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Eukaryotic DNA is packaged into chromatin, which consists of a fundamental repeating unit, the
nucleosome, and its associated proteins. Nucleosomes are made up of histone protein octamers,
containing two each of histones H2A, H2B, H3, and H4, around which ~147 bp of DNA is wound.
The tails of histones are disordered and extend beyond the DNA where they may be accessed
by reader, writer, and eraser proteins. Post-translational modifications (PTMs) on histone tails are
crucial to regulating chromatin structure and its interacting proteins, which collectively dictate the
transcriptional state of the overlying DNA. The dysfunction of DNA-templated processes underlies
a variety of human pathologies, including neurodegenerative and autoimmune diseases, and
multiple human cancers. Importantly, these conditions are all associated with the misregulation

of various histone PTMs. We focused on the poorly-understood effects of histone modification



with the small ubiquitin-like modifier (SUMO). The SUMOylation of histone H4 is conserved
between yeast and humans and is implicated in transcriptional silencing and DNA repair.
However, a mechanistic understanding of how H4 SUMOylation leads to these outcomes has
remained elusive for well over a decade, and insight into its precise roles in gene regulation may

lead to the identification of new therapeutic targets.

We were interested in the dynamic interplay, or cross-talk, between SUMOylated H4 (suH4) and
other histone PTMs, potentially mediated by transcriptional repressive complexes. To generate
suH4 for in vitro assays, we utilized protein semisynthesis. Toward this goal, we developed
chemical methodology for facile, site-specific native SUMOylation of protein substrates, including
suH4, based on the small molecule native chemical ligation auxiliary (2-aminooxy)ethanethiol.
We further utilized this auxiliary to accomplish protein SUMOylation under non-denaturing
conditions, which greatly expanded the scope of substrates accessible to this methodology. Over
the course of developing non-denaturing ligation, we discovered that the thiol additive, 4-
mercaptophenylacetic acid (MPAA), promoted N-O bond reductive cleavage and auxiliary
removal without the low pH and harsh denaturants previously required. Extensive characterization
of the reaction revealed that it is promoted by the spontaneous formation of MPAA thiyl radicals
in solution. Finally, these methodologies enabled us to generate multi-milligram quantities of
homogenous suH4 to test the hypothesis that SUMO recruits the transcriptional repressor histone
deacetylase 1 (HDAC1) to chromatin. In vitro deacetylation assays with SUMOylated
mononucleosomes (MN) demonstrated that a repressive complex of HDAC1 and the corepressor
protein CoREST is preferentially recruited to SUMOylated MN, which enhances their

deacetylation. Thus, we have identified a novel cross-talk relationship between histone



SUMOylation and acetylation, which represents one possible pathway by which histone

SUMOylation can mediate transcriptional repression.
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Chapter 1

Introduction to chromatin, post-translational
modification, and chemical protein modification

1.1 Epigenetics

Each eukaryotic cell contains the complete set of information necessary for maintaining basic cellular
functions such as replication, metabolism, and signaling. Crucial to these processes is the synthesis of
specific proteins at the appropriate times and in the correct quantities. These data are contained within a
vast nucleoprotein complex known as chromatin. Packaging DNA into chromatin allows the approximately
six billion base pairs (bp) of a diploid human cell — several linear meters — to fit within a ~ 6 ym-diameter
nucleus. It has long been understood that the sequence of nucleotides in DNA encodes the amino acid
chains that make up proteins.! However, early geneticists quickly found that the relationship between
genotype and phenotype is flexible, and derives from a slew of complex intracellular processes.2 Studies in
the 1960s provided evidence that transcriptional activity is influenced by acetylation and methylation of the
histone proteins of chromatin,? and in 1975, Holliday proposed that a chemical change to the DNA molecule
itself, cytosine methylation, could be responsible for patterns of gene expression that persist after mitosis.*
This early work laid the foundation for the field of epigenetics: the study of heritable changes in gene
expression, caused by developmental processes or environmental signals, that are independent of the
underlying DNA sequence. Many further decades of research have established an intimate connection

between gene expression and small chemical changes in the DNA and proteins that make up chromatin.

1.2 Chromatin structure and organization

The first order of chromatin organization is the formation of the nucleosome. It was initially visualized by
electron microscopy as a ‘beads on a string’ structure under low salt conditions,%® and established as the
basic repeating unit of chromatin.”# The nucleosome core particle (NCP) consists of an octameric protein
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complex of two copies of each core histone, H2A, H2B, H3, and H4, around which 147 bp of DNA is
wrapped ~1.65 superhelical turns (Figure 1.1a). There are typically 10-90 bp of linker DNA between each
NCP.? The octamer itself is composed of an H3-H4 tetramer, bound by two H2A-H2B dimers and mediated
by H2B-H4 interactions.’® Each histone has a histone fold motif (3 a-helices connected by a pair of loops)
that is responsible for the heterodimeric interactions in the octamer core.' DNA affinity for the octamer
varies greatly and is sequence pattern dependent. Flexibility of the DNA is essential, and intrinsically stiff,
homopolymeric stretches are strongly disfavored.'? The most favorable sequences contain AT/TA and
GC/CG dimers that occur every ~10 bp, but directly out-of-phase with each other. With this pattern, the
AT/TA and GC/CG pairs face toward (major groove out) or away (major groove in) from the octamer core,
respectively, for every helical turn of the DNA (every ~10 bp). This corresponds to the ability of those pairs
to adopt a favorable bend, and, in the case of the AT/TA pairs, the ability to adopt a narrow minor groove
for maximal salt bridge formation between the phosphates of the DNA backbone and surface residues of

the histone octamer.10.12

In addition to the well-defined NCP structure, each histone contains a significant unstructured region at its
N-terminus of approximately 20-40 amino acids, and H2A and H2B have substantial unstructured C-
terminal regions as well. These histone ‘tails’ extend past the DNA surface and are solvent-exposed, 3
leaving them prone to enzymatic modification (discussed in section 1.3). The high density of basic amino
acids in the tails gives them a positive charge under physiological conditions, and the tails engage in
stabilizing intra- and inter-nucleosomal interactions, which are important for the formation of higher-order
chromatin structures.'* The H4 tail is particularly important, and stabilizes inter-nucleosomal interactions by

binding an acidic patch at the surface of the H2A/H2B interface on an adjacent nucleosome.0.

The next order of compaction above the nucleosome occurs when linear arrays of nucleosomes are folded
into three-dimensional structures known as 30 nm fibers. These structures form from nucleosomal arrays
in vitro with the addition of divalent cations, and arrange in a zig-zag pattern, which was observed in an X-

ray crystal structure of a tetranucleosome.® In this structure, the nucleosomes 1 and 3, and 2 and 4, are in
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contact and form a ‘two-start’ stack of nucleosomes that can form twists or coils in higher-order structures.'”
The short linker length of DNA in the tetranucleosome structure, however, is atypical in eukaryotes. A
solenoid model of the 30 nm fiber has also been proposed,'® but the zig-zag model is often favored because
it is conducive to the stabilizing interaction between H2A and the H4 tail.’® The tetranucleosome structure
is informative, yet it omits the linker histone H1, which binds to the nucleosome at the entry and exit point
of DNA, and interacts with ~20 bp of linker DNA.2° H1 is crucial for stabilizing the compacted state of
chromatin. Depletion of H1 causes aberrations in the formation of mitotic chromosomes, which exhibit the

highest order of chromatin compaction.?’

When not engaged in cell division, higher-order structures form when 30 nm fibers form loops and contacts
defined by proteins such as CTCF and cohesin.?? These topologically associating domains (TADs) are 800
kb on average, and appear to be conserved in both position and size. Interestingly, TAD boundaries are
regions of high transcriptional activity, or euchromatin, and tend to be located on the interior of the nucleus.2
Transcriptionally inactive chromatin, or heterochromatin, is enriched at the nuclear periphery.2 In this way,
chromatin appears to be organized into nuclear neighborhoods of similar transcriptional activity. The
establishment and maintenance of euchromatin and heterochromatin is key to the regulation of
transcription. In general, euchromatin is loosely compacted and accessible to the transcriptional machinery,
while heterochromatin is compacted into higher-order structures. Both structures are heavily influenced by

histone modification.
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Figure 1.1. Mononucleosome structure. a) Structure of the mononucleosome at 1.9 A resolution (PDB code 1KX5),
with individual histones and 147 bp double-stranded DNA. The N-terminal tails extend beyond the DNA for post-
translational modification. Red, H2A; Green, H2B; Blue, H3; Purple, H4; Gray, DNA. b) Schematic of histone tail
modifications. Chemical groups: ac, acetyl; bio, biotinyl; bu, butyryl; cit, ciyrullyl; me, methyl; nag, N-acetylglucosaminyl;
ph, phosphoryl; pr, propionyl; rib, ADP-ribosyl; SUMO, SUMOyI; ub, ubiquitinyl. Figure adapted from ref. 50.



1.3 Post-translational modification of histones

Chemical modification of chromatin can occur on its DNA or protein constituents and can dramatically affect
its structure and function — a key epigenetic route of transcriptional control. The primary modification on
DNA is methylation, which occurs at CpG dinucleotide sequences in the form of 5-methylcytosine, and has
a repressive effect on gene expression.2* In contrast, the solvent-exposed N-terminal tails of histones are
decorated with a wide variety of chemical groups known as post-translational modifications (PTMs) that

can have disparate effects on transcription (Figure 1.1b).

There are ~24,000 protein-coding genes in the human genome, and further proteome variety is generated
by alternative pre-mRNA splicing, which occurs in >90% of multi-exonic genes.?® By far the greatest source
of functional protein diversity comes from PTMs, and estimates of chemically unique species in the human
proteome exceed 1,000,000.26 In addition, the reversibility of PTMs (excepting arginine methylation)
represents a mechanism for the rapid cellular signaling and stimuli response that is necessary for
homeostasis. For example, phosphorylation and dephosphorylation signal cascades are well characterized
intracellular pathways that transform extracellular information into enzymatic activity or changes in gene

expression.

Advances in mass spectrometry techniques have enabled the identification of over 700 isoforms of the core
histones in HelLa cells,?” with various combinations of PTMs that include acetyl, methyl, and phosphoryl
groups, and even modification by the ~10 kDa protein ubiquitin.2® Histone PTMs can favor either repressed
or active transcription. Early recognition of this effect was described in the mid-1960s by Allfrey and
coworkers, who showed that global histone acetylation with acetic anhydride destabilized higher-order
chromatin structures and promoted transcription.® Importantly, acetylation was later revealed to be non-
random. This is exemplified by X-chromosome inactivation, in which one of two X-chromosomes in female
mammalian cells is hypoacetylated and transcriptionally silent.2® It was not until 1996 that the first enzymes

responsible for depositing and removing acetylation were identified.3° Histone acetyltransferases (HATSs)



and histone deacetylases (HDACs) are now understood to be part of a broad group of histone-modifying

enzymes known as writers and erasers.

A maijor focus of ongoing research concerns the cause-and-effect relationship between histone PTMs and
gene expression outcomes. For a long time, it was thought that the primary means of transcriptional
activation by acetylation was global histone charge neutralization. Indeed, the high density of positively-
charged lysine and arginine residues in the histone N-terminal tails form stabilizing interactions with the
DNA sugar-phosphate backbone, mainly in linker DNA regions. Acetylation of lysine neutralizes its positive
charge and reduces this interaction, resulting in a less compact chromatin structure that allows access of
transcription factors and machinery to the DNA.3" However, research performed by Shogren-Knaack and
coworkers showed that acetylation of H4K16 is sufficient for chromatin decompaction, by disrupting its
interaction with the H2A/H2B acidic patch.32 In this way, even minor changes to chromatin can have large
effects on gene expression. Similarly, H3K56 is located on nucleosomes at the DNA entry/exit point.
Acetylation at this position loosens the grip of the nucleosome on DNA and increases its accessibility, and
is strongly correlated with active transcription.3® These cases of histone PTMs that lead to a direct change

in chromatin structure and function are examples of cis effects.

Alternatively, trans effects of histone PTMs are those that indirectly lead to changes in chromatin structure
and function by recruiting effector proteins and enzymes. This requires specific readers with unique
structural domains responsible for identifying the various histone PTMs. The first reader domain, the
acetyllysine-binding bromodomain of the HAT p300/CBP-associated factor (PCAF), was documented in
1999.34 This acetylation feed-forward mechanism leads to a high local concentration of acetyllysine, which
favors transcription. Another example of a trans effect is the recognition of di- or tri-methylated H3K4 at the
5’ end of active genes by the chromodomain helicase DNA binding protein 1 (CHD1), which has ATP-
dependent nucleosome remodeling activity and promotes nucleosome disassembly and transcription
through chromatin.3 Finally, some histone PTMs can exert trans effects by preventing the association of
readers rather than recruiting them. For instance, H3T6 phosphorylation by protein kinase C beta | (PKCpI)
6



prevents repressive H3K4 demethylation by lysine-specific demethylase 1 (LSD1) during androgen

receptor-dependent gene activation.3¢

Since discovery of the PCAF bromodomain many more binding modules have been identified. They include
the plant homeodomain (PHD) and plextrin homology (PH) domains which also recognize acetyllysine; the
chromodomain, Tudor, malignant brain tumor (MBT), and PHD domains, to name a few that recognize
methyllysine; and the 14-3-3 proteins that recognize phosphoserine.3” Interestingly, the PHD domain, which
is primarily methyllysine binding, binds H3K14Ac in the first of two tandem PHD finger domains in double
PHD fingers 3 (DPF3). These tandem PHD domains are packed together to form a single functional unit
that recognizes PTMs along the H3 tail.38 Combinations of reader domains within a single protein or
complex are common, and allow preferential binding to specific combinations of PTMs. The discovery of
trans effects and multivalent recognition of histone PTMs led to the proposal of a ‘histone code hypothesis,’
which argues that particular patterns of histone PTMs direct specific downstream biological outcomes.3?
While genomic and biochemical studies have provided ample evidence for cross-talk between highly-
correlated modifications, this hypothesis is a great source of debate in the field. Another hypothesis
suggests that histone marks represent a signaling network in which chromatin integrates diverse messages
into a small number of biological outcomes with variable ‘intensity’ (e.g. degree of transcriptional
activation).*® Therefore, much work remains to be done to understand the complex interplay between

histone marks and effectors that leads to changes in gene expression.

1.4 Histone post-translational modification and transcriptional regulation

Transcription in eukaryotes typically begins with transcription factor (TF) binding upstream of the core
promoter region and transcription start site (TSS). This leads to recruitment of adapter complexes such as
Spt-Ada-Gen5 acetyltransferase (SAGA) and Mediator, which results in binding of general TFs to the
promoter, and finally formation of the pre-initiation complex (PIC).#' Transcription ultimately depends on the

ability of RNA polymerase Il (Pol Il) to access DNA. Not surprisingly, nucleosomes impede both formation



of the PIC and elongation.*?43 Nucleosomes also regulate access of TFs to DNA in regulatory elements
such as promoters and enhancers, although promoters often achieve nucleosome-depleted regions with
homopolymeric dA or dT tracts.'? Pol Il can only traverse a nucleosome if at least one H2A/H2B dimer is
removed.* Hence it relies on chromatin remodeling complexes, such as Swi/Snf, chromatin structure
remodeling (RSC), or facilitates chromatin transcription (FACT), to evict part or all of individual nucleosomes
as transcription proceeds. Nucleosomes are then redeposited behind Pol Il with the help of chaperones

such as Nap1.#

Histone PTMs are crucial to transcription and to maintaining a euchromatic or heterochromatic state, and
genome-wide ChIP-seq and RNA-seq studies have identified marks associated with active or repressed
transcription. In general, H3/H4 acetylation, H3K4me2/3, H3K36me2/3, and H2BK120ub appear to be
activating marks, and H3K9me3, H3K27me3, H2AK119ub, and H4K12 SUMOylation (acylation with the
small ubiquitin-like modifier) are repressive.#'45> These trends do have exceptions. For instance,
ubiquitylated H2B is highly-activating within gene bodies, but inhibits Pol Il recruitment when located in
promoter regions.*® Cross-talk between PTMs is especially important in the establishment of active or
repressed transcription. In one example, H3S10 phosphorylation by RSK2 occurs on nucleosomes of a
small subset of inactive immediate early genes in response to epidermal growth factor (EGF). This
stimulates Gen5 towards H3K14 acetylation and leads to selective, transient derepression.4”48 However,
this effect is not seen at all phosphorylated promoters, indicating that there are combinatorial and context-
dependent effects at play. Further research into transcriptional changes arising from histone PTM trans
effects is therefore needed to unravel these complex interactions. Isolating the fundamental components
of these systems for experimentation in vitro greatly facilitates the characterization of cross-talk events. In
my thesis | will describe the development of chemical tools for native, site-specific histone SUMOylation,

and this mark’s cross-talk with acetylation.



1.5 Chemical histone modification: small molecules

The past few decades have seen a rapid expanse in the variety of known histone PTMs. To date, over 150
unique positions have been identified, mainly in the unstructured N-terminal tail regions.*® A drawback to
cell-based assays is the presence of PTMs other than the mark of interest, that cannot be completely
controlled and may influence results in unforeseen or unrecognized ways. Studies in vitro with chemically-
defined substrates avoid these complications, and research into the functional outcomes of different PTM
combinations has relied heavily on solid-phase peptide synthesis (SPPS). Short, synthetic histone N-
terminal tail peptides have been used to determine the binding preference, and substrate specificity of
readers, writers, and erasers in the context of various PTM combinations.5® However, peptide substrates
may not accurately reflect in vivo processes. Early work by Allfrey and coworkers found that HDACs purified
from calf thymus could not deacetylate a short H4(15-21) tail peptide acetylated at Lys16.5" However, later
studies showed that a H4(1-37) peptide® or a H4(14-21) peptide acetylated at its N- and C-termini®3 were
in fact substrates for the same HDAC. In another example, surface plasmon resonance was used to
determine the binding constant between immobilized Sir3, a heterochromatin spreading factor in yeast, and
H4 tail peptides acetylated in various combinations at Lys 5, 8, 12, and 16.5* Binding in vitro showed an
additive effect, and decreased upon each successive acetyl mark regardless of position. In contrast, in vivo
studies showed a much greater reduction in silencing due to a Lys to Gln mutation at Lys16 than at any of
the other positions. It is therefore useful to incorporate substrates into a physiologically relevant system,
such as synthetic chromatin, to accurately study the interplay between cis and trans effects of histone

PTMs. This requires the synthesis of full-length modified histones.

There are many different approaches to generating full-length histones with defined PTMs. The simplest
method is genetic amino acid substitution to mimic modification. For instance, Gln resembles acetyllysine,
Arg resembles constitutively unacetylated Lys, and Glu resembles phosphorylated Ser. These mimics have
been used widely in yeast to screen for functionally significant sites of modification. They are also amenable

to high-yielding purification from E. coli, which is advantageous for biochemical or biophysical techniques,



including crystallography.%® However, these mimics cannot undergo native modification. Cysteine-based
methods can generate better mimics that are labile to enzymatic removal. For these techniques histones
are purified from E. coli with a Lys to Cys mutation at the desired site of modification. Because histones
contain no other Cys residues, with the exception of C110 in H3 that can be mutated to Ala without
consequence,® site selective reactivity is achieved. Shokat and coworkers successfully alkylated cysteines
of histone H3 with mono- di- or tri-methylated electrophilic ethylamines, and demonstrated similar antibody
recognition and substrate binding as the natural substrates (Figure 1.2a).57 Alternatively, the thiol-ene ‘click’
reaction has been used to alkylate Cys with N-vinylacetamide to mimic acetyllysine. In this reaction, a
thermal- or UV light-inducible radical initiator generates a Cys thiyl radical that adds across the alkene to
yield the anti-Markovnikov thioether product (Figure 1.2b).58 The authors showed that an H4K16Ac mimic
in nucleosomal arrays inhibited compaction to an identical degree as native H4K16, and that deacetylation
by SIRT2 was only mildly impaired. They also demonstrated identical antibody recognition. However,
although replacement of the y-methylene with a sulfide results in only ~0.28 A increased length,5” antibody
recognition is highly substrate dependent. As described in Chapter 4, the failure of commercial H3K14Ac-
specific antibodies to recognize the y-sulfide mimic necessitated synthesis of the native substrate for

deacetylation assays on nucleosomal substrates.

a)
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Figure 1.2. Cysteine-based analogs of modified lysine. a) Cys reaction with an electrophilic ethylamine, such as (2-
chloroethyl)dimethylamine, yields a methyllysine mimic. b) Thiol-ene ‘click’ reaction between Cys and N-vinylacetamide
yields an acetyllysine mimic.
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Amber suppression is a powerful, alternative method that exploits ribosomal incorporation of mimic or native
versions of modified amino acids into proteins, usually in E. coli. During translation, the ‘empty’ amber stop
codon is recognized by a tRNA that is co-expressed with its cognate aminoacyl tRNA synthetase. The
synthetase has been mutated by directed evolution to accept an unnatural amino acid, such as Nt-acetyl-
L-lysine,?® or Ne-tert-Butoxycarbonyl (Boc)-Ne-methyl-L-lysine® or photo-caged Ne-methyl-L-lysine,8' which
must bear a bulky group at the e-amine to ensure discrimination from unmodified Lys by the synthetase.
More flexibility comes from the incorporation of L-Se-phenylselenocysteine, which can be oxidized by H202
to the Michael-acceptor dehydroalanine and reacted with N-acetylated or N-methylated 2-
aminoethanethiol.52 This yields the y-sulfide Lys as discussed above, but may result in undesireable side-
effects such as Met oxidation. While the methods discussed in this section are quite useful, it is important
to note that the accuracy of studies with PTM mimics must be determined on a case-by-case basis. Further,
incorporation of more complex modifications or of multiple different marks into the same histone by these
techniques is not trivial. In these cases, the ability to tracelessly join chemically modified peptide fragments

is especially useful.

1.6 Chemical histone modification: native chemical ligation

The direct, total chemical synthesis of proteins by SPPS is limited to proteins of 50-100 residues due to
attrition with each amino acid coupling step.63 Native chemical ligation (NCL) circumvents this problem and
was first reported by Kent and coworkers in 1994 (Figure 1.3).8* This reaction forms a native peptide bond
between two unprotected peptide fragments. The only requirements are a C-terminal a-thioester on one
fragment and an N-terminal Cys residue on the other. First, the N-terminal Cys performs
transthioesterification to form a peptide-peptide thioester. Next, a thermodynamically favorable S-to-N acyl
shift, via a 5-membered ring intermediate, forms the native amide bond between the two fragments. The
polypeptide fragments for ligation can be generated by SPPS, and incorporate a wide variety of chemical
PTMs on the solid phase. Histone PTMs are clustered at the N- and C-termini, so modified histones can

readily be synthesized from a short synthetic peptide and a much longer recombinant fragment in a
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Figure 1.3. Native chemical ligation. Peptides containing a C-terminal a-thioester react with peptides containing a N-
terminal Cys to form a thioester, followed by spontaneous rearrangement to the native amide linkage.

technique termed expressed protein ligation (EPL).%> The approach to generating an N-terminal Cys or C-

terminal a-thioester fragment is quite different depending on its origin.

Recombinant proteins with C-terminal a-thioesters can be effectively purified from E. coli as intein fusions.
Inteins are single-turnover protein splicing enzymes. They naturally occur between extein fragments in
polypeptide chains, and catalyze extein joining followed by self-removal. The first step of intein catalysis
involves formation of a thioester at the C-terminus of the first extein and N-terminus of the intein. Protein
chemists have taken advantage of this natural process by fusing their protein of interest to the N-terminus
of an intein bearing an affinity tag. The addition of external thiol releases the protein of interest as a C-
terminal a-thioester (Figure 1.4).%3 The intein historically used in EPL is the M. xenopi GyrA intein, which
can take days to complete catalysis, although the recent discovery and characterization of ‘ultrafast’ inteins

has reduced that time to a matter of hours.®®¢ On the other hand, many approaches exist for synthesizing
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Figure 1.4. Purification of protein C-terminal a-thioester from intein fusion. Protein of interest, shown here as Ub
(PDB code 1UBQ), is expressed and purified from E. coli as a C-terminal intein fusion. The intein catalyzes
rearrangement of its N-terminal Cys to a thioester with the C-terminus of Ub. Addition of small molecule thiol releases
Ub from the intein as a C-terminal a-thioester.

peptides as C-terminal a-thioesters, which reflects a need for methods that are compatible with various
chemical groups, or that accommodate different side chains at the C-terminal position. Most rely on 9-
fluorenylmethoxycarbonyl (Fmoc) based SPPS. Due to the basic conditions required for peptide synthesis,
thioesters are prepared through a modified resin linker followed by chemical manipulation,®7:68 or through
protected thiols poised for nucleophilic attack of the C-terminal peptidyl amide, termed crypto-thioesters
(Figure 1.5).5%-7" One such crypto-thioester method is based on a ligation auxiliary molecule that | utilize in
Chapters 2 and 3 for native histone ubiquitylation and SUMOylation. This method enables one-pot thioester
formation and NCL, as well as single-step formation of cyclic peptides.”? Another particularly important
method was developed by the Liu research group, in which peptides are purified as C-terminal hydrazides.
These peptides are compatible with convergent, multi-step ligation strategies, and are only converted to
reactive thioesters upon diazotization reaction with sodium nitrite, followed by azide displacement with a

thiol and ligation in situ.”
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Figure 1.5. Synthesis of peptidyl C-terminal a-thioesters by Fmoc-SPPS. a) Peptides are synthesized from a 4-
(methylamino)-3-aminobenzoic acid derived linker. On-resin treatment with 4-nitrophenyl chloroformate activates the
C-terminus as an N-acylurea. Cleavage and global deprotection and subsequent treatment with thiol under basic
conditions yields the thioester. b) Peptides are synthesized from 2-chlorotrityl hydrazine resin. Cleavage and global
deprotection results in the peptidyl C-terminal hydrazine. Oxidation with NaNO2 and subsequent treatment with thiol
under basic conditions yields the thioester. c) Peptides are synthesized from a N-mercaptoethoxyglycinamide linker.
Cleavage and global deprotection and subsequent treatment with thiol under acidic conditions yields the thioester.
DIEA, diisopropylethylamine; PG, acid-labile protecting group; TFA, trifluoroacetic acid; Trt, trityl.

Peptides containing a N-terminal Cys are readily accessible by Fmoc-SPPS in most cases, and
compatibility with multiple ligation steps is achieved by protecting the thiol as a thiazolidine (Thz). The N-
terminal Cys must be uncapped with methoxylamine prior to ligation.” Preparation of recombinant proteins
containing N-terminal Cys is more complex. This is mainly due to incomplete processing of Met in E. coli to
reveal the N-terminal Cys.”® To avoid this problem protein fusions are employed, with a protease cleavage
site inserted immediately before Cys in the sequence. An affinity tag can be added N-terminal to the

cleavage site to facilitate purification, and removed during incubation with the appropriate protease.

Common proteases for this purpose are the tobacco etch virus (TEV) protease, with cleavage site
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ENLYFQ\S(C),”® or SUMO proteases such as Ulp1 or SENP2.77 N-terminal SUMO fusions may also

increase the solubility and yield of the recombinant protein.

Once the ligation between N- and C-terminal fragments is complete, a Cys residue is left at the site of
ligation, which could make identifying a ligation site problematic due to the rare occurrence of Cys in
proteins. However, Ser or Ala may sometimes be mutated to Cys without a major effect on structure or
function.”® Alternatively, free-radical or Raney-Nickel mediated desulfurization of Cys yields an Ala residue,
which extends ligation to sites containing Ala, which is very common in proteins.”®80 Desulfurization occurs
at all Cys residues, which is a significant disadvantage unless the protein substrate contains no Cys.
Fortunately, histones lack Cys completely (except H3, discussed above), so they are well suited to Ala-to-
Cys mutations to accommodate NCL, followed by free radical desulfurization back to the native Ala.%®
Histones synthesized by this method are completely capable of being assembled into mononucleosomes

or nucleosomal arrays, and have been used in a wide range of in vitro studies.?

1.7 Chemical histone modification: ubiquitin-like proteins

Ubiquitin (Ub) is a small, 76-amino acid protein that is highly conserved in eukaryotes.®? Polyubiquitylation
of substrate proteins, in which Ub is ligated via its C-terminus to the Lys g-amine or N-terminal amine of a
prior Ub to form chains, can result in targeted degradation by the proteasome.®® In contrast,
monoubiquitylation is primarily involved in non-proteolytic functions, and was originally discovered as a
modification of histone H2A.8* Ub is involved in myriad cellular pathways, including proteolysis, gene
regulation, receptor endocytosis, and DNA double-stranded break repair.85 Protein ubiquitylation in vivo is
accomplished by a series of enzymatic reactions involving the E1, E2, and E3 Ub ligases (Figure 1.6). In
humans, there are 2 E1, ~40 E2, and > 600 E3 enzymes.® Ub is expressed as an inactive poly-Ub
precursor, which must be processed by deubiquitylating enzymes (DUBSs) into its mature form.87 First, the
E1 Ub-activating enzyme (UBA1 or UBAG in humans) charges the C-terminal Gly of Ub with ATP, which

forms a Ub-adenylate and is accompanied by pyrophosphate release. Then, the active-site Cys forms a
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Figure 1.6. The protein ubiquitylation cascade. a) Ubiquitin is activated as a C-terminal thioester by an E1 activating
enzyme, then transferred to an E2 conjugating enzyme. The E3 ligase catalyzes transfer of Ub to its substrate and
imparts substrate specificity. Ub PDB code, 1UBQ. Substrate PDB code, 1KX5.

thioester with the C-terminus of Ub, and a transthioesterification reaction results in a Ub C-terminal thioester
with an E2 Ub-conjugating enzyme. Finally, an E3 Ub-ligating enzyme catalyzes condensation of the Ub
thioester with a Lys €-amine of a target protein either through a covalent thioester intermediate (HECT-
type), or by mediating the transfer of Ub directly from E2 to substrate (RING-type).88 There is no known
consensus sequence for ubiquitylation. In addition, the E3 ligase responsible for enzymatic ubiquitylation
has not been identified for most substrates, rendering site-specific enzymatic ubiquitylation inaccessible.8?
There also exists a group of Ub-like proteins, including SUMO-1-3 and Nedd8, which share a similar
sequence, three-dimensional structure, and enzymatic cascade for substrate conjugation with Ub.°° These
proteins and intracellular pathways are even less well-characterized than those of Ub, and warrant further
study. Thus, semisynthetic access to chemically-defined substrates modified by Ub or Ub-like proteins is

crucial to enabling in vitro study of these processes.

The synthesis and semisynthesis of Ub-modified proteins is a unique challenge. Because Ub and its
substrate do not form a linear amino acid chain (except when the N-terminal amine is modified), direct
recombinant expression or SPPS combined with NCL is not possible. Chemical strategies have been
developed to overcome this issue, and are often demonstrated by synthesizing di-Ub and comparing the
biological activity of the its various isomeric linkages (at Ub Lys 6, 11, 27, 29, 33, 48, and 63).88 Ub is quite

amenable to chemical manipulation. The first total chemical synthesis of Ub by Fmoc-SPPS was performed
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Figure 1.7. Peptide ubiquitylation by branched Fmoc-SPPS and NCL. A peptidyl Lys orthogonally protected with
the ivDde group is selectively deprotected on the solid phase, and C-terminal residues of Ub sequentially coupled from
the e-amine, terminating in an A46C mutation. Following acidolytic cleavage and global deprotection, ligation with a
Ub(1-45) C-terminal a-thioester affords the ubiquitylated peptide with a Ub A46C mutation. Free radical desulfurization
yields the native Ub sequence. R = CH2CH2SOsH. ivDde, 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl;
PG, acid-labile protecting group; TFA, trifluoroacetic acid.

by Ramage and coworkers in 1989,°" and was followed by studies demonstrating that synthetic Ub is
identical to natural Ub in recognition by anti-Ub antibodies,®? X-ray crystal structure,®® and as a Ub ligase
substrate.®* To improve on the ~4% yield of total Ub synthesis, recombinant methods, particularly those
involving NCL, have been widely utilized. Like histones, Ub has no native Cys residues, so desulfurization
permits temporary Cys-to-Ala mutations for NCL. This enabled Brik and coworkers to apply NCL to a
synthesis of Ub directly from the e-amine of Lys on resin-bound peptides (Figure 1.7).%5 Peptides were
synthesized on the solid phase with the Lys of interest orthogonally protected by the hydrazine-labile 1-
(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl (ivDde) group. After assembly of the main chain
and protection of the N-terminus, ivDde was deprotected and Ub(46-76) was sequentially coupled to the
Lys e-amine with an Ala46Cys mutation. Separately, the Ub(1-45) peptide was synthesized as a C-terminal

thioester. Ligation and subsequent desulfurization yielded native, ubiquitylated peptides.

In another peptide ubiquitylation which avoided the need to synthesize half of Ub by SPPS, Muir and
coworkers developed a route to synthesize full-length H2B ubiquitylated at Lys 120 (ubH2B) (Figure 1.8).74
The H2B(117-125) peptide was synthesized by Fmoc-SPPS, and Lys120 orthogonally protected with the
4-methyltrityl (Mtt) group. The N-terminal Cys of the peptide was coupled as Thz. Following selective
deprotection of Lys120, Cys was coupled to the e-amine. The purified peptide was ligated to recombinant
Ub(1-75) a-thioester, then Thz deprotected to reveal Cys. After a second ligation to recombinant H2B(1-

116) a-thioester, desulfurization yielded ubH2B with a single Gly-to-Ala mutation at position 76 of Ub. This
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Figure 1.8. Synthesis of ubH2B by ligation on side chain Cys. The H2B(117-125) peptide with N-terminal
thiazolidine is synthesized by Fmoc-SPPS. Lys corresponding to position 120, orthogonally protected with the Mtt
group, is selectively deprotected on the solid phase, and Cys coupled to the Lys g-amine. Acidolytic cleavage and
global deprotection followed by ligation with a Ub(1-75) C-terminal a-thioester affords the ubiquitylated peptide with a
Ub G76C mutation. Thiazolidine deprotection, ligation to H2B(1-116) C-terminal a-thioester, and subsequent
desulfurization yields ubH2B with a Ub G76A mutation. R = CH2CH2SOsH. Boc, tert-Butoxycarbonyl; DIEA,
diispropylethylamine; HBTU, O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate; Mit, 4-
methyltrityl; PG, acid-labile protecting group; TFA, trifluoroacetic acid; Trt, trityl.

mutation may inhibit processes involving direct recognition of the isopeptide bond, such as hydrolysis by

some DUBSs,%-97 however no such differences were observed in this study.

To streamline synthetic ubiquitylation of peptides, Brik and coworkers developed a 5-mercaptolysine
derivative (also referred to as 6-mercaptolysine or d-thiolysine) which may be incorporated at any position
in a synthetic peptide and enables direct ligation of a Ub(1-76) C-terminal a-thioester with the e-amine of
the Lys side chain.® Desulfurization renders this method traceless, making it appealing for structural studies
of Ub dimers or chains (Figure 1.9a). This Lys analog was applied to the impressive synthesis of the seven
possible isomeric forms of di-Ub,% and in the total synthesis of Lys48- and Lys63-linked tetra-Ub chains. 100
Derivatives of 4-mercaptolysine (also referred to as y-mercaptolysine or y-thiolysine) have also been
applied to di-Ub synthesis with a clever twist. Positioning the sulfhydryl group at the y-position allows it to
participate in NCL via a 6-membered ring intermediate with either the e-amine or the a-amine if Lys is the
N-terminal peptidyl amino acid (Figure 1.9b). Thus, Cys is not required and two distinct NCL steps may be
achieved, provided that the amines can be deprotected individually.'0'.192 The synthesis of these Lys
derivatives, however, is relatively low-yielding and requires many synthetic steps. For instance, the
synthesis of y-thiolysine as originally reported required 21 synthetic steps and resulted in ~5% overall
yield.'9" An alternative route has improved the synthesis to 8 steps, and the ~5% overall yield is due mainly

to the low-yielding (~11%) initial L-lysine chlorination step, which can be performed at large scale with low-
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Figure 1.9. Di-Ub synthesis utilizing mercaptolysine derivatives. a) Fmoc-SPPS incorporates thiazolidine-
protected 5-mercaptolysine into a Ub chain at position 48, with an N-terminal A46C mutation. Acidolytic cleavage
followed by ligation to Ub(1-45) a-thioester gives full-length Ub with an A46C mutation. Thiazolidine deprotection,
ligation to Ub(1-76) e-thioester, and subsequent desulfurization yields mutation-free K48-linked di-Ub. b) Fmoc-SPPS
incorporates N-NVOC and S-disulfide protected 4-mercaptolysine at the N-terminus of a Ub chain at position 48.
Acidolytic cleavage and ligation to Ub(1-47) a-thioester under reducing conditions affords full-length Ub. Irradiation at
365 nm deprotects the K48 g-amine for ligation with Ub(1-76) a-thioester. Subsequent desulfuridation yields mutation-
free K48-linked di-Ub. R = CH2CH2SO3H. Fmoc, 9- fluorenylmethoxycarbonyl; NVOC, ortho-nitroveratryloxycarbonyl;
PG, acid-labile protecting group; TFA, trifluoroacetic acid.

cost reagents.'%3 A derivative of 5-mercaptolysine has been synthesized over 8 steps in ~50% overall yield,
but yield is highly dependent on the identity of the thiol protecting group.190.194 Despite synthetic drawbacks,
use of these Lys analogs in NCL has proven simple and useful, such as in and amber suppression system10

and in the synthesis of ubiquitylated a-synuclein. Studies with this substrate revealed the inhibitory role of

Ub in the formation of toxic a-synuclein aggregates and progression of Parkinson’s disease. %

An alternative method for synthesizing native ubiquitylated peptides makes use of a small molecule ligation
auxiliary. NCL requires a 1,2- or 1,3- aminothiol moiety to permit favorable S-to-N acyl shift through a 5 or
6-membered ring intermediate. The e-amine of lysine naturally lacks this feature, so Lys derivatives and
auxiliary molecules have been devised to temporarily provide it. A diverse array of N°-auxiliary molecules
have been developed, and unlike mercaptolysine they do not rely strictly on desulfurization for their
removal.’%” A photocleaveable ligation auxiliary developed by Chatterjee and coworkers was installed on a
peptidyl Lys side chain on the solid phase in the form of an N-substituted Gly (the native C-terminal residue
of Ub) coupled at the e-amine.'%8 After ligation with a Ub(1-75) a-thioester, UV irradiation simultaneously

removed the auxiliary and the 2-nitrobenzyl group protecting the N-terminal peptidyl Cys, which was then
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Figure 1.10. Synthesis of ubH2B by N®-auxiliary assisted side-chain ligation. H2B(117-125) is synthesized by
Fmoc-SPPS with N-Boc and S-(2-nitrobenzyl) protected Cys at the N-terminus. Lys corresponding to position 120,
orthogonally protected with the Mtt group, is selectively deprotected on the solid phase. Bromoacetic acid is coupled
to the e-amine, followed by nucleophilic displacement of bromine by the photo-protected N-auxiliary, which forms the
C-terminal Gly of Ub. Acidolytic cleavage, then ligation to Ub(1-75) a-thioester affords the ubiquitylated peptide
retaining the ligation auxiliary. Irradiation at 365 nm removes the auxiliary, and deprotects the N-terminal Cys for ligation
to H2B(1-116) a-thioester, giving ubH2B with A117C mutation in H2B. Desulfurization yields native ubH2B. R =
CH2CH2SO0s3H, R’ = CH2CH2CH2C(O)NH2CHs, R” = CHs. Boc, tert-Butoxycarbonyl; PG, acid-labile protecting group;
TFA, trifluoroacetic acid.

utilized for a second ligation with the recombinant N-terminal fragment of H2B (described above) to
generate ubH2B (Figure 1.10).'%° The photolabile auxiliary in this synthesis exemplifies the utility of small
molecule-assisted NCL, yet similar to the mercaptolysine derivatives, suffers from a long, low-yielding
synthesis (~8% yield, 8 steps).'%8 In Chapter 2 | describe our application of a synthetically straightforward

ligation auxiliary based on 2-(aminooxy)ethanethiol to the ubiquitylation and SUMOylation of peptides.

While many methods aim to generate the native isopeptide linkage between substrate Lys and Ub, others
generate non-native linkages due to ease of synthesis, or to prevent hydrolysis by DUBs. In an example of
a non-hydrolyzable di-Ub linkage, one Ub containing a Gly76Cys mutation and a second Ub bearing a Lys-
to-Cys mutation are reacted with dichloroacetone.'® For proteins that do not specifically recognize the
isopeptide bond, these linkages give facile access to substrates for binding studies. This particular study
utilized Lys29-linked tetra-Ub chains affixed to a resin to pull down interacting partners of this specific Ub
chain topology, and identified a novel interaction with yeast Ufd3, a member of the Ub chain degradation
pathway.'" Other methods to make non-hydrolyzable mimic linkages include the azide-alkyne click
reaction''2, or oxime formation.''3 Alternatively, a hydrolyzable linker may be generated by forming an
amide with allylamine at the C-terminus of Ub, through an intein or similar method, which reacts with a Lys-

to-Cys mutant substrate via the thiol-ene ‘click’ reaction."' Finally, disulfide-directed ubiquitylation is a
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simple, easily applied method useful for proteins lacking natural Cys residues. An intein fusion is used to
generate Ub with a C-terminal cystamine amide, which is activated as a reactive, asymmetric disulfide with
2-thio(5-nitropyridine). Reaction with a substrate protein bearing a single Lys-to-Cys mutation readily forms
a disulfide linkage at the site of ubiquitylation.5¢ This strategy was recently used to generate nucleosomal
arrays containing SUMOylated H4 (suH4), a PTM generally considered to be repressive (Figure 1.11).115
The compaction of these arrays in the presence of divalent cations was evaluated relative to unmodified
and H4K16Ac-modified arrays. Surprisingly, suH4 did not permit compaction of the arrays. The implications
of this finding and our efforts to elucidate the repressive mechanism of suH4 will be discussed in Chapter

4.
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Figure 1.11. Disulfide-directed H4 SUMOylation. Recombinant H4 K12C is reacted with 2,2’-dithiobis(5-nitropyridine)
to form an activated disulfide. Disulfide exchange with recombinantly-produced SUMO-3 C47S C-terminal cystamine
amide gives suH4 with a disulfide linkage at H4 K12.
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Chapter 2

Auxiliary-mediated synthesis of native and protease-
resistant ubiquitylated peptides

2.1 Introduction

The small, 76-residue protein ubiquitin (Ub) is highly conserved in eukaryotes® and plays an important role
in countless cellular functions.? As described in Chapter 1, ubiquitin-like proteins (Ubls), including small
ubiquitin-like modifier (SUMO) proteins, are conjugated by their C-termini to e-amines of substrate Lys
residues by a series of Ubl-specific E1, E2, and E3 ligases.? Recent methods coupling immunoaffinity-
based enrichment of ubiquitylated or SUMOylated species with proteomics have identified hundreds of
previously unknown targets.#® Thus, research into the functional consequences of substrate Ubl
modification is ongoing. Histone H4 SUMOylation at Lys12 (suH4) is one such mark that remains to be fully
characterized, although several studies have linked it to transcriptional repression.®? Meaningful study of
suH4 and other Ubl-modified proteins requires the ability to follow their dynamic regulation and subcellular
localization in living cells,®® as well as the ability to examine direct biochemical and biophysical
consequences of their post-translational modification (PTM) in vitro.'® The overall goal of my thesis project
is to interrogate cross-talk between H4 SUMOylation and H3 acetylation in vitro, using mononucleosome
substrates reconstituted from purified, site-specifically modified histones and DNA. A semisynthetic strategy
to access suH4 is necessary, in part because the E3 ligase responsible for site-specific H4 SUMOylation
is unknown, rendering enzymatic SUMOylation inaccessible. A method that yields the native isopeptide
linkage is preferred, due to its stability under reducing enzymatic assay conditions, in contrast to a recently
utilized disulfide-directed H4 SUMOylation strategy.’! In addition, the importance of the specific length,
geometry, and other properties of the isopeptide bond to the interacting partners of suH4 is simply unknown.

Utilizing the native linkage ensures the accuracy of the in vitro system. In this chapter | will describe the
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development of a mild, efficient method for the site-specific modification of peptides with Ubls by a native

isopeptide linkage.

There are various semisynthetic methods for site-specific protein ubiquitylation, as reviewed in Chapter 1.
Most involve separate ligations between a synthetic peptide and longer, recombinant protein fragments:
one to link Ub to the Lys side chain, and one or more to complete the main chain protein.2-14 The ability to
purify Ub and truncated substrate proteins from E. coli for native chemical ligation (NCL) significantly
increases the potential yield of the overall synthesis. In addition, most chemical manipulations can be limited
to the small peptide fragment on the solid phase, which greatly facilitates purification and reduces the
likelihood of side reactions. The N- and C-termini of peptides may bear protected or masked functional
groups so that ligation chemistry between fragments may occur in any desired order. For ligation on the
Lys side chain, a sulfhydryl group must be positioned such that it can perform NCL. Classical NCL involves
two basic steps: capture and transfer.'® The capture step involves the chemoselective reaction between
Cys thiol and thioester to join two unprotected peptide chains. The pKa of the Cys sulfhydryl group, ~8.5,
ensures that a large fraction is anionic under typical NCL conditions (pH 7-8). In contrast, the pKa of the
Lys e-amine conjugate acid is ~10.5, meaning that it is largely positively charged under the same conditions,
and that of the N-terminal a-amine is ~8.'® Thus, non-specific direct amidation is unlikely to occur. With
peptide starting materials typically in low mM concentrations, nucleophilic attack by the N-terminal Cys side
chain on a peptide bearing a C-terminal a-thioester results in transthioesterification that positions the a-
amine to react with the new thioester by virtue of its now-high local concentration. This S-to-N acyl transfer
step results in a thermodynamically stabile amide bond, and only occurs on a Cys with a correctly-
positioned nearby amine. In the case of the Lys g-amine, unnatural incorporation of a sulfhydryl group
necessitates desulfurization to yield the native isopeptide linkage for mercaptolysine derivatives, yet this
method is incompatible with other Cys residues in the protein or peptide.'3'* For ligation auxiliaries, a
release step to remove the auxiliary group is dependent upon the nature of the group itself. In this way,

auxiliaries may be designed such that their removal conditions are compatible with other functional groups
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in the protein, or even the folded state of the protein. We recognized that, despite a lack of Cys residues in
histones, our protein/peptide ubiquitylation method would be most useful if it were widely applicable to other
protein substrates, which excludes desulfurization as an option. Because mercaptolysine derivatives
require desulfurization to achieve the native linkage and are synthetically challenging to access, we pursued

a ligation auxiliary-based strategy.

There are many forms of NCL auxiliaries, and the vast majority have been developed to perform traceless
ligation at the a-amine at either non-Cys sites, or at X-Cys junctions in which X is a hindered, B-branched
amino acid.'” We considered that Ub, and in fact most Ubls, terminates in a C-terminal Gly-Gly sequence,
the ideal unhindered position for ligation with an Ne-auxiliary (Table 2.1).'® Coupling bromoacetic acid to
the desired Lys e-amine creates a site for facile installation of the auxiliary amine by nucleophilic
displacement of bromine on the solid phase. After ligation and auxiliary removal, this becomes the C-
terminal Gly of Ub. This strategy was beautifully demonstrated by Chatterjee and coworkers using a
photolabile, 2-nitrobenzyl-based auxiliary.'® In fact, many auxiliaries have been developed based on the
Ne-benzyl scaffold, and different substitutions on the phenyl ring enable different removal conditions.'” Yet
they still suffer from sometimes harsh removal conditions, or exhibit significantly impaired ligation kinetics

that ultimately limit their broad applicability.'”-'® Smaller, hindrance-free auxiliaries based on 2-aminothiol

Table 2.1. C-terminal sequence alignment of human ubiquitin-like modifier proteins.

Ubl Function

Ubiquitin --sTLHLVLRLREEVQ 1 FV - -  Protein degradation

SUMO-1 --DVIEVYQEAQ TEEH STV Nuclear localization

SUMO-2 --DTIDVFQQAQ TEEV Y Transcriptional regulation
SUMO-3 --pTibpvFaaaT[JdvPESsS - -  Transcriptional regulation
Nedds --sviHLVLALR[EEMGcGLRQ- -  Modifies cullin family ligases
FAT10 --NLLFLAsYc I [94 Apoptosis, signal transduction
Fub - -TTLEVAGRML[EAKVHGS - - Tecell activation

ISG15 - -sTVFMNLRLRIJEG TEPG - -  Immune response

*Precursor sequences shown are proteolytically processed C-terminal to the Gly-Gly motif (black).
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are simpler to access synthetically and exhibit rapid kinetics of ligation, but removal conditions are harsh

(Table 2.2).

A 2-(aminooxy)ethanethiol-based ligation auxiliary developed by Kent and coworkers in 1996, however,
was removed by mild reduction of the N-O bond with zinc dust in acidic HPLC buffer (Table 2.2).27 The
kinetics of peptidyl ligation were rapid, although rearrangement of the S-linked intermediate was slow
compared to Cys-based ligation, except at Gly-Gly junctions. This was attributed to the slightly less

favorable formation of a 6- (rather than 5-) membered ring intermediate. The auxiliary was later repurposed

Table 2.2. N%-auxiliaries for native chemical ligation at Gly-Gly junctions.

Substituent groups Removal Ref
SH , © R=H,R = OCHs, R” = H HF or TFA 20,21
N\)\é R=0CHs, R =OCHs, R"=H TFA 22
Gl
R y R=NO2, R =H,R"=H hv 23
R" R =NOz2, R’ = O(CH2)sCONH2CH3s, R” = OCHs hv 19
R’ R=H,R =H,R’=H TCEP, morpholine, 40 °C 24
hw ©
N \)L%
R = OCHs, R’ = OCHs, R” = H TFMSA/TFA 25
HS R"
R = OCHs, R’ = OCHs, R” = OCH3 TFA 22
Rl
R
SH , ©
N \)Lg
o n/a TCEP, morpholine, 60 °C 26
O\/

o

H
o’N\)Lg n/a Zn, H20/CH3CN, 0.1% TFA 27
(_sH
TCEP = tris(2-carboxyethyl)phosphine; TFA = trifluoroacetic acid; TFMSA = trifluoromethanesulfonic acid.
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by Liu and coworkers for ligations with the one-residue removed primary N-terminal a-amine, in a method
analogous to side-chain assisted ligation.282% However, use of this auxiliary was never extended to full-
length proteins. We identified 2-(aminooxy)ethanethiol as a ligation auxiliary that fit our ideal criteria: good
ligation and acyl transfer kinetics at Gly-Gly junctions, readily achievable synthesis, and mild, efficient
removal conditions. In this chapter | demonstrate successful utilization of the auxiliary to synthesize
ubiquitylated and SUMOylated peptides, as well as this method’s compatibility with protein thiol groups
(Scheme 2.1). This facile synthetic method will greatly expand the scope of native ubiquitylated and

SUMOylated proteins and peptides available for mechanistic studies.

Ub(1-76) Target Lys
s % N
S Ol H O }T‘Jfo
\ N/\ﬁ.;‘N \)LN/\/\ NH
H H A
O B
Gly75 Gly76

<& _0
%ﬁ SR + Sg;(r?l i ff
. /\/\“\n
”/\'J N NH

H i

Ub(1-75) Gly76

Scheme 2.1. Site-specific peptide ubiquitylation.
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2.2 Results and discussion

2.21 Synthesis and application of the ligation auxiliary

We began by synthesizing a ftrityl-protected form of 2-(aminooxy)ethanethiol starting from N-
hydroxyphthalimide. In contrast to the auxiliary as reported by Kent and Liu in which the thiol is protected
by a disulfide or a p-methylbenzyl group, we reasoned that the trityl group would be ideal for our application

as the peptidyl auxiliary will be deprotected during acidic cleavage from the resin and ready for ligation

a)
0 0O 0 HoN
i i i 0
N-OH —> N-O —> N-O —= g
! / -
Br STrt 1
b)
PGs PGs
H —2—= i H ——= i
(Ac/Boc)Nw — (Ac/Boc)NO@OQ ——
NH NH 1
. B
ol r/\r
0
PGs
H ——= ii H iv
(Ac/Boc)N — (Ac/H)NmCONHz ——
HN_ O HN_ O 3
o J g
s "N Hs %N
H H
2
H % H
(Ac/H)N{)(?Qc:or\m2 — (AC/H)NcmCONHE
~ HN__O ~ HN__O
Y Y
Ub(1-75) khu’ SH Ub(1:%5) I\H
o/

4

Scheme 2.2. Synthesis and application of the ligation auxiliary. a) i) BrCH2CH2Br, EtsN, DMF, 18 h, 25 °C, 64%;
ii) TrtSH, NaH, DMF, 2 h, 25 °C, 79%; iii) H2NNHz, CHCls, 2.5 h, 25 °C, 90%. b) i) 1. 1% TFA, 1% TIS in CH2Clz; 2.
BrCH2COOH, DIC, DMF; ii) 1, 1 M in DMSO; iii) Reagent K; iv) Ub(1-75)-a-thioester (3), 6 M Gn-HCI, 100 mM NazHPOg,
10 mM TCEP, pH 7.5; v) 6 M Gn-HCI, Zn, pH 3.0, 37 °C, 24 h. Ac = acetyl, Boc = tert-butyloxycarbonyl, DIC = N,N'-
diisopropylcarbodiimide, Fmoc = 9-fluorenylmethoxycarbonyl, Gn-HCI = guanidinium hydrochloride, Mtt = 4-methyltrityl,
PG = protecting group, Reagent K = 82.5:5:5:5:2.5, TFA: thioanisole: H20: phenol: 1,2-ethanedithiol (v/v), TCEP =
tris(2-carboxyethyl)phosphine, TFA = trifluoroacetic acid, TIS = triisopropylsilane, Trt = trityl.
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immediately following purification.2:28 A facile 3-step synthetic scheme afforded the suitably protected
auxiliary, 1, in multi-gram quantities and 46% overall yield (Scheme 2.2a) for application in 9-
fluorenylmethoxycarbonyl (Fmoc) based solid-phase peptide synthesis (SPPS). To test the utility of the
auxiliary for peptide ubiquitylation, we first considered an internal peptide sequence from Ub itself. There
are seven Lys residues in Ub, at positions 6, 11, 27, 29, 33, 48 and 63, and all are found to be modified by
ubiquitin in vivo.30 Therefore, we first chose a short N-terminally acetylated and C-terminally amidated
tripeptide, QKE, containing Lys63 of Ub, as a test substrate for auxiliary-mediated ubiquitylation. The
peptide was synthesized on rink amide resin with an orthogonal 4-methyltrityl (Mtt) protecting group at the
Lys e-amine targeted for modification.3! After chain assembly, the Lys side-chain was selectively
deprotected by 1% TFA in dichloromethane and the free €-amine was subsequently coupled with
bromoacetic acid. The auxiliary was readily introduced via direct nucleophilic displacement of bromine with
a 1 M solution of 1 in DMSO for 24 h at room temperature. Importantly, the unreacted auxiliary could be
filtered away from the solid-phase and reused at least four times without appreciable losses in incorporation.
Finally, TFA-mediated cleavage from the resin afforded the auxiliary containing peptide QK@WE, 2, in 38%

purified yield based on initial resin loading (Scheme 2.2b).

Heterologously expressed human Ub(1-75)-a-thioester, 3, was obtained by thiolysis of the corresponding
GyrA intein fusions with mercaptoethanesulfonic acid (MES).® Ligation to the auxiliary-containing peptide
was initiated by mixing 2.5 mM of 2 and 0.5 mM of 3 in 6 M Gn-HCI, 100 mM NazHPO4, 10 mM TCEP, pH
7.5 at room temperature. Although auxiliary-mediated ligation onto a secondary amine was previously
shown to be slower than ligation to the primary amine in Cys,'? the enhanced nucleophilicity of the aminooxy
group at pH 7.5, due to the alpha effect, led to complete acyl transfer within 12 h.32 The ligation product
was then purified by reversed phase high performance liquid chromatography (RP-HPLC) to obtain the
auxiliary-containing branched protein QKUYe@WE 4. Surprisingly, and contradictory to previous results with
short peptides,?’ our initial attempts to reductively cleave the ligation auxiliary from 4 with activated Zn in

acidic HPLC buffers or water proved largely unsuccessful (Table 2.3, entries 1, 2). The inclusion of 6 M
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Table 2.3. Reductive removal of the ligation auxiliary.

No. Product Reagent pH temp (°C) time (h) Yield (%)?
1 QKY°E Zn, 1:1 AcN:H20 1 22 24 5
2 QKUPE Zn, H20 1 22 24 12
3 QKY°E Zn, 6M Gn-HCI 1 22 24 28
4 QKY°E Zn, 6M Gn-HCI 1 37 24 54
5 QKUPE Raney-Nickel? 7 37 17 5
6 QKY°E In, 6 M Gn-HCI 3 37 24 31
7 QKY°E Zn, 6 M Gn-HCI 3 37 24 80
8 QKS'E Zn, 6 M Gn-HCI 3 37 24 75
9 KAKYP| Zn, 6 M Gn-HCI 3 37 24 80
10 KAKSY| Zn, 6 M Gn-HCI 3 37 24 60

aYields were calculated from purified product weights and relative signal intensities in ESI-MS. PAs per the procedure
reported by McGinty et al.'?

a) b)
+7
+6
/ I +8
L./ +9 +5
/’—L"_‘\J . N | .l - l Y
5 30 700 2000
t (min) —» nmnz ——»

Figure 2.1. Synthesis of QKUYPE. a) C18 analytical RP-HPLC chromatogram of reduced and purified QK" E. a) ESI-
MS of reduced QKY°E. Calculated m/z [M+H]+ 8,992.0 Da, observed 8,992.2 + 1.8 Da.

Gn-HCI during the reduction step overcame this issue and led to greater removal of the B-mercaptoethanol
group resulting in the native isopeptide linkage at Lys (Figure 2.1 and Table 2.3, entry 3). The requirement
for a denaturant to facilitate efficient electron transfer from Zn to the low-energy N-O bond in 4 is consistent
with previous biophysical studies which showed that Ub retains its tertiary structure in solution at pH ~1

(Figure 2.2).33
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Figure 2.2. Structure of Ub(1-75)-MES (3) in HPLC buffer. Circular Dichroism spectrum of Ub(1-75)-MES (3) at 0.1
mg/mL in 50:50 H20: CHsCN, 0.1% TFA (v/v), pH ~2.

We next sought to identify suitable reagents and conditions that maximize the yields of reduced products
(Table 2.3, entries 4-7). Several methods have been reported for the conversion of N,N-disubstituted
hydroxylamines to the corresponding amines, including reduction with Raney Ni®* and indium metal.3®
However, we observed that treatment of 4 with activated Zn in 6 M Gn-HCI at pH 3.0 and 37 °C for 24 h
yielded the best results with minimal side-products (Table 2.3, entry 7). A small amount of hydrolyzed Ub(1-
75) was the major side-product observed during auxiliary removal. An N-to-S acyl shift of the amide
backbone that would yield a thioester susceptible to hydrolysis has previously been demonstrated at Gly-
Cys junctions® and with N-methylated Cys at low pH and elevated temperatures.3” However, for 4 the
hydrolysis product is more likely a result of direct nucleophilic attack by water on the protonated tertiary
amide. Evidence toward this comes from our observation that alkylation of the auxiliary thiol post-ligation,

which precludes an N-to-S acyl shift, did not significantly affect the small degree of hydrolysis (Figure 2.3).

2.2.2 Substrate scope and linkage specificity
With a robust methodology for peptide ubiquitylation in hand we proceeded to test its scope for peptide
SUMOylation with a recombinant human SUMO-3(2-91)-a-thioester and the peptide QKEWE. Ligation

proceeded with similar kinetics as for Ub and was complete in 12 h (Figure 2.4). Further, alkaline hydrolysis
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Figure 2.3. Partial hydrolysis of S-alkylated QKY?@"E under reducing conditions. a) ESI-MS of purified S-
alkylated QKY@EW™E, b) ESI-MS of products formed during auxiliary reduction at pH 1.0 for 48 h. Calculated for QKY°E,
m/z [M+H]* 8,992 Da, observed 8,992 Da (major species). Calculated for Ub(1-75)-COOH, m/z [M+H]* 8,507.7 Da anc
observed 8,508 + 2 Da. Asterisks indicate the Ub(1-75)-COOH hydrolysis product.

of the ligation product at each time point confirmed that the S-to-N acyl shift had taken place (Figure 2.5).
A previously reported ligation of SUMO to a secondary amine required 7 days to achieve 60% yield,'® which
highlights the advantage of employing the aminooxy group for acyl transfer. As expected, reductive removal

of the pendant auxiliary group afforded the isopeptide-linked QKSUE in good yield while retaining Cys47 in

SUMO (Table 2.3, entry 8).

We further explored the substrate scope of ligation with a KAKI peptide sequence, which contains both
Lys27 and Lys29 of Ub. Installation of the ligation auxiliary at the Lys29 position in KAKI led to similar yields
for ubiquitylation and SUMOylation of this peptide (Table 2.3, entries 9 and 10). However, unlike the N-
terminally acetylated QKE peptide, the reaction of Ub(1-75)- and SUMO-3(2-91)-a-thioesters with KAKI
could proceed through nucleophilic attack by either the peptide N-terminus, the Lys27 e-amine, or the
auxiliary alkoxyamine. In order to test the precise site of ligation, KAKUb| and KAKS!| were assayed with the
ubiquitin C-terminal hydrolase L3 (UCH-L3) and the Sentrin-specific protease 1 (SENP1), which are

cysteine proteases that remove Ub and SUMO, respectively, from diverse cellular targets (Figure 2.6a).38:3°

Complete hydrolysis of the isopeptide linkage was observed in both cases and the full-length Ub(1-76) and

SUMO-3(2-92) proteins were observed after 3.5 and 8 h, respectively (Figure 2.6b-c). As the C-terminal
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Gly in the full-length proteins could only be derived from conjugation at Lys29 (Scheme 2.2), these results
indicated that auxiliary-mediated ligation of Ub and SUMO to the KAKI peptide occurred at the desired
Lys29 side-chain. Complete hydrolysis of KAKY?l by UCH-L3 suggests that our chemical strategy does not
interfere with the correct folding of Ub in the final ubiquitylated product. Furthermore, X-ray crystal structures
of Ub bound to UCH-L3 reveal extensive protein-protein interactions that may only exist in the native folded
form of Ub.#? Thus, our methodology yields site-specifically ubiquitylated and SUMOylated peptides that

adopt a native fold and are suitable for in vitro biochemical studies.

2.2.3 Protease resistance of the auxiliary-retaining species

When subjecting semisynthetic ubiquitylated proteins to assays in complex mixtures, such as cell lysates,
one must contend with the presence of ~100 deubiquitylating enzymes (DUBs) that may hydrolyze the
isopeptide linkage.*! In thinking of this problem, we noted that retention of the ligation auxiliary in the final
ubiquitylated peptide yields an N-alkylated Gly76. The enhanced proteolytic stability of polymeric N-
substituted glycines, also known as peptoids, and peptoid-peptide hybrid molecules has previously been
demonstrated.*? Therefore, we wondered if simply retaining the ligation auxiliary in the final ubiquitylated
product would inhibit proteolysis of the isopeptide bond. Satisfyingly, incubation of the unreduced ligation
product containing the auxiliary group, QKYt@wE, with UCH-L3 for 3.5 h at 37 °C led to no observable
hydrolysis of the isopeptide linkage (Figure 2.7a, lane 3). In comparison, the reduced ligation product,
QKUY°E, was completely hydrolyzed to produce Ub(1-76) under identical conditions (Figure 2.7a, lane 1).
To test the scope of DUB resistance, we also assayed KAKUb@EWX)| with the ubiquitin specific proteases Usp2
and Usp5, which structurally are vastly different from UCH-L3.43 We observed that the ligation auxiliary also
inhibited the removal of Ub from peptide targets by these enzymes (Figure 2.8). Recently, N-methylation
of the isopeptide bond was demonstrated to be a means to inhibit UCH-L3 activity.#* This required the
challenging chemical synthesis of an N-methylated branched polypeptide and a final desulfurization step

to generate wild-type Ub. We demonstrate that N-alkylation of Gly76 offers an alternate and facile means
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to access both protease resistant and wild-type isopeptide-linked ubiquitylated peptides from a single

synthetic route.
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Figure 2.4. Time-course of auxiliary-mediated peptide SUMOylation. LC-ESI-MS analysis of the ligation reaction
between QK@E (2) and the SUMO-3(2-91)-MES o-thioester ata) 0 h, b) 2 h, ¢) 6 h, d) 12 h, and e) 24 h. Earlier time-
points show the formation of an intramolecular ester/thioester of SUMO-3(2-91) that remains competent for ligation with

QKEWE,
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Figure 2.5. Time-course of S-to-N acyl shift and isopeptide bond formation. LC-ESI-MS analysis of the base

hydrolysis products after allowing ligation between QK@W™E (2) and the SUMO-3(2-91)-MES a-thioester for a) 6 h, b’
12 h,and c) 24 h.
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Interestingly, non-reducing denaturing polyacrylamide gel electrophoresis of the products obtained from
incubating QKY@wE with UCH-L3 in the presence of ~6 mM dithiothreitol (DTT) revealed a new higher
molecular weight band (Figure 2.7a, lane 3). Reverse phase liquid chromatography of the assay products
followed by electrospray ionization mass spectrometry (LC-ESI-MS) revealed a species corresponding to
disulfide-linked QKY*@wE and UCH-L3 (Figure 2.7b). This higher molecular-weight species was also
observed upon incubation of KAKUr@w)| with UCH-L3 (Figure 2.7¢). In keeping with a disulfide-linkage, the
adduct was not observed when assay products were boiled with 50 mM DTT prior to gel electrophoresis
(Figure 2.7a, lane 5), or when the active site mutant UCH-L3(C95A) was employed in assays (Figure 2.7a,
lane 4). Disulfide formation is however not the sole mechanism for UCH-L3 resistance as unlinked
QKUb@@uwE remained intact while QKUE was effectively hydrolyzed. A higher molecular weight band was
also observed during the deubiquitylation of QKY’E by UCH-L3, however, Ub has no intrinsic thiol groups

and the mass of this species corresponded to an enzyme-bound Ub(1-76) acyl-intermediate (Figure 2.9).
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Figure 2.6. Testing the site of Ub and SUMO linkage. a) Hydrolysis of KAKY?| and KAKSY| by UCH-L3 and SENP1,
respectively. b) ESI-MS of KAKY"| assayed with UCH-L3. Calculated m/z [M+H]* 8,565.8 Da, observed 8,566.4 + 0.8
Da. c) ESI-MS of KAKS!| assayed with SENP1. Calculated m/z [M+H]* 13,394.6 Da, observed 13,394.6 + 2.1 Da.
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Figure 2.7. Protease-resistant ubiquitylated peptide and DUB adduct formation. a) Coomassie stained 18% SDS-
PAGE gel of DUB activity towards QKY"E and QKY@XE, |ane 1 = UCH-L3 + QKY°E; lane 2 = UCH-L3(C95A) +
QK'Y E; lane 3 = UCH-L3 + QKUY*@W™E; Jane 4 = UCH-L3(C95A) + QKY6(EWE; |Jane 5 = UCH-L3 + QKYPEWE + 50 mM
DTT, 95 °C, 5 min. An asterisk indicates the Ub(1-76)-UCH-L3 acyl enzyme intermediate. b) ESI-MS of the observed
UCH-L3-QKY@w™E adduct. Calculated m/z [M+H]* 35,247.5 Da, observed 35,252.5 + 5.6 Da. c) ESI-MS of the
observed UCH-L3-KAKY0(@)| gdduct. Calculated m/z [M+H]* 35,260.8 Da, observed 35,278.4 + 16.3 Da.
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Figure 2.8. DUB resistance of the auxiliary-retaining ligation product. a) LC-ESI-MS of KAKY?| assayed with Usp2.
Calculated for Ub(1-76)-COOH m/z [M+H]* 8,565.8 Da, observed m/z [M+H]* 8,568.4 + 2.5 Da. b) LC-ESI-MS of
KAKYb@uw)| gssayed with Usp2. Calculated for KAKYP@W™)| m/z [M+H]* 9,081.1 Da, observed m/z [M+H]* 9,084.8 + 2.€
Da. ¢) LC-ESI-MS of KAKY®| assayed with Usp5/IsoT. Calculated for Ub(1-76)-COOH m/z [M+H]* 8,565.8 Da, observed
m/z [M+H]* 8,568.4 + 3.0 Da. Asterisks indicate unreacted KAKY®l. d) LC-ESI-MS of KAKY2(@)| assayed with Usp5/IsoT.
Calculated for KAKYe@EX)|  m/z [M+H]* 9,081.1 Da, observed m/z [M+H]* 9,084.9 + 3.1 Da. e) Coomassie stained 15%
SDS-PAGE gel of UCH-L3 activity towards KAKY?| and KAKUY*@w)| Lane 1 = pure KAKYI; lane 2 = pure KAKUb@uw)|:
lane 3 = pure UCH-L3; lane 4 = UCH-L3 + KAKY®|; lane 5 = UCH-L3 + KAKY*@w)|: |ane 6= UCH-L3 + KAKY?| +
KAKUp@w)| - All assays were undertaken for 6 h at 37 °C. For lane 6, KAKY| was added after 3 h of UCH-L3 incubatior
with KAKUYe@W)| followed by an additional 3 h of incubation at 37 °C.
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Figure 2.9. Detection of a Ub(1-76) acyl-UCH-L3 intermediate. LC-ESI-MS of QKY°E assay with UCH-L3. Calculated
m/z [M+2(0)+H]* 34,766.6 Da, found 34,768.6 + 10.1 Da.

2.3 Conclusion and outlook

We have demonstrated the successful application of a synthetically facile and readily removable ligation
auxiliary toward the ubiquitylation and SUMOylation of various peptide targets. Our methodology
significantly advances current ubiquitylation strategies, as it is orthogonal to Cys residues in proteins. When
employed in combination with native chemical ligation at Cys this will greatly expand the substrate scope
of protein targets. Furthermore, post-ligation the auxiliary mimics an N-substituted Gly76 and inhibits
several deubiquitylating enzymes. Our preliminary results also indicate that the auxiliary group has utility
as a probe in pull-down assays to identify ubiquitin C-terminal hydrolases. Finally, the mild conditions for
removal of the auxiliary after ligation do not inhibit protein recognition by specific proteases such as UCH-
L3 and SENP1, which is promising for studies of the biochemical effects of ubiquitylation and SUMOylation.
However, use of denaturant in the reductive auxiliary removal step may be prohibitive for some proteins.
To overcome this limitation, in Chapter 3 | describe an alternative method for auxiliary removal that permits

one-pot ligation and auxiliary removal under non-denaturing conditions.
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2.4 Experimental procedures

241 General methods

Rink-amide resin (0.72 mmol/g substitution) was purchased from Chem-Impex (Wood Dale, IL). Standard
Fmoc-L-amino acids were purchased from AGTC Bioproducts (Wilmington, MA) or AnaSpec (Fremont,
CA). All other chemical reagents were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO)
or Fisher Scientific (Pittsburgh, PA). DNA synthesis and gene sequencing were performed by Integrated
DNA Technologies (Coralville, IA) and Genewiz (South Plainfeld, NJ), respectively. Plasmid min-prep, PCR
purification and gel extraction kits were purchased from Qiagen (Valencia, CA). Restriction enzymes were
purchased from New England BioLabs (Ipswitch, MA) or Fermentas (Thermo Fisher Scientific, Philadelphia,
PA). Chitin beads for purification of intein-CBD fusion proteins were purchased from New England BioLabs.
Ni-NTA resin for purification of Hise-UCH-L3 and Hise-UCH-L3(C95A) was purchased from Thermo
Scientific (Waltham, MA). Analytical reversed-phase HPLC (RP-HPLC) was performed on a Varian (Palo
Alto, CA) ProStar HPLC with a Grace (Deerfield, IL) C18 column (5 micron, 150 x 4.6 mm) employing 0.1%
TFA in water (A) and 90% CH3CN, 0.1% TFA in water (B) as the mobile phases. Typical analytical gradients
were 0-73% B over 30 min at a flow rate of 1 mL/min. Preparative scale purifications were conducted on a
Grace-Vydac C18 column (10 micron, 250 x 22 mm) at a flow rate of 9 mL/min. Mass spectrometric analysis
was conducted on a Bruker (Billerica, MA) Esquire ESI-MS instrument. Analytical reversed-phase liquid
chromatography-mass spectrometry (LC-ESI-MS) was performed on a Hewlett-Packard (Palo Alto, CA)
1100-series LC linked to the Bruker Esquire ESI-MS with an Agilent (Santa Clara, CA) Zorbax C18 column
(3.5 micron, 100 x 2.1 mm) employing 5% CH3CN, 1% AcOH in water (C) and CH3CN, 1% AcOH (D) as
the mobile phases. Typical analytical gradients were 0-50% D over 40 min at a flow rate of 0.2 mL/min.
NMR spectra were recorded on Bruker Avance AV-300, AV-301, AV-500, or DRX-499 instruments. Circular

dichroism measurements were performed on a JASCO (Easton, MD) J-720 spectropolarimeter.

2.4.2 Synthesis of the ligation auxiliary
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Ligation auxiliary 1 was prepared over 3 steps from N-hydroxyphthalimide following previous reports, with

minor modifications.28

(o] Br N-(2-bromoethoxy)phthalimide. N-(2-bromoethoxy)phthalimide was
N—O/_/ synthesized as previously reported.?” Triethylamine (10.7 mL, 76.7 mmol) was
o added dropwise to a stirring solution of N-hydroxyphthalimide (0.85 M in DMF, 41
mL, 34.9 mmol). To this solution 1,2-dibromoethane (12.6 mL, 146.2 mmol) was added dropwise. The
resulting mixture was stirred at room temperature protected from light. Reaction progress was monitored
by silica gel TLC. After 18 h, solids were filtered and washed with DMF. Product was precipitated from the
filtrate by the addition of 350 mL water, vacuum-filtered and washed with water. The solids were dissolved
in 200 mL ethyl acetate and washed with 1 N HCI (2 x 100 mL), water (1 x 100 mL), and saturated NaCl (1
x 100 mL), and dried over anhydrous MgSOa4. Volatiles were removed in vacuo. The resulting solid was
recrystallized from 95% EtOH to give N-(2-bromoethoxy)phthalimide as white, needle-like crystals (5.7 g,
64%). '"H NMR (300 MHz, CDCls): 5 7.81 (m, 4H), 4.47 (t, 2H, J = 6.88 Hz), 3.64 (t, 2H, J = 6.88 Hz) (Figure
2.10). '3C NMR (499 MHz, CDCl3): 6 163.49, 134.81, 128.79, 123.78, 77.27, 26.89 (Figure 2.11). ESI-MS

calculated m/z [M+Na]* 291.96 Da, observed 293.1 Da.

0 STrt N-(2-(tritylthio)ethoxy)phthalimide. Sodium hydride (0.133 g, 5.54 mmol) was
N-O added to a solution of triphenylmethanethiol (1.23 g, 4.45 mmol) in anhydrous
o) DMF (18 mL) under N2 and stirred at room temperature until bubbling was no

longer observed. This solution was then added to a stirring mixture of N-(2-bromoethoxy)phthalimide (0.2
M in anhydrous DMF, 18 mL, 3.70 mmol) and stirred at room temperature under N2 until no further change
was observed by TLC. A second, identical sodium hydride and triphenylmethanethiol solution was added
to the reaction mixture, and the reaction proceeded until TLC revealed that starting material had been
consumed (~1.5 h). The reaction mixture was quenched with water until no further bubbling was observed.

Precipitate was removed by vacuum filtration and the filtrate concentrated under high vacuum. The residue
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was purified by silica gel (70-230 mesh) column chromatography (90:10 hexane: ethyl acetate) to give
compound N-(2-(tritylthio)ethoxy)phthalimide (1.43 g, 79%). 'H NMR (301 MHz, DMF-D7): & 7.89 (m, 4H),
7.44-7.16 (15H), 3.83 (t, 2H, J=7.30 Hz), 2.65 (t, 2H, J = 7.30 Hz) (Figure 2.12). '*C NMR (499 MHz, DMF-
D7): 6 163.51, 144.90, 135.10, 129.72, 129.17, 128.34, 127.16, 123.48, 76.45, 67.23, 30.11 (Figure 2.13).

ESI-MS calculated m/z [M+Na]* 488.13 Da, observed 488.2 Da.

STrt O-(2-(tritylthio)ethyl)hydroxylamine (1). Hydrazine hydrate (0.3 mL, 4.81 mmol) was
H,N-O added to a stirring solution of N-(2-(tritylthio)ethoxy)phthalimide (58.9 mM in CHCls, 27
mL, 1.59 mmol). The reaction proceeded at room temperature for 2 h with vigorous stirring. Reaction
progress was monitored by silica gel TLC. After 2 h, solids formed were filtered and rinsed with CHCIs. The
filtrate was washed with basified water (pH 8, 3 x 30 mL) and saturated NaCl (1 x 30 mL), and dried over
anhydrous MgSQs4. Solvent was removed in vacuo to yield compound 1 (0.48 g, 90%). '"H NMR (301 MHz,
CDClz): 6 7.41-7.03 (15H), 5.23 (s, 2H), 3.46 (t, 2H, J = 6.32 Hz), 2.36 (t, 2H, J = 6.32 Hz) (Figure 2.14).
3C NMR (500 MHz, DMSO-Ds): 6 144.49, 129.10, 128.01, 126.70, 72.59, 65.93, 31.36 (Figure 2.15). Due
to the poor ionization of 1 during ESI-MS it was converted to the acetamide derivative. The mass of the

derivatized compound was confirmed by ESI-MS, calculated m/z [M+Na]* 415.5 Da, observed 415.2 Da.

2.4.3 Solid-phase peptide synthesis

Synthesis of Ac-QKE-Rink-amide resin

The peptide Ac-QKE-CONHz was manually synthesized on a 0.5 mmol scale employing standard 9-
fluorenylmethoxycarbonyl (Fmoc)-based N¢-deprotection chemistry. From Rink-amide resin (0.7 g, 0.72
mmol/g) each amino acid was coupled in 4 molar excess based on resin loading. Deprotection of the Fmoc
group was achieved with 20% piperidine in DMF (5 mL, 3 x 10 min). Coupling reactions were undertaken
for a minimum of 1 hour with a mixture of Fmoc-amino acid (2 mmol), O-(benzotriazol-1-yl)-N,N,N’,N"-
tetramethyluronium hexafluorophosphate (HBTU, 1.97 mmol) and N,N-diisopropylethylamine (DIEA, 4

mmol) in DMF. Coupling efficiency was monitored by the Kaiser test*> and additional couplings performed
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until a negative test was obtained. Lys was orthogonally protected at the e-NH2 position with the 4-
methyltrityl (Mtt) group. Following Fmoc-deprotection, the N-terminal GIn was acetylated by reaction with
DIEA (20-fold molar excess) and acetic anhydride (40-fold molar excess) for 3 x 15 min. A test portion of
the resin was cleaved with a cocktail consisting of trifluoroacetic acid (TFA): triisopropylsilane (TIS): H20
(95:2.5:2.5 v/v) for 1 hour, then precipitated and washed twice with cold diethyl ether. The peptide was
purified by C18 analytical RP-HPLC with a gradient of 0-40% B over 30 min, and characterized by ESI-MS.

Calculated m/z [M+H]* 445.2 Da, observed 445.4 Da.

Synthesis of Fmoc-KAKI-Rink-amide resin

The peptide H2N-KAKI-CONH2 was synthesized similarly to Ac-QKE-CONHz. The N-terminal Lys was
protected at the e-NH2 position with the tert-butoxycarbonyl (Boc) group. The interior Lys was orthogonally
protected with the Mtt protecting group. Prior to Fmoc deprotection, a test portion of the resin was cleaved
with a cocktail consisting of TFA: TIS: H20 (95:2.5:2.5 v/v) for 1 hour, then precipitated and washed 2 times
with cold diethyl ether. The peptide was purified by C18 analytical RP-HPLC with a gradient of 0-73% B

over 30 min, and characterized by ESI-MS. Calculated m/z [M+H]* 680.4 Da, observed 680.5 Da.

Attachment of the ligation auxiliary

Resin bound peptides were each treated with a solution of 1% TFA, 1% TIS in DCM to deprotect the Mtt
protecting group and expose the Lys g-amine. The peptidyl resin was then coupled to bromoacetic acid (8-
fold molar excess) with N,N"-Diisopropylcarbodiimide (DIC, 8-fold molar excess) in DMF for 45 min at room
temperature. The coupling was repeated once and a test portion of the resin was cleaved to confirm
coupling. Subsequently, dry peptidyl resin was placed in a solution containing 9 equivalents of auxiliary 1
(1 M in DMSO) and shaken for 24 hours at room temperature. Completion of the displacement was judged
by test cleavages and subsequent ESI-MS analysis. The auxiliary solution was then washed from the resin
with DMF, lyophilized to remove DMF and stored in DMSO at -80 °C for re-use. In the case of KAKI, the N-

terminal Fmoc was then deprotected with 20% piperidine in DMF (5 mL, 2 x 15 min). Resin was reacted at
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20 uL/mg with Reagent K (TFA: thioanisole: H20: phenol: 1,2-ethanedithiol 82.5:5:5:5:2.5 v/v)*é for 1.5 hours
at room temperature, then precipitated and washed 2 times with cold diethyl ether. Dry peptides were
dissolved in RP-HPLC buffer A and purified by C18 analytical RP-HPLC with a gradient of 0-40% B over 30
min. This yielded 38% and 42% of the peptide-auxiliary conjugates Ac-QK@WE-CONH: (2) and H2N-
KAK@u[-CONHz, respectively (Figure 2.16).

ESI-MS of Bromoacetylated Ac-QKE-CONH.. Calculated m/z [M+H]* 565.2 Da, observed 565.7 Da.
ESI-MS of Bromoacetylated Fmoc-KAKI-CONHz. Calculated m/z [M+H]* 800.3 Da, observed 802.4 Da.
ESI-MS of Ac-QK@XE-CONHz2 (2). Calculated m/z [M+H]* 578.3 Da, observed 578.4 Da.

ESI-MS of H2aN-KAK@WX]-CONH:. Calculated m/z [M+H]* 591.4 Da, observed 591.6 Da.

2.4.4 Molecular cloning of Ub(1-75) and SUMO-3(1-91)

The plasmid pUb(1-75) containing the partial human ubiquitin gene, ub(1-75), was a kind gift from the Muir
lab at Princeton University.'® The human SUMO-3 gene, Smt3(1-92), was kindly provided by Dr. Brian
Houck-Loomis at Rockefeller University. This was cloned upstream of the intein-cbd gene in pTXB1 to
obtain the plasmid pSUMO-3(1-92). The plasmid pSUMO-3(1-91), which lacks the terminal Gly of SUMO-
3, was prepared from this template by site-directed mutagenesis (QuikChange kit, Agilent Technologies,
Santa Clara, CA) with the following primers; Forward: 5’-ATC GAC GTG TTC CAG CAG CAG ACG GGA
TGC ATC ACG GGA GAT GCA CTA GTT GCC-3 and Reverse: 5-GGC AAC TAG TGC ATC TCC CGT
GAT GCATCC CGT CTG CTG CTG GAA CAC GTC GAT-3'. The desired gene sequences were confirmed

by sequencing with the T7 forward primer (Genewiz).

2.4.5 Overexpression and purification of Ub(1-75)-MES (3) and SUMO-3(2-91)-MES

E. coli BL21(DE3) cells were transformed with the plasmids pUb(1-75) and pSUMO3(1-91). Cells were
grown in 6 L Luria-Bertani medium supplemented with 100 pyg/mL of Ampicillin at 37 °C with shaking at 250
rpm until ODsoo ~0.6-0.8. Overexpression of the desired fusion proteins was induced by the addition of 0.3

mM isopropyl 8-D-1-thiogalactopyranoside (IPTG) and cells were grown for an additional 6 h at 25 °C. The
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cells were harvested by centrifugation at 7,000xg for 15 min. The cell pellet was resuspended in lysis buffer:
PBS, pH 7.2 containing 1 mM 2-mercaptoethanesulfonic acid sodium salt (MESNa). Cells were lysed by
sonication then centrifuged at 20,000xg for 15 min. The lysate supernatant was passed through a 0.45 ym
filter then applied to a 30 mL chitin column pre-equilibrated with lysis buffer. Proteins were bound to the
column over a period of 12 h at 4 °C. The column was then washed with 20 column volumes (CV) of lysis
buffer followed by 2 CV of PBS, pH 7.75. Ub(1-75)-MESNa and SUMO-3(2-91)-MESNa were cleaved from
their respective intein-CBD fusions by incubation with 1.5 CV of PBS, pH 7.75 containing 100 mM MESNa
for 72 h at 4 °C. The eluted Ub(1-75)- and SUMO-3(2-91)-a-thioesters were purified by C18 preparative RP-
HPLC employing a gradient of 30-60% B over 60 min. Fractions containing the desired thioesters were
identified by ESI-MS (Figure 2.17). We observed that the N-terminal Met of SUMO-3 (but not Ub) is

consistently processed in vivo, leading to the SUMO-3(2-91)-a-thioester product.

ESI-MS for Ub(1-75)-MES (3). Calculated m/z [M+H]* 8,632.8 Da, observed 8,633.5 + 1.8 Da.

ESI-MS for SUMO-3(2-91)-MES. Calculated m/z [M+H]* 10,461.6 Da, observed 10,461.3 £ 1.4 Da.

2.4.6 Expressed protein ligation of auxiliary-containing peptides and protein a-thioesters

In a typical small-scale reaction, the purified auxiliary-conjugated peptide 2 (0.35 mg, 0.6 umol) and protein
thioester 3 (1.0 mg, 0.12 pymol) were separately dissolved in 120 pL of a buffer consisting of 6 M Gn-HCI,
0.1 M Na2HPOs4, and 10 mM TCEP, pH 7.5. The two solutions were mixed and ligation allowed with gentle
shaking at room temperature for 24 h. The kinetics of ligation were monitored by withdrawing 3 pL aliquots
from the reaction mixture at specific time-points, diluting into 27 yL H20, 0.1% formic acid, and analyzing
by LC-ESI-MS. The extent of the S-to-N acyl shift leading to the desired amide-linked product was also
monitored at each time-point by withdrawing 3 pL aliquots from the reaction mixture, adding 3 uL 1 M NaOH,
and incubating on ice for 30 sec. These conditions led to the hydrolysis of non-rearranged thioester-linked
ligation products. The hydrolysis reaction was quenched with 25 yL H20, 0.1% formic acid, and analyzed
by LC-ESI-MS employing a gradient of 0-50% D, 40 min. The ratio of peak heights in ESI-MS of the

hydrolyzed Ub(1-75)-COOH product to the desired ligation product was considered an indicator of S-to-N
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acyl rearrangement. The final rearranged ligation product was purified by C18 analytical RP-HPLC
employing a gradient of 30-60% B over 30 min to yield 0.8 mg of 4 in 80% overall yield. In each ligation, the
conversion to product was greater than 70%, with the major side product being the hydrolyzed Ub(1-75)-
COOH, or SUMO-3(2-91)-COOH protein (Figure 2.18).

ESI-MS of QKYr@@uE (4). Calculated m/z [M+H]* 9,068.0 Da, observed 9,068.0 + 1.4 Da.

ESI-MS of KAKY2@w)| Calculated m/z [M+H]* 9,081.1 Da, observed 9,080.9 + 1.6 Da.

ESI-MS of QKSu@wE, Calculated m/z [M+H]* 10,896.8 Da, observed 10,896.2 + 0.4 Da.

ESI-MS of KAKSu@uw)|, Calculated m/z [M+H]* 10,909.9 Da, observed 10,909.4 + 1.3 Da.

2.4.7 Auxiliary removal by reductive cleavage of the N-O bond (Table 2.4)

Metallic Zn/In in acidified Gn-HCI solutions

In a typical reaction, 5 mg of freshly activated metallic Zn*” (or In)3® was added to 200 uL of degassed 6 M
Gn-HCI, pH 3 containing 0.2 mg purified ligation product. Degassing was accomplished by 3 freeze-thaw
cycles under nitrogen, and was found necessary to reduce the generation of oxidized side products. The
reduction proceeded at 37 °C under nitrogen with gentle shaking for 24 h. After this time, the reaction mixture
was briefly centrifuged at 13,000 rpm to pellet the Zn (or In) and the supernatant containing reduced
products was removed. The pelleted Zn (or In) was washed twice with 150 pL of 6 M Gn-HCI, 50 mM EDTA,
pH 3. The combined supernatant and washes were reduced with 10 mM TCEP at pH 7.5 and subsequently
purified by C18 analytical RP-HPLC with a gradient of 30-60% B over 30 min (Figure 2.19).

ESI-MS of QKYE. Calculated m/z [M+H]* 8,992.0 Da, observed 8,992.2 + 1.8 Da.

ESI-MS of KAKY®|, Calculated m/z [M+H]* 9,005.1 Da, observed 9,005.7 £ 1.9 Da.

ESI-MS of QKSUE. Calculated m/z [M+H]* 10,820.8 Da, observed 10,821.4 + 2.5 Da.

ESI-MS of KAKSUl. Calculated m/z [M+H]* 10,833.9 Da, observed 10,833.0 + 1.9 Da.

Zn in acidified HPLC solvents or water
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Following a previous report,?” 5 mg of freshly activated metallic Zn was added to 200 L of degassed 50:50
H20: CH3CN, 0.1% TFA, pH 1, or degassed H20, 0.1% TFA, pH 1 containing 0.2 mg purified QKY*@WE (4).
The reaction proceeded at room temperature under nitrogen with gentle shaking for 24 hours. After this
period the reaction mixture was briefly centrifuged at 13,000 rpm to pellet the Zn and the supernatant
containing reduced products was removed. The pelleted Zn was washed twice with 150 uL of 6 M Gn-HCI,
50 mM EDTA, pH 7-8. The combined supernatant and washes were subsequently analyzed by C18

analytical RP-HPLC with a gradient of 30-60% B over 30 min followed by ESI-MS.

Raney nickel

Freshly-prepared Raney nickel'? was added to a 560 uL solution of 6 M Gn-HCI, 0.2 M Na2HPOs, 35 mM
TCEP, pH 7 containing 0.2 mg QKUY@wE (4). The reaction proceeded with gentle shaking at room
temperature for 6.5 h at which point a second equal amount of fresh Raney nickel was added. The reaction
proceeded for an additional 1.5 h, for a total reaction time of 8 hours. The reaction mixture was then briefly
centrifuged at 13,000 rpm to pellet the Ni. The supernatant was removed and the Ni was washed 2 times
with 0.75 mL of a solution containing 6 M Gn-HCI, 0.2 M NazHPO4, 35 mM TCEP, pH 7. The combined

supernatant and washes were analyzed by LC-ESI-MS employing a gradient of 0-50% D, 40 min.

2.4.8 S-alkylation of QKYP(EWE

Alkylation of the pendant thiol in the ligation product QKY®(a»E was performed under conditions established
for selectively alkylating protein sulfhydryl groups.*2 Briefly, 0.4 mg of the ligation product was dissolved in
93 uL of alkylation buffer containing 1 M HEPES, 4 M Gn-HCI, and 10 mM methionine at pH 7.8. To this
was added 2 pyL of 1 M DTT in alkylating buffer. The resulting mixture was incubated at 37 °C for 20 min
after which time 5 pL of a 1 M solution of N-(2-chloroethyl)-N,N-dimethylammonium chloride in alkylation
buffer was added. The reaction was incubated at 25 °C for 2 h. After this, an additional 1 yL of 1 M DTT
solution was added followed by 30 min incubation at 25 °C to reduce any residual disulfides. Finally, an

additional 5 pL of N-(2-chloroethyl)-N, N-dimethylammonium chloride in alkylation buffer was added and the
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reaction incubated for 2 h to ensure complete alkylation of all thiol groups. The reaction mixture was
quenched with 5 uL of B-mercaptoethanol and purified by C18 analytical RP-HPLC employing a gradient of
30-60% B over 30 min. S-alkylated QKUu(@E was characterized by ESI-MS. Calculated m/z [M+H]* 9,139.2

Da, observed 9,139.9 + 1.9 Da.

2.4.9 Hydrolysis of S-alkylated QKYP@"E

To test the mechanism of hydrolysis of ligation products during auxiliary removal, 0.2 mg of the S-alkylated
QKUbauwE peptide was dissolved in 200 uL of 6 M Gn-HCl at pH 1 with 6.5 mg of activated Zn. The reaction
was incubated at 37 °C for 48 h to test for hydrolysis arising from direct nucleophilic attack by water. After
48 h, the reaction was purified by C18 analytical RP-HPLC employing a gradient of 30-60% B over 30 min,

and characterized by ESI-MS.

2.410 UCH-L3 and SENP1 hydrolysis assays

Pure Ub or SUMO-conjugated peptides were assayed with recombinant human ubiquitin C-terminal
hydrolase L3 (UCH-L3, Boston Biochem, Boston, MA) or the catalytic domain of sentrin-specific protease 1
(SENP1, Boston Biochem), respectively. In a typical reaction, 0.42 nmol of UCH-L3 or 0.25 nmol of SENP1
was pre-activated in 25 pL buffer containing 50 mM Tris, 150 mM NaCl, 12 mM DTT, pH 8 for 20 min at 25
°C. To the reduced activated enzyme were then added 25 uL of a solution containing 1.68 nmol of the
ubiquitylated or SUMOylated peptide in 50 mM Tris, 150 mM NaCl, 1 mM DTT, pH 7.5. The resulting mixture
was incubated for 3.5 h (UCH-L3) or 8 h (SENP1) at 37 °C. Assays were quenched by the addition of 1 pL

formic acid and analyzed by LC-ESI-MS employing a gradient of 0-75% D, 40 min (Figure 2.20).

2.4.11 Molecular cloning of UCH-L3 and UCH-L3(C95A)
The wild-type uchL3 gene was obtained by PCR from Addgene plasmid 225644° with the following primers;
Forward: 5-GGG AAT TCC ATA TGG AGG GTC AAC GCT GGC TGC CGC TG-3 and Reverse: 5-GGG

AAT TCC TCG AGC TAT GCT GCA GAA AGA GCA ATC GCA TT-3'. The PCR product was cloned with
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an N-terminal hexahistidine tag (Hiss-) between the Ndel and Xhol restriction sites in the pET15b vector to
obtain the plasmid pUCH-L3. The UCH-L3(C95A) mutant was generated by site-directed mutagenesis of
pUCH-L3 with the primers; Forward: 5-TTC ATG AAG CAA ACA ATC AGC AAT GCC GCC GGA ACA
ATT GGA CTG ATT CAT GCT ATT-3’ and Reverse: 5-AAT AGC ATG AAT CAG TCC AAT TGT TCC GGC
GGC ATT GCT GAT TGT TTG CTT CAT GAA-3’ to generate the plasmid pUCH-L3(C95A). The desired

gene sequences were confirmed by sequencing with the T7 forward primer (Genewiz).

2.412 Overexpression and purification of Hise-UCH-L3 and Hisg-UCH-L3(C95A)

E. coli BL21(DE3) cells transformed with the plasmids pUCH-L3 or pUCH-L3(C95A) were grown in 1 L
Luria-Bertani medium supplemented with 100 pg/mL Ampicillin at 37 °C with shaking at 250 rpm until ODeoo
~0.6. Overexpression of UCH-L3 or UCH-L3(C95A) was induced by the addition of 0.3 mM IPTG and
growing for an additional 5 h at 25 °C. The cells were harvested by centrifugation at 7,000xg for 15 min and
the cell pellet was resuspended in a lysis buffer containing 50 mM Tris, 150 mM NaCl, and 10% glycerol at
pH 7.2. The cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The supernatant was
filtered through a 0.45 um membrane and then applied to a 2 mL Ni?*-column pre-equilibrated with lysis
buffer. Protein binding was achieved by flowing the lysate supernatant through the column thrice at 0.5
mL/min. The column was the washed with 60 column volumes of lysis buffer. Proteins were eluted from the
column with lysis buffer containing 500 mM imidazole and fractions containing UCH-L3/UCH-L3(C95A)
were combined and concentrated using 10 kDa MWCO centrifugal filters (Sartorius). Stock enzyme
concentrations were determined by comparison with known BSA standards from coomassie-stained SDS-
PAGE gels. Structure was confirmed by circular dichroism (Figure 2.21).

ESI-MS for Hise-UCH-L3. Calculated m/z [M+H]* 28,215.7 Da, found 28,215.6 + 5.5 Da.

ESI-MS for Hise-UCH-L3(C95A). Calculated m/z [M+H]* 28,183.6 Da, found 28,189.1 + 6.1 Da.

2.4.13 Assays to test DUB resistance
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Enzymatic assays were conducted with purified recombinant human Hise-UCH-L3, Hise-UCH-L3(C95A),
and the commercially sourced catalytic domain of ubiquitin specific peptidase 2 (Usp2, Boston Biochem)
and ubiquitin specific peptidase 5/isopeptidase T (Usp5/IsoT, Boston Biochem). The substrates employed
were QKUYE, KAKYPl, QKUr@EwE, and KAKYb@W)], Assays were performed identically as the previously
described UCH-L3 hydrolysis assay. Reaction products were analyzed after resolving on 18% SDS-PAGE
and staining with Coomassie blue. To see disulfide-linked products, assay samples were neither boiled nor
reduced prior to gel loading. A replicate of the UCH-L3 + QKUYb(WE reaction was reduced with 50 mM DTT
and boiled at 95 °C to confirm the disulfide linkage. All DUB Assays were also analyzed by LC-ESI-MS

employing a gradient of 0-75% D, 40 min.
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2.5 Product characterization and supplemental data
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Figure 2.10. "H-NMR of N-(2-bromoethoxy)phthalimide. CHCIz solvent peak observed at 7.28 ppm (s). Peak at 1.74
ppm (s) identified as H20.
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Figure 2.11. 3C-NMR of N-(2-bromoethoxy)phthalimide. CHCIs solvent peak identified at 77.22 ppm (t).
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Figure 2.12. '"H-NMR of N-(2-(tritylthio)ethoxy)phthalimide. DMF solvent peaks observed at 8.01 (s), 2.90 (m) and
2.72 (m) ppm. Peak at 3.52 ppm (s) identified as H20. Peaks at 4.04 (q), 2.00 (s) and 1.18 (t) identified as residual

ethyl acetate.
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Figure 2.13. 13C-NMR of N-(2-(tritylthio)ethoxy)phthalimide. DMF solvent peaks observed at 162.28 (t), 34.90 (m
and 29.78 (m) ppm.
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Figure 2.14. "TH-NMR of O-(2-(tritylthio)ethyl)hydroxylamine (1). Peak at 1.51 (s) identified as H20.
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Figure 2.15. 3C-NMR of O-(2-(tritylthio)ethyl)hydroxylamine (1). DMSO solvent peak observed at 40.54 (m) ppm.

59



b)

a)
578.4
2
2
£
*
0 5 10 15 20 25 30 0 500 1000 1500 2000
Time (min) Mass (m/z)
c) d)
591.6
2
=) @
S g
£
*
0 5 10 15 20 25 30 0 500 1000 1500 2000
Time (min) Mass (m/z)

Figure 2.16. Purification of QK®@E (2) and KAK@W)|, g) C18 analytical RP-HPLC chromatogram of QKEWE (2),
gradient of 0-40% B, 30 min. b) ESI-MS of purified QK@™E, ¢) C18 analytical RP-HPLC chromatogram of KAK(@w)],
gradient of 0-40% B, 30 min. d) ESI-MS of purified KAK@W)|. Asterisks indicates the disulfide forms of QK@W™E and

KAK @),
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Figure 2.17. Purification of Ub(1-75)-MES (3) and SUMO-3(2-91)-MES. a) C18 analytical RP-HPLC chromatogram
of purified Ub(1-75)-MES (3), gradient of 0-73% B, 30 min. b) ESI-MS of purified Ub(1-75)-MES. c) C18 analytical RP-
HPLC chromatogram of purified SUMO-3(2-91)-MES, gradient of 0-73% B, 30 min. d) ESI-MS of purified SUMO-3(2-

91)-MES.
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Figure 2.18. Expressed protein ligation and purification of QK@"E (2) and KAK @] to Ub(1-75)-MES and SUMO-
3(2-91)-MES a-thioesters. a) C18 analytical RP-HPLC chromatogram of the QKY*@™E ligation reaction after 12 h,
gradient of 0-73% B, 30 min. b) ESI-MS of the RP-HPLC peak at 22 min corresponding to QKY?@E (4). c) ESI-MS o
purified KAKY0(@u)| d) ESI-MS of QKSUaWE, ) ESI-MS of KAKSu(@u)|,
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Table 2.4. Optimization of reaction conditions for reductive removal of the ligation auxiliary.

Product Reagents pH Tt(aorg)p ’ Time (h) Y('.,Zl)d
QKY°E Zn, 6 M Gn-HCI 1 37 48 66
QKS'E Zn, 6 M Gn-HCI 1 37 48 61
KAKUP| Zn, 6 M Gn-HCI 1 37 48 59
KAKSY| Zn, 6 M Gn-HCI 1 37 48 59
KAKUP| Zn, 6 M Gn-HCI 3 37 48 53
QKYPE Zn, 6 M Gn-HCI 1 22 48 19
QKUPE Zn, 6 M Gn-HClI 3 22 48 28
QKY°E Zn, 6 M Gn-HCI 3 22 24 24
QKY°E In, 6 M Gn-HCI 3 22 24 23
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Figure 2.19. Purification of KAK'"l, QKSUE, and KAKSUl. a) C18 analytical RP-HPLC chromatogram of purifiec
22 min. b) ESI-MS of purified KAK'"I. ¢) C18 analytical RP-HPLC

KAKY|, gradient of 0-73% B, 30 min. R;

chromatogram of purified QKSUE, gradient of 0-73% B, 30 min. Rt = 21 min. d) ESI-MS of purified QKS'E. e) C1€
analytical RP-HPLC chromatogram of purified KAKSUI, gradient of 0-73% B, 30 min. Rt = 21 min. f) ESI-MS of purifiec
KAKSYl. The co-eluting minor species indicated by asterisks is SUMO-3(2-91)-COOH.
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Figure 2.20. UCH-L3 and SENP1 hydrolysis assays. a) LC-ESI-MS of QKY"E assay with UCH-L3. Calculated for

Ub(1-76)-COOH m/z [M+H]* 8,565.8 Da, observed 8,565.5 + 1.4 Da. b) LC-ESI-MS of QKS'E assay with SENP1.
Calculated for SUMO-3(2-91)-COOH m/z [M+H]* 10,394.6 Da, observed 10,395.9 + 2.6 Da.
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Figure 2.21. Characterization of wild-type and mutant UCH-L3. Circular Dichroism spectrum of UCH-L3 and UCH-
L3(C95A) at 0.4 mg/mL in 50 mM NaH2PO4, pH 7.2.
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Chapter 3

Chemical ubiquitylation of folded proteins enabled
by aromatic thiol-mediated N-O bond cleavage

3.1 Introduction

The reversible conjugation of proteins with ubiquitin (Ub) is a post-translational modification (PTM)
conserved in all eukaryotic organisms." The family of ubiquitin-like proteins (Ubls) consists of about 25
proteins, a majority of which can be conjugated with protein targets, either at specific Lys side-chain amines
or at the protein N-terminus.2 As discussed in Chapter 2, only a small fraction of proteins are ubiquitylated
at any given time,2 and for Ub alone, there exist over 600 ligases that attach it to protein substrates in
humans.® This complicates the isolation or enzymatic generation of ubiquitylated substrates for in vitro

biochemical studies aimed at understanding ths dynamic and transient PTM.

Over the past few decades, a handful of chemical strategies have emerged that enable access to site-
specifically ubiquitylated proteins or close analogs thereof.*% Often, these approaches (reviewed in Chapter
1) rely on challenging multi-step syntheses, and a desulfurization step that is incompatible with Cys
residues.®-8 Alternatively, No-ligation auxiliaries (reviewed in Chapter 2) may be appended to the Lys e-
amine during solid-phase peptide synthesis (SPPS) via the C-terminal Ubl Gly residue, and used for ligation
with the truncated, recombinant Ubl C-terminal a-thioester.? However, many auxiliaries have harsh removal
conditions, or are obtained through complex and low-yielding syntheses.®'® In an attempt to overcome
some of these limitations, we reported a peptide ubiquitylation strategy (described in Chapter 2) with the
temporary ligation auxiliary, 2-(aminooxy)ethanethiol, which employed reduction with metallic Zn in the
terminal step (Scheme 3.1).""'2 Unfortunately, we found that efficient N-O bond reduction required both
harsh denaturants and strongly acidic conditions. Therefore, our approach was limited to peptides or

proteins amenable to refolding from the denatured state.
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We realized that adapting our ligation strategy to native, non-denaturing conditions would significantly
broaden access to Ubl-modified proteins for in vitro biochemical studies. The vast majority of native
chemical ligation (NCL) or expressed protein ligation (EPL) reactions in the literature take place under
strongly denaturing conditions, such as 8 M urea or 6 M guanidine-HCI (Gn-HCI). Because the ultimate
goal of protein semisynthesis is the utilization of products in relevant assays, methods thus far have been
limited to proteins with the ability to properly refold in vitro, such as ubiquitin,’® phospholipase A2,
histones, s nitrophorin 4, and more. Many other, often larger, proteins do not spontaneously re-fold, and
attempts at refolding in vitro lead to improperly-folded yet stable intermediate structures that are prone to
aggregation through hydrophobic interactions. It is theoretically possible to refold any protein from a
denatured state, but identifying the proper conditions is time-consuming and often low-yielding.'” Thus,

there is a need for non-denaturing ligation methodology.

There have been few reports of ECL under non-denaturing conditions, and no instances to our knowledge
that take place on the Lys side chain. Many involve intein-mediated reactions. Protein trans splicing, for
example, utilizes split inteins to catalyze ligation between protein domains expressed separately as fusions
with the N- or C-terminal intein fragments.'® When incubated together, the reconstituted intein catalyzes
their ligation and its own self-removal. Similarly, peptides or proteins containing N-terminal Cys may be
added directly to buffer containing a C-terminal a-thioester protein from an intein fusion thiolysis reaction.®
The choice of unhindered ligation sites, such as unstructured linker regions between protein domains, is
crucial in both cases. However, even ligations at unhindered sites proceed slowly between folded
substrates. In 1999, Muir and coworkers reported the first non-denaturing ligation between differentially
isotopically labeled domains of the Abelson protein tyrosine kinase-SH(3,2) domain pair for NMR studies.2°
This ligation, at a Gly-Cys junction, reached 70% yield only after 4 days of reaction, even in the presence

of ~150 mM each of thiophenol and benzyl mercaptan, additives known to enhance ECL reaction rate.
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We anticipated that ligation between folded proteins may be slow, but the unstructured C-terminal tail and
di-Gly motif of Ubls, and the tendency of substrate Lys side chains to be solvent exposed, were promising.
Even so, we considered a thiol additive for the reaction. Alkyl thioesters, such as 2-
mercaptoethanesulfonate (MES), are often applied to the synthesis of proteinyl or peptidyl C-terminal a-
thioesters. The relative stability of these thioesters during purification and other manipulations is useful, but
also inhibits their reactivity towards ligation. Thiol additives, such as thiophenol, have been used to
overcome this problem.%2" When present in large excess, thiophenol performs an initial
transthioesterification with the alkyl thioester, and creates a much more reactive thioester for NCL due to
its superior leaving group ability. However, the efficacy of thiophenol is hampered by its low water solubility.
The readily soluble 4-mercaptophenylacetic acid (MPAA) is a widely employed, and significantly more

effective, rate enhancer.22

To overcome slow ligation kinetics under non-denaturing conditions, we therefore included MPAA in our
initial test ligations. In addition to greatly enhancing the rate of ligation, we found that MPAA also effected
auxiliary removal without the need for zinc and acidic, denaturing conditions. This led to the discovery of a
novel aromatic thiol-mediated N-O bond cleavage reaction that enables traceless, one-pot, chemical
ubiquitylation of folded proteins at physiological pH (Scheme 3.1). Mechanistic investigation of this new
reaction implicates a disulfide radical anion as the reductive species that cleaves N-O bonds. The
semisynthesis of full-length human histone H2B modified by the small ubiquitin-like modifier protein, SUMO-
3, demonstrates the complete compatibility of this reaction with thiol side-chains in folded proteins and

significantly expands the practical scope of chemical ubiquitylation.
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Scheme 3.1. Aromatic thiol-mediated one-pot traceless native chemical ubiquitylation. MPAA = 4-
mercaptophenylacetic acid. UbAG76-SR = Ub(1-75)-a-thioester with 2-mercaptoethanesulfonic acid. PDB code 1UBQ
(Ub).

3.2 Results and discussion

3.21 4-mercaptophenylacetic acid-mediated N-O bond cleavage

We previously reported the successful application of the auxiliary 2-aminooxyethanethiol toward peptide
ubiquitylation.'2 The utility of this auxiliary group lies in its high-yielding 3-step synthesis and easy
incorporation in various peptide substrates. However, two challenges in removing the auxiliary and
producing a wild-type amide linkage were the requirement for pH 3, and the necessity of chaotropes such
as 6 M Gn-HCI that unfold ubiquitin to allow reduction of the N-O bond by metallic zinc. Although such a
strategy is compatible with proteins that may be refolded from the denatured state, its broad utility is limited.
Moreover, the electrophilic character of the nascent disubstituted amide bond in the ligation product led to
a small amount of hydrolysis over time, which was exacerbated at the low pH required for efficient N-O
bond reduction. Indeed, initial efforts to reduce the N-O bond with Zn at higher, near-physiological pH was
quite low-yielding, and led to side products, precipitation of protein at the Zn surface, and a high rate of

competing hydrolysis.
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In an effort to reduce the amount of hydrolyzed Ub(1-75)-COOH side-product and to increase the rate of
transthioesterification between auxiliary-bearing peptides and the Ub(1-75)-a-thioester, we tested the

aromatic thiol MPAA as a ligation additive (Scheme 3.1). The excellent leaving group ability of MPAA
renders its protein thioesters more reactive toward transthioesterification, the first and rate-limiting step in
native chemical ligation.?223 In a typical ligation reaction with 0.5 mM Ub(1-75)-a-thioester and 5 mM of
auxiliary-bearing peptide (KAK2¥|) in a buffer consisting of 50 mM tris, 150 mM NaCl, and 200 mM MPAA
at pH 7.3, we observed good ligation kinetics, and completion of the ligation reaction within 24 h. To our
surprise, when the reaction was allowed to continue for 48 h, the final ligation product was altogether
missing the ligation auxiliary (Figure 3.1a). This unexpected result was consistently reproducible, although
the slow kinetics of product formation necessitated up to 48 hours to achieve 50-70% yields (Figure 3.1b).
Additional controls revealed MPAA to be the critical component required for N-O bond cleavage, and re-
purification of the commercial compound by high performance liquid chromatography (HPLC) did not inhibit
the reaction (Table 3.1, entries 1-8). The necessity of a free sulfhydryl group in MPAA was seen from the

fact that pure disulfide-linked MPAA dimer did not undertake N-O bond cleavage (Table 3.1, entry 9).
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Figure 3.1. N-O bond cleavage in the native chemical ligation product KAKUYb(au)|, a) ESI|-MS spectrum of the final
ligation product of Ub(1-75)-a-thioester with KAKa¥|. Calculated for KAKY@WX)|  m/z [M+H]* 9,081.1 Da. Observed
KAKY?|, m/z [M+H]* 9,004.8 + 2.7 Da. b) Time-course of N-O bond cleavage and KAKY®| formation from the Ub(1-75)-
a-thioester and KAK2"| in a buffer consisting of 200 mM MPAA, 100 mM NaH2PO4 at pH 7.3 under the indicated
conditions. Error bars represent the standard deviation from three independent measurements.
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Table 3.1. Requirements for auxiliary removal under non-denaturing conditions.

Reaction Conditions Yield
Buffer 1 200 mM MPAA, 10 mM TCEP, 50 mM tris, 150 mM NaCl, pH 7.5 61%
2 200 mM MPAA, 10 mM TCEP, 100 mM NazHPOQOs4, pH 7.5 58%
Additives 3 10 mM TCEP, 50 mM tris, 150 mM NaCl, pH 7.5 n.d.
200 mM MPAA, 50 mM tris, 150 mM NacCl, pH 7.5 63%
[MPAA] 5 100 mM MPAA, 100 mM NazHPO4, pH 7.3 56%
50 mM MPAA, 100 mM NazHPOs, pH 7.3 55%
5 mM MPAA, 100 mM Naz2HPOg4, pH 7.3 2%
Contaminant 8 200 mM HPLC-purified® MPAA, 100 mM Na2HPO4, pH 7.3 72%
Oxidized MPAA 9 100 mM MPAA disulfide, 100 mM NazHPOa, pH 7.3 n.d.
pH 10 200 mM MPAA, 100 mM NazHPO4, pH 6.0 2%
11 200 mM MPAA, 100 mM NazHPO4, pH 7.3 73%
12 200 mM MPAA, 100 mM NazHPO4, pH 8.0 58%
Oxygen 13 200 mM MPAA, 100 mM NazHPOs, pH 7.3, degassed® 2%
14 200 mM MPAA, 100 mM NazHPOs, pH 8.5, degassed® 5%

aMPAA was dissolved in 30% buffer B and purified by C18 preparative HPLC employing a gradient of 30-80% B over
60 min. PBuffer was subjected to three cycles of freeze-thaw degassing under argon and kept under argon atmosphere.
n.d.= no detectable N-O bond cleavage.

3.2.2 Comparison of aromatic and aliphatic thiols for N-O bond reduction

To ascertain the generalizability of the N-O bond cleavage reaction, we tested a range of aromatic and
aliphatic thiols with the ubiquitylated ligation product KAKY@w)| bearing the auxiliary at the site of ligation.
With the exception of 4-hydroxythiophenol, all aromatic thiols tested undertook N-O bond cleavage (Table
3.2, entries 1-5). Interestingly, 4-hydroxythiophenol inhibited MPAA mediated N-O bond cleavage when
equal amounts of both were present in the reaction mixture. In contrast, none of the aliphatic thiols led to
N-O bond reduction under identical buffer conditions (Table 3.2, entries 6-10). This suggests that near a
neutral pH the N-O bond is compatible with aliphatic thiol additives commonly employed in native chemical
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Table 3.2. Aromatic and aliphatic thiol pKa values and corresponding yields in N-O bond cleavage assays.

Entry Thiol pKa22.24 Yield (%)
1 4-Nitrothiophenol 4.5 59%
2 3-Mercaptobenzoic acid 5.8 81%
3 4-Mercaptophenylacetic acid 6.6 73%
4 4-Aminothiophenol 6.9 73%
5 4-Hydroxythiophenol 7.0 n.d.
6 2,2,2-Trifluoroethanethiol 7.6 n.d.
7 L-Glutathione 9.1 n.d.
8 D,L-Dithiothreitol 9.2,101 n.d.
9 2-Mercaptoethanesulfonic acid 9.2 n.d.
10 2-Methyl-2-propanethiol 11.2 n.d.

n.d. = no detectable N-O bond cleavage

ligations, such as 2-mercaptoethanesulfonic acid (MESNa), and that it is also stable to the biological
reducing agent glutathione. One key difference between the two compound classes tested is that the
aromatic thiols are >50% deprotonated at pH 7.3, while the aliphatic thiols are largely protonated. The
importance of a deprotonated thiolate species was suggested by the fact that N-O bond cleavage by MPAA

was dramatically reduced at pH 6.0 (Table 3.1, entries 10-12).

3.2.3 Mechanistic investigation of the N-O bond cleavage reaction in ubiquitylated peptides

Examples of bioactive compounds with chemically labile N-O bonds include pro-drug forms of the
duocarmycin and CC-1065 class of antitumor agents.?®> These were proposed to undergo conversion to a
biologically active form upon cleavage of the N-O bond by nucleophilic thiols within the tumor
microenvironment. Because we observed an increase in N-O bond cleavage with increasing pH, a
nucleophilic mechanism may in principle also be invoked for the aromatic thiols. However, freeze-thaw
degassing the reaction mixtures under an argon atmosphere sufficed to inhibit the reaction with MPAA at
pH 7.3-8.5 (Figure 3.1b and Table 3.1, entries 13-14), ruling out a purely nucleophilic mechanism and

suggesting a key role for dissolved oxygen. In support of the latter, increasing the reaction headspace, and
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thereby the ratio of molecular oxygen to thiol from 1:1 to 3.5:1 (mol:mol), resulted in halving the reaction

time to 24 h (Figure 3.1b).

Molecular oxygen may act as a terminal electron acceptor and favor the formation of aromatic thiyl radicals
from aromatic thiolates.?® This process is more prevalent for aromatic rather than aliphatic thiols, owing to
their relatively weaker S-H bonds, and thiophenols have been established as excellent hydrogen atom
donors in organic synthesis.?” One indication that thiyl radicals may be present under the reaction conditions
was our observation of the oxidized MPAA disulfide species. To test the possibility that aromatic thiyl
radicals are spontaneously formed in buffered aqueous solutions at pH 7.3, we incubated a range of

aromatic thiols with the co-factor nicotinamide adenine dinucleotide (NADH) (Figure 3.2). Thiyl radicals

react with NADH to yield the NAD' radical and the consumption of NADH is readily detected by a decrease
in absorbance at 340 nm.28 In buffers that favored N-O bond reduction, we also observed a dramatic

decrease in NADH concentration. Importantly, and consistent with their inability to reduce the N-O bond,

60 -
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2,2,2-Trifluoroethanethiol

-~L-Glutathione
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Figure 3.2. Time course of NADH oxidation by aromatic and aliphatic thiols. NADH was dissolved at 40 mM in a
solution of 100 mM Na2HPOa4, pH 7.3, containing 200 mM of the indicated thiol. NADH was detected by absorbance at
340 nm. NADH concentration at each time point was calculated from a standard curve of NADH in buffer.
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we did not observe similar oxidation of NADH in reactions with aliphatic thiols 6-10 in Table 3.2 overa 6 h
time-course. The disparity in reducing nature of aromatic and aliphatic thiols was further seen by their
reaction with methyl viologen (MV?2*). A rapid increase in absorption at 605 nm characteristic of the single-
electron transfer reduction product MV** was observed only with aromatic thiols, suggesting the formation

of a strongly reducing species in solution.?®

Electron paramagnetic resonance (EPR) is a widely employed technique to detect species with unpaired
electrons. However, thiyl radicals are generally not directly detectable by EPR in solution due to the large
spin-orbit coupling constant of sulfur, which leads to fast relaxation of the electron spin.3® Hence we
attempted indirect EPR detection of the MPAA radical in solution at room temperature by spin-trapping with
the compound 5,5-dimethyl-1-pyrroline-N-oxide (DMPO).3" Gratifyingly, we observed the formation of
nitroxide radicals in a solution containing 50 mM MPAA and 100 mM DMPO dissolved in 50% (v/v) aqueous
DMF (Figure 3.3a). This was attributed to the addition of a thiyl radical into DMPO. The spectrum exhibited
6 lines characteristic of DMPO-trapped thiyl radicals,?? which could be simulated with an=14.32 G and an
=16.31 G (Figure 3.3b), giving an < an as expected for DMPO-thiyl radical adducts in agueous solution.3233
The inclusion of 50 mM NazHPO4, pH 7.5 in the reaction altered the appearance of the EPR spectrum
(Figure 3.3c), but controls lacking MPAA did not show EPR signal under these conditions. Furthermore,
trapping of the MPAA thiyl radical was confirmed by ESI-MS (Figure 3.3d). Importantly, alkylation of MPAA
in situ with 70 mM 2-lodoacetamide for 1.5 hours precluded the appearance of an EPR signal, providing
further evidence for a thiyl radical as the reactive species (Figure 3.3e). In support of MPAA thiyl radical
formation in the presence of 50 mM Na2HPO4, we recapitulated the spectrum observed in Figure 3.3c by
adding stock Na2HPO4 to 50 mM final concentration in the 50% (v/v) aqueous DMF mixture (Figure 3.4).
Next, we included 50 mM H20: in the solution containing 50 mM MPAA and 100 mM DMPO dissolved in
50% (v/v) aqueous DMF in an attempt to enhance MPAA radical formation. We observed a spectrum
identical to that without H202 present, yet with much greater signal intensity, and again observed the mass

of the DMPO-MPAA adduct (Figure 3.5a). However, we did not see any significant nitroxide radicals
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forming in the absence of MPAA, and any DMPO-OH adduct expected to arise from H202 alone was only
observable by ESI-MS (Figure 3.5b). Finally, if the MPAA radical is crucial for N-O bond cleavage, we
expected its trapping by DMPO to inhibit the reaction. Indeed, we found that the addition of 1 M DMPO to
a reaction containing 100 mM MPAA inhibited product formation over the course of 24 h.

3)  1:1 DMF:H,0
50 mM MPAA, 100 mM DMPO

ay=14.32G
a,=16.31G

€)  1:1 DMF:H,0, 50 mM Na,HPO,
50 mM MPAA, 100 mM DMPO

b)

d) o
0L
0
>
z KT "
< 281.3 [M+H]* = 281.1
5
200 300 400
Mass (m/z)
e)

1:1 DMF:H,0, 50 mM Na,HPO,
50 mM MPAA + 70 mM 2-iodoacetamide, 100 mM DMPO

Figure 3.3. EPR spectra of DMPO/'S-Ar adduct. a) Spectrum obtained upon incubating 50 mM MPAA and 100 mM
DMPO in a 1:1 water: DMF mixture at 25 °C. b) Computer simulation of the spectrum observed in (a) with hyperfine
splitting constants an= 14.32 G and an= 16.31 G.32 ¢) Spectrum obtained upon incubating 50 mM MPAA and 100 mM
DMPO in 50 mM NazHPO4 at pH 7.5, in a 1:1 water: DMF mixture at 25 °C. d) ESI-MS spectrum obtained by LC-ESI-
MS analysis of the reaction components in (c). Inset shows the proposed radical adduct. e) EPR scan obtained upon
pre-incubating 50 mM MPAA with 70 mM 2-lodoacetamide for 1.5 h followed by 100 mM DMPO in 50 mM Naz2HPOs at
pH 7.5, in a 1:1 water: DMF mixture at 25 °C. Incubation of 50 mM MPAA and 100 mM DMPO in 50 mM Naz2HPO4 at
pH 7.5, in a 1:1 water: DMF mixture at 25 °C for 1.5 h without the addition of 2-lodoacetamide resulted in a spectrum
similar to that seen in (c). Spectrometer settings: microwave power, 20 mW; modulation amplitude, 1.0 G; time constant,
163 ms; scan rate, 0.6 G/s.
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Figure 3.4. EPR spectra of DMPO/'S-Ar adduct in buffered and unbuffered conditions. a) EPR spectrum obtained
upon incubating 100 mM DMPO in a 1:1 water: DMF mixture at 25 °C, and corresponding spectrum obtained from LC-
ESI-MS analysis of the reaction mixture. b) EPR spectrum obtained upon incubating 100 mM DMPO in a 1:1 water:
DMF mixture at 25 °C followed by “quenching” with 600 mM Naz2HPOs, pH 7.5, for a final concentration of 50 mM
Naz2HPOs, and corresponding spectrum obtained from LC-ESI-MS analysis of the reaction mixture. Mass at 114 m/z
identified as unreacted DMPO. Spectrometer settings: microwave power, 20 mW; modulation amplitude, 1.0 G; time
constant, 163 ms; scan rate, 0.6 G/s. LC-ESI-MS analysis employed a gradient of 30-100% D over 10 min. Spectra
are averages of the ESI-MS signal between Rt = 6-7 min.
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Figure 3.5. EPR spectra of DMPO/'S-Ar adduct in the presence of H202. a) EPR spectrum obtained upon incubating
50 mM MPAA, 100 mM DMPO, and 50 mM H202 in a 1:1 water: DMF mixture at 25 °C, and corresponding spectrum
obtained from LC-ESI-MS analysis of the reaction mixture. b) EPR spectrum obtained upon incubating 100 mM DMPO
and 50 mM H202 in a 1:1 water: DMF mixture at 25 °C, and corresponding spectrum obtained from LC-ESI-MS analysis
of the reaction mixture. Mass at 114 m/z identified as unreacted DMPO. Spectrometer settings: microwave power, 20
mW; modulation amplitude, 1.0 G; time constant, 163 ms; scan rate, 0.6 G/s. LC-ESI-MS analysis employed a gradient
of 30-100% D over 10 min. Spectra are averages of the ESI-MS signal between Rt = 6-7 min.
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One potential pathway for radical mediated N-O bond cleavage is by formation of a thiyl radical in the
auxiliary (Scheme 3.2). A 1,3-sigmatropic rearrangement of the thiyl radical would result in a carbon-
centered radical adjacent to the low energy N-O bond, which favors its homolysis.3* In order to test this
mechanism we alkylated the auxiliary thiol in the ligation product with N-(2-chloroethyl)-N,N-
dimethylammonium chloride, thereby precluding formation of a thiyl radical. Upon treatment with 200 mM
MPAA at pH 7.3 we still observed efficient N-O bond cleavage in the S-alkylated product, indicating that a
substrate-derived thiyl radical is not essential for the reaction to proceed. An alternative pathway for N-O
bond cleavage is direct reduction by a reducing agent. In thinking of reducing species that are generated
by a combination of aromatic thiolates and thiyl radicals, we considered the possibility of a disulfide radical
anion. The formation of this high-energy species has been observed with small molecule thiols such as
cysteine and glutathione,?® and in the active site of the enzyme ribonucleotide reductase.® The presence
of an unpaired electron in an antibonding o* orbital renders the disulfide radical anion a strongly reducing

yet transient species, in equilibrium with the dissociated radical and thiolate forms.3”
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Scheme 3.2. Proposed mechanism of N-O bond cleavage from an auxiliary-based thiyl radical.

We surmised that slow formation of the thiyl radical by molecular oxygen in the absence of added radical
initiators, along with the transient nature of the disulfide radical anion, together contribute to the slow
kinetics of N-O bond cleavage. An initial attempt to increase the rate of MPAA-mediated N-O bond cleavage
by including the water-soluble radical initiator, 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044) in our reactions proved unfruitful. This is likely due to the rapid quenching of the carbon-centered

radical prior to the formation of significant amounts of the disulfide radical anion and is consistent with the
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reported inhibition of radical-mediated desulfurization of cysteine residues by MPAA, which also employs

VA-044 24

We also considered that superoxide, formed en route to the thiyl radical, may act as a reducing agent.38 To
test this possibility, we utilized the well-established superoxide generating system consisting of xanthine
oxidase (XO) and its substrate hypoxanthine.?® XO catalyzes the conversion of hypoxanthine first to
xanthine and then to uric acid, and superoxide is released at each step. We performed this reaction in the
presence of KAKUb@w)| with hypoxanthine at 4-fold excess relative to the auxiliary-containing test substrate.
By monitoring the appearance of uric acid at an absorbance of 290 nm, we observed that all of the
hypoxanthine was converted to uric acid within the first minute of reaction, producing a burst of superoxide.
However, even after 24 h no cleavage of the auxiliary was observed, strengthening our hypothesis that a

disulfide radical anion is the likely reductant (Table 3.3, entry 1).

Known methods to generate disulfide radical anions from thiols or disulfides in solution include flash
photolysis,” pulse radiolysis,*® or cyclic voltammetry,*! all of which are technically challenging in the

presence of folded protein substrates. Therefore, we wondered if a mild oxidant, such as hydrogen peroxide

Table 3.3. Conditions for auxiliary removal in the presence of hydrogen peroxide? or superoxide.

Reaction Conditions Time (h) Yield
1 100 mM NazHPOa, pH 7.5, 0.32 mM hypoxanthine, xanthine oxidase® 24 n.d.
2 200 mM MPAA, 50 mM H202, 100 mM NazHPO4, pH 7.3 4 79%
3 200 mM MPAA, 50 mM EDTA, 100 mM NazHPO4, pH 7.3 24 4%
4 200 mM MPAA, 1 mM FeClz, 100 mM NazHPOQO4, pH 7.3 24 87%
5 50 mM H202, 100 mM NazHPOa4, pH 7.3 24 n.d.
6 50 mM H202, 1 mM FeClz, 100 mM NazHPOs, pH 7.3 24 n.d.
7 200 mM MPAA, 50 mM H202, 100 mM NazHPO4, pH 7.3, degassed® 4 68%

aReaction conditions were evaluated for auxiliary removal from the ligation product KAKYb(@X)|, KAKUb@Ew™)] (10 nmol,
~0.1 mg) was dissolved in 100 pL of buffer. To this was added 0.51 pL of a 30% (9.8 M) solution of H20: for a final
concentration of 50 mM H202. The reaction was incubated in a 1.5 mL microcentrifuge tube at 25 °C. P(KAKU@X)| was
dissolved at 0.04 mM in 100 pL of 50 mM Na2HPOQO4, pH 7.5 in the presence of 0.32 mM hypoxanthine and 0.14 u/mL
xanthine oxidase at 25 °C for 24 h. °Buffer was subjected to three cycles of freeze-thaw degassing under argon and
kept under argon atmosphere. n.d.= no detectable N-O bond cleavage.
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(H202), would facilitate the formation of thiyl radicals by Fenton chemistry (Figure 3.6a).4243 Indeed, the
inclusion of 50 mM H202 with 200 mM MPAA led to a significant increase in the rate of product formation,
requiring only 4 h to attain maximal conversion with no detectable amounts of undesired protein oxidation
(Figure 3.1b and Table 3.3, entry 2). The chelation of free metal ions with 50 mM EDTA effectively inhibited
the reaction, indicating the key role for trace metal ions in generating thiyl radicals (Table 3.3, entry 3). We
consistently found that trace metals in buffer components were sufficient for the reaction to proceed.
However, if this is not the case, we found that FeCl. may be added to at least 1 mM without deleterious
effect on the reaction yield (Table 3.3, entry 4). Importantly, 50 mM H202 alone or mixed with 1 mM FeCl2
did not yield detectable product in the absence of MPAA, proving that Fenton chemistry alone cannot
undertake N-O bond cleavage (Table 3.3, entries 5-6). Finally, freeze-thaw degassing a solution of 50 mM
H202and 200 mM MPAA failed to prevent reductive chemistry, which confirmed our hypothesis that H20:
can favor thiyl radical formation even in the absence of molecular oxygen (Figure 3.6a and Table 3.3, entry

7).

3.2.4 Computational studies of N-O bond cleavage

We next undertook ab initio quantum chemistry calculations to interrogate the feasibility of disulfide radical
anion formation and its reactivity toward the N-O bond. The relative redox potentials (AE®) for (1) electron
transfer between various thiols and hydrogen peroxide (Figure 3.6b), and (2) subsequent electron transfer
between the disulfide radical anion and a model diglycine compound, 1 (Figure 3.6¢), were computed. AE°
values for the first step were obtained by calculating the free energy changes of the redox reactions using
the Gaussian 09 program package.** Equilibrium geometries of all species were located via geometry
optimization and the thermal corrections were evaluated at the B3LYP/6-31G* level of theory, with the
solvent effect modeled using the polarizable continuum model (PCM). The electronic energies at the
equilibrium geometries were computed at the B3LYP/6-311++G** level of theory and the results are
summarized in Table 3.4. Our calculations revealed that protonated aliphatic thiols do not favor disulfide
radical anion formation (Table 3.4, entries 5-8). In contrast, deprotonated aromatic thiolates can be oxidized
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Figure 3.6. Formation of disulfide radical anions and their role in N-O bond cleavage. a) Production of aromatic
thiyl radicals mediated by trace-metal-catalyzed Fenton chemistry (1-4) and their combination with aromatic thiolates
to form disulfide radical anions (5-6). b) Net chemical equations for the formation of disulfide radical anions from
aromatic thiolates and aliphatic thiols at pH 7.3. The calculated range of standard redox potentials is indicated for
compounds from each class of molecules. c) Proposed mechanism for disulfide radical anion-mediated N-O bond
cleavage in the model compound 1.

by hydrogen peroxide to form disulfide radical anions (Table 3.4, entries 1-4). For MPAA, the calculated
AE° of 2.07 V (Table 3.4, entry 3) indicates that disulfide radical anion formation is thermodynamically
favored (according to the Nernst equation). However, the rate of formation is not predictable by
computation, and disulfide radical anions are known to exist in an equilibrium that favors the dissociated
radical and thiolate species,3 which likely underlies the slow kinetics of reduction. Next, we focused on
electron transfer from the MPAA disulfide radical anion to 1 (Figure 3.6¢). Based on the calculated electron
densities in the highest occupied molecular orbital (HOMO) of the disulfide radical anion and the lowest

unoccupied molecular orbital (LUMO) in the diglycine peptide, two possible pathways exist. We found both
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pathways to be thermodynamically permissible, with AE° of 0.53 V for the production of a B-

mercaptoethyloxyl radical, and AE° of 0.04 V for the production of the B-mercaptoethanolate anion. When

up to 9 explicit H2O molecules in varying combinations were included in these calculations, most instances
within the test set favored the B-mercaptoethanolate anion. Finally, we also examined the thermodynamics
of direct electron transfer from the MPAA thiolate to 1 and found this process to be energetically

unfavorable, which suggests that the thiolate form alone cannot act as a reductant.

3.2.5 Mechanistic studies with a model diglycine compound

In order to unambiguously identify the B-mercaptoethanol predicted by our proposed mechanism (Figure
3.6c), we synthesized the S-trityl-protected form of the model dipeptide, compound 2 (Figure 3.7a).
Compound 2 was sparingly soluble in water and hence subjected to reduction with 200 mM MPAA in a
buffer consisting of 100 mM Naz2HPO4, pH 7.3 in 50% (v/v) aqueous DMF. Consistent with results obtained
from protein substrates, and the detection of a MPAA radical under these conditions, we observed cleavage
of the N-O bond over 24 h. The S-trityl-protected B-mercaptoethanol was isolated and confirmed by NMR
(Figure 3.7b). Surprisingly, in the presence of 50 mM H202 and 200 mM MPAA, complete N-O bond
cleavage in 20 mM of 2 was observed in 10 min. This may reflect the greater accessibility of the labile bond

in 2 than in ubiquitylated peptides, or more productive electron transfer arising from a smaller number of

Table 3.4. Calculated redox potentials for disulfide radical anion formation from aliphatic and aromatic thiols
at pH 7.3.

Entry  Thiol AE° (V)
1 4-Nitrothiophenol 1.58
2 3-Mercaptobenzoic acid 1.98
3 4-Mercaptophenylacetic acid 2.07
4 4-Aminothiophenol 2.03
5 L-Glutathione -0.40
6 D,L-Dithiothreitol -0.33
7 2-Mercaptoethanesulfonic acid -0.43
8 2-Methyl-2-propanethiol -0.83
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competing amide bonds than in ubiquitin. That trityl protection of the auxiliary thiol did not prevent N-O bond
cleavage underscores the fact that electron transfer to the N-O bond occurs directly from the reducing
species. As expected, sequestration of trace metal ions by treatment of the buffer with a metal-chelating

resin also inhibited N-O bond cleavage in the model compound.

o OI o 50:50 DMF : 0.1 M Na,HPO,, pH 7.3 o
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Figure 3.7. N-O bond reduction in model dipeptide 2. a) Formation of 2-(tritylthio)ethanol during MPAA-mediated N-
O bond cleavage. b) "TH-NMR of 2-(tritylthio)ethanol. Peak at 1.59 ppm (s) identified as H20.
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3.2.6 A one-pot ligation and reduction strategy for native chemical ubiquitylation

Current chemical ubiquitylation methodologies are not optimal for native folded proteins.244% Therefore, an
efficient one-pot method to perform native ubiquitylation is highly desirable. With this in mind, we sought to
improve the yield of one-pot auxiliary-mediated ubiquitylation by limiting the formation of Ub(1-75)-COOH.
Slow hydrolysis of both the Ub(1-75)-a-thioester and the disubstituted amide in the ligation product
contribute to this undesired side-product, which can in principle be alleviated by enhancing the kinetics of
both ligation and N-O bond reduction. Surprisingly, we found that conducting the ligation reaction without
MPAA significantly avoided Ub(1-75)-COOH formation by preventing premature auxiliary removal in the
starting materials. The subsequent addition of 200 mM MPAA to the crude ligation mixture and incubation
for an additional 24 h at 25 °C generated the final reduced ubiquitylated peptide in 82% overall yield. This

represents a 20% higher yield over reactions where MPAA was added at the start of ligation.

3.2.7 Synthesis of full-length SUMOylated histone H4

As an initial test of the auxiliary’s utility in the context of folded proteins, we incorporated non-denaturing
MPAA mediated auxiliary removal into the semisynthesis of full-length SUMOylated human histone H4
(suH4). Although histone SUMOylation was first reported over a decade ago, very little is known regarding
its functional role in human chromatin.*® Access to quantities of H4 site-specifically conjugated with the C-
terminus of SUMO-3 at Lys12 is crucial for biochemical investigations of the role for SUMOylation in
regulating chromatin structure and function.'® We therefore devised a synthetic strategy for suH4 (Figure
3.8a). The H4(1-14) peptidyl hydrazide was synthesized using 9-fluorenylmethoxycarbonyl (Fmoc)
chemistry on the solid phase, with Gly92 of SUMO-3 and the ligation auxiliary attached to Lys12. Following
release from the solid-phase and global deprotection, the peptide was ligated to the SUMO-3(2-91)C47S-

a-thioester to yield the SUMOylated peptide. One key challenge we anticipated was conversion of the

hydrazide to a thioester without cleaving the N-O bond. However, we found the auxiliary to be completely
stable to both diazotization and thioester formation, which employed NaNO: at pH 3.0 followed by

displacement of the resulting azide with 100 mM MPAA.47 Complete retention of the auxiliary through these
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steps highlights its utility in diverse native chemical ligation strategies. The SUMOylated H4 peptide a-

thioester was then reacted with a truncated H4(15-102) protein containing the A15C mutation at its N-
terminus to facilitate native chemical ligation. Ligation proceeded over 24 h to afford 2.1 mg of the ligated
product, retaining the ligation auxiliary, in 66% purified yield. The ligation product was then dissolved in a
buffer consisting of 100 mM Na2HPO4, 200 mM MPAA, pH 7.3, and N-O bond cleavage allowed at 25 °C
over 24 h to yield the reduced compound (Figure 3.8b). Importantly, Cys15 in H4 was unaffected by MPAA-
mediated auxiliary removal, demonstrating the compatibility of this reaction with folded proteins containing
Cys residues. In the terminal step, the full-length SUMOylated histone H4 A15C mutant was desulfurized

to yield the desired suH4 in 41% yield over the last two steps (Figure 3.8c).
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Figure 3.8. Semisynthesis of full-length SUMOylated histone H4. a) i, Site-specific coupling of the ligation auxiliary
to H4(1-14) Lys12 followed by acidolytic release of the fully unprotected peptidyl hydrazide from the solid-phase. i,
Expressed protein ligation of H4(1-14)2"-C(O)NHNHz with SUMO-3(2-91)C47S-o-thioester to generate SUMOylated
peptide hydrazide, H4(1-14)SuC47S)Xawx).C(O)NHNH.. iii, Conversion of H4(1-14)Su(C47S)ax).C(O)NHNHz to the C-
terminal MPAA a-thioester. iv, Native chemical ligation of the H4(1-14)Su(C47S)ax).C(O)SR MPAA thioester with the
H4(15-102)A15C truncant protein to yield full-length SUMOylated H4(A15C), with retention of the ligation auxiliary. v,
Selective removal of the ligation auxiliary with 200 mM MPAA under non-denaturing conditions to yield SUMOylated
H4(A15C). vi, Radical mediated desulfurization of Cys15 in H4 to generate full-length wild-type suH4. b) ESI-MS of
purified H4(A15C)Su(C479), Calculated m/z [M+H]* 21,628.7 Da, observed 21,634.0 + 6.1 Da. c) ESI-MS of purified suH4.
Calculated m/z [M+H]* 21,596.7 Da, observed 21,601.0 + 6.2 Da. ivDde = 1-(4,4-dimethyl-2,6-dioxocyclohex-1-
ylidene)-3-methylbutyl. PDB code for SUMO-3, 1U4A. PDB code for H4, 1KX5.
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3.2.8 Synthesis of full-length SUMOylated histone H2B

The ultimate goal of our chemical strategy is complete compatibility with native folded proteins containing
Cys residues. We envision future applications wherein a suitably protected ligation auxiliary is directly
incorporated in target proteins by employing an amber suppression strategy, which may be purified from
producer strains prior to native ubiquitylation/SUMOylation. Having demonstrated that MPAA can mediate
auxiliary removal from SUMOylated histone H4 under non-denaturing conditions, we sought to perform (1)
auxiliary deprotection, (2) SUMOylation and (3) auxiliary removal on a second model protein without
intermediate denaturation and purification steps. We were particularly interested in histone H2B as it is
SUMOylated at its C-terminal Lys120 (suH2B)*® and genetic experiments suggest that SUMOylation
recapitulates the genomic occupancy of H2B K120 ubiquitylation.#® However, similar to suH4, the role of

suH2B in chromatin regulation also awaits in vitro biochemical investigation.

Toward the semisynthesis of suH2B, we first generated full-length histone H2B bearing a protected ligation
auxiliary as the entry point for testing our methodology. To ensure that the auxiliary protecting group could
be removed under native conditions, we synthesized a 2-nitrobenzyl protected form (3) from 2-nitrobenzyl
chloride and N-(2-bromoethoxy)phthalimide? (Figure 3.9a). The protected auxiliary 3 was incorporated at
Lys120 of the H2B(117-125) C-terminal peptide with an Ala to Cys mutation at position 117 (Figure 3.9b).
After acidolytic cleavage from the solid phase, the peptide 4 was ligated via its N-terminal Cys to an H2B(1-
116)-a-thioester to generate full-length H2B(A117C), 5 (Figure 3.10a). The product 5 was folded by dialysis
into 50 mM NazHPO4, pH 7.5 (Figure 3.10b), and all subsequent steps were performed under folded
conditions. First, complete deprotection of the auxiliary thiol was achieved by irradiation with 365 nm light
for 3.5 h in the presence of ascorbic acid, semicarbazide, and DTT. The folded state of the photo-
deprotected protein was confirmed by circular dichroism (CD) (Figure 3.10c-d). The deprotected
H2B(A117C)3ux, 6, was then ligated under non-denaturing conditions to the SUMO-3(2-91)C47S-a-thioester
over 48 h to yield the ligation product H2B(A117C)Su(C478)aux 7 (Figure 3.10e-f). The SUMOQylated product

7 was then subjected to MPAA-mediated auxiliary removal for 24 h, yielding the ligation product lacking the
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ligation auxiliary, H2B(A117C)Su(C479) (8), in 15-30% vyield over 2 steps (Figure 3.10e, g). Importantly, we
observed no precipitation of the H2B species throughout these multiple manipulations. The final folded state

of the reduced ligation product 8 was confirmed by size exclusion chromatography and CD.
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Figure 3.9. Semisynthesis of full-length SUMOylated histone H2B. a) Synthesis of photo-protected auxiliary 3. i,
CH3sC(O)SH, K2COs, THF, 8h, 25 °C. ii, HCI, CH3OH, 6 h, 60 °C, 75% (2 steps). iii, N-(2-bromoethoxy)phthalimide,
EtsN, DMSO, 4 h, 25 °C, 74%. iv, H2NNHz, CHsCl, 1 h, 25 °C, 98%. b) i, Site-specific coupling of 3 to H2B(117-
125)A117C Lys120 followed by acidolytic release of the unprotected peptide, 4, from the solid-phase. ii, Expressed
protein ligation of 4 with H2B(1-116)-a-thioester to generate full-length H2B(A117C) with protected auxiliary at Lys120,
5. iii, photolytic removal of the auxiliary protecting group to give H2B(A117C) with unprotected auxiliary at Lys120, 6.
iv, Expressed protein ligation of 6 with SUMO-3(2-91)C47S-a-thioester to generate SUMOylated H2B(A117C) 7, with
retention of the ligation auxiliary. v, Selective removal of the ligation auxiliary with 150 mM MPAA under non-denaturing
conditions to yield SUMOylated H2B(A117C) 8. ivDde = 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-3-methylbutyl.
PDB codes 1KXF (H2B) and 1U4A (SUMO-3).
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Figure 3.10. Photo-deprotection and SUMOylation of folded histone H2B. a) ESI-MS spectrum of
H2B(A117C)photaux (5)  Calculated m/z [M+H]* 14,059.2 Da, observed 14,062.7 + 2.8 Da. b) Circular Dichroism
spectrum of 5in 50 mM NazHPO4, pH 7.5. c) ESI-MS spectrum of H2B(A117C)2"* (6). Calculated m/z [M+H]* 13,924 .1
Da, observed 13,925.8 + 2.6 Da. d) Circular Dichroism spectrum of 6 in 50 mM Naz:HPO4, pH 7.5. e) Coomassie-
stained 15% SDS-PAGE gel of ligation between H2B(A117C)2* (6) and SUMO3(2-91)C47S-a-thioester under non-
denaturing conditions. Lane 1: SUMO3(2-91)C47S-MES. Lane 2: H2B(A117C)2"x. Lane 3: 24 h ligation reaction. Lane
4: 48 h ligation reaction. Lane 5: 24 h MPAA-mediated N-O bond cleavage auxiliary removal reaction. f) ESI-MS
spectrum of the ligation product, H2B(A117C)Su(C47S)aux (7) Calculated m/z [M+H]* 24,225.6 Da, observed 24,230.9 +
4.0 Da. g) ESI-MS spectrum of the final product, H2B(A117C)3u(C47S) (8). Calculated m/z [M+H]* 24,149.6 Da, observed
24,153.1 £ 3.2 Da.

3.3 Conclusion and outlook

Access to homogenous protein substrates site-specifically modified by Ubls is critical for biophysical and
biochemical investigations aimed at understanding their many diverse functions. To this end, we applied
the 2-(aminooxy)ethanethiol ligation auxiliary to the SUMOylation of folded proteins under non-denaturing
conditions. Removal of the auxiliary requires reductive cleavage of an N-O bond, which is a frequently
encountered moiety in organic chemistry. Several methods exist for its cleavage, including TiCls,%° catalytic
hydrogenation,® Na/Hg amalgams,%? and Sml2.5® More recently, neutral organic super-electron donors
were demonstrated to reduce N-O bonds in Weinreb amides.5* However, the application of any of these
reagents to folded proteins in aqueous buffers is extremely challenging. Our discovery of an unprecedented
N-O bond reductive cleavage reaction sets the stage for new applications that would benefit from the

controlled reversal of this low-energy bond, including non-denaturing protein semisynthesis.
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Both experimental and computational investigations support our hypothesis that N-O bond cleavage
involves the formation of a transient disulfide radical anion species. Multiple observations toward this
include the requirement for an oxidant, the necessity for trace metal ions, and the detection of aromatic thiyl
radicals. Importantly, our ability to readily control the timing of N-O bond cleavage is particularly useful as
demonstrated by the one-pot synthesis of the ubiquitylated peptide, KAKY?I. As highlighted in our syntheses
of the full-length SUMOylated human histones H4 and H2B, the extremely mild reductive strategy may also
be applied toward the modification of native folded proteins by Ubls in aqueous buffers. Indeed, the
semisynthesis of native suH4 will, for the first time, permit detailed biochemical study of this poorly

understood modification, as detailed in Chapter 4.

One logical caveat to this strategy is a potential incompatibility with proteins containing structural disulfide
bonds, which exist primarily in secreted or membrane proteins. However, the scope of this method still
extends to the vast majority of intracellular proteins.5® Finally, having established the stability of the ligation
auxiliary to the intracellular reductant glutathione, our immediate future efforts in this area are focused on
an amber-codon-suppression strategy to incorporate the auxiliary into natively folded proteins that are

inaccessible by fragment-based semisynthetic approaches.
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3.4 Experimental procedures

3.41 General Methods

Rink-amide resin (0.46 mmol/g substitution) was purchased from Chem-Impex (Wood Dale, IL). 2-
chlorotrityl chloride resin (1.33 mmol/g substitution) and Wang resin (0.4-0.6 mmol/g substitution) were
purchased from EMD Millipore. Standard Fmoc-L-amino acids were purchased from AGTC Bioproducts
(Wilmington, MA) or AnaSpec (Fremont, CA). All other chemical reagents were purchased from Sigma-
Aldrich Chemical Company (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). DNA synthesis and gene
sequencing were performed by Integrated DNA Technologies (Coralville, IA) and Genewiz (South Plainfeld,
NJ), respectively. Plasmid mini-prep, PCR purification and gel extraction kits were purchased from Qiagen
(Valencia, CA). Restriction enzymes were purchased from New England BiolLabs (Ipswitch, MA) or
Fermentas (Thermo Fisher Scientific, Philadelphia, PA). Chitin beads for purification of intein-CBD fusion
proteins were purchased from New England BioLabs. Ni-NTA resin for purification of Hise-tagged proteins
was purchased from Thermo Scientific (Waltham, MA). Solid phase peptide synthesis (SPPS) was
performed on a Liberty Blue Automated Microwave Peptide Synthesizer (CEM Corporation, Matthews, NC).
Analytical reversed-phase HPLC (RP-HPLC) was performed on a Varian (Palo Alto, CA) ProStar HPLC
with a Grace-Vydac (Deerfield, IL) C4 or C18 column (5 micron, 150 x 4.6 mm) employing 0.1% TFA in
water (A) and 90% CHsCN, 0.1% TFA in water (B) as the mobile phases. Typical analytical gradients were
0-73% B over 30 min at a flow rate of 1 mL/min. Preparative scale purifications were conducted on a Grace-
Vydac C4 or C18 column (10 micron, 250 x 22 mm) at a flow rate of 9 mL/min. Semi-preparative scale
purifications were conducted on a Grace-Vydac C4 or C18 column (5 micron, 250 x 10 mm) at a flow rate
of 3.5 mL/min. Mass spectrometric analysis was conducted on a Bruker (Billerica, MA) Esquire ESI-MS
instrument. Analytical reversed-phase liquid chromatography-mass spectrometry (LC-ESI-MS) was
performed on a Hewlett-Packard (Palo Alto, CA) 1100-series LC linked to the Bruker Esquire ESI-MS with
an Agilent (Santa Clara, CA) Zorbax C18 column (3.5 micron, 100 x 2.1 mm) employing 5% CH3CN, 1%
AcOH in water (C) and CH3CN, 1% AcOH (D) as the mobile phases. Typical analytical gradients were 0-

100% D over 40 min at a flow rate of 0.2 mL/min. NMR spectra were recorded on Bruker Avance AV-300,
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AV-301, or AV-500 instruments. Circular dichroism measurements were performed on a JASCO (Easton,
MD) J-720 spectropolarimeter. Size exclusion chromatography (SEC) was performed on a Bio-Rad Bio-Sil

SEC 250 column (5 micron, 300 x 7.8 mm) at a flow rate of 1 mL/min.

3.4.2 Synthesis of the ligation auxiliary

The ligation auxiliary O-(2-(tritylthio)ethyl)hydroxylamine was prepared over 3 steps from N-

hydroxyphthalimide as described in Chapter 2.2

NO S-(2-nitrobenzyl)ethanethioate. 4.04 g of 2-nitrobenzyl chloride (23.6 mmol) and 3.86
@/s g of potassium carbonate, in separate flasks, were suspended in 24 mL and 48 mL of
(o) THF, respectively. To the stirring suspension of potassium carbonate was added 2 mL

(30.5 mmol) of thioacetic acid. After 30 min the nitrobenzyl chloride solution was cannulated into this
mixture. Reaction progress was followed by TLC. After 8 h the starting material had been consumed and
volatiles were stripped. The crude material was dissolved in methylene chloride, washed with bicarbonate
solution, then water, and the organic phase dried in vacuo to give 5.87 g of solids, which were carried on

to the next reaction without further purification.

NO, (2-nitrobenzyl)thiol. Crude S-(2-nitrobenzyl)ethanethioate (5.87 g) was dissolved in 100
CE/SH mL of methanol. To this solution was added 24 mL of concentrated hydrochloric acid (36%,
23.7 mmol), and the reaction allowed to proceed at 60 °C for 6 h, after which TLC indicated complete
hydrolysis of the starting material. Methanol was removed in vacuo, and the resulting material purified by
column chromatography with 90:10 hexane: ethyl acetate to give 2.30 g of (2-nitrobenzyl)thiol (75%, 2
steps). "H NMR (300 MHz,CDCls): & 8.03 (d, 1H, J = 8.16), 7.61-7.44 (3H), 4.04 (d, 2H, J = 8.46), 2.17 (t,
1H, J=8.46) (Figure 3.11). 3C NMR (301 MHz, CDCl3): & 147.89, 137.00, 133.74, 131.58, 128.26, 125.35,

26.45 (Figure 3.12).
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fo) s NO, N-(2-((2-nitrobenzyl)thio)ethoxy)phthalimide. 2.3 g of (2-
N—O/_/ nitrobenzyl)thiol (142 mmol) and 573 g of N-(2-
S bromoethoxy)phthalimide (21.3 mmol, prepared as described in
Chapter 2'2) were dissolved in 25 mL DMSO. To this stirring solution was added 3 mL (21.3 mmol) of
triethylamine, and the reaction allowed to proceed for 4 h at room temperature. After TLC indicated
complete consumption of (2-nitrobenzyl)thiol, 300 mL of water was added and the suspension extracted
three times with methylene chloride. The organic layer was dried over anhydrous sodium sulfate and
removed in vacuo to give crude product, which was recrystallized from a mixture of methylene chloride:
hexane to give 3.74 g of N-(2-((2-nitrobenzyl)thio)ethoxy)phthalimide as pale yellow crystals (74%). '"H NMR
(500 MHz,CDCls): 8 7.99 (d, 1H, J = 8.15), 7.86-7.80 (4H), 7.56-7.44 (3H), 4.32 (t, 2H, J = 7.00), 4.21 (s,
2H), 2.87 (t, 2H, J = 7.00) (Figure 3.13). '3C NMR (500 MHz, CDCls): & 163.45, 148.64, 134.65, 133.82,

133.16, 132.15, 128.85, 128.41, 125.50, 123.65, 77.56, 33.77, 29.39 (Figure 3.14).

@(\SNO‘NHZ 0-(2-((2-nitrobenzyl)thio)ethyl)hydroxylamine (3). 2 g (5.58 mmol) of N-(2-
NO, ((2-nitrobenzyl)thio)ethoxy)phthalimide was dissolved in 100 mL chloroform.
To this stirring solution was added 1.04 mL hydrazine hydrate (50% solution, 8.4 mmol), and the reaction
monitored by TLC. After 1 h the reaction was complete. Solids were removed by vacuum filtration and the
organic layer washed three times with 200 mL water. Solvent was removed in vacuo to give 1.25 g of O-(2-
((2-nitrobenzyl)thio)ethyl)hydroxylamine as a yellow oil (98%). '"H NMR (300 MHz,CDCl3): 8 7.99 (d, 1H, J
=7.91), 7.61-7.41 (3H), 5.43 (s, 2H), 4.13 (s, 2H), 3.80 (t, 2H, J = 6.41), 2.69 (t, 2H, J = 6.41) (Figure 3.15).
3C NMR (500 MHz, CDCls): 5 148.84, 134.18, 132.97, 131.98, 128.19, 125.33, 74.56, 33.62, 30.35 (Figure

3.16). ESI-MS calculated m/z [M+H]* 229.1 Da, observed 228.9 Da.

3.4.3 Solid-phase peptide synthesis

Synthesis of Boc-KAKI-Rink-amide resin
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The peptide H2N-KAKI-C(O)NH2 was synthesized by microwave-assisted SPPS on a 0.1 mmol scale
employing standard Fmoc-based N¢-deprotection chemistry. From Rink-amide resin (0.22 g, 0.46 mmol/g)
each amino acid was coupled in 5.25 molar excess based on resin loading. Deprotection of the Fmoc group
was achieved by treating resin with 20% piperidine in DMF for 65 sec at 90 °C. Coupling reactions were
undertaken for 2 min at 90 °C with a mixture of Fmoc-amino acid (0.53 mmol), O-(benzotriazol-1-yl)-
N,N,N’,N"-tetramethyluronium hexafluorophosphate (HBTU, 0.51 mmol) and N,N-diisopropylethylamine
(DIEA, 1.1 mmol) in DMF. The Lys targeted for ubiquitylation was orthogonally protected with the 1-(4,4-
dimethyl-2,6-dioxocyclohexylidine)-3-methylbutyl (ivDde) protecting group. The peptide was protected at
the a-NH: position with the tert-butoxycarbonyl (Boc) group by reaction with di-tert-butyl dicarbonate (0.8

mmol) and DIEA (1.6 mmol) in DMF for 2 h.

Synthesis of BocHN-H4(1-14)-2-chlorotrityl hydrazine resin

The peptide BocHN-SGRGKGGKGLGKGG-C(O)NHNH: corresponding to the first 14 N-terminal residues
of the human histone H4 protein was synthesized by SPPS on a 0.25 mmol scale employing standard
Fmoc-based N¢-deprotection chemistry. Briefly, 2-chlorotrityl hydrazine resin was prepared by reacting 2-
chlorotrityl chloride resin (1.33 mmol/g) in a 10% solution of hydrazine in DMF at 30 °C for 30 min.4” The
reaction was repeated one time with fresh hydrazine solution. The resin was then treated with a 10%
methanol in DMF solution for 10 min to cap any unreacted sites on the resin. The first amino acid, Gly, was
coupled in 4 molar excess. The coupling reaction containing Fmoc-Gly-OH (1.0 mmol), O-(6-
chlorobenzotriazol-1-yl)-N,N,N',N-tetramethyluronium hexafluorophosphate (HCTU, 0.95 mmol), and DIEA
(2.0 mmol) proceeded for 60 min at 30 °C. From glycinyl 2-chlorotrityl hydrazine resin each remaining amino
acid was coupled in 5 molar excess based on resin loading. Deprotection of the Fmoc group was achieved
by treating resin with 20% piperidine in DMF for 3 min at 75 °C. Coupling reactions were undertaken for 5
min at 75 °C with a mixture of Fmoc-amino acid (1.31 mmol), HBTU (1.28 mmol) and DIEA (2.75 mmol) in

DMF. For Arg, an additional coupling reaction was performed for 25 min at 75 °C. The Lys at position 12
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was orthogonally protected with the ivDde protecting group. The peptide was protected at the a-NH2 position

with Boc group by reaction with di-tert-butyl dicarbonate (2.0 mmol) and DIEA (4.0 mmol) in DMF for 2 h.

Synthesis of BocHN-H2B(117-125, A117C)-Wang resin

The peptide BocHN-CVTKYTSAK-C(O)OH corresponding to the last 9 C-terminal residues of the human
histone H2B protein, with an Ala to Cys mutation at position 117, was synthesized by SPPS on a 0.1 mmol
scale employing standard Fmoc-based N%-deprotection chemistry. From Fmoc-Lys(Boc) Wang resin (0.21
g, 0.4-0.6 mmol/g) each amino acid was coupled in 6 molar excess based on resin loading. Deprotection
of the Fmoc group was achieved by treating resin with 20% piperidine in DMF for 3 min at 75 °C. Coupling
reactions were undertaken for 5 min at 75 °C with a mixture of Fmoc-amino acid (0.6 mmol), N,N*-
diisopropylcarbodiimide (DIC, 0.6 mmol), ethyl (hydroxyimino)cyanoacetate (Oxyma, 0.6 mmol) and DIEA
(0.06 mmol) in DMF. Cys was coupled for 10 min at 50 °C. The Lys at position 120 was orthogonally
protected with the ivDde protecting group. The peptide was Boc protected at the a-NHz2 position by reaction

with di-tert-butyl dicarbonate (0.8 mmol) and DIEA (1.6 mmol) in DMF for 2 hours.

Attachment of the ligation auxiliary

Deprotection of the ivDde group was achieved by reacting resin bound peptide with a solution of 5%
hydrazine in DMF for 5 min. This deprotection was repeated three times. The peptidyl resin was then
coupled to bromoacetic acid (8-fold molar excess) with DIC (8-fold molar excess) in DMF for 45 min at room
temperature. The coupling was repeated once. Subsequently, dry peptidyl resin was placed in a solution
containing 9 equivalents of auxiliary (0.25 M in DMSO). The auxiliary O-(2-(tritylthio)ethyl)hydroxylamine
(“aux”) was incubated with H2N-KAKI-C(O)NHz and BocHN-H4(1-14)-C(O)NHNH2, and the photo-labile
auxiliary O-(2-((2-nitrobenzyl)thio)ethyl)hydroxylamine (“photoaux”) was incubated with BocHN-H2B(117-
125, A117C)-C(O)OH. The reactions were shaken for 24 hours at room temperature. Completion of the
displacement was judged by test cleavage and subsequent ESI-MS analysis. Peptide was cleaved and

deprotected by reaction of resin at 20 yL/mg with Reagent K (TFA: thioanisole: H20: phenol: 1,2-
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ethanedithiol 82.5:5:5:5:2.5 v/v)®® for 1.5 hours at room temperature, then precipitated and washed 2 times
with cold diethyl ether. Dry peptide was dissolved in RP-HPLC buffer A and purified by C18 preparative and
semi-preparative RP-HPLC with a gradient of 0-25% B for KAK2*| and 0-50% B for H4(1-14)2"*-C(O)NHNH>
and H2B(117-125, A117C)photoaux-G(Q)OH. This yielded 38% of the peptide-auxiliary conjugate KAKawx|, 9%
of the peptide-auxiliary conjugate H4(1-14)2-C(O)NHNHz, and 25% of the peptide-auxiliary conjugate
H2B(117-125, A117C)photeaux-C(O)OH based on initial resin loading (Figure 3.17).

ESI-MS of KAKa¥|. Calculated m/z [M+H]* 591.4 Da, observed 591.8 Da.

ESI-MS of H4(1-14)2x-CONHNHz2. Calculated m/z [M+H]* 1,363.6 Da, observed 1,363.8 Da.

ESI-MS of H2B(117-125, A117C)photeaux-CG(O)OH (4). Calculated m/z [M+H]* 1,268.6 Da, observed 1,269.0

Da.

3.44 Molecular cloning of SUMO-3(2-91)C47S, Ub(1-75), and H4(15-102)A15C

The plasmid pTXB1-Ub(1-76)-AvaDNAE-AAFN-Hiss containing the human ubiquitin gene, ub(1-76), was a
kind gift from the Muir lab at Princeton University,5” and was used to generate the plasmid pTXB1-Ub(1-
75)-AvaDNAE-AAFN-Hise, which lacks the C-terminal Gly of ubiquitin. The plasmid pTXB1-SUMO3(1-
92)C47S, containing the human SUMO-3 gene Smt3(1-92) with a C47S mutation,'® was used to generate
the plasmid pTXB1-SUMO3(1-91)C47S, which lacks the C-terminal Gly of SUMO-3. The plasmid pET15b-
Hise-[TEV]-H4, containing the human histone H4 gene with a Tobacco Etch Virus (TEV) protease cleavage
sequence between the Hises tag and the N-terminus of H4,'> was used to generate the plasmid pET15b-
Hise-[TEV]-H4(15-102)A15C, which lacks the first 14 residues of histone H4 and bears the mutation A15C.
Modified plasmids were prepared from their respective templates by site-directed mutagenesis

(QuikChange kit, Agilent Technologies, Santa Clara, CA) with the following primers:

Primer DNA Sequence (5'- to -3')

hSUMO-3(1-91)CA47S-FP ATCGACGTGTTCCAGCAGCAGACGGGATGCATCACGGGAGATGCACT

AGTTGCC
hSUMO-3(1-91)C47S-RP g?ggﬁ?TAGTGCATCTCCCGTGATGCATCCCGTCTGCTGCTGGAACAC
hUb(1-75)-AvaDnaE-AAFN-H6-FP g1_|:gg¢gCTGGTACTCCGTCTCAGAGGTTGCCTGAGCTATGATACCGAA
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CAGCACTTCGGTATCATAGCTCAGGCAACCTCTGAGACGGAGTACCAG
GTGCAG
GGGAATTCCATATGGAAAACCTGTACTTCCAGTGCAAACGTCACCGTA
AAGTTCTG (Ndel)
GCCCGCGGATCCTCAACCACCGAAACCGTACAGGGTACGACCC
(BamHI)

hUb(1-75)-AvaDnaE-AAFN-H6-RP

hH4(15-102)A15C-FP

hH4-RP

The desired gene sequences were confirmed by sequencing with the T7 forward primer (Genewiz).

3.4.5 Overexpression and purification of Ub(1-75)-MES

E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-Ub(1-75)-AvaDNAE-AAFN-Hise. Cells
were grown in 3 L Luria-Bertani medium supplemented with 100 ug/mL of Ampicillin at 37 °C with shaking
at 250 rpm until ODsoo reached ~0.6. Overexpression was induced by the addition of 0.5 mM isopropyl f3-
D-1-thiogalactopyranoside (IPTG) and cells were grown for an additional 18 h at 16 °C. The cells were
harvested by centrifugation at 7,000xg for 15 min. The cell pellet was resuspended in 45 mL lysis buffer:
50 mM Naz2HPO4, 300 mM NaCl, 5 mM imidazole, pH 8. Cells were lysed by sonication then centrifuged at
20,000xg for 15 min. The lysate supernatant was passed through a 0.45 ym filter then applied to a 6 mL
Ni-NTA column pre-equilibrated with lysis buffer. Proteins were bound to the column over a period of 1 h at
4 °C. The column was then washed with lysis buffer containing increasing concentrations of imidazole: 5
mM (5 Column Volumes, CV), 20 mM (5 CV), 50 mM (2.5 CV), 250 mM (5 CV). Pooled fractions containing
Ub(1-75)-intein-Hiss were dialyzed into 2 L thiolysis buffer (100 mM Na2HPOa4, 150 mM NaCl, 1 mM EDTA,
1 mM MESNa, pH 7.2) for 1 h at 4 °C twice. Thiolysis buffer containing 1 M MESNa was added to the
dialyzed fraction pool for a final concentration of 100 mM MESNa. The thiolysis reaction was incubated at
30 °C for 18 h, after which Ub(1-75)-intein-Hiss was no longer present. The eluted Ub(1-75)-MES was
purified by C18 preparative RP-HPLC employing a gradient of 30-60% B over 60 min. Fractions containing
Ub(1-75)-MES were identified by ESI-MS. Typical yields were 5-7 mg/L of cell culture (Figure 3.18).

ESI-MS for Ub(1-75)-MES. Calculated m/z [M+H]* 8,632.8 Da, observed 8,632.9 + 1.8 Da.

3.4.6 Non-denaturing expressed protein ligation of KAK?“*] and Ub(1-75)-MES a-thioester
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Ub(1-75)-MES a-thioester (0.038 pymol, 0.4 mg) and KAKa¥| (0.38 umol, 0.23 mg) were dissolved in 200
pL of reaction buffer containing 50 mM tris, 150 mM NaCl, 10 mM TCEP, 200 mM 4-mercaptophenylacetic
acid (MPAA), pH 7.3-7.5. The reaction proceeded at 25 °C for a total of 48 h. After incubation, the sample
was treated with 50 mM TCEP at 4 °C for 30 min, acidified to pH ~3 with formic acid, and extracted once
with diethyl ether to remove the majority of MPAA. The sample was analyzed by LC-ESI-MS employing a

gradient of 0-100% D over 40 min.

3.4.7 Generation of KAKYP@)] for N-O bond cleavage tests by expressed protein ligation of
KAK2"*] and Ub(1-75)-MES a-thioester

In a typical reaction, purified KAK2¥| (0.35 mg, 0.6 pymol) and Ub(1-75)-MES (0.12 ymol) were dissolved in
300 pL of a buffer consisting of 6 M Gn-HCI, 100 mM Na2HPO4, and 10 mM TCEP, pH 7.3. Ligation
proceeded with gentle shaking at 25 °C for 24 h. Ligation product was purified by C18 analytical RP-HPLC
employing a gradient of 30-50% B over 30 min. Typical yields were 60-80% of purified product (Figure

3.19). ESI-MS of KAKYb@uw)|, Calculated m/z [M+H]* 9,081.1 Da, observed 9,082.3 + 2.1 Da.

3.4.8 Requirements for auxiliary removal under non-denaturing conditions

KAKUb(@uw)| was subjected to various assay conditions to evaluate the reaction components necessary for
auxiliary removal via N-O bond cleavage. KAKY*@w)| (30 nmol, ~0.3 mg) was dissolved in 300 uL buffer
and incubated in a 1.5 mL microcentrifuge tube for 48 h at 25 °C, after which the sample was combined
with an equal volume 200 mM TCEP, 6 M Gn-HCI, 100 mM Naz2HPOs4, pH 7.3 and incubated at 4 °C for 30
min. The sample was then treated with 50 mM TCEP at 4 °C for 30 min, acidified to pH ~3 with formic acid,
and extracted once with diethyl ether to remove the majority of MPAA. The sample was analyzed by LC-
ESI-MS employing a gradient of 0-100% D over 40 min. Percent yield was determined by the percent
auxiliary-free ligation product KAKY®| relative to other species present, determined by ESI-MS signal

intensity for Rt = 14-17 min (Figure 3.20).
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3.4.9 Time course of auxiliary removal
Condition 1
Auxiliary-containing ligation product (30 nmol, ~0.3 mg) was dissolved in 300 puL of 200 mM MPAA, 100

mM NazHPO4, pH 7.3, and incubated in a 1.5 mL microcentrifuge tube at 25 °C for up to 48 h.

Condition 2
Auxiliary-containing ligation product (10 nmol, ~0.1 mg) was dissolved in 100 pL of 200 mM MPAA, 100

mM Naz2HPOs, pH 7.3, and incubated in a 1.5 mL microcentrifuge tube at 25 °C for up to 24 h.

Condition 3
Auxiliary-containing ligation product (10 nmol, ~0.1 mg) was dissolved in 100 pL of 200 mM MPAA, 100
mM NazHPO4, pH 7.3. To this was added 0.51 uL of a 30% (9.8 M) solution of H202 for a final concentration

of 50 mM H202. The reaction was incubated in a 1.5 mL microcentrifuge tube at 25 °C for up to 8 h.

Analysis of time-points for auxiliary removal

An equal volume of 200 mM TCEP, 6 M Gn-HCI, 100 mM Na2HPO4, pH 7.5 was added to each sample,
which was then incubated at 4 °C for 30 min. The solution pH was adjusted to 2-3 with formic acid, and one
extraction with 0.5 mL diethyl ether was performed. Reaction progress was analyzed by LC-ESI-MS
employing a gradient of 0-100% D over 40 min. Percent yield was determined by the percent auxiliary-free
ligation product KAK"?I relative to other species present, determined by ESI-MS signal intensity for Rt = 14-

17 min.

3.4.10 Dependence of auxiliary removal on reduced thiol
The disulfide form of MPAA was generated by dissolving MPAA at 200 mM in 100 mM NazHPO4, pH 8.0,
in a tube with headspace filled with air equal to 10 times the liquid volume. The solution was shaken

vigorously at room temperature for 48 h, after which time the pH was lowered to 1-2 with HCI causing the
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MPAA species to precipitate. Acetonitrile was added until the precipitate dissolved (~40% of total volume).
The MPAA disulfide, 2,2'-(disulfanediylbis(4,1-phenylene))diacetic acid, was purified by C18 preparative
RP-HPLC employing a gradient of 30-80% B over 60 min. '"H NMR (301 MHz, CD3CN): & 7.16 (d, 4H, J =
8.34 Hz), 6.92 (d, 4H, J = 8.34 Hz), 3.26 (s, 4H) (Figure 3.21). ESI-MS calculated m/z [M-H]- 333.4 Da,

observed 333.9 Da.

3.4.11 Thiyl radical detection by oxidation of NADH

To investigate the formation of thiyl radicals under auxiliary-removal conditions, reduced NADH was
dissolved at a final concentration of 40 mM in solutions containing 200 mM thiol and 100 mM Na2HPOs, pH
7.3. The solutions were incubated at 25 °C, protected from light. Absorbance at 340 nm was measured at
various time points. A decrease in absorbance, due to oxidation of NADH, suggested the presence of thiyl

radicals.28

To further confirm the ability of aromatic thiols to perform single-electron transfer reactions, solutions were
prepared containing 200 mM of each thiol and 100 mM NazHPO4, pH 7.3, and these solutions were added
to dry aliquots of the radical indicator, methyl viologen (MV?*), for a final concentration of 20 mM MV?*. Both
MV2+ and its two-electron reduction product (MV°) have absorbance maxima less than 400 nm. The single-
electron reduction product MV**, however, has a strong characteristic absorbance at 605-610 nm.58 The
resulting deep purple color was observed immediately upon mixing methyl viologen with the aromatic thiol

solutions, but no color change occurred with aliphatic thiols, even after 24 h.

3.4.12 EPR experiments

A 200 mM MPAA stock solution was prepared in DMF. Aliquots from the stock solution were diluted with
DMF and 50 mM NazHPO4 at pH 7.5 to a final 1:1 water-DMF mixture. Then, 100 mM 5,5-Dimethyl-1-
pyrroline N-oxide (DMPO) was added, the samples were vortexed, transferred to a flat cell and EPR spectra

were recorded at room temperature on a Bruker EMX spectrometer equipped with a high sensitivity cavity
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and operating at 9.65 GHz and 100 KHz field modulation. MPAA alkylation was performed by incubating
50 mM MPAA with 70 mM 2-lodoacetamide in 50 mM NazHPO4 at pH 7.5, in a 1:1 water-DMF for 1.5 h at
25 °C before DMPO addition. Parallel controls by pre-incubating 50 mM MPAA alone in 50 mM Na2HPO4
at pH 7.5, in a 1:1 water-DMF for 1.5 h at 25 °C before DMPO addition were also run (Figure 3.22).

Computer simulation was performed using Winsim program from P.E.S.T.32

3.4.13 Detection of DMPO adducts by mass spectrometry

Reactions were prepared identically to the EPR experiments. Aliquots of 5 uL were analyzed by LC-ESI-
MS employing a gradient of 30-100% D over 10 min. Adduct spectra were generated by averaging the ESI-
MS signal between 6-7 min. Rt = 3-5 min for DMPO; Rt = 6-7 min for the DMPO-OH and DMPO-MPAA
adducts; Rt = 9-10 min for MPAA. The DMPO-MPAA or DMPO-OH adduct radical may exist in the radical,
oxidized, and reduced states when observed by ESI-MS,%° and the oxidized form appeared to be most

prevalent for reactions of DMPO with H202 or MPAA (Figure 3.23).

3.4.14 MPAA-mediated auxiliary removal in the presence of a radical quencher

KAKUb@auw)| (50 ug, ~5 nmol) was dissolved in 58 uL of 100 mM MPAA, 100 mM Na2HPOs, pH 7.3 containing
1 M DMPO and incubated at 25 °C for 24 h. The reaction was then treated with TCEP as above, acidified
to pH ~3 with formic acid, and analyzed by LC-ESI-MS employing a gradient of 0-100% D over 40 min.
Percent yield was determined by the percent auxiliary-free ligation product KAKY?| relative to other species

present, determined by ESI-MS signal intensity for Rt = 14-17 min.

3.4.15 S-alkylation of KAKUYP(a")] and MPAA-mediated auxiliary removal from the alkylated species
Alkylation of the pendant thiol in the ligation product KAKUY*@w)| was performed under conditions established
for selectively alkylating protein sulfhydryl groups.° Briefly, 1.2 mg of the ligation product was dissolved in
280 pL of alkylation buffer containing 1 M HEPES, 4 M Gn-HCI, and 10 mM Methionine at pH 7.8. To this

was added 14 pL of 1 M DTT in alkylation buffer. The resulting mixture was incubated at 25 °C for 20 min
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after which time 31 pL of a 1 M solution of N-(2-chloroethyl)-N,N-dimethylammonium chloride in alkylation
buffer was added. The reaction was incubated at 25 °C for 2 h. Next, an additional 3.4 yL of 1 M DTT
solution was added followed by a 30 min incubation at 25 °C to reduce any residual disulfides. Finally, an
additional 31 pL of N-(2-chloroethyl)-N, N-dimethylammonium chloride in alkylation buffer was added and
the reaction incubated for 2 h to ensure complete alkylation of all thiol groups. The reaction mixture was
quenched with 10 pL of B-mercaptoethanol and purified by C18 analytical RP-HPLC employing a gradient
of 30-50% B over 30 min. S-alkylated KAKY?@w)| was characterized by ESI-MS. Calculated m/z [M+H]*
9,152.3 Da, observed 9,154.0 + 2.3 Da (Figure 3.24). To evaluate whether MPAA-mediated auxiliary
removal is dependent on the pendent thiol of the auxiliary, S-alkylated KAKUYr@w)| (0,135 mg) was dissolved
in 0.135 mL buffer containing 200 mM MPAA, 100 mM Na2HPO4, pH 7.3, and incubated at 25 °C for 48 h.
The reaction was reduced with TCEP and analyzed by LC-ESI-MS as above. The expected product KAKY?|

was observed. Calculated m/z [M+H]* 9,005.1 Da, observed 9,004.8 + 2.7 Da.

3.4.16 Effect of superoxide on N-O bond cleavage in KAKUb(aux)]|

To rule out superoxide-mediated N-O bond cleavage, KAKY®(@uw)| was subjected to the xanthine
oxidase/hypoxanthine reaction. Molecular oxygen is reduced to superoxide as hypoxanthine is oxidized to
xanthine, and subsequently to uric acid.?" KAKYe@w)| was dissolved at 0.04 mM in 100 yL of 50 mM
NazHPOs4, pH 7.5 in the presence of 0.08, 0.16, or 0.32 mM hypoxanthine and 0.14 u/mL xanthine oxidase
(Sigma-Aldrich) at 25 °C for 24 h. Progress of the enzymatic reaction was monitored by an increase in the
absorbance of uric acid at 290 nm (Figure 3.25).52 Cleavage of the N-O bond was evaluated by LC-ESI-

MS employing a gradient of 0-100% D over 40 min.

3.4.17 Synthesis of a model diglycine compound

(o) 2-((2-(tritylthio)ethoxy)amino)acetamide. To a stirring solution of O-(2-
J R STrt
H3N 0 (tritylthio)ethyl)hydroxylamine (1.74 g, 5.19 mmol) in anhydrous DMF (15

mL) under a flow of argon was added a solution containing iodoacetamide (482 mg, 2.60 mmol) in
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anhydrous DMF (10 mL). To this mixture was added DIEA (0.91 mL, 5.19 mmol) and the reaction stirred at
room temperature until TLC revealed that starting material had been consumed (~20 h). Ice-cold, basified
H20 (250 mL, pH ~8) was added to the reaction mixture in DMF, causing a cloudy, white precipitate to form.
The DMF/H20 solution was extracted with ethyl acetate until no further precipitate was visible (~500 mL),
then the ethyl acetate layer washed 3 times with an equal volume of basified H20. Solvent was removed in
vacuo to yield crude product, which was purified by silica gel (70-230 mesh) column chromatography (10:90
hexane: ethyl acetate, 0.1% triethylamine) to give compound 2-((2-(tritylthio)ethoxy)amino)acetamide (0.88
g, 86%). '"H NMR (301 MHz, CDCls3): 8 7.43-7.19 (15H), 6.35 (s, 1H), 5.77 (t, 1H, J = 5.01 Hz), 5.43 (s, 1H),
3.56 (t, 2H, J = 6.46 Hz), 3.46 (d, 2H, J = 5.15 Hz), 2.44 (t, 2H, J = 6.46 Hz) (Figure 3.26). '*C NMR (500
MHz, CDCl3):  172.59, 144.69, 129.61, 127.97, 126.77, 72.30, 66.77, 54.85, 30.90 (Figure 3.27). ESI-MS

calculated m/z [M+Na]* 415.5 Da, observed 415.2 Da.

STrt 2-acetamido-N-(2-amino-2-oxoethyl)-N-(2-(tritylthio)ethoxy)acetamide

/r (2). A solution of 2-((2-(tritylthio)ethoxy)amino)acetamide (900 mg, 2.29
HzNj)I\’ﬁ\r(\Hj\ mmol), 1-hydroxybenzotriazole (930 mg, 6.88 mmol),.N-acetngchine (806

0 mg, 6.88 mmol), and DIEA (1.2 mL, 6.88 mmol) in 23 mL DMF was

prepared over an ice bath. To this stirring solution was added N,N'-dicyclohexylcarbodiimide (1.42 g, 6.88
mmol). The reaction was stirred on ice for 90 min, then allowed to warm to room temperature overnight.
The reaction proceeded for 24 h, at which time TLC revealed that starting material had been consumed.
The white precipitate formed over the course of the reaction was removed by vacuum filtration. To the filtrate
was added ice-cold H20 (500 mL) causing a cloudy, white precipitate to form. The DMF/H20 solution was
extracted with ethyl acetate until no further precipitate was visible (~1.5 L), then the ethyl acetate layer
washed 3 times with an equal volume of H20. Solvent was removed in vacuo to yield crude product, which
was purified by silica gel (70-230 mesh) column chromatography (90:10 ethyl acetate: methanol, 0.1%
triethylamine) to give model dipeptide 2, 2-acetamido-N-(2-amino-2-oxoethyl)-N-(2-

(tritylthio)ethoxy)acetamide (0.74 g, 66%). 'H NMR (500 MHz, CDCls): & 7.43-7.21 (15H), 6.18 (t, 1H), 6.09
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(s, 1H), 5.38 (s, 1H), 4.13 (s, 2H), 4.09 (d, 2H, J = 4.75 Hz), 3.53 (t, 2H, J = 6.55 Hz), 2.52 (t, 2H, J = 6.60
Hz), 2.03 (s, 3H) (Figure 3.28). '*C NMR (500 MHz, DMF-Dy): & 174.12, 171.74, 170.41, 146.67, 131.47,
130.13, 128.89, 81.13, 74.71, 68.87, 52.06, 43.37, 23.90 (Figure 3.29). ESI-MS calculated m/z [M+Na]*

514.6 Da, observed 514.3 Da.

3.4.18 N-O bond cleavage and characterization of the cleaved auxiliary in a model diglycine
compound

Model dipeptide 2 was dissolved at 40 mM in 2.5 mL DMF. To this solution was added 2.5 mL of 100 mM
NazHPO4, pH 7.3 containing 400 mM MPAA. The reaction was incubated at 25 °C for a total of 24 h. At the
end of 24 h, an equal volume of 100 mM NazHPO4, pH 7.3 was added. A white precipitate formed and was
collected by centrifugation, then washed 2 times with buffer. The dried precipitate was dissolved in ethyl
acetate and passed through a silica plug with 100% ethyl acetate. Solvent was removed in vacuo to yield a
single spot by TLC, identified as 2-(tritylthio)ethanol. '"H NMR (301 MHz, CDCls): 8 7.31-7.19 (15H), 3.38 (4,

2H, J =6.19 Hz), 2.48 (t, 2H, J = 6.19 Hz). ESI-MS calculated m/z [M+Na]* 343.4 Da, observed 343.3 Da.

Various conditions were evaluated for auxiliary removal in 100 pL reaction volumes of 50:50 DMF: 100 mM
Naz2HPOs4, pH 7.3 containing 20 mM 2, and incubated at 25 °C. Starting material disappearance (Rs = 0.5)
and 2-(tritylthio)ethanol appearance (Rr = 0.9) were monitored by TLC in 90:10 ethyl acetate: methanol

(Table 3.5).

3.4.19 Computational studies of N-O bond cleavage
Relative redox potential (AE®) values were obtained by calculating the free energy changes of redox

reactions using the Gaussian 09 program package.* Equilibrium geometries of all species were located
via geometry optimization and the thermal corrections were evaluated at the B3LYP/6-31G* level of theory,
with the solvent effect modeled using the polarizable continuum model (PCM). The electronic energies at

the equilibrium geometries were computed at the B3LYP/6-311++G** level of theory. Electron densities in
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the highest occupied molecular orbital (HOMO) of the disulfide radical anion and the lowest unoccupied
molecular orbital (LUMO) in the diglycine peptide were found (Figure 3.30). These values were used to
calculate two reaction pathways, resulting in production of a B-mercaptoethyloxyl radical, or a B-
mercaptoethanolate anion. Calculations were performed with up to 9 explicit H20 molecules in varying

combinations (Table 3.6).

3.4.20 One-pot ligation and auxiliary removal

Ub(1-75)-a-thioester (0.019 pymol, 0.2 mg) and KAKa¥| (0.19 ymol, 0.12 mg) were dissolved in 100 yL of
reaction buffer containing 50 mM tris, 150 mM NaCl, 0.5 mM MPAA, pH 7.3, and incubated at 25 °C for 24
h. Then, 200 uL of buffer containing 300 mM MPAA, 50 mM tris, 150 mM NaCl, pH 7.3, was added and the
reaction incubated at 25 °C for 24 h, for a total of 48 h reaction time. After incubation the sample was treated
with 50 mM TCEP at 4 °C for 30 min, acidified to pH ~3 with formic acid, and extracted one time with diethyl
ether to remove the majority of MPAA. The sample was analyzed by LC-ESI-MS employing a gradient of

0-100% D over 40 min.

3.4.21 Overexpression and purification of SUMO-3(2-91)C47S-MES

E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-SUMO-3(2-91)C47S. Cells were grown
in 6 L Luria-Bertani medium supplemented with 100 pg/mL of Ampicillin at 37 °C with shaking at 250 rpm
until ODeoo ~0.6-0.8. Overexpression of the desired fusion proteins was induced by the addition of 0.3 mM
IPTG and cells were grown for an additional 4 h at 25 °C. The cells were harvested by centrifugation at
7,000xg for 15 min. The cell pellet was resuspended in lysis buffer: PBS, pH 7.2 containing 1 mM 2-
mercaptoethanesulfonic acid sodium salt (MESNa). Cells were lysed by sonication then centrifuged at
20,000xg for 15 min. The lysate supernatant was passed through a 0.45 um filter then applied to a 30 mL
chitin column pre-equilibrated with lysis buffer. Proteins were bound to the column over a period of 12 h at
4 °C. The column was then washed with 20 column volumes (CV) of lysis buffer followed by 2 CV of PBS,

pH 7.75. SUMO-3(2-91)C47S-MES was cleaved from its intein-CBD fusion by incubation with 1.5 CV of
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PBS, pH 7.75 containing 100 mM MESNa for 72 h at 4 °C. The eluted a-thioester was purified by C18
preparative RP-HPLC employing a gradient of 30-60% B over 60 min. Fractions containing the desired
thioester were identified by ESI-MS. We observed that the N-terminal Met of SUMO-3 is consistently

processed in vivo, leading to the SUMO-3(2-91)-a-thioester product. Typical yield is 4-5 mg/L of cell culture.

ESI-MS for SUMO-3(2-91)C47S-MES. Calculated m/z [M+H]* 10,444.7 Da, observed 10,445.8 + 3.6 Da

(Figure 3.31).

3.4.22 Expressed protein ligation of H4(1-14)@x.C(O)NHNH; and SUMO-3(2-91)C47S-MES

Purified H4(1-14)@x)-C(O)NHNH2 (15.6 mg, 11.6 ymol) and SUMO-3(2-91)C47S-MES (20.1 mg, 1.9 umol)
were dissolved in 7.2 mL of a buffer consisting of 6 M Gn-HCI, 100 mM Na2HPO4, and 10 mM TCEP, pH
7.3. Ligation proceeded with gentle shaking at 25 °C for 24 h. Ligation product was purified by C18
preparative RP-HPLC employing a gradient of 25-50% B over 60 min to give 12.6 mg (56%). ESI-MS of
H4(1-14)Su(C478)@wx)-.C(O)NHNH>. Calculated m/z [M+H]* 11,666.1 Da, observed 11,666.9 + 2.8 Da (Figure

3.32).

3.4.23 Overexpression and purification of TEV protease

E. coli BL21(DE3) cells containing the plasmid pRK793-Hiss-TEV'S were grown in 1 L LB supplemented
with 100 pg/mL of Ampicillin at 37 °C with shaking at 250 rpm until ODesoo ~0.6. Overexpression was induced
by the addition of 0.3 mM IPTG and cells were grown for an additional 6 h at 25 °C. The cells were harvested
by centrifugation at 7,000xg for 15 min. The cell pellet was resuspended in 15 mL lysis buffer: 20 mM tris,
150 mM NacCl, pH 7.2. Cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The lysate
supernatant was passed through a 0.45 um filter then applied to ~5 mL Ni-NTA column pre-equilibrated
with lysis buffer. Proteins were bound to the column over a period of 3 h at 4 °C. The column was then
washed thoroughly with lysis buffer containing 200 mM imidazole. Hise-TEV was eluted with lysis buffer
containing 500 mM imidazole, and dialyzed into 4 L of 20 mM tris, 150 mM NaCl, 1 mM DTT, pH 7.5 for 18

hat4 °C.
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3.4.24 Overexpression and purification of H4(15-102)A15C

E. coli BL21(DE3) cells containing pET15b-Hise-[TEV]-H4(15-102)A15C were grown in 3 L 2x YT medium
supplemented with 100 ug/mL of Ampicillin at 37 °C with shaking at 250 rpm until ODeoo reached ~0.6.
Overexpression was induced by the addition of 0.3 mM IPTG and cells were grown for an additional 1.5 h
at 37 °C. The cells were harvested by centrifugation at 7,000xg for 15 min. H4(15-102)A15C was purified
using a previously established protocol.'® Cells were resuspended in wash buffer (20 mM tris, 200 mM
NaCl, 1 mM EDTA, 1 mM 2-mercaptoethanol, pH 7.5, 1% triton X-100) and lysed by sonication on ice.
Inclusion bodies were pelleted by centrifugation at 20,000xg for 20 min and washed twice with wash buffer.
Inclusion bodies were then dissolved in extraction buffer (6 M Gn-HCI, 20 mM tris, 1 mM 2-mercaptoethanol,
pH 7.5) and applied to Ni-NTA resin. Column binding proceeded overnight at 4 °C, after which the resin
was washed with 10 CV extraction buffer containing 25 mM imidazole. The protein was eluted with 3 x 1
CV extraction buffer containing 400 mM imidazole, then dialyzed into water containing 1 mM DTT. After
dialysis, 10x cleavage buffer was added for final concentrations of 50 mM tris, 1 mM EDTA, 10 mM DTT,
10 mM L-cysteine, pH 6.9. Purified TEV protease was added to ~20% of the final volume, and the cleavage
reaction proceeded overnight at 37 °C. The reaction was then dialyzed back into extraction buffer, incubated
overnight at 4 °C with Ni-NTA resin to remove the his-tagged TEV protease and cleaved H4 N-terminal Hise
tag, and the column flow-through containing H4(15-102)A15C purified by C4 preparative RP-HPLC
employing a gradient of 40-70% B over 60 min. Typical yields were 3-4 mg/L of cell culture. ESI-MS of

H4(15-102)A15C. Calculated m/z [M+H]* 10,071.8 Da, observed 10,075.3 + 4.8 Da (Figure 3.33).

3.4.25 Expressed protein ligation of H4(1-14)Su(C47S)aux).C(O)NHNH; and H4(15-102)A15C

Ligation was accomplished by first converting the C-terminal hydrazide of H4(1-14)Su(C47S)au)-C(O)NHNH:
to an acyl azide with NaNO: via the diazotization reaction, as described previously.*” Subsequent addition
of MPAA served to both quench the remaining NaNO: and generate a highly reactive C-terminal thioester
for the ligation reaction. Purified H4(1-14)8u(C47S)aux)-C(O)NHNH2 (1.7 mg, 0.15 pmol) was dissolved at 1

mM in 200 mM NazHPO4, 6 M Gn-HCI, pH 3, and kept at -20 °C for a minimum of 20 min. To this solution
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was added 4.5 pL of a 500 mM solution of NaNO:2 in water. The reaction was briefly mixed, then kept at -
20 °C for 15 min. Then, a solution of H4(15-102)A15C (3 mg, 0.3 ymol) dissolved at 1.25 mM in 200 mM
NazHPO4, 6 M Gn-HCI, 200 mM MPAA, pH 6.5, was added to the reaction. The mixture was allowed to

come to room temperature, and the pH adjusted with 3 M NaOH to 6.8-7.0 in order to form the MPAA a-

thioester. The ligation reaction proceeded with gentle shaking at 25 °C for 24 h. Ligation product was
purified by C4 semi-preparative RP-HPLC employing a gradient of 30-70% B over 45 min to give 2.1 mg
(66%). ESI-MS of H4(A15C)SuC478)aw), Calculated m/z [M+H]* 21,704.9 Da, observed 21,711.0 + 5.9 Da

(Figure 3.34).

3.4.26 MPAA-mediated auxiliary removal from H4(A15C)Su(C47S)(auwx)

Purified H4(A15C)Su(C47S)aux) (1.4 mg, 64 nmol) was dissolved in 7 mL of 200 MM MPAA, 100 mM Naz2HPQ4,
pH 7.3, and incubated in a 15 mL conical tube at 25 °C for 24 h. After incubation, the reaction volume was
reduced with a 10,000 MWCO spin concentrator (GE Healthcare Life Sciences, Pittsburgh, PA) and
buffered TCEP, pH 7.3 was added to a concentration of 50 mM and the reaction incubated at 4 °C for 30
min. Ligation product was purified by C4 analytical RP-HPLC employing a gradient of 30-70% B over 30
min. ESI-MS of H4(A15C)Su(C478)_ Calculated m/z [M+H]* 21,628.7 Da, observed 21,634.0 £ 6.1 Da (Figure

3.35a).

3.4.27 Desulfurization of H4(A15C)Su(C47S)

Purified H4(A15C)Su(C479) (1.4 mg, 65 nmol) was dissolved at 65 uM in 100 mM Naz2HPOQO4, 6 M Gn-HCI, 500
mM TCEP, 100 mM MESNa, pH 7.5. To this solution was added 2-methyl-2-propanethiol to a concentration
of 280 mM and radical initiator 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) to a
concentration of 10 mM. The reaction was incubated at 37 °C for 24 h, and the product purified by C4
analytical RP-HPLC employing a gradient of 30-70% B over 30 min to give 0.6 mg (41%). ESI-MS of suH4.

Calculated m/z [M+H]* 21,596.7 Da, observed 21,601.0 + 6.2 Da (Figure 3.35b).
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3.4.28 Overexpression and purification of H2B(1-116)-MES

E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-H2B(1-116)-GyrA-Hiss.5® Cells were
grown in 4 L Luria-Bertani medium supplemented with 100 pg/mL of Ampicillin at 37 °C with shaking at 250
rpm until ODeoo reached ~0.6. Overexpression was induced by the addition of 0.35 mM IPTG and cells were
grown for an additional 4 h at 25 °C. The cells were harvested by centrifugation at 7,000xg for 15 min. The
cell pellet was resuspended in 40 mL of 1X PBS. Cells were lysed by sonication then centrifuged at
20,000xg for 15 min. The pellet was washed with 40 mL of 50 mM tris, 200 mM NaCl, 1% triton X-100, pH
7.5. The pellet was then dissolved in 40 mL extraction buffer: 6 M urea, 10 mM tris, 200 mM NaCl, pH 7.5.
After centrifugation at 20,000xg for 15 min the supernatant was applied to a 5 mL Ni-NTA column pre-
equilibrated with extraction buffer. Proteins were bound to the column over a period of 1 h at 4 °C. The
column was then washed with extraction buffer containing increasing concentrations of imidazole: 20 mM
(10 CV), 50 mM (10 CV), 500 mM (5 CV). Pooled fraction containing H2B(1-116)-GyrA-Hiss were dialyzed
into 2 L thiolysis buffer (10 mM tris, 200 mM NaCl, 2 M urea, 1 mM MESNa, 1 mM EDTA, pH 7.5) for 1 h
at 4 °C twice. Thiolysis buffer containing 1 M MESNa was added to the dialyzed fraction pool for a final
concentration of 100 mM MESNa. The thiolysis reaction was incubated at 4 °C for 24 h, after which H2B(1-
116)-GyrA-Hiss was no longer present. The reaction containing H2B(1-116)-MES was dialyzed into 2 L of
4 M Gn-HCI, 50 mM NazHPOa4, pH 7.5, for 1 h at 4 °C twice, then applied to 5 mL Ni-NTA resin pre-
equilibrated in the same buffer. The byproduct GyrA-Hiss was bound to the column over a period of 30 min
at 4 °C. The product H2B(1-116)-MES was eluted and purified by C18 preparative RP-HPLC employing a
gradient of 35-65% B over 60 min. Fractions containing H2B(1-116)-MES were identified by ESI-MS.
Typical yields were 1-2 mg/L of cell culture. ESI-MS of H2B(1-116)-MES. Calculated m/z [M+H]* 12,933.8

Da, observed 12,936.0 + 3.3 Da (Figure 3.36).

3.4.29 Expressed protein ligation of H2B(117-125, A117C)Photeaux (4) and H2B(1-116)-MES a-

thioester
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H2B(1-116)-MES a-thioester (0.31 ymol, 4 mg) and peptide 4 (6.6 umol, 8.5 mg) were dissolved in 500 L
of reaction buffer containing 6 M Gn-HCI, 100 mM Na:HPO4, 10 mM EDTA, 5 mM TCEP, pH 7.5. The
reaction proceeded at 25 °C for 6 h. After incubation the sample was treated with 50 mM TCEP at 4 °C for
30 min. Ligation product was purified by C4 analytical RP-HPLC employing a gradient of 30-65% B over 30
min, and yielded 2.6 mg (60%). ESI-MS of H2B(A117C)photeaux (5)  Calculated m/z [M+H]* 14,059.2 Da,

observed 14,062.7 + 2.8 Da.

3.4.30 Refolding and photo-deprotection of H2B(A117C)photoaux (5)

5 was dissolved at 0.4 mg/mL in 6 M Gn-HCI, 50 mM NazHPO4, pH 7.5, and 1.5 mL was dialyzed into 1 L
of 50 mM NazHPOs, pH 7.5, at 4 °C, protected from light, for incubations of 3, 12, and 3 h, with fresh buffer
for each incubation. The presence of secondary structure due to folding was confirmed by circular
dichroism. To this solution, 3X photo-deprotection buffer (50 mM NazHPO4, 12 mM semicarbazide, 15 mM
ascorbic acid, 1.5 mM DTT, pH 6) was added to a final concentration of 1X. The sample was placed in a
quartz cuvette with 1 cm path length and irradiated at 365 nm for 3.5 h with a hand-held 4 W Hg lamp (UVP,
Upland, CA; measured irradiance = 1.8 mW cm2) 2 cm from light source. Irradiation effected complete
removal of the o-nitrobenzyl group and unmasking of the auxiliary thiol. Deprotection was confirmed by LC-
ESI-MS analysis employing a gradient of 0-100% D over 15 min. ESI-MS of H2B(A117C)2%x (6). Calculated

m/z [M+H]* 13,924.1 Da, observed 13,925.8 + 2.6 Da.

3.4.31 Expressed protein ligation of H2B(A117C)2"* (6) and SUMO-3(2-91)C47S-MES-a-thioester

Photo-deprotected 6 was dialyzed into 1 L of 50 mM Na2HPO4, 0.5 mM TCEP, pH 7.5, at 4 °C for
incubations of 3 and 12 h. Separately, SUMO-3(2-91)C47S-MES was dissolved at 1.45 mg/mL in 50 mM
NazHPOs4, pH 7.5, 1% DMF (Figure 3.37). The solution containing 6 (~ 11.6 uM) was combined 3:1 with
the SUMO-3(2-91)C47S-MES solution for final concentrations of 8.6 uM H2B(1-117)2xand 26.2 uM SUMO-
3(2-91)C47S-MES (3 eq). To this mixture was added 200 mM TCEP, 20 mM MPAA, 50 mM NazHPO4, pH

7.5, to final concentrations of 2 mM TCEP and 0.2 mM MPAA. The reaction was incubated under Ar at 22
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°C for 48 h to give H2B(A117C)Su(C478)aux (7) in 30-60% vyield. Ligation was visualized by SDS-PAGE and
confirmed by LC-ESI-MS analysis employing a gradient of 0-100% D over 15 min. Yield was determined
by SDS-PAGE band intensity relative to BSA standards of known concentration. ESI-MS of

H2B(A117C)suC4rS)aux (7). Calculated m/z [M+H]* 24,225.6 Da, observed 24,230.9 + 4.0 Da.

3.4.32 MPAA-mediated auxiliary removal from H2B(A117C)Su(C47S)aux (7)

A solution of 600 mM MPAA, 50 mM Na2HPO4, pH 7.5 was passed through a 0.45 ym filter, then added
directly to the ligation reaction containing the ligation product, 7, for a final concentration of 150 mM MPAA.
The reaction was placed in a container with headspace filled with air equal to 10 times the liquid volume
and incubated at 22 °C for 24 h to give H2B(A117C)Su(C479) (8) in 15-30% yield over 2 steps. Final product
was visualized by SDS-PAGE and confirmed by LC-ESI-MS analysis employing a gradient of 0-100% D
over 15 min. Yield was determined by SDS-PAGE band intensity relative to BSA standards of known
concentration. Folding was confirmed by SEC purification of the final product in 50 mM NazHPO4, pH 7.5,
at 4 °C, followed by circular dichroism (Figure 3.38). ESI-MS of H2B(A117C)Su(C47S) (8). Calculated m/z

[M+H]* 24,149.6 Da, observed 24,153.1 + 3.2 Da.

3.4.33 SENP1 hydrolysis assay

SEC-purified H2B(A117C)Su(C479) (8) was assayed with the catalytic domain of sentrin-specific protease 1
(SENP1, Boston Biochem). SENP1 (0.05 nmol) was pre-activated in 10 uL buffer containing 50 mM tris,
150 mM NaCl, 12 mM DTT, pH 8 for 20 min at 25 °C. To the reduced SENP1 was then added 10 uL of a
solution containing 0.5 nmol of 8 in 50 mM tris, 150 mM NaCl, 1 mM DTT, pH 7.5. The resulting mixture
was incubated for 24 h at 37 °C. The assay was quenched by the addition of 6X Laemmli buffer containing
300 mM DTT and boiled for 5 min, then run on an 18% SDS-PAGE gel at 200 V for 1.5 h and stained with

Coomassie (Figure 3.39).
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3.5 Product characterization and supplemental data
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Figure 3.14. 3C-NMR of N-(2-((2-nitrobenzyl)thio)ethoxy)phthalimide.
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Figure 3.16. 3C-NMR of O-(2-((2-nitrobenzyl)thio)ethyl)hydroxylamine (3).
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Figure 3.17. Purification of auxiliary-containing peptides. a) ESI-MS of purified of KAK3¥I. b) ESI-MS of purified
H4(1-14)2*-C(O)NHNH2. ¢) C18 analytical RP-HPLC chromatogram of purified H2B(117-125, A117C)photoaux (4),

gradient of 0-50% B, 30 min. d) ESI-MS of purified H2B(117-125, A117C)photoaux (4),
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Figure 3.18. Purification of Ub(1-75)-MES. Coomassie stained 15% SDS-PAGE gel of a) IPTG-induced Ub(1-75)-
Ava-Hiss overexpression; b) Ub(1-75)-Ava-Hiss purification by Ni-NTA column; and c) Thiolysis of pooled fractions
containing Ub(1-75)-Ava-Hiss. d) C18 analytical RP-HPLC chromatogram of purified Ub(1-75)-MES a-thioester,
gradient of 0-73% B, 30 min. b) ESI-MS of purified Ub(1-75)-MES a-thioester. Lys = cell lysate. FT = column flow-
through after protein binding.
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Figure 3.19. Purification of KAKYP(@")|, 3) C18 analytical RP-HPLC chromatogram of purified KAKUb@w)| gradient of
0-73% B, 30 min. b) ESI-MS of purified KAKUb@u)]|,
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Figure 3.20. Sample LC-ESI-MS trace of an N-O bond cleavage test. Typical total ion chromatogram (TIC) of an N-
O bond cleavage test on KAKUY@uw)| substrate. The sample is injected on a gradient of 0-100% D over 40 min. Ubiquitin-
containing species co-elute between 14 and 17 min. ESI-MS signal is averaged over 14-17 min, and this spectrum

used to quantify yield.
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Figure 3.21. '"H-NMR of the disulfide-linked MPAA dimer 2,2'-(disulfanediylbis(4,1-phenylene))diacetic acid.
Peak at 1.95 ppm (s) identified as H20. CD3sCN solvent peak observed at 1.61 ppm (m).
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Figure 3.22. Control EPR spectra for DMPO/'S-Ar adduct detection. a) Spectrum obtained upon incubating 100
mM DMPO in 50 mM NazHPO4 at pH 7.5, in a 1:1 water-DMF mixture at 25 °C. b) Spectrum obtained upon incubating
50 mM MPAA in 50 mM Naz2HPO4 at pH 7.5, in a 1:1 water-DMF mixture at 25 °C. c) Spectrum obtained upon incubating
100 mM DMPO in a 1:1 water-DMF mixture at 25 °C. Spectrometer settings: microwave power, 20 mW; modulation
amplitude, 1.0 G; time constant, 163 ms; scan rate, 0.6 G/s.
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Figure 3.23. Detection of DMPO adducts by LC-ESI-MS. a) Typical total ion chromatogram of a DMPO reaction
containing MPAA. The sample is injected on a gradient of 30-100% D over 10 min. Rt = 3-5 min for DMPO; Rt = 6-7
min for the DMPO-OH and DMPO-MPAA adducts; Rt = 9-10 min for MPAA. b) Expected products of DMPO reaction
with hydroxyl radical. ¢) Expected products of DMPO reaction with MPAA thiyl radical.
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Figure 3.24. Purification of S-alkylated KAKY2(@™)|, 3) C18 analytical RP-HPLC chromatogram of purified S-alkylated
KAKYe@)| gradient of 0-73% B, 30 min. b) ESI-MS of purified S-alkylated KAKY5@w)|,
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Figure 3.25. Formation of uric acid from the xanthine oxidase/hypoxanthine reaction in the presence or
absence of auxiliary-containing substrate. Increase in absorbance at 290 nm over time in a reaction containing 0.16
mM hypoxanthine and 0.14 u/mL xanthine oxidase, with (red triangle) or without (blue diamond) 0.04 mM KAKYb@u)|,
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Figure 3.26. "TH-NMR of 2-((2-(tritylthio)ethoxy)amino)acetamide. Peak at 1.58 ppm (s) identified as H20.
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Figure 3.27. 3C-NMR of 2-((2-(tritylthio)ethoxy)amino)acetamide. CDCls solvent peak identified at 77.05 ppm (t).
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Figure 3.28. 'H-NMR of model dipeptide 2, 2-acetamido-N-(2-amino-2-oxoethyl)-N-(2-(tritylthio)ethoxy)
acetamide. Peak at 1.58 ppm (s) identified as H20.
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Figure 3.29. 3C-NMR of model dipeptide 2, 2-acetamido-N-(2-amino-2-oxoethyl)-N-(2-(tritylthio)ethoxy)
acetamide. DMF-D7 solvent peaks observed at 164.04 (t), 36.55 (m), and 31.44 (m) ppm.
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Table 3.5. Conditions for auxiliary removal from model dipeptide 2.

Reaction Conditions 10 min 24 h

Small molecule only n.r. n.r.

200 mM MPAA n.r. Reaction complete

50 mM H20:2 n.r. n.r.

200 mM MPAA, 50 mM Hz202 Reaction complete No change from 10 min.

200 mM MPAA, Chelex-treated? n.r. Minor progress

200 mM MPAA, 50 mM H20., Chelex-treated? n.r. ~50% complete
n.r.

200 mM MPAA (pH 8), degassed® n.r. Minor progress
n.r.

200 mM 4-mercaptophenol n.r. n.r.

200 mM 4-mercaptophenol, 50 mM H20:2 n.r. n.r.

200 mM 4-mercaptophenol, 200 mM MPAA n.r. n.r.

aChelex-100 resin was swelled in water for 30 min. prior to use. DMF and buffer solutions were passed 2 times through
the resin to remove divalent metal cations. PBuffer was subjected to three cycles of freeze-thaw degassing under Argon
and the reaction kept under Argon atmosphere. n.r. = no reaction.
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Figure 3.30. Calculated HOMOs of reducing agents and LUMO of the model peptide substrate. a) HOMO of
MPAA disulfide radical anion. b) HOMO of 3-Mercaptobenzoic acid disulfide radical anion. ¢) HOMO of p-
nitrothiophenol disulfide radical anion. d) HOMO of p-aminothiophenol radical anion. e) LUMO of model diglycine
peptide 1.
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Table 3.6. Relative stability of products following electron transfer from MPAA disulfide radical anion to
model diglycine compound (2)

Pathway 1 Pathway 2
_ _ AG(12) (eV)?
GlyGlyN + xH20 *‘OSH + xH20 GlyGlyN® + xH20 OSH + xH20

x=0 x=0 x=0 x=0 -0.49
0 1 1 0 -0.18
0 2 2 0 0.00
0 3 3 0 0.08
1 1 1 1 -0.25
1 2 2 1 -0.06
1 3 3 1 0.02
2 2 2 2 -0.09
2 3 3 2 -0.01
3 2 3 2 -0.24
3 2 5 0 -0.31
3 3 5 1 -0.14
4 3 5 2 -0.45
4 2 5 1 -0.67
4 1 5 0 -0.78
6 3 7 2 0.00
6 2 7 1 -0.22
7 2 7 2 -0.18
7 0 7 0 -0.35

@Relative energy at equilibrium geometry calculated for products of the electron transfer reaction from the MPAA
disulfide radical anion to the model diglycine compound GlyGlyN-OCH2CH2SH (2) to yield a GlyGIlyN anion and ‘OSH
radical (Pathway 1), or GlyGlyN" radical and OSH anion (Pathway 2). Various numbers of explicit water molecules
surrounding the products were included in the equilibrium geometry energy calculations where allowed. Values for
AG1-2) reflect the energy at equilibrium geometry for the products of Pathway 1 relative to the products of Pathway 2.
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Figure 3.31. Purification of SUMO-3(2-91)C47S-MES. a) C18 analytical RP-HPLC chromatogram of purified SUMO-
3(2-91)C47S-MES, gradient of 0-73% B, 30 min. b) ESI-MS of purified SUMO-3(2-91)C47S-MES.
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Figure 3.32. Purification of H4(1-14)3u(C47S)(axx).C(O)NHNH.. a) C18 analytical RP-HPLC chromatogram of purified
H4(1-14)8u(C47S)aw).C(O)NHNH2, gradient of 0-73% B, 30 min. b) ESI-MS of purified H4(1-14)S4(C478)@w)_C(O)NHNH:.
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Figure 3.33. Purification of H4(15-102)A15C. a) C4 analytical RP-HPLC chromatogram of purified H4(15-102)A15C,
gradient of 0-100% B, 30 min. b) ESI-MS of purified H4(15-102)A15C.
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Figure 3.34. Purification of H4(A15C)Su(C478)llaw)  3) C4 analytical RP-HPLC chromatogram of purified
H4(A15C)Su(C478)aw) | gradient of 0-73% B, 30 min. b) ESI-MS of purified H4(A15C)Su(C47S)aux),
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Figure 3.35. Purification of H4(A15C)Su(C47S) and suH4. a) C4 analytical RP-HPLC chromatogram of purified
H4(A15C)Su(C478) gradient of 0-73% B, 30 min. b) C4 analytical RP-HPLC chromatogram of purified suH4, gradient of

0-73% B, 30 min.
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Figure 3.36. Purification of H2B(1-116)-MES. a) C4 analytical RP-HPLC chromatogram of purified of H2B(1-116)-
MES, gradient of 0-73% B, 30 min. b) ESI-MS of purified of H2B(1-116)-MES.
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Figure 3.37. Refolded SUMO-3(2-91)C47S-MES. Circular Dichroism spectrum of SUMO-3(2-91)C47S-MES at 0.3
mg/mL in 50 mM Naz2HPO4, pH 7.5.
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Figure 3.38. Size exclusion chromatography and circular dichroism of H2B(A117C)Su(C479) (8). a) Size exclusion
UV chromatogram of protein standards in 50 mM Na2HPOQOa4, pH 7.5, at 4 °C, run at 1 mL/min. Protein standards: 1)
670,000 Da, Rt = 5.69 min; 2) 44,000 Da, Rt = 7.56 min; 3) 17,000 Da, Rt = 9.11 min; 4) 1,350 Da, Rt = 10.28 min. b)
Protein standard data fit to an exponential equation. ¢) Size exclusion UV chromatogram of the crude MPAA-mediated
N-O bond cleavage auxiliary removal reaction. Calculated mass of the asterisked peak (Rt = 8.55 min) is 18,000 Da.

Large signal beginning at Rt = 9.5 min. attributed to MPAA. d) Circular Dichroism spectrum of the ~20 kDa SEC peak
in 50 mM Na2HPOs, pH 7.5.
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Figure 3.39. SENP1 hydrolysis of H2B(A117C)Su(€479) (8). Coomassie-stained 18% SDS-PAGE gel, run at 200 V for
1.5 h showing products of the SENP1 hydrolysis assay. Lane 1 = SENP1 alone, 2 = H2B(A117C)34(C478) (8) alone, 3 =
SENP1 and 8 incubated for 24 h.
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Chapter 4

Biochemical investigation of cross-talk between
histone H4 SUMOylation and histone H3 acetylation

4.1 Introduction

Modification of proteins with the small ubiquitin-like modifier (SUMO) is important in a variety of intracellular
processes. SUMOylation can antagonize other Lys modifications at the same site,! alter substrate
intracellular distribution,? prevent binding between proteins® or between transcription factors and DNA,*
reduce the toxicity of unfolded proteins by inhibiting their aggregation,® facilitate multiprotein complex
formation,® and more. SUMO is conjugated to the Lys e-amine of substrates by an ATP-dependent
enzymatic cascade resembling that of ubiquitin (Ub), described in Chapter 1.7 In contrast to Ub, there is
only one E1 and one E2 SUMO ligase known. The SUMO E1 enzyme is a heterodimer of SUMO-activating
enzyme subunits 1 and 2 (SAE1/SAE2). The E1 utilizes ATP to activate the C-terminus of SUMO as an
adenylate, and subsequently forms a C-terminal SUMO thioester with the active-site Cys of SAE2. The Ub
fold domain of SAE2 then interacts with the SUMO E2 enzyme, Ubc9, and SUMO is transferred to Ubc9,
again as a C-terminal thioester with the active-site Cys. Ubc9 may then interact with an E3 ligase to facilitate
transfer of SUMO to a substrate Lys €-amine, or transfer SUMO directly to the substrate itself without the
need for an E3. Ubc9 is capable of binding to a consensus motif, WKXE, where W is a large, hydrophobic
amino acid, usually L/I/V, X is any amino acid, and K is the Lys to be SUMOylated.?° This enables a degree
of substrate specificity by Ubc9, even in the absence of an E3. The largest family of known E3 SUMO
ligases is the siz/PIAS-RING (SP-RING)-containing protein inhibitor of activated STAT (PIAS) family,
consisting of PIAS1, PIAS3, PIASxa, PIASxB and PIASy in humans.' They act in an analogous manner to
Ub E3 RING-type ligases, by holding substrate and SUMO-charged Ubc9 thioester in a position favorable
to nucleophilic attack by the substrate Lys. An example of a different class of E3 is the nucleoporin Ran

binding protein 2 (RanBP2), which is neither HECT- nor RING-type. RanBP2 binds both SUMO and Ubc9
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in SUMO-charged Ubc9, and holds them in a conformation that favors catalysis. In this manner it stimulates
Ubc9 activity without making contact with substrate proteins, and its location at the nuclear pore has spurred
the hypothesis that it may be responsible for nucleocytoplasmic transport-coupled SUMOylation.” Other

notable E3 ligases are the polycomb 2 protein (PC2) and topoisomerase I-binding arginine/serine rich

protein (TOPORS),'® and SUMO E3 activity continues to be discovered as an unexpected secondary
activity of known proteins, including histone deacetylase 4 (HDAC4)'" and the DNA replication-related
element-binding factor (DREF) transcription factor.'? Some, but not all, E3 ligases display target specificity,

and some display SUMO isoform specificity.”

There are three functional paralogs of SUMO in humans: SUMO-1, SUMO-2, and SUMO-3. SUMO-2 and
-3 share 97% sequence identity and are collectively referred to as SUMO-2/3. They each share 47%
sequence identity with SUMO-1.10 Like Ub, each SUMO paralog contains a C-terminal Gly-Gly motif that
must be proteolytically revealed following expression of the immature SUMO precursor. This is carried out
by the same enzymes responsible for substrate de-SUMOylation, the SUMO/sentrin-specific protease
(SENP) family. Of the six known SENPs, SENP1 and 2 are active towards SUMO-1 and -2/3. SENP3, 5,
6, and 7 are only active toward SUMO-2/3.13 Another SUMO paralog, SUMO-4, contains a Pro residue near
its C-terminus that significantly retards proteolytic maturation by SENPs, thus it has been found to modify
an extremely limited number of substrates.’ The SUMO paralogs share many substrates, yet exhibit
functional differences. For example, modification by SUMO is often monomeric, but can be polymeric.
SUMO polymers form via Lys11 of SUMO-2/3, and the addition of SUMO-1 effectively terminates the
chain.’® Their intracellular distribution and dynamics also differ. In HeLa cells expressing YFP fused to
SUMO-1, -2, or -3, all paralogs were localized to the nucleus and PML bodies.'® However, SUMO-1 showed
unique localization to the nuclear periphery and nucleolus, whereas SUMO-2/3 accumulated on
chromosomes during post-mitotic nuclear reformation much more rapidly than SUMO-1. Further,
fluorescent recovery after photobleaching (FRAP) experiments revealed that conjugation and

deconjugation of SUMO-2/3 is more dynamic than that of SUMO-1. SUMO-2/3 has also been shown to be
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more abundant in its free, unconjugated form than SUMO-1, and significantly more abundant under heat

stress conditions, whereas SUMO-1 is not similarly upregulated.'”

Some functional divergence can be accounted for by differences in the ability of SUMO-binding proteins to
recognize the different SUMO paralogs. Proteins interact with SUMO through SUMO-interacting motifs
(SIMs), typically with a dissociation constant (Ka) in the low micromolar range.'® All Ub-like proteins (Ubls)
share the B-grasp fold structural motif, which is made up of five antiparallel B-strands overlaid with a single
a-helix. The differences between SUMO-1 and SUMO-2/3 are located primarily in the a-helix (a1) and in
the second B-strand (B2). The SIM consists of a loosely-conserved, linear sequence that fits in the groove
between a1 and B2 and extends the B-sheet of SUMO. The SIM can bind in either the parallel or antiparallel
orientation.'® Key to the SIM consensus sequence is a hydrophobic core, typically V/I-V/I-X-V/I (where X is
an acidic residue). This core is often flanked by a stretch of acidic residues, commonly Asp or Glu, that
interacts with a basic patch on the surface of SUMO adjacent to the ai-B2 groove.?® The sequence
composition of SIMs is extremely diverse, and they can bind SUMO paralogs equally, such as the SIM of
PIASxa,20 or favor binding to one paralog. For instance, SUMOylation of MBD1 strengthens its binding
interaction with MBD1-containing chromatin-associated factor 1 (MCAF1), which shows a preference for
SUMO-2/3: it binds SUMO-2/3 with a Kq of 1.3 yM, and SUMO-1 with a Kq of 13.9 uM.2" Because the Kq of
SIM-SUMO binding is relatively high, it is possible that specific interactions of SUMOylated proteins are

enabled by simultaneous low-affinity interaction at a second site.°

In the last decade, the SUMOylation of chromatin and chromatin-associated proteins and its effect on gene
regulation has been a subject of increasing research and interest. Pioneering studies by Shiio and
Eisenman revealed endogenous H4 modification by SUMO-1 in human B-lymphocytes. Co-expression of
FLAG-tagged core histones and HA-tagged SUMO-1 or SUMO-3 in HEK293T cells showed that H4 is
capable of modification by both paralogs, and is the primary site of histone SUMOylation.?? Later studies

by Berger and coworkers found that in S. cerevisiae all four core histones are modified by the yeast SUMO,
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Smt3, which shares ~50% sequence identity with both human SUMO-1 and SUMO-2/3, and confirmed that
SUMOylated histones were present within chromatin.2® At endogenous expression levels of histones and
SUMO, they estimated that ~5% of each histone is SUMOylated at any given time. While they were able to
locate the site of H4 SUMOylation to the N-terminal tail region, a subsequent proteomic study identified
Lys12 at the major site of H4 SUMOylation.2* Further proteomic studies confirmed H4 Lys12, and indeed
sites on all core histones, as substrates of SUMOylation,' and demonstrated that H4 is modified by SUMO-
1 and SUMO-2/3 in roughly equal amounts.?® The consistent identification of H4 in independent studies of
SUMOylation targets indicates its legitimacy as a SUMOylation substrate, and raises the question of its

effect on chromatin structure and function.

Upon its initial discovery, SUMOylated H4 (suH4) was associated with transcriptional repression. SUMO-
H4 and SUMO-H2B fusions were expressed in S. cerevisiae, and induction of the GAL1 gene was
monitored when medium was switched to a galactose carbon source. Interestingly, induction was reduced
two-fold relative to cells lacking a SUMO fusion protein, and ‘double-affinity’ chromatin immunoprecipitation
(ChDIP) experiments revealed an inverse correlation between SUMO and histone acetylation at that
promoter.23 FLAG-tagged SUMO-1 and SUMO-3 H4 fusions were also employed in pull-down experiments.
From HEK293T lysate, both fusion proteins immunoprecipitated histone deacetylase 1 (HDAC1), an
enzyme strongly associated with repression, which supports a model of opposing histone SUMOQylation and
acetylation.?2 Most studies of SUMOylated chromatin to date, however, involve methods that have been
unable to distinguish between SUMOylation of histones or of chromatin associated proteins. Thus, they
have shown an indirect correlation between histone SUMOylation and a transcriptional outcome. For
instance, in HEK293T cells a GAL4-Ubc9 fusion repressed expression of a luciferase reporter gene under
control of a GAL4-dependent promoter, and showed dependence on Ubc9 catalytic activity.?2 This
experiment also showed a reduction in local acetylation by chromatin immunoprecipitation (ChlP), but did

not identify the SUMOylated proteins at chromatin.
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Although sometimes difficult to parse, SUMO ChIP-Seq data correlated with RNA-Seq data can be
informative. Two separate studies, one in yeast and one in human fibroblasts, surprisingly found that SUMO
localized to the promoters of highly and constitutively active genes. Manley and coworkers found that in
yeast, SUMO was located only at active promoters, although a previous study found that SUMOylated
histones were enriched in telomeric regions.2326 Ubc9 was not present at these active promoters, and
deletion of Ubc9 caused only a slight decrease in transcription at these sites. However, expression of some
inducible genes, such as ARG1, resulted in Ubc9 localization and significant promoter SUMOylation. In
these cases, Ubc9 deletion caused a significant increase in transcription, indicating that chromatin
SUMOylation may represent a means to turn off the temporary activation of genes. In human fibroblast
experiments, SUMO-1 and -2 were also highly localized to active promoters, and correlated with RNA
polymerase Il (Pol ) localization.?” SUMO was also found at repressed genes, especially developmentally
regulated genes. Of note was the observation that sires of active SUMOylation, in which SUMO, Ubc9 and
PIASy co-localized, occurred primarily at promoters controlling protein and histone biogenesis genes, such
as those for histones, ribosomal proteins, rRNA (transcribed by RNA polymerase 1), and tRNA (transcribed
by RNA polymerase lll). As in yeast, genes under active SUMOylation were upregulated when the
SUMOylation machinery was disturbed. This indicates that SUMO plays a maintenance role in tempering
expression of those genes. The stark differences in SUMO-correlated transcriptional activity between
different classes of genes could have many explanations. One possibility is that SUMO-mediated
transcriptional repression requires active SUMOylation at chromatin, perhaps due to the rapid rate of SUMO
conjugation and deconjugation.® This implies that SUMO on chromatin without active local SUMOylation
activity may be conjugated to chromatin associated factors prior to their deposition on chromatin. Further
support of this theory is the heat shock response, which results in such expansive SUMOylation of
chromatin that it depletes the entire nuclear pool of free SUMO-2/3.28 Under these conditions, PIAS1 and
SUMO-2/3 accumulate significantly and preferentially at active, Pol ll-occupied promoters, and lead to

increased promoter-proximal pausing and temporary repression of those genes.2? Still, the mechanism of
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SUMO-mediated transcriptional repression could be very different in each case, and the role of H4

SUMOylation in these processes remains to be elucidated.

Transcriptional repression due to suH4 may result from steric occlusion of the promoter by SUMO, by
preventing the approach of transcriptional machinery and enzymes that deposit activating marks. For
instance, the transcription-activating SAGA complex, which contains the Gen5 histone acetyltransferase, is
also the major deubiquitinase for Ub at H2B Lys120 (ubH2B), which is repressive when located in promoter
regions.3® This complex does not have deSUMOylating activity, and suH4 could potentially inhibit its histone
acetylation. Repression may also result from trans effects, whereby SUMO recruits effector proteins or
complexes that cause a change in chromatin and establish a compacted, heterochromatic state. Until
recently, it was unknown whether suH4 would permit chromatin compaction. As a comparison, Ub has a
similar size and structure to SUMO, and Lys119 ubiquitylation of H2A (ubH2A) is a repressive mark that
permits chromatin compaction.3'32 In contrast, ubH2B, which is an active mark when found within gene
bodies, does not allow higher-order compaction.3® Studies in our lab with suH4 have revealed that SUMO
disrupts internucleosomal interactions, and that fully SUMOylated arrays are refractory to compaction.3
However, sub-stoichiometric, 50% occupancy of suH4 does permit compaction, although the formation of
higher-order structures is moderately impaired. Hence, sub-stoichiometric suH4 could allow
heterochromatin formation. Alternatively, a high local density of suH4 could initiate repression, after which

de-SUMOylation would permit compaction.

In support of a trans effect of suH4, Muir and coworkers have demonstrated that cross-talk exists between
histone ubiquitylation and methylation: ubH2B activates the methyltransferase hDot1L toward H3 K79
methylation.3® Indeed, SUMO could similarly stimulate repressive enzymes upon binding, or simply
enhance their local action through a recruitment mechanism. In fact, the repressive effect of SUMO is
known to be dependent on its surface basic patch, which is important for binding to many SIMs.36:37 There

are many examples of transcription factor (TF) SUMOylation, most of which result in repression of the TF
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target gene.38 The mechanism of this effect is not known in all cases, but TF SUMOylation has been shown
to recruit repressor complexes. For example, SUMOylated TF Sp3 recruits heterochromatin factors such
as HP1q, the H3 K9 histone methyltransferase SETDB1, the H4 K20 histone methyltransferase Suv4-20h,
and the nucleosome remodeling ATPase Mi-2 in complex with several other factors.3® In addition, the
activity of TF Elk-1 becomes inhibitory toward transcription when Elk-1 is SUMOylated, and SUMOylated
Elk-1 was found to bind HDAC2 in a pull-down.*% The study further showed that SUMO alone, when fused
to GAL4, could recruit HDAC2 and repress a luciferase reporter gene under control of the GAL1 promoter.
Recently, Gill and coworkers reported gene-specific recruitment of the corepressor of RE1 silencing
transcription factor (CoREST), lysine specific demethylase 1 (LSD1), and HDAC1 complex by SUMO-2/3,
but not SUMO-1.41 CoREST was initially identified as a corepressor for the RE1-silencing transcription
factor (REST, or the neuron-restrictive silencer factor, NRSF), which binds a DNA sequence known as RE1
(or neuron-restrictive silencer element, NRSE). REST silences neuronal genes in non-neuronal cells by
recruiting several HDAC-containing complexes.*243 In the aforementioned study, the authors found that
CoREST mediated repression of the sodium voltage-gated channel alpha subunits 1 and 3 (SCN1A and
SCNB3A), but not 2 (SCN2A2), and that this repression, as well as CoREST localization to the gene
promoters, was dependent on a functional SUMO-2/3-binding SIM in CoREST. Interestingly, only SCN2A2
has been confirmed to be REST-dependent,** thus SUMO-2/3 at chromatin may represent an alternative

mechanism of CoREST recruitment.

The CoREST complex, like other repressive complexes, has interchangeable subunits based on a common
core scaffold.#5-47 In addition to LSD1 and HDAC1, the proteins BHC80 and BRAF35 are sometimes, but
are not always, present. BRAF35 is important for REST-mediated repression of neuronal genes.*8 The role
of BHCB80 is unclear, although it may suppress LSD1 activity.*® Different compositions of the complex can
thus have different activities. For instance, in vitro assays with the LSD1-HDAC1-CoREST complex and
HelLa-extracted mononucleosomes have shown an interdependence between deacetylation and

demethylation activity,5° in which deacetylation enhances demethylation and vice versa. COREST contains
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a C-terminal ELM2 (Egl-27 and MTA1 homology 2) domain, which is sufficient for binding to HDAC1/2
(Figure 4.1a).5° It also contains two SANT (SWI-SNF, ADA, N-CoR, and TFIIIB) domains. The SANT2
domain binds DNA and is critical for LDS1-mediated H3 K4me12 demethylation of nucleosomes.*%%' The
SANT1 domain contributes to HDAC1/2 binding and may bind DNA as well, based on homology with the
SANT2 domain.59-52 Between the SANT domains is a linker region that tightly binds LSD1, with a K4 of ~16

nM.51.53 The SIM of CoREST is also located in the linker region, between SANT1 and the LSD1-binding

a) HDAC1/2-binding LSD1-binding
[ 1 l 1
1 100 187 378 485

ANGNNE[IDIEVpON 277
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b)
1 53 325 482
HDAC1 -"]]]]]]] Deacetylase
ELM2/SANT-
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Figure 4.1. Domains of COREST and HDAC1. a) Domain structure of COREST, with HDAC1/2, LSD1 binding, and
SUMO-interacting motif (SIM) indicated. The SIM hydrophobic core is indicated in gray, and the acidic patch indicated
with blue.*' b) Domain structure of HDAC1. Sites important for binding ELM2 and SANT domains are indicated in
purple and green, respectively.5? ¢) Crystal structure of HDAC1 (blue) in complex with the ELM2-SANT domains (purple
and green, respectively) of metastasis associated protein 1 (MTA1). Catalytic Zn?* ion is indicated in gray. PDB code
5ICN.
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region.*! To test the hypothesis that suH4 mediates transcriptional repression by cross-talk, we investigated

whether suH4 could facilitate nucleosome deacetylation by the HDAC1-CoREST dimeric complex.

HDAC1 is a class | histone deacetylase, as are HDAC2, 3, and 8. They are ubiquitously expressed in all
tissue types, and are primarily nuclear — HDAC1 and 2 are almost exclusively nuclear.5 HDAC1, 2, and 3
are usually localized to chromatin, although they are excluded from mitotic chromosomes by an unknown
mechanism. Despite their name, HDACs are not limited to histones and act on a wide variety of substrates
with diverse function.%® Although relatively promiscuous, they do exhibit some degree of substrate
preference with regard to residues immediately surrounding acetyllysine.?® The HDACs are extremely
important clinical targets, and due to their substrate diversity HDAC inhibitors have been used as treatment
for Alzheimer’s disease, heart disease, HIV infection, and most commonly, cancer.5” Developing HDAC-
and even HDAC class-specific inhibitors remains a challenge due to strong similarities between HDAC
active sites. These Zn2*-dependent enzymes catalyze deacetylation of a substrate Lys €-amine. Two Asp
and one His residue hold Zn?* in the active site, where it coordinates to and activates a water molecule for
nucleophilic attack on the side chain amide.58 Therefore, many inhibitors, notably hydroxamic acids, act by

forming stable chelates with the catalytic zinc ion.5°

HDAC1 and HDAC2 share 85% sequence identity, with most differences located in the unstructured C-
terminal region (Figure 4.1b). While this region has no deacetylase activity, it is heavily post-translationally
modified and required for full HDAC1 activity.®% Modification in this region also accounts for differences in
HDAC1 and HDAC2 regulation. For example, HDAC1, but not HDAC2, can be acetylated in its C-terminal
domain by p300, which significantly reduces its deacetylation activity and thus transcriptional repressive
ability.61.62 Some functions, however, are redundant, and studies have revealed that RNAi knock-down of
HDAC1 or 2 results in compensatory upregulation of the other.63 HDAC1 and 2 are also incorporated nearly
interchangeably into many transcriptional repressor complexes, including CoREST, NuRD, Sin3, and

MIDAC.84 With the exception of Sin3, HDAC1/2 binds to an ELM2-SANT motif in one of the core complex
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proteins (Figure 4.1¢), however the binding constant for this interaction has not been reported. Evidence
suggests that ELM2 domain binding can stimulate HDAC1 activity. Experiments with HelLa-extracted
mononucleosomes and HDAC1 showed that HDAC1 activity increased slightly, and to the same degree,
when either full-length COREST or CoREST truncated C-terminal to the ELM2 domain were included in the
assay.5? HDAC1/2 is most often found in complex with other proteins in vivo, and its target specificity is
controlled in part by its binding partners. By this mechanism, suH4 may recruit COREST and direct HDAC1
toward local histone deacetylation. In this chapter, | detail studies that confirm an inhibitory role of suH4 by
in vitro transcription experiments. | also demonstrate, by in vitro enzymatic assays with the dimeric HDAC1-
CoREST complex, that suH4 recruits HDAC1 in a CoREST-SIM-dependent manner, and stimulates
deacetylation of H3 K14Ac in semisynthetic mononucleosome substrates, thus confirming the feasibility of

this mechanism in vivo.

4.2 Results and discussion

4.21 Transcription from SUMOylated chromatin in vitro

Studies that link suH4 with transcriptional repression have thus far only shown correlation, not a definitive
causative effect. To prove that SUMOylation of chromatin has a direct repressive effect, we collaborated
with the Roeder lab at Rockefeller University to perform in vitro transcription assays from a chromatinized
template containing suH4. Wild-type (wt) human histones were expressed and purified from E. coli, and
native, semisynthetic suH4 was prepared by a synthetic strategy described previously, ¢ utilizing the native
chemical ligation auxiliary 2-(aminooxy)ethanethiol, discussed in Chapters 2 and 3 (Scheme 4.1).66-68
Octamers containing wt or SUMOylated H4 were formed by combining the four core histones in equimolar
amounts in denaturing buffer, then folding by dialysis into a high-salt buffer.6® The resulting octamers were
purified by size exclusion chromatography (Figure 4.2a), then incorporated into chromatin on a circular
plasmid DNA template. The plasmid lacks any strong nucleosome positioning sequences, and in the
presence of the histone chaperone NAP1 and chromatin remodelers ACF1 and ISWI nucleosomes were

positioned regularly on the template, each occupying ~150 bp DNA (Figure 4.2b).
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Scheme 4.1. Semisynthesis of SUMOylated H4 (suH4). i) SUMO-3(2-91)C47S-MES, 6 M Gn-HCI, 100 mM
NazHPO4, 10 mM TCEP, pH 7.3, 25 °C, 24 h. ii) 6 M Gn-HCI, pH 3, Zn, 37 °C, 24 h. iii)) a) 6 M Gn-HCI, 200 mM
NazHPO4, 10 mM NaNOz, pH 3, -20 °C, 15 min, b) H4(15-102)A15C, 6 M Gn-HCI, 200 mM NazHPOs4, 130 mM MPAA,
pH 6.9, 25 °C, 24 h. iv) 6 M Gn-HCI, 100 mM NazHPO4, 500 mM TCEP, 100 mM MESNa, 280 mM {-BuSH, 10 mM VA-
044, 37 °C, 24 h.

The plasmid template contains five GAL4 binding sites, the adenovirus major late core promoter, and a 400
bp G-less cassette.”® Transcription of the cassette is dependent on supplemented GAL4-VP16 activator,
p300 and acetyl-CoA, and transcriptional machinery from a human cell nuclear extract. Transcription in the
presence of [a-32P] CTP from chromatin containing wtH4 or suH4 was monitored by autoradiography. We
observed a striking decrease in transcription from suH4 chromatin relative to wt chromatin (Figure 4.3a).
There are several possible mechanisms that may be responsible for this effect. First, SUMO may inhibit
crucial co-transcriptional chromatin remodeling processes. We believe this is unlikely, however, due to the
successful incorporation of suH4 containing octamers into the chromatin template, and the known activating
effect of ubH2B, a modification of similar size, within gene bodies.”" Another possibility is that suH4 in the
promoter region inhibits binding of the GAL4-VP16 activator, or the approach of the HAT p300, despite the
open chromatin structure promoted by suH4.34 In this system, acetylation of the H3 and H4 tails by p300 is
necessary for robust transcription.”? Conversely, suH4 could promote recruitment of repressive chromatin-

modifying complexes from the nuclear lysate, such as those containing HDACs.%°
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Figure 4.2. Generation of chromatin for in vitro transcription assays. a) Coomassie-stained 15% SDS-PAGE gel
of wt and suH4 containing histone octamers. b) Ethidium bromide-stained 1.25% agarose gel of micrococcal nuclease-
digested wt and suH4 chromatinized template DNA.
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Figure 4.3. Transcription assays with wt or suH4 containing chromatin in vitro. a) Autoradiographs of 5%
denaturing polyacrylamide gels of [0-32P]-labeled transcripts from in vitro transcription assays with wt or suH4
containing chromatinized template. b) Assays were repeated in the presence of trichostatin A (TSA).
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To test whether suH4 affected HDAC activity, we repeated the assay in the presence of trichostatin A (TSA),
a nanomolar inhibitor of class | and Il HDACs.%5 In suH4, but not wt, chromatin, TSA treatment led to a small
increase in transcription relative to the untreated reaction (Figure 4.3b). Therefore, HDAC recruitment likely
contributes to transcriptional repression by suH4 in this system. However, further studies must be

performed to confirm this result, and to identify other sources of repression in this system.

4.2.2 Semisynthesis of H3 K14Ac substrate for in vitro deacetylation assays

To test the hypothesis that H4 SUMOylation leads to transcriptional repression by recruiting repressive
complexes, we opted to examine the COREST complex as a model system. Repression of the SCN1A and
SCN3A genes by CoREST is known to be dependent on both SUMO-2/3 expression and a functional SIM
in CoREST.#' We therefore wondered if this represents direct recruitment of the CoREST complex by
SUMO-2/3 located at chromatin, which would lead to the removal of H3 K4me:2 and histone acetyl marks
by LSD1 and HDAC1/2, respectively. Recent in vitro studies in our lab have revealed that this mechanism
is indeed possible, as evidenced by a 2-fold stimulation of intranucleosomal demethylation by the LSD1-
CoREST dimeric complex in suH4 containing MN relative to wt MN.85 Thus, the same stimulation may be

seen with deacetylation by the HDAC1-CoREST complex.

As a substrate for deacetylation assays, we first synthesized H3 with a y-sulfide mimic of acetyllysine at
position 14.73 HDAC1 is known to deacetylate the N-terminal tails of all four core histones. Because H3 tail
acetylation is crucial to active transcription, and H3 K14 is in fact a primary target of many
acetyltransferases, including Gcn5,* we considered this a reasonable initial test. We first purified
recombinant H3 with a K14C mutation in its N-terminal tail region, then performed a thiol-ene ‘click’ reaction
between the H3 mutant and N-vinylacetamide using the water-soluble radical initiator 2,2'-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride (VA-044) (Figure 4.4a-b). Because we intended to monitor
deacetylation by western blot, it was necessary to test the ability of H3 K14sAc to be recognized by primary

a-acetyllysine antibodies. As a positive control, we hyper-acetylated wt H3 with acetic anhydride in acetate
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Figure 4.4. Synthesis and antibody recognition of H3 K14sAc. a) Schematic of thiol-ene ‘click’ reaction between
H3 K14C, C110A and N-vinylacetamide to generate H3K14sAc. b) ESI-MS of purified H3K14sAc. c) Immunodot assay
for detection of H3K14sAc by a-H3 K14Ac antibody.

buffer under basic conditions. By immunodot assay, several pan-acetyllysine antibodies were unable to
bind H3 K14sAc, so we attempted the assay with two different commercial H3 K14Ac-specific antibodies.
Unfortunately, and contrary to previous reports with y-sulfide mimics of acetyllysine,”® both antibodies failed

to detect the acetyl H3 mimic (Figure 4.4c). We therefore used a semisynthetic approach to access native

H3 K14Ac.

Semisynthetic H3 K14Ac was generated by first synthesizing a 28-mer H3 N-terminal tail peptide, H3(1-28,
K14Ac)-C(O)NHNHz, with C-terminal hydrazide, by 9-fluorenylmethoxycarbonyl based solid-phase peptide
synthesis (Fmoc-SPPS). Separately, we expressed and purified H3(29-135) bearing an A29C mutation at
its C-terminus. The H3 N-terminal peptide hydrazide was oxidized to a C-terminal azide by NaNO: at pH 3
and -20 °C. This species was converted to a C-terminal a-thioester in situ by the addition of 4-

mercaptophenylacetic acid (MPAA), then H3(29-135)A29C added, the pH increased to 6.9, and the ligation
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allowed to proceed for 24 h at room temperature. Following RP-HPLC purification, the ligation product
underwent free-radical desulfurization to yield the native H3 K14Ac (Figure 4.5).

4.2.3 Deacetylation of mononucleosomes by the HDAC1-CoREST dimeric complex

With native, semisynthetic H3 K14Ac and suH4 in hand, we generated octamers containing H3 K14Ac and
either wt or SUMOylated H4. We then assembled octamers into mononucleosomes (MN) using 147 bp 601
DNA, reported by Widom and coworkers, which contains a strong nucleosome positioning sequence
(Figure 4.6a).”® These MN were subjected to deacetylation in assays containing full-length, recombinant
HDAC1 and CoREST, and were stable over the course of the reaction (Figure 4.6b). As expected, the

kinetics of HDAC1 deacetylation were significantly slower on MN substrates than on free H3 K14Ac (Figure

4.7).
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Figure 4.5. Synthesis of H3 K14Ac. a) Schematic of H3 K14 Ac semisynthesis. i) (1) H3(1-28, K14Ac)-C(O)NHNH2,
6 M Gn-HCI, 200 mM NazHPO4, 10 mM NaNOg, pH 3, -20 °C, 15 min, (2) H3(29-135)A29C C110A, 6 M Gn-HCI, 200
mM NazHPOs, 130 mM MPAA, pH 6.9, 25 °C, 24 h. ii) 6 M Gn-HCI, 100 mM NazHPQO4, 500 mM TCEP, 100 mM MESNa,
280 mM t-BuSH, 10 mM VA-044, 37 °C, 24 h. b) ESI-MS of purified H3(29-135) A29C, C110A. c) ESI-MS of purified
H3(1-28, K14Ac)-C(O)NHNHz2. d) ESI-MS of purified H3 K14Ac, A29C, C110A. e) ESI-MS of purified H3 K14C, C110A.
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Figure 4.6. Characterization of mononucleosomes used in deacetylation assays and their stability toward
assay conditions. a) Ethidium bromide-stained 5% TBE gel of mononucleosomes (MN) reconstituted with H3 K14Ac
and either wild-type (wt) or suH4. b) Ethidium bromide-stained 5% TBE gel of MN from (a) after incubation in
deacetylation assay buffer at 25 °C for 6 h.
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We observed that suH4 did not stimulate the activity of HDAC1 alone (Figure 4.8a,b). The small initial rate
enhancement relative to un-SUMOylated MN at 1 h may be due to the ability of SUMO to limit interactions
between MNs,34 which could facilitate access of HDAC1 to the site of acetylation. The rate of deacetylation
of wt MN in the presence of COREST was also not statistically different than in the same assay with COREST
omitted (Figure 4.8a,b). This contrasts with a previous report by Shiekhattar and coworkers, in which
deacetylation of nucleosomal H3 K9/K14Ac by HDAC1 was enhanced in the presence of COREST.% Their
assay, however, employed nucleosomes purified from HelLa cells, which almost certainly contained other
PTMs that may inhibit the enzymatic activity of HDAC1.%6 In fact, the inclusion of LSD1 in their assay
resulted in further enhancement of deacetylation. We may expect that, even if COREST binding does not
significantly stimulate HDAC1 activity, it may localize HDAC1 to the MN through its DNA-binding SANT2
domain and thereby enhance deacetylation. We observed this effect previously in H3 K4 demethylation
assays containing CoREST and LSD1 at 200 mM NaCl, in which demethylation at 2 h was 2-fold greater
with CoREST present.”® Like LSD1, HDAC1 does not contain a DNA-binding domain. Further, it is thought
to act on chromatin in vivo only when recruited as part of a complex.”” However, it was recently reported
that recombinant FLAG-HDAC1 can be immunoprecipitated by immobilized MN reconstituted from HelLa-
purified octamers and Widom 601 or mouse mammary tumor virus (MMTV) promoter DNA.”® The
immunoprecipitation was performed in buffer containing 150 mM NaCl, which is similar to the 163 mM ionic
strength of our deacetylation assays. The same study repeated the pull-down with FLAG-LSD1 and found
no binding. Therefore, nonspecific association of HDAC1 with MN may explain the lack of deacetylation

rate enhancement by CoREST.

We next included CoREST in deacetylation assays with suH4 containing MN, and observed a ~2-fold
enhancement of deacetylation relative to un-SUMOylated MN over the course of 6 h (Figure 4.8a,c). The
difference was significant, with p < 0.05 for each time point. To confirm that the rate enhancement was due
to SUMO, we repeated the assay with a CoREST 1270A, 1272A, and V274A mutant (CoOREST3A). These

mutations in the SIM of CoREST abolish binding to SUMO-2/3,#' and are located in the unstructured linker
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region between the SANT domains, which is not involved in HDAC1 binding.5° The mutations similarly do
not affect the binding of COREST3A to DNA.%5 We found no difference in the deacetylation rate between
SUMOylated and un-SUMOylated MN with CoOREST3A (Figure 4.8a,d). This shows that a functional SIM
in CoREST is required for stimulation of the HDAC1-CoREST complex towards MN by suH4, and

strengthens the case that suH4 may mediate transcriptional repression via a trans effect.
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Figure 4.8. Effect of SUMOylated H4 on HDAC1 activity toward mononucleosomes. a) Western blots showing
the time-course of mononucleosome (MN) deacetylation with HDAC1 or the HDAC1-CoREST/CoREST3A dimeric
complex. H2A signal was a loading control. b) MNs containing H3 K14Ac and suH4 (dark grey) were assayed with
HDAC1. MNs containing wt H4 were assayed with HDAC1 (darkest grey), the HDAC1-CoREST complex (light grey),
or the HDAC1-CoREST3A complex (lightest grey). ¢) MNs containing H3 K14Ac and wt H4 (dark grey) or suH4 (light
grey) were assayed with the HDAC1-CoREST complex. d) MNs containing H3 K14Ac and wt H4 (dark grey) or suH4
(light grey) were assayed with the HDAC1-CoREST3A complex. In (b), (c), and (d), the signal from a H3 K14Ac-
specific antibody in (a) was quantified and normalized to signal from a H2A-specific antibody using NIH ImageJ

software. n = 4, error bars show standard error of the mean. Asterisks denote significance calculated with a student’s
two-tailed t-test, * p < 0.05, ** p < 0.01.
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4.3 Conclusion and outlook

Even decades after the first report of SUMO,”® we are still constantly discovering new insights into its
function, and uncovering new pathways that it regulates. The conservation of SUMO in all eukaryotes
underscores its significance, and due to the diversity of its targets dysregulation of SUMO has been
implicated in pathologies ranging from Alzheimer’s disease to heart disease. 98 |nterestingly, the SUMO
pathway is often upregulated in cancer, which may be explained by its involvement in DNA damage repair

and stress-response pathways.8’

Studying the effect of site-specific SUMO modification in vitro is challenging, because unlike Ub, the small
number of SUMO E3 enzymes identified hampers our ability to enzymatically generate a homogenous
substrate pool. Hence, we utilized a semisynthetic approach to synthesize suH4, developed in Chapters 2
and 3. To understand the role of suH4 in transcriptional repression, we incorporated suH4 containing
octamers into a chromatinized template for in vitro transcription. We observed significant repression that
may be partially HDAC-dependent, and further experimentation will reveal the altered post-translational
modification (PTM) pattern in the presence of suH4. Ongoing experimentation in our lab will determine the
ability of the enzyme p300 to acetylate chromatin in the presence of varying degrees of suH4 occupancy,

and reveal whether the repressive effect is dependent on steric occlusion of the promoter region.

We also performed in vitro deacetylation assays on H3 K14Ac and suH4 containing MN with the HDAC1-
CoREST dimeric complex. Similar to our recent work with the LSD1-CoREST complex,5® we found an
approximately 2-fold increase in deacetylation when CoREST contained a functional SIM. We hypothesize
that this effect is due to a recruitment mechanism that increases the residence time of HDAC1 near the
MN, and thereby increases its local concentration. It will be interesting to also test whether this holds true
for other sites of acetylation, such as H4 K16, either on the same or different histone H4 as SUMO, within
the same MN. Further, cross-talk with SUMO may not be limited to deacetylation, as the NuRD complex,

which has both deacetylase and ATP-dependent nucleosome remodeling activity, contains a SIM in its
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MTA1 subunit.82 Thus, our characterization of the mechanistic relationship between histone SUMOylation
and deacetylation will inform future studies, and we continue to actively pursue the potential cross-talk and

mechanisms by which suH4 mediates transcriptional repression.

4.4 Experimental procedures

4.41 General Methods

Fmoc-Lys(Boc)-Wang resin was purchased from Sigma-Aldrich Chemical Company (St. Louis, MO), and
2-chlorotrityl chloride resin was purchased from AnaSpec (Fremont, CA). Standard Fmoc-L-amino acids
were purchased from EMD Millipore (Billerica, MA), AGTC Bioproducts (Wilmington, MA), or AnaSpec. All
other chemical reagents were purchased from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA). DNA
synthesis and gene sequencing were performed by Integrated DNA Technologies (Coralville, IA) and
Genewiz (South Plainfeld, NJ), respectively. Plasmid mini-prep, PCR purification and gel extraction kits
were purchased from Qiagen (Valencia, CA). 147 bp 601 DNA PCR enzymes and reagents were purchased
from New England BioLabs (Ipswitch, MA). Chitin beads for purification of intein-CBD fusion proteins were
purchased from New England BioLabs. Ni-NTA resin for purification of Hise-tagged proteins was purchased
from Thermo Scientific (Waltham, MA). Anti-FLAG M2 affinity gel was purchased from Sigma-Aldrich. Solid
phase peptide synthesis (SPPS) was performed on a Liberty Blue Automated Microwave Peptide
Synthesizer (CEM Corporation, Matthews, NC). Centrifugal filtration units were from Sartorius (Goettingen,
Germany), Slide-A-Lyzer dialysis cassettes were from Pierce (Rockford, IL), and SpectraPor dialysis
membrane was from Spectrum Labs (Rancho Dominguez, CA). Analytical reversed-phase HPLC (RP-
HPLC) was performed on a Varian (Palo Alto, CA) ProStar HPLC with a Grace-Vydac (Deerfield, IL) C4 or
C18 column (5 micron, 150 x 4.6 mm) employing 0.1% TFA in water (A) and 90% CH3CN, 0.1% TFA in
water (B) as the mobile phases. Typical analytical gradients were 0-73% B over 30 min at a flow rate of 1
mL/min. Preparative scale purifications were conducted on a Grace-Vydac C4 or C18 column (10 micron,
250 x 22 mm) at a flow rate of 9 mL/min. Semi-preparative scale purifications were conducted on a Grace-
Vydac C4 or C18 column (5 micron, 250 x 10 mm) at a flow rate of 3.5 mL/min. Mass spectrometric analysis
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was conducted on a Bruker (Billerica, MA) Esquire ESI-MS instrument. Size-exclusion chromatography was
performed on an AKTA FPLC system (GE Healthcare, Little Chalfont, UK) equipped with a P-920 pump
and UPC-900 monitor. Mononucleosome gels were visualized using a GE Typhoon FLA 9000 Biomolecular
Imager (GE). Blots were visualized using an Odyssey IR Fluorescent Imaging System (LI-COR

Biosciences, Lincoln, NE).

4.4.2 Solid phase peptide synthesis

Synthesis of H:N-H3(1-28, K14Ac)-C(O)NHNH

The peptide Ho2N-ARTKQTARKSTGGK(AC)APRKQLATKAARKS-C(O)NHNHz2 corresponding to the first 28
N-terminal residues of the human histone H3 protein was synthesized by microwave-assisted SPPS on a
0.1 mmol scale employing standard 9-fluorenylmethoxycarbonyl (Fmoc)-based N®-deprotection chemistry.
Briefly, 2-chlorotrityl hydrazine resin was prepared by reacting 2-chlorotrityl chloride resin (1.52 mmol/g) in
a 10% solution of hydrazine in DMF at 30 °C for 30 min.® The reaction was repeated one time with fresh
hydrazine solution. The resin was then treated with a 10% methanol in DMF solution for 10 min to cap any
unreacted sites on the resin. The first amino acid, Ser, was coupled in 4 molar excess. The coupling reaction
containing Fmoc-Ser(t-butyl)-OH (0.4 mmol), O-(6-Chlorobenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium
hexafluorophosphate (HCTU, 0.38 mmol) , and DIEA (0.8 mmol) proceeded for 60 min at 30 °C. From ¢
butyl-serinyl 2-chlorotrityl hydrazine resin each remaining amino acid was coupled in 5 molar excess based
on resin loading. Deprotection of the Fmoc group was achieved by treating resin with 20% piperidine in
DMF for 3 min at 75 °C. Coupling reactions were undertaken for 5 min at 75 °C with a mixture of Fmoc-
amino acid (0.5 mmol), HBTU (0.49 mmol) and DIEA (1.0 mmol) in DMF. For Arg, an additional coupling
reaction was performed for 25 min at 75 °C. The Lys at position 14 was coupled as Fmoc-Lys(Ac)-OH.
Peptide was cleaved and deprotected by reaction of resin at 20 uL/mg with standard cleavage cocktail (TFA:
H20: triisopropylsilane: anisole 92.5:2.5:2.5:2.5 v/v) for 1.5 hours at room temperature, then precipitated
and washed 2 times with cold diethyl ether. Dry peptide was dissolved in RP-HPLC buffer A and purified by

C18 preparative RP-HPLC with a gradient of 0-50% B. This yielded 11% of the peptide H2N-H3(1-28,
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K14Ac)-C(O)NHNH: based on initial resin loading. ESI-MS of H:N-H3(1-28, K14Ac)-C(O)NHNH..

Calculated m/z [M+H]* 3,052.5 Da, observed 3,054.3 + 1.5 Da.

Synthesis of BocHN-H4(1-14)-2-chlorotrityl hydrazine resin

The peptide BocHN-SGRGKGGKGLGKGG-C(O)NHNH:2 corresponding to the first 14 N-terminal residues
of the human histone H4 protein was synthesized by microwave-assisted SPPS on a 0.25 mmol scale
employing standard Fmoc-based N®-deprotection chemistry. The 2-chlorotrity hydrazine resin was prepared
as above. The first amino acid, Gly, was coupled in 4 molar excess. The coupling reaction containing Fmoc-
Gly-OH (1.0 mmol), HCTU (0.95 mmol) , and DIEA (2.0 mmol) proceeded for 60 min at 30 °C. From glycinyl
2-chlorotrityl hydrazine resin each remaining amino acid was coupled in 5 molar excess based on resin
loading. Deprotection of the Fmoc group was achieved by treating resin with 20% piperidine in DMF for 3
min at 75 °C. Coupling reactions were undertaken for 5 min at 75 °C with a mixture of Fmoc-amino acid
(1.31 mmol), HBTU (1.28 mmol) and DIEA (2.75 mmol) in DMF. For Arg, an additional coupling reaction
was performed for 25 min at 75 °C. The Lys at position 12 was orthogonally protected with the ivDde
protecting group. The peptide was protected at the a-NH2 position with the Boc group by reaction with di-

tert-butyl dicarbonate (2.0 mmol) and DIEA (4.0 mmol) in DMF for 2 hours.

Attachment of the ligation auxiliary

Deprotection of the ivDde group was achieved by reacting resin bound peptide with a solution of 5%
hydrazine in DMF for 5 min. This deprotection was repeated three times. The peptidyl resin was then
coupled to bromoacetic acid (8-fold molar excess) with N,N-Diisopropylcarbodiimide (DIC, 8-fold molar
excess) in DMF for 45 min at room temperature. The coupling was repeated once. Subsequently, dry
peptidyl resin was placed in a solution containing 9 equivalents of auxiliary (0.5 M in DMSO) and shaken
for 24 hours at room temperature. The ligation auxiliary O-(2-(tritylthio)ethyl)hydroxylamine was prepared
over 3 steps from N-hydroxyphthalimide as described previously.6” Completion of the displacement was

judged by test cleavage and subsequent ESI-MS analysis. Peptide was cleaved and deprotected by
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reaction of resin at 20 yL/mg with Reagent K (TFA: thioanisole: H20: phenol: 1,2-ethanedithiol 82.5:5:5:5:2.5
v/v)8 for 1.5 hours at room temperature, then precipitated and washed 2 times with cold diethyl ether. Dry
peptide was dissolved in RP-HPLC buffer A and purified by C18 preparative RP-HPLC with a gradient of 0-
50% B. This yielded 9% of the peptide-auxiliary conjugate H4(1-14)2>-C(O)NHNH:2 based on initial resin
loading. ESI-MS of H4(1-14)2x-C(O)NHNH2. Calculated m/z [M+H]* 1,363.6 Da, observed 1,363.8 Da

(Figure 4.9a).

Synthesis of 3xFLAG

The peptide H2N-MDYKDHDGDYKDHDIDYKDDDDK-C(O)OH (3xFLAG) was synthesized by microwave-
assisted SPPS on a 0.1 mmol scale employing standard Fmoc-based N¢deprotection chemistry. From
Fmoc-Lys(Boc)-Wang resin (0.4-0.6 mmol/g) each remaining amino acid was coupled in 5 molar excess
based on resin loading. Deprotection of the Fmoc group was achieved by treating resin with 20% piperidine
in DMF for 3 min at 75 °C. Coupling reactions were undertaken for 5 min at 75 °C with a mixture of Fmoc-
amino acid (0.5 mmol), HBTU (0.49 mmol) and DIEA (1.0 mmol) in DMF. Peptide was cleaved and
deprotected by reaction of resin at 20 yL/mg with standard cleavage cocktail (TFA: H20: triisopropylsilane:
anisole 92.5:2.5:2.5:2.5 v/v) for 1.5 hours at room temperature, then precipitated and washed 2 times with
cold diethyl ether. Dry peptide was dissolved in RP-HPLC buffer A and purified by C18 preparative RP-
HPLC with a gradient of 0-40% B. This yielded 19% of the peptide 3xFLAG based on initial resin loading.

ESI-MS of 3xFLAG. Calculated m/z [M+H]* 2,861.9 Da, observed 2,863.3 + 3.0 Da (Figure 4.10).

4.43 Molecular cloning of H3 K14C, C110A and H3(29-135)A29C, C110A

The plasmid pET3a-hH3 C110A, containing the human H3 gene with C110A mutation, was used to
generate the plasmid pET3a-hH3 K14C, C110A. The plasmid pET15b-Hise-[TEV]-H3(7-135)A7C, C110A,
containing the truncated human histone H3 gene with a Tobacco Etch Virus (TEV) protease cleavage
sequence between the Hise tag and the N-terminus of H3,%° was used to generate the plasmid pET15b-

Hise-[TEV]-H3(29-135)A29C, C110A, which lacks the first 28 residues of histone H3 and bears the mutation
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A29C. The modified plasmids were prepared from template by site-directed mutagenesis (QuikChange Kit,

Agilent Technologies, Santa Clara, CA) with the following primers:

Primer DNA Sequence (5'- to -3')

hH3(29-135)A29C-FP CCGGCTACCGGCGGCGTGAAAAAG

hH3-RP GCACTGGAAGTACAGGTTTTCCATATGGCTGCC

hH3-K14C-FP CAGACGGCTCGGAAATCCACCGGCGGTTGCGCGCCACGCAAGCAGC
TGGCTACCAAG

hH3-K14C-RP CTTGGTAGCCAGCTGCTTGCGTGGCGCGCAACCGCCGGTGGATTTCC
GAGCCGTCTG

The desired gene sequences were confirmed by sequencing with the T7 forward primer (Genewiz).

4.4.4 Overexpression and purification of TEV protease

E. coli BL21(DE3) cells containing the plasmid pRK793-Hise-TEV34 were grown in 1 L LB supplemented
with 100 pg/mL of Ampicillin at 37 °C with shaking at 250 rpm until ODeoo ~0.6. Overexpression was induced
by the addition of 0.3 mM IPTG and cells were grown for an additional 6 h at 25 °C. The cells were harvested
by centrifugation at 7,000xg for 15 min. The cell pellet was resuspended in 15 mL lysis buffer: 20 mM tris,
150 mM NaCl, pH 7.2. Cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The lysate
supernatant was passed through a 0.45 pm filter then applied to ~5 mL Ni-NTA column pre-equilibrated
with lysis buffer. Proteins were bound to the column over a period of 3 h at 4 °C. The column was then
washed thoroughly with lysis buffer containing 200 mM imidazole. Hise-TEV was eluted with lysis buffer
containing 500 mM imidazole, and dialyzed into 4 L of 20 mM tris, 150 mM NaCl, 1 mM DTT, pH 7.5 for 18

hat4°C.

4.4.5 Overexpression and purification of H3(29-135)A29C, C110A and H4(15-102)A15C
E. coli BL21(DE3) cells containing pET15b-Hise-[TEV]-H4(15-102)A15C or pET15b-Hise-[TEV]-H3(29-
135)A29C, C110A were grown in 3 L 2xYT (yeast extract, tryptone) medium supplemented with 100 pg/mL

of Ampicillin at 37 °C with shaking at 250 rpm until ODeoo reached ~0.6. Overexpression was induced by
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the addition of 0.3 mM IPTG and cells were grown for an additional 1.5 h at 37 °C. The cells were harvested
by centrifugation at 7,000xg for 15 min. H4(15-102)A15C and H3(29-135)A29C, C110A were purified using
a previously established protocol.58 Cells were resuspended in wash buffer (20 mM tris, 200 mM NaCl, 1
mM EDTA, 1 mM 2-mercaptoethanol, pH 7.5, 1% triton X-100) and lysed by sonication on ice. Inclusion
bodies were pelleted by centrifugation at 20,000xg for 20 min and washed twice with wash buffer. Inclusion
bodies were then dissolved in extraction buffer (6 M Gn-HCI, 20 mM tris, 1 mM 2-mercaptoethanol, pH 7.5)
and applied to Ni-NTA resin. Column binding proceeded overnight at 4 °C, after which the resin was washed
with 10 CV extraction buffer containing 25 mM imidazole. The protein was eluted with 3 x 1 CV extraction
buffer containing 400 mM imidazole, then dialyzed into water containing 1 mM DTT. After dialysis, 10x
cleavage buffer was added for final concentrations of 50 mM tris, 1 mM EDTA, 10 mM DTT, 10 mM L-
cysteine, pH 6.9. Purified TEV protease was added to 20% of the final volume, and the cleavage reaction
proceeded overnight at 37 °C. The reaction was then dialyzed back into extraction buffer, incubated
overnight at 4 °C with Ni-NTA resin to remove the Hise-tagged TEV protease and cleaved H3 or H4 N-
terminal Hise-tag, and the column flow-through containing H3(29-135)A29C, C110A or H4(15-102)A15C
purified by C4 preparative RP-HPLC employing a gradient of 30-80% B (H3) or 40-70% B (H4) over 60 min.
Typical yields were 3-4 mg/L of cell culture. ESI-MS of H3(29-135)A29C, C110A. Calculated m/z [M+H]*
12,277.7 Da, observed 12,282.3 + 7.1 Da. ESI-MS of H4(15-102)A15C. Calculated m/z [M+H]* 10,071.8

Da, observed 10,075.3 + 4.8 Da (Figure 4.9b).

4.4.6 Overexpression and purification of SUMO-3(2-91)C47S-MES

E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-SUMO-3(2-91)C47S. Cells were grown
in 6 L Luria-Bertani medium supplemented with 100 ug/mL of Ampicillin at 37 °C with shaking at 250 rpm
until ODeoo ~0.6-0.8. Overexpression was induced by the addition of 0.3 mM IPTG and cells were grown for
an additional 4 h at 25 °C. The cells were harvested by centrifugation at 7,000xg for 15 min. The cell pellet
was resuspended in lysis buffer: PBS, pH 7.2 containing 1 mM 2-mercaptoethanesulfonic acid sodium salt

(MESNa). Cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The lysate supernatant
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was passed through a 0.45 um filter then applied to a 30 mL chitin column pre-equilibrated with lysis buffer.
Proteins were bound to the column over a period of 12 h at 4 °C. The column was then washed with 20
column volumes (CV) of lysis buffer followed by 2 CV of PBS, pH 7.75. SUMO-3(2-91)C47S-MES was
cleaved from its intein-CBD fusion by incubation with 1.5 CV of PBS, pH 7.75 containing 100 mM MESNa
for 72 h at 4 °C. The eluted a-thioester was purified by C18 preparative RP-HPLC employing a gradient of
30-60% B over 60 min. Fractions containing the desired thioester were identified by ESI-MS. We observed

that the N-terminal Met of SUMO-3 is consistently processed in vivo, leading to the SUMO-3(2-91)-a-

thioester product. Typical yield is 4-5 mg/L of cell culture. ESI-MS for SUMO-3(2-91)C47S-MES. Calculated

m/z [M+H]* 10,444.7 Da, observed 10,445.8 + 3.6 Da.

4.4.7 Expressed protein ligation of H4(1-14)@").C(O)NHNH. and SUMO-3(2-91)C47S-MES

Purified H4(1-14)@x)-C(O)NHNH2 (15.6 mg, 11.6 pmol) and SUMO-3(2-91)C47S-MES (20.1 mg, 1.9 ymol)
were dissolved in 7.2 mL of a buffer consisting of 6 M Gn-HCI, 100 mM Na2HPO4, and 10 mM TCEP, pH
7.3. Ligation proceeded with gentle shaking at 25 °C for 24 h. Ligation product was purified by C18
preparative RP-HPLC employing a gradient of 25-50% B over 60 min to give 12.6 mg (56%). ESI-MS of
H4(1-14)8u(C47S)aux)-C(O)NHNHz2. Calculated m/z [M+H]* 11,666.1 Da, observed 11,667.4 + 3.4 Da (Figure

4.9¢).

4.4.8 Zn mediated auxiliary removal from H4(1-14)Su(C47S)aux)_C(O)NHNH_

Metallic Zn was freshly activated by stirring in a solution of 5% HCI for 5 min followed by washing with water,
ethanol, and diethyl ether, and dried over vacuum. Zn powder (1 g) was added to 9 mL of degassed 6 M
Gn-HCI, pH 3 containing 9.3 mg purified H4(1-14)8u(C478)auxx).C(O)NHNH2. Degassing was accomplished by
3 freeze-thaw cycles under Ar. The reduction proceeded at 37 °C under Ar with gentle shaking for 24 h.
The reaction mixture was briefly centrifuged at 13,000 rpm to pellet Zn, and supernatant containing reduced
products was removed. The pelleted Zn was washed twice with 0.5 mL of 6 M Gn-HCI, 50 mM EDTA, pH

3. The combined supernatant and washes were purified by C18 semi-preparative RP-HPLC with a gradient
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of 25-50% B over 45 min to give 5.5 mg of reduced product (60%). ESI-MS of H4(1-14)SuC478)-.C(O)NHNH:.

Calculated m/z [M+H]* 11,589.9 Da, observed 11,591.4 £ 3.9 Da (Figure 4.9d).

4.4.9 Expressed protein ligation of H4(1-14)S"(C47S).C(O)NHNH; and H4(15-102)A15C

Ligation was accomplished by first converting the C-terminal hydrazide of H4(1-14)Su(C478).C(O)NHNH: to
an acyl azide with NaNO: via the diazotization reaction, as described previously.8 Subsequent addition of
4-mercaptophenylacetic acid (MPAA) served to both quench the remaining NaNO2 and generate a highly
reactive C-terminal thioester for the ligation reaction. Purified H4(1-14)Su(C47S)-C(O)NHNH: (5.5 mg, 0.474
pmol) was dissolved at 1 mM in 200 mM NazHPO4, 6 M Gn-HCI, pH 3, and kept at -20 °C for a minimum of
20 min. To this solution was added 3.8 yL of a 500 mM solution of NaNO: in water. The reaction was briefly
mixed, then kept at -20 °C for 15 min. Then, a solution of H4(15-102)A15C (14.3 mg, 1.42 ymol) dissolved
at 1.25 mM in 200 mM Naz2HPO4, 6 M Gn-HCI, 200 mM MPAA, pH 6.5, was added to the reaction. The
mixture was brought to room temperature, and the pH adjusted with 3 M NaOH to 6.8-7.0. The ligation
reaction proceeded with gentle shaking at 25 °C for 24 h. Ligation product was purified by C18 semi-
preparative RP-HPLC employing a gradient of 30-70% B over 45 min to give 3.5 mg (28%). ESI-MS of

H4(A15C)Su(C478), Calculated m/z [M+H]* 21,628.7 Da, observed 21,634.0 £ 9.1 Da (Figure 4.9¢).

4.410 Expressed protein ligation of H3(1-28, K14Ac)-C(O)NHNH: and H3(29-135)A29C, C110A

Ligation was accomplished by first converting the C-terminal hydrazide of H3(1-28, K14Ac)-C(O)NHNH: to
an acyl azide with NaNO: via the diazotization reaction, as described previously.8® Purified H3(1-28,
K14Ac)-C(O)NHNH: (6 mg, 1.97 umol) was dissolved at 5.3 mM in 200 mM NazHPO4, 6 M Gn-HCI, pH 3,
and kept at -20 °C for a minimum of 20 min. To this solution was added 84 uL of a 500 mM solution of
NaNO: in water. The reaction was briefly mixed, then kept at -20 °C for 15 min. Then, 400 uL of solution
containing 800 mM MPAA, 200 mM Naz2HPO4, 6 M Gn-HCI, pH 6.5, at -20 °C, was added to the reaction.
Immediately following this addition, 422 uL of a solution containing H3(29-135)A29C, C110A (6 mg, 0.49

pmol) dissolved at 1.2 mM in 200 mM NazHPO4, 6 M Gn-HCI, pH 6.5, was added to the reaction. The
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mixture was brought to room temperature, and the pH adjusted with 3 M NaOH to 6.8-7.0. The ligation
reaction proceeded with gentle shaking at 25 °C for 24 h. Ligation product was purified by C18 semi-
preparative RP-HPLC employing a gradient of 35-70% B over 45 min to give 2.2 mg (29%). ESI-MS of

H3(1-135, K14Ac)A29C, C110A. Calculated m/z [M+H]* 15,298.8 Da, observed 15,301.7 + 3.8 Da.

4.4.11 Desulfurization of H3(1-135, K14Ac)A29C, C110A and H4(A15C)Su(c479)

Purified H3(1-135, K14Ac)A29C, C110A or H4(A15C)SuC478) was dissolved at 90 yM in 100 mM Naz2HPOa,
6 M Gn-HCI, 500 mM TCEP, 100 mM MESNa, pH 7.5. To this solution was added 2-methyl-2-propanethiol
to a concentration of 280 mM and radical initiator 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044) to a concentration of 10 mM. The reaction was incubated at 37 °C for 24 h, and the product purified
by C18 analytical RP-HPLC employing a gradient of 35-70% B (H3) or 30-70% B (H4) over 30 min to give
89% and 71%, respectively. ESI-MS of H3(1-135, K14Ac)C110A (H3 K14Ac). Calculated m/z [M+H]*
15,266.8 Da, observed 15,272.1 + 7.0 Da. ESI-MS of H4S5u(C478) (suH4). Calculated m/z [M+H]* 21,596.7

Da, observed 21,602.9 + 5.5 Da (Figure 4.9f).

4.4.12 Overexpression and purification of H2A, H2B, H3 C110A, H3 K14C C110A, and H4

Full-length human histone genes in the pET3a vector were a generous gift from Dr. Peter Moyle at the
University of Queensland, Australia: hH2A 2-A (HIST2H2AA3), hH2B (HIST1H2BK), hH3 C110A
(HIST2H3C), and hH4 (HIST1H4c). hH3 K14C C110A was cloned from hH3 C110A vector as described
above. E. coli BL21(DE3) cells containing a pET3a-histone plasmid were grown in 6 L of 2xYT medium at
37 °C until ODsoo reached ~0.6-0.8. Protein expression was induced by the addition of 0.3 mM IPTG, and
cells were grown for an additional 2.5 h at 37 °C. Cells were harvested by centrifugation at 7,000xg,
resuspended in 50 mM tris,150 mM NaCl, pH 7.5, and lysed by sonication on ice. The lysate was centrifuged
at 20,000xg to separate insoluble inclusion bodies containing histone protein. Histones were extracted with
buffer containing 6 M Gn-HCI, 10 mM tris, pH 7.5. The solubilized histones were purified away from other

proteins and cellular debris by size exclusion chromatography on a Superdex S-200 column. Fractions
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containing the desired histones were identified by 15% SDS-PAGE analysis. Proteins were further purified
to homogeneity by RP-HPLC (Figure 4.11).

ESI-MS of H2A. Calculated m/z [M+H]* 13,961.2 Da, observed 13,968.0 £ 6.1 Da.

ESI-MS of H2B. Calculated m/z [M+H]* 13,759.9 Da, observed 13,763.1 + 4.5 Da.

ESI-MS of H3 C110A. Calculated m/z [M+H]* 15,225.7 Da, observed 15,229.2 + 3.8 Da.

ESI-MS of H3 K14C C110A. Calculated m/z [M+H]* 15,199.7 Da, observed 15,203.0 + 2.8 Da.

ESI-MS of H4. Calculated m/z [M+H]* 11,237.1 Da, observed 11,239.1 + 3.4 Da.

4.413 Synthesis of H3 K14sAc

Performed a thiol-ene ‘click’ reaction between Cys at position 14 of H3 K14C, C110A to mimic an
acetyllysine residue. Dissolved H3 K14C, C110A at 0.125 mM in 6 M Gn-HCI, 200 mM NaOAc, 15 mM L-
glutathione, 50 mM N-vinylacetamide, pH 5. Freeze-thaw degassed thrice under argon atmosphere, then
added dimethylsulfide to 100 mM, and radical initiator VA-044 to 50 mM. Incubated at 37 °C for 2.5 h, then
purified by C4 analytical RP-HPLC employing a gradient of 15-80% B over 30 min to give H3 K14sAc in

16% yield. ESI-MS of H3 K14sAc. Calculated m/z [M+H]* 15,284.8 Da, observed 15,287.3 £ 2.6 Da.

4.414 H3 K14sAc detection by commercial a-H3K14Ac antibodies

Generated hyperacetylated H3 C110A as a positive control for immunodot assays. Dissolved 1 mg of H3
C110A in 450 pL of 1 M NH4OAc, 8 M urea, 100 mM NH4HCO3, pH 8. Added 50 uL acetic anhydride,
nutated at 25 °C for 1 h, then purified by C4 analytical RP-HPLC employing a gradient of 35-70% B over
30 min. ESI-MS of H3(xAc) C110A. Observed m/z [M+H]* 15,813, 15,855, and 15,897 Da, corresponding

to 14-16 acetylation events (Figure 4.12).

Protein samples were dissolved at 51.2 uM in buffer containing 8 M urea, 100 mM Naz2HPO4, 10 mM tris,
pH 8, then 1 uL was spotted onto nitrocellulose membrane (0.2 uym, Bio-Rad) and let dry completely.

Membranes were blocked in 5% nonfat dry milk powder in PBST buffer for 1 h at room temperature, then
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incubated for 1 h at room temperature in 5% nonfat dry milk powder in PBST buffer containing primary a-
H3K14Ac antibody (Abcam 52946, 1:2500 dilution; or Active Motif 11709001, 1:5000 dilution). Membranes
were subsequently washed and incubated with goat a-rabbit secondary antibody (LI-COR 926-32211) at
1:15,000 dilutions in PBST buffer containing 4% nonfat dry milk powder for 1 h at room temperature.

Membranes were then washed and visualized by IR fluorescence.

4.415 Overexpression and purification of COREST and CoREST3A

The pET28b-Hiss-CoREST and pET28b- Hise-CoREST3A plasmids containing the human CoREST1 gene
(RCORT1) were a kind gift from Dr. Grace Gill.#" For protein overexpression, E. coli BL21(DE3) plasmid-
containing cells were grown at 37 °C in 2xYT medium containing 25 pug/mL kanamycin to an ODsoo of 0.5,
then cooled at 16 °C for 1 h. Protein expression was induced by the addition of 0.2 mM IPTG to the growth
media and the cells allowed to grow at 16 °C for 6 h. At the end of the induction period, the cells were
harvested by centrifugation at 7,000xg, resuspended in 50 mM Tris, 500 mM NacCl, 20 mM imizadole, 0.2
mM phenylmethylsulfonyl fluoride (PMSF), 10% glycerol, pH 8, and lysed by sonication on ice. The lysate
was the centrifuged at 20,000xg and the supernatant passed through a 0.45 ym filter and applied to 10 mL
Ni-NTA resin. Lysate was incubated with the column at 4 °C for 1.5 h, after which the column was washed
with 10 CV (column volumes) lysis buffer containing 25 mM imidazole and 0.1% Triton X-100. The column
was further washed with 5 CV buffer containing 100 mM imidazole. Hise-CoOREST or Hise-CoREST3A was
eluted with 4 CV buffer containing 250 mM imidazole. Elution fractions were analyzed on a 12% SDS-PAGE
gel, and pure fractions dialyzed against 50 mM HEPES, 300 mM NaCl, 10% glycerol, pH 8, for 3 h at 4 °C.
After dialysis, samples were concentrated with 30,000 MWCO centrifugal concentrators at 4 °C.
Concentration was determined by comparing the band intensity of Hise-CoREST or Hise-CoOREST3A on a
Coomassie-stained 12% SDS-PAGE gel relative to BSA standards of known concentration (Figure 4.13).
4.4.16 Purification of HDAC1

The human HDAC1 gene with C-terminal FLAG tag and downstream IRES and GFP coding sequence was

transduced by lentiviral vector into HEK293F suspension cells. After confirming GFP expression by flow
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cytometry, cell cultures were expanded and cells harvested. HDAC1 was purified as previously reported,
with some modifications.t' Cells were resuspended at 100 mg/mL in lysis buffer containing 20 mM tris, 500
mM KCI, 5 mM MgClz, 1 mM PMSF, 0.1% IGEPAL CA-630, 1x protease inhibitor cocktail (Roche), 10%
glycerol, pH 7.4. The cell suspension was frozen on dry ice, thawed in a room temperature water bath, and
nutated for 30 min at 4 °C. The lysate was clarified by centrifuging at 13,000 rpm for 30 min at 4 °C. The
supernatant was applied to a column of 0.4 mL anti-FLAG M2 agarose resin per 1 mL lysate, then the
column nutated with lysate at 4 °C for 2 h. The column was then washed with 10 CV lysis buffer, followed
by 4 CV elution buffer containing 20 mM tris, 150 mM KCI, 5 mM MgClz, 1 mM PMSF, 0.1% IGEPAL CA-
630, 10% glycerol, pH 7.4. Following wash steps, 3 CV of elution buffer containing 0.8 mg/mL 3xFLAG
peptide was added to the column, and the column was nutated at 4 °C for 1.5 h. Eluate was collected from
the column, and a 10,000 MWCO centrifugal concentrator used to exchange buffer to 50 mM HEPES, 150
mM KCI, 10% glycerol, pH 8, and finally to concentrate the sample. Western blot with HDAC1-specific
primary antibody confirmed identity of the eluted protein. Concentration was determined by comparing the
band intensity of HDAC1-FLAG on a Coomassie-stained 12% SDS-PAGE gel relative to BSA standards of
known concentration. Activity was confirmed with the Fluor de Lys HDAC fluorometric activity assay (Enzo

Life Sciences, Inc, Farmingdale, NY) (Figure 4.14).

HDAC1 was purified from eukaryotic cell culture rather than bacterial culture due to previous reports
indicating little protein in the soluble fraction, and little enzymatic activity, when purified from E. coli.8586
However, purification from human cells introduces the risk that other HDAC1-binding proteins, including
enzymes, may be co-purified.8® Extensive and stringent washes were included in the purification, and
western blot performed to detect LSD1 and CoREST (Figure 4.15). In a blot containing 0.25 yg of HDAC1,
only trace signals from LSD1 and CoREST were detected. In assays with mononucleosomes (MNs),
however, western blotting for histone H4 revealed deSUMOylation activity over the course of the assay
(Figure 4.16a). We considered that trace amounts of a deSUMOylating enzyme (SENP) may be present,

as HDAC1 is known to interact with SENP1.87 Reaction of 0.5 uM purified HDAC1 with 1 yM of a SUMO-3
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C-terminal 7-amido-4-methylcoumarin derivative (SUMO-3 AMC, Boston Biochem) in MN assay buffer
revealed a moderate amount of SENP activity (Figure 4.16b). SENP2 catalytic domain (Boston Biochem)
was included as a control. Purified HDAC1 was treated with 1 mM N-ethylmaleimide (NEM) at room
temperature for 5 min, after which NEM was quenched by the addition of 100 mM DTT. NEM and DTT were
removed by buffer exchange in a 10,000 MWCO centrifugal concentrator, then reduced SENP activity
confirmed by reaction with SUMO-3 AMC and suH4 containing MNs (Figure 4.16¢). HDAC1 deacetylation

activity was re-confirmed by Fluor de Lys assay, and by reaction with suH4 containing MNs.

Western blots (excluding MN assays, described below) were performed with the following conditions.
Samples were run on 12% SDS-PAGE gels and proteins subsequently transferred to Immunoblot PVDF
membrane (0.2 ym, Bio-Rad) for 90 min at 100 V and 4 °C, in blot buffer (3 g tris, 14.4 g glycine, 100 mL
methanol per 1 L). Membranes were blocked in 5% BSA in PBS buffer for 1 h at room temperature, then
incubated for 1 h at room temperature in 5% BSA in PBST buffer containing primary antibody. Membranes
were washed and incubated with secondary antibody in PBST buffer containing 4% BSA for 1 h at room
temperature, then washed and visualized by IR fluorescence.

o-HDAC1 (Active Motif 40967), 1:2000

a-CoREST (EMD Millipore 07-55), 1:4000

a-LSD1 (EMD Millipore ABE365), 1:4000

a-H4 (Abcam 10158), 1:4000

a-rabbit-IRDye CW800 (LI-COR 926-32211), 1:15,000

4.417 Histone octamer formation

Histone octamers were assembled as previously reported, excluding reducing agents.% Each of the four
core histones was dissolved at ~4 mg/mL in an unfolding buffer containing 7 M Gn-HCI, 20 mM tris, pH 7.5.
Exact concentration was determined using the 280 nm extinction coefficients: H2A, € = 4470 M-'cm-; H2B,

€ =7450 M-'cm'; H3 C110A, € = 4470 M-'cm™'; H3 K14Ac, £ = 4470 M-'cm"; H4, £ = 5960 M-'cm'; suH4,
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€ = 7450 M-'cm-'. Histones were mixed in equimolar amounts and the resulting mixture dialyzed with a 3500
MWCO dialysis cassette into refolding buffer (3 x 1 L) containing 2 M NaCl, 10 mM tris, 1 mM EDTA, pH
7.5. Crude octamers were concentrated with 10,000 MWCO centrifugal concentrators at 4 °C, then purified
by size exclusion chromatography on a Superdex S-200 column. Fractions containing pure histone
octamers were identified by 15% SDS-PAGE, then combined and concentrated with 10,000 MWCO
centrifugal concentrators at 4 °C. Octamer concentration was determined with the 280 nm extinction
coefficients: wild-type, € = 44,700 M-'cm-'; suH4, € = 47,680 M-'cm'; H3K14Ac, ¢ = 44,700 M-'cm™;
H3K14Ac/suH4, € = 47,680 M-"cm-'. Glycerol was added to 10% of the total volume, and samples flash-

frozen and stored at -80 °C until use (Figure 4.17).

4.4.18 Generation of 147 bp 601 DNA

The 147 bp 601 DNA® was amplified by PCR with the following primers:

Primer DNA Sequence (5'- to -3')
1_147_601-FP CTGGAGAATCCCGGTGCCGAGG
1_147_601-RP ACAGGATGTATATATCTGACACG

CTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTC
TAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGC
CAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATC
CTGT

1_147_601 PCR product

The PCR product was purified using a QIAquick PCR purification kit, eluted in sterile water, and
concentrated using a 10,000 MWCO centrifugal concentrator. Concentration of the DNA was calculated

with the 260 nm extinction coefficient € = 2.7845 uM-'cm-".

4.419 Mononucleosome assembly

Pure histone octamers and 147 bp 601 DNA were combined in 10 yL of a high-salt refolding buffer
consisting of 2 M KCI, 50 mM HEPES, pH 8, to a final concentration of 4.2 yM in each. After incubation at
37 °C for 15 min, samples were transferred to 30 °C, and a volume of 50 mM HEPES, pH 8 dilution buffer
was added every 15 min in the following order: 3.3, 6.7, 5, 3.6, 4.7, 6.7, 10, 30, and 20 yL. MN were
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incubated at 30 °C for 15 min following the final dilution, then stored on ice until use. MN were analyzed by

5% TBE gel run at 135 V for 30 min and stained with ethidium bromide.

4.4.20 Mononucleosome deacetylation assays

HDAC1 and CoREST were combined at 2.1 uM each in buffer containing 50 mM HEPES, 14 mM KCI, 163
mM NaCl, 0.2 mM DTT, 7% glycerol, pH 8, and incubated on ice for 25 min. HDAC1/CoREST solution was
then combined with H3 K14Ac-containing MN for final concentrations of 200 uM MN, and 800 pM each of
HDAC1 and CoREST, in reaction buffer composed of 50 mM HEPES, 100 mM KCI, 63 mM NacCl, 0.15 mM
DTT, 3% glycerol, pH 8. Reactions were incubated at 25 °C. At each time point, 15 yL was removed and
quenched by adding 3 yL of 6x Laemmli dye containing 300 mM DTT and 6 mM sodium butyrate, and
boiling for 2 min. Samples were run on 15% SDS-PAGE gels at 200 V for 50 min, then transferred to
Immunoblot PVDF membranes (0.2 ym, Bio-Rad) for 16 h at 35 V and 4 °C, in SDS-Towbin buffer (800 mg
SDS, 3 g tris, 14.4 g glycine, 100 mL methanol per 1 L). Membranes were blocked in 5% BSA in PBS buffer
for 6 h at 4 °C, then incubated overnight at 4 °C in 5% BSA in PBST buffer containing primary a-H2A
antibody (Abcam 88770, lot #GR197571-1) at 1:2500 and primary a-H3K14Ac antibody (Abcam 52946, lot
#GR149741-17) at 1:1000 dilutions. Membranes were subsequently washed and incubated with goat a-
rabbit-IRDye CW800 secondary antibody (LI-COR 926-32211, lot #C60321-05) at 1:15,000 dilutions in
PBST buffer containing 4% BSA for 1 h at room temperature. Membranes were then washed and visualized
by IR fluorescence (Figure 4.18). H3K14Ac signal was normalized to H2A loading control signal, and

quantified using NIH ImageJ software.88

4.4.21 In vitro transcription assays
Recombinant ACF1, ISWI, NAP1 GAL4-VP16, and p300 were purified as described previously.”2 In vitro
transcription assays were performed as described previously.”® Template DNA consisted of a pUC18 vector

into which a G-less cassette under control of the adenoviral major late core promoter was inserted, with 5
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copies of the GAL4 upstream activator sequence. Structural analysis of chromatinized template was

performed by micrococcal nuclease digestion.”

4.5 Product characterization and supplemental data
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Figure 4.9. Synthesis of suH4. ESI-MS of purified products of each step in suH4 synthesis. a) H4(1-14)@w-

C(O)NHNHz. b) H4(15-102)A15C. c) H4(1-14)SUC47S)a_C(O)NHNH2. d) H4(1-14)SUC47S-C(O)NHNHz.  e)
H4(A15C)SUCATS)  f) H4SU(CATS) (suH4).

173



1800

+3
2
]
c
&
£ +2
+4
. | aki, - -
200 600 1000 1400
Mass (m/z)

Figure 4.10. Purification of 3xFLAG peptide. ESI-MS of purified 3xFLAG peptide.
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Figure 4.11. Purification of human histones. a) ESI-MS of purified H2A. b) ESI-MS of purified H2B. c) ESI-MS of
purified H3 C110A. d) ESI-MS of purified H3 K14C, C110A. e) ESI-MS of purified H4.
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Figure 4.12. Purification of hyperacetylated H3. ESI-MS of purified H3 (xAc) C110A, where x = 14-16 acetylation
events.
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Figure 4.13. Purification of full-length COREST. Coomassie-stained 12% SDS-PAGE gel of Ni-NTA column fractions

from CoREST purification. Lane 1: column flow-through. Lanes 2-3: 50 mM imidazole washes. Lanes 4-6: 100 mM
imidazole washes. Lanes 7-12: 250 mM imidazole elution fractions.
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Figure 4.14. Purification of full-length HDAC1. a) Coomassie-stained 12% SDS-PAGE gel of anti-FLAG column
fractions. EB = elution buffer. b) Western blot for HDAC1 in the 3xFLAG elution fraction.

kDa

100—
75—

1
u

50 —

37—

25—
Coomassie a-CoREST a-LSD1

Figure 4.15. Purified HDAC1 contains minimal CoREST and LSD1. Coomassie-stained 12% SDS-PAGE gel (left)
of 0.25 pg of purified HDAC1, and western blots of the same sample for COREST and LSD1.
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Figure 4.16. SENP activity in purified HDAC1. a) Western blot detecting H3 K14Ac and H4, showing the time course
of H3 K14Ac and suH4-containing mononucleosome deacetylation by HDAC1. b) Time course of 7-amido-4-
methylcoumarin release from SUMO-3 AMC, monitored by fluorescence at 380/460 nm ex/em, in the presence of no
additives (green), HDAC1 (red), or SENP2 catalytic domain (blue). Also monitored HDAC1 with no probe present
(yellow). c) Western blot detecting H3 K14Ac and H4, showing the time course of H3 K14Ac and suH4-containing
mononucleosome deacetylation by HDAC1 with or without prior N-ethylmaleimide (NEM) treatment.
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Figure 4.17. Size exclusion chromatogram of histone octamer formation. Typical chromatogram of crude, refolded
histone octamer purification by size exclusion chromatography, monitored by absorbance at 214 nm. Histone octamers
elute from a 24 mL Superdex S-200 column, run at 0.4 mL/min, at approximately 11 mL.
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Figure 4.18. Time course of mononucleosome deacetylation by HDAC1. Western blots detecting H3 K14Ac and
H2A, showing the time course of H3 K14Ac and wt or suH4-containing mononucleosome deacetylation by HDAC1.
H2A was a loading control. a) Deacetylation of MN containing wt H4 by HDAC1. b) Deacetylation of MN containing
suH4 by HDAC1. c) Deacetylation of MN containing wt H4 by the HDAC1-CoREST complex. d) Deacetylation of MN
containing wt H4 by the HDAC1-CoREST3A complex. e) Deacetylation of MN containing suH4 by the HDAC1-CoREST
complex. f) Deacetylation of MN containing suH4 by the HDAC1-CoREST3A complex.
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