes much more probable. For example, a bottom-up
experiment could find a peptide with an acetylation and then a different peptide of the
same protein with a phosphorylation site. How would a bottom-up user tell if the
acetylation and the phosphorylation were happening together on the protein or if the
protein had multiple proteoforms? It is also possible to lose modifications in bottom-
up because they are a smaller sub-set of a more common PTM on the same peptide.
Common data dependent tandem mass spectrometric experiments may not collect
data on these lower abundant peptides.3®4° With sensitive top-down proteomics,
proteoforms and isoforms can be completely characterized.

Top-down is limited, however, by the instrumentation’s fragmentation ability

and mass analyzer’s sensitivity/resolving power. There must be a high enough



resolution to separate 3C isotopes, as seen in Figure 1.5 for deconvolution and charge
state definition. Also the larger the peptides or proteins being subjected to
fragmentation, the more inefficient the fragmentation tends to be. This is because, in
collisionally induced dissociation, (CID and HCD) the energy can be dispersed across
bonds and rotations and the larger the precursor molecule, the more dispersion
possible.*! In electron capture/transfer dissociation (ECD/ETD), the reaction is
generally more efficient for precursor ions with higher charge states, which, in
electrospray ionization, means a larger intact mass.*>*® Very large proteins are still
limited in ECD/ETD fragmentation when the electron transferred only results in
charge state reduction. Supplemental collisional energy has been successful in

enabling more efficient ETD reactions and will be implemented in this work.*
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Figure 1.5. Example spectrum of an intact Ubiquitin dimer linked at K63. The isotope
cluster represented above is for the charge state 20. The inverse of the difference
between two adjacent m/z isotope peaks (13Cx+1-*Cx), shown between the arrows, is

the equation used to determine the charge state (z).

Each Ub adds ~8500 Da and the mass of a protein conjugated to a long
polyUb will quickly exceed the current upper mass range of many top-down tandem
mass spectrometers used in a chromatographic time-scale. Also each addition is of the
same chemistry and thus makes polyUb of different lengths difficult to separate. The
linkage location changes the shape of some Ub dimers,*> but may not affect their
retention in the typical stationary phases used and so they may not separate easily.
The LC-MS/MS instrumentation is available to detect larger masses, and is becoming
more common in laboratories. This along with improved column chemistries coupled

with UHPLC systems can taper these issues.
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Middle-Out Proteomics

Instead of using one extreme (bottom-up) or the other (top-down), it is
possible to use a chemical reaction that can give the benefits of both. A well-
documented chemical reaction that cleaves selectively at aspartate (D) is microwave
accelerated acid cleavage (MWAC).*® D residues are less common than the cleavage
sites of tryptic cleavage methods (K and R), so it leaves larger peptides and will not
remove common PTMs on the proteins, leading to this method being called middle-
OUt.47’48’49’50

Another common method for creating larger middle-out-sized peptides is to
run minimal enzymatic cleavage. Trypsin can be limited in its digestion by mutations
of the enzyme and/or lowering the reaction time, referred to here as minimal
trypsinolysis.>* Acid hydrolysis can also be limited by the time the reaction is allowed
to proceed.>? Both options will create peptides that retain more information on the
proteins’ overall structure, due to missed-cleavage events leaving longer sequences
(>2000 Da). Both these reactions can create a more telling polypeptide for polyUb
chains in particular.5495253

Trypsin cleaves Ub preferentially at the R74 leaving -GG tags on any
modified lysine residue.>* If the time is limited, cleavage at R74 will be one of the
few which occurs. This means that any isopeptides that are branched might be seen as
multiple -GG tags on a single Ub peptide.>® (Figure 1.6) The convenience of this
middle-out method is that the -GG tags can be searched as variable modifications
using well established programs. Limitations of minimal trypsinolysis is that the C-

terminal -GG connecting the Ub chain to the substrate protein is lost for every chain
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type, thus losing definition of the potential attachment sites of the polyUb chain in a
mixture. Also, this creates a problem with more complex, unusual structures of
polyUb, which have branched and unbranched sections (as in Figure 1.2e). In brief, if
all the R74 are cleaved in the chain, there would be no way to tell on which Ub

moiety within a chain the branched and unbranched points were located. (Figure 1.6)
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Figure 1.6. Visual representation of minimal tryptic digestion of ubiquitin chains that
cleaves preferentially at R74 and can lead to structural classification. (Adapted from

ref 33)
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Time-limited MWAC on polyUb results in many peptides, which can be used
for polyUb chain analysis. (Figure 1.7)* The goal of using acid hydrolysis is to retain
the C-terminus at all branch points. By doing this, a study of a complex polyUb
mixture can prove the Ub chain is unanchored or could show the exact spot on the
conjugated protein that the chain is anchored. This conjugation information is lost in
trypsin analysis.” Another benefit is that certain Ub-like (UbL) proteins (i.e. Nedd8)
also produce -GG tags when digested with trypsin, but when using acid hydrolysis,
even complete acid hydrolysis, there is no more overlap in the attached isopeptide
sequence.>®

The main limit of acid hydrolysis is that the reaction must be tailored to
create incomplete cleavage, producing a large mixture of polypeptides which will
lower the signal of the target peptide. A simple example of this is the loss and
retention of the D on the termini of the peptides in acid cleavage. Some peptides will
retain the D on the N-terminus, on the C-terminus, or none. This will split the signal
of the peptide into four different possible masses, complicating not only the
separation and detection of the digestion products, but the interpretation of the data

collected. (Figure 1.7)
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Figure 1.7. Product spectrum of monoubiquitin hydrolyzed with acetic acid at 140°C
for 60 sec in microwave assisted acid hydrolysis. Peptides are labeled with the amino
acid number which corresponds with the aspartic acid residues (D) colored red in the

sequence above.

Fragmentation of Large Peptides/Proteins

The fragmentation experimentalists seek is a process in which a peptide
backbone is broken in a predictable and reliable manner. A precursor MS is acquired
and a peptide/protein m/z is selected from the available ions for fragmentation. Once
fragmentation on the isolated m/z occurs, the fragment ions are scanned to produce a
product ion spectrum. These fragments can be used as a ladder to piece together the
amino acid sequence. The most common and useful fragmentation patterns are
labeled a, b, c, X, y, and z (Figure 1.8), which form from different fragmentation

techniques.
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Figure 1.8. All potential fragmentation paths shown on a tetrapeptide.

(www.matrixscience.com)

Collisionally Induced Dissociation

The most common technique for inducing fragmentation of peptides/proteins
is collisionally induced dissociation (CID). In CID, the precursor ion is moved into
the collision cell where it is activated by multiple low-energy collisions with an inert
gas (Ne or Ar). The dominant fragmentation pattern seen after CID is a series of b
and y ions. (Figure 1.8 in blue)*® The activation energy of this technique is limited by
the mass of both collision partners; the larger the precursor ion, the less effective the
fragmentation will be.>®

Another collisional activation technique is higher-energy collisional
dissociation (HCD).>” As its name suggests, HCD is a higher energy fragmentation
technique, comparable to CID. The main difference lies in the fact that the energy of
the collision can be as much as 100 times larger in HCD compared to CID.% This is

accomplished by performing the collision in a multipole with the ability to reach
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higher potentials. The type of high energy collision discussed in this dissertation is

specific to ThermoFisher Scientific instruments.

Electron Transfer Dissociation

Electron transfer dissociation (ETD) is a fragmentation technique that requires
a reagent anion to transfer an electron to a precursor cation to induce
fragmentation.“>*® ETD was conceptualized as a way to allow electron capture
dissociation (ECD) to occur in mass analyzers other than an FTICR.>®58 Briefly, ECD
involves the capture of an electron released from a heated filament source to react
with multiply changed cation peptides. Both reactions result in a non-ergodic
pathway, which means that fragmentation does not involve intramolecular vibrational
energy redistribution.>*%® ETD generally produces ¢ and z ions (Figure 1.8 in red), as
that is the bond where the radical reaction centers, and ETD has been reported as
more effective at fragmenting higher mass peptides then CID or HCD.**® The higher
the charge on the peptide/protein, the faster the electron transfers and the reaction
occurs, and thus a lower reaction time is required for ions with larger charge states.
Because the reaction is non-ergodic, the side-chains and PTMs on proteins or
peptides will remain intact while the N-Ca bond preferentially breaks.*%4!

Sometimes fragmentation does not occur as readily and the major ion present
in the product spectrum will be the charge reduced ion radical form of the precursor
ion. Thus the base peak becomes the charge reduced precursor ion and the fragment

ions tend to be very low in relative abundance. It is possible and beneficial to couple
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ETD with HCD or CID to induce fragmentation.*361.6263 By doing so, the ETD non-
ergodic reaction is induced with only slight fragmentation from the supplemental CID

or HCD.%

Instrumentation

Orbitrap LTQ-XL

The first generation of the orbitrap instrumentation introduced by ThermoFisher
Scientific was the orbitrap LTQ-XL. (Figure 1.9) This instrument uses the resolving
power of a standard orbitrap (maximum of 100,000 at 200 m/z)® to enable the study
of large peptides and small proteins. The precursor ions enter the orbitrap by first
being collected and correctly oriented in the C-trap. (Figure 1.9) The mass/charge
ratio is measured on an orbitrap by dividing a constant (k) (found for each orbitrap
specifically) by the frequency of the ions’ movement along the length of the orbitrap

(z-axis) (). (Eq. 1.1)

L3
- Eq. 1.1

[+ ]

™
=

Once a precursor ion is selected for fragmentation, that ion is moved into the
linear ion trap (for CID and ETD) or a multipole (for HCD) where the respective
fragmentation occurs. (Figure 1.9) From there the mass analysis on the product ions
could be accomplished via the orbitrap (high resolution) or the linear ion trap (low

resolution). This instrument facilitated confident identifications in large proteomic
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studies.®®®” The orbitrap LTQ-XL was, however, limited in its ability to fragment
large proteins.®® The orbitrap LTQ-XL was optimized to run collisionally induced
dissociation (CID) as the main fragmentation technique. However, CID is known to

be less efficient at fragmentation of larger masses.*
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Figure 1.9. Layout of the orbitrap LTQ-XL. (http://planetorbitrap.com)

Orbitrap Fusion Lumos Tribrid

The latest innovation from ThermoFisher Scientific is the orbitrap Fusion
Lumos Tribrid mass spectrometer. As with all orbitrap mass analyzers, the resolution
is incredibly high. However, the Fusion Lumos contains an ultra-high field orbitrap
(unlike the orbitrap LTQ which had a standard orbitrap) acquiring a resolving power

of up to 450,000 at 200 m/z with increased sensitivity and speed of acquisition.5>¢8
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Figure 1.10. Layout of the orbitrap Fusion Lumos Tribrid (http://planetorbitrap.com)

The orbitrap Fusion has other improvements than just the orbitrap mass
analyzer compared to the first generation. One of the most notable for top-down and
middle-out analyses is more efficient pumps; these provide lower pressure in the IRM
(ion routing multipole), orbitrap, and C-trap, which allows for larger masses to
transfer more efficiently into the orbitrap for analysis. It also has a wider transfer
tube, which allows for higher sensitivity, especially of high mass molecules. Another
improvement that allows for more efficient top-down experiments is the use of a
segmented linear ion trap (LTQ) (which was first introduced in the orbitrap Velos).
The segmentation allows for more ions to enter the ETD reaction cell while keeping
the reactive anion separate before they mix and the reaction takes place. As seen in
Figure 1.10, there is a separation of the high pressure and low pressure LTQ, allowing

for higher pressure in the reaction chamber, which increases ETD and CID efficiency
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compared to that of the XL. To further improve ETD capabilities (which are
necessary for our top-down experiments), the ETD source was moved from the back
(Figure 1.9) to the front of the instrument (Figure 1.10). In the creation of the
fluoranthene anion, there is also cation and neutral products produced. By running the
fluoranthene product though the active beam guide, the anion can be separated and

brought into the reaction cell free of any other species.®®

Bioinformatics

Bottom-up bioinformatics searches that match fragmentation data with large protein
repositories is a well-established medium.® These programs are able to search for
—GG tagged ubiquitination sites on peptides, on a chromatographic time-scale.®*3* As
discussed previously, using bioinformatics in bottom-up proteomics has resulted in
most of the qualitative and quantitative information available now for the
ubiquitinome.

Middle-out spectra resulting from missed-cleavage are more difficult for
search engines’ algorithms to decipher. The processing power required to search and
match the complex peptide mixtures from time-limited middle-out cleavage is
available in new software such as Proteome Discoverer (PD) and ProSightPC
(ThermoFisher).”®"%:72 However, the software still necessitates confirmation of the
isopeptide linkage by manual curation.>>?

A few programs are available to process top-down proteomic data.’®"®"* The

programs can either help the user by defining common PTMs” (not Ub) or give mass
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differences and allow the user to define the PTM (with suggestions from the program)
by manual curation.”®">" The former would be required for Ub identification.

One important limit of top-down proteomic algorithms is that limited
fragmentation to completely characterize a PTM will dispute any identification’s
statistical significance and render the identification unusable;’ this is especially true
in analytes with isopeptide bonds. There is currently software that can accommodate
for disulfide bonds,”” however there is not an algorithm for dissecting intact polyUb
isopeptide bonds. The difficulty lies in the fact that, for polyUb, there are isomeric
subunits, which will give off almost entirely the same fragment ions. This leaves only
a small set of ions that can be used to differentiate the identical theoretical structures.
By using a graphical viewer to show the fragmentation present, the isopeptide

linkages can be identified and bolstered by computer supported manual interpretation.

Objectives

Ubiquitination is a common post translational modification (PTM) which is
traditionally discovered as a -GG tag on a lysine residue of a peptide after
trypsinolysis. The small mass tag, a product of cleavage at R74 on Ub leaving
glycinylglycine (-GG) isopeptide linked to a lysine, is used as a variable modification
in proteomic search engines. These identifications can define the location of mono or
polyUbs on target proteins, but tells nothing about the Ub chain itself.
Characterization of the Ub chain topology is an ill-defined branch of proteomics, but
is important for determination of the function of the ubiquitinome. It has been shown

by methods beside mass spectrometry that the linkages within an Ub chain have
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different functionalities within the cell. Not only that but very specific linkages with
difficult to decipher topologies have been shown to have important functions. The
methods are normally very tedious, as they require protein mutations within a cell
line, or the use of many different antibodies or DUBs. It is difficult to determine both
the linkages and the chain topology present in one experiment. To date there has not
been a study that could map structures of the polyUbs in a facile manner. The work
outlined in this dissertation will show that, by the use of mass spectrometry, the chain
structure, including both linkages present and the chain topology can be elucidated in

simple workflows.
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Chapter 2: Mass Spectrometric Analysis of Ub Dimers (Adapted
from Ref 52)

Introduction

Ubiquitin (Ub) dimers are the most simple and robust form of polyUb.”
Despite their simplicity, Ub dimers are reported as kinase activity activators when
anchored on NEMO (NF-xB essential modulator),” they control specific hydrolysis
and enzymatic activities,®° and they have been found to have multiple specific DUBSs.
This suggests dimers have multiple relevant biological activities. Dimers have also
been reported as unanchored in vivo (Figure 2.1).8! Currently, functionality is not
known for unanchored dimers; they have been suggested to be “building blocks” for
the formation of larger chains.82 The Ub that has a free C-terminus (unanchored
seen with the -GG tail) or is attached to a substrate protein (anchored) is called the
proximal Ub, labeled with a P. The Ub that has no other Ub attached to it, except by
its own C-terminus, is called the distal Ub labeled with a D (Figure 2.1). For anchored
chains, an S (for substrate) can simply be added within the subscript to represent the
addition to the C-terminus of the moiety (i.e. Ps Ub for proximal Ub conjugated to a

substrate protein).

24



Unanchored Anchored
D

Substrate

Figure 2.1. Ball-and-Stick representation of unanchored (left) and anchored (right) Ub

dimers.

NMR and crystallography studies show that the different linkages within
ubiquitin dimers create different overall quaternary structures. These differing
structures have been assigned as the reason for the linkage based functionality.®® For
example, the two most abundant Ub isopeptide linkages, K48 and K63, form two
distinct inter-subunit topologies.3* K48 linked dimers form a closed conformation
where the interactions keeping the two Ub moieties within close proximity is a
hydrophobic patch including residues L8, 144, and \VV70.2° This is in contrast to the
topology of K63 dimers, which have an open conformation with little to no

interaction between the subunits.*
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Top-Down Approach

As stated in the first chapter, one of the most difficult aspects of ubiquitin
chains’ structural determination by mass spectrometry comes from the fact that the
amino acid sequence is repeated in all the moieties within the chain. This creates
many fragments that are redundant for each moiety and are thus not useful for
determination of the chain’s linkage (Figure 2.2). Complexity of the chain increases
as the chain length increases (due to more possible topological features and possible
linkage combinations), making analysis more difficult. Thus by starting with dimers,
we can explore what aspects of the simplest example are unique, which will help
build the method to longer and more complex structures.

As seen in Figure 2.2, the distal and proximal ubiquitin have the exact same
sequence. The resulting redundant ions are largely ignored for any structural analysis.
The ions that are unique and informative are starred in Figure 2.2. Specifically for
unanchored chains, the C-terminus of the proximal Ub will be free. The series of z
ions (seen in Figure 2.2 starred in gold), from the free C-terminus are unique and can
tell the location of the linkage on the proximal Ub.

The same principle can be applied to the anchored dimer, except uniqueness is
found in the z or y ion fragments on the proximal after the mass addition of the
substrate protein (determined by top-down proteomic searches) is added to the C-

terminus.
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Figure 2.2. Theoretical full fragmentation pattern of ¢ and z ions resulting from ETD
fragmentation of Ub—*Ub. The gold stars represent unique z ions and the blue stars

represent the unique c ions.

Middle-Out Approach

To eliminate some of the redundancies that result from two identical moieties, it is
possible to truncate the Ub dimer to a product that will give more unique fragment
ions. This will also lower the intact mass, making it easier to detect and fragment on
less efficient mass spectrometers, which give poor fragmentation data for the large
intact masses of dimers.8! More unique fragments will make linkage site
identification simpler. (Figure 2.3) However, by truncating even just the distal Ub,
information on the length of the polyUb chain is lost. There is also a plethora of
different peptides created when using time-limited reactions. Thus a more complex
mixture of ions must be separated using pre-MS/MS HPLC. Furthermore, the mixture

created is of peptides similar in sequence and chemical properties, as they are just
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fragments of Ub, making separation more difficult. If the length is known (perhaps by
using middle-out as supplemental to a top-down analysis), then a MWAC middle-out

strategy can be implemented without losing structural information.
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Figure 2.3. Theoretical full fragmentation pattern of b and y ions resulting from CID

Proximal

fragmentation of a K6-linked diUb. In this example of a truncated, branched peptide,

all fragments present are unique. Truncation is achieved by time-limited MWAC.

The goal of the experiments reported in this chapter is to completely
characterize the linkages present in a set of seven different isopeptide-linked Ub
dimers. This will be done using the most current instrumentation available for top-
down proteomics. This chapter will also discuss a method compatible with the use of
older instrumentation that is not able to produce viable top-down results. The
overarching goal is to set up a protocol that, along with characterizing Ub dimers, can

be used as a stepping stone to characterize the more complex longer polyUb chains.
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Methods and Materials

Synthesis of Ubiquitin Dimers. Ubiquitin polymers were prepared either
chemically (K6, K11, K27, K29, K33 and Rub1-Ub and Ub-Rub1)®’ or enzymatically
(K48, K63)® by members of the Fushman Laboratory.

Middle-Out Microwave-Assisted Acid Cleavage. Diubiquitin samples were
diluted to 0.1mg/ml in a 100 pL 12.5% acetic acid solution and digested at 140°C
using 300W microwave energy varying times in a CEM Discover microwave
(Matthews, NC). Acidic solvent was removed by lyophilization in a FreeZone 2.5
Plus from Labconco Corporation (Kansas City, MO) before further analysis. These
conditions have been previously reported to hydrolyze proteins with high selectivity
at Asp residues, yielding peptides that produce searchable CID spectra.’?

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

LC-MS/MS of Middle-Out Peptides. After lyophilization, samples were
diluted with HPLC grade water with 0.1% formic acid back to 100 pL. 5 pL of this
solution was then injected, concentrated and desalted on a C8 trapping column (0.5x3
mm, Agilent Technologies) for 5 minutes before being separated through a pepSil C8
column (Column Technology Inc., Fremont, CA) with a flow rate of 300 nL/min and

a gradient of 18-22% in 120 min (Solvent A: 97.5% HPLC grade water, 2.5% ACN,
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and 0.1% formic acid; Solvent B: 97.5% ACN, 2.5% HPLC grade water and 0.1%
formic). Analysis was performed in reverse-phase using a 2D nanoHPLC system
(Shimadzu BioSciences, Columbia, MD) interfaced to an LTQ-orbitrap XL mass
spectrometer (Thermo-Fisher, San Jose, CA). Precursor masses were acquired with a
resolution of 60000 while fragment ions were acquired with a resolution of 30000 all
within the orbitrap mass analyzer. Fragmentation was accomplished by CID with
collision energy normalized at 35% NCE. The four most intense multiply charged
precursor ions calculated from the intact peptide mass were targeted and fragmented
in each cycle.

Intact protein analysis by LC-MS/MS. Intact dimers were diluted in Solvent
A (97.5% water, 2.5% ACN and 0.1% formic acid) to 0.03 mg/mL The
chromatography was performed using an Ultimate 3000 ultra-high performance liquid
chromatograph (ThermoFisher Scientific, San Jose, CA) interfaced to an orbitrap
Fusion Lumos Tribrid mass spectrometer (ThermoFisher Scientific). Two uL of intact
sample were injected, concentrated, and desalted on a PepSwift Monolith trap (200
pm x 5 mm) for 5 mins before separation on a ProSwift RP-4H column (100 pm x 25
cm) (ThermoFisher Scientific) with a linear gradient of 30% to 60% solvent B (75%
ACN, 25% water, 0.1% formic acid) over 15 mins. The potential for in-source
fragmentation was set to 30V. Precursor and fragment ion masses were acquired with
a resolution of 120,000 at 200 m/z. Fragmentation was triggered in data-dependent
mode by electron transfer supported by chemical ionization (ETciD) with a 6 msec

ETD reaction time and supplemental activation at 10% normalized CID.
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Interpreting the Spectra. Precursor and fragmentation ions were
deconvoluted using Xtract 3.0 (ThermoFisher Scientific). Fragment ions from the
most intense m/z precursor ions selected in data-dependent mode were combined and
then matched against the sequence of monoubiquitin. ProSightLite
(http://prosightlite.northwestern.edu/) graphical interface”™ was used with a 5 ppm
mass tolerance for top-down results and 20 ppm mass tolerance for middle-out
results. The strategy utilized the monoubiquitin sequence as a template to assess the
fragmentation patterns of each of the Ub moieties present in the dimers. ProSight Lite
allows for custom mass additions to any amino acid in the template sequence.
ProSightL.ite also identifies ions as ¢ and z, formed by ETD, in red, and b and v,

formed by CID, in blue.

Results and Discussion

Top-Down Strategy

Unanchored natural diUb with all seven isopeptide linkages were obtained and
analyzed to determine if mass spectrometry could be used to determine the linkages
present. To interpret the fragmentation spectrum and determine the linkage site, the
number of Ub moieties first must be determined, as a different method must be
applied to each polyUb chain length (discussed in subsequent chapters). Ub dimers
were initially identified by their intact mass. All intact Ub molecular masses were

matched within 5 ppm of the theoretical mass. (17101.22 Da) (Table 2.1)
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Table 2.1. Intact mass analysis of each isopeptide-linked diUb. Theoretical mass of

the all-natural dimers is 17101.22 Da.

Ub isopeptide Observed mass | Mass Difference
linkage (Da) (ppm)
Ub-%3Ub 17101.30 0.6
Ub—*8Ub 17101.24 0.6
Ub—2Ub 17101.26 3.5
Ub-*Ub 17101.24 1.2
Ub—?"Ub 17101.28 2.3
Ub-Ub 17101.21 1.2
Ub-SUb 17101.23 4.7

Step 1 Molecular Mass

Step 2 Interrogate Proximal Ub

Step 3 Linkage Determination

Step 4 Final Structure and Fragmentation

Figure 2.4. Workflow designed to characterize unanchored Ub dimers.
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Once the polyUb is determined to be a dimer by its mass (Step 1: Table 2.1), a
specifically designed workflow can be followed to determine all aspects of the
chain’s structure (Figure 2.4). Step 2, interrogate the proximal Ub occurs next. In
Step 2, the fragmentation pattern of Ub is confirmed (to avoid the rare case that the
intact mass is the same as that of another protein). For unanchored dimers, the y or z
ions from the proximal Ub will be unique to a certain linkage. Practically, this means
that wherever the y or z ions from the unmodified sequence of Ub drop off is where
the linkage should be located in the proximal moiety of the dimer. Since there is only
one Ub moiety in the dimers that has a Lys-linked isopeptide, this should be the only
topological feature that needs addressing. In future chapters, there will be many more
complex steps needed to determine topology. Step 3, linkage determination, aims to
confirm the linkage that is suggested in Step 2. By adding the mass of the distal Ub to
the N-terminus, fragmentation will appear that specifically represents only the
linkage. By using all the information built by the previous steps, Step 4 is the
visualization of the final structure using the fragmentation available.

The theoretical idea of Step 2 is visualized here in Figure 2.5. All the
isopeptide-linked dimers can be seen to have nearly complete fragmentation coverage
of the Ub sequence with the b and ¢ ions, suggesting monoUb is the correct sequence.
The y and z ions tell a different story. The C-terminal fragment ions (y and z)
consistently stop before the theoretical mass addition of the distal Ub on the proximal
Ub. For example, in Figure 2.5g (Ub—®Ub), y and z ions can be followed all the way
past K11 (eliminating that Lys as having a mass addition) and up to L8, stopping

completely before K6.
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Figure 2.5. Visualization of Step 2, interrogate proximal Ub, in the unanchored Ub

workflow. All predicted mass addition locations are boxed.

Step 3 can then be implemented to confirm the finding in Step 2. What this
means practically is that, if the mass addition of the distal Ub is placed on the M1 (the
N-terminal) of the proximal Ub, the only fragment ions that appear should be in
support of the Lys that is suggested as the linkage site in Step 2 (Figure 2.6). For
example, for the K48 dimer, the y and z ions stop before K48, suggesting it as the
correct isopeptide linkage location (Figure 2.5b), however, this prediction is based
only on the absence of one type of ion (y or z). To confirm the linkage at K48 the
fragmentation pattern was assessed when the distal mass is added to the M1. Figure
2.6b shows that all the redundant fragment ions disappear and what is left are the

fragments that only support the linkage location. In the K48 example, no fragments
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supporting other Lys residues can be seen, and the c ions formed start after K48 (at
E51). Therefore all the unique ions support only K48. This is true for all the linkages

studied, confirming each one as the linkage predicted by the synthesis (Figure 2.6).

® a.  Ub-%3Ub
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G
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Figure 2.6. Step 3, linkage determination, visualized for all seven isopeptide linkages

of diUbs. The initial methionine is highlighted to indicate the trial addition of the
mass of the distal Ub (8541.6056 Da), which is represented by a blue ball.

Fragmentation can be seen in support of each theorized linkage location as labeled.

Once the linkage location is confirmed, Step 4, Final structure and
fragmentation can be visualized by placing the distal Ub on the predicted Lys and

linking the two Ub moieties together in the proper orientation. (Figure 2.7)
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Figure 2.7. Visualization of Step 4, final structure and fragmentation. Each Ub dimer

is represented with the correct theoretical linkage based on the synthesis.
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Middle-Out Strategy

To perform top-down protein analysis requires instrumentation that has high
enough sensitivity and fragmentation capability to fragment large intact masses of
proteins. If this is not available, or if a top-down experiment did not provide enough
fragmentation for a confident identification of a polyUb chain, that work can be
supplemented with a middle-out workflow. In the case of Ub dimers, MWAC
reproducibly produced peptides that retained the C-terminus of the proximal Ub and
truncated the proximal and distal Ubs to produce a peptide that was lower in mass and

thus easier to characterize. (Figure 2.8)

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLED;,GRTLSDYNIQKESTLHLVLRLRG

MOQIFVKTLTGKTITLEVEPSDTIENVK AKIQDKEGIPPD:,QQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Limited MWAC

GRTLSDYNIQKESTLHLVLRLRGG

QQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Figure 2.8. Truncation of an intact Ub dimer linked at K48 to a middle-out peptide.
Mass of the intact dimer, 17101.22 Da, is reduced to 6942.77 Da after limited

MWAC after digestion which only cleaves certain Asp residues.
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MWAC is limited to produce missed cleavage events by lowering the time of
the reaction. The complete digestion of diUb takes 15 mins, but nearly complete
digestion can also be seen in as little as 3 mins. Different short time trails were
attempted to see which produced different truncated peptides (Figure 2.9). A 30 sec
digestion produced many differently massed peptides according the MALDI-TOF
analysis, and, relative to the 20 and 10 sec runs, there was very little intact Ub left

over. Thus, a 30 sec digestion time was chosen for time-limited MWAC.

30 sec

| : 20 sec

e : -~~~/ (0 sec

- Control
5000 10000 15000

m
Figure 2.9. Time-trials for MWAC of a K63 linked Ub dimer. The control in

red is the spectrum of the matrix, a-CHCA, and the rest are spectra of products from
increasing times of MWAC. At time 0 sec we can see the MH™ at approximately
17100 Da, the MH*? at approximately 8550 Da, the MH*® at approximately 5700 Da,

and the MH** at approximately 4300 Da.
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Precursor mass analysis on the orbitrap LTQ-XL revealed high mass
accuracy (all errors fell within 11 ppm) for each of the truncated middle-out peptides
of interest. (Table 2.2) An interesting note on the MWAC products is that the
truncated peptides selected here are not all unique to only one linkage with the
exception of the K63 linkage product. For example, the truncated peptide selected for
K48 in Table 2.2 can also be seen in the hydrolysis of K63 linked dimer, but the
hydrolysis product for K63 would not be seen in a hydrolysis of K48. (Figure 2.10)
This means that the intact mass of the peptide cannot definitively identify the linkage
as K48 (or K33, K29, K27, K11, K6), but must be coupled to fragmentation data in
tandem mass spectrometry to identify the linkage. The only acceptation to this rule is

K63 linkage, whose mass is unique to the linkage.*®

Table 2.2. Sequences and the theoretical and observed monoisotopic masses of the

truncated branched peptides analyzed from the all-native K-linked ubiquitin dimers

separately.
Mass (Da)
Sequences of the Truncated Target Peptides Theor | Obser
GRILSDYNIQKESTLHLVLRLRGG

543298 | 5433.04

K63 GRILSDYNIQKESTLHLVLRLRGG
GRILSDYNIQKESTLHLVLRLRGG

6942.77 | 6942.83

K48 QQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

GRTLSDYNIQKESTLHLVLRLRG! 7696.17 |7696.23

K33 KEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
GRTLSDYNIQKESTLHLVLRLRGG

K29 TIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
GRTLSDYNIQKESTLHLVLRLRG

8935.85 [8935.89

K27 TIENVKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
GRTLSDYNIQKESTLHLVLRLRGG

11267.03

K11 MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG 11267.09

GRTLSDYNIQKESTLHLVLRLRG
11267.12
K6 MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
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Figure 2.10. The extracted ion chromatograms (XIC) for A. hydrolysis products of
K63 linked dimer and B. hydrolysis products of K48 linked dimer. Sequences of the

truncated peptides of interest represent the masses selected for the XIC.

To properly characterize the linkages, CID fragmentation was used on
targeted m/z values. The resulting fragmentation patterns are seen in Figure 2.11.

Most of the linkages were identified correctly to their theoretical linkage site. In the
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case of K27, K29, and K11, linkages were constricted to only two possible linkage

sites. The K27 and K29 residues are so close that it was difficult to obtain

fragmentation to distinguish them on the first generation orbitrap. They could be

differentiated in complete acid hydrolysis seen in Appendix Table 1 and Figure 1. A

lack of fragmentation density was not an issue with the reported top-down work, as

K6, K11, K27 and K29 could be differentiated in dimers using the more advanced

instrumentation.
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Figure 2.11. Fragmentation patterns for selected time-limited MWAC products for all

isopeptide-linked Ub dimers. Lysine residues highlighted in gold with a black box

surround are the sites of the isopeptide linkages. The gold highlighted Q in b.

represents the loss of 17.02655 from N-terminal Glutamine (Q).
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Summary

Ub dimers can be completely characterized on a chromatographic time scale
by LC-MS/MS using a top-town proteomic workflow. To accomplish this, it is
necessary to take advantage of recent advances in highly efficient fragmentation and
mass analyzers that are capable of high mass detection. A facile workflow directed
specifically at characterizing the linkages of Ub dimers was created, which takes
advantage of these advances. However, if this equipment is unavailable,

characterization can be accomplished by middle-out analysis.
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Chapter 3: Mass Spectrometric Analysis of Ub Trimers
(Adapted from Ref 53)

Introduction

Ubiquitin (Ub) trimers have been reported in vivo at low relative abundance
and are not a common length for polyUb studies.®® Trimers were reported as active,
potent, and specific activators of RIG-1,18% and K48 linked trimers were reported to
have greater proteolytic ability than dimers, but less than tetramers.®® More specific
functions have not been elucidated.

Trimers may not be as prevalent or active in cells compared to dimers and
tetramers, but developing a method to characterize trimer is vital to conceptualize a
facile strategy to characterize longer chains that are readily found in cells. Compared
to dimers, trimers have an extra ubiquitin moiety, and so must be considered
differently because distinctive topologies, along with all 8 linkages locations, are
possible.>® The triUb chain can form theoretically two different topologies:
unbranched and branched. (Figure 3.1) The unbranched chain in Figure 3.1 has one
proximal and one distal Ub, like the dimers along with a new and unique moiety
called the endo Ub. (Figure 3.1 left) The endo Ub in trimers is defined as a Ub moiety
with a single Ub on its C-terminus and another Ub on one of its Lys residues. The

branched chain has a proximal Ub and two distal Ubs. (Figure 3.1 right)
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Distals

Proximal
Proximal

3G
G

Unbranched Branched

Figure 3.1. The two general topologies available for trimers are unbranched (left) and
branched (right). The unbranched chain has three distinct moieties, a proximal, distal

and endo, whereas the branched has no endo, only a proximal and two distals.

In an unknown trimer, there would be 92 possible combinations of the
different topologies and linkages (64 linkage possibilities for unbranched and 28 for
branched).®® When all the moieties result in almost the same fragmentation, the
question becomes, what fragmentation can we use to determine the topology and the
linkage? It would be impossible to tell the difference between a branched Ub and an
unbranched Ub by almost all the fragment ions that appear. The difference between

the unbranched and branched is the presence of an endo Ub.%
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Top-Down Approach

To differentiate the two available topologies, fragmentation must find which
is truly unique to only one topology. This fragmentation is seen in the endo Ub of the
unbranched Ub—®Ub-%3Ub between K63 and the C-terminus (G76) shown in Figure
3.2 in green. The masses of the fragmentation within this region is diagnostic for the
endo Ub because only the proximal Ub is attached to the C-terminus in an
unbranched Ub, but in a branched, there would be no moiety that has only one Ub
attached to the C-terminus of another moiety. Both distals in the branched Ub have a
proximal and the other distal mass linked to the C-terminus; thus two moieties are
added (Figure 3.2). This is also true for fragmentation toward the N-terminus, where
the endo Ub containing moiety would have fragment masses in the same region with
only one Ub added to the N-terminal.

Shown in Figure 3.2 the fragment ions marked with purple and gold stars are
unique to the linkages present, but not the topology (branched vs. unbranched). The
gold starred fragments are unique to the linkage on the proximal Ub and would be the
same for the branched and unbranched chains. This is the same principle as Step 2 in
Figure 2.4. The purple starred fragments show the fragment ions that are unique for
the linkage in the proximal for the branched, and in the endo Ub for the unbranched.
(Figure 3.2) This chapter’s aim is to prove this theoretical concept and show a mass

spectrometric method researchers can follow for their own work.
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Figure 3.2. Theoretical full fragmentation pattern for two Ub trimers that differ only
in topology. Color coding shows the fragmentation that is unique to the linkages
present, but the same in both (purple and gold) and fragmentation that is different

between the topologies (green). The top image is that of a unbranched Ub—®Ub—%3Ub

and bottom, a branched [Ub]—5%3Ub.
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Middle-Out Approach

If top-down methods are unable to differentiate the topologies, or if there isn’t
enough fragmentation to determine the linkages present, middle-out methods may
prove useful. If hydrolysis occurs on only the distal Ub moieties at D52 (colored red
in Figure 3.3), then the chain can be truncated to produce a smaller more easily
fragmented peptide (each truncation at D52 in the distal Ub results in a reduction of
5816.2 Da). The unbranched chain will be reduced from 25624.8 Da to 19808.6 Da.
(Figure 3.3, Ub-°Ub-53Ub) Better fragmentation may make it easier to identify the
endo Ub, proving the topology. On the branched chains both distal Ubs can be
truncated reducing the mass from 25642.8 Da to 13974.6 Da. (Figure 3.3 [Ub]2>—
663Ub) By doing so the sequence on the proximal Ub is distinctive and there are

unique fragments, which can be used to more easily assess the linkages present.
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a. Ub-"Ub-%Ub
| MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLED;,GRTLSDYNIQKESTLHLVLRLRGG |

| MQIFVKT LTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG |

|MQLFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGLPPDQQRLlFAGKQLEDGRTLSDYNIQI@TLHLVLRLRGG |

Limited MWAC

| GRTLSDYNIQKESTLHLVLRLRGG |

| MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG |

|MQLFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKﬁTLHLVLRLRGG |

b. [Ub],~55Ub

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPD | MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPD
QQRLIFAGKQLEDs,GRTLSDYNIQKESTLHLVLRLRGG | QQRLIFAGKQLEDs,GRTLSDYNIQKESTLHLVLRLRGG

[ MQIFV! LTGKTITLEVEPSDTIENVKAKlQDK_EGLPPDQQRLIFAGKQLEDGRTLSDYNIQ@TLHLVLRLRGG

Limited MWAC

GRTLSDYNIQKESTLHLVLRLRGG | | GRTLSDYNIQKESTLHLVLRLRGG

\MQLFVKTLTGKTITLEVEPSDT[ENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG |

Figure 3.3. Ideal truncation of a. the unbranched (Ub—Ub-3Ub) and b. branched

([Ub]>-%%3Ub) triUb topologies using limited MWAC.
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Methods and Materials

Synthesis of Ubiquitin Trimers. Ub—*3Ub-%3Ub and [Ub]>—'**Ub were
assembled chemically through silver-mediated ligation of an activated Ub to the
selectively deprotected lysine of the other Ub.%8 [Ub]>-5*8Ub (E1, Ubch7, and
NleL), [Ub]o-**63Ub (E1, Ube2s, MMS2, and Ubc13),*6 Ub—**Ub—*Ub (E1 and E2-
25K), and Ub-%3Ub—*8Ub (E1, MMS2, and Ubc13, E2-25K)?3 were generated
enzymatically.854® All chains were produced by members of the Fushman Laboratory.

Trimer Analysis by LC-MS/MS with ESI. Intact trimers were diluted in
solvent A (97.5% water, 2.5% ACN and 0.1% formic acid) to 0.03 mg/mL The
chromatography was performed using an Ultimate 3000 ultra-high performance liquid
chromatograph (ThermoFisher Scientific, San Jose, CA) interfaced to an orbitrap
Fusion Lumos Tribrid mass spectrometer (ThermoFisher Scientific). Three uL of
intact sample were injected, concentrated, and desalted on a PepSwift Monolith trap
(200 pum x 5 mm) for 5 mins before separation on a ProSwift RP-4H column (100 pm
x 25 cm) (ThermoFisher Scientific) with a gradient of 20% to 40% solvent B (75%
ACN, 25% water, 0.1% formic acid) over 15 mins. The potential for in-source
fragmentation was set to 10V. Precursor and fragment ion masses were acquired with
a resolution of 120,000. Fragmentation was triggered in data dependent mode by
electron transfer supported by chemical ionization (EThcD) with a 6 msec ETD
reaction time and supplemental activation at 10% normalized HCD (optimized as

Appendix Table 2). To obtain high density fragmentation and high sensitivity, top-
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down parameters provided by ThermoFisher Scientific were used with minimal
altercations.

Interpreting the Spectra. Precursor and fragmentation ions were
deconvoluted using Xtract 3.0 (ThermoFisher Scientific). Fragment ions from the top
m/z precursor ions selected in data dependent mode were combined and then matched
against the sequence of monoubiquitin using ProSight Lite
(http://prosightlite.northwestern.edu/) with a 10 ppm mass tolerance. In our strategy,
the monoubiquitin sequence is used as a template to assess the fragmentation patterns
of each of the Ub moieties present in the trimer. ProSight Lite allows for custom mass
additions to any amino acid in the template sequence. Masses equivalent to one or
two Ub moieties were added, and changes in fragmentation patterns assigned by
ProSight Lite were used to assign the topology of each trimer as branched or
unbranched chain. This is discussed in detail in the Results and Discussion section.
Finally, linkage sites were assigned by inspection of fragmentation patterns assigned
to the monoubiquitin template. ProSight Lite also identifies ions as ¢ and z formed
primarily by ETD, and b and y formed primarily by HCD.

Microwave-Assisted Acid Cleavage. Ubiquitin trimers were diluted to 0.15
mg/mL in 12.5% acetic acid and digested for 60 sec at 140°C using 300 W of power
in a CEM Discover microwave (Matthews, NC). These conditions have been
previously determined to produce partial cleavage of polyubiquitins at Asp residues
(Appendix Table 3).4®°2 Digested trimers were lyophilized and resuspended in
solvent A (97.5% water, 2.5% ACN and 0.1% formic acid) at 0.1 mg/mL for

chromatography performed using the LC-MS/MS system specified above. Five ul of
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each digested sample were injected, concentrated, and desalted on a Zorbax C8 trap
(0.5X3 mm, Agilent Technologies) for 5 mins before being separated on a Zorbax C8
column (3.5 um, 150 mm X 75 pum, Agilent Technologies, Santa Clara, CA) with a
500 nL/min flow rate and a gradient of 30% to 37% solvent B (solvent B: 75% ACN,
25% water, 0.1% formic acid) over 45 mins. Spectra were acquired and processed as

described above.

Results and Discussion

Top-Down Strategy

PolyUb chains were interrogated to find the topology and linkages present
using one mass spectrometry based workflow. To determine and test a workflow, a
set of six triUbs (Figure 3.4) were obtained. An orbitrap Fusion Lumos mass
spectrometer is shown to provide and record extensive fragmentation in high mass
proteins.®® However, in highly repetitive isopeptide Ub moieties, it is also necessary
to be able to interpret the spectrum. Using a graphical interface to visualize the

fragmentation, a facile and novel workflow was established to interpret the trimers.
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Ub—*Ub—*Ub
D MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYN IQKES'I'LHL\'LRLRGG]

E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPP DQQRLIF.‘-\GJ\'QLEDGR'I'LSD YNIQKESTLHLV LRLRG(Ji

P MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRILI FAGJ\'.QLEDGRTLS DYNIQKESTLHLVLRLRGG

Ub—*Ub—*Ub
D MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVL R_LRGGi

[
E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQOQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR GCI}

[
P MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Ub—S3Ub—%Ub
D MOQIFVEKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQRESTLHLVLRLRGG

E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQOQRLIFAGRQLEDGRTLSDYNIQKESTLHLVL RLRG(I’_P

[
P MOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLR

[Ub],—S*Ub
I D I MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG
| D I ,\’IQIF\'RTI,TGKT[TI.F\-’FfPSDTIFNVKAKIQDKFGIPI’DQQR[,[FAGRQI,EDGRTI‘SD\"NIQKPSTI,HI,\J’I,RI,RGC;

|
E MOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQOQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGD

[Ub],—"*Ub
MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG
E MQ[FVRTI,TGKT[TI.FVFPSDT]FN\’KAKIQDKF(EIPPDQQR[,[FAGRQI,F,T)GRTI,SD\"NIQKFSTI,HI‘VI,RI,RGGI

|
E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

[Ub],—11%Ub
MQIFVKTLTGRTITLEVEPSDTIENVEKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQRESTLHLVLRLRGG
E MOQIFVKTLTGRTITLEVEPSDTIENVEKAKIQDKEGIPPDQORLIFAGKQLEDGRTLSDYNIQRESTLE ILVLRLRGCIi

E MQIFVKTI,TGILTITI‘F,VPPST)T]FN\'KAKIQDKFGIPPDQQR[,[FAGKQI,FDGRT],SI’)‘-'NIQ]JFSTI,HI‘VI,RI,RGGD

Figure 3.4. Sequence and connectivity of each unbranched (top 3) and branched
(bottom 3) standard trimer. From top to bottom trimers present are Ub—*Ub—*8Ub,
Ub—33Ub—33Ub, Ub—83Ub—*8Ub, [Ub]>—5*8Ub, [Ub].—'133Ub, and
[Ub].—%3Ub. Residues in red represent the modified lysines. Residues in blue
represent mutations made for the synthesis of the trimer from K to R. Ub—%Ub—
8Ub also is missing residues G75 and G76 which could not be highlighted. Ubiquitin

moieties are labeled with a D for distal, E for endo, or P for proximal.
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The workflow designed for Ub trimers has many similar steps to that of the
dimers. However there is a very vital step added to determine the topology of the

chain, which dimers did not have to address. (Figure 3.5)

Step 1 Molecular Mass

Step 2 Interrogate Proximal Ub

Step 3
° Establish Topology
o Yes No

Unbranched Branched
Step 4 Linkage Sites
Step 5 Final Structure and Fragmentation

Figure 3.5. Workflow designed specifically to characterize Ub trimers with each step

described to the left.

The path for this workflow is specific to trimers, (Figure 3.5) and thus Step 1,
“Molecular Mass” determination, must confirm the chain as a trimer. The

fragmentation pattern can then be matched to a sequence of monoUb and can be
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further interrogated using ProSight Lite, which allows for custom mass additions to
any amino acid in the sequence. In the “Proximal” step (Step 2) we follow the z ions
from the free C-terminus of the proximal Ub. Where the fragmentation terminates is
where one of (or the only) mass addition on the proximal Ub occurs. To determine if
there are two Ub masses (unbranched chains) or one Ub mass (branched chains)
added to that particular lysine, we move on to the “Establish Topology” step (Step 3).
Does the addition of a single Ub mass to the C-terminus and another to the N-
terminus create diagnostic ¢ or z fragmentation between E63 and G767 If yes, then
the chain topology is unbranched, if no, then it is branched; as demonstrated in Figure
3.2. Once the topology is known the “Linkage Sites” can be determined in Step 4 by
adding the Ub moieties to a specific Lys residue, the fragmentation pattern that
emerges will determine the linkages present. Once the linkage is known Step 5, the
“Final Structure and Fragmentation”, can be visualized and put together and the

chain, completely characterized.

Table 3.1. Calculated and measured molecular masses of six triubs.

Trimer Calc. Intact | Exp. Intact | Mass Diff.
Mass (Da) Mass (Da) (ppm)
ub—®up_“®up| 25670.83 25670.86 0.9
ub—up-*up| 25642.83 25642.87 15
ub-*up_“®up| 25612.81 25612.8 0.14
[Ub]—"*®Ub | 25869.88 25869.79 3.4
[Ub] " *Ub| 25642.83 25642.77 2.2
[Ub] "% Ub| 25869.88 25870.01 5
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High-resolution mass spectrometry was used to identify each isomer’s intact
mass within 5 ppm. (Table 3.1) Once the sample is recognized as a Ub trimer by Step
1, extensive fragmentation is required to determine all other features of the chain. In
Step 2 all the fragment ions are matched using ProSight Lite to the sequence of the
proximal Ub (Figure 3.6). High fragmentation density will support the tentative
assignment as an Ub. In Step 2, a linkage site on the proximal Ub is elucidated.
Because the only free C-terminus is in the proximal Ub, any z ions characterized on
the monoubiquitin template must be formed from the proximal Ub. This series of z
fragment ions will be terminated on the template when a mass addition occurs in the
sequence (Figure 3.6). This is exactly the same concept as Step 2 from the dimer
workflow (Figure 2.4). The only difference is whether we are adding two Ub masses
(for an unbranched chain), or a single Ub mass (for a branched).

When using ETD fragmentation with supplemental activation (by HCD in this
chapter), fragmentation is not expected to occur readily from the supplemental
activation.®4® Because HCD is known to produce internal fragmentation,®* the
present work uses high mass accuracy in the fragment ions and only plots the ¢ and z
ions from ETD. The non-ergodic fragment products of ETD will give more accurate

and correct assignments.
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a. Ub—*¥Ub—*Ub
M Q] 1TFIVIKITILITIGIKITT 11 TIL1ETVIE PlSID]ITIITEIN
1VIKIATK] 11alplk]ETGl 1 P PlplQlalr]LliTFlAl6(K]alL
E[D G[R T LIsIDLYINLI Qlk|lE[SLT LIH[LVLRLRG
G

U‘b_33Ub_33Ub
M Q1TFIVIKITILITIGIKIT]1TTILTETV]IE PISID]T 1T1EIN
1viklalKl11eIo(KJElel1 P PIplalalr]L 11FlAl6lKlalL
1elplGIrLTIL[sIplYINL11aQlk[ElsTTILIHIL VILIRILIR]G
le

C. Ub—Ub—**Ub
M Q| 11FIVIKITIL]ITIGIKITT 11 TIL1ETV]E PISIDIT] 1TEIN
VIKIATK] 11aIplKIEl6] 1 P PIDlalaQlRIL 1TFlAlG(K]a L
ElD G RIT L s D|lYIN 1|lQlKlEISIT LH[LVLRLR

d. [Ub],-*4Ub
MQJITFIVIK TLTGKTITLEVEPSDTI EIN
VKAKIQDKEGIIPPDQQRL I FAG@QL
EIDIGIRIT L s|p YIN 1lQ K|ElS|T L HlL V[LIRLR G
16 D

e. [Ub],-1133Ub
M Q ITFIVIKITILITIGIKITTITTILTETV]E PISIDITTITEIN
1vIKIATKI 11alo(K)E 611 P PIplalalr]L]ilFlATGIK]Q] L
TelplGIRLTIL[SIDLYINLITQIKLELSITLLIHIL VIL R L RlG
G

f. [Ijb]z—ll‘63Ub
MQ ITFIVIKITILITIGIK T I TLEVEPSDT I EN
VKAKIQDKEGIPPDQQRLIFAGKQL
EDGRTLSDYNIQEISITLHLVLIRLRG
GD

Figure 3.6. Initial matches (Step 2) against the monoubiquitin template of fragment
ions from six tri-Ub chains. Both c¢/z ions (red) are plotted. The predicted isopeptide

location is boxed in black.

Almost no information can be gathered about the linkage or topology using ¢
ions, because all three N-termini of a native triUb chain can produce the same c ions.
In this study unmutated distal Ubs will produce a redundant and indistinguishable set
of c ions (Figure 3.6b and ) whereas the synthetic chains with mutations on the distal
Ubs have c ions end at the first mutation. (Figure 3.6a, c, d, and f) All sequence
variants are highlighted in Figure 3.4. However, even with mutations, the ¢ ions that
are present do serve to confirm the sample as a Ub.

Once the sequence is matched to Ub the question becomes: what is the
topology of the chain? (Step 3) To answer this question the structural difference
between the branched and the unbranched trimers must be understood. An important
difference is shown in Figure 3.1 and 3.2. The unbranched trimer contains an “endo”

Ub, a Ub which carries isopeptide bonds at both the C-terminus and on one of its Lys
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residues, which the branched isomer does not. Diagnostic fragment ions (Figure 3.2
green) can prove the presence of an endo Ub, thus an unbranched topology, and by
their absence a branched topology (Step 3, Figure 3.7). In this step a new template is
established using ProSight Lite in which the mass of a proximal moiety is added at
G76. ProSight Lite is then used to map fragment ions against the modified template.
lons that are unique to an endo Ub are formed by ¢ and z fragments between K63 and
the C-terminus that carry the mass of the distal/proximal Ub respectively. (Figure
3.7). If diagnostic ¢ and z ions -- formed by amide bond cleavage between K63 and
G76 (Boxed in Figure 3.7) which carry the mass of the distal (c ions) or proximal (z
ions) Ub -- are observed the trimer is unbranched. (Figure 3.7a, b, and c) If ¢/z
diagnostic ions are not observed, then the trimer is likely branched. (Figure 3.7 d, e,

and f)
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a._0 Ub=8Ub—48Ub b_,@ Ub-3Ub-3Ub
MQI FVKTLTGKTITLEVEPSDTIEN MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKEGIPPDQQRLIFAGKQL VKAKIQDKIEGIPPIDQQRL IIFIAGlkQL
EIDGRIT L SDY|N I1QK‘E SLTLHLVLR[LLRLG‘ E]_DGRLTLSDYLNI[QKlESTLHLLVLRLRLG‘
G@ G
c. 0O Ub-Ub—*Ub d. [Ub],~54Ub

MQI FVKTLTGKTITLEVEPSDTIEN MQI FVKTILTIGIKTII TLEVIEPSDT I EIN
VKAKIQDKEGIPPDQQRLIFAGRQL JvklaAk1lQlDkKlEG 1 PPDlQQRL I FAGIKQL
EDGRTLSDYNIQK[EISTLHLVILRLRG| EDGRTLSDYNIQKESTLHLVLRLRG|
5-0 B

e_@ [Ub]2_11'33Ub f [Ub],~1:63Ub

MQI FVKTLTGKITITILEVEPSDT I EIN MQI FVKTLTGKTITLEVIEPSDTIJEIN
IWVKAKIQDKEGIPPDQQRLIFAGKQL vKAlKliIlabpkEGIPPDQQRL I|FlAlGlkQ L
EDGRTLSDYNIQKESTLHLVLRLRG]| EDGRTLSDYNIQKESTLHLVLRLRG|
50 -0

Figure 3.7. Visual representation of Step 3 in which fragmentation patterns of the
endo ubiquitin are interrogated. Sites of trial additions of the proximal Ub are
highlighted and have a ball and stick representation of the proximal Ub. For this step,
if c or z ion fragments are seen in the green bracketed area, the chain is unbranched,

and if there are no c or z ion fragments, it is branched.

After the topology of the trimer is characterized as unbranched or branched,
the linkage locations are verified in Step 4 by inspection of the fragmentation pattern
on a topologically correct trimeric template. A simple approach, which avoids tedious
iterative addition of one or two Ub masses at each lysine in the proximal and then
endo moieties, is to add the appropriate mass to the N-termini (M1) and trace amide
bond cleavage to the point where the fragmentation stops (Figure 3.8 and 3.9). Since
the topology is known, the mass addition indicated from Step 2 on the proximal Ub
will be one (branched) or two Ub (unbranched). For example, in the case of the Ub—
“8Ub—*8Ub unbranched chain, z fragmentation in the proximal moiety is observed to

occur up to L50, indicating that the mass of diUb should be added to K48 (Figure
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3.8a). The absence of contradictory ions will confirm this linkage. An analogous
approach is then applied to the endo Ub in the Ub—*Ub—*8Ub example. After adding
the mass of a monoUDb to the C-terminus of the endo template, formation of ions
assigned as z is seen not to occur beyond D52. This indicates that the endo Ub is also
modified at K48. For confirmation, if the distal monoUb mass is added to the N-
terminus no change is observed in this z fragmentation pattern. This unique
fragmentation is labeled in Appendix Figure 2 in the combined product ion mass
spectrum. Despite the large masses of the modifications, this strategy is supported by
ProSight Lite in a manner similar to the way that the mass increment of a classical

—GG tag is handled by conventional bottom up software.
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a. Ub=SUb—=%Ub

Endo
MQIl FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKEGIPPDQQRLIFAGKQL
EIDGRITLSDYINITQKE S[TLHLVLR[LIR[G
G
Proximal

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRL I FAGKAQ|L
EID G|R T|L[s|DLYIN[I Q|K|[E|S|T LIHILVLRLRG
le

b. Ub-*Ub-Ub
Endo
MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKIEGI PPIDQQRL IIFlIAGIKQL
EIDGRITLSDYINIIQKESTLH[LVLRLR|[G
G

Proximal
MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDK|EG I Prlplalalr L 1|FlAalGlklalL
lE[DlG|RLTILLSIDLYINLI llklELS[TIL[H|L V]lL RLL R]G
G

C. Ub-5Ub—%¥Ub

Endo
MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKEGIPPDQQRLIFAGRQL
EDGRTLSDYNIQKE|STLHLV[LRLRG

Proximal
MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKEGIPPDQQRLIFAGKQL
ElD G RLT L s DLY[N 1]lQlKlE[SIT LHILVLRLR

Figure 3.8. Visual representation of Step 4, linkage determination for the endo and
proximal moieties in chain trimers. The endo (top) and proximal (bottom) sequences
for each unbranched chain. Sites of trial addition are highlighted in the endo Ub for

monoUb mass and in the proximal Ub for diUb.
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If Step 3 indicates that the chain is branched, the linkage locations can be
determined through a similar process. Now the proximal Ub is modified by two distal
Ub moieties. Using the branched synthetic standard [Ub]>-11**Ub as an example,
Step 2 will already have shown a Ub addition at K33 (Figure 3.6e) due to the absence
of z ions formed after E34. In a generalized approach, which should confirm this
observation and find the remaining linkage, a template was constructed in which the
mass of a monoUb is added to the N-terminus, just as in the unbranched chain
determination, and the mass of another Ub is added to K63 (i.e. the closest linkage
site to the C-terminus) (Figure 3.9b). The fragmentation pattern can then be used to
determine where the c ions and z ions start and end. Again the fragmentation pattern
shown in Figure 3.7b is consistent with the assignment of one linkage at K33, because
in figure 3.7b, z ions are only observed before F46 and in Figure 3.9b c ions end at
Q31. Confirming c ions are observed only after K11 in the sequence of the proximal
ubiquitin, and the fragmentation pattern revealed by the new template localizes the
second Ub addition at the amino terminus, at either K6 or K11.

Using this strategy the structure of the [Ub]2—*Ub trimer was
unambiguously defined (Figure 3.9), while in the [Ub].—1%3Ub trimer the top-down
strategy localized the linkage site toward the N-terminus, but could not distinguish
K6 and K11. In the case where complete fragmentation is reported, and in the linkage
determining step, all fragments end before K11 in the ambiguous cases, then the
assignment at K11 would be stronger. As it is reported here, fragmentation is not

complete enough to defend the linkage location at K11 without any ambiguity. In the
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two ambiguous cases reported here, middle-out analysis was used as a supplementary

technique to assign the position of attachment (see section Middle-Out Strategy).

a. [Ub],~543Ub
MQI FVKTILTIGIKTII TLEVIEPSDT I EIN
IJvKIAKIIQIDKIEGI PPDQQRL I FAGIKQL
EDGRTLSDYNI QKIE|SITLH[LVI[LIRLRG
G|D

b. Ub 2_11_.33Ub
) [Ub]

MQ1l FVKTLTGKITITILEVEPSDT EIN
IWVKAKIQIDKEGIPPDQQRLIFAGKAQL
EDGRTLSDYNI QKIE|SITILIHILVILRLRG
16

C. [Ub],~11%3Ub
MQI FVKTLTGKTITLEVIEPSDTI]EIN
IlvkAlklilaDlklEGI PPDQQRL IIFIAGIKQL
[ElDGIRITLSDYN[I|lQIKEISITLHLVLIRLRG
GD

Figure 3.9. Visual representation of Step 4, linkage determination for the branched
trimers. Linkage sites need to be determined only for the proximal Ub (shown). The
site of trial addition is highlighted gold and distal moieties are represented with ball

and stick cartoons.
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After all linkage sites are confirmed, a final image can be put together (Step

5). Fragmentation density should be the highest when mapped against this final

correct structure. Thus Step 5 provides final confirmation of the correct assignment.

Final images are shown in Figure 3.10 for the six isomeric trimers studied.

a.

Ub—*$Ub—*5Ub

M QLITFIVIKITILI TIGIKLTT1TTIL1ETVIE PISIDIT]IITEIN
1vIKlAlK] 11alplklElG] 1 P PIDlQ]QIRLL] ITFlA]GIR]QlL
Te1D GIRITIL SIDIYINIITQ K E]Ss TLH L VILIRL R G

G

le

M QLITFLVIKLTILITIGLK PIsIDITIITEIN

Tviklalkl 11alplklelG] 1 P PIDlQIQIRILTITFlAlGIK Q L
EIDGRITLSDYINITQKES[TLHLVLR|[LIRIG

M alLilFLVIKITI L] TIG[K E PIsIDITIITEIN

Tviklalkl 1alplklelG] 1 p PIDlQlQlRIL]ITFIATGIK QlL
ElD G[R TIL[s[D[lYIN[I QIKLE|SLT LIHILVLRLRG

b Ub-33Ub-33Ub

MIQLITFIVIKITIL]TIGIK]I T TILTETVLIE PTISID]IT 1TEIN
TviklAlkl 11alplklelGl 1 P PIDlQlQIRIL 1TFlAlGIK]Q L
T1eIplGIR T1L sIplyYIn]11Q K EIS]T LIHIL v LIR LIR]G
Te

mlQLITF 11T T161KITT1ITTIL] ETVIE P1STDIT 1TEIN
Tviklalk] 11Qlp]KlE ¢ 1 P PIDQQR L I]FlaAGlKQ L
EIDGRITLSDYINIlQKESTLH[LVLRLRIG
G

mlal1 KITILITIGIKIT]1TTIL]E]V]IE P]S]ID]IT 1TEIN
TviKlAlK] 11alpTKLE 6 1 P P[Dlalalr L 1[FlalGlklalL

LelplelrLTILLsIplYInLilalklEls(TlL[HlL vIL RLL R]G
G

C. Ub=53Ub-*8Ub
M QLITFLVIKITIL]TIGLKLTT1ITTILTETV]E PISIDIT] 1TEIN
Tviklalk] rlalplklele] 1 p plDlQlQlr]L 11FlA]lG]R]aQlL
TEIDIGIRIT L1sIplYINI1TQIR ETSTT LIHIL V L R L R]G
G

M QlIlF TIL1TIGIKLTT 11 TILTETVIE PTSIDIT] 1TEIN
TvIKIATK] 11QlplK 1_p p|plalalr]L 11FlAlGlIR]qQlL
TeIplGIRIT LTsIDlYINIITQIK EIS TLHLVILRLRG

M QLITFIVIKI TIL] TT6IK E P]sIplT]1T1EIN
Tviklalkl 11alplklelgl 1 P PIplQlQIRIL 11FIAlGIK Q L

EIDGR[T L s DLY|[N 1]QlK[E[SIT LH[LVLRLR

Figure 3.10. Visual representation of Step 5, the final images after complete

characterization.
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d

m Q| ITFIVIR]TILTTIGIKITT1TTILTETVIE PISIDIT] 1TEIN
TvIKlAalk] r'lalplk]E 6] 1 P PIDlQlQlRIL 1TF]A]lGIR]QlL
TeIDIGIRIT L1sID]YINT 11QIK]IETSTTILIHIL VILIRILIR]G
1

G|D

mMmQlIlFIVIK TIL TIGIK T]1 T L E VIE P
TvkKlAKI1lQIDKIEG 1 PPDQQRL I FAGIKQL
EIDIGIRIT L s|D YIN 1]Q KIEISIT L HIL VI[LIR LR G

[Ub]~5+$Ub

M Q| ITFIVIRITILITIGIKITTITTILTETVIE PISIDITIITEIN
Tviklalkl 11alplklE 611 P PIDlQlQIRIL 1T1FlAlGIRIQIL
TeIDp1GIR]T L]1s1D]YIN] 11QlK] E]1sTTILIHIL VILIRILIR]G
1

T 1 EIN

e.

M Q ITFLVIK]TIL]TTGIK] TTITTILTETV]E PISTID]ITTITEIN
Tviklalkl11alplklE 6] 1 P PIDlQlQIRIL]ITF]AlGIK]QIL
TeIplGIRITIL sIDlYINI11Q K E]SIT LTHIL VIL R L RIG

16

[Ub],=1133Ub

M Q 1TFLVIKITILITIGIKI TT 1T TILTEIVIE PISTDITIITEIN
1viK]ATK]l 11alplklEe 611 p pIDlQlQIRI L] ITFIAlGIK]QIL
TeIp]GIRITIL sIplYIN]1TQ K E]S]T LTHIL VIL R L R]G
G

VIKITIL]T]GIKIT 1 TILEVEPSDT I EIN
TlvkaK I QDKIEGI PPDlQleaRL IlFl[AGlkaL
ElD G|RLTILIsIDlYINLI QlK[E[S|T[LIHIL VILRLRG

M ITFIVIKITILITIGIRITTITTILTE]VIE PISIDITIITEIN
TvIkIAlk] 1TQlplk]E 611 P PlD]Q]QIR]IL]1TFAlG]K]Q]L
TeIp]lGIR]T L1sID]YIN] 11QIRIETS]TILIHIL VIL R LIR]G
le

lv Kk AlKlilaDlKIEG 1 P P

GD

f. [UbL,-1163Ub

mq 1TFIVIK]TILITIGIR]TTITTIL1ETVIE P]SID]TTITEIN
Tviklalkl1lalolkle l1 p plplalQlr]L]1FlAle]lK]Q]L
TeIplGIRIT LIsIDIYIN] 1TQIRIEISTTILIHIL VIL R LIR]G
e

Ma ITFIVIKITILITIGIK T 1 T/L EVIEP S D T ITEIN

QaRrLIlFlaglkal

lElD GIRIT L sDYN[IlQIKE[SITLHLVLIRLRG

Figure 3.10 (Continued). Visual representation of Step 5, the final images after

complete characterization.
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Middle-Out Strategy

The unbranched and branched trimers can be analyzed by acid cleavage to
confirm the identifications made by top-down analysis. Two of the unbranched
topologies were assumed in the top-down analysis with only one diagnostic ion in the
K63 to G76 region. To further prove the topology as unbranched (and branched),
MWAC can be employed, which will truncate the chains and proved further
fragmentation.

The ideal truncation that, like in the dimers, retains all the isopeptide linkages
and C-termini, can be seen in Figure 3.3. The peptides produced are all cleaved on the
distal Ub at D52 only. For the branched Ub chains, this means there are two moieties
truncated, and for the unbranched, only one. (Figure 3.3) It was shown that, for the
trimers to produce the ideal peptides it required 60 sec of digestion time at 140 °C and
300 W power. (Appendix Table 3)

Extensive fragmentation is seen in all branched (Figure 3.11) and unbranched
(Figure 3.12) middle-out peptides. The unbranched moieties will exhibit the same
diagnostic ions that were used to elucidate the topology in the top-down analysis.
These fragments are boxed in green in Figure 3.11. The middle-out results confirm
the top-down work, with even more diagnostic ions per trimer. Fragmentation for the
unbranched triUbs in top-down was extensive enough to confidently designate all

linkages present.
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[52-76] —**Ub—*¢Ub
a.
G|R]TIL]sID]YIN] 171Q K]E]S]T L]H|L v L R L R]G|G
M QLITFLVIKITILITIGLKLT] 11 TILLETVIE P]STD]T] I%A{l
Tviklalk] 11alplklele] 1 p PlDlQlalr]L] ITF]A]GlK]QlL
ElD G RLTIL s|p Y[N[1TQ K|E SITLH|[LVILRLRG

M alilFIvIK]TI L] T]GLKIT PlsIp]T] 11 EIN
Tviklalk] 11alplklelel 1 p PlDlQlalr]L] ITF]AlGlKIQ L
Elp]GIRITILLS[DlY NLI lQlKLE[SLTLL[H[L V]ILIR L|R]G
16

[52-76] =*Ub—3Ub
b.

G[R]TIL1sID]YIN]1 @ K E]S]ITILIHIL v LR L]RIG]G

mlQli1FlviklTIL]T]G LIE]VIE P sID]T 11EIN
vlklalkl1]lQlp]lK E 6 1 P PlD R L 11F]AlGIK QlL
1elplGIR T L]s D YINLI|/QK/ESITLHLVLRLRIG

MlQLITFT TILITIGIKITI T TILTETVIE P STDIT 11EIN
viklalk]i11alplklelc 1 P p[plalalr LLITFlAalGlklalL
1elplGlr[T|L[sTplY[NL1]Qlk E[S]IT|L[H|IL V[LR LR G
G

[52-76] ~*Ub—*Ub

G|RIT]L]sIplYIN] 1T1QIRLE]S T L HIL V]L]R L R]G &

M alI1FIVIKLTILIT]GLKLT] 11 TILLELV]E P T]1]EIN
1viklAalk] 11QlplklETGl 1 P PlD L 11FlAlGlR]alL
TelplGIrITIL]sIPlYIN 11QlK|ETSLT LIHLL VILIR LIR]G |

m QliTFLVIKITIL1TIGIK Pls|DIT] 11EIN
1viklAalk] 11alplkIElGl 1 P PlDlQlQlrR]IL 1T1FlAlGLKIQlL
LElp GIRLTLLLSIDLYINLI [@[KLE[SLT[L HLLIVIL R L R

Figure 3.11: Final fragmentation pattern seen for straight chain trimers of ubiquitin
after 60 sec time-controlled acetic acid hydrolysis to produce middle-down peptides.
Boxed in green are the diagnostic ions proving linearity of the chain as with the top-

down protocol.
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MWAC could be used to resolve the sites of attachment in the branched
trimers [Ub]o—*133Ub and [Ub]—'%3Ub. (Figure 3.12b. and c.) Truncation on only the
distal Ubs at D52 produces a peptide that no longer produces duplicate ¢ ions from
the distal and proximal moieties. The c ions from the proximal moiety are unique in
this middle-out peptide. Thus, the c and z ions seen in Figure 3.12b are unique to the

proximal moiety and distinguish attachment at K11 from K6.

G RLT L]sIp]YIN] 11Ql K] ELSITILIH]IL V]ILIR]LIR]G]lG
G RIT L]1sIp]YIN]11Ql Kl E1STTILIHIL VILIR]ILIR]G]G

mlQ 1TFIVIK TIL]ITIGIKIT 1T1TILTE VIE P S DIT 1/EIN
Tvikla kKl i]Qlp kKle G]1 P PlDlaQR L ITFAGIKQ L

EID|GIRITIL sIDLYIN 1lalklElsITIL HIL V[LIRIL R G
a. [53'76]2_6’4SUb GD

G[RLTIL]sIp]YINLITQ KLE]SLTILIHIL V]ILIR]ILIRLG]G
G6|RITIL]sID]YINL1TQ KLE]SITILIHIL V]ILIR]LIR]G]

mlQl 1 TFIVIKI TILTFGLKIT]1 TLLTE VvIE P sIDLT]1 EIN
Tv KlalklilalplklelcL1 p pPlplalalr[LLITF]AlGlk[alL

1elplG|rLTILLSsIplYINLITQlk ElsIT[L[HIL VIL RIL R G
b. [53-76],—11-33Ub 16

G R|TIL]sIplYIN]11QlrR E]SLT]ILIHIL VIL RILIR]G]lG
G R|TIL]sIp]YIN] 1]1QlR E]SLTILIHIL V]IL R]L]R]G]

M ali]FIVIKITILLTIGIKLTI1T1TIL ElvLeP s|DITLITEIN
1vikla Kl 11alplk Ele 1 P Plp.ef@lrRILLILFlAlGIK Q L

1elp 6 RIT[L sID]Y|N 1|QlKIE[S]T L H L]V[L|R L R]G
c. [53-76],-114°Ub G D

Figure 3.12: Final fragmentation pattern seen for peptides unique to branched trimers

of Ub after time-controlled acetic acid hydrolysis to produce middle-down peptides.
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Summary

Structures and functions of polyUbs are not well correlated yet, because
polyUb modifications are difficult to decipher. This chapter suggests a robust strategy
which provides that structural information. EThcD mass spectra of six synthetic
ubiquitin trimers (multiply branched proteins with molecular masses exceeding
25600Da) were examined using an orbitrap Fusion Lumos instrument to determine
how top-down mass spectrometry could be used to characterize the trimeric chain
topology and linkage sites in a single, facile workflow. The efficacy of this method
relies on the formation, detection, and interpretation of extensive fragmentation. In
cases where fragmentation is not extensive enough, middle-out methods were
employed and resulted in complete characterization of all six isomeric chains. With
improvements in top-down instrumentation, fragmentation should not limit this
workflow, making it applicable to future improvements in instrumentation and

methods.
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Chapter 4: Mass Spectrometric Analysis of Ub Tetramers

(Adapted from Ref 91)

Introduction

Tetrameric ubiquitin (tetraUb) is one of the most studied linkage lengths of
the ubiquitinome. This is partially due to its potency in early proteolysis studies
compared to other lengths®®. K63 linked tetraUb has been shown to play a role in
antiviral signaling® and in tumor necrosis factor (TNF) signaling®. However, studies
are not well equipped to characterize the lengths of polyUbs present due to lack of
methods to determine the lengths present in vivo above trimers in large proteomic
studies.’’

TetraUb chains can form 1240 different isomers. As with all Ub chain lengths,
each isopeptide linkage can be attached at 1 of 7 different lysines or can be linked at
the initial methionine (M1) and the chain can comprise homogeneous or mixed
linkages. Without considering specific linkage sites there are four general topologies
that a tetrameric chain can take (Figure 4.1). Each of the four topologies has a
different number of total isomers possible based on isopeptide linkage location. The
all unbranched has 512 possible linkage combinations, the branched a-endo has 224,
the branched proximal has 448 (from the two iterations of the dimer and monomer

attachments), and the all branched has 56 (totaling 1240 isomers).
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a. @ . b.
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i
All .
unbranched

% Branched proximal f‘
D
00 ‘®

All
branched m

Figure 4.1. The four general topologies available to tetramers. P labels the proximal

Ub, D the distal Ub, a2 is the a-endo Ub, and B2 is the B-endo Ub.

To facilitate characterization by mass spectrometry the different moieties in
the polymer must be distinguished. Traditionally the Ub with a free C-terminus is

called the proximal Ub, designated as P in Figure 4.1. The Ub attached most distant
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from the proximal Ub, or with no isopeptide linkage other than on its own C-
terminus, is known as the distal (D) moiety. Intermediate Ubs are termed endo.?3 In
this mass-based analysis of tetramers there are two different types of endo Ubs. The
endo Ub attached by its C-terminus directly to a lysine on the proximal Ub is defined
as an a-endo Ub. In unbranched tetramers the a-endo Ub has only the proximal mass
attached to its C-terminus and is designated with a subscript 1 (i.e. az-endo Ub). In
the general case (an-endo Ub) the subscript n designates the number of Ubs attached
directly and indirectly to the C-terminus of the endo moiety in question. The endo Ub
attached by its C-terminus directly to a lysine on the a-endo Ub is defined as a B-
endo Ub. The masses of two or three Ub moieties are attached to the f-endo Ub’s C-
terminus in a tetramer. Thus it is designated with a subscript of 2 or higher (i.e. B2-

endo UDb). This nomenclature can be extended to higher polyubiquitins.
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a. Ub—-Ub-SUb-%3Ub
MIQLITFIVIKLTILITIGIKLTLITTIL1ELVIELPLSIDLTLITEIN
1viklalklilalplklelclilrlrlplalalrlLTITFlAlGlK]IQlL
1elplGIRLTILISIDLYINLITQIKLELSITILIHILIVILIR]ILIR]G
16

MmlmlygKlpgytl5@;1;1%121;1&151.“
*1?1*111?1*1919151;191115:1 e1o1QIQIRL L1 1E1ATE1KILL
P2 4 *1;191915111;1§191¥1N11191K1;1§111¥1H1glylg;lkluklg

MmQLklygmlygytlgglglglglglggim
" *&1*1*@1*131 olelelelile i18151 DlalqlR1L1[1E1Ale1KIglL
1;191§1§111¥1§191¥1N1 1191K1§1§11’1&1H1,L(1¥1L1R1,L(1R1§
4!

mlQliI1Flv LITIGIKITLITITILIELVIELPISIDITLITEIN

p ““LVIKlAlKL1lalDIK]E plrlplalalrlLLiTFlAlGlKlalL
1elPlGIRLTILISIDLYINLITQIKLELSTTILIHILIVILIRILIR]G
16

b. [Ub],-%*Ub-%Ub
MlQLITFIVIKLTILLTIGIKLT L LTI L ELvIELPLSIDLTLITEIN
1viklalklilalplklelclilrlrlplalalrlLliTFlAlGlK]alL
D 1elplGIRLTILISIDLYINLITQIKLELSLTILIHILLVILIRLL]R]G

g MLQLITFLVIKLTILITIGIKLTLITTILLELVIELPLSIDLTLITEIN
1viklalklilalplklelclilrlrlplalalrlLliTFlAlGlK]QlL
1eIplGIRITILTSIDLYINLITQIKIElSTTILTIHILIVILIRIL]IR]G
16

MlqlllFlvll kbl 1ELY1ELPLSIOLTLI LETY

"y %élﬁl ilili}kglili’l5&1312111&1%1

% 1§191§15111#1 1B1YINLT1QI1ETSTTILIHLLIVILIRLLIR]G

mlQlIlFlv L1ITIGIKLTLILTILLELVIELPLSIDLTLILEIN
1viklalklilalplklE plriplalalrlLliTFlAalclklalL
1eIDIGIRITILTISIDLYINLITQIKLELSTTILIHILIVILIRILIR]G
16

Figure 4.2. Three different topologies with the similar linkages are shown where stars

highlight the unique fragments that can distinguish the topologies and linkages.
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[Ub—SUb,Ub] —653Ub
Mlal 1 1F1v1K1T1 LLTIGIKLTLITTILLELVIELPLSIDLTLITEIN
1viklAlklLi1alplklelGlilplrlplalalrILliTFlAlGIK]IQl L
D. 1e1ol61R1T1L1sI01VINLI1QIKIE1STTILIHILIVILIRILIR]G
16

M1Q1|1F1v 111 111 1K1 Tl 111 L1EL 1;191;1 B1{1]1 1N
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%2 &1 1;191915111;1§191¥1N1;191K1;1§111¥1H1;1y1¥1R1;;1R1§
19 MLQLITFLVIKLTILITIGIKLTLI LTI L LELVIELPLSIDLTLITEIN
1viklalklilalplklelclilplrlplalalrlLli1FlAlGlK]alL
1510161R1T1L15101Y1N1 IQlKLELSTTILIHILIVILIRILIR]G

R

b IWLZ\ ) *lp FIETNPTE1PIQIQIRTL 1 TELATELAION,
TEIPIGIRLY 1}1;19 1311119 1ELSTTLLIHILIVILIRILIR]G
IG

Figure 4.2 (Continued). Three different topologies with the similar linkages are
shown where stars highlight the unique fragments that can distinguish the topologies

and linkages.

In Figure 4.2, complete fragmentation patterns for three theoretical tetramers
are shown with all the characteristically relevant fragment ions starred. All other
fragments are shared with the distal Ubs and thus cannot be used for structural
determination. Unique fragmentation is not unique between topologies (the same
colored star fragments would represent the same masses in a mass spectrum), but

instead is those fragments are unique to the Ub moiety within tetramer being
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interrogated. For example, the fragments starred in gold are unique to the proximal
Ub, but are not unique between tetramers; each proximal Ub shown has the same

fragments starred in gold. (Figure 4.2a, b, ¢)

To determine the topology of the chain, diagnostic ions (green and light blue
stars) must be used. (Figure 4.2) Though at least one of these groups of diagnostic
ions is present in each example tetramer, the combination of diagnostic ions changes
depending on the orientation of the moieties. For example the spectrum represented in
Figure 4.2a has fragment masses matching the theoretical masses of both the green
and light blue diagnostic ions, and so can be defined as the all unbranched topology
(also seen in Figure 4.1a). Contrastingly, figure 4.2b has only masses matching the
diagnostic ions for the az-endo Ub, suggesting a different structure entirely (seen in
Figure 4.1b). Thus, different topologies can be traced by the combination of the
diagnostic ions in green and light blue present in one tetramer study. This is
extremely similar to the diagnostic ion strategy from the trimer analysis, but with

more variability in topology, and another set of diagnostic ions to consider.

Similarly to the trimer study, the ions starred in purple and dark blue map the
linkage locations on different Ub moieties. These ions cannot be used to distinguish
the topology of the chain nor can they alone tell which moiety they are present on.
This is demonstrated by the fragments with purple stars, where, in Figure 4.2a the
same mass would be mapped on the az-endo Ub and on the proximal Ub of Figure
4.2c.The characterization strategy presented in this chapter must employ all of these
fragments to completely characterize the tetraUb chains in simple comprehendible

manner.
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The objective of the study covered in this chapter is to develop a structured
workflow for interpreting top-down mass spectra of unanchored tetraUbs to ascertain
the topology and linkage sites, and to test and demonstrate this approach across all
tetramer topologies. The strategy is tested on six synthetic standards whose chemical
structures are shown in Figure 4.3. The strategy requires extensive fragmentation
across the branched polypeptides, provided here by electron transfer dissociation on

an orbitrap Fusion Lumos mass spectrometer.

Methods and Materials

Synthesis of Ubiquitin Tetramers. All ubiquitin tetramers were assembled
from the respective recombinant Ub monomers using linkage-specific enzymes as
described?®#588 gr in case of [Ub]s—42"48Ub, by combining this methodology with
a nonenzymatic chain assembly approach®’ by members of the Fushman laboratory.

LC-MS/MS. Intact tetramers were diluted to 0.03 mg/mL in Solvent A
(97.5% water, 2.5% ACN and 0.1% formic acid). The chromatography was
performed using an Ultimate 3000 ultra-high performance liquid chromatograph
(ThermoFisher Scientific, San Jose, CA) interfaced to a orbitrap Fusion Lumos
Tribrid mass spectrometer (ThermoFisher Scientific). Five pL was injected,
concentrated and desalted on a PepSwift Monolith trap (200 um x 5 mm) for 5 min at
99% Solvent A before separation on a ProSwift RP-4H column (100 um x 25 cm)
(ThermoFisher Scientific) with a gradient of 30% to 50% solvent B (75% ACN, 25%

water, 0.1% formic acid) over 15 min. Source fragmentation was set to 10%.

75



Precursor and fragment ion masses were acquired with a resolution of 120,000 at m/z
200 using “intact protein mode” with 1 mtorr ion routing multipole (IRM) pressure.
The radio frequency of the C-trap was set to 30%. Data dependent MS/MS was
carried in top-N mode with a precursor list of m/z values calculated for each tetramer.
Isolated parents ions were fragmented using electron transfer dissociation
supplemented with collisionally induced dissociation (ETciD) with a 3 msec ETD
reaction time and supplemental activation at 10% normalized CID and averaging 20
pscans. Reaction time was lowered compared to the dimers and trimers to
accommodate for the increase in mass. Lower reaction times are seen to improve
fragmentation in higher massed proteins,®® however this work saw little to no
difference in spectra acquired with three or six msec.

Processing the Spectra. Precursor and fragment ions were deconvoluted
using Xtract 3.0 (ThermoFisher Scientific). Fragment ions were matched against
modified sequences of monoubiquitin using ProSight Lite” with a mass tolerance
equal to or less than 4 ppm. ProSight Lite classifies fragment ions as a,b,c,x,y and z
and provides a probability for each modified structure based on fragmentation.
Because our polymers contain structural redundancy an analysis of unique fragments

was required and these were assigned manually.
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Results and Discussion

Six tetramers were synthesized for this study, representing the different
topologies seen in Figure 4.1. Three unbranched tetramers were studied (Figure 4.1a),
Ub-*8Ub-*8Ub-*8Ub, Ub-*3Ub-*Ub-*3Ub and Ub-*3Ub-*Ub-%3Ub (with chain
nomenclature as described in reference 23). A branched topology in which an
az-endo Ub carries two distal Ubs, [Ub]-48Ub-*8Ub, is represented in Figure 4.1b.
Tetramer [Ub—%3Ub][Ub]-5%3Ub with two isopeptide linked lysines on the proximal
Ub is shown in Figure 4.1c. In this case one branch comprises a distal moiety and the
other branch contains an az-endo Ub linked to another distal unit. Finally, a tetramer
[Ub]s-52"48Ub with three distal Ubs linked to the proximal Ub was synthesized,

shown in Figure 4.1d.
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Ub-*8Ub—*8Ub-*¥Ub
@ MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRIRGG

[
MQIFVKTI.TGKTITI.F.VF.PSDTIF.NVKAKIQDKF.GIPPDQQRI.IFAG]{QI.F.DGRT].SDYNIQKF.STI.HI.VI.RI.RG(%

[
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGCIY

|
E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Ub—5Ub-S3Ub-Ub
E] MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG

Ub-53Ub—SUb-53Ub
@ MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQRESTLHLVLRLRGG

MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLV LRLRG?

[
MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQRESTLHLVLRLRGG

EI MOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGGD

Figure 4.3. Sequence and connectivity of each unbranched tetramer. From top to
bottom tetramers presented are Ub—*4Ub—*8Ub—*Ub, Ub-3Ub-%3Ub-%Ub, and
Ub-53Ub-®Ub-%3Ub. Residues in red represent the modified lysines. Residues in blue
represent mutations made for the synthesis of the tetramer. Ubiquitin moieties are
labeled with a D for distal Ub, ou or 2 for the a-endo Ubs attached to the proximal
moiety, B2 for the B-endo Ub once removed from the proximal moiety, and P for

proximal Ub.
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[Ub],~64Ub-*Ub
MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG
|E| MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLE 1LVLRLRGC;

|
MOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQ LEDGRTLSDYNIQKESTLHLVLRLRGCI

EI MOQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQR LIFAGI'EQLEDGR'ILSDYNlQK_ES'l'LHLVLRLRGGD

[Ub—S3Ub][Ub]-5$Ub
E MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQRESTLHLVLRLRGG

MQIFVRILTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRT LSDYN]QK_E:S'I'LHLVLRLRG(}I

@ MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQRESTLH L\/LRLRGGI

|E| MQ]FVKTI.TGKTIT[‘F,VF,PSDTTEN\’KAKIQDKEGIPPDQQRI‘IFAGKQI.F,DGRTI,SDY.\IIQI\}ESTI,HI,VI,RI.RGGD

IUb ] 3_6.2 T.-tsUb
MOQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG
MOQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG
MQIFVRTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFA GRQLEDGRTLSDYNIQ](_ESTLHLVLRLRGCI‘

| r
E MQIFVKTLTGKTITLEVEPSDTIENVKAKJQDKEGIPPDQQRLIFAGI&I'QLEDGRTLSD\"NIQKESTLI[L\’LRLRGG

Figure 4.3 (Continued). Sequence and connectivity of each branched tetramer. From
top to bottom tetramers presented are [Ub].—58Ub—*8Ub, [Ub-%3Ub][Ub]-*%3Ub, and
[Ub]s-52"48Ub. Residues in red represent the modified lysines. Residues in blue
represent mutations made for the synthesis of the tetramer. Ubiquitin moieties are
labeled with a D for distal Ub, ou or 2 for the a-endo Ubs attached to the proximal

moiety, and P for proximal Ub.

The workflow presented here (Figure 4.4) extends the strategy used for
triUbs,* in which the monoubiquitin sequence is used as a template to assess the
fragmentation patterns of each of the Ub moieties present in the tetramer. ProSight
Lite allows for custom mass additions to any amino acid in the template sequence,”

and masses equivalent to one, two or three Ub moieties are added and tested. The
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resulting fragmentation patterns are used to assign the topology of each tetramer.
Specific linkage sites are assigned by inspection of fragmentation patterns assigned to
each monoubiquitin template. Only ¢ and z ions are considered on the templates,
because b and y ions were found to introduce uninformative complexity, for example,
miss-matching assignments corresponding to internal fragment ions.*46!

Ubiquitin tetramers can present four different topologies, compared to two
topologies for trimers. Thus an extra step has been incorporated to assign the tetraUb
topology. In the case of trimers, the difference between branched and unbranched
isomers is revealed by the presence or absence of an endo ubiquitin. In the case of the
tetramer, three of the four potential topologies have one or two endo moieties, which
again provide a path for differentiation. Figure 4.1 shows the four different

topologies.
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Step 1 Molecular Mass

Step 2 Interrogate Proximal Ub
v Step 3
a,-endo
L Yes No
OR
& Proximal unbranched Proximal Branched
Step 4
B,-endo a,-endo
Yes No Yes No
A}II unbranched Branched a;-endo Branched proximal All branched
| Steps Linkage Determination
| Step 6 Final Structure and Fragmentation

Figure 4.4. Simplified workflow developed for interrogation of the topology and

linkages present in ubiquitin tetramers.

This workflow is specific to tetrameric Ub chain lengths, and is slightly
different from the top-down workflows reported previously for ubiquitin dimers and
trimers. Therefore Step 1, molecular mass determination (Figure 4.4), is necessary
before moving on to any subsequent step. The intact masses of our standard
compounds were all confirmed as tetramers within 2 ppm mass error (Table 4.1). In
Step 2 the spectrum is mapped onto a proximal moiety to confirm it as the spectrum
of an unanchored polyUb with a free C-terminus. The proximal Ub can also be
interrogated in this step to recognize the attachment site closest to the C-terminus.
Steps 3 and 4 then test for az-endo or az-endo and P2-endo subunits based on
diagnostic ions. Once the presence/absence and nature of any endo Ubs are known, a

general topological shape can be assigned. Once the full topology is determined the
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linkage sites are identified by inspection of the fragmentation patterns assigned to
templates comprising each subunit with appropriate modifications (Step 5). In Step 6
the deduced structure is confirmed as that with the highest number of unique

fragments.

Table 4.1. The theoretical and experimental masses for each of the six isomeric

tetramers is shown.

Calc. Intact |Exp. Intact [Mass Diff.
Tetramer Mass (Da) [Mass (Da) |(ppm)

Ub-*8Ub-*8Ub-*8Ub [34212.44  [34212.47  |0.9
Ub-%3Ub-5%Ub-%%Ub [34184.43  [34184.47 |1.2
Ub-%3Ub-Ub-Ub |34411.48 (3441155 |2
[Ub]2-5%Ub-*8Ub  [34411.48 |34411.48 |0
[Ub-53Ub,Ub]-%%3Ub [34411.48  [3441152 |11
[Ub]s-%%"*8Ub 34352.47 [3435253  [1.7

Proximal moieties with free carboxyl groups are used as templates in Step 2.
As illustrated in Figure 4.5, fragmentation was mapped with high density for all our
synthetic tetramers. This confirms each sample as a polyubiquitin. This fragmentation
pattern also provides information on the site of the mass addition (linkage site) closest
to the C-terminus just as in the previous chapters. All the z ions mapped can be
formed only by cleavage in the unmodified portion of the proximal Ub. Based on the
extent of formation of z ions back through the sequence, supported modified lysines

are boxed in black. Because the distal Ub can produce c ions by cleavage near its C-
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terminus, any c ions seen here in this initial match could be redundant and cannot be
used for sequence or topological shape information. Subsequent steps are needed to

determine the overall topology and the number of mass additions on the proximal Ub.

a. Ub_48Ub_48Ub_48Ub

M Q| 1TFIVIK]TILITIGIKI TT1ITTILTEIVIE PISIDITTITEIN
1vIK1ATK] 11alolKIEl6l1 P PIplalalr t1iTFlAl6(K]a L
E[IDGIRTLSDYINI QKEISITILHLVLRLRG
G

b. Ub-%*Ub-%3Ub-3Ub
M Ql ITFIVIKITILTTIGIKITT T TILTETVIE PISTDITTITEIN
Tviklalk] 11alplk]ElG]1 plpIplalalr]L] 1] FlAlGIK]QlL
1e1pleIRITILIsIDIYIN 11Q(K)ELSTT L HIL v L RILIRIG

G

C. Ub-*Ub-°Ub~%Ub
M Q ITFIVIKITILTITIGIKIT 1TTILTEIVIE P]s DIT ITEIN
TvIKlAlk] 11Qlp]lk]E 611 P PlDlQlQlRIL] ITF]AlGlK]Q L
1e1pl6lr TILTsIDIYINI 1TQ(K)ElSIT LHL VLR LR G
G D

d. [Ub],—5*3Ub—*Ub
M Q| 1TFIVIK]ITIL]T]61K]I T TIL E]IVIE P s D T 11EIN
1VIKlATKl 11alp KIE 6 1 P PID @la R L 1TFlAlG(K]a L
EDGIRTLSDIYINNIQKES[TLIHLVLRLRG
161p

. [Ub-%3Ub][Ub]-¢*Ub
mMaQ 1TFIVIK]TIL]Tl6]lK]T 11TIL]E]V]IE P S D|T 11EIN
TvIKlAlK] 11QlplK]E 6] 1 P PIDIQIQIR L 1TF]AlGIK]QIL
1elpl6]lr T]L]SID v1N1|1Q®_E STLHLVLRLRG

f_ [Ub]3-6’27’48Ub
M Ql ITFIVIKITILITIGIKIT]1 TIL]E VIE P s DIT 1TEIN
1V1KlAlK 11alp K E 6 1 P PIDlalalr L 1TFlAl6[K]a L
TEIDIGIR T L s D YINLITQIKIE[SITILHLVLRLRG

GD G

Figure 4.5. Matches (Step 2) of fragment ions in spectra of the proximal moiety of the
six ubiquitin tetramers against monoubiquitin templates. Structures are indicated in

each panel.

Step 3 is the first step in determining the topology. In this step, diagnostic ions
are sought that are unique to any a1-endo subunits present. Such diagnostic ions are
mapped to the region between K63 and the C-terminus when the mass of a single Ub
has been added to the C-terminus and two Ub masses have been added to the N-
terminus as shown in Figure 4.6. The diagnostic ions are boxed in Figure 4.6. lons

formed by cleavage between K63 and G76 will be mapped only when the C-terminus
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is bonded to another Ub moiety. If there is branching on the proximal Ub, no

fragment ions will be mapped in this region, indicating that the subunit defined as ou-

endo Ub is not present (Figure 4.6e and f). lons formed in any other part of the

sequence cannot differentiate if the isopeptide linkage is on the C-terminus or on a

lysine. (Figure 4.2) The structures that do not have the a1-endo Ub are the all

branched [Ub]s—%2"48Ub (Figure 4.6f) and the branched proximal [Ub—%3Ub][Ub]-

®63Ub as expected. (Figure 4.6e)

.' a. Ub—*8Ub-**Ub—*3Ub

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
E[IDGRTLSDYN[I|lQKElSs TLHLLV[L RLL[RlG|

®0 b Ub-SUb-SUb-%Ub

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
EDGRTLSDVNIQK|ESTLHLVLRLLRLG

G
(]

G
"“o
c.  Ub-%Ub-Ub-%3Ub
MQI FVKTLTIGIKITI TLEVIEPSDT ILEIN
Lv klA kL1 |lalplkle 6 1 PP DlQQR L I|F|lA GlK Q[L
lElD GIRLT L s D YN |[QlR|I_E s|TlL HlL v[L R LLRLG|

“ d. [Ub],-648Ub—*8Ub

MQI FVKTLTGKTITLEVEPSDTIEN

VKAKIQDKEG I PPD RLIFAGKQL
EDGIRTLSDYNIQK|EISTLHI[LVLRLR|G

MQI FVRTLTGIKTITLEVIEPSDTI EIN
IvkAKklilalplk EcG1 PPDQQR L ITFlAlGIRQ L
EDGRTLSDYNIQK|ESTLHLVLRLRG|

‘0

GO (;Q
€. [Ub-5Ub][Ub]-563Ub 00 f. [Ub];-6274¥Ub

MQI FVRTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGRQL
EDGRTLSDYNIQK|ESTLHLVLRLRG|

‘0

Figure 4.6. Visual representation of Step 3 in which fragment ions characteristic of an

ou-endo moiety are sought. Sites of trial additions of masses of one and two Ubs are

highlighted, with addition of a single Ub mass at G76 and the mass of two Ubs at M1.

At this step, if any ions are confirmed in the boxed 64-76 region, the presence of a ou-

endo Ub subunit is confirmed.
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Step 4 is the final step needed to determine the topology of an unknown
tetramer and it is applied to either group of tetramers defined by Step 3, tetramers
with or without an a-endo subunit. This step is similar to Step 3, but now the masses
added to the C- and N-terminus are switched (Figure 4.7). This defines a-endo and
B2-endo Ub, because they have two Ub masses added to the C-terminus. By looking
only for fragments mapped between K63 and the C-terminus, we eliminate
contributions from isomers with different connectivity. All the tetramers expected to
have a az-endo or B2-endo Ub have the diagnostic ions (Figure 4.7a, b, c, and e), and
these ions are missing in the spectra of standards that do not contain either of these
subunits (Figure 4.7d and f). The correct diagnostic ions are detected in spectra of all
the synthetic standards and topological classifications are achieved. Knowledge of the
topological shape is necessary to move on to determining linkage sites since each
topology requires trial modifications at different positions to map fragment ions (Step

).
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Q a.  Ub—*8Ub—*3Ub—*3Ub

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
E'IDGRTLSDVNI]QLKESTLH]LV]_LRLRG|

b. Ub-5Ub-Ub-%Ub
MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL

EDGRTLSDYNIQKESTLHLV].LRLRG|

o0

i 1)
. Ub-SUb-SUb-5Ub

MQI FVRTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGRAQL
EDGRTLSDVNIQK|ESTLH1LVlLRLRG|

@ d. [Ub],-548Ub—*$Ub

MQ 1 FVKTILITIGIKITII TLEVIEP SD T I]EIN
IlvkAK|ITQDIKIEG1 PPDQQRLIFAGKQL
EDGRTLSDYNIQK|ESTLHLVLRLRG|

©0

G
M 1
c. [Ub*“Ub] [Ub]76,63 Ub
MQI FVRTLTGKTITLEVEPSDTIEN

VKAKIQDKEGIPPDQQRLIFAGRQL
EDGRTLSDYNIQK|ESTLH1LVLRLRG|

‘e e

O f [Ub]3-6’27‘48Ub

MQI FVRTLTGIKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGRQL
EDGRTLSDVNIQKIESTLHLVLRLRG|

‘00

Figure 4.7. Visual representation of Step 4 in which fragment ions characteristic of
az-endo or B2-endo moieties are sought. Sites of trial additions of masses of one and
two Ubs are highlighted, with addition of a single Ub mass (a circle) at M1 and the
mass of two Ubs (two circles) at G76. The presence of either subunit is confirmed if ¢

or z ions are found to be formed by fragmentation within the boxed region, 64-76.

After the topology of the tetramer is characterized, information can be sought
about the linkage sites. One approach is to reiteratively add Ub masses at each lysine
in the template and accept the isomer that maps the most unique fragment ions.
Uniqueness was determined manually in this study. In a more general approach, the
appropriate Ub masses are added to the N- and C-termini of each subunit (Figures
4.8-4.11) and the fragmentation mapped on the correct template. Templates of each
subunit (carrying trial modifications dictated by topology) in each of the three
unbranched tetramers are shown in Figure 4.8. In each panel, fragmentation can be

seen to proceed from the carboxyl terminus back toward, but not beyond, the first
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modified lysine encountered. The same pattern is observed in top-down MS/MS
spectra of ubiquitin trimers.>® As seen in Figure 4.8¢ this is particularly informative
for the K6 linkage site in the ou-endo moiety of Ub—%3Ub-Ub—%3Ub. (Informative

fragment ions are labeled for Ub—83Ub—%Ub—%3Ub in Appendix Figure 3)
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a. Ub-*¥Ub—-*8Ub—*8Ub
® B-endo Ubiquitin
MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
EIDGRTLSDYNIIQIKES T TLHILVILRLRG
00
00 a-endo Ubiquitin
MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKAQL
EIDGRTLSDYN[IlQKE|S TLH|[LVILRILIR]G

b. Ub-SUb-5Ub-Ub
(D] -endo Ubiquitin
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O 0O ©® Proximal Ubiquitin
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lelpGIR T LS DYINLI @K E[S|TIL HL V|L R LIR]G
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Proximal Ubiquitin
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EDGRTLSDYNIQK|E[STLHLVLRLRIG
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¢. Ub-5Ub=5Ub-53Ub
(D] p-endo Ubiquitin

MQI FVRTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLI FAGRQL
EDGRTLSDYNIQKESTLHILV[LRLRG
G

00
00 a-endo Ubiquitin

MQI FVKTLTIGIKIT I TLEVIEPSDTILEIN
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@0O0O® Proximal Ubiquitin

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
EDGRTLSDYNIQKIE[SITLHLVLRLRG
G|D

Figure 4.8. Linkage determination, Step 5, visualized for the unbranched tetramers.
The tetramer and the subunits under review are identified in each panel. In the
template for each subunit the sites of trial additions of the masses of one, two or three

Ubs are highlighted in gold and the trial modifications are represented by circles.
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In tetramers with branched a1-endo topology (Figure 4.1b), linkage sites must
be determined in only two subunits, the proximal and a-endo moieties. Determination
of the linkage site on the proximal Ub proceeds analogously to that of the proximal
moieties in the all unbranched tetramers illustrated in Figure 4.8; the mass of three Ub
moieties is added to the N-terminus and the template is inspected for z ion formation
from the carboxyl terminus back into the chain. As seen in Figure 4.9b this
fragmentation proceeds past K63 and terminates before K48. Thus the a-endo Ub is
proposed to be attached to K48 in the proximal Ub. The a-endo Ub contains two
linkage sites in this topology and must also be interrogated. Here the template is
constructed (Figure 4.9a) by adding the mass of one distal Ub on the N-terminus, the
mass of the proximal Ub on the C-terminus, and one Ub on K63 (the lysine closest to
the C-terminus). Observation of a series of ¢ ions formed by fragmentation beyond
K6 but not in residues 1-5 locates one linkage site at K6. The combination of ¢ ions
and z ions localizes the second attachment to K48 or K63. In Figure 4.6d we can see
that there is fragmentation up to K48 (c ion on G53 and z ion on R54) on the a-endo
Ub, which eliminates K63 as a possible linkage assignment, definitively allocating

the attachment to K48.
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a. a-endo Ubiquitin
Ma 1l FVKTILITIGIKITII TLEVIEP SDT ITEIN
ITvkAaKlllalplKIEG I PPDQQRLI FAGKQL
EDGRTLSDYNIQKE[STLH[LVLRLR|[G
G

o

b. Proximal Ubiquitin

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKQL
EDGIRTLSDIYINNIQKES|ITLIHLVLRLRG
GD

Figure 4.9. Linkage determination, Step 5, visualized for the a;-endo Ub tetramer
[Ub]-548Ub—*8Ub. Sites of trial additions are highlighted and the number of Ub

masses added are indicated by circles.

In the tetramer topology group called branched proximal (Figure 4.1c) the
proximal Ub carries two linkage sites. One of these comprises a monoUb moiety and
the other a diUb moiety. Analysis of the proximal moiety in Step 2 (Figure 4.5c)
clearly assigned one branch at K63. To discern whether the dimer or the monomer
was linked at K63, dimer and monomer masses were added alternately to M1 or K63
and the template that allowed assignment of more unique fragment ions was chosen
as the correct orientation. This comparison is illustrated in Figures 4.10a and 4.10b,
where it can be seen that localization of the dimer mass at the N-terminus and the
monomer at K63 provides more fragmentation. This template also allows K6 to be
assigned as the attachment site for diUb, distinguished by ¢ fragmentation at G10.

To initiate template-based analysis for the o2-endo Ub, the mass of two Ub is

added to the C-terminus and the mass of the distal Ub is added to the N-terminus.
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(Figure 4.10c) The fragmentation pattern supports linkage at K63, and this

assignment is further confirmed in Step 6.

a. Proximal Ubiquitin b. Proximal Ubiquitin
MQI FVKTLTGIKTITLEVEPSDTI E[N MQI FVKTLTGKTITLEVEPSDTIEN
IvkAaklilalplk EG1 PPDQQRL ITFlAlGlIKQ L VKAKIQDIKEGIPPDQQRLIFAGK|QL
E[DIGIR T L s|D Y|N[I|QIKIE SITLHI[LVLRLRG EDGRTLSDYN[I QKIESI[TLHILVLRLRG
G|D O G|D
0 c. o,-endo Ubiquitin

MQI FVRTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLI FAGRQL
EDGRTLSDYNIQKESTLHILVLRLRG

00

Figure 4.10. Linkage determination, Step 5, visualized for [Ub—5Ub][Ub]-%%3Ub.
The two proximal templates represent two isomeric structures. Trial linkage sites are

highlighted and the number of Ub masses added are represented by circles.

The last topological category to consider in interpreting the spectrum of an
unknown ubiquitin tetramer is that in which the proximal Ub carries three
monoubiquitin moieties attached at three different sites (called here the all branched
tetramer). Examination of the template for the proximal moiety in Step 2 (Figure 4.5f)
indicates that formation of z ions proceeds from G76 back past K63 to terminate
before K48, indicating that K48 is a linkage site. Alternating addition of two Ubs and
a single Ub moiety to the M1 and K63 distal Ubs (Figure 4.11a-b) provides support

for K6 as a linkage site. No information is available for the third linkage site of the
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synthetic standard (K27). The absence of fragmentation suitable for this last
assignment is confirmed when the spectrum is mapped onto the correct structure in
Figure 4.12f. When mapped, confirming fragmentation is seen for linkages at K48
(by Step 2 and Step 6) and K6 (by Step 5). The last moiety is limited to linkage at
K11, K27, K29, or K33. This workflow is compatible with any future developments

in activation that will provide the missing fragmentation.

00 )

MQI FVKTLTGKTITLEVEPSDTIEN
VKAKIQDKEGIPPDQQRLIFAGKAQL
EDGRTLSDYNIQKI|E[S[TILHLVLRLRG

e

D) b.

MQI FVKTLTGIKTITLEVE SDTIEN

VKAKIQDKEGIPPDQQRLIFAGKAQL
EDGRTLSDYNIQKIE[SITILHLVLRLRG

le 00

Figure 4.11. Template maps of fragmentation in the spectrum of [Ub]z $2"%8Ub. a.
and b. Trial attachment sites are highlighted and the number of ubiquitin masses

added is shown as circles.

After the structure of each of the synthetic standards is characterized using the
strategy outlined above, a final evaluation is made in Step 6. In Figure 4.12 the

fragment ions recorded in the MS/MS spectrum are assigned to structures deduced
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from the synthetic standards. These can be compared with patterns assigned to
incorrect structures. The correct structure should have a high fragment density and the
highest number of unique fragments. All structures shown in Figure 4.12 yielded

more extensive unique fragmentation patterns than those of incorrect alternatives.

a, Ub-"Ub—*Ub—*Ub b, Ub-"Ub-"Ub—5Ub
MLQLITFIVIKITLLLTIGLKLTT 1T TIL1ETVIE P1SIDITIITEIN mlQLITFIVIKITILITI61KITT 1T TI L] Elv] ELP]STDI TT 1T EIN
1viklalkl1lalelk]1elG] 1 P Plolalalr L]111FlAalGlrR]QlL TvIklAlk] 11alplk]Ele] 1 P PIDlQlQlR]IL] ITFlAlGLK]IQlL
1elplGIR T L sIp YIN]11alk Els]TILIHIL VILIRIL R]lG 1elplelrITIL]1sID]YINT 11QlK EIS]IT L HIL V L RILIR]G
e

MIQLITFIVIKLTILITIGLKIT PIsIDITIITEIN MlQlITFIV LITIGIKLTTITTILTEIVIELPTSIDITTITEIN

Tviklalk] 11alplk]ElG] 1 p pPlolQlQlr L111FlAlGIK @ L TVIKLALK] 11QlP]KE P plplalalr]L] 1TFlAlGlK]QIL
EIDGRTLSDYNIJQKESTLHILVILRLRG 1eIplGIRITILTSID]YINIITQIK E S TLHL VILRLRG
G G

mMLQLITFIVIKITILITIGIK P1sIDITTITEIN mlalilF TILLTIGIKLTT 1T TILTEIVIELPISIDITI 1TEIN
1vIklalkl 11alolkIElGl 1 P PlplQlalr LT11FlAlGIK Q L 1vIK1ALK] 11QlplK P PIplalalr]L] 1TFlAlslk]alL
ElDGRTLSDYNLIlQK ELs T L HLL vlL RILIR]G 1elpl6IRITIL]SIDIYINIITQIK E S TLH L VLR LIRIG

le G
mlQLITFIVIKITLILTITIG e PIs]D]TI1TEIN mlaQlilF 1LlTlelKITI 11Tl E]v]IELP] sID] T 1TEIN
1viklAlkl 11alplk]ElG] 1 p PlD]aQlQIR L]11FlAlGlK Q L TvIKlALK] 11QlD]KTE p_piplalalr]LT 1T FlAlGlk]IQ] L
TelpGIR T L s DYINLI QK E[S|TIL HL VIL R LIR]G 1e1plGIRITILTSID] YIN] ITQIKLELS TLH LV L R L R]G
16 i[]

¢. Ub—%Ub-Ub-%Ub
MlQLITFIVIK] TIL]TTI61K] T 11TILTEIVIE PTs DIT 11EIN
Tviklalkl 11alolklE &]1 p plplalalr]IL] 11FlAlGlKIQ L
1elDplGIR TILISIDIYINIITQIR E S T L HIL v L R LIR]G
G

mlQlITFLV L17T16IKIT 117]L E VIE P s D TL1I EIN
v]Klalk 11Qlp K] E PPlDQQR L ITFlalG R Q|L
EIDIGIRTLSIDYNIQKESTLHILVI[LRLRG
G

mlQLilFIVIK T L TIGIK[T 1 TL EVIEP SDT I|LEIN
lv kla kL1 lalplklE G 1 PP Dl@aQR L I|FlA Glk alL
lElD GIRLT L s D YIN 1]QIRLE S[TIL HLL V[L R L|R|G
G

mlQlIlF TL1T16IK] T 11TIL]ETVIE Pls DT 1TEIN
TvIKIATK] 1TQlpIKTE P pIplalalrILT1TFlAl6lKIa L
TelplG]r TIL]sID]YIN] 1TQIKLEISIT LHLVLRLRG
G|D

Figure 4.12. Visual representation of Step 6, in which fragmentation images are
assigned to each of the final tetramer structures. The name of the tetramer is shown in

the panel. Highlighted lysine and glycine residues are part of isopeptide linkages.



d. [Ub],—44Ub—-**Ub

mlQLITFIVIRITILITIGIK] TTITTIL1EIVIE P S DIT ITEIN
1viklalklLilalplk]E 6]1 P PlDlalQlR]L I1TFlAlGIR]Q]L
1eIDIGIRIT L1sID YINLI1QlK]E]s]TIL HIL VIL R]L]IR]G
b MLQLITFIVIRITILTITIGLKI T 1T TILTEIVIE P s DIT 1TEIN
1viKlalkLilalplK]E 6] 1 P PlDlQlQlR]L ITFlAlGIR]Q]L
T1elplGIrlT L1sIp YINLITQIK]ETSITIL HIL VIL RILIR]G
1
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TvIkIAlKI11Qlp KIE G 1 P PIDQlQ R L 1TF]AlGIK Q L
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e. [Ub-%Ub,Ub]-44*Ub
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Tviklalk] 11alp]K]E 611 p PID]lQlQ]R L 1TFlA]G]K]Q]L
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]
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TvIklalk] 11alolk]e Gl1 p PlDlalalr L 1TFlAlGIK]Q]L
Telp]GIr TIL]sIp YIN] 11QlR]E]S]TILIHIL V]L RILIR]G
e
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IvkaAklilalplk Ec 1 RPDQQRL ITFlAlGIK Q@ L
EIDIGIR T L sp Y[N[I|QlKlE SITLHILVLRLRG
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Figure 4.12 (Continued). Visual representation of Step 6, in which fragmentation
images are assigned to each of the final tetramer structures. The name of the tetramer

is shown in the panel. Highlighted lysine and glycine residues are part of isopeptide

linkages.

94



f [Ub] 3_6_.27,48Ub

mlQ] 1TFIVIRITILTTIGIK]I TT 1] TILTETV]E PISIDIT]ITEIN
1viklalkl 1lalplk]ElG] 1 p plDlQlalr]IL 11F]AlGIRIQ]IL
TeIDplGIRIT L sIp YIN]11Q KIETS]T]ILIHIL VILIR]LIR]G
le
mlQ] ITFIVIRITILITIGIKITT 1] TILTE]VIE P]SID]IT]ITEIN
1viklalkl 11alplk]ElG] 1 p plDlQlalRIL 1TF]AlGIRIQ]L
TeIDIGIRIT L sTp YIN]11Q KIE]S]TILIHIL VILIR]ILIR]G

16
mlQl 11 FIVIRITILLTIGIK]IT]IITILIE]V]IE PISIDIT]ITEIN
Tviklalk] 11alplK]ElG] 1 P PIDlQlQIRIL 1TF]AlGIR]Q]L
1eIDlGIR]T L sIp YIN]11Q K]E]S]TILIHIL V]ILIRILIR]G
le

MQlITFIVIK TLTGIKTI TLEVE TIEN

VKAKIQDKEGIPPDQQRLIFAGKAQL
EIDGRTLSDYINI QKIE[SITILHLVLRLRG
16

Figure 4.12 (Continued). Visual representation of Step 6, in which fragmentation
images are assigned to each of the final tetramer structures. The name of the tetramer
is shown in the panel. Highlighted lysine and glycine residues are part of isopeptide

linkages.
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Summary

The top-down mass spectrometric workflow presented in this study correctly
classifies Ub tetramer chains into one of four possible topologies. Assignment of the
topology permits fragmentation to be visualized on an appropriate template and to
allow linkage sites to be identified on each ubiquitin moiety within the chain. The
success of the approach to interpretation of the MS/MS spectra depends on achieving
extensive fragmentation. Sufficient fragmentation was recorded using ETciD on an
orbitrap Fusion Lumos to assign topology to all the standards analyzed and to assign
linkage sites in three of the four topologic groups of unanchored ubiquitin tetramers.
The most highly branched isomer fragmented most poorly. The workflow presented
will be even more efficient as activation techniques continue to be developed which
provide complete fragmentation of heavy proteins. This is a workflow that can also be
readily modified for ubiquitin-like polymers (e.g. SUMO) and mixed polymers by

adjusting the masses and the sequences added to the graphical interface.
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Chapter 5: Conclusions and Future Prospective

By using the most advanced instrumentation in top-down proteomics, this
work has provided a novel and facile strategy for mass spectral characterization of all
polyUb chains. The location of isopeptide linkages within, and the length of, polyUb
chains have been experimental linked to a plethora of different cellular functions. To
determine these features, researchers have developed a multitude of different
methods, not all of which require mass spectrometry. These methods have not been
successful in differentiation of all possible topologies and linkages of polyUb chains.
The lack of a facile method within the community that can differentiate all polyUb
isomers has led to the focus of this doctoral work.

PolyUb chains, made of the small protein ubiquitin (Ub), are found
throughout eukaryotic cells. Their diverse functions have been experimental linked to
the length, linkages, and topology of the chain. To divulge the relationship between
the chain’s features and the functions produced, labs can use only a few methods. The
most prominent method has been to mutate the Ub chains at specific Lys residues,
which disrupts chain formation at the mutated Lys, and report if the function being
studied was effected. Another common method for polyUb characterization is to
digest the chain in trypsin, resulting in peptides with a bioinformatics compatible
search for the PTM by —GG tags at 114.043 Da. However, both these methods will

only show linkages involved, not the length and only mildly can interrogate the
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topology of the chain. Another method was developed and is commercially available
which divulges the length, linkage location, and to a degree, the topology by using
deubiquitinases DUBs (UbiCRest); yet it requires completely pure sample and
multiple experiments involving multiple DUBs.

This work has produced a strategy which can be adapted to any fragmentation
technique or mass analyzer that is powerful enough to produce viable results in top-
down proteomics. Outlined in the previous pages are strategies for characterizing Ub
dimers, trimers, and tetramers. Each workflow combined was able to differentiate a
total of 1340 possible isomers (8 from dimers, 92 from the trimers, and 1240 from the
tetramers). The general tenet of the workflow can be applied to any chain length. The
addition of more moieties does not hinder the strategy, in fact, additional steps can
simply be added to the workflows presented to create a scheme for any chain length.

In figure 5.1, a workflow is presented for pentamers, whose mass lies at the
analytical limit of even the most advanced instrumentation in top-down proteomics.
However, the workflow can be followed if the fragmentation is present. In an all
unbranched pentamer linked homogenously at K48 (Figure 5.2), the instrumentation
and methodology used for the tetramers is seen to completely characterize the
pentaUb chain. All moieties have diagnostic ions used to characterize the unbranched
topology (fragments seen between K63 and G76). Even at the analytical limit, the
workflow can be applied and diagnostic ions can still be seen on a chromatographic

time-scale.
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mMmQlIlFIVIK]TIL]Tle]lkITl1]TILIElV]E PlSIDIT]ITEIN
1vik]alk] 1lalplk|E]e] 1 P PID]QlQIR]L IF]AlGIK]Q]L

Distal 1eIp]GIR T L sID Y|IN]1]lalk E]ls T LIH|L VIL R L R]G
G
M QlIlFvIK]T]L]Tl6lKIT]I]TIL s|D|T|1]EIN
1viklalk] 11alplKlEle] 1 P PID]QlQIRIL ITF]AlGlK Q L
y-endo

EIDGRTILSDYNI|QKES|ITLHLV|ILRLRG

M Q] ITFIVIKITIL]T]IGIK]T] 1] T]T sID]T]1]EIN

B-endo 1vik]alk]i1alplklElel 1 P PID]alQlRIL ITFlAlGlK Q L
EDGRTLSDYNIIQKESTLH|ILVILRLRG
G

M Q|1 FlvIK]TILlTlGlKITT 1T sID]TI1TEIN
1viklalkl 11alp]klelcl1 p PID]alalrIL 11FlAlGIK Q L

oa-endo
EDIGRTLSDYNI|[QKES TIL HIL vlL RL R|G
le
MQlIlFIVIK|TIL]TIG]lKITI I TTT sID|T]1]TEIN

Proximal “°1VIKIAlK] 11QIpIK]1E]G]1 P PID]QlQIRIL 1TFIAlGIK Q L
EDGRTLSDYINI QKLE[SITILLHLVLRLRG
16

Figure 5.2: Final structure and fragmentation (Step 7) for Ub—*Ub—8Ub—*Ub—*UDb,
the K48-linked unbranched Ub pentamer. Fragmentation and deconvolution was
accomplished via the same process as the tetramers, however two parameters were
adjusted. In this sample, 400 ng of pentamer were injected and the fragment ions were

mapped with 0.1 Da error.
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The method outlined in this work is applicable to any future advances in
instrumentation and fragmentation. It could also be adapted to bioinformatics
software to digitize this process. A workflow can be created for longer polyUbs along
the same tenet as the examples outlined in this dissertation. At present there is no
method which can so readily characterize polyUb chains in their entirety. Current
research in cellular biology would greatly benefit from the advances proposed in this
work. Definition of the ubiquitinome has the potential to outline and define the
mechanisms at work in protein turn-over, DNA repair mechanisms, and eventually
indicate drug targets as, Ub is involved in many vital cellular functions (and

malfunctions).
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Appendices

Appendix Table 1. Sequences and the theoretical and observed monoisotopic masses

of the fully truncated branched peptides analyzed from the seven all native K-linked

diUbs.
Linkage Sequences of the Fully Truncated Target Mass (Da)
Peptides Theor. | Obser.
YNIQKESTLHLVLRLRG:
K63 YNIQKESTLHLVLRLRGG 4174.35 | 4174.36
YNIQKESTLHLVLRLRGG
K48 QQRLIFAGJ(QLE 3490.95 | 3490.96
YNIQKESTLHLVLRLRG
K33 KEGIPP 2717.52 | 2717.53
YNIQKESTLHILVLRLRGG
K29 TIENVKA}(IQ
YNIQKESTLHLVLRLRGG 3220.83 | 3220.85
K27 TIEN'V]KAKIQ
YNIQKESTLHLVLRLRG
K11 MQIFVKTLTGKTITLEVEPS
YNIQKESTLHLVLRLRG 4312.39 | 4312.41
K6 MQIFVKTLTGKTITLEVEPS
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Appendix Table 2. Optimization of fragmentation parameters for top-down analysis.

Ubiquitin Myoglobin Carbonic Anhydrase
8.5 kDa 16 kDa 29 kDa
Fragmentation | Percent . Percent | b/cly/z- | Percent | bi/cly/z-
. b/cly/z-ions . .
Technique Coverage Coverage ions Coverage ions
EThcD 6 msec
10%SA 95  |14/61/29/59 70 1/76/15/76 21 7/23/6/21
EThcD 12msec
10%SA 95  |12/59/35/57 77 3/74122/75 18 6/18/6/24
EThcD 25msec
10%SA 96  |20/61/37/58 73 2/67/22/70 16 1/19/1/21
CID 25% 81 45/0/54/2 45 24/5/61/5 10 10/0/18/0
CID 35% 87 40/1/59/4 40 19/4/55/5 15 16/2/20/0
CID 50% 87 28/1/61/7 29 12/0/36/5 16 18/2/22/1
HCD 12% 56 27/1/37/3 37 26/7/49/1 17 25/2/18/0
HCD 25% 84 22/1/56/4 19 7/1/22/4 10 12/0/15/3
HCD 40% 35 10/1/15/2 3 2/1/0/2 3 0/0/8/2

Appendix Table 3. Increase seen in the relative abundance of the desired peptide

product for trimers from time-limited acid hydrolysis when switching from 30sec to

60 sec digestion time.

Ubiquitin trimer Eat:jo of
eptide abundance
P (60sec/30sec)
[53-76]-*Ub—*8Ub 0.8
[53-76]-3Ub—3Ub 1.9
[53-76]-%%Ub 3
[53-76]-'1*%Ub 2.6
[53-76]>-11%%Ub 6.7
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59 YIS JQKESTAMHLVLRLRGGT

a. 59 Y INSIJQKESST LIHIL VLR LR GGT
50 YINCLJQKJESS;TJLJH™L V L RL R G G 76

b. 40Q7Q RILS1JFA;6,K;Q LyE 51

soY NJIJQIKJEJS TLHLVLRLRG 676

C. 33KE)G)|)P P 38
50 YINT Q"K)E)’s TLH LJ’V)L R)’LijG G 76

d. 22 TOTENNVSK A K, 15Q 31

59 YT JQKIESSTTL H LV L RILRSG G 76

c. 2T 1TEMNVKfA K1 Q31

590 Y NOTQ/KMESfS TLHLVLRLRGGT

f. 1M QO F VKTILT)6 K T 1 T LyEjJVEsP S 20

59Y NOITQfKkME)S TLHLVLRLRGGT

g 1M QO JF VIGT LTIG KyT T)LyEjVyEsPyS 20

Appendix Figure 1. Fragmentation by CID observed in all fully truncated K-linked
dimers. Linkages presented are K63 (a.), K48 (b.), K33 (c.), K29 (d.), K27 (e.), K11

(f.), and K6 (g.). In the case of this figure only, y ions are shown in red and b ions are

shown in blue.
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Appendix Figure 2. A representative LC-MS/MS visualized for Ub-8Ub-“Ub. The

lni il bl H\l I} nnm

8000 10000 12000 14000 1 5000 18000 20000 22000
mz

chromatogram is shown in a. from 8min to 27mins. Peak at 13.6 mins represents the

elution of the trimer. The deconvoluted intact mass’s isotope cluster is shown in b.
The top 5 m/z were deconvoluted and plotted in c. (200-6000 Da) and d. (6000-25700

Da). The labeled masses in red are from the proximal ubiquitin (they also have a
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superscript P) and they represent to ions used in Step 2 to distinguish that there is a
mass addition to K48 on the proximal ubiquitin. In blue are shown the diagnostic ions
from the endo ubiquitin (also shown with a superscript E) which show the chain is
unbranched in Step 3 and the ions showing the linkage is K48 on the endo ubiquitin

are also labeled.
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Appendix Figure 3. LC-MS/MS spectrum of Ub—"Ub—"Ub—"Ub.

a. The chromatogram is shown from 6 min to 28 min.

b. The deconvoluted isotope cluster of the molecular ions is plotted from 34,410-
34,455 Da.

c. MS/MS spectrum obtained when the five most abundant isotope peaks were
deconvoluted, merged and plotted from 200-16,500 Da (top) and 16,500-25,700 Da

(bottom).
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The units are the same on the two Y axes. lons represented by peaks labeled P in red
originate from fragmentation in the proximal ubiquitin. Peaks representing diagnostic

ions from the a,-endo Ub are labeled o in blue. Peaks labeled f in purple represent
diagnostic ions formed from cleavages in the ,-endo Ub. The base peak labeled M

represents precursor ions not fragmented by ETciD.
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