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Histone post-translational modifications (PTM) within chromatin control many DNA-templated
cellular processes, from DNA damage repair pathways to gene transcription. In order to
understand the influence of PTM on these important processes and their associated regulatory
enzymes, my graduate work in the Chatterjee research group at the University of Washington
has focused on developing chemical techniques for the synthesis of full-length and sitespecifically modified proteins. The biophysical and biochemical impacts of histone modification
by the small ubiquitin-like modifier (SUMO) family of proteins in particular are poorly understood.
Early studies associated histone H4 sumoylation with gene repression, but offered little insight
into the precise mechanisms underlying this repression. Therefore, this thesis focuses on
investigating mechanisms by which SUMO may control gene function. Toward this goal, I have
synthesized numerous methylated and acetylated N-terminal histone peptides and full-length
histone proteins to assess how sumoylation modulates the activity of lysine specific

i

demethylase 1 (LSD1) and histone deacetylase 1 (HDAC1) complexes associated with gene
silencing.

The Chatterjee lab has previously developed a new approach for the semisynthesis of sitespecifically sumoylated histone H4 (suH4) by using a 2-(aminooxy)ethanethiol-mediated
expressed protein ligation strategy. During the development of the 2-(aminooxy)ethanethiol
ligation method, it was serendipitously discovered that ligation products still bearing the ligation
handle undergo reverse native chemical ligation (NCL) in thiol-containing buffers, resulting in
isolable C-terminal α-thioesters. I have harnessed this observation in the development of a
novel, robust and multifaceted technique using the C-terminal mercaptoethoxyglycinamide
(MEGA) handle to synthesize valuable C-terminal peptide α-thioesters and cyclic peptides
(Chapter 2). Optimized conditions allow for peptide thioesterification using most amino acids at
the C-terminal position under mild conditions, and I have demonstrated compatibility with a wide
range of peptide lengths. The MEGA approach is also amenable to one-pot NCL reactions by
introducing a N-terminal cysteine containing peptide, and is ideally suited for the synthesis of
cyclic peptides via intramolecular NCL.

Semisynthetic strategies developed by our lab have allowed assembly of simultaneously
methylated, acetylated and sumoylated mononucleosome substrates for evaluating the effect of
suH4 on chromatin-modifying enzymatic activity. Specifically, I have harnessed these new
methodologies to demonstrate that suH4 stimulates the activity of the transcriptionally
repressive enzymes LSD1 and HDAC1 when complexed with the scaffolding protein, corepressor of RE1 silencing transcriptional factor 1 (CoREST1). I have demonstrated that suH4
stimulates the enzymatic activity of the HDAC1-CoREST1 sub-complex towards both monoand polyacetylated nucleosomes relative to nucleosome containing wild-type H4 (Chapter 3).
This stimulation was dependent on the interaction between SUMO and the intact nonii

consensus-SUMO interacting motif (ncSIM) within CoREST1. Given the importance of the
CoREST1-ncSIM interaction, we have further employed 2D-NMR strategies to map the
important interacting residues in SUMO and quantify the binding interaction for the first time.
These interactions provide new therapeutic targets in diseases arising from the misregulation of
gene function.

I have also sought to more completely characterize the substrate specificity of LSD1 and to
explore the effect of suH4 on LSD1-CoREST1 sub-complex activity (Chapter 4). My efforts have
demonstrated that the acetylation state in H3 tail peptides finely tunes LSD1 activity towards its
primary substrate, methylated H3K4 (H3K4me1/2). To corroborate these findings in the context
of mononucleosomes and to assess LSD1 kinetic changes imparted by suH4 I have developed
a high-throughput 384-well microplate-based demethylation assay platform. This set-up allows
conservation of valuable semisynthetic materials and facilitates data collection. Using the
microplate platform, I have demonstrated steady-state kinetics of LSD1-CoREST1 toward
H3K4me2 and suH4 containing mononucleosomes for the first time. We hope to further
delineate subtle contextual effects on the removal of H3K4 methylation by the LSD1-CoREST1
sub-complex.
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Chapter 1

Introduction to chromatin organization, histone
post-translational modifications and protein
semisynthesis
1.1 Chromatin structure and organization
The nuclei of eukaryotic cells contain all of the genetic information necessary to successfully
perform basic cellular processes including protein synthesis, replication, metabolism and
signaling. This vast amount of information, present in the form of about three billion base pairs
of deoxyribose nucleic acids (DNA), which would stretch approximately two meters from end-toend, is packaged in an exceptionally small volume within each cell’s nucleus (~500 μm3). In
order to efficiently package genomic DNA in the nucleus, it is tightly bound in a nucleoprotein
complex known as chromatin. Chromatin structure was initially described as ‘beads on a string’
when first visualized by electron microscopy in 1974.1,2 These studies helped to establish the
nucleosome as the basic repeating unit of chromatin (Figure 1.1).3,4 The nucleosome core
particle (NCP) consists of an octameric protein complex containing two copies of each of the
core histones, H2A, H2B, H3, and H4. Around the histone octamer, 147 base pairs (bp) of DNA
are wrapped in ~1.65 super-helical turns, with typically 10-90 bp of linker DNA between the
repeating NCPs.5

The octamer itself is composed of one H3-H4 tetramer and two H2A-H2B dimers bound
together by strong electrostatic interactions between H2B and H4.6 Each histone has a unique
histone fold motif (three α-helices connected by two short disordered loops), responsible for the
stabilizing interactions within the octamer core.7 DNA affinity for the octamer varies greatly
1

Figure 1.1. Structure of a mononucleosome. The structure of a mononucleosome at 1.9 Å
resolution with individual histones and 147 bp of double-stranded DNA. The histone N-termini
(tails) protrude from the globular core and are sites for post-translational modifications. Yellow
= H2A, red = H2B, blue = H3, green = H4, purple = DNA. PDB: 1KX5.

depending on base pair sequence.8 Elasticity of the DNA is essential in NCP binding, and thus
intrinsically rigid stretches of DNA are heavily disfavored.9 Protruding out from the well-defined
NCP globular core, each histone contains a significant unstructured segment at its N-terminus,
consisting of 20-40 amino acids. H2A and H2B also possess unstructured C-terminal stretches.
These histone ‘tails’ extend past the DNA surface, leaving them prone to enzymatic posttranslational modification (PTM) (Chapter 1.2).10 The abundance of Lys and Arg residues in
histone tails gives them a positive charge under physiological conditions, and are prominent
sites of PTM. When unmodified, the tails engage in strong intra- and inter-nucleosomal contacts
that are important for the formation of higher-order chromatin structures.11 The linker histone
H1, which binds to the nucleosome at entry and exit points of DNA-NCP contacts, is also critical
for stabilizing compacted chromatin. Depletion of H1 causes aberrations in the formation of
mitotic chromosomes during cell division, which possess the highest order of chromatin
compaction.12

2

Higher-order chromatin structures form when 30 nm chromatin fibers form extended contacts,
mediated by proteins such as the zinc-finger containing CCCTC-binding factor (CTCF) and
protein complexes such as cohesin.13,14 These proteins help engineer topologically associating
domains (TADs) within chromatin that stretch ~800 kbps.15 Interestingly, TAD boundaries are
regions that display high transcriptional activity (also known as euchromatin) and tend to be
located on the interior of the nucleus. Euchromatin typically appears as loosely compacted
segments of DNA, sometimes lacking histone octamers and accessible to transcriptional
machinery. Conversely, transcriptionally suppressed chromatin, or heterochromatin, is heavily
compacted chromatin that and accumulates around the edges of the nucleus.16 The formation
and maintenance of euchromatic and heterochromatic states is key to the regulation of gene
transcription, and both structures are heavily influenced by histone PTMs.

1.2 Histone post-translational modifications
The complex structure of chromatin and the fact that drastic changes in cellular processes arise
from small changes in the DNA (e.g. DNA methylation) and protein (e.g. PTMs) landscape of
the nucleosome has given rise to an extensive field of study focused on heritable changes in
gene function that are independent of the underlying DNA sequence. This new field, termed
epigenetics, largely focuses on how histone PTMs influence the activity of many enzymes
responsible for carrying out essential cellular functions. While the primary modification on DNA
is the transcriptionally repressive methylation of cytosine bases in CpG dinucleotide sequences,
the solvent-exposed N-termini of histones can modified by a vast array of chemical groups and
small proteins, accounting for diverse regulatory mechanisms and the so-called ‘histone code’
hypothesis. (Figure 1.2).17–20

On top of the ~24,000 annotated protein-coding genes in the human genome, the greatest
source of functional diversity in the proteome comes from PTMs. Estimates of chemically unique
3

Figure 1.2. Schematic representation of histone modifications at the N- and C-termini
and within globular domains. Chemical groups are indicated as follows: ac = acetyl; cit =
citrullyl; bio = biotinyl; but = butyryl; me = methyl; nag = β-N-acetylglucosaminyl; ph =
phosphoryl; pr = propionyl; rib = ADP-ribosyl; SUMO, SUMOyl; and Ub, ubiquityl. * = H3P30
and H3P38 cis-trans isomerization. The dashed line N-terminal to H3T22 indicates the
primary site of proteolysis by cathepsin-L. Adapted from ref. 20.
protein species in humans exceed 1,000,000 when accounting for various post-translationally
modified isoforms.21 The reversibility of most PTMs imparts additional means for rapid response
to environmental stimuli, which is necessary for cellular homeostasis (Chapter 1.3).

Technological improvements in mass spectrometry techniques have facilitated the identification
of over 700 differentially modified isoforms of the core histones in HeLa cells.22 Histone PTMs
4

include, but are not limited to small molecules such as methyl, phosphoryl, ADP-ribosyl and
various acyl groups, to modification by the ~9 kDa protein, ubiquitin.23 This complexity is a result
of the presence of multiple modifiable residues on the histone tails and their propensity to be
modified in multiple different ways. Abundant basic amino acids residues in the histone tails,
such as Lys and Arg, are extensively modified by methyl and/or acyl groups. Histone
methylation may manifest in multiple forms that impart drastically different outcomes on
downstream cellular processes. For example, Lys residues may be mono-, di- or trimethylated
(me1/2/3), which have been shown to signal distinct transcriptional functions.24 In addition, Arg
methylation can occur on the same or different ε-amines, known as symmetric or asymmetric
methylation, resulting in distinct chemical and physical PTM landscapes.25 Lys can also be
modified by an array of acyl groups. Acetylation is by far the most common of these lysine
acylation events and is known to occur on most H3 and H4 tail Lys residues.26 However,
proteomic studies have indicated that histone Lys are also modified by propionyl, butyryl,
hydroxybutyryl, crotonyl, succinyl and malonyl acyl moieties among others.27,28 Thus far, it is
unclear what the vast diversity of Lys acylation event means for the fine-tuned regulation of
chromatin-templated processes, but functional studies are beginning to unravel their differential
impacts on chromatin structure and function.29

Phosphorylation of histone Ser, Thr and Tyr -OH groups is another highly dynamic histone PTM.
Like histone methylation and acetylation, phosphorylation occurs mainly in the tails regions but
has also been found within the globular core of H2B, H3 and H4. First discovered as a
modification in rat thymus histones in 1966, phosphorylation has been linked to an astounding
number of important cellular functions.30 A well-recognized feature of DNA damage within
chromatin is phosphorylation of the H2A variant, H2A.X.31 Phosphorylation of H2A.X occurs
rapidly over several mega bases in response to DNA damage. This phosphorylation is thought
to create a signaling platform for the recruitment and retention of DNA damage repair factors
5

such as mediator of DNA damage checkpoint protein 1 (MDC1).31–33 In addition to DNA damage
response, histone phosphorylation is also associated with transcription and chromatin
compaction during cell division and apoptosis.34

Many ongoing research efforts seek to understand the relationship between histone PTMs and
gene expression. Transcription in eukaryotic organisms begins with transcription factor (TF)
binding upstream of the core promoter region at the gene transcription start site (TSS). This
leads to recruitment of adapter complexes, which results in binding of general TFs to the
promoter, and finally formation of the pre-initiation complex (PIC).35 Transcription ultimately
depends on the ability of the PIC and subsequently RNA polymerase II to access DNA. This
DNA accessibility is the result of prior histone PTMs and their influence on chromatin structure
and recruitment of the proper enzymatic complexes. It has been well established that histone
acetylation is associated with transcription activation due to its high abundance at promoter and
intragenic regions of actively transcribed genes. For years it was thought that the primary
means of transcriptional activation was through global acetylation of histone Lys. The high
density of positively charged Lys and Arg residues in the histone N-terminal tails form strong
interactions with the DNA sugar-phosphate backbone. Acetylation of lysines neutralize this
positive charge and suppresses the interaction, resulting in a less compact chromatin structure
that allows binding of transcription machinery to the DNA.36 However, a report by ShogrenKnaack and Peterson in 2016 demonstrated that even a single acetylation mark at H4K16 is
sufficient for chromatin decompaction by eliminating its interaction with the acidic patch within
H2A/H2B dimers.37 These results suggested that even small changes in the histone PTM
landscape can have large effects on chromatin structure and gene expression. In a similar
fashion, acetylation of H3K56, located at the nucleosomal DNA entry and exit points, prevents
histone-DNA contacts. The weakened interactions between H3 and DNA due to K56ac
increases DNA accessibility, and is strongly correlated with active transcription.38
6

While histone acetylation contributes primarily to transcription activation, the effect of other
histone modifications varies depending on the site and degree of modification. For instance
H3K4me2/3, H3K36me2/3, and H2BK120ub appear to be activating marks, while H3K9me2/3,
H3K27me2/3, H4K20me, H2AK119ub, and H4K12 sumoylation (acylation with the small
ubiquitin-like modifier, su) are repressive.35,39 There are of course exceptions to these
observations. For instance, H2Bub is highly-activating within gene bodies, but inhibits Pol II
recruitment when located in promoter regions.40 Crosstalk between PTMs is critically important
in the establishment of active or repressed transcription. Therefore, the spatio-temporal control
of histone PTMs by their associated regulatory enzymes is another major research focus.

1.3 Readers, writers and erasers of histone post-translation modifications
The discovery of new histone PTMs and the unravelling of their effect on chromatin structure
and function have resulted in constant and sustained efforts to characterize the enzymes that
regulate them. Enzymes responsible for installing PTMs are commonly referred to as writers,
while enzymes that are responsible for removing them are referred to as erasers. Another class
of proteins that contain specialized binding domains recognizing specific PTMs, are referred to
as readers. With the exception of Arg methylation, all PTMs are known to be reversible to the
unmodified amino acid form, though the site-specificity of most of the writers and erasers, and
how specificities may change in various contexts largely remains unknown.

Long before the discovery of the first histone acetyl transferase (HAT) enzyme, Allfrey et al
projected the importance of histone acetylation and methylation in regulating RNA synthesis.41
The discovery of the first HAT, General control of amino acid synthesis protein 5 (Gcn5) in
yeast, started and expanded the search for other writer and eraser enzymes such as histone
deacetylases (HDACs), histone methyltransferases (HMTs) and histone demethylases
(HDMs).42 Since the discovery of Gcn5, hundreds of enzymes have been reported for the
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placement, removal and recognition of all histone PTMs, aside from Arg demethylation.
Surprisingly, methyl groups from arginine residues are removed in the form of Arg deimination,
resulting in a new amino acid termed citrulline.43

Many chromatin modifying enzymes, including writers and erasers, are associated with
expanded protein complexes that modulate enzyme substrate and site specificity. For example,
Gcn5 acetylates K9 and K14 of histone H3 in the context of free H3, but as part of the Spt-AdaGcn5-acetyltransferase (SAGA) complex in yeast, its substrate scope expands to H3K56 and
H2B Lys residues.36,44 A human HAT, the CREB-binding protein/protein 300 (CBP/p300), is
known to play a pivotal role in transcription. In addition to histone acetylation, p300 is known to
interact with hundreds of other proteins including the androgen receptor (AR) transcription factor
where acetylation significantly influences its transcription activity.45 The histone acetylation
eraser, HDAC1, is primarily studied in the context of one of several repressive enzyme
complexes including the nucleosome remodeling and deacetylase (NuRD) and lysine specific
demethylase (LSD1), co-repressor of RE1-silencing transcription factor (CoREST1) and HDAC1
(LCH) complexes (Chapter 3.1).46,47 These protein complexes repress transcription through
complimentary enzymatic activities that remove activating histone marks.

Methylation of histones, which can have multiple, site-dependent effects on transcription is
regulated by an especially large families of HMTs and HDMs.48,49 The first identified HMT,
Su(var)3-9, is responsible for installing methyl groups at H3K9, a mark found in constitutive and
facultative heterochromatin and associated with transcription repression.50 The trimethylation of
histone H3 at lysine 4 of (H3K4me3) is catalyzed by the SET1 [su(var)3-9, enhancer-of-zeste
and trithorax] HMT in yeast, which co-localizes to the 5’ end of active genes associated with
RNA Pol II. While still associated with active transcription, H3 K4me1 is not found in promoters
but in the enhancer regions of various genes.51
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The long in vivo half-life of methylated histones resulted in initial speculation that this
modification was irreversible.52 Then, in 2004 Shi et al reported the discovery of the first histone
demethylase which they termed LSD1 (KDM1A, BHC110, AOF2).53 Further studies showed that
LSD1 uses a catalytic flavin adenine dinucleotide (FAD) cofactor to specifically demethylate H3
K4me1/2, in a transcriptionally repressive act.54 Like Gcn5 and HDAC1, LSD1 exists in larger
protein complexes, such as the LCH complex, and is known to change its substrate specificity
based on its binding partners.55,56 Since the discovery of LSD1, members of a much larger
family of demethylating enzymes containing an Fe2+/α-ketoglutarate-dependent jumonji (JmjC)
demethylase domain have been described.57 Unlike the chemically-limited nature of lysine
demethylation by FAD-dependent amine oxidases, JmjC demethylases can demethylate
trimethylated residues (Chapter 4.1).

Due to the vast number of potential histone PTMs, human cells have evolved protein domains to
read the various modifications. The most abundant reader of acetylation marks is the highly
conserved bromodomain which is observed in proteins functioning as transcriptional activators,
chromatin remodelers and histone methyltransferases.58 Readers of histone methylation vary
widely in structure and recognition mechanism. Examples of methyl reader domains include
plant homeo domain (PHD) fingers, tudor domains and chromodomains.58 For instance, the
presence of a tandem tudor domain in JMJD2 targets this enzyme to actively transcribed
regions of chromatin by recognizing methylation on H3K4, which further facilitates gene
activation by removing repressive H3K9me3 marks.59

1.4 Modification of histones by ubiquitin-like proteins
The Chatterjee lab is interested in studying the physiological relevance of histone modification
by ubiquitin (Ub) and ubiquitin-like proteins (Ubls). Ub is a small, 76-amino acid protein that is
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highly conserved in eukaryotes.60 K63-linked polyubiquitylation of substrate proteins is
commonly associated with 26S proteasome-mediated degradation of that substrate.61 In
contrast, monoubiquitylation is primarily involved in non-proteolytic functions, and was first
discovered as a modification of histone H2A.62 Ub is involved in many cellular pathways,
including protein degradation, DNA double-stranded break repair and gene regulation.63 A
cascade of enzymatic reactions involving the E1, E2, and E3 Ub ligases deposit Ub onto
substrate lysine residues. There is not a known consensus sequence for promoting
ubiquitylation, and the E3 ligases responsible for enzymatic ubiquitylation have not been
identified for most substrates. These limitations hinder site-specific enzymatic protein
ubiquitylation and studies aimed at delineating the effect of site-specific modification.64

Of particular interest to the Chatterjee lab is histone modification by the Ubl SUMO family of
proteins. SUMO isoforms, ranging from 92-96 amino acids in length, share a similar threedimensional β-grasp fold and enzymatic cascade for substrate conjugation with Ub.65 To date,
five distinct human SUMO isoforms have been reported with the first, SUMO1, discovered by
Melchior et al in 1997 as a modification of the Ran GTPase, RanGAP1.66 Shortly after, genes
encoding SUMO2/3 isoforms were reported.67,68 SUMO2 and SUMO3 share 95% sequence
identity, differing by just two additional amino acids in the N-terminus and SUMO2 being one
amino acid longer. SUMO2/3 share ~46% sequence identity with SUMO1.69 SUMO4 shares
~86% sequence identity with SUMO2/3, but is reportedly unable to form covalent attachments
due to the inhibition of maturation from the pro-protein form, caused by a C-terminal proline
residue not found in the other isoforms. Thus, the biological roles of SUMO4 remain elusive.70,71
The recently annotated SUMO5 shares ~87% sequence identity with SUMO1, but shares
sequence similarities to all of SUMO1-3 and so far has been demonstrated to be important in
the regulation of promyelocytic leukemia protein (PML) nuclear condensates
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72

To date,

SUMO1-3 are the most widely studied isoforms since they are constitutively expressed in
cells.67

Histone ubiquitylation both promotes and inhibits gene transcription dependent on the site of
modification. Monoubiquitylation of H2A mark regions of low transcription activity, and possibly
suppresses transcription through its proclivity to bind linker histone H1.73 Conversely, intragenic
H2BK120ub promotes transcription through its propensity to sterically inhibit chromatin
compaction and through activation of the H3K79 methyltransferase, disruptor of telomeric
silencing 1 (hDOT1).74,75

The roles of SUMO in transcription vary with the isoform type.

Although there is no known role of SUMO1 modification of histones, SUMO1 has been
associated with gene activation through modification of various transcription factors. For
example, modification of p53 by SUMO1 has been shown to increase its transcription
activity.76,77 Interestingly, in a subsequent study by Müller and Schmidt, co-expression of p53
and the SUMO1 E3 ligase, protein inhibitor of activated STAT protein 1 (PIAS1), resulted in
decreased p53 transcriptional activity in a SUMO-independent manner.78 Like p53, modification
of the AR transcription factor by SUMO1 increased AR-dependent transcriptional activity on
promoters without effecting its transrepressing functions.79 SUMO2/3 paralogues on the other
hand have been demonstrated to modify histone H2B and H4, and so far have only been
associated with transcriptional repression,.80,81 In 2003, Shiio and Eisenmann demonstrated this
effect by co-transfecting HeLa cells with a GAL4 DNA binding domain (DBD)-Ubc9 fusion and a
tetrameric GAL4 promoter and luciferase reporter fusion.82 Ubc9 was previously demonstrated
to be a SUMO ligase sufficient for substrate sumoylation, and is still the only known E2 SUMO
ligase.83 Co-transfection with each construct resulted in significantly reduced luciferase reporter
signal output. Three years later, Berger et al demonstrated the same phenomenon in S.
cerevisiae, as abrogation of H2B sumoylation via lysine mutations downregulated expression of
TRP3, SUC2, and GAL1 genes.84 Biophysical studies by the Chatterjee lab indicated that site11

specifically chemically sumoylated 12-mer nucleosome arrays adopt an open chromatin
structure, contrary to the commonly held association of chromatin compaction with gene
repression.85 With these biophysical results in hand, Chapters 3 and 4 will focus on unravelling
the biochemical and mechanistic contributions of histone sumoylation toward gene repression.

Protein targets of sumoylation often carry a ψKXE motif in their primary sequence, where ψ is a
bulky aliphatic residue and X is any amino acid.86 This motif is also found in an inverted form,
and post-translational phosphorylation of Ser residues in some sequences are important for
SUMO conjugation.87 Proteomics studies have indicated that ~50% of all SUMO targets
possess a consensus sumoylation motif.88 Notably, the reported sites of histone sumoylation are
not a part of a SUMO consensus motifs.89 Sumoylated proteins also engage in noncovalent
protein-protein interactions through a conserved binding cleft between the β2-sheet and α1-helix
of each SUMO isoform (Figure 1.3A,B).90 This shallow, rectangular binding pocket is lined with
positively charged Lys and Arg residues. It is now known that many SUMO interacting proteins
contain one or more putative SUMO interacting motifs (SIM) that bind this region.91 SIMs
generally bind with micromolar affinity and minimally contain a hydrophobic core with a so-called
‘consensus sequence’ of (V/I)-(V/I)-X-(V/I) or (V/I)-X-(V/I)-(V/I), where X is typically another
aliphatic residue, Ser, Glu or Asp (Figure 1.C).87,92 Patches of acidic residues often flank SIMs
that may aid in SUMO binding, but no conservation in these SIM-adjacent regions has been
established. SIMs are found in all known SUMO E3 ligases and some SUMO substrates,
suggesting importance in SUMO conjugation.93

The SUMO proteins, their intracellular pathways and writer/eraser proteins are even less wellcharacterized than those of Ub, and warrant further study. Thus, semisynthetic access to
chemically-defined substrates modified by Ub or Ubl proteins is crucial to enabling in vitro study
of these processes.
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Figure 1.3. The SUMO-SUMO interacting motif (SIM) binding cleft and consensus SIM
sequences. (A) Cartoon representation of SUMO3(C47S) structure. Important SIM bind cleft
residues, as originally described in reference 90, are highlighted in red. (B) Surface
representation of SUMO3(C47S) with matching highlighted SIM binding cleft residues. (C)
Sequence alignment of consensus SIMs from selected proteins. Residues in red indicate
important bulky aliphatic SIM positions. Serine residues in green indicate sites of posttranslational phosphorylation known to enhance SIM binding. Underlined residues indicate
SIM-adjacent acidic patch positions. PDB: 1U4A. Sequence alignment by C.J.A. Leonen.

1.5 Chemical modification of histones with small molecules
With the rapid increase in histone PTMs being discovered, efforts to delineate their roles in
various cellular processes have been undertaken, both in isolation and in complex cellular
13

environments. However, a drawback to cell-based assays in elucidating PTM-specific
contributions to a question of interest is the heterogeneity of chromatin PTMs. This PTM
diversity cannot be completely controlled and may influence the activity of the PTM in question.
In vitro assays with chemically defined substrates avoid these complications, and research into
the functionality of histone PTM combinations has relied on solid-phase peptide synthesis
(SPPS) and protein semisynthesis. 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.65 However, peptide substrates do not
accurately reflect in vivo processes in all cases. This was demonstrated in early work by Allfrey
et al in which they found HDACs could not deacetylate short H4(15-21)K16ac tail peptides.94
However, later studies by Allrey et al and Parello et al showed that an extended H4(137)K12,16ac peptide or an N-terminally acetylated H4(14-21) peptide were substrates for the
same HDAC isoform.95,96

While minimal systems, such as modified peptides, can be useful for establishing the
fundamental properties of chromatin-modifying enzymes, the results often do not translate to the
cellular context. It is therefore useful to incorporate modified substrates into physiologically
relevant systems to more accurately study the interplay between histone PTMs and their writer,
eraser and reader proteins. This requires the synthesis of full-length modified histones. Many
different approaches to generating full-length histones with defined PTMs have been reported.
The simplest method is amino acid substitution through mutagenesis to mimic a particular
modification. For instance, Gln resembles acetylated Lys, Arg resembles unacetylated Lys, and
Glu resembles phosphorylated Ser. Amino acid substitutions are also amenable to high-yielding
purification from E. coli, which is advantageous for biochemical and biophysical characterization
techniques.97
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Despite their usefulness as structural mimics, amino acid substitutions are limited for
understanding enzymatic activity of potential writer and eraser proteins. High-yielding, cysteinebased methods can generate better PTM mimics that are substrates for enzymatic processing.
For these techniques, histones are purified from E. coli with a Lys-to-Cys mutation at the
desired site of post-translational modification. The only naturally occurring Cys residue in
histones is C110 in H3. The structurally inconsequential mutation of C110 to Ala allows siteselective cysteine reactivity at other sites in the histone.75 In 2007, Shokat et al reported an
elegant approach for Cys alkylation and demonstrated its utility by modifying H3 with mono-, dior trimethylated electrophilic ethylamines (Scheme 1.1A).98 Alternatively, the thiol-ene ‘click’
chemistry has been used to alkylate Cys with N-vinylacetamide and used as an acetylated Lys
mimic. In this reaction, a thermal- or UV light-inducible initiator generates a Cys thiyl radical that
yields the anti-Markovnikov thioether product through addition across the double bond (Scheme
1.1B).99 The authors showed that the H4K16ac mimic in nucleosomal arrays inhibited
compaction to the same extent as native H4K16, and that deacetylation of the residue was only
mildly hindered. Recent reports, however, suggest that reader proteins may not recognized
thialysine analogs with the same fidelity as the native substrate, and thus results should be
interpreted with caution when using these mimics.100

Amber suppression is another powerful alternative for PTM incorporation that uses ribosomal
incorporation of biomimetics or native versions of modified amino acids into proteins, most
robustly in E. coli.101 During translation, the amber stop codon is recognized by an engineered
tRNA co-expressed with its specific orthogonal aminoacyl tRNA synthetase. The synthetase is
engineered to accept an unnatural amino acid. Chin et al have reported successful use of
amber suppression to incorporate non-natural Nε-acetyl-L-lysine into rat super oxide dismutase
and Nε-tert-butoxycarbonyl (Boc)-Nε-methyl-L-lysine into histone H3.102,103 Additional control
over site-specific modification comes from incorporation of selenocysteine. Hydrogen peroxide15

Scheme 1.1. Cysteine-based analogs of modified lysine. (A) Cysteine reaction with an
electrophilic ethylamine, such as (2-chloroethyl)dimethylamine, yields a methyl lysine mimic.
(B) Thiol-ene ‘click’ reaction between cysteine and N-vinylacetamide yields an acetyl lysine
mimic. Adapted from Caroline Weller, Ph.D. thesis.

mediated oxidation of selenocysteine to dehydroalanine allows further reaction with Nacetylated or N-methylated 2-aminoethanethiol for installing acetyl and methyl Lys mimics.104

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 empirically. Further, incorporation of
more complex modifications or of multiple different marks into the same histone by any of the
techniques discussed thus far is non-trivial. In these cases, the ability to join chemically modified
peptide fragments with native linkages is especially useful.

1.6 Modification of histones through Native Chemical Ligation
Native chemical ligation is a collection of strategies, the first reported by Kent et al, used to join
C-terminally activated and N-terminal cysteine-containing peptide fragments with native amide
linkages.105 Since its discovery, NCL has become an essential tool in protein synthesis and
semisynthesis, giving rise to dozens of derivative ligation techniques and hundreds of examples
16

utilizing the various strategy.106 NCL relies on the transthioesterification reaction between a Cterminal peptide thioester and the thiol of an N-terminal cysteinyl peptide (Scheme 1.2).
Thermodynamically favorable S-to-N acyl shift at the ligation junction provides the native linkage
between peptide species. Given the utility of NCL, ligation techniques involving recombinant Nterminal cysteinyl protein truncates or C-terminal protein thioesters generated through inteinmediated thioesterification, known as expressed protein ligation (EPL), have found wide
application in the synthesis of large and site-specifically modified proteins (Scheme 1.2).

The semisynthesis of Ubl-modified proteins presents a distinctive challenge for applications of
native chemical ligation, since Ubl substrates are typically modified through an isopeptide
linkage at Lys side-chains. Chemical strategies have been developed to circumvent these
issues, and their utility is typically demonstrated by synthesizing di-Ub and comparing the
biological activity of various isomeric linkages (e.g. di-UbK6, 11, 27, 29, 33, 48, and 63).107 The
small and soluble nature of Ubl proteins make them quite amenable to chemical manipulation
and many approaches have been used to synthesize Ub. The first total chemical synthesis of
Ub by Fmoc-SPPS was performed by Ramage et al in 1989, and was followed by studies
demonstrating that synthetic Ub is identical to natural Ub in structure and antibody
recognition.108–110

To improve on the low yield of Ub total synthesis, recombinant methods, particularly those
involving NCL and EPL, have been developed. Like histones, Ub has no native cysteine
residues, so desulfurization permits temporary Ala-to-Cys mutations for NCL.111 This allowed
Brik et al to apply NCL to the synthesis of Ub directly from the ε-amine of Lys on resin-bound
peptides.112 In another approach to peptide ubiquitylation, which avoided the need for SPPS to
synthesize large portions of Ub, Muir et al developed EPL strategy to synthesize full-length H2B
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Scheme 1.2. Native Chemical Ligation and Expressed Protein Ligation. Scheme
depicting the semisynthesis of proteins by NCL or EPL fragments generated through solidphase peptide synthesis or heterologous expression in E. coil. The presence of a C-terminal
α-thioester in fragment 1 and a N-terminal cysteine in fragment 2 results in a reversible transthioesterification reaction when incubated together. Favorable S-to-N acyl shift isomerizes
the thioester bond between fragments 1 and 2 to the amide bond, which is less prone to the
reverse shift, resulting in a stable semisynthetic protein. Adapted from Abhinav Dhall, Ph.D.
thesis.
ubiquitylated at

Lys120 (ubH2B).113 The H2B(117-125) peptide was synthesized by Fmoc-

SPPS, and Lys120 was orthogonally protected with the 4-methyltrityl (Mtt) group. The Nterminal Cys of the peptide was coupled as thiazolidine (Thz). Following selective deprotection
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of K120, Cys was coupled to the ε-amine. The purified peptide was ligated to recombinant Ub(175) α-thioester, then Thz deprotection unmasked the N-terminal cysteine. A final ligation step to
recombinant H2B(1-116) α-thioester, followed by desulfurization, yielded ubH2B with the G76A
mutation.

To further simplify the synthesis ubiquitylation of peptides, Brik and coworkers developed a 5mercaptolysine (δ-mercaptolysine) derivative which may be incorporated at any position in a
synthetic peptide and enables direct ligation of a Ub(1-76) C-terminal α-thioester with the εamine of the Lys side chain.114 Desulfurization renders this method traceless, making it
appealing for structural studies of Ub dimers or chains. This Lys analog was applied to the
impressive synthesis of the seven possible isomeric forms of di-Ub, and in the total synthesis of
K48- and K63-linked tetra-Ub chains.115,116 Derivatives of 4-mercaptolysine (γ-mercaptolysine)
have also been applied to di-Ub syntheses.117,118

The synthesis of these Lys derivatives is relatively low-yielding and requires many synthetic
steps. For instance, the synthesis of γ-thiolysine as originally reported required 21 synthetic
steps and resulted in ~5% overall yield.118 A recent alternative route has improved the synthesis
to 8 steps but still in only ~5% overall yield.119 A derivative of 5-mercaptolysine has been
synthesized over 8 steps in ~50% overall yield, but its yield is highly dependent on the identity
of the thiol protecting group.115,119

Despite the significant attention that Ub synthesis and semiysthesis has garnered, very few
reports describe the synthesis or semisynthesis of SUMO isoforms and sumoylated proteins,
presumably due the difference in length between SUMO and Ub. In 2016, Melnyk et al reported
the first total synthesis of SUMO1 utilizing the δ-mercaptolysine strategy. In 2019, the same
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group synthesized SUMO2/3 utilizing sequential bis-sulfanylethylamine (SEA) ligations (Chapter
2.1), and demonstrated the structural importance of the sole SUMO2/3 cysteine residue.120–122
Lang et al have very recently reported an elegant method for site-specific protein sumoylation
and ubiquitylation using a combination of genetic code expansion and chemoenzymatic
techniques.123 First, amber suppression was used to incorporate the unnatural amino acid, N6glycylglycyl-L-lysine at the desired site of modification in a protein of interest (POI), using an
azide moiety to mask the side-chain primary amine. Staudinger reduction conditions were
subsequently used to unmask the free amine. Concurrently, Ub or SUMO proteins were
expressed with the C-terminal sortase recognition motifs, LP(A)LTGG. Incubation with sortase
A then resulted in a thioester-linked Ubl-sortase conjugate, which was further ligated to the
genetically modified POI to generate the native isopeptide linkage. Using this technique, the
authors generated ubiquitylated proliferating cell nuclear antigen (PCNA) and sumoylated green
fluorescent protein (GFP).

The Chatterjee lab was the first group to report the semisynthesis of sumoylated histones. 124,125
Our synthetically straightforward EPL-approach takes advantage of a previously reported
ligation auxiliary based on 2-(aminooxy)ethanethiol, originally reported by Kent et al as an
alternative to Cys for NCL at Gly-Gly junctions.105 By conjugating the 2-(aminooxy)ethanethiol
handle to histone peptide lysine residues, NCL is enabled with recombinant SUMO thioesters
(Chapter 3.2). Metallic zinc was used to cleave the labile N-O bond, and a final ligation of an
activated peptide C-terminus to recombinant, N-terminal cysteine-containing histone truncates
provided full-length and natively-linked sumoylated histones. During the development of this
novel and traceless ligation approach, Caroline Weller noticed that incubating full-length SUMOhistone ligation products, still bearing the ligation auxiliary in buffered solutions containing the
thiol sodium mercaptoethane sulfonate (MESNa), resulted in reverse chemical ligation and
stable MES thioester formation. Chapter 2 will describe how we have harnessed this
20

serendipitous discovery to develop a novel and multifaceted peptide α-thioesterification
strategy.
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Chapter 2

The MEGA approach to peptide αthioesterification, ligation and cyclization
2.1 Introduction
Peptide α-thioesters are critical components in protein semisynthesis strategies that use native
chemical (NCL) or expressed protein ligation (EPL). In contrast with the relative ease of
obtaining N-terminal Cys-containing polypeptides and proteins for NCL and EPL via solid-phase
peptide synthesis (SPPS) or heterologous expression in Escherichia coli,1,2 the preparation of
C-terminal peptide α-thioesters using 9-fluorenylmethoxy carbonyl SPPS (Fmoc-SPPS)
chemistry is limited by their intrinsic reactivity with the organic amine bases used for Fmocdeprotection. While peptide α-thioesters may be synthesized with various C-terminal thiol resin
linkers using the tert-butyloxycarbonyl (Boc-) α-amine protecting group strategy,3,4 applications
of Boc-chemistry have several limitations including incompatibility with phosphorylated and
glycosylated amino acids,5,6 as well the common use of hydrogen fluoride (HF) gas for cleavage
of the peptide from the solid phase.7 Although Kent and coworkers have recently reported
trifluoromethanesulfonic acid (TFMSA) as an alternative to HF, the general utility and functional
group compatibility of TFMSA have not yet been described.8 Thus, simple and robust strategies
employing reagents from Fmoc-SPPS for generating peptide α-thioesters are highly desirable
for simplifying protein semisynthesis by chemical ligation and for incorporating various PTMs in
proteins.

Several strategies for generating peptide α-thioesters by Fmoc- chemistry have previously been
reported. However, these approaches often require multistep chemical manipulations after
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SPPS,9–11 or modification of the solid-phase with a chemical linker prior to peptide assembly,12–
15

each with their own inherent limitations and synthetic challenges. One example of a solid-

phase linker approach is the diaminobenzoic acid (Dbz), and the second generation methyl Dbz
(MeDbz) strategies, pioneered by Dawson et al (Scheme 2.1A).9,11 This strategy first
incorporates Fmoc-MeDbz on to Rink amide resin, followed by standard SPPS protocols to
extend to peptide chains from the primary amine of the MeDbz linker. The resin-linked MeDbz
peptide is then converted to the N-acylbenzimidazolinone (Nbz) via double acylation of the
linker amines with p-nitrophenylchloroformate, and subsequently purified as the Nbz peptide.
The authors showed that C-terminally activated peptides derived from this approach were wellsuited for direct thioesterification by incubation with an external thiol, and could be applied to
further NCL and cyclization reactions. Despite the reported applicability of this method,16–18 the
Chatterjee lab was unable to produce a 6-mer Nbz peptide derived from the histone H3 Nterminal tail (ARTKQT) using the Dbz linker. Our results suggested that any single peptide
thioesterification strategy is unlikely to be applicable to all peptide sequences, and the continued
development of thioesterification approaches are necessary to truly expand the scope of protein
targets accessible by NCL.

Alternative thioesterification strategies also utilize modified C-terminal amino acids,19 or strongly
acidic conditions and elevated temperatures with Cys to favor intramolecular N-to-S acyl shift of
the backbone amide bond,20 followed by transthioesterification with external thiols.
Functionalized resins containing alkyl thiols that are suitably positioned for nucleophilic attack at
the C-terminal amide bond, also known as crypto-thioesters, hold promise due to the minimal
chemical manipulation required post-SPPS.21–28 For example, the bis(2-sulfanylethyl)amino
(SEA) approach, reported by both Melnyk et al and Liu et al in close succession, has proven to
be a robust method for the synthesis of peptide thioesters (Scheme 2.1B).27,28 The reported
strategies use differing methods to install a bis(2-sulfanylethyl)amine handle on the solid phase,
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at which point SPPS is used to prepare peptides from the secondary amine. Cleavage from the
solid support provides the SEA peptide crypto-thioesters, which can be converted to isolable
thioesters via incubation in thiol containing buffers, or used directly in NCL.

However, the

complex chemistry required to install many crypto-thioester handles limits their accessibility to a
handful of laboratories. Therefore, efforts to expand the utility of NCL would benefit from facile
and high-yielding Fmoc-based strategies that produce peptide α-thioesters. Based on the
serendipitous discovery by Caroline Weller in our lab that chemical ligation products bearing the
2-(aminooxy)ethanethiol handle can undergo reverse native chemical ligation under specific
conditions (Chapter 1.6), we wondered if this chemistry could be harnessed into a functional
thioesterification strategy.

Scheme 2.1. MeDbz and SEA approaches toward peptide α-thioesterification. (A)
Dawson’s MeDbz linker approach toward MeNbz peptides. (B) Melnyk and Liu’s approach
toward SEA peptides

In this chapter, I will report the development of a novel and robust peptide α-thioesterification
approach based on the mercaptoethoxyglycinamide (MEGA) solid-phase linker.29 This approach
requires minimal solid-phase preparation and is compatible with a wide-range of C-terminal
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amino acids and peptide lengths. The versatile MEGA linker and MEGA-based peptides are
also amenable one-pot NCL reactions, greatly simplifying the chemical ligation work flow, and
are ideally suited for the construction of cyclic peptide scaffolds.

2.2 Results and Discussion
2.2.1

Synthesis of MEGA resin, AWKG-MEGA peptide and initial α-thioesterification
screen

The proposed thioesterification strategy first required preparation of a functionalized solid
support utilizing the 2-(aminooxy)ethanethiol linker that was suitable for constructing peptides
and

would

undergo

the

desired

thioesterification

reaction.

Preparation

of

the

2-

(aminooxy)ethanethiol molecule was carried out in three previously reported synthetic steps to
yield multi-gram quantities of the MEGA precursor (Scheme 2.2A).30,31 Briefly, substoichiometric amounts of N-hydroxyphthalimide (1) was first reacted with 1,2-dibromoethane to
yield the monosubstituted bromoethoxyphthalimide product (2). Compound 2 was purified by
recrystallization after aqueous work up. Triphenylmethanethiol was subsequently used to
displace the second bromide in the presence of anhydrous sodium hydride to produce
compound 3. After purification of 3 by column chromatography, the final deprotection was
performed using aqueous hydrazine to release the free amine of S-trityl protected 2(aminooxy)ethanethiol (4). Following synthesis of the small molecule, the resin-bound MEGA
handle was assembled in two steps prior to peptide synthesis. Commercially available Rink
amide resin was first condensed with bromoacetic acid via diisopropylcarbodiimide (DIC)mediated coupling. The bromoacetylated resin was then incubated with protected 2(aminooxy)ethanethiol in a simple SN2 reaction to obtain the MEGA-linked resin
2.2B).
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(Scheme

Scheme 2.2. Synthesis of 2-(aminooxy)ethanethiol and MEGA resin. (A) Synthesis of 2(aminooxy)ethanethiol. (B) Synthesis of MEGA resin.

Next, we explored conditions for coupling the first amino acid to the secondary amine of MEGA.
We elected to prepare the AWKG-MEGA model peptide for initial peptide synthesis and
thioesterification studies. This short peptide sequence was designed to have good solubility in
aqueous

buffers

through

incorporation

of

a

charged

Lys

residue

and

to

be

spectrophotometrically quantifiable by the presence of the Trp aromatic system. Gly, being the
simplest amino acid that lacks steric bulk or reactive side-chain functional groups, was chosen
as the first C-terminal amino acid to evaluate. We found that using DIC with the additive
ethyl(hydroxyimino)cyanoacetate (Oxyma) sufficed for coupling Gly to the MEGA resin. Loading
of the amino acid was evaluated by quantitative Kaiser test, which routinely indicated >80%
coupling efficiency of Gly to the secondary amine.32 Upon attaching the first Gly residue to the
MEGA resin, standard SPPS procedures were used to extend the peptide chain. The AWKGMEGA peptide was cleaved from the solid support and finally purified by reverse-phase highperformance liquid chromatography (RP-HPLC) (Figure 2.S1A,B). The lack of significant sideproduct formation observed in the crude peptide prior to bulk purification indicated that the
relatively labile N-O bond in the MEGA auxiliary was largely stable throughout peptide synthesis
and cleavage procedures (Figure 2.S2A).
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Figure 2.1. Initial thioesterification attempt. AWKG-MEGA peptide was incubated in thiol
containing buffer for 24 h at 25 °C. RP-HPLC chromatogram (left) and structures (right)
describe the observed product distribution. Buffer: 100 mM Na2HPO4 (pH 7.4), 200 mM
MESNa. RP-HPLC: C18, 10-30% CH3CN in water, 30 min gradient.

The purified AWKG-MEGA peptide was then tested in an initial screen to assess the extent of
product thioester formation. In an attempt to emulate typical chemical ligation conditions, the
AWKG-MEGA peptide was incubated in a buffered phosphate solution (pH 7.4), containing the
aliphatic thiol mercaptoethane sulfonate (MES, MESNa for the sodium salt). The reaction was
subsequently analyzed by RP-HPLC and electron spray ionization mass spectrometry (ESI-MS)
to evaluate product distribution (Figure 2.1). While we were pleased to observe formation of the
desired MES peptide thioester 8, this first reaction was plagued by low thioester yield (26%)
sluggish consumption of the initial MEGA peptide 9, as well as significant side-product
formation. Thioester hydrolysis (7), N-O bond cleavage in the starting MEGA peptide (6), as well
as an uncharacterized MEGA-MES peptide adduct that coincided with N-O cleavage (5) were
the main products of undesired reactivity. We speculate that the unknown product 5 is the result
of base-mediated elimination adjacent to the MEGA amide nitrogen, causing N-O bond
cleavage and intermediate imine formation. This highly reactive species could then conceivably
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undergo a reaction with MESNa to give the MES adduct 5. The results from this experiment,
while encouraging, necessitated extensive optimization of the MEGA approach.

2.2.2

Thioesterification reaction optimizations

Mechanistically, we envisioned that thioester formation from the N-oxyamide 10 could proceed
through an N-to-S acyl shift and transthioesterification to form the stable thioester 13 (Scheme
2.3). Collapse of the tetrahedral intermediate 11 would provide the initial thioester 12, and
addition of an excess of external thiol could then promote thiol exchange to generate the final
product. Although MEGA thioesterification proceeds through a 6-membered cyclic intermediate,
rather than the 5-membered intermediate for N-alkylated Cys19 or SEA strategies,27,28 the good
aminooxy leaving group may enable thioesterification at mildly acidic pH and room temperature
for the AWKG-MEGA peptide. This is in contrast with pH ≈ 1 required for thioesterification from
N-alkylated Cys.19

Scheme 2.3. Proposed mechanism for the MEGA peptide thioesterification reaction

We sought to optimize thioesterification conditions to find a favorable balance between the
nucleophilicity of the MEGA handle thiolate with the electrophilicity of the C-terminal amino acid
carbonyl moiety. These two properties are primarily influenced by reaction pH, as more basic
conditions lead to deprotonation of the MEGA sulfhydryl and enhanced thiolate reactivity.
Conversely, more acidic conditions promote carbonyl oxygen protonation, thereby increasing
electrophilicity of the carbonyl carbon. Hence, we first screened the AWKG-MEGA
thioesterification reaction with varying pH. Thioester yields were best under mildly acidic
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conditions (pH 4.0−6.0), and no reaction was observed at pH < 4. Mildly basic reaction
conditions, pH 7.0−8.0, yielded a mixture of thioester and hydrolyzed products at elevated
temperatures (Figure 2.S3A). We note that when other aliphatic thiols were used in this
reaction, they failed to provide any of the corresponding α-thioester (Figure 2.S3B-D). Aromatic
thiols were not tested alone in thioesterfication reactions because, despite their generally lower
pKa and increased nucleophilicity, they were recently shown by the Chatterjee lab to cleave N-O
bonds.33

We also found that the thioesterification reaction temperature significantly influenced product
yield. Under an optimized reaction pH using the AWKG-MEGA peptide, increasing the reaction
temperature from 25 to 37 °C led to a concomitant increase in thioester yield from 26% to 60%
(Figure 2.S3E). However, further increasing reaction temperature for this substrate led to lower
thioester yield, simultaneously resulting in increased thioester hydrolysis. The addition of
organic co-solvents to the reaction was also tested to increase the solution dielectric constant,
thus theoretically enhancing MEGA thiolate nucleophilicity by reducing its solvation. To this end,
we added 10% (v/v) acetonitrile (MeCN), dimethylformamide (DMF) or dimethylsulfoxide
(DMSO) to the AWKG-MEGA thioesterification reaction (Figures 2.S3F-H). We found that
adding MeCN to the reaction offered no increase in thioester yield, yet was not detrimental to
product formation. On the other hand, adding either DMF or DMSO resulted in a mixture of
mono- and diformylated species or solely MEGA peptide disulfide formation, respectively. Thus,
the addition of these organic co-solvents was not beneficial toward MEGA reactivity.

2.2.3

Scope and limitations of the MEGA approach

A series of 4-mer peptides with the sequence AWKX-MEGA was synthesized to assess the Cterminal amino acid compatibility of MEGA. Consistent with previously reported conditions for
coupling

onto

secondary

amines,

coupling
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reagents

such

as

hexafluorophosphate

azabenzotriazole tetramethyl uronium (HATU) or bis(trichloromethyl) carbonate (BTC) were
required for amino acids other than Gly or Ala.34 However, this did not result in significant
racemization during resin loading, as seen from the good purity of crude peptides released from
the resin (Figure 2.S2). Acidolytic cleavage from the resin and purification by RP-HPLC yielded
good quantities of AWKX-MEGA peptides from each of the 20 naturally occurring C-terminal
amino acids (Table 2.1, Figure 2.S1).

AWKX-MEGA peptides were subsequently tested for the production of isolable α-thioesters. We
observed that the nature of the C-terminal amino acid, thiol nucleophile, pH, and reaction
temperature significantly influenced thioester yields (Scheme 2.3, Figure 2.2, Table 2.2). As
mentioned above, transthioesterification was particularly sensitive to the identity of the external
thiol, and MESNa was the only thiol that provided appreciable amounts of any peptide thioester.
AWKX-MEGA peptides exhibited slow thioesterification kinetics at room temperature when X
was not Gly or Ala. However, like the AWKG-MEGA peptide, elevated temperatures improved
yields for all peptide thioesters (Table 2.2, Figure 2.S4). Unlike AWKG-MEGA, other C-terminal
amino acids required temperatures ≥50 °C for efficient thioesterification.

Steric hindrance in β-branched C-terminal amino acids drastically reduces reaction rates during
NCL,4 and so were inclined to test AWKI-MEGA, AWKV-MEGA and AWKT-MEGA in
thioesterification reactions. Ile, possessing the most steric hindrance, displayed extremely slow
reaction kinetics leading to limited thioester production (18%) over 48 h (Table 2.2, entry 18,
Figure 2.S5GG). Val produced a modest 26% yield, while Thr generated significantly more of
the corresponding α-thioester (Table 2.2, entries 11,17). Overall, β-branching in the C-terminal
amino acid proved to be a far greater obstacle toward efficient thioesterification than the
absolute bulk of the side chain, as demonstrated by the good yields for AWKW, AWKL, and
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Table 2.1. Synthesis of AWKX-MEGA Peptides

a
c

Crude Purity [%]a Isolated Yield [%]b Calcd MW

Obsd MWc

Entry

X

1

K

85

51

664.8

664.6

2

Q

85

47

664.8

664.8

3

V

75

47

635.8

635.5

4

G

71

45

593.7

593.4

5

A

77

44

607.7

607.4

6

L

79

43

649.8

649.5

7

S

72

42

623.7

623.6

8

E

78

41

665.8

665.8

9

N

58

41

650.8

650.7

10

M

69

35

667.9

667.7

11

W

65

35

722.9

722.8

12

F

89

33

683.8

683.6

13

H

77

31

672.8

673.2

14

C

44

31

639.8

639.5

15

I

67

31

648.8

649.2

16

Y

62

29

699.8

699.6

17

P

81

23

632.8

633.3

18

R

40

20

692.9

692.5

19

T

79

19

637.8

637.5

20

D

62

18

651.8

651.4

21

D-A

82

56

607.7

607.4

22

D-C

58

43

639.8

639.5

Purity of crude peptide based on RP-HPLC peak integration at 280 nm. b0.05 mmol scale.
Based on ESI-MS [M+H+] ion peak.
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Table 2.2. Optimized thioesterification conditions for AWKX-MEGA peptides
Peptides
X
Entry
Temperature (°C)
pH
Reaction Time (h) Yield (%)a

a

1

Y

70

4.5

48

70.4

2

W

70

4.5

48

68.8

3

M

70

4.5

48

68.7

4

L

70

4.5

48

67.8

5

K

70

4.5

48

67.5

6

F

70

4.5

48

65.8b

7

G

37

5.6

72

60.5

8

D-A

70

5.6

24

57.1b

9

Q

50

4.5

72

48.8

10

A

70

5.6

24

45.2b

11

T

70

4.5

48

43.1

12

S

50

4.5

48

42.8

13

R

70

5.6

72

41.1

14

D-C

50

4.5

48

38.3b

15

D

50

5.6

8

32.5

16

C

50

4.5

48

32.5b

17

V

70

5.6

72

26.3

18

I

70

4.5

72

18.0

b

Based on RP-HPLC peak integration at 280 nm. average yield ± 2.8%, n=3
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AWKF thioesters in comparison with AWKV and AWKI (Table 2.2, entries 2,4,6,17,18).

Surprisingly,

although

the

AWKD-MEGA

peptide

showed

good

initial

kinetics

of

thioesterification, we observed a dramatic drop in recovered thioester product after >8 h (Figure
2.S5). ESI-MS characterization of the reaction products at 24 h suggested the formation of a Cterminal aspartic anhydride, followed by its hydrolysis to aspartate (Figure 2.S6). This suggests
that some C-terminal amino acids with nucleophilic side chains may cyclize upon incubation at
elevated temperatures for extended periods of time, which is a known issue for Asn and Glu.35
Therefore, AWKN-MEGA and AWKE-MEGA were also tested for their thioesterification
propensity, but resulted only in diastereomers of α- and δ-glutamic thioesters and
asparaginimide products, respectively (Figure 2.S7). Despite these results, peptides with Cterminal Lys and Gln residues produced corresponding thioesters in good yield (Table 2.2,
entries 5,9). Lastly, we note that using Pro as the C-terminal amino acid resulted in no amount
of the corresponding MES thioester, but also very little consumption of the starting MEGA
peptide (Figure 2.S4HH). The distinct absence of reactivity for this species may suggest a
particular lack of conformational freedom at its C-terminus, preventing the initial intramolecular
N-to-S acyl shift.

Figure 2.2. Example AWKX-MEGA thioesterification time-courses. (A-C) C18 RP-HPLC
time-course of thioester formation for AWKG-MEGA (A), AWKA-MEGA (B), and AWKL-MEGA
(C) peptides. Buffer: 100 mM NaH2PO4, 200−400 mM MESNa, 25−50 mM TCEP. RP-HPLC:
10−60% CH3CN in water, 30 min gradient.
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To test the utility of MEGA for longer sequences, the 35-mer peptide p53(1−35)-MEGA was
prepared via microwave-assisted automated SPPS on a Liberty Blue peptide synthesizer (CEM
corporation, Matthews, NC) (Figure 2.S8A). Initial attempts revealed that 90 °C coupling and
deprotection cycles with 20% (v/v) piperidine in DMF led to significant N−O bond cleavage and
reduced yields. We addressed this issue by decreasing coupling and deprotection temperatures
to 50 °C, and employed 5% (w/v) piperazine and 0.1 M HOBt in DMF as a less basic mixture for
Fmoc-deprotection. Under these optimized conditions N−O bond cleavage was completely
eliminated from the crude peptide product and pure p53(1−35)-MEGA peptide was obtained in
22% isolated yield (Figures 2.S8B,C). The final peptide was subjected to thioesterification and
generated the corresponding MES thioester in 75% yield (Figures 2.S8D,E). The fact that
MEGA-linked resin is fully compatible with microwave-assisted SPPS may facilitate the
synthesis of otherwise challenging sequences in higher yields and purity.36

2.2.4

MEGA-enabled one-pot native chemical ligation

With the successful synthesis of thioesters of varying lengths, we next investigated the scope
for one-pot NCL between AWKX-MEGA peptides and an N-terminal Cys-containing peptide,
CASW (16) (Figures 2.3A,2.S9). First, AWKXMEGA thioesterification was undertaken with
optimized conditions (Table 2.2), followed by the addition of CASW at pH 7.5. NCL proceeded
rapidly at room temperature to generate the peptide AWKXCASW in 1 h with minimal thioester
hydrolysis (Figure 2.3B-D). The ability to directly use thioesters generated with MEGA in NCL,
without intermediate purification, is particularly attractive for higher overall yields of ligation
products
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Figure 2.3. One-pot thioesterification of AWKX-MEGA (14) and native chemical ligation
(NCL) with CASW (16). (A) Scheme for one-pot NCL of AWKX-MEGA peptides. (B) C18 RPHPLC time-course of NCL for AWKG-MEGA (left) and ESI-MS of isolated AWKGCASW
(right). Calcd. [M+H]+ 907.6 Da, obsd. 907.9 Da. (C) C18 RP-HPLC time-course of NCL for
AWKA-MEGA (left) and ESI-MS of isolated AWKACASW (right). Calcd. [M+H]+ 921.9 Da,
obsd. 921.7 Da. (D) C18 RP-HPLC time-course of NCL for AWKL-MEGA (left) and ESI-MS of
isolated AWKLCASW (right). Calcd. [M+H]+ 963.2 Da, obsd. 963.8 Da. RP-HPLC: C18
analytical, 10-60% B, 30 min gradient.
2.2.5

MEGA-enabled peptide cyclization

Following successful one-pot intermolecular NCL with MEGA, we envisioned its application for
intramolecular NCL to access head-to-tail cyclized peptides. Cyclic peptides are useful scaffolds
in therapeutic discovery efforts, and the lack of free N- and C-termini in cyclic peptides confers
resistance to exopeptidases and enhances cell membrane permeability.37 To this end, we
synthesized two short, N-terminal cysteine containing peptides, CASHEW-MEGA and CRGD(DF)-MEGA (Figures 2.S10). Cyclic CRGD(D-F) binds the integrin αVβ3 receptor with nanomolar
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affinity.38 Both peptides were prepared by automated SPPS in overall isolated yields of 56% and
45%, respectively (Figure 2.S11,S12). The peptides were subjected to one-pot thioesterification
and cyclization, and both reactions proceeded to completion in <8h with no significant side
products detected by HPLC and MS (Figure 2.S13). Although the synthesis of cyclic peptides
by MEGA requires the presence of an N-terminal thiol for ligation, the ability to desulfurize
Cys,39 and other thiol-containing Cys surrogates,40 post-cyclization will provide facile access to
a wide range of cyclic peptides that may not contain Cys residues in their primary sequences.

Encouraged by our results with short cyclic peptides, we applied the MEGA strategy toward a
more challenging target - the Sunflower Trypsin Inhibitor-1 (SFT-1) peptide. SFT-1 is a 14-mer
cyclic peptide that is structurally constrained by three Pro residues and an extensive H-bond
network while also containing one internal disulfide.41 SFT-1 is the smallest Bowman−Birk type
trypsin inhibitor, and analogs of SFT-1 are active against a range of proteases including
matriptase and kallikreins (Figure 2.4A). One analog of SFT-1, the I10G mutant, was previously
prepared using manual peptide synthesis and Boc-chemistry.42 To simplify access to SFT1(I10G), we synthesized the linear sequence 14-mer peptide CFPDGRCTKSIPPG-MEGA by
automated SPPS (Figures 2.4B, 2.S14). We note that the SFT-1(I10G) mutant retains the
potent trypsin inhibitory property of the naturally occurring compound, but replacement of the βbranched Ile by Gly allows simpler access to the cyclic scaffold through intramolecular NCL. 42
Additionally, Ile10 is opposite to the trypsin binding interface within the cyclic peptide and
therefore is non-essential for the inhibitory activity of SFT-1.41 The purified peptide was
incubated in optimal thioesterification buffer for 24 h at 50 °C to provide the cyclized product in
30% isolated yield after RP-HPLC purification (Figure 2.S15). The cyclized peptide was then
quantitatively oxidized to the disulfide form by incubation in ammonium bicarbonate buffer
overnight (Figure 2.4C).
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Finally, we tested SFT-1 (I10G) for inhibitory activity against bovine Trypsin by employing the
well-characterized substrate Nα-benzoyl-L-arginine-4-nitroanilide (BAPNA). Trypsin hydrolyzes

Figure 2.4. One-pot synthesis and trypsin inhibitory activity of SFT-1 (I10G). (A) Model of
SFT-1(I10G) (stick representation) based on the X-ray structure of SFT-1 bound to bovine
trypsin (gray spheres). PDB code 1SFI. (B) C18 RP-HPLC of SFT-1(I10G)-MEGA peptide.
Inset is the ESI-MS of SFT-1(I10G)-MEGA; calcd [M+H]+ 1609.9 Da, obsd 1609.8 ± 0.2 Da.
(C) C18 RP-HPLC of cyclized and oxidized SFT-1 (I10G) product. Inset is the ESI-MS of
purified SFT-1 (I10G); calcd [M+H]+ 1458.7 Da, obsd 1458.6 ± 0.3 Da. (D) Dose−response
curve for the inhibition of bovine trypsin activity by SFT-1 (I10G). RP-HPLC: 0−73% CH3CN in
water, 30 min gradient.
BAPNA to release the yellow colored 4-nitroaniline, which is easily detected by its absorbance
at 410 nm. Assays were conducted in a 96-well plate format with 100 nM Trypsin, 500 μM
BAPNA, and varying concentration of SFT-1 (I10G). Consistent with previous reports, we
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observed a robust dose−response curve with IC50 = 150.2 ± 1.1 nM (Figure 2.4D). Thus, our
Fmoc-compatible and automated approach simplified access to a bioactive cyclic peptide.

To further simplify the MEGA concept, we envisioned that peptide thioesters and cyclic peptides
could be prepared directly from the solid phase without intermediate purification of the MEGA
peptide. Several previous reports describe completely on-resin techniques for obtaining cyclic
peptides with non-native linkages through Asp/Glu side-chain ligation, ring-closing metathesis,
and various click chemistries.3,43–46 However, only a select few strategies describe on-resin
techniques for preparing head-to-tail cyclic peptides containing solely native amide linkages and
using Fmoc-SPPS-based protocols.47–49 In one report, Olsen et al utilized the MeDbz linker to
optimize conditions for Dbz activation followed by global on-resin side-chain deprotection of Nterminal Cys containing peptides.49 Incubation of the resulting resin in mixed acetonitrile and
phosphate buffer solutions led to intramolecular NCL and release of a cyclic peptide from the
solid phase. However, the on-resin cyclization of MeNbz peptides suffers from limitations
including low yields and the propensity for cyclic peptide dimerization as a side-product. The
dearth of available on-resin techniques and room for improvement on current strategies led us
to explore MEGA as an on-resin strategy for α-thioester and cyclic peptide synthesis.

Solid phase preparation must be carefully considered when designing an on-resin
thioesterification/cyclization platform. For utmost simplification, the resin must be compatible
with Fmoc-SPPS. However, in order to obtain completely deprotected peptides, the resin
linkage must be stable to Fmoc-SPPS cleavage conditions (i.e. TFA) to remove the acid-labile
support. Hence, we employed a resin typically used in Boc-SPPS, Boc-Lys(ε-Fmoc) 4(hydroxymethyl)phenylacetamidomethyl (PAM) resin (18), to prepare a resin-linked CASHEWMEGA model peptide cyclization system (Scheme 2.4). This resin was chosen because the
Fmoc-protected ε-amine of the resin-bound Lys residue could be deprotected and coupled to
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activated Fmoc-amino acids, which afforded spacing the elongating peptide chain from the solid
support thereby maximizing reactive site accessibility. Additionally, this resin is stable to TFA
due to the PAM linkage, and no off-target coupling to the α-amine of Lys from SPPS was
expected due to its Boc-protection. Fmoc deprotection of resin 18 was first performed, followed
by Lys ε-amine bromoacetylation and subsequent reaction with the MEGA handle 4 to give
MEGA PAM resin, 21. Following standard SPPS of the CASHEW sequence, base-labile and
acid-labile protecting groups were sequentially removed to provide the fully deprotected, resinbound CASHEW-MEGA peptide, 24. We note that attempts to synthesize the same peptide on
4-methylbenzhydrylamine (MBHA) and aminomethyl polyethyleneglycol (AM-PEGA) resins were
unsuccessful. Due to the stability of the peptide-resin linkage to cleavage by TFA, options to
monitor the progress of SPPS were limited. Quantitative Fmoc-loading determination (after
initial Trp coupling),50 suggested resin loadings between 0.20-0.24 mmol/g, or ~50% of the
reported PAM resin loading (0.4-0.6 mmol/g). The resin-bound MEGA peptide was then
subjected to optimized thioesterification conditions for C-terminal Trp (Table 2.2), and the
production of the cyclic CASHEW peptide was monitored over time via RP-HPLC and ESI-MS
(Figure 2.5A). We were pleased to observe increasing amounts of released cyclic CASHEW
peptide (27) through 48 h of incubation. Of particular interest, we observed the build-up of
CASHEW-MES thioester 26 at early reaction time-points and successive consumption of the
thioester via intramolecular NCL (Figure 2.5B).. Additionally, no amount of cyclic peptide was
observed in the absence of the external thiol, MESNa. Taken together, these observation led us
to regard overall process to be an ‘on-resin thiolysis’ reaction, releasing the peptide thioester
from the resin, followed by efficient head-to-tail peptide cyclization (Figure 2.5B). Finally, we
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Scheme 2.4. Preparation of Lys(ε-CASHEW-MEGA)-PAM resin. Red text = acid-labile
protecting groups. Blue text = base-labile protecting groups. Green text = MEGA
thioesterification handle.
also demonstrated the ability to form peptide thioesters directly from the resin by synthesizing
Lys(ε-ASHEW-MEGA)-PAM resin. By subjecting this material to optimized thioesterfication
conditions, we were able to isolate the stable ASHEW-MES thioester (Figure 2.S16).

2.2.6. Epimerization studies
Finally, we addressed the potential for C-terminal epimerization during thioesterification. The Depimers of AWKA-MEGA and AWKC-MEGA were synthesized and converted to their respective
thioesters (Tables 2.1, 2.2, Figures 2.S1B,Y, Figure 2.S17). Cys was chosen, as it is
particularly prone to racemization in its activated form.51 All diastereomeric thioesters displayed
different RP-HPLC retention times upon co-injection, and to our delight, an average of <1%
epimerization was observed throughout the time-course of thioesterification. Thus, the MEGA
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linker approach leads to minimal epimerization for Ala and Cys, and hence good overall
thioesterification yields.

Figure 2.5. On-resin thiolysis and cyclization of CASHEW-MEGA. (A) C18 RP-HPLC
time-course of on-resin thiolysis and cyclization (left) and ESI-MS of isolated cyclic CASHEW
(right). Calcd. [M+H]+ 713.8 Da, obsd. 714.3 Da. RP-HPLC: 0−73% CH3CN in water, 30 min
gradient. (B) Proposed mechanism of MEGA-mediated on-resin thiolysis and intramolecular
NCL.
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We also assessed the extent of epimerization during peptide cyclization. C-terminally activated
His residues are particularly prone to epimerization due to the proximity of the imidazole side
chain to the backbone α-hydrogen.42 Therefore, we synthesized two epimeric peptides,
CLAS(D-H)-MEGA and CLAS(L-H)-MEGA, and measured their degree of epimerization during
one-pot cyclization (Figure 2.S18). The diastereomeric cyclic CLASH peptides were wellresolved by RP-HPLC (Figure S19A−D), and we found that CLAS(L-H)-MEGA epimerized <2%
after 24h (Figure S19E).

2.3 Conclusions and outlook
In conclusion, we have harnessed the serendipitous discovery that NCL products containing the
ligation auxiliary 2-(aminooxy)ethanethiol may undergo thiolysis under specific conditions to
develop a straightforward and robust strategy for accessing peptide α-thioesters. The MEGA
linker approach, which employs inexpensive and readily available starting materials, affords
latent peptide α-thioesters applicable to one-pot inter- and intramolecular NCL reactions. MEGA
is compatible with a wide-range of C-terminal amino acids and peptide lengths, and is
particularly useful for the synthesis of cyclic peptides. Compatibility with microwave-assisted
automated SPPS, demonstrated by our synthesis of the p53 N-terminal 35-mer peptide, and the
development of on-resin protocols are especially exciting for future applications of the MEGA
linker strategy.
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2.4 Experimental procedures
2.4.1

General methods

Rink amide resin (0.30-60 mmol/g substitution) was purchased from Chem-Impex (Wood Dale,
IL). Standard Fmoc-L-amino acids were purchased from MilliporeSigma (Burlington, MA) or
AnaSpec (Fremont, CA). All other chemical reagents were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). Solid phase peptide
synthesis (SPPS) was performed manually, or on a Liberty Blue Automated Microwave Peptide
Synthesizer (CEM Corporation, Matthews, NC).52 Analytical reversed-phase HPLC (RP-HPLC)
was performed on a Varian (Palo Alto, CA) ProStar HPLC with a Grace-Vydac (Deerfield, IL)
C18 column (5 micron, 150 x 4.6 mm) employing 0.1% TFA in water (A) and 90% CH 3CN, 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. Semi-preparative scale
purifications were conducted on a Grace-Vydac 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.

2.4.2

Solid-phase peptide synthesis

Synthesis of MEGA resin. Rink amide resin (0.25 mmol, 0.33 mmol/g) was allowed to swell in a
reaction vessel in 50:50 (v/v) DMF:DCM for 30 min followed by Fmoc-deprotection with 20%
piperidine in DMF for 25 min. The resin was thoroughly washed by consecutive 30 sec DMF,
DCM and DMF flow washes. Bromoacetic acid (2.5 mmol) and diisopropylcarbodiimide (DIC,
2.5 mmol) were dissolved in 4 mL DMF and added to the resin. The mixture was agitated with
N2(g) for 45 min, then an additional 45 min with fresh coupling reagents.

The resin was

thoroughly washed and dried under vacuum. O-(2-(tritylthio)ethylhydroxylamine (1.75 mmol)
was dissolved in 7 mL of 50:50 (v/v) sieve-dried DMSO:DMF, added to the resin in a 20 mL
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scintillation vial and shaken for 24-48 h.

The resin was filtered, washed and dried under

vacuum to give MEGA resin.

Synthesis of peptide-MEGA – first amino acid coupling. MEGA resin (0.05 mmol) was swelled in
0.5 mL sieve-dried DMF in a 20 mL scintillation vial. 1-[Bis(dimethylamino)methylene]-1H-1,2,3triazolo[4,5-b]pyridinium-3-oxid hexafluorophosphate (HATU, 0.49 mmol), Fmoc-amino acid (0.5
mmol) and diisopropylethylamine (DIEA, 0.5 mmol) were dissolved in 2.0 mL dry DMF, added to
MEGA resin and mixed for 24 h at 25 °C.

Peptide elongation, cleavage and purification. Standard Fmoc-SPPS protocols were employed
to extend the peptide chain.53 The peptide was cleaved from the resin in by mixing with
95:2.5:2.5 (v/v) TFA:H2O:triisopropylsilane (TIS) for 1-2 h. The crude peptide was precipitated
from solution by mixing with 10 volumes of cold diethyl ether and centrifuged for 2 min at 3,500
rpm. The supernatant was discarded and the peptide lyophilized. Preparative scale RP-HPLC
was used to purify the crude peptide and provide pure peptide-MEGA after lyophilization.

Microwave-assisted synthesis of MEGA peptides. The MEGA resin was loaded with the amino
acid of choice as described above for the first amino acid coupling. The pre-loaded MEGA resin
was place in a Liberty Blue peptide synthesizer (CEM) and automated peptide synthesis was
conducted with 50 °C deprotection steps using a 5% piperazine/0.1 M hydroxybenzotriazole
(HOBt) solution in DMF. 50 °C amino acid couplings were used for all coupling steps.36

2.4.3

MEGA peptide α-thioesterification, ligation and cyclization

MEGA peptide α-thioesterifications. Peptide-MEGA (0.5 μmol) was dissolved in 500 μL
thioesterification buffer consisting of sodium 2-mercaptoethanesulfonate (MESNa, 200-400
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mM), sodium phosphate (NaH2PO4, 100 mM) and tris(2-carboxyethyl)phosphine (TCEP, 25-50
mM) at pH 4-6. The reactions were agitated for 24-72 h at 37-70 °C except where noted in
Table 2.2. The peptide-MES α-thioester was purified by analytical or semi-preparative scale
RP-HPLC.

MEGA peptide ligations. Peptide-MEGA thioesterification was performed as described above.
The N-terminal Cys peptide, CASW (1.25 μmol), was dissolved in 50 μL NaH2PO4 (200 mM),
TCEP (400 mM) buffer and added directly to the thioesterification reaction vessel. The solution
pH was adjusted to 7.5 by litmus and the reaction mixed for 8-24 h. The reaction was analyzed
by RP-HPLC after reduction of the assay mixture with additional TCEP (25-50 mM final
concentration).

MEGA peptide cyclizations. N-terminal Cys peptide (0.5 μmol) was dissolved in MESNa (200400 mM), NaH2PO4 (100 mM) and TCEP (25-50 mM) buffer at pH 4-6. Reactions were allowed
to proceed for 8-72 h at 50-70 °C. Reaction mixtures were analyzed by C18 analytical RPHPLC following prior treatment with additional TCEP (25-50 mM final concentration).

2.4.4

Synthesis of cyclized and oxidized SFT-1(I10G)

Synthesis of SFT-1(I10G). The peptide sequence CFPDGRCTKSIPPG-MEGA was prepared on
Rink amide resin (0.05 mmol) via automated peptide synthesis as described above. The crude
peptide was cleaved from the resin in a 95:2.5:2.5 (v/v) TFA:H2O:TIS solution and precipitated
with 10 volumes of cold diethyl ether and lyophilized. The linear peptide was purified by C18
preparative RP-HPLC (15-40% B, 60 min) and lyophilized (15.4 mg, 20%).
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SFT-1(10G) cyclization. SFT-1(I10G)-MEGA (5 mg, 3.1 μmol) was cyclized as described above
at 70 °C for 24 h. The cyclic peptide was purified by C18 semi-preparative RP-HPLC (10-50%
B, 45 min gradient) (1.5 mg, 33%).

Oxidation of Cyclic SFT-1(I10G). Cyclic SFT-1(I10G) was oxidized to form the disulfide bridge
by incubating the peptide in 100 mM (NH4)HCO3 at 25 °C overnight (0.2mg/mL). SFT-1 (I10G)
was purified by C18 analytical RP-HPLC (10-50% B, 30 min gradient) with a quantitative yield.

Trypsin inhibition assays. The inhibition of bovine trypsin by the Sunflower Trypsin Inhibitor-1
analog, SFT-1(I10G), was measured spectrophotometrically. The hydrolysis of N(α)-benzoyl-Larginine 4-nitroanilide (BAPNA) by bovine trypsin to generate the yellow colored 4-nitroaniline
was followed at 410 nm in the presence of varying concentrations of SFT-1(I10G).42Briefly, 500
μM BAPNA and 1 nM to 2.5 μM SFT-1(I10G) were incubated for 5 min in a 96-well plate in the
presence of assay buffer consisting of 50 mM Tris and 20 mM CaCl2 at pH 8.0. BAPNA
hydrolysis was initiated by the addition of 100 nM trypsin and the reaction allowed to proceed for
20 min at 27 °C. The final Abs410 was measured using a BioTek Synergy 4 microplate reader
and plotted in GraphPad Prism. All experiments were undertaken in triplicate and the average
value reported with error being the standard deviation from the mean.

2.4.5

On-resin cyclization

Synthesis

of

Lys(εCASHEW-MEGA)-PAM

resin.

Boc-Lys(ε-Fmoc)

4-(hydroxymethyl)

phenylacetamidomethyl resin (~0.1 mmol, 0.5-0.6 mmol/g) was swelled in 50:50 DMF:DCM for
30 min followed by Lys ε-Fmoc deprotection with 20% piperidine in DMF for 25 min. MEGA
resin was prepared from the free Lys ε-amine as described above. First amino acid coupling
and peptide chain elongation procedures were performed as described above to prepare BocLys(εCASHEW-MEGA)-PAM. Resin loading after initial Fmoc-Trp-OH coupling indicated 0.24
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mmol/g substitution via dibenzofulvene absorbance at 305 nm after Fmoc deprotection. After
SPPS, final Fmoc deprotection was performed with 20% piperidine in DMF for 25 min. The resin
was washed thoroughly with DMF and DCM and transferred to a scintillation vial. Acid labile
side-chains were then removed by incubating the resin with 10 vol. of 92.5:2.5:2.5:2.5
TFA:TIS:H2O:ethane dithiol for 2 h. Resin collected and thoroughly washed with DMF and DCM
and then dried on the lyophilizer.

On-resin CASHEW-MEGA cyclization. Lys(εCASHEW-MEGA)-PAM (5 μmol, 25 mg), was
incubated in 400 μL buffer containing 100 mM NaH2PO4, 400 mM MESNa, 25 mM TCEP, pH
5.6 at 70 °C for 48 h. 20 μL aliquots were analyzed via C18 analytical RP-HPLC (0-73% B, 30
min gradient) at 2, 4, 8, 24 and 48 h with prior reduction using TCEP (final concentration 50
mmol).
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2.5 Product characterization and supplemental data

Figure 2.S1. AWKX-MEGA characterization. (A) Purified AWKG-MEGA. (B) ESI-MS of
purified AWKG-MEGA. Calcd. [M+H]+ 592.7 Da, obsd. 592.3 Da. (C) Purified AWKA-MEGA. (D)
ESI-MS of purified AWKA-MEGA. Calcd. [M+H]+ 606.7 Da, obsd. 606.5 Da. (E) Purified AWK(DA)-MEGA (F) ESI-MS of purified AWK(D-A)-MEGA. Calcd. [M+H]+ 607.7 Da, obsd. 607.4 Da. *
= MS-fragmentation of full-length peptide corresponding to loss of N-terminal Ala. RP-HPLC
performed on C18 analytical column, 0-73% B, 30 min gradient.
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Continued Figure 2.S1. AWKX-MEGA characterization. (G) Purified AWKL-MEGA. (H) ESIMS of purified AWKL-MEGA. Calcd. [M+H]+ 648.8 Da, obsd. 648.5 Da. (I) Purified AWKFMEGA. (J) ESI-MS of purified AWKF-MEGA. Calcd. [M+H]+ 682.8 Da, obsd. 682.6 Da. (K)
Purified AWKV-MEGA. (L) ESI-MS of purified AWKV-MEGA. Calcd. [M+H]+ 634.8 Da, obsd.
634.4 Da. RP-HPLC spectra performed on C18 analytical column, 0-73% B, 30 min gradient.
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Continued Figure 2.S1. AWKX-MEGA characterization. (M) Purified AWKT-MEGA. (N) ESIMS of purified AWKT-MEGA. Calcd. [M+H]+ 636.8 Da, obsd. 636.5 Da. (O) Purified AWKSMEGA. (P) ESI-MS of purified AWKS-MEGA. Calcd. [M+H]+ 622.7 Da. obsd. 622.6 Da. (Q)
Purified AWKR-MEGA. (R) ESI-MS of purified AWKR-MEGA. Calcd. [M+H]+ 691.9 Da, obsd.
691.5 Da. * = MS-fragmentation of full-length peptide corresponding to loss of N-terminal Ala.
RP-HPLC spectra performed on C18 analytical column, 0-73% B, 30 min gradient.
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Continued Figure 2.S1. AWKX-MEGA characterization. (S) Purified AWKQ-MEGA. (T) ESIMS of purified AWKQ-MEGA. Calcd. [M+H]+ 663.8 Da, obsd. 663.8 Da. (U) Purified AWKDMEGA. (V) ESI-MS of purified AWKD-MEGA. Calcd. [M+H]+ 650.8 Da, obsd. 650.4 Da. (W)
Purified AWKK-MEGA. (X) ESI-MS of purified AWKK-MEGA. Calcd. [M+H]+ 664.8 Da, obsd.
664.6 Da * = MS-fragmentation of full-length peptide corresponding to loss of N-terminal Ala.
RP-HPLC spectra performed on C18 analytical column, 0-73% B, 30 min gradient.
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Continued Figure 2.S1. AWKX-MEGA characterization. (Y) Purified AWKC-MEGA. (Z) ESIMS of purified AWKC-MEGA. Calcd. [M+H]+ 639.8 Da, obsd. 639.5 Da. (AA) Purified AWK(DC)-MEGA. (BB) ESI-MS of purified AWK AWK(D-C)-MEGA. Calcd. [M+H]+ 639.8 Da, obsd.
639.5 Da. (CC) Purified AWKW-MEGA (DD) ESI-MS of purified AWKW-MEGA. Calcd. [M+H]+
722.9 Da, obsd. 722.8 Da. RP-HPLC performed on C18 analytical column, 0-73% B, 30 min.
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Continued Figure 2.S1. AWKX-MEGA characterization. (EE) Purified AWKY-MEGA. (FF)
ESI-MS of purified AWKY-MEGA. Calcd. [M+H]+ 699.8 Da, obsd. 699.6 Da. (GG) Purified
AWKM-MEGA. (HH) ESI-MS of purified AWK AWKM-MEGA. Calcd. [M+H]+ 667.9 Da, obsd.
667.7 Da. (II) Purified AWKP-MEGA. (JJ) ESI-MS of purified AWKP-MEGA. Calcd. [M+H]+
632.8 Da, obsd. 634.0 Da. RP-HPLC performed on C18 analytical column, 0-73% B, 30 min.
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Continued Figure 2.S1. AWKX-MEGA characterization. (KK) Purified AWKI-MEGA. (LL)
ESI-MS of purified AWKI-MEGA. Calcd. [M+H]+ 648.8 Da, obsd. 649.5 Da. (MM) Purified
AWKH-MEGA. (NN) ESI-MS of purified AWH AWKH-MEGA. Calcd. [M+H]+ 672.8 Da, obsd.
673.9 Da. (OO) Purified AWKE-MEGA. (PP) ESI-MS of purified AWKE-MEGA. Calcd.
[M+H]+ 664.8 Da, obsd. 665.4 Da. RP-HPLC performed on C18 analytical column, 0-73% B,
30 min.
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Continued Figure 2.S1. AWKX-MEGA characterization. (QQ) Purified AWKN-MEGA.
(RR) ESI-MS of purified AWKN-MEGA. Calcd. [M+H]+ 649.7 Da, obsd. 651.4 Da. RP-HPLC
performed on C18 analytical column, 0-73% B, 30 min.
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Figure 2.S2. RP-HPLC spectra of crude AWKX-MEGA peptides after TFA-cleavage from
resin. (A) AWKG-MEGA (B) AWKA-MEGA (C) AWKL-MEGA (D) AWKV-MEGA (E) AWKDMEGA (F) AWKF-MEGA (G) AWKQ-MEGA (H) AWKR-MEGA. RP-HPLC performed on C18
analytical column, 0-73% B, 30 min gradient. * = AWKX-MEGA peptide.
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Continued Figure 2.S2. RP-HPLC spectra of crude AWKX-MEGA peptides after TFAcleavage from resin. (I) AWKS-MEGA (J) AWKT-MEGA (K) AWK(D-A)-MEGA (L) AWKKMEGA (M) AWKC-MEGA (N) AWK(D-C)-MEGA (O) AWKW-MEGA (P) AWKY-MEGA. RPHPLC performed on C18 analytical column, 0-73% B, 30 min gradient. * = AWKX-MEGA
peptide.
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Continued Figure 2.S2. RP-HPLC spectra of crude AWKX-MEGA peptides after TFAcleavage from resin. (Q) AWKM-MEGA (R) AWKI-MEGA (S) AWKE-MEGA (T) AWKN-MEGA
(U) AWKP-MEGA (V) AWKH-MEGA.RP-HPLC performed on C18 analytical column, 0-73% B,
30 min gradient. * = AWKX-MEGA peptide.
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Figure 2.S3. Optimization of thioesterification conditions with AWKG-MEGA. (A) 24 h RPHPLC time-points of AWKG-MEGA thioesterification with MESNa at varying pH and 25 °C. (B)
24 h RP-HPLC time-point of AWKG-MEGA thioesterification, 100 mM MESNa and 100 mM
mercaptophenylacetic acid, pH 5.6, 25 °C. (C) 24 h RP-HPLC time-point of AWKG-MEGA
thioesterification, 200 mM 2,2,2-trifluoroethanethiol, pH 5.6, 25 °C. (D) 24 h RP-HPLC time-point
of AWKG-MEGA thioesterification, 200 mM 3-mercaptopropionic acid, pH 5.6, 25 °C. (E)
Histogram shows the percentage of AWKX-MES thioester formed at 24 h at various
temperatures and pH 5.6 for the given AWKX-MEGA peptides. Percent thioester formation was
determined by RP-HPLC peak integration at 280 nm. (F) 24 h RP-HPLC time-point of AWKGMEGA thioesterification under optimized condition with 10% (v/v) MeCN. (G) 24 h RP-HPLC
time-point of AWKG-MEGA thioesterification under optimized condition with 10% (v/v) DMF. (H)
24 h RP-HPLC time-point of AWKG-MEGA thioesterification under optimized condition with 10%
(v/v) DMSO.
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Figure 2.S4. AWKX-MEGA thioesterification. (A) AWKG-MEGA thioesterification time-course.
(B) ESI-MS of AWKG-MES thioester. Calcd. [M+H]+ 584.7 Da, obsd. 584.1 Da. (C) AWKAMEGA thioesterification time-course. (D) ESI-MS of AWKA-MES thioester. Calcd. [M+H]+ 598.7
Da, obsd. 598.3 Da. (E) AWKL-MEGA thioesterification time-course. (F) ESI-MS of AWKLMES thioester. Calcd. [M+H]+ 640.8 Da, obsd. 640.4 Da. 10 = AWKX-MEGA, 13 = AWKX-MES
thioester. RP-HPLC performed on C18 analytical column, 10-60% B, 30 min gradient.
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Continued Figure 2.S4. AWKX-MEGA thioesterification. (G) AWKV-MEGA thioesterification
time-course. (H) ESI-MS of AWKV-MES thioester. Calcd. [M+H]+ 626.8 Da, obsd. 626.4 Da. (I)
AWKT-MEGA thioesterification time-course. (J) ESI-MS of AWKT-MES thioester. Calcd. [M+H]+
628.8 Da, obsd. 628.7 Da. (K) AWKS-MEGA thioesterification time-course. (L) ESI-MS of
AWKS-MES thioester. Calcd. [M+H]+ 614.7 Da, obsd. 614.4 Da. 10 = AWKX-MEGA, 13 =
AWKX-MES thioester. RP-HPLC performed on C18 analytical column, 10-60% B, 30 min
gradient.
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Continued Figure 2.S4. AWKX-MEGA thioesterification. (M) AWKR-MEGA thioesterification
time-course. (N) ESI-MS of AWKR-MES thioester. Calcd. [M+H]+ 683.8 Da, obsd. 683.5 Da. (O)
AWKQ-MEGA thioesterification time-course. (P) ESI-MS of AWKQ-MES thioester. Calcd.
[M+H]+ 655.8 Da, obsd. 655.3 Da. (Q) AWKK-MEGA thioesterification time-course. (R) ESI-MS
of AWKK-MES thioester. Calcd. [M+H]+ 656.8 Da, obsd. 656.8 Da. 10 = AWKX-MEGA, 13 =
AWKX-MES thioester. RP-HPLC performed on C18 analytical column, 10-60% B, 30 min
gradient.
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Continued Figure 2.S4. AWKX-MEGA thioesterification. (S) AWK(D-A)-MEGA
thioesterification time-course. (T) ESI-MS of AWK(D-A)-MES thioester. Calcd. [M+H]+ 599.7 Da,
obsd. 599.8 Da. (U) AWKC-MEGA thioesterification time-course. (V) ESI-MS of AWKC-MES
thioester. Calcd. [M+H]+ 631.8 Da, obsd. 631.4 Da. (W) AWKF-MEGA thioesterification timecourse. (X) ESI-MS of AWKF-MES thioester. Calcd. [M+H]+ 675.8 Da, obsd. 675.3 Da. 10 =
AWKX-MEGA, 13 = AWKX-MES thioester. RP-HPLC performed on C18 analytical column, 1060% B, 30 min gradient.
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Continued Figure 2.S4. AWKX-MEGA thioesterification. (Y) AWK(D-C)-MEGA
thioesterification time-course. (Z) ESI-MS of AWK(D-C)-MES thioester. Calcd. [M+H]+ 631.8 Da,
obsd. 631.1 Da. (AA) AWKW-MEGA thioesterification time-course. (BB) ESI-MS of AWKW-MES
thioester. Calcd. [M+H]+ 714.9 Da, obsd. 714.7 Da. (CC) AWKY-MEGA thioesterification timecourse. (DD) ESI-MS of AWKY-MES thioester. Calcd. [M+H]+ 691.8 Da, obsd. 691.6 Da. 10 =
AWKX-MEGA, 13 = AWKX-MES thioester. RP-HPLC performed on C18 analytical column, 1060% B, 30 min gradient.
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Continued
Figure
2.S4.
AWKX-MEGA
thioesterification.
(EE)
AWKM-MEGA
thioesterification time-course. (FF) ESI-MS of AWKM-MES thioester. Calcd. [M+H]+ 659.9 Da,
obsd. 659.6 Da. (GG) AWKI-MEGA thioesterification time-course. (HH) AWKP-MEGA
thioesterification time-course. 10 = AWKX-MEGA, 13 = AWKX-MES thioester. RP-HPLC
performed on C18 analytical column, 10-60% B, 30 min gradient.
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Figure 2.S5. Time-course of thioester formation for AWKX-MEGA peptides. Reactions
performed under optimized temperatures at pH 5.6 for each peptide. The final percent thioester
formed at each time-point was determined by RP-HPLC peak integration at 280 nm.

Figure 2.S6. AWKD-MEGA thioesterification (A) AWKD-MEGA thioesterification time-course.
(B) ESI-MS of AWKD-MES thioester. Calcd. [M+H]+ 642.7 Da, obsd. 642.3 Da. (C) ESI-MS of
AWKD-OH by-product. Calcd. [M+H]+ 518.5 Da; obsd. 518.4 Da. 1 = AWKD-MEGA, 2 = AWKDMES thioester. RP-HPLC performed on C18 analytical column, 10-60% B, 30 min gradient.
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Figure 2.S7. AWKE/N-MEGA thioesterification. (A) AWKE-MEGA thioesterification RP-HPLC
48 time-point, pH 5.6, 37 °C (left), and scheme depicting formation of epimeric of AWKE-MES
and AWKE-(δ-MES) products (right) (B) AWKN-MEGA thioesterification 8 h time-point, pH 4.5,
50 °C (left), and scheme depicting formation of AWKN asparaginimide product (right). 10 =
AWKX-MEGA, 13 = AWKX-MES thioester. RP-HPLC performed on C18 analytical column, 1060% B, 30 min gradient.
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Figure 2.S8. Synthesis and thioesterification of p53(1-35)-MEGA. (A) Amino acid sequence
of p53(1-35)-MEGA. (B) RP-HPLC of crude p53(1-35)-MEGA peptide product after TFA
cleavage from solid support (0-73% B, 30 min gradient). (C) RP-HPLC of pure p53(1-35)-MEGA
(0-73% B, 30 min gradient). Inset is ESI-MS of purified p53(1-35)-MEGA. Calcd. [M+H]+ 4,098.6
Da, obsd. 4,097.7 ± 0.7 Da. (D) Thioesterification time-course of p53(1-35)-MEGA (C18 RPHPLC, 30-80% B, 30 min gradient). Buffer: 400 mM MESNa, 100 mM NaH2PO4, 25 mM TCEP,
pH 4.5, 70 °C. (E) ESI-MS of isolated p53(1-35) C-terminal thioester; Calcd. [M+H]+ 4,091.6 Da,
obsd. 4,090.9 ± 2.2 Da. * = p53(1-35)-MEGA thioester.

Figure 2.S9. Purified CASW peptide. (A) C18 analytical RP-HPLC chromatogram of purified
CASW, 0-73% B, 30 min gradient. (B) ESI-MS of purified CASW. Calcd. [M+H]+ 464.2 Da, obsd.
464.2 Da.
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*

*

Figure 2.S10. RP-HPLC spectra of crude N-terminal Cys-containing peptides after TFAcleavage from resin. (A) Crude CRGD(D-F)-MEGA peptide (B) Crude CASHEW-MEGA
peptide. RP-HPLC performed on C18 analytical column, 0-73% B, 30 min gradient. Asterisks
indicate the desired product.

Figure 2.S11. Synthesis of CASHEW-MEGA peptide. (A) C18 analytical RP-HPLC
chromatogram of purified CASHEW-MEGA peptide, 0-73% B, 30 min gradient. (B) ESI-MS of
purified CASHEW-MEGA peptide. Calcd. [M+H]+ 864.0 Da, obsd. 864.0 Da. * = Symmetric
disulfide of CASHEW-MEGA.

Figure 2.S12. Synthesis of CRGD(D-F)-MEGA peptide. (A) C18 analytical RP-HPLC
chromatogram of purified CRGD(D-F)-MEGA peptide, 0-73% B, 30 min gradient. (B) ESI-MS of
purified CRGD(D-F)-MEGA peptide. Calcd. [M+H]+ 728.8 Da, obsd. 728.7 Da.
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Figure 2.S13. Cyclization of CASHEW-MEGA and CRGD(D-F)-MEGA peptides. (A) Scheme
depicting the cyclization reaction of CASHEW-MEGA (top) and RP-HPLC time-course of
CASHEW-MEGA cyclization (bottom). (B) Scheme depicting the cyclization reaction of
CRGD(D-F)-MEGA (top) and RP-HPLC time-course of CRGD(D-F)-MEGA cyclization (bottom).
* = Cyclized peptide, ** = Initial MEGA peptide. RP-HPLC performed on C18 analytical column,
10-60% B, 30 min gradient.
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Figure 2.S14. RP-HPLC spectrum of crude SFT-1 (I10G)-MEGA peptide after TFA-cleavage
from resin. RP-HPLC performed on C18 analytical column, 0-73% B, 30 min gradient.

Figure 2.S15. SFT-1 (I10G)-MEGA cyclization. (A) RP-HPLC time-course of SFT-1 (I10G)MEGA thioesterification. Buffer: 400 mM MESNa, 100 mM NaH2PO4, 25 mM TCEP, pH 5.6, 70
°C. * = Cyclized product, ** = SFT-1 (I10G)-MEGA peptide. (B) ESI-MS of SFT-1 (I10G) cyclized
product. Calcd. [M+H]+ 1,459.7 Da, obsd. 1,459.4 Da. RP-HPLC performed on C18 analytical
column, 10-60% B, 30 min gradient.
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Figure S2.S16. On-resin ASHEW-MEGA thiolysis. 24 h RP-HPLC time-point of ASHEWMEGA thiolysis, 200 mM NaH2PO4, 400 mM MESNa, pH 5.6, 70 °C. RP-HPLC performed on
C18 analytical column, 0-73% B, 30 min gradient.

Figure 2.S17. Epimerization during MEGA-mediated thioesterification (A) Overlaid C18
analytical RP-HPLC of AWK(D-A)-MES and AWKA-MES thioesters formed at 8 h. 0.6% and
1.3% epimerization were observed for AWK(D-A)-MEGA and AWKA-MEGA, respectively. (B)
Overlaid C18 analytical RP-HPLC of AWK(D-C)-MES and AWKC-MES thioesters formed at 24
h; 0.8% and 1.1% epimerization were observed for AWK(D-C)-MEGA and AWKC-MEGA,
respectively. RP-HPLC: 10-60% B, 30 min gradient. * = AWKX-MEGA starting material.
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Figure 2.S18. Synthesis of CLAS(D-H)-MEGA and CLAS(L-H)-MEGA peptides (A) C18
analytical RP-HPLC chromatogram of purified CLAS(D-H)-MEGA peptide. (B) ESI-MS of
purified CLAS(D-H)-MEGA peptide. Calcd. [M+H]+ 662.8 Da, obsd. 662.6 Da. (C) C18 analytical
RP-HPLC chromatogram of purified CLAS(L-H)-MEGA peptide. (D) ESI-MS of purified CLAS(DH)-MEGA peptide. Calcd. [M+H]+ 662.8 Da, obsd. 662.5. RP-HPLC performed on C18 analytical
column, 0-73% B, 30 min gradient.
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Figure 2.S19. Cyclization of CLAS(D-H)-MEGA and CLAS(L-H)-MEGA peptides (A)
CLAS(D-H) cyclization time-course. (B) ESI-MS of purified cyclic CLAS(D-H) peptide. Calcd.
[M+H]+ 512.2 Da, obsd. 512.4 Da. (C) CLAS(L-H) cyclization time-course. (D) ESI-MS of purified
cyclic CLAS(L-H) peptide. Calcd. [M+H]+ 512.2 Da, obsd. 512.4 Da. (E) Overlaid C18 analytical
RP-HPLC of CLAS(D-H)-MEGA and CLAS(L-H)-MEGA cyclization reactions at 24 h; 24.8% and
1.8% epimerization were observed for CLAS(D-H)-MEGA and CLAS(L-H)-MEGA, respectively.
1 = CLASH-MEGA, 2 = Cyclized product, * = Unreacted CLASH-MEGA. RP-HPLC performed
on C18 analytical column, 10-60% B, 30 min gradient.
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Chapter 3

Biochemical investigation of the effect of
histone H4 sumoylation on histone H3
deacetylation by the HDAC1-CoREST1 subcomplex
3.1 Introduction
Post-translational acetylation of histone N-termini is an established regulatory mechanism for
many important cellular processes including gene transcription, DNA damage repair and cellular
metabolism pathways.1–5 Histone acetylation is a reversible modification that is controlled by the
opposing enzymatic activities of histone acetyltransferases (HATs) and histone deacetylases
(HDACs).6,7 All four core histones are acetylated in vivo; however, acetylation of H3 and H4 Ntermini in particular are strongly associated with transcription activation and gene activity. 1,2 The
action of HDAC enzymes is therefore considered to be generally repressive for gene activity.
Biochemically, histone acetylation acts to neutralize positively charged lysine ε-amines,
disrupting electrostatic histone-DNA contacts to unfold compacted nucleosomes and facilitate
transcription machinery binding to DNA8,9 Furthermore, bromodomain-containing proteins
recognize acetylated lysines adding further complexity to the regulation of chromatin structure
and function through histone acetylation.10–12

A large body of evidence suggests that disruption of the spatial and temporal distribution of
histone acetylation, due to misregulated activity of their corresponding HATs and HDAC
enzymes, can lead to a variety of disease states including cancer and debilitating
neurodegenerative diseases.13–15 For example, loss or mutation of HDAC2 has been implicated
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in colorectal and colon cancers by imparting increased cellular resistance to anti-proliferative
and pro-apoptotic drugs.16 In addition, the impairment of HDAC6 has been linked to Parkinson’s
disease due to aberrant aggresome formation and clearance of misfolded proteins in cells
lacking this enzyme.17–19 Decoding the crosstalk between histone acetylation, their effector
proteins and other histone post-translational modifications (PTMs) is critical to understanding
differences in gene transcription arising from subtle changes in the chromatin PTM landscape..

Due to the diversity within the HDAC family and their association with cancer proliferation,
HDAC enzyme- and class-specific anticancer therapeutic development has garnered much
attention over the last two decades.20–22 HDACs are divided into four distinct classes (I, II, III and
IV) based on sequence similarity to their yeast orthologues reduced potassium dependency-3
(Rpd3) and histone deacetylase 1 (Hda1), and their mechanisms of action (Table 3.1, Figure
3.1).7 Classes I, II and IV HDACs are metal-dependent enzymes with large active site cavities
imparting broad substrate scope. A zinc ion is coordinated by conserved active site His and Asp
residues, and activates the carbonyl moiety of acetylated substrates for subsequent hydrolysis
by water (Scheme 3.1A).23,24 Class III HDACs (also known as sirtuins) use a nicotinamide
adenine dinucleotide (NAD+) cofactor and general acid-base catalysis to deacetylate their
substrates, producing nicotinamide and acetylated ADP-ribose as by-products (Scheme 3.1B).

X-ray crystal structures for several of the metal-dependent HDACs have been reported.25–28
Members of Class I, II and IV HDACs share a high degree of sequence similarity and tertiary
structure within the ~250-400 residue deacetylase domain. Thus, residue-specific variances and
additional structural elements lead to the observed differences in active site geometry, substrate
recognition and protein-protein interactions among the zinc-dependent HDACs (Figure 3.1).
Class I, comprised of HDAC1, 2, 3 and 8, contain large globular N-terminal deacetylase (DAC)
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Table 3.1. Classification of metal-dependent HDAC isoforms
No. of
residues

Deacetylase
(DAC) domain
residuesa

HDAC1
HDAC2
Class I
HDAC3
HDAC8

482
488
428
377

9-321
9-322
3-316
14-324

HDAC4
HDAC5
HDAC6
Class II
HDAC7
HDAC9
HDAC10

1,084
1,112
1,215
912
1,069
669

655-1,084
684-1,028
87-404, 482-800
518-685
631-978
1-323

Class IV HDAC11

347

14-326

Isoform

DAC sequence
identity (%) tob :
Rpd3 (S. cerevisiae )
64
65
57
43
Hda1 (S. cerevisiae )
36
34
38, 44
37
35
41
Rpd3 (Hda1)
31 (24)

a

Derived from UniProt accession numbers Q13547 (HDAC1), Q92769 (HDAC2), O15379 (HDAC3), P56524
(HDAC4), Q9UQL6 (HDAC5), Q9UBN7 (HDAC6), Q8WUI4 (HDAC7), Q9BY41 (HDAC8), Q9UKV0 (HDAC9),
Q9UKV0 (HDAC10), Q96DB2 (HDAC11). b From reference 7.

Figure 3.1. Sequence maps of metal-dependent HDAC isoforms. HDAC constructs are
grouped by class (I, II, IV). Orange cylinders = DAC domains. Blue cylinders = sites of serine
phosphorylation and protein 14-3-3 binding site. Green cylinders = sites of protein MEF
binding. Purple cylinder = Ser/Glu repeat motif. Yellow cylinder = Zinc-finger motif/ubiquitin
binding site. Red cylinder = leucine zipper motif. Adapted from reference 7.
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Scheme 3.1. Deacetylation mechanisms of Zn-dependent (A) and NAD+-dependent (B)
HDACs. Adapted from reference 21.

domains and short, unstructured C-terminal domains. HDAC1 and 2, the most widely studied
HDAC isoforms, share nearly identical sequences and largely redundant substrate specificities
Thus, these proteins are often described together as HDAC1/2. Class II HDACs, comprised of
HDAC4-7, 9 and 10 possess additional C- and/or N-terminal domains responsible for specific
protein-protein interactions (e.g. with MEF2, 14-3-3). Little is currently known about the sole
member of Class IV, HDAC11, but despite sequence homology to both Class I and II HDACs,
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HDAC11 is highly conserved from yeast to humans and evolutionary analyses suggest it is the
only member of its class.29

Like histone deacetylation activity, histone modification by the small ubiquitin-like modifier
(SUMO) 2/3 proteins has been reported to downregulate transcription via mutational analysis
and quantitative PCR experiments in yeast, and luciferase reporter assays in human cells
(Chapter 1.4).30,31 Despite its general association with gene repression, the Chatterjee lab has
demonstrated that site-specifically sumoylated nucleosome arrays favor an open, euchromatic
architecture in several biophysical characterization experiments.32 The incongruity between the
transcriptionally repressive nature of histone sumoylation in cells, and the preference for
sumoylated arrays to adopt an open euchromatic structure has warranted further investigation
into the precise mechanism(s) by which SUMO2/3 exerts its influence on gene regulation. If
SUMO itself does not physically promote chromatin condensation, it is conceivable that
recruitment of gene repressive histone-modifying enzymes (e.g. HDACs) or repressive protein
complexes underlies its association with transcription repression.

HDAC enzymes can operate within one or more protein complexes with diverse biological
functions. For example, the nucleosome remodeling and deacetylase (NuRD) and the lysine
specific demethylase 1 (LSD1), co-repressor for element 1 silencing transcription factor
(CoREST1), and HDAC1/2 complexe (LCH) finely tune histone methylation and acetylation
states, which can stimulate or preclude the binding of cellular transcriptional machinery.33–36
HDAC1/2 are central components of the LCH complex responsible for removing histone acetyl
groups at target gene loci (Figure 3.2).37,38 LSD1, an H3K4me1/2 specific histone demethylase,
complements the repressive activity of HDAC1/2 in the LCH complex by removing gene-
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Figure 3.2. LCH complex components. (A) X-ray crystal structure of LSD1(171-835) and
sequence map describing LSD1 domain organization. LSD1 FAD cofactor is depicted in
yellow. PDB: 2V1D. (B) Crystal structure of HDAC1 (8-376) and sequence map describing
HDAC1 domain organization. Zinc cofactor is depicted in gray. PDB: 4BKX. (C) Crystal
structure of CoREST1(308-440) and sequence map describing CoREST1 domain
organization. PDB: 2V1D.

activating histone methyl marks (Chapter 4.1).39 LSD1 and HDAC enzymes are associated in
the LCH complex through the scaffolding protein, CoREST1, by interacting with its α-helical
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linker domain and N-terminal SANT1 domain, respectively (Figure 3.2). While CoREST1 is
believed to be necessary for efficient nucleosome demethylation by LSD1 in vivo, and
stimulates LSD1 activity toward mononucleosome substrates in vitro, to our knowledge there
have been no studies describing the effect of CoREST1 on HDAC1/2 activity.40 However, the
sumoylation of nuclear proteins has been implicated in HDAC-mediated gene repression.41 The
LCH complex was previously found to repress the expression of the sodium channel α-subunit
genes, SCN1A and SCN3A.38 This gene repression was dependent on the binding interaction
between CoREST1 and an unidentified sumoylated nuclear protein. The CoREST1-SUMO
interaction was proposed to depend on a non-consensus SUMO interacting motif (ncSIM), I-D-IE-V, identified within CoREST1(255-275) during co-precipitation assays. However, the target(s)
of sumoylation which led to the observed repressive activity of the LCH complex remained
unknown. Recently, the Chatterjee lab has demonstrated a stimulatory effect of the LSD1CoREST1 (LC) sub-complex activity toward H3K4me2 in the context of chemically sumoylated
H4 (suH4) nucleosomes.42 Similar to the in vivo repression of SCN genes, the stimulatory effect
on LSD1 activity was dependent on the interaction between CoREST1 and suH4, as point
mutations in the SIM of CoREST1 (I270A, I272A, V274A, collectively called CoREST1-3A)
failed to stimulate LSD1 demethylation activity.

In this chapter, I report that the deacetylation activity of the HDAC-CoREST1 (HC) sub-complex
towards site-specifically acetylated nucleosomal substrates is stimulated by chemically
sumoylated H4. We found that the degree of histone tail acetylation (mono- or polyacetylation)
does not negatively influence deacetylation by the HC sub-complex, nor the stimulatory affect
that suH4 imparts. Given the clear importance of the CoREST1-SUMO3 interaction to the
activity enhancement of LC and HC sub-complexes, we also performed a quantitative
assessment of their binding properties using heteronuclear single quantum coherence (HSQC)
nuclear magnetic resonance (NMR) spectroscopy titration experiments. These results, in
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conjunction with previous cellular studies, clearly indicate that histone sumoylation plays a key
role in the epigenetic hierarchy of dynamic chromatin remodeling for transcriptional repression.

3.2 Results and Discussion
3.2.1

Semisynthesis of sumoylated H4

In order to probe the effect of suH4 on HC activity, we required site-specifically modified H3 and
H4 proteins. Natively-linked and site-specifically modified proteins are challenging substrates to
obtain in quantities necessary for biochemical evaluation. The Chatterjee lab has previously
reported an EPL-based method for the semi-synthesis of milligram quantities of suH4 (Chapter
1.6, Scheme 3.2).42,43 The semisynthesis of suH4 hinges on a key chemical ligation step
between recombinant H4(15-102)A15C truncate (3.8) and chemically sumoylated H4(1-14) Cterminal peptide hydrazide (3.7). First, the histone H4 truncate was expressed in E. coli as a
fusion to tobacco etch virus (TEV) protease recognition sequence (ENLYFQ/S).44 After isolation
of the His6-TEV-H4 truncate fusion construct via immobilized metal affinity chromatography
(IMAC), treatment with recombinant TEV protease cleaved the affinity purification handle to
release the free N-terminal cysteine, which was further purified by RP-HPLC (Figures 3.S13.S3). The low efficiency of TEV cleavage from this construct necessitated multiple rounds of
both protease treatment and Ni2+-affinity purifications to isolate sufficient quantities of the
truncated H4(15-102)A15C construct.

To prepare the sumoylated H4 peptide hydrazide, recombinant His6-SUMO3(2-91)C47S-MES
thioester (3.6) was first generated by expression in E. coli as the C-terminal AVA-intein fusion
(Scheme 3.2).45,46 Following IMAC purification, dialysis of the fusion construct in a MESNacontaining buffer stimulated intein-mediated N-to-S acyl shift and transthioesterification to give
the stable His6-SUMO3(2-91)C47S-MES thioester, which was further purified by RP-HPLC
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Scheme 3.2. Semisynthesis of suH4

(Figure 3.S4). Concurrently, H4(1-14) C-terminal peptide hydrazide containing orthogonally
protected K12ivDde (3.1) was prepared via standard 9-fluorenylmethoxycarbonyl (Fmoc)-SPPS.
Solid-phase removal of the ivDde group using hydrazine allowed installation of a 2(aminooxy)ethanethiol ligation handle (3.4) on the K12 side chain over two steps (3.5) (Scheme
3.2, Figure 3.S5). NCL between the newly formed K12 ligation auxiliary and His6-SUMO3(291)C47S-MES thioester, and subsequent zinc-mediated cleavage of the ligation handle N-O
bond provided the sumoylated H4 peptide (3.7) (Figures 3.S6, 3.S7). The sumoylated H4
peptide was further ligated with recombinant 3.8 via diazotization of the C-terminal hydrazide
(Figure 3.S8).47,48 Radical-mediated desulfurization of Cys15 to the native Ala residue gave the
full-length H4 substrate containing the native isopeptide linkage between SUMO3 and H4K12
(3.9) (Figure 3.S9)49
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3.2.2

Semisynthesis of acetylated H3 for in vitro deacetylation assays

We are interested in studying the effect of suH4 on HDAC1 activity not only when a single H3
acetyllysine substrate is available at H3 K14, but, also in the presence of additional transcription
activating PTMs — specifically additional acetylation marks. We hypothesized that these
experiments could reveal any contextual differences in the ability of HDAC1 to initiate
transcription repression, possibly through a hierarchy of specifity toward distinct acetyllysines in
the H3 tail. My first goal was to ascertain whether several acetylated lysine resides would affect
the overall activity of HDAC1, or its ability to bind a heavily modified histone substrate.

It was reported that the preferred site of lysine acetylation in histone H3 tails is at H3 K14 by
acetyl transferases p300/CREB-binding protein (CBP) and p300/CBP-associated factor (PCAF),
although all lysines in the H3 tail are observed to be acetylated in vivo.50,51 In order to probe
deacetylation of H3 by HDAC1, we designed an EPL approach for chemical access to all lysines
in the H3 tail (Scheme 3.3). First, H3(1-28) C-terminal peptide hydrazides bearing either a
single acetylation mark at lysine 14 (H3K14ac) or poly acetylation at lysines 9, 14, 18, 23 and 27
(H3polyac) were synthesized via Fmoc-SPPS (3.10) (Figure 3.S10). Preparation of H3K14ac
was performed by Caroline Weller (Caroline Weller, Ph.D thesis). Next, an H3Δ28 construct was
cloned and transformed into E. coli as the His10-SUMO3-H3(29-135)A29C,C110A fusion,
bearing removable affinity purification and SUMO3 solubility tags. Following expression and
IMAC purification of the H3 truncate fusion, cleavage of the His10-SUMO3 tag was performed by
incubation with the purified catalytic domain of the SUMO-isopeptidase, sentrin-specific
protease 2 (SENP2, Figure 3.S11). Optimized cleavage conditions gave near quantitative
cleavage in 8 h at 25 °C with 0.1 molar equivalent of SENP2 (Figure 3.S12A), thus eliminating
the need for additional IMAC steps to remove residual H3 truncant fusion. The truncated H3(29135)A29C protein was finally purified by RP-HPLC to remove remaining H3 truncate fusion.
The H3 truncate was finally purified by RP-HPLC to yield tens of milligram quantities of the
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Scheme 3.3. Semisynthesis of acetylated H3

H3Δ28 truncate (3.12)(Figure 3.S12B,C). The purified peptide hydrazide was converted to the
corresponding azides (3.11) by oxidation with sodium nitrite, and then ligated to H3(29135)A29C bearing an N-terminal cysteine to form the native amide bond between residues 28
and 29 (Figure 3.S13). Following desulfurization of C29 to the native Ala residue, the singly and
polyacetylated H3 proteins were incorporated into histone octamers by refolding through dialysis
with the remaining core histones (Figure 3.S14, 3.S15). The purified octamers were then
assembled into mononucleosomes by mixing with high affinity 147 bp Widom 601 double
stranded DNA and undertaking step-wise salt dilutions (Figure 3.S16). 52,53

3.2.3

Deacetylation of nucleosomal substrates by the HDAC-CoREST1 sub-complex

With semisynthetic acetylated nucleosomes in hand, C-terminally FLAG-tagged HDAC1 was
expressed in HeLa cells and purified by immunoprecipitation on M2 agarose resin. Accurate
enzyme concentration was determined by SDS-PAGE and coomassie staining in comparison
with bovine serum albumin (BSA) standards of known concentrations (Figure 3.S17). HDAC1
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activity was confirmed with the Fluor de Lys (Enzo Life Sciences, Farmingdale, NY) HDAC
fluorometric activity assay (Figure 3.S18). Isopeptidase activity from co-purified SUMO
protease(s) was overcome through treatment with N-ethylmaleimide (Caroline Weller, Ph.D.
thesis). Full-length wild-type His6-CoREST1 and His6-CoREST1-3A were purified from E. coli by
IMAC using previously described protocols with minor modifications, and its final concentration
determined by gel electrophoresis in comparison with BSA standards (Figure 3.S19).38

HDAC1 activity was monitored by first pre-forming the HC complex on ice for 30 minutes in an
equimolar ratio of both proteins, followed by incubation with acetylated mononucleosomes
containing either wild-type H4 or suH4 (Figure 3.3). Due to the additional HDAC1 substrate
available in polyacetylated vs. singly acetylated nucleosomes (five acetyllysines compared to
one acetyllysine), five-fold less of the polyacetylated substrates was used for a direct
comparison of HDAC1 activity at each acetyllysine. We note that using the same concentration
of H3polyac nucleosomes as that used in H3K14ac nucleosome deacetylation assays resulted
in slower overall H3 deacetylation due to the 5-fold greater substrate present (Figure 3.S20),
indicating no allosteric stimulation of HDAC1 activity by the acetyl groups themselves.
Deacetylation assays using H3K14ac mononucleosomes were performed by Weller (Caroline
Weller, Ph.D. thesis).

Time-points for the deacetylation assays were gathered and analyzed by quantitative Western
blot analysis using either a H3K14ac-specific antibody or a pan-acetyllysine antibody that
recognizes any acetylated lysine residue in H3 (Figure 3.3). The western blot membranes were
also incubated with a second primary antibody towards one of the other assay components (i.e.
H2A, H4 or HDAC-FLAG) as an internal loading control. Plotting the percentage of H3
acetylation relative to an initial zero time-point allowed us to monitor the activity of the HC
complex over time, which revealed robust H3 deacetylation by the HC complex on both the
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Figure 3.3. suH4 stimulates HC sub-complex deacetylation toward acetylated H3. (A)
Representative Western blot time-course of H3K14ac deacetylation by HDAC1 using
various histone H4 and CoREST1 constructs. (B) Histogram quantification of H3K14ac
deacetylation. (C) Representative Western blot time-course of H3polyac deacetylation by
HC sub-complex using either wild-type H4 or suH4. (D) Histogram quantification of H3polyac
deacetylation. * P < 0.05. Error bars are standard error of the mean.
singly and polyacetylated substrates (Figure 3.3). Strikingly, the HC complex deacetylated H3
to >2-fold in the presence of suH4 compared to wild-type H4 over the same time period. The
increased activity in the presence of suH4 was dependent on the interaction between SUMO3
and the SIM in CoREST1, because an HC sub-complex containing the CoREST1-3A mutant did
not show enhanced deacetylation activity. Together, these results indicate that suH4 exerts a
significant stimulatory effect on the HC sub-complex, similar to that observed for the LC subcomplex. Like the LC subcomplex, the enhanced activity was due to the interaction of
sumoylated H4 and the intact SIM of CoREST1.
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It is noteworthy that deacetylation of H3polyac mononucleosomes occurred at a slower overall
rate to reach the same level of H3 deacetylation when compared to the singly acetylated
substrate (24 hours versus 6 hours). However, the extent of H3 deacetylation in the early timepoints of the experiment indicated a slightly increased rate of initial deacetylation. These results
may indicate a preference of the HC complex to deacetylate specific lysine residues first and/or
at a faster rate compared to other acetylated lysines within the H3 tail. To test for acetyllysine
specificity we repeated the H3polyac nucleosome deacetylation assay and blotted time-points
with either an H3K14ac-specific antibody and with the pan-acetyllysine antibody (Figure 3.S21).
Results from this experiment demonstrated a slight, but statistically significant, difference in total
H3 deacetylation at early time-points compared with H3K14ac-specific deacetylation at early
time-points. We found that, not surprisingly, H3K14ac is deacetylated more slowly than the
combination of all acetylated lysine residues in the H3 tail indicating that it is not a preferred
substrate of HDAC1 However, this did not hold true at later time-points, and H3K14ac levels
were less than global H3acetylation levels by the end of the time-course. Although more
experimentation is necessary to characterize deacetylation rates at other lysine residues in the
context of H3polyac nucleosomes, we suspect that K14ac may be a poorer HDAC1 substrate at
the onset, due to the presence of acetylation at adjacent sites that may hinder binding to the
active site of HDAC1. However, after deacetylation at adjacent sites has occurred H3 K14
appears to be a good substrate for deacetylation by HDAC1.

3.2.4

Quantitative characterization of the CoREST1-SUMO3 binding interface

Consensus SUMO interacting motifs are 3-4 hydrophobic amino acid stretches with the
sequence (V/I)-X-(V/I)-(V/I) or (V/I)-(V/I)-X-(V/I/L), where X is generally another bulky aliphatic
residue or Asp, Glu or Ser.54,55 SIMs are often flanked by acidic patches of amino acids that aid
in non-covalent interactions with the various SUMO isoforms. Thus far, SIMs have only been
described for SUMO1-3 binding, while SIMs have yet to be demonstrated for SUMO 4 and 5,
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even though SUMO4 shares ~82% sequence identity to SUMO2/3 and has nearly identical SIM
binding cleft residues.56–59 SUMO5, however, shares only ~46% sequences identity to SUMO2/3
(although ~87% with SUMO1) and is substantially variant in the SIM binding cleft (Chapter 1.4).
Unsurprisingly, most known SUMO ligases contain at least one SIM in their sequence and have
been shown to be critical for ligase activity.60,61 Within the last several years, SIMs have been
described in a plethora of other proteins, leading to an increased sense of the importance of
protein sumoylation in cellular processes.62

The clear importance of the interaction between SUMO2/3 and the ncSIM of CoREST1 in our
studies led us to further investigate this association. Until now, only qualitative methods have
established a relationship between the two proteins. Previous studies have linked CoREST1
and SUMO through co-immunoprecipitation assays, and the Chatterjee lab has demonstrated
enzymatic stimulation dependent on the SUMO3-CoREST1 interaction, and so we sought to
quantitatively assess this important binding event for the first time.26,42

In order to generate the desired binding data we designed an HSQC NMR spectroscopy
experiment in collaboration with the lab of Dr. Rachel Klevit (Department of Biochemistry, UW)
and Dr. Rajan K. Paranji (Department of Chemistry, UW). By titrating increasing amounts of
CoREST1 peptide, centered on the I-D-I-E-V hydrophobic core, into a solution containing
isotopically labeled SUMO2/3, we expected to observe various backbone chemical shift
perturbations (CSPs) of SUMO2/3 residues that are either directly or indirectly affected by
CoREST1 binding. We anticipated that this experiment could elucidate the equilibrium
dissociation constant (Kd) of the SUMO2/3-CoREST1 binding interaction as well as map the
CoREST1 binding surface on SUMO. In these experiments, CSPs should continually increase
until the SUMO binding interface is saturated with CoREST1 peptide. Binding curves reflect this
saturation and can be fit with non-linear regression to derive the binding Kd. Unfortunately,
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previous attempts to arrive at binding data between full-length CoREST1 or CoREST1(1-300)
and SUMO3 using fluorescence polarization (FP) or Fӧrster resonance energy transfer (FRET)
experiments were unsuccessful due to the challenge of obtaining CoREST1 at high enough
concentrations to saturate SUMO3 binding.

For NMR experiments, we expressed and purified

15

N-labeled His6-SUMO3 from E. coli. In

addition, we prepared an extended CoREST1 ncSIM peptide (252-277) as the C-terminal amide
with acetylated N-terminus, as well as the corresponding 3A mutant via Fmoc-SPPS (Figures
3.S22, 3.S23). Upon dissolving labeled SUMO3 in a 10% D2O-potassium phosphate buffer, the
1

H-15N-HSQC NMR spectrum was collected. CoREST1 peptides were then titrated into the

solution and subsequent NMR spectra were collected from a range of 1 to 24 molar equivalents
of added CoREST peptide (Figure 3.4A). The resulting spectra displayed clear CSPs for
several SUMO3 residues. The most perturbed SUMO3 residues were all found in, or adjacent
to, the well-characterized consensus SIM binding-cleft between strand β2 and helix α1 of
SUMO2/3, indicating a specific binding site for the peptide (Figure 3.4B,C). Plotting the
magnitude of residue-specific CSPs against concentration of titrated CoREST1 peptide
generated binding saturation curves. An average Kd of 1.98 ± 0.13 mM was extracted from ten
binding saturation curves using GraphPad Prism software (Table 3.2, Figure 3.S24). This is in
contrast to previously determined Kd values of 1-180 μM for proteins containing consensus
SIMs but may speak to the fact that the peptide is entirely out of its protein context..54,63,64
Importantly, when the CoREST1-3A peptide was used in identical NMR titration experiments,
the CSPs did not saturate over the same concentration range for added peptide and we
estimated a Kd > 20 mM (Figure 3.S25). This result confirms the importance of specific
hydrophobic residues in the ncSIM of CoREST1 for SUMO binding and stimulation of HC and
LC sub-complex activities.
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Figure 3.4. The CoREST1 SIM peptide binds SUMO3. (A) Overlaid 1H-15N-HSQC NMR
spectra of free SUMO3 and 1-24 molar equivalents of titrated CoREST1(252-277).
Magnified regions depict prominent chemical shift perturbations (CSPs) for L42, T37 and
F31 upon increasing equivalents of CoREST1-SIM. (B) Crystal structure of SUMO3 with
highlighted residue effected by CoREST1(252-277) binding. The three residues in red (K34,
T37 and L42) indicate residues with the three largest CSPs. The three residues in orange
(L19, F31 and R35) indicate the next three largest CSPs. The four residues in yellow (Q30,
A45, N67 and T71) indicate the next four largest CSPs. PBD: 1U4A (C) Histogram depicting
the absolute magnitude of CSP for each SUMO3 residue when either CoREST1(252-277) or
CoREST1(252-277)-3A are added.
Table 3.2. Measured dissociation constants for ncSIM-SUMO3 binding interactions
ncSIM peptide

Dissociation constant (Kd, mM)

CoREST1(252-277)
CoREST1(252-277)-3A
FIP1L1(120-145)
FIP1L1(120-145)-3A

1.98 ± 0.13
>20
3.57 ± 0.18
>12
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The relatively weak observed association (large Kd value) between the CoREST1 ncSIM peptide
and SUMO3 raised additional questions about the physiological importance of this interaction.
We surmise that either additional structural elements of full-length CoREST1 are needed to
strengthen the binding interaction with SUMO3, or, that the weak SUMO-ncSIM associations
are part of broader multivalent interactions between protein complexes and chromatin. For
example, CoREST1 already binds nucleosomal DNA by means of its SANT2 domain and the
interaction with SUMO3 may tailor its precise positioning on nucleosomes. To assess whether
this weak affinity is specific to the CoREST1–SUMO interaction, or whether other proteins
containing ncSIMs bind with similar affinity, we generated the Factor interacting with PAPOLA
and CPSF1 (FIP1L1) (120-145) peptide and the corresponding 3A SIM variant (L138A, V140A
and L142A, collectively called FIP1L1-3A) (Figure 3.S26). FIP1L1 (a pre-mRNA processing
complex subunit) was previously reported to contain an ncSIM and bind SUMO2.38 The wildtype FIP1L1 peptide was used in NMR titration experiments which revealed a Kd = 3.57 ± 0.18
mM, while the FIP1L1-3A bound SUMO3 with >3-fold weaker affinity, thus altering but not
completely preventing peptide binding (Table 3.2). Again, the most perturbed residues were
located in the SIM binding cleft of SUMO3 (Figures 3.S27, 3.S28). The weaker observed Kd for
the FIP1L1 peptide is in agreement with slightly weaker association for full-length FIP1L1 with
SUMO2 (relative to full-length CoREST1) via previously reported co-precipitation studies38 The
similar observed SUMO3 binding affinities for the CoREST1 and FIP1L1 peptides suggest that
weak interactions may be a common property among proteins containing ncSIMs. This is an
exciting discovery that will be further investigated in the Chatterjee labs, for example by
searching for ncSIMs in other chromatin-associated proteins.

3.3 Conclusions and outlook
In conclusion, we have delineated a role for histone sumoylation in stimulating the histone
deacetylation activity of the HC sub-complex. The enhanced HDAC activity toward acetylated
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H3 was observed with both singly and polyacetylated substrates. In addition, the enzymatic
stimulation of HDAC1 imparted by suH4 was dependent on the interaction between CoREST1
and SUMO3, as mutations in the CoREST1 SUMO interacting motif abrogated the enhanced
activity. This phenomenon was confirmed through quantification of the CoREST1-SUMO3
binding interaction via HSQC NMR experiments, which revealed clear chemical shift
perturbation in the SIM binding cleft of SUMO3. While the observed association between
SUMO3 and CoREST was relatively weak, we surmise that additional structural components of
CoREST1 are needed to further promote the interaction, or that weak SUMO-SIM associations
are part of broader multivalent interactions in the context of chromatin. The results from this
study raise interesting questions regarding HDAC1 specificity for the H3 tail residues, and the
importance of multi-valent protein binding events in gene regulation. Future studies will aim to
identify preferred or hindered H3 acetyllysine sites as HDAC substrates and whether histone
sumoylation directly influences HDAC1 specificity. The activity of HDAC1 and LSD1 will also be
explored in the context of the complete LCH complex in order to identify the effect of different
PTMs on gene repression by LCH.
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3.4 Experimental procedures
3.4.1 General methods
Fmoc-Lys(Boc)-Wang resin was purchased from Sigma-Aldrich Chemical Company (St. Louis,
MO), and 2-chlorotrityl chloride and Rink amide resins were 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). Ni-NTA resin for purification of His6-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 (RPHPLC) was performed on a
Varian (Palo Alto, CA) ProStar HPLC or Agilent (Santa Clara, CA)1260 Infinity II 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 was
conducted on a Bruker (Billerica, MA) Esquire ESI-MS instrument or Bruker Autoflex II MALDIMS. Size-exclusion chromatography was performed on an AKTA FPLC system (GE Healthcare,
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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).

3.4.2 Solid-phase peptide synthesis
Synthesis of H3(1-28)K14ac-C(O)NHNH2 and H3(1-28)polyac-C(O)NHNH2
The peptide H2N-ARTKQTARKSTGGK(Ac)APRKQLATKAARKS-C(O)NHNH2 corresponding to
the first 28 N-terminal residues of the human histone H3 protein was synthesized by microwaveassisted SPPS on a 0.1 mmol scale employing Fmoc-SPPS. 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 tert-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. Fmoc-Lys(ac)-OH was used at indicated positions.
Peptides were cleaved and deprotected by reaction of the resin at 20 μL/mg with standard
cleavage cocktail (TFA:H2O:triisopropylsilane:anisole 95:2.5:2.5 v/v) 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 preparative RP-HPLC with a gradient of 0105

50% B. This yielded 11% of the peptide H3(1-28)K14ac-C(O)NHNH2 and 9% of H3(1-28)polyacC(O)NHNH2 based on initial resin loading. ESI-MS of H3(1-28)K14ac-C(O)NHNH2. Calculated
m/z [M+H]+ 3,052.5 Da, observed 3,054.3 ± 1.5 Da (Caroline Weller, Ph.D. Thesis). ESI-MS of
H3(1-28)polyac-C(O)NHNH2. Calculated m/z [M+H]+ 3,221.7 Da, observed 3,221.5 ± 0.5 Da
(Figure 3.S10).

Synthesis of BocHN-H4(1-14)-2-chlorotrityl hydrazine resin
The peptide BocHN-SGRGKGGKGLGKGG-C(O)NHNH2 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 Nα-deprotection chemistry. The 2-chlorotrityl
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), oxyma (1.31 mmol) and DIEA (1.31 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 N-terminus with the Boc
group by reaction with ditert-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 mol. eq.) with N,N′-diisopropylcarbodiimide (DIC, 8
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mol. eq.) 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.43 Complete displacement was judged by test cleavage and subsequent
ESI-MS analysis. Peptide was cleaved and deprotected by reaction of resin at 100 μL/mg with
TFA:thioanisole:H2O:TIS:1,2-ethanedithiol (90:2.5:2.5:2.5:2.5 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 050% B. This yielded 9% of the peptide-auxiliary conjugate H4(1-14)K12aux-C(O)NHNH2 based
on initial resin loading. ESI-MS of H4(1-14)aux-C(O)NHNH2. Calculated m/z [M+H]+ 1,363.6 Da,
observed 1,363.8 Da (Figure 3.S5).

Synthesis of CoREST1(252-277), CoREST1(252-277)-3A, FIP1L1(120-145) and FIP1L1(120145)-3A
The

peptides

H2N-REREESEDELEEANGNNPIDIEVDQN-C(O)NH2

CoREST1(252-277), the CoREST1-3A variant,

corresponding

to

H2N-KVKGVDLDAPGSINGVPLLEVDLDSF-

C(O)NH2 corresponding to FIP1L1(120-145) and the FIPL1-3A variant were synthesized by
microwave-assisted SPPS on a 0.05 mmol scale employing standard Fmoc-SPPS (CoREST1
peptides were synthesized and purified by C.J.A. Leonen). Briefly, each amino acid was
coupled on Rink Amide resin (0.33 mmol/g) in 5 molar excess based on resin loading.
Deprotection of the Fmoc group was achieved by treating resin with 5% piperazine/0.1 M HOBt
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 (0.25 mmol), oxyma (0.25 mmol) and DIC (0.25 mmol) in DMF. For Arg, an
additional coupling reaction was performed for 25 min at 75 °C. After removal of the final Fmocprotecting group, N-termini were acetylated by incubating the resin in 50:50 DMF:DCM
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containing DIEA (40 mol. eq.) and acetic anhydride (20 mol. eq.) for 2x15 min. Peptides were
cleaved and deprotected by reaction of the resin at 100 μL/mg with standard cleavage cocktail
(TFA:H2O:triisopropylsilane, 95:2.5:2.5 v/v) for 3 h 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 preparative RP-HPLC with a gradient of 20-80% B. ESI-MS of CoREST1(252277). Calculated m/z [M+H]+ 3,084.1 Da, observed 3,083.4.3 Da (Figure 3.S23). ESI-MS of
CoREST1(252-277)-3A. Calculated m/z [M+H]+ 2.971.9 Da, observed 2,971.2 Da (Figure
3.S23). ESI-MS of FIP1L1(120-145). Calculated m/z [M+H]+ 2,738.0 Da, observed 2738.2 Da
(Figure 3.S26). ESI-MS of FIP1L1(120-145)-3A. Calculated m/z [M+H]+ 2,627.9 Da, observed
2,626.0 Da . (Figure 3.S26).

3.4.3 Overexpression and purification of SENP2 protease
E. coli BL21(DE3) cells containing the plasmid pRK793-His6-SENP2 were grown in 6 L 2xYT
(yeast extract, tryptone) supplemented with 30 μg/mL of Kanamycin at 37 °C with shaking at
250 rpm until OD600 ~0.6. Overexpression was induced by the addition of 0.3 mM IPTG and
cells were grown for an additional 3 h at 37 °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, 350 mM
NaCl, pH 7.4. Cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The lysate
supernatant was passed through a 0.45 μm filter to remove insoluble particles, then applied to
~10 mL Ni-NTA column pre-equilibrated with lysis buffer. Proteins were bound to the column
over a period of 1.5 h at 4 °C. The column was then washed with 2 column volumes (CV) of
column buffer: 50 mM HEPES, 100 mM NaCl, containing 20 mM imidazole, 2 CV column buffer
containing 75 mM imidazole, and 2 CV column buffer containing 100 mM imidazole. His6SENP2 was eluted with 10 CV column buffer containing 400 mM imidazole, and dialyzed into
3.5 L of column (no imidazole) for 3 h at 4 °C. Protein precipitation occurs during dialysis.
Concentration of the suspension was determined by comparing the band intensity of His6108

SENP2 protease on a coomassie-stained 15% SDS-PAGE gel relative to BSA standards of
known concentration (3.S11).

3.4.4 Overexpression and purification of TEV protease
E. coli BL21(DE3) cells containing the plasmid pRK793-His6-TEV were grown in 6 L LB
supplemented with 100 μg/mL of ampicillin at 37 °C with shaking at 250 rpm until OD600 ~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 μm filter then applied to ~10 mL Ni-NTA column pre-equilibrated with lysis buffer.
Proteins were bound to the column over a period of 1.5 h at 4 °C. The column was then washed
thoroughly with lysis buffer containing 20 mM imidazole. His6-TEV was eluted with lysis buffer
containing 500 mM imidazole, and dialyzed into 4 L of 20 mM tris, 150 mM NaCl, 1 mM
dithiothreitol (DTT), pH 7.5 for 18 h at 4 °C. Protein precipitation occurred during dialysis.
Concentration of the suspension was determined by comparing the band intensity of His6-TEV
protease on a coomassie-stained 15% SDS-PAGE gel relative to BSA standards of known
concentration (Figure 3.S2).

3.4.5 Overexpression and purification of H4(15-102)A15C
E. coli BL21(DE3) cells containing pET15b-His6-TEV-H4(15-102)A15C were grown in 6 L 2xYT
medium supplemented with 100 μg/mL of ampicillin at 37 °C with shaking at 250 rpm until OD600
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.65 Cells were
resuspended in wash buffer (20 mM tris, 200 mM NaCl, 1mM EDTA, 1 mM 2-mercaptoethanol,
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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-HCl, 20 mM tris, 1 mM 2-mercaptoethanol, pH 7.5)
and applied to ~10 mL Ni-NTA resin. Column binding proceeded overnight at 4 °C, after which
the resin was washed with 10 CV (column volumes) extraction buffer containing 25 mM
imidazole. The protein was eluted with 2 x 2 CV extraction buffer containing 400 mM imidazole,
then dialyzed into water containing 1 mM DTT (Figure 3.S1). 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 a concentration of 3.8 μM (0.1 mg/mL, 0.1 mol.
eq.), 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 His6tagged TEV protease and cleaved H4 N-terminal His6-tag, and the column flow-through
containing H4(15-102)A15C was 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]+ 10,070.9 Da, observed 10,071.9 ± 1.5 Da (Figure 3.S3).

3.4.6 Overexpression and purification of H3(29-135)A29C,C110A
E. coli BL21(DE3) cells containing pET15b-His10-SUMO3-H3(29-134)A29C,C110A were grown
in 6 L 2xYT medium supplemented with 100 μg/mL of ampicillin at 37 °C with shaking at 250
rpm until OD600 reached ~0.6. Overexpression was induced by the addition of 0.5 mM IPTG and
cells were grown for an additional 2 h at 37 °C. The cells were harvested by centrifugation at
7,000xg for 15 min. Cells were resuspended in wash buffer (20 mM tris, 200 mM NaCl, 1 mM
EDTA, 1 mM 2-mercaptoethanol, pH 7.4, 0.1% 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-HCl, 20 mM tris,
100 mM NaCl,1 mM 2-mercaptoethanol, pH 7.4) and applied to ~10 mL Ni-NTA resin. Column
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binding proceeded for 1.5 h at 4 °C, after which the resin was washed with 5 CV extraction
buffer containing 20 mM imidazole. The protein was eluted with 5 CV extraction buffer
containing 400 mM imidazole, then dialyzed into water containing 1 mM DTT. After dialysis,
precipitated histone fusion was lyophilized to dryness. 30-40 mg of the dried histone was taken
up in cleavage buffer consisting of 25 mM tris, pH 8, 150 mM NaCl, 25 mM tris(2carboxyethyl)phosphine hydrochloride (TCEP), 5 mM DTT, 0.15% tween-20 to a concentration
of 1 mg/mL. Purified SENP2 protease was added to a concentration of 4.2 μM (0.1 mg/mL, 0.1
mol. eq.). Ar(g) was bubbled through the reaction and then proceeded overnight at 37 °C.
Histone proteins were pelleted by centrifugation was with 2x30 mL H2O and lyophilized to
dryness. H3(29-1035)A29C,C110A was purified by C4 preparative RP-HPLC employing a
gradient of 40-70% B over 60 min. Typical yields were 5-6 mg/L of cell culture. ESI-MS of
H3(29-135)A29C,C110A. Calculated m/z [M+H]+ 12,274.4 Da, observed 12,274.6 ± 0.6 Da
(Figure 3.S12).

3.4.7 Overexpression and purification of His6-SUMO3(2-91)C47S-MES
E. coli BL21(DE3) cells were transformed with the plasmid pTXB1-His6-SUMO3(2-91)C47S with
C-terminal AVA intein fusion. Cells were grown in 6 L Luria-Bertani medium supplemented with
100 μg/mL of Ampicillin at 37 °C with shaking at 250 rpm until OD600 ~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: 50 mM NaH2PO4, pH 8, 300 mM NaCl, containing 5 mM imidazole.
Cells were lysed by sonication then centrifuged at 20,000xg for 15 min. The lysate supernatant
was passed through a 0.45 μm filter then applied to a ~10 mL Ni-NTA resin pre-equilibrated with
lysis buffer. Proteins were bound to the column for 1 h at 4 °C. The column was then washed
with 5 CV of lysis buffer, followed by 5 CV of lysis buffer containing 20 mM imidazole and 2.5
CV lysis buffer containing 50 mM imidazole. SUMO-3(2-91)C47S-AVA intein fusion was eluted
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from the column with 5 CV lysis buffer containing 250 mM imidazole. Eluted protein was
dialyzed against 2 L 100 mM NaH2PO4, pH 7.2, 150 mM NaCl containing 1 mM MESNa for 2x1
h. Intein thiolysis was induced through addition of additional MESNa to a final concentration of
100 mM and incubated at 30 °C for 18 h. Thiolysis reaction were then lyophilized to dryness and
purified by C18 preparative RP-HPLC employing a gradient of 30-60% B (H4) over 60 min.
Typical yield is 5-6 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.S4).

3.4.8 Overexpression and purification of 15N-labeled His6-SUMO3
Bacterial expression plasmid pET28a containing human His6-SUMO2 was used to clone the
RING domain of Hrd1 C-terminally of SUMO3 via BamHI and XhoI. The protein was expressed
in BL21 Escherichia coli (Invitrogen) in minimal MOPS media supplemented with
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NH4Cl,

13

C

glucose and D2O (Cambridge Isotopes). SUMO3 was purified by Ni-NTA pull-down from
bacterial lysate, followed by sequential on-column cleavage with human SENP1 and then with
thrombin (Sigma).66 After size exclusion chromatography on SDX75, SUMO3 was buffer
exchanged into 10 mM potassium phosphate pH 6.5, 100 mM potassium chloride, 2 mM DTT,
0.1 mM EDTA, H2O (90%), D2O (10%) (NMR buffer). Labeled product was confirmed by C18
analytical RP-HPLC, 0-73% B over 30 min, and ESI-MS. Observed m/z [M+H]+ 11,875.5 ± 5.7
(Figure 3.S22).

3.4.9 Expressed protein ligation of H4(1-14)K12aux-C(O)NHNH2 and SUMO3(2-91)C47SMES
Purified H4(1-14)K12aux-C(O)NHNH2 (17.6 mg, 12.9 μmol) and SUMO3(2-91)C47S-MES (22.5
mg, 2.2 μmol, 6 mol. eq.) were dissolved in 7.5 mL of a buffer consisting of 6 M Gn-HCl, 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-
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50% B over 60 min to give 12.6 mg (56%). ESI-MS of H4(1-14)K12su(aux)(C47S)-C(O)NHNH2.
Calculated m/z [M+H]+ 11,666.1 Da, observed 11,667.4 ± 3.4 Da (Figure 3.S6).

3.4.10 Zn-mediated auxiliary removal from H4(1-14)K12su(aux)(C47S)-C(O)NHNH2
Metallic Zn was freshly activated by stirring in a solution of 5% HCl 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-HCl, pH 3 containing 14.5 mg purified H4(114)K12su(aux)(C47S)-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 the
reduced product was removed. The pelleted Zn was washed twice with 0.5 mL of 6 M Gn-HCl,
50 mM EDTA, pH 3. The combined supernatant and washes were purified by C18 preparative
RP-HPLC with a gradient of 25-50% B over 45 min to give 9 mg of reduced product (62%). ESIMS of H4(1-14)K12su(aux)(C47S)-C(O)NHNH2. Calculated m/z [M+H]+ 11,593 Da, observed
11,593.3.4 ± 6.3 Da (Figure 3.S7).

3.4.11 Expressed protein ligation of H4(1-14)K12su(C47S)-C(O)NHNH2 and H4(15102)A15C
Ligation

was

accomplished

by

first

converting

the

C-terminal

hydrazide

of

H4(1-

14)K12su(C47S)-C(O)NHNH2 to an acyl azide with NaNO2 via the diazotization reaction, as
described previously.47 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)K12su(C47S)-C(O)NHNH2 (2.5 mg, 0.216 μmol) was
dissolved at 1 mM in 200 mM Na2HPO4, 6 M Gn-HCl, pH 3, and kept at -20 °C for a minimum of
20 min. To this solution was added 4.3 μL of 1 M solution of NaNO2 in water. The reaction was
briefly mixed, then kept at -20 °C for 15 min. Then, a solution of H4(15-102)A15C (5mg, 0.539
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μmol, 2 mol. eq.) was dissolved at 1.25 mM in 200 mM Na2HPO4, 6 M Gn-HCl, 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 analytical RP-HPLC employing a gradient of
40-65% B over 30 min to give 1.5 mg (32%). ESI-MS of H4(A15C)K12su(C47S). Calculated m/z
[M+H]+ 21,628.7 Da, observed 21,625.0 ± 6.0 Da.

3.4.12 Expressed protein ligation of H3(1-28)K14ac-C(O)NHNH2 or H3(1-28)polyacC(O)NHNH2 and H3(29-135)A29C,C110A
Ligation was accomplished by first converting the C-terminal hydrazide of acetylated H3(1-28)C(O)NHNH2 constructs to an acyl azide with NaNO2 via the diazotization reaction, as described
previously.47 Purified acetylated H3(1-28)-C(O)NHNH2 was dissolved at 5 mM in 200 mM
Na2HPO4, 6 M Gn-HCl, pH 3, and kept at -20 °C for a minimum of 20 min. To this solution was
added 23 μL of a 1 M solution of NaNO2 in water. The reaction was briefly mixed, then allowed
to proceed at -20 °C for 15 min. Then, 400 μL of solution containing 800 mM MPAA, 200 mM
Na2HPO4, 6 M Gn-HCl, pH 6.5, at -20 °C, were added to the reaction. Immediately following this
addition, 200 μL of a solution containing H3(29-135)A29C,C110A (4 mg, 0.33 μmol, 7 mol. eq.)
dissolved at 0.5 mM in 200 mM Na2HPO4, 6 M Gn-HCl was added. 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 analytical
RP-HPLC

employing

a

gradient

of

35-70%

B

over

30

min.

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.
ESI-MS of H3(1-135)polyac(A29C,C110A). Calculated m/z [M+H]+ 15,466.8 Da, observed
15,466.1 ± 0.8 Da (Figure 3.S13).

114

3.4.13 Desulfurization of H3K14ac(A29C,C110A), H3polyac(A29C,C110A) and
H4K12su(A15C,C47S)
Purified H3(K14ac(A29C,C110A), H3polyac(A29C,C110A) or H4K12su(A15C) were dissolved
at 90 μM in 100 mM Na2HPO4, 6 M Gn-HCl, 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 RPHPLC 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) (H3K14ac). Calculated m/z [M+H]+
15,266.8 Da, observed 15,272.1 ± 7.0 Da. MALDI-TOF MS of H3(1-135)polyac(C110A)
(H3polyac). Calculated m/z [M+H]+ 15,434 Da, observed 15,439.9 Da (Figure 3.S14). ESI-MS of
H4(1-102)K12su(C47S) (suH4). Calculated m/z [M+H]+ 21,596.7 Da, observed 21,602.9 ± 5.5
Da (3.S9).

3.4.14 Overexpression and purification of H2A, H2B 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). E. coli BL21(DE3) cells containing a pET3a-histone
plasmid were grown in 6 L of 2xYT medium at 37 °C until OD600 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 ‘wash buffer’
containing 20 mM tris, 200 mM NaCl, pH 7.5, 1 mM EDTA, 0.1% triton X-100 and lysed by
sonication on ice. The lysate was centrifuged at 20,000xg to separate insoluble inclusion bodies
containing histone protein. Inclusion bodies were washed again with wash buffer and
centrifuged Histones were extracted with buffer containing 6 M Gn-HCl, 20 mM tris, pH 7.5. The
solubilized histones were then dialyzed against 3.5 L H2O, 1 mM DTT for 12 h at 4 °C to
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precipitate crude proteins. Proteins were further purified to homogeneity by RP-HPLC (Figure
3.S14).
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 H4. Calculated m/z [M+H]+ 11,237.1 Da, observed 11,239.1 ± 3.4 Da.

3.4.15 Overexpression and purification of His6-CoREST1 and His6-CoREST1-3A
The pET28b-His6-CoREST1 and pET28b-His6-CoREST1-3A plasmids were a kind gift from Dr.
Grace Gill. Plasmid was freshly transformed into Rosetta (DE3) competent cells prior to each
expression. For protein overexpression, E. coli cells containing the Rosetta (DE3) plasmid were
grown at 37 °C in 2 L 2xYT medium containing 30 μg/mL kanamycin to an OD600 ~0.5, then
cooled at 16 °C for 1 h without shaking. Protein expression was induced by the addition of 0.2
mM IPTG to the growth media and the cells were allowed to grow at 16 °C for 18 h. At the end
of the induction period, the cells were harvested by centrifugation at 5,000 rpm, resuspended in
50 mM tris, 500 mM NaCl, 20 mM imizadole, 0.2 mM phenylmethylsulfonyl fluoride (PMSF),
10% glycerol, pH 8, and lysed by sonication on ice (pulsed sonication 30, power level 6, 2 x 1
min.). The lysate was then centrifuged at 15,000 rpm and the supernatant passed through a
0.45 μm filter and applied to 5 mL Ni-NTA resin. Lysate was incubated with the column at 4 °C
for 45 min, after which the column was washed with 10 CV buffer containing 50 mM tris, 250
mM NaCl, 10% glycerol, pH 8 (4 °C) (column buffer), 25 mM imidazole followed by 10 CV
column buffer containing 100 mM imidazole and 5 CV column buffer containing 150 mM
imidazole. His6-CoREST1 or His6-CoREST1-3A was eluted with 5 CV buffer containing 300 mM
imidazole. Elution fractions were analyzed on a 12% SDS-PAGE gel, and pure fractions
dialyzed against 50 mM HEPES, 250 mM NaCl, 10% glycerol, pH 8, for 3 h at 4 °C. After
dialysis, samples were concentrated with 3,000 MWCO centrifugal concentrators at 4 °C (4-5 h).
Protein concentration was determined by comparing the band intensity of His6-CoREST1 or
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His6-CoREST1-3A on a coomassie-stained 12% SDS-PAGE gel relative to BSA standards of
known concentration (Figure 3.S19).

3.4.16 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 cytometry, cell cultures were expanded and cells harvested. HDAC1
was purified as previously reported, with some modifications.67 Cells were resuspended at 100
mg/mL in lysis buffer containing 20 mM tris, 500 mM KCl, 5 mM MgCl2, 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 KCl, 5 mM MgCl 2, 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 KCl, 10% glycerol,
pH 8, and finally to concentrate the sample. 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 (Figure 3.S17).

Notes on HDAC1 purification (Caroline Weller, Ph.D. hesis)
In deacetylation assays with mononucleosomes (MNs), western blotting for histone H4 revealed
desumoylation activity over the course of the assay. We suspected that trace amounts of a
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desumoylating enzyme may be present, as HDAC1 is known to interact with SENP1.68 Reaction
of 0.5 μM purified HDAC1 with 1 μM of a SUMO3. C-terminal 7-amido-4-methylcoumarin
derivative (SUMO3 AMC, Boston Biochem) in MN assay buffer indded revealed a moderate
amount of SENP activity. The SENP2 catalytic domain was included as a positive control in this
assay. Therefore, to inhibit co-purifying SENP activity, the 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, and the reduced SENP activity confirmed by reaction with
SUMO3 AMC and suH4 containing MNs. HDAC1 deacetylation activity was re-confirmed by
Fluor de Lys assay (Figure 3.S18), and by reaction with suH4 containing MNs.

3.4.17 Histone octamer formation
Histone octamers were assembled as previously reported, excluding reducing agents (e.g. DTT)
to prevent downstream disruption of structurally important disulfides or metal-binding cysteine
residues in enzymatic assays.53 Each of the four core histones was dissolved at ~4 mg/mL in an
unfolding buffer containing 7 M Gn-HCl, 20 mM tris, pH 7.5. Concentrations were determined
using the 280 nm extinction coefficients: H2A, ε = 4,470 M-1cm-1; H2B, ε = 7,450 M-1cm-1; H3
C110A, ε = 4,470 M-1cm-1; H3 K14Ac, ε = 4,470 M-1cm-1; H3 K14polyac, ε = 4,470 M-1cm-1;H4, ε
= 5,960 M-1cm-1; suH4, ε = 7,450 M-1cm-1. 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, ε = 44,700 M-1cm-1; suH4, ε = 47,680 M-1cm-1; H3K14ac, ε =
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44,700 M-1cm-1; H3K14ac, ε = 44,700 M-1cm-1; H3polyac, ε = 44,700 M-1cm-1; H3K14Ac/suH4, ε
= 47,680 M-1cm-1. H3polyac/suH4, ε = 47,680 M-1cm-1. Glycerol was added to 10% of the total
volume, and samples flash frozen and stored at -80 °C until use.

3.4.18 Mononucleosome assembly
Pure histone octamers and 147 bp 601 DNA were combined in 10 μL of a high-salt refolding
buffer consisting of 2 M KCl, 50 mM HEPES, pH 8, to a final concentration of 4.2 μM 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 μL. MN were incubated at 30 °C for 15 min following the final dilution, then
stored on ice until use. MN were analyzed by 5% polyacrylamide/TBE gel run at 140 V for 30
min and stained with ethidium bromide.

3.4.19 Mononucleosome deacetylation assays
HDAC1 and CoREST1 were combined at 2.1 μM each in buffer containing 50 mM HEPES, 14
mM KCl, 163 mM NaCl, 0.2 mM DTT, 7% glycerol, pH 8, and incubated on ice for 25 min.
HDAC1/CoREST1 solution was then combined with H3K14Ac or H3polyac

MNs for final

concentrations of 200 μM H3K14ac MN or 40 nM H3polyac MN, and 800 nM each of HDAC1
and CoREST1, in reaction buffer composed of 50 mM HEPES, 100 mM KCl, 63 mM NaCl, 0.15
mMDTT, 3% glycerol, pH 8. Reactions were incubated at 25 °C. At each time point, 15 μL was
removed and quenched by adding 3 μL 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 μm, 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 α-H2A antibody (Abcam 88770, lot
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#GR197571-1) or α-H4 (Abcam 10158, lot #GR3186358-2) at 1:2500, and primary α-H3K14ac
antibody (Abcam 52946, lot #GR149741-17) or α-panLys(ac) (Millipore AB3879, lot #2928563)
at 1:1000 dilutions. Membranes were subsequently washed and incubated with goat α-rabbit-IR
Dye 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. H3K14ac or panLys(ac) signal was normalized to H2A or H4
loading control signal, and quantified using NIH ImageJ software.

3.4.20 HSQC NMR titration experiments with
ncSIM peptides
Sample Preparation:

15

N-labeled SUMO3 ad CoREST1 or FIP1L1

N-labeled SUMO3 was diluted to 200 μM in 250-500 μL NMR buffer and

15

the 1H-15N-HSQC spectrum was collected. Subsequently, 1-24 molar equivalents of ncSIM
peptide were added from a stock solution (16-47 mM) dissolved in NMR buffer.

NMR data collection: Comparative titration studies of SUMO3-ncSIM peptides were prepared in
a 3mm high field NMR tube (Norell Inc., Morganton, NC). 1H-15N TROSY-HSQC spectra were
recorded on a Bruker (Billerica, MA) Avance III 800 MHz spectrometer equipped with a triple
resonance cryoprobe (TCI-HCN-Z gradient) at 290K.

A total of 200 slices along F1 (15N)

dimension with 1024 points along F2 dimension (1H) were recorded with 8 scans per slice using
the TROSY-HSQC pulse sequence that includes 3-9-19 watergate for solvent suppression.69
Raw data were fourier transformed using Bruker Topspin 3.6 software with 2048 and 512 points
in F2 and F1 dimensions, respectively, using a shifted Squared Sine Bell window function along
both dimensions.

Data analysis: Processed spectra were imported into NMRViewJ software (v.9.2.0, One Moon
Scientific, Inc) for titration fitting according to the following procedure. The effective value of
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chemical shift perturbation (CSP) of the NH cross peaks of SUMO3 protein upon binding to a
given concentration of the peptide is computed as follows, with the relevant definitions of
following the parameters:
1

𝐷𝐶𝑆𝑃 𝑋 = ((𝛥𝐶𝑆 1𝐻 )2 + (0.2 ∗ 𝛥𝐶𝑆 15𝑁 )2 )2
where, ΔCS1H is the

change in Chemical Shift along 1H axis with respect to the control

spectrum; ΔCS15N is change in Chemical Shift along 15N axis with respect to the control
spectrum; DCSPX is the effective change in chemical shift at a concentration of the binding
peptide given by X μM. The measured DCSPX is related to the dissociation constant Kd by the
following equation:
𝐷𝐶𝑆𝑃 𝑋 = 𝐷𝐶𝑆𝑃0 + (𝐷𝐶𝑆𝑃∞ − 𝐷𝐶𝑆𝑃0 )
2

1

[(𝑃𝑡 + 𝑋 + 10𝑙𝑜𝑔𝐾𝑑 ) − {(𝑃𝑡 + 𝑋 + 10𝑙𝑜𝑔𝐾𝑑 ) − 4 ∗ 𝑃𝑡 ∗ 𝑋}2 ]
∗
2 ∗ 𝑃𝑡
Where, DCSP0 is the canonical CSP value at 0 μM of peptide; DCSP∞ is the canonical CSP
value at ∞ μM of peptide; Kd is equilibrium dissociation constant; Pt is the absolute
concentration of the protein substrate in μM

NMRViewJ software automatically measures the effective chemical shift perturbation values for
the plausible residues and fits the above equation to the measured shifts as a function of the
peptide concentration. The final result of the analysis provides the dissociation constant in μM
on a per residue basis, which helps us to obtain a protein wide profile of the binding regions.
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3.5 Product characterization and supplemental data

Figure 3.S1. Characterization of His6-TEV-H4(15-102)A29C,C110A. (A) C18 analytical
RP-HPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS. Calculated m/z [M+H]+
13,029.3 Da, observed 13,026 ± 0.2 Da.

Figure 3.S2. Purification of His6-TEV protease. (A) 15% SDS-PAGE of Ni-NTA IMAC
purification of His6-TEV protease. (B) Quantification of dialyzed TEV protease protein
concentration through comparing densities to BSA standards of known concentration.
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Figure 3.S3. Cleavage of His6-TEV-H4(15-102)A29C,C110A. (A) 15% SDS-PAGE of
TEV cleavage reaction after 18 h. (B) C18 analytical RP-HPLC of purified H4(15102)A29C,C110A, 0-73% CH3CN in H2O, 30 min. gradient. (C) ESI-MS of purified H4(15102)A29C,C110A.

Figure 3.S4. Purification of His6-SUMO3(2-91)C47S-MES. (A) 15% SDS-PAGE of NiNTA IMAC purification of His6-SUMO3(2-91)C47S AVA-intein fusion. (B) 15% SDS-PAGE
of intein-mediated thiolysis after 18 h (C) RP-HPLC of purified His6-SUMO3(2-91)C47SMES, 0-73% CH3CN in H2O, 30 min. gradient. (D) ESI-MS of purified His6-SUMO3(291)C47S-MES.
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Figure 3.S5. Characterization of purified H4(1-14)K12aux-NHNH2. (A) C18 analytical
RP-HPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS.

Figure 3.S6. Characterization of purified H4(1-14)K12su(aux)-NHNH2. (A) C18
analytical RP-HPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS.
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Figure 3.S7. Characterization of purified H4(1-14)K12su-NHNH2. (A) C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS.

Figure 3.S8. ESI-MS characterization of purified H4(1-102)K12su(A15C).
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Figure 3.S9. Characterization of purified H4(1-102)K12su. (A) C18 analytical RP-HPLC,
0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of H4(1-102)K12su.

Figure 3.S10. Characterization of purified H3(1-28)polyac-NHNH2. (A) C18 analytical
RP-HPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of H3(1-28)polyac-NHNH2.

126

Figure 3.S11. Purification of His6-SENP2 protease. (A) 15% SDS-PAGE of Ni-NTA
IMAC purification of His6-SENP2 protease. (B) Quantification of dialyzed SENP2 protease
protein concentration through comparing densities to BSA standards of known
concentration.

Figure 3.S12. Cleavage of His10-SUMO3-H3(29-135)A29C,C110A. (A) 15% SDS-PAGE
of SENP2 cleavage reaction optimization. (B) C18 analytical RP-HPLC of purified H3(29135)A29C,C110A, 0-73% CH3CN in H2O, 30 min. gradient. (C) ESI-MS of H3(29135)A29C,C110A.
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Characterization of purified H3(1-135)polyac(A29C,C110A). (A) C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of H3polyac(A29C, C110A).

Figure 3.S14. Characterization of purified core histones. (A-C) C18 analytical RPHPLC of H2A (A), H2B, (B) and H4 (C), 0-73% CH3CN in H2O, 30 min. gradient. (D-F)
MALDI-TOF MS of purified H2A (D), H2B (E) and H4 (F).
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Figure 3.S15. Characterization of purified H3(1-135)polyac(C110A) and H3polyac
octamers. (A) C18 analytical RP-HPLC of H3(1-135)polyac(C110A), 0-73% CH3CN in
H2O, 30 min. gradient. (B) MALDI-TOF MS of purified H3(1-135)polyac(C110A). (C) 15%
SDS-PAGE of H3polyac, suH4 mononucleosomes. (D) 15% SDS-PAGE of H3polyac, wildtype H4 mononucleosomes.

Figure
3.S16.
Characterization
of
polyacrylamide/TBE gel of H3polyac,
mononucleosomes.

H3polyac
suH4 and
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mononucleosomes.
H3polyac, wild-type

5%
H4

Figure 3.S17. Purification of HDAC1-FLAG. (A) 10% SDS-PAGE of FLAG
immunopurification of HDAC1-FLAG. EB = elution buffer. (B) 10% SDS-PAGE
quantification of dialyzed HDAC1-FLAG protein concentration through comparing densities
against BSA standards of known concentration.

Figure 3.S18. Fleur de Lys assay using HDAC1-FLAG.
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Figure 3.S19. Purification of His6-CoREST and His6-CoREST-3A (A) 12% SDS-PAGE
of Ni-NTA IMAC purification of His6-CoREST. (B) Quantification of dialyzed His6-CoREST
protein concentration through comparing densities to BSA standards of known
concentration. (C) 12% SDS-PAGE of Ni-NTA IMAC purification of His6-CoREST-3A. (D)
Quantification of dialyzed His6-CoREST-3A protein concentration through comparing
densities to BSA standards of known concentration.

Figure 3.S20. H3polyac, suH4 MN deacetylation assay. Time-course of H3polyac, suH4
MNs (200 nM and 40 nM) deacetylation by HDAC1.
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Figure 3.S21. H3K14ac-specific deacetylation in H3polyac MNs. H3polyac, wild-type
H4 MN HDAC1 deacetylation assays performed using both α-H3K14ac and α-pan-Lys(ac)
antibodies.

Figure 3.S22. Characterization of 2H/13C/15N-labeled SUMO3. (A) C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of 2H/13C/15N-labeled SUMO3.
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Figure 3.S23. Characterization of purified CoREST1(252-277) and CoREST1(252-277)3A. (A) CoREST1(252-277) C18 analytical RP-HPLC, 0-73% CH3CN in H2O, 30 min.
gradient. (B) ESI-MS of CoREST1(252-277). (C) CoREST1(252-277)-3A C18 analytical
RP-HPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of CoREST1(252-277)-3A.
* = on-instrument peptide fragmentation.

Figure 3.S24. CoREST1(252-277)-SUMO3 binding. Isothermal binding saturation curves
for the ten most perturbed SUMO3 residues
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Figure 3.S25. SUMO3 1H-15N-HSQC NMR spectra with titrated CoREST(252-277)-3A
peptide. SUMO residues when 20 mol. eq. CoREST(252-277)-3A was titrated into solution
displayed similar CSPs to those observed when 2 mol. eq. of wild-type CoREST1(252-277)
was used.

Figure 3.S26. Characterization of purified FIP1L1(120-145) and FIP1L1(120-145)-3A
peptides. (A) FIP1L1(120-145) C18 analytical RP-HPLC, 0-73% CH3CN in H2O, 30 min.
gradient. (B) ESI-MS of FIP1L1(120-145). (C) FIP1L1(120-145)-3A C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of FIP1L1(120-145)-3A. * = oninstrument peptide fragmentation.
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Figure 3.S27. SUMO3 1H-15N-HSQC NMR spectra with titrated FIP1L1 SIM peptides.
(A) Overlaid 1H-15N-HSQC NMR spectra of free SUMO3 and 1-24 molar equivalents of
titrated FIP1L1(120-145). (B) Overlaid 1H-15N-HSQC NMR spectra of free SUMO3 and 124 molar equivalents of titrated FIP1L11(120-145)-3A. SUMO residues when 24 mol. eq.
FIP1L1(120-145-3A was titrated into solution displayed similar CSPs to those observed
when 8 mol. eq. of wild-type FIP1L1(120-145) was used.

Figure 3.S28. FIP1L1(120-145)-SUMO3 binding. (A) Isothermal binding saturation curves
for ten SUMO3 residues that are perturbed upon FIP1L1(120-145) peptide binding (B)
Crystal structure of SUMO3 with highlighted residue effected by FIP1L1(120-145) binding.
The three residues in red (L42, K34 and A45) indicate residues with the three largest
CSPs. The three residues in orange (T71, T37 and F31) indicate the next three largest
CSPs. The four residues in yellow (Q30, N18, V29 and H36) indicate the next four largest
CSPs. PBD: 1U4A
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Chapter 4

Biochemical investigation of the role of histone
H4 sumoylation and H3 acetylation on H3
demethylation by the LSD1-CoREST1 subcomplex
4.1 Introduction
Histone methylation is an abundant post-translational modification (PTM) with critical roles in
gene transcription, cell cycle progression, differentiation and DNA damage response
pathways.1–4 Lysine and arginine residues within histones are the most prominent targets of
methylation, although recent reports suggest H2AQ105 can also be methylated on the amide
nitrogen while histidine residues may be methylated in rare cases.5–7 Arginine residues are
either symmetrically or asymmetrically dimethylated on either terminal amine within H2A (R3),
H3 (R2, R8, R17, R26, R42) and H4 (R3).8 Lysines within H3 (K4, K9, K23, K27, K36, K79) and
the H4 (K20) tail are most prominently modified and can be mono-, di- or trimethylated on their
ε-amine.9 To date, no accounts have uncovered a biological role for lysine methylation in H2B,
although chromatin immunoprecipitation and sequencing (ChIP-seq) studies have suggested
potential monomethylation at H2BK5 within promoter regions.10 Additionally, the DNA damage
response variant of H2A (H2A.X) is reportedly methylated at K134.11 The vast diversity that is
possible with regards to the site and degree of histone methylation imparts exquisite epigenetic
regulation for chromatin-templated processes that dictate many downstream cellular events.
Methyllysine-binding protein domains [e.g. plant homeo domain (PHD), tudor and chromo
domains] have been characterized in numerous chromatin-modifying and chromatin-associated
proteins, adding further complexity to the interpretation of the histone methylome.12
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When considering its roles in gene transcription, histone lysine methylation is associated with
both gene activation and repression.1 The effect and regulation of many lysine methylation
events, however, is poorly understood and even more so when considered as part of a complex
biochemical environment such as chromatin. Di- and trimethylation of H3K4 (H3K4me2/3) is an
example of an established gene activating PTM that is significantly upregulated at transcription
start sites of transcribed genes in ChIP studies, which either blocks or recruits various effector
proteins for transcription initiation (Figure 4.1).13–17 Conversely, di- and trimethylation at H3K9
and H3K27 have been consistently associated with gene down regulation.18–20 Heterochromatin
protein 1α (HP1α) chromo domain-mediated recognition of H3K9me3 stimulates chromatin
condensation through dimerization with adjacent HP1α-bound nucleosomes.19,21 Interestingly,
monomethylation of H3K9, H3K27 and H4K20 are associated with actively transcribed genes,
while di- and trimethylation of the same residues associate with repression, followed by
heterochromatin formation (Figure 4.1).10 Clearly, cells can create elaborate and dynamic
epigenetic landscapes to introduce structural and chemical variation into chromatin. Therefore,
delineating the code embedded in histone methylation is key to understanding many diverse
cellular processes, and in particular understanding the regulation of gene transcription.

Histone methylation is controlled by the opposing activities of histone methyltransferase (HMT)
and histone demethylase (HDM) enzymes. The first human HMT (SUV39H1) was described in
2000 by Jenuwein et al, and shown to specifically methylate H3K9.22 Since then, at least 37
human genes encoding for proteins with HMT activity have been identified.2 Lysine
methyltransferases (KMTs) are grouped into two classes based on their active site geometry:
MLL/SET [su(var)3-9, enhancer-of-zeste and trithorax] domain containing enzymes, and the
disruptor of telomeric silencing 1 (DOT1) family of KMTs.23 The active sites of both families
contain the methyl group donor, S-adenosyl-(L)-methionine (SAM), and share overall similar
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Figure 4.1. Histone lysine methylation. Cartoon representation of known histone mono-, diand trimethylation sites and their genomic distributions.

mechanisms of methyl transfer (Scheme 4.1A). Due to the drastically different active site pH
within SET and DOT1 KMTs, it is speculated that they differ their methylation mechanism in the
mode of final methyllysine deprotonation and substrate release.23

For years, histone methylation was thought to be an irreversible modification. Then in 2004,
Yang Shi and coworkers demonstrated the histone demethylase activity of a previously
unannotated gene product (KIAA0601) with homology to flavin-containing amine oxidases,
which they named lysine specific demethylase 1 (LSD1/KDM1A).24 To date, at least 20 bona
fide lysine demethylases (KDMs) have been reported and are now broadly grouped into two
classes.25–27 The majority of histone demethylases belong to the Jumonji domain (JmjC) family
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that house a catalytic Fe2+ cofactor, and are divided further into sub-classes (KDM2-7) based on
additional protein-protein interaction domains. In tandem with active site α-ketoglutarate and
molecular oxygen, JmjC demethylases oxidize their methylated substrates to an unstable
carbinolamine intermediate through a highly reactive Fe(IV) species (Scheme 4.1B).23
Demethylation is achieved through a terminal hydrolysis step, releasing formaldehyde as a byproduct. The flavin adenine dinucleotide (FAD)-dependent demethylase family consists of only
two members, LSD1 and LSD2 (KDM1B). Unlike JmjC demethylases, FAD-dependent enzymes
are chemically limited to processing mono- and dimethylated lysine substrates. Mechanistically
similar to homologous small molecule monoamine oxidases, the active site FAD cofactor of
LSD1/2 accepts a hydride from methylated lysine residue to produce demethylated lysine and
formaldehyde (Scheme 4.1C).23 Re-oxidation of the inactive FADH2 by molecular oxygen to
regenerate FAD allows further rounds catalysis and produces hydrogen peroxide as a result.

LSD1 is a particularly interesting enzyme due to its high specificity, associations with multiple
protein complexes and strong implications in human health and disease. Initial characterization
of LSD1 demonstrated exquisite specificity for H3K4me1/2, and a dependence on the
interaction with co-repressor for element 1 silencing transcription factor (CoREST1) for the
demethylation of nucleosomal substrates.28–30 The first in vitro characterization of LSD1 activity
on methylated peptides by Mattevi et al demonstrated that LSD1 is a relatively slow enzyme
with a substrate turnover (kcat) of 3.2 min-1 and Michaelis constant (KM) of 3.0 μM, resulting in a
catalytic efficiency (kcat/KM) of just 1.1 μM-1min-1 for a monomethylated substrate.31,32

The

authors also showed that acetylation of K9 resulted in a ~6-fold increase in the KM value (17.5
μM), while S10 phosphorylation completely abolished LSD1 activity. This demonstrates the
susceptibility of LSD1 to the specific chromatin PTM landscape. LSD1 consists of an
unstructured N-terminal region proposed to contain a putative nuclear localization signal,

143

Scheme 4.1. Proposed mechanisms for methylation and demethylation of lysine
residues. (A) S-adenosylmethionine mediated methylation of free lysine by histone
methyltransferases. (B) Fe and α-ketoglutarate mediated demethylation of dimethyl lysine by
JmjC-containing demethylases. (C) FAD-dependent demethylation of dimethyl lysine by
LSD1/2 enzymes.

followed by a SWIRM domain.28,33 Despite sequence and structural similarities between the
SWIRM domains of LSD1 and the DNA binding protein, Swi3, NMR studies with short DNA
oligonucleotides failed to detect binding with an isolated LSD1 SWIRM domain construct.28,33,34
The C-terminal amine oxidase domain (AOD), which binds the catalytic FAD cofactor, is split by
two antiparallel helices that form the tower domain responsible for binding CoREST1. 28,33 LSD1
is known to require the first 21 amino acids of the H3 N-terminus for efficient demethylation in
vitro, with only the first 12 residues of the H3 tail binding within the active site according to
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computationally modelled substrate-enzyme binding interactions.35 Since its discovery, much
has been uncovered regarding LSD1 structure and substrate specificity, and we now know that
the large active site cavity supports demethylation of non-histone proteins such as the
transcription factor p53 and DNA methyltransferase 1 (DNMT1).36,37

LSD1 participates in several protein complexes through hydrophobic and electrostatic
interactions within the tower and SWIRM domains. LSD1 has been associated with repressive
nucleosome remodeling and deacetylase (NuRD) and LCH (Chapter 3.1) complexes, aiding in
their gene repressive activities by H3K4me1/2 demethylation.38,39 LSD1 not only associates with
other proteins, but binding of the LSD1-CoREST1-REST complex to long non-coding (lnc) RNA,
HOTAIR, was shown to coordinate chromatin targeting for LSD1 activity.40 Further studies
showed an unexpected switch in LSD1 specificity toward the transcriptionally repressive
H3K9me1/2 when it associates with the androgen receptor transcription factor, thereby
implicating LSD1 in gene activation as well as repression activities.41 It is no wonder that
disruption of the many roles of LSD1 through genetic mutations of the enzyme are associated
with a host of health-related issues ranging from developmental delays to cancers of the breast,
prostate and lungs.42–45

The Chatterjee lab has been interested in the role of LSD1 as a corepressor due to its proposed
connection to the small ubiquitin-like modifier (SUMO) family of proteins, which have also been
associated with gene repression (Chapter 1.4). In 2009, Grace Gill and coworkers demonstrated
down regulation of LSD1 target genes based on the interactions between the LCH complex and
a sumoylated nuclear protein.46 The dependence of this repression on the interaction between
CoREST1 and SUMO2/3 prompted the Chatterjee lab to ascertain the effect of sumoylated H4
(suH4) on activity of the LSD1-CoREST1 (LC) sub-complex toward H3K4me2 in the context of
chromatin. To this end, we generated mononucleosomes containing semisynthetic suH4 and
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Figure 4.2. suH4 stimulates LC demethylation activity toward H3K4me2
mononucleosomes. (A) Representative Western blot analyses of LC sub-complex
demethylation time-course of H3K4me2 mononucleosomes using varying H4 and CoREST1
constructs. α-H3K4me2 and α-H4 antibodies used. (B) Histogram quantification of H3K4me2
demethylation time courses. * P < 0.05.

H3K4me2, and incubated them with recombinant LC sub-complex (Figure 4.2). Quantitative
Western blot analyses of the demethylation assay indicated a ~2-fold stimulation of LC activity
when compared to nucleosomes containing wild-type H4.47 Furthermore, this stimulation was
H3K4me2, and incubated them with recombinant LC sub-complex (Figure 4.2). Quantitative
Western blot analyses of the demethylation assay indicated a ~2-fold stimulation of LC activity
when compared to nucleosomes containing wild-type H4.47 Furthermore, this stimulation was
dependent on the intact SUMO interacting motif (SIM) of CoREST1. Upon demonstrating the
effect of suH4 on LC activity, we have been further interested in elucidating the precise
mechanistic details of LC stimulation by suH4, and asking whether histone sumoylation may
help overcome previously reported LC inhibition by H3 acetylation.

In this chapter, we report a detailed analysis of PTM context-dependent demethylation activity
by LSD1 and the LC sub-complex towards an array of methylated and acetylated H3 substrates.
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We further developed and optimized a high-throughput, microplate-based assay platform for
monitoring LC demethylation kinetics. We show that differential monoacetylation of H3 peptides
has no effect on the overall efficiency of LC K4me2 demethylation, whereas multiply acetylated
H3 tails completely blocked LC activity. Toward ascertaining the effect of H3 acetylation on LC
activity, both in the presence and absence of suH4, microplate assay development enabled
steady-state LC kinetics on a suH4-containing mononucleosome for the first time. Importantly,
previous studies involving recombinant LC sub-complex have employed truncated variants of
these proteins for ease of purification. Here, we employed full-length LSD1 and CoREST1 which
provides the first accurate interpretation of LC sub-complex activity.

4.2 Results and Discussion
4.2.1

H3(1-21) peptide synthesis and steady-state demethylation kinetics

Histone H3 acetylation is known to inhibit LSD1 demethylation toward a H3K4(1-21)me1
peptide substrates.32,35 Previous reports have indicated that monoacetylation at K9 reduced the
enzyme-substrate binding affinity by 6-fold, and hyperacetylation completely blocked LSD1
activity. Before attempting to delineate the effects of additional epigenetic marks on H3K4me2
demethylation in the context of a mononucleosome, we first sought to establish a complete
picture of the effect of H3 acetylation on LSD1 using peptide substrates and to measure
Michaelis-menten kinetics with full-length LSD1. We expected that the results from our study
could both inform future experiments with regards to which full-length H3 constructs to pursue,
and also fill in gaps in the literature regarding LSD1 specificity and the crosstalk between H3
methylation and acetylation

Towards this goal, we prepared six different modified H3(1-21)K4me2 peptides via 9fluorenylmethoxycarbonyl solid-phase peptide synthesis (Fmoc-SPPS) and purified them by
reverse-phase high-performance liquid chromatography (RP-HPLC) (Figure 4.S1). In addition
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Scheme 4.2. Peroxidase-coupled demethylation assay using LSD1.

to an H3(1-21) peptide containing solely the K4me2 modification, peptides with monoacetylation
at K9, K14, and K18, as well as di- and tri-acetylated variants were prepared to assess the sitespecific contribution of lysine acetylation to LSD1 activity. With peptide substrates in hand, fulllength His6-LSD1(1-852) and His6-CoREST1(1-482) were overexpressed and purified from
Escherichia coli as described in Chapter 3 (Figure 4.S2, Chapter 3.4, Figure 3.S19A,B).

LSD1 demethylation assays were carried out using a cuvette-based horse radish peroxidase
(HRP) coupled assay developed by Mattevi and coworkers (Scheme 4.2).32 In this reaction, the
small molecule, AmplifluTM Red (AR), is stoichiometrically oxidized to resorufin by HRP in the
presence of hydrogen peroxide. H2O2 is a stoichiometric by-product of the demethylation
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reaction resulting from the re-oxidation of FADH2 by molecular oxygen. The production of
resorufin was monitored by its distinct maximum absorbance at 571 nm. LSD1 demethylation
assays on peptide substrates were performed in at least triplicate and kinetic parameters were
derived from non-linear regression analysis of initial velocity versus substrate concentration
plots (Table 4.1, Figure 4.S3).

Kinetic experiments were first performed using full-length LSD1 alone, and results from peptide
demethylation assays on H3(1-21)K4me2 were in good agreement with previously reported
values for this substrate (Table 4.1). Demethylation assays with acetylated H3(1-21)K4me2
substrates indicated that a single acetylation mark on any of the three additional lysine residues
in the H3(1-21) tail fragment did not drastically affect the catalytic efficiency of LSD1 (<2-fold
effect). The substrate turnover in assays with H3K4me2K9ac and H3K4me2K14ac peptides was
significantly reduced (~3.3-6.4-fold), but this was accompanied by an increased binding affinity
(decreased KM value) to LSD1 by nearly the same factor (~1.8-3.9-fold), resulting in similar
kcat/KM values. Not surprisingly, acetylation of K18 (the most distal lysine residue from the site
of demethylation) showed very little effect on LSD1 substrate binding or turnover. Strikingly, the
addition of a second or third acetylation mark in the H3 tail completely abolished LSD1 activity,
and no signal above background was observed for these substrates (Table 4.1, Figure 4.S4).
As H3K4 methylation and H3 tail acetylation are marks of actively transcribed genes, this
phenomenon suggests that in order to suppress gene transcription, HDAC activity may first be
necessary, or at least concomitant, for LSD1-mediated histone demethylation. Consistent with
this requirement, repressive complexes that contain LSD1 also contain HDAC1/2 activity. The
effect of CoREST1 on the demethylation of peptide substrates was also assessed. Results from
these experiments showed that CoREST1 has only a modest detrimental effect on LSD1 activity
in the context of peptide substrates (Table 4.1, Figure 4.S5). In three previous reports
describing the effect of truncated CoREST1 on LSD1 peptide demethylation, two studies found
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Table 4.1. LSD1 kinetics on H3(1-21)K4me2 peptide substrates

that CoREST1 had no influence, while one report described a >2-fold weaker substrate binding
affinity.23,37,48 Our findings argue that CoREST does not significantly influence LSD1
demethylation of peptide substrates.

4.2.2

Semisynthesis of H3K4me2 and H3Kc4me2 proteins

To study LSD1 in the more physiologically relevant context of mononucleosomes, access to
homogenous, site-specifically modified pools of full-length histone proteins is crucial. To this
end, established expressed protein ligation (EPL) strategies in our lab were employed to
prepare full-length H3K4me2 and suH4 (Chapter 1.6, 3.1, Scheme 3.3).47,49 First, the H3(128)K4me2 C-terminal peptide hydrazide was prepared via Fmoc-SPPS (Figure 4.S6). We note
that in comparison to the synthesis of H3(1-21)K4me2 peptides, the H3(1-28) peptide was
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significantly more challenging to synthesize due to several truncations in the sequence that
arise from difficult couplings. In general, methylated peptides were produced by automated
SPPS until the Q5 residue. After confirmation that this initial peptide was produced, FmocLys(me2)-OH was manually coupled to Q5 using milder microwave and base-free conditions
and lower amino acid equivalents to conserve the expensive reagent and to suppress amino
acid epimerization. While this strategy was effective for producing H3(1-21)K4me2 peptides, we
observed very poor coupling of Fmoc-Lys(me2)-OH to the H3(5-28) resin-bound peptide, which
ultimately resulted in an inseparable mixture of H3 peptide hydrazides. Attempts to optimize the
coupling reaction by increasing amino acid equivalents, increasing the solution dielectric
constant and introducing chaotropic agents benefitted the coupling yield, but we were still
limited to <50% overall coupling efficiency. We speculate that the additional peptide length in
the H3(1-28) peptide construct caused significant peptide aggregation within the resin polymer
matrix, preventing access to the deprotected N-terminus for the incoming amino acid. Despite,
increasing the Fmoc-Lys(me2)-OH coupling efficiency, the desired product was still inseparable
from impurities by RP-HPLC. We overcame this challenge by capping the uncoupled N-terminal
glutamine residue of H3(5-28) with benzoic anhydride, causing a significant shift in retention
time by RP-HPLC that enabled purification of the desired H3(1-28)K4me2-NHNH2 peptide
(Figure 4.S7).

The purified peptide hydrazide was then used in a ligation reaction with recombinant H3(29135)A29C,C110A that was overexpressed and purified from E. coli (Chapter 3.4, Figures
3.S11-S12).

Ligation products were purified by RP-HPLC. The natively-linked and site-

specifically modified H3K4me2 protein was attained upon a terminal desulfurization of the
Cys29 incorporated for NCL to the native Ala29 (Figures 4.S8).
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In order to conserve the precious, natively-linked H3K4me2 protein and mononucleosome
substrates, we first chose to optimize the LC-mediated demethylation reaction using a readily
generated analog of H3K4me2, namely the thialysine analog H3Kc4me2. In 2007, Shokat and
coworkers reported a convenient method for the synthesis of thialysine variants of methylated
histones.50 Briefly, Lys4 of H3 was mutated to cysteine, and the H3K4C construct was
expressed in E. coli and further purified by RP-HPLC (Figure 4.S9). H3K4C was then used in
an SN2 reaction with 2-chloro-N,N-dimethylethanamine hydrochloride to obtain tens of milligram
quantities of H3Kc4me2 (Figure 4.S10). The H3Kc4me2 protein was incorporated into histone
octamers containing either wild-type H4 or semisynthetic suH4, along with wild-type H2A and
H2B (Figure 4.11A, Chapter 3, Figures 3.S9, 3.S14). Given the large quantities of
nucleosomes necessary for multiple demethylation assays, mass production of 147 bp Widom
601 DNA was undertaken using a 20x147 bp DNA repeat plasmid as previously described by
Luger et al (Figure 4.S12).51

Large-scale mononucleosome preparation was optimized

following modified protocols originally reported by Luger and coworkers in order to obtain
modified semisynthetic mononucleosomes (Figure 4.S11B).51

4.2.3

Development and optimization of a microplate-based demethylation assay

Upon generation of the methylated and sumoylated nucleosome substrates, we quickly realized
several limitations in standard cuvette-based demethylation assays that we routinely used with
peptidic substrates. First, mononucleosomes are intrinsically poorer substrates than peptides,
which results in slower LSD1 substrate turnover and diminished absorbance signals at early
time-points. In addition, the larger volumes required for cuvette-based assays presented a
challenge with regard to the total amount of semisynthetic nucleosome substrates needed per
assay. In fact, the challenge in assaying highly concentrated semisynthetic mononucleosomes
necessitated a lower working concentration range in the demethylation assay, which led to
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further reductions in absorbance signal. I demonstrate this with peptide substrates in Figure
4.S13.

I overcame the challenges associated with cuvette-based demethylation assays for
mononucleosome substrates by developing a microplate assay platform and switching from
measuring changes in absorbance to monitoring the fluorescence at 590 nm emission
wavelength of the resorufin assay product. Fluorescence spectroscopy is inherently more
sensitive than absorbance measurements due to the far lower background associated with light
emission from molecules in an excited state. While Tan et al had previously described a 96-well
plate

fluorescence-based

assay

for

LSD1

demethylation

on

H3Kc4me2-containing

nucleosomes, few experimental details were reported and the 96-well format offered little in
regards to conserving semisynthetic histones.52 Therefore, I developed a 384-well plate
fluorescence-based demethylation assay that I expected would greatly reduce the amount of
required substrate and present a high-throughput method for measuring the kinetics of
nucleosome demethylation.

Several factors were considered in optimizing the microplate-based assay. These included the
assessment of background noise, plate reader-specific parameter adjustments, working
concentration ranges and the overall quality of the enzyme complex. Fluorescence signal, unlike
absorbance, is non-linear at high concentrations due to the re-absorbance of light emitted from
the fluorophore before it reaches the detector. I demonstrated this non-linear fluorescence
phenomenon, known as the inner-filter effect, using our resorufin detection platform (Figure
4.S14).53 Due to this non-linearity in fluorescence signal, relative fluorescence units (RFU)
cannot be simply converted into a workable unit of measurement (i.e. product concentration) in
the same way that absorbance units can be converted using the Beer-Lambert law. With this in
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mind, I reasoned that standard curves using known concentrations of resorufin must be included
in all fluorescence-based assays.

Next, initial experiments with peptide and nucleosome substrates showed an unanticipated
upward “drift” in fluorescence demethylation signal, indicating significant residual background
fluorescence from one or more of the assay components. Performing fluorescence
measurements on individual assay components alone indicated that various buffers were not a
source of background noise, and neither were the LC complex nor the HRP enzymes (Figure
4.S15A-C). Upon incubating AmplifluTM Red (AR) in buffer alone I noticed a steady increase in
fluorescence signal accounting for the previously observed demethylation assay background
noise (Figure 4.S15D). Indeed, AR photooxidation is a well-characterized issue in light-based
measurements using AR, especially at low working concentrations.54–56 In order to suppress AR
photooxidation, I limited the time between fluorescence “reads” for each hour-long assay to
every 1.5 min. To account for any remaining AR photooxidation, assay blanks to which no
methylated substrate is added were run in triplicate for every demethylation assay, and
subtracted from the substrate demethylation signal during data processing. This subtraction
turned out to be absolutely essential for the ability to measure demethylation kinetics.

4.2.4

Microplate-based steady-kinetics of LSD1 demethylation

After establishing reproducible microplate assay conditions, we were interested in assessing the
influence of suH4 on LC activity when additional acetylation marks are present in the H3 tail.
Thus far, I have prepared H3Kc4me2 mononucleosomes containing either wild-type H4 or suH4
and have successfully and reproducibly measured LC sub-complex kinetics under steady-state
conditions (Figure 4.3A). Initial kinetics experiments demonstrated inconsistent and
irreproducible kinetic outputs when especially low amounts of LC sub-complex (<200 nM) were
used with low substrate concentration under steady-state parameters. In addition, we note that
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inconsistent demethylation signal was observed at LC and substrate concentrations lower than
50 nM, and LSD1 activity is also known to significantly decrease at salt concentrations higher
than 100 mM.35,52 Therefore, we decided to measure apparent LC sub-complex kinetics using
variable amounts of enzyme at salt concentrations lower than 100 mM.

To this end, we incubated 500 nM H3Kc4me2 and suH4 mononucleosomes with 50-1,000 nM
LC in a 384-well plate. LC sub-complex quality was routinely checked by SDS-PAGE analysis
and demethylation reactions with peptide substrates were first undertaken to check for robust
activity. As previously mentioned, assay blanks were run in triplicates and resorufin standard
curves (50-500 nM) were generated on the same plate (Figure 4.3B-C). The demethylation
reaction was initiated by the addition of mononucleosomes to each well, and then resorufin
production was measured over time. The raw fluorescence data was corrected by subtracting

Figure 4.3. Steady-state LC sub-complex kinetics toward H3Kc4me2, suH4
mononucleosomes. (A) Overlaid fluorescence outputs from LC sub-complex demethylation
assays H3Kc4me2, suH4 mononucleosomes, 50-1,000 nM. (B) Fluorescence output from
averaged assay blanks. Error bars are standard error of the mean. (C) Averaged resorufin
standard curve. Error bars are standard error of the mean (D) Correct LC sub-complex
demethylation data, converted to units of nanomolar. (E) Steady-state demethylation rates
versus LC sub-complex concentration plot. Error bars are standard error of the mean.
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the resorufin blank and converted to the concentration of resorufin product using a resorufin
standard curve (Figure 4.3D). The rate of demethylation during the first 500 seconds of the
reaction was analyzed to derive the demethylation rates at early time points, which were then
plotted against varying LC concentration (Figure 4.3E). Non-linear regression analysis of 2-D
plots of rate versus enzyme complex concentration was used to derive a KM of 447 ± 186 nM
and a kcat of 0.101 ± 0.013 min-1. This result marks the first report of steady-state kinetic analysis
using a 384-well microplate platform and semisynthetic mononucleosomes containing suH4,
which will be followed by similar kinetic analysis with methylated and acetylated
mononucleosomes.

4.3 Conclusions and outlook
In conclusion, we have harnessed the utility of protein semisynthesis and coupled-enzyme
assays to monitor the kinetics of methylated and sumoylated mononucleosome substrates.
Detailed kinetic parameters of the LC sub-complex were first established on peptidic H3(121)K4me2 substrates which demonstrated the susceptibility of LSD1 to H3 tail acetylation. We
showed that monoacetylation at K9, K14 or K18 had little effect on LSD1 catalytic efficiency
toward H3K4me2, despite changes in turnover rate and binding affinity of these substrates.
However, the addition of one or two more acetylation marks in the H3 tails completely abolished
LSD1 activity. Intrigued by these results, we are interested in assessing LSD1 kinetics in the
context of mononucleosome substrates. Given our established LC sub-complex stimulation by
suH4 seen in western blots, we are further interested in establishing what, if any, effect histone
sumoylation has on LC sub-complex activity in the presence of H3 acetylation. To this end, we
developed a high-throughput microplate-based demethylation assay in order to conserve
precious semisynthetic mononucleosomal substrates and to facilitate data collection and
interpretation. By using this platform, I have successfully established steady-state kinetic
parameters for the LC-mediated demethylation of H3Kc4me2 and suH4 containing
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mononucleosomes for the first time. Future experiments in this platform will aim to assess
potential differences in demethylation kinetics of suH4 versus wild-type H4 containing
mononucleosomes, and measure LC sub-complex activity towards methylated and acetylated
mononucleosomes in the presence or absence of sumoylation.
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4.4 Experimental procedures
4.4.1 General methods
2-chlorotrityl chloride and Rink amide resins were purchased from AnaSpec (Fremont, CA).
Standard Fmoc-L-amino acids were purchased from MilliporeSigma (Burlington, MA), AGTC
Bioproducts (Wilmington, MA), or AnaSpec. All other chemical reagents were purchased from
MilliporeSigma 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). Ni-NTA resin for purification of His6-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). Centrifugal filtration units were from Sartorius (Goettingen, Germany), Slide-ALyzer dialysis cassettes were from Pierce (Rockford, IL), and SpectraPor dialysis membrane
was from Spectrum Labs (Rancho Dominguez, CA). Analytical reversed-phase HPLC
(RPHPLC) was performed on a Varian (Palo Alto, CA) ProStar HPLC or Agilent (Santa Clara,
CA)1260 Infinity II 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 was conducted on a Bruker (Billerica, MA) Esquire ESIMS instrument or Bruker Autoflex II MALDI-MS. Size-exclusion chromatography was performed
on an AKTA FPLC system (GE Healthcare, Little Chalfont, UK) equipped with a P-920 pump
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and UPC-900 monitor. Mononucleosome gels were visualized using a GE Typhoon FLA 9000
Biomolecular Imager (GE).

4.4.2 Solid-phase peptide synthesis
Synthesis of H3(1-21)K4me2 peptides
The peptide H2N-ARTK(me2)QTARKSTGGKAPRKSTGGQLA-OH corresponding to the first 21
N-terminal residues of the human histone H3 protein was synthesized by SPPS on a 0.05 mmol
scale employing standard Fmoc-based Nα-deprotection chemistry and Lys(ac) residue(s) at the
indicated positions. Briefly, Rink amide resin (0.3-0.6 mmol/g) was coupled with amino acids 521 in 5 mol. eq. based on resin loading. Deprotection of the Fmoc group was achieved by
treating resin with 20% piperidine in DMF for 2 min at 90 °C. Coupling reactions were
undertaken for 2 min at 90 °C with a mixture of Fmoc-amino acid HBTU (4.8 mol. eq.) and DIEA
(5 mol. eq.) in DMF. For Arg, an additional coupling reaction was performed for 10 min at 90 °C.
Fmoc-Lys(Ac)-OH were coupled at the indicated position in place of Fmoc-Lys(Boc)-OH.
Synthesis of the peptide was confirmed by test cleavage of 5 mg resin and RP-HPLC and ESIMS analysis. Fmoc-Lys(me2)-OH was coupled to resin-bound peptide using a mixture if amino
acid (2 mol. eq.), ethyl cyano(hydroxyimino)acetate (Oxyma Pure, 2 mol. eq.) and
diisopropylcarbodiimide (DIC, 2 mol eq) in DMF overnight. Deprotection of the Fmoc group was
performed by treating resin with 20% piperidine in DMF for 25 min. Remaining coupling
reactions were undertaken for 2-3 h at room temperature with a mixture of Fmoc-amino acid (8
mol eq.), Oxyma (8 mol. eq.) and DIC (8 mol. eq.) in DMF. Products were confirmed by test
cleavage of 5 mg of resin. Peptide was cleaved and deprotected by reaction of resin at 100
μL/mg with a mixture of TFA:thioanisole:H2O:triispropylsilane (TIS) (90:2.5:2.5:2.5:2.5 v/v) for 3
h 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 10-35% B (Figure 4.S1).
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ESI-MS of H3(1-21)K4me2: Calculated m/z [M+H]+ 2,282.7 Da, observed 2,282.1 ± 0.4 Da.
ESI-MS of H3(1-21)K4me2, K9ac: Calculated m/z [M+H]+ 2,324.4 Da, observed 2,324.7 ± 1.3
Da.
ESI-MS of H3(1-21)K4me2, K14ac: Calculated m/z [M+H]+ 2,324.4 Da, observed 2,235.7 ± 1.2
Da.
ESI-MS of H3(1-21)K4me2, K18ac: Calculated m/z [M+H]+ 2,324.4 Da, observed 2,324.9 ± 1.0
Da.
ESI-MS of H3(1-21)K4me2, K9,14ac: Calculated m/z [M+H]+ 2,366.7 Da, observed 2,366.5 ±
1.2 Da.
ESI-MS of H3(1-21)K4me2, K9,14,18ac: Calculated m/z [M+H]+ 2,408.8Da, observed 2,408.1 ±
0.4 Da.

Synthesis of H3(1-28)K4me2-C(O)NHNH2 peptides
The peptide H2N-ARTK(me2)QTARKSTGGKAPRKQLATKAARKS-C(O)NHNH2 corresponding
to the first 28 N-terminal residues of the human histone H3 protein was synthesized by manual
and

microwave-assisted

SPPS

on

a

0.1

mmol

scale

employing

standard

9-

fluorenylmethoxycarbonyl (Fmoc)-based Nα-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 to the resin in a
solution containing Fmoc-Ser(OtBu)-OH (0.4 mmol), O-(6-chlorobenzotriazol-1-yl)-N,N,N′,N′tetramethyluronium hexafluorophosphate (HCTU, 0.38 mmol) , and DIEA (0.8 mmol) for 60 min
at 30 °C. From tert-butyl-serinyl 2-chlorotrityl hydrazine resin amino acids 5-27 were 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
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undertaken for 5 min at 75 °C with a mixture of Fmoc-amino acid (0.5 mmol), Oxyma (5 mol.
eq.) and DIC (5 mol. eq.) in DMF. For Arg, an additional coupling reaction was performed for 25
min at 75 °C. Deprotection of the Fmoc group was performed using 20% piperidine in DMF for
25 min. Fmoc-Lys(me2)-OH was coupled to the resin-bound peptide in a solution of amino acid
(8 mol. eq.), Oxyma (8 mol. eq.), DIC (8 mol. eq.) and potassium thiocyanate (0.4 M) in 50:50
v/v DMOS and DMF overnight. Uncoupled Glu5 residues were capped by mixing the resin in a
solution of benzoic anhydride (20 mol. eq.) and DIEA (40 mol. eq.) in 50:50 v/v DMF and DCM.
The remaining amino acids were coupled in solutions of amino acid (8 mol. eq.), Oxyma (8 mol.
eq.), DIC (8 mol. eq.) and potassium thiocyanate (0.4 M) in DMF. The peptide was cleaved and
deprotected by reaction of resin at 100 μL/mg with TFA:H2O:TIS:thioanisole (90:2.5:2.5:2.5:2.5
v/v) for 3 h 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 10-35% B (Figure 4.S6). ESI-MS of H3(1-28)K4me2-NHNH2: Calculated m/z
[M+H]+ 3,039.6 Da, observed 3,040.2 ± 0.2 Da.

4.4.3 Overexpression and purification of full-length His6-LSD1 (KDM1A, isoform b)
The pET15b-LSD1 plasmid was a kind gift from Dr. Yi Zhang. E. coli BL21(DE3) cells were
transformed with the plasmid. For overexpression of His6-LSD1, cells were grown at 37 °C in 3
L 2xYT media containing 100 μg/mL ampicillin to an OD600 of ~0.8-1.0 and were cooled down to
25 °C before induction. Protein expression was induced by the addition of 0.3 mM IPTG to the
growth media and the cells were further grown at 25 °C for 4-6 h. At the end of the induction
period, the cells were harvested by centrifugation at 5,000 rpm, resuspended in PBS, 0.2 mM
PMSF, 5% glycerol buffer and lysed by sonication for 3 x 3 min with 1 min. rest in between. The
lysate was centrifuged at 15,000 and the supernatant was applied to a Ni-NTA resin (5 mL) at 4
°C for 1.5 h. Column was washed with 5 column volumes (CV) each of lysis buffer containing 25
and 50 mM imidazole. Full-length His6-LSD1 eluted with lysis buffer containing 250 mM
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imidazole. Pure fractions were dialyzed against 20 mM tris, pH7.5, 5% glycerol buffer for 3 h
and further purified by anion exchange chromatography. The fractions were visualized on a 12%
SDS-PAGE gel and the fractions containing the desired protein in 90% purity were combined
and concentrated. The amount of active LSD1 was determined by using the FAD extinction
coefficient at 458 nm as 10,790 cm-1M-1. The total protein concentration was determined by
comparing the LSD1 intensity on a coomassie stained gel 10% SDS-PAGE gel relative to BSA
standards of known concentration (Figure 4.S2). 50-60% of the total protein was typically
purified in the active form, based on cofactor occupancy.

4.4.4 Overexpression and purification of full-length His6-CoREST1
(Refer to Chapter 3.4.15, Figure 3.S19)

4.4.5 Overexpression and purification of H3(29-135)A29C,C110A
(Refer to Chapters 3.4.3 and 3.4.6, Figures 3.S11, 3.S12)

4.4.6 Expressed
135)A29C,C110A

protein

ligation

of

H3(1-28)K4me2-C(O)NHNH2

and

H3(29-

(Refer to Chapter 3.4.12)

4.4.7 Desulfurization of H3K4me2(A29C,C110A)
(Refer to Chapter 3.4.13, Figure 4.S8) ESI-MS of H3K4me2(C110A): Calculated m/z [M+H]+
15,252.0 Da, observed 15,253.3 ± 3.5 Da.

4.4.8 Purification of 147 bp Widom 601 DNA
The protocol DNA preparation reported by Luger et al was followed with modifications.51 The
pET15b-LSD1 plasmid was a kind gift from Dr. Ning Zheng. E. coli DH5α cells were transformed
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with the plasmid. Cells were grown at 37 °C in 200 mL 2LB media containing 100 μg/mL
ampicillin overnight. Plasmid DNA isolated using the Miraprep protocol reported by Peifer et al.57
Isolated plasmid was visualized on a 0.6% agarose/TBE gel. 147 bp DNA fragments were
liberated from the plasmid backbone through incubation with EcoRV-HF restriction
endonuclease according to the manufacturer’s recommendations. 0 h and 6 h time-points were
visualized on a 5% polyacrylamide/TBE gel to confirmation complete digestion. To the solution,
0.3375 vol. 40% polyethylene glycol (PEG)-6000 and 0.15 vol. 5 M NaCl were added and
incubated on ice for 1 h to precipitate the plasmid backbone. 2.5 vol. absolute ethanol and
incubated at -20 °C overnight. Solution was centrifuged at 15,000 rpm, 4 °C for 30 min. Pelleted
DNA was washed with 70% ethanol. DNA pellet air dried and resuspended in sterile H2O, pH 8.
DNA concentration measured via absorbance at 260 nm wavelength and using the extinction
coefficient for 147 bp DNA of 2,784,500 M-1,cm-1 (Figures 4.S12)

4.4.9 Overexpression and purification of H3K4C
E. coli BL21(DE3) cells containing the pET15b-H3(K4C) were grown at 37 °C in 6 L YT medium
until OD600 ~0.7. Protein expression was induced by the addition of 0.3 mM IPTG for 3 h at 37
°C. Cells were harvested by centrifugation at 5,000 rpm, resuspended in 50 mM tris, pH 7.5 150
mM NaCl, 1 mM ethylene diamine tetraacetic acid (EDTA), 0.5% Triton X-100, 1 mM
dithiothreitol (DTT) (wash buffer) and lysed by sonication. The lysate was centrifuged at 15,000
rpm for 20 min and the pelleted was washed with washed buffer followed by centrifugation.
Insoluble histones were recovered from inclusion bodies with an extraction buffer consisting of 6
M guanidinium chloride (Gn-HCl), 50 mM tris, pH 7.5, 100 mM NaCl. The re-solubilized histones
were dialyzed into H2O/1 mM DTT overnight at 4 °C. Precipitated histone was collected and
dried via lyophilization before C4 preparative RP-HPLC purification with a gradient of 30-70% B.
Typical yields were 5-6 mg/L. ESI-MS of H3(K4C): Calculated m/z [M+H]+ 15,199.8 Da,
observed 15,199.7 ± 3.9 Da (Figure 4.S9).
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4.4.10 Alkylation of H3K4C to generate H3Kc4me2
The methyllysine analog was synthesized according to the protocol published by Shokat et. al.50
Briefly, Lyophilized H3(K4C) (5 mg) was dissolved in 900 μL alkylation buffer, 1 M HEPES pH
7.8, 4 M Gn-HCl, 10 mM D/L-methionine; and DTT was added (20 μl of 1 M, dissolved
immediately before use). The histones were reduced for 1 hr at 37 °C and (2-chloroethyl)dimethylammonium chloride was added (50 μL of 1 M, dissolved immediately before use) to
perform the alkylation. After the reaction proceeded for 2 hr at room temperature additional DTT
was added (10 ml of 1 M) to reduce any oxidized histone H3 K4C. The reaction incubated at
room temperature for 30 min and treated with additional alkylating agent (50 mL, 1M dissolved
immediately before use) and allowed to proceed for an additional 2 h at room temperature. The
reaction was quenched with β-mercaptoethanol (50 μL, 14.2 M) and then purified to
homogeneity by C4 preparative RP-HPLC with a gradient of 30-70% B. ESI-MS of H3(K4C):
Calculated m/z [M+H]+ 15,271.7 Da, observed 15,271.54 ± 1.4 Da (Figure 4.S10).

4.4.11 Histone octamer formation
(Refer to Chapter 3.4.17, Figure 4.S11A)

4.4.12 Large-scale mononucleosomes assembly
Prior to large scale mononucleosome preparation, a histone to octamer ratio at which free DNA
is saturated or nearly saturated was determined on a small scale (refer to Chapter 3.4.18). Pure
histone octamers and 147 bp Widom 601 DNA were combined in 150-300 μL of a high-salt
refolding buffer consisting of 2 M NaCl, 20 mM tris, pH 8, to a final concentration of 10 μM.
Octamers were transferred to a 100-500 μL, 3,500 MWCO dialysis button and placed in 700 mL
of 20 mM tris, pH 8, 2 M NaCl in a 3.5 L beaker. Mononucleosomes were dialyzed to 400 mM
NaCl by slow addition of 2800 mL 20 mM tris, pH 8 over 24 h. Mononucleosomes were
transferred to a 1L beaker containing 500 mL previous dialysis buffer and further dialyzed to 200
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mM NaCl by addition of 500 mL 20 mM tris, pH 8 overnight. Histone precipitation occurs after
first dialysis. Mononucleosomes were gathered and the supernatant was separated from
precipitated histone proteins. Mononucleosomes were checked on a 5% TBE gel for free DNA,
and concentration was determined by measuring the absorbance at 260 nm wavelength and
using the extinction coefficient for 147 bp DNA of 2,784,500 M-1,cm-1 (Figure 4.S11B).

4.4.13 Cuvette-based LSD1 demethylation assay
Stock solutions of H3(1-21)K4me2 peptides (140-220 μM), AmplifluTM Red (AR, 100 mM,
Sigma-Aldrich, St. Louis, MO), HPOFF horse radish peroxidase (76%, 100 μM, Worthington
Biochemicals, Lakewood, NJ) and NaCl (500 mM) in 50 mM HEPES, pH 7.9 (assay buffer) were
freshly prepared prior to kinetics experiments. Kinetics buffer consisting of AR (125 μM),
HPOFF (0.95 uM) and LSD1 (or LC) (0.625 μM) were prepared from the stock solutions. Assay
buffer, kinetics buffer and NaCl solution were combined in a sub-micro quartz cuvette (Starna
Scientific, Ltd., Atascadero, CA) so that final concentration were 100 μM AR, 0.1 μM HPOFF,
0.5 μM LSD1 (or LC) and 50 mM NaCl upon addition of peptide substrate. Bubbles in the
cuvette were carefully avoided. Demethylation reactions were initiated by the addition of 1-120
μM peptide to the cuvette, and quickly placed a NanoDrop 2000c UV-Vis spectrophotometer
(ThermoFisher Scientific, Waltham, MA). Demethylation assays were prepared in the dark, and
protected from light at all times. The production of resorufin was monitored at 571 nm for 20
min. with reads every 6 sec. Resorufin absorbance units were converted to units of product
concentration using a resorufin extinction coefficient of 54,000 M–1cm–1. Initial velocities were
derived from the first 50-100 sec of each demethylation reaction and plotted versus substrate
concentration. Michaelis constants (KM) and catalytic constants (kcat) were derived using nonlinear regression analysis in GraphPad Prism software.
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4.4.12 384-well microplate-based LSD1 demethylation assay
Assay preparation and execution: Prior to nucleosome demethylation assays, LSD1 and
CoREST1 were mixed in an equimolar ratio on ice for 15-30 min. The quality of the individual
proteins and the 1:1 complex were routinely checked on a 10% or 12% SDS-PAGE gel prior to
use (Figure 4.S16). Semisynthetic mononucleosome quality was checked by 5% TBE gel prior
to use (Figure 4.S11B). Kinetics buffer (KB) consisting of AmplifluTM Red (AR, 250 μM) and
HPOFF (25 μM) in 50 mM HEPES, pH 7.9 (assay buffer, AB), were freshly prepared before
each assay from AR (25 mM) and HPOFF (200 μM) in AB stock solutions. A 1 M NaCl in AB
stock solution was prepared for adjusting the reaction salt concentration. Resorufin stock
solutions were prepared by mixing 2.1 mg AR in 1 mL AB (~10 mM, 200x solution). This
solution is an opaque, deep red mixture. A 1x homogenous resorufin solution was prepared
from

the

200x

mixture

and

its

concentration

measured

on

a

NanoDrop

2000c

spectrophotometer using the resorufin extinction coefficient of 54,000 M–1cm–1 at 573 nm
wavelength. A 2.5 μM resorufin solution was prepared from the 1x stock solution. In a black, flatbottom 384-well microplate (Corning Inc., Corning, NY), LC, AB, KB and NaCl were combined in
demethylation wells so that their final concentrations were 0.05-1 μM LC, 5 μM HPOFF, 50 μM
AR and 50 mM NaCl upon final addition of mononucleosomes. Blank wells were prepared as
described above with 0.05 μM LC. Resorufin standard wells were prepared as described for
blank wells and including 50-500 nM resorufin. Microplate assays were prepared in the dark,
and protected from light at all times. Reactions were initiated through quick addition of
semisynthetic mononucleosomes (0.5 μM) to demethylation assay wells and placement in a
BioTek (Winooski, VT) Synergy 2 microplate reader.

Plate reader and assay parameters: Resorufin production was measured for 1 h with
fluorescence reads every 1.5 min. 528 nm wavelength excitation and 590 nm wavelength
emission filters were used for each assay. The plate reader detector was set to read from the
166

top at 4 mm distance, and sensitivity was set to ‘65’. Wells F9-F14 were used for all
demethylation assay measurements and wells G9-G16 were used for blank and resorufin
standard wells.

Data analysis: Assay blank RFU values were averaged and subtracted from the raw, averaged
demethylation signal for each set of LC complex concentration data. Corrected RFU values
were converted to units of concentration (nM) using averaged slope and y-intercept values from
all resorufin standard curves. The initial reaction rates were derived from the first 500 sec of
product concentration versus time plots, and further plotted against LC sub-complex
concentration. Non-linear regression analysis was performed with GraphPad Prism software by
constraining substrate concentration to 0.5 μM to generate KM and kcat values.
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4.5 Product characterization and supplemental data

Figure 4.S1. Characterization of H3(1-21)K4me2 peptides. (A) C18 analytical RP-HPLC
of H3(1-21)K4me2, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of purified H3(121)K4me2. (C) C18 analytical RP-HPLC of H3(1-21)K4me2, K9ac 0-73% CH3CN in H2O, 30
min. gradient. (D) ESI-MS of purified H3(1-21)K4me2, K9ac. (E) C18 analytical RP-HPLC of
H3(1-21)K4me2, K14ac, 0-73% CH3CN in H2O, 30 min. gradient. (F) ESI-MS of purified
H3(1-21)K4me2, K14ac.
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Figure 4.S1 continued. Characterization of H3(1-21)K4me2 peptides (G) C18 analytical
RP-HPLC of H3(1-21)K4me2, K18ac 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS of
purified H3(1-21)K4me2, K18ac. (C) C18 analytical RP-HPLC of H3(1-21)K4me2, K9,14ac,
0-73% CH3CN in H2O, 30 min. gradient. (D) ESI-MS of purified H3(1-21)K4me2, K9,14ac.
(E) C18 analytical RP-HPLC of H3(1-21)K4me2, K9,14,18ac, 0-73% CH3CN in H2O, 30 min.
gradient. (F) ESI-MS of purified H3(1-21)K4me2, K9,14,18ac.
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Figure 4.S2. Purification of His6-LSD1. (A) 15% SDS-PAGE of Ni-NTA IMAC purification
of His6-LSD1. (B) Quantification of IEC-purified His6-LSD1 protein concentration through
comparing densities to BSA standards of known concentration.

Figure 4.S3. LSD1 kinetics on peptide substrates. (A) Initial demethylation rate versus
H4(1-21)K4me2 concentration plot, 1-120 μM (B) Initial demethylation rate versus H4(121)K4me2, K9ac concentration plot, 1-40 μM (C) Initial demethylation rate versus H4(121)K4me2, K14ac concentration plot, 1-40 μM (D) Initial demethylation rate versus H4(121)K4me2, K18ac concentration plot, 1-20 μM. n≥3
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Figure 4.S4. LSD1 demethylation of H3(1-21)K4me2, K9,K14ac and H3(1-21)K4me2,
K9,14,18ac peptides. (A) Overlaid absorbance outputs from LSD1 demethylation assays on
the H3(1-21)K4me2, K9,14ac peptide, 10-40 μM, in comparison to demethylation of 20 μM
H3(1-21)K4me2 peptide (B) Overlaid absorbance outputs from LSD1 demethylation assays
on the H3(1-21)K4me2, K9,14,18ac peptide, 2-20 μM, in comparison to demethylation of 20
μM H3(1-21)K4me2 peptide

Figure 4.S5. LC sub-complex kinetics on peptide substrates. (A) Initial demethylation
rate versus H4(1-21)K4me2 concentration plot, 1-40 μM (B) Initial demethylation rate versus
H4(1-21)K4me2, K9ac concentration plot, 1-40 μM (C) Initial demethylation rate versus
H4(1-21)K4me2, K14ac concentration plot, 1-40 μM (D) Initial demethylation rate versus
H4(1-21)K4me2, K18ac concentration plot, 1-20 μM. n≥3
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Figure 4.S6. Characterization of H3(1-28)K4me2-C(O)-NHNH2 (A) C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. (B) ESI-MS.

Figure 4.S7. Separation of H3(1-28)K4me2-NHNH2 from impurities. C18 analytical RPHPLC, 0-73% CH3CN in H2O, 30 min. gradient. * = Desired peptide product.
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Figure 4.S8. Characterization of H3K4me2(C110A). (A) C18 analytical RP-HPLC, 0-73%
CH3CN in H2O, 30 min. gradient. (B) ESI-MS.

Figure 4.S9. Characterization of H3K4C. (A) C18 analytical RP-HPLC, 0-73% CH3CN in
H2O, 30 min. gradient. (B) ESI-MS.
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Figure 4.S10. Characterization of H3Kc4me2. (A) C18 analytical RP-HPLC, 0-73% CH3CN
in H2O, 30 min. gradient. (B) ESI-MS.

Figure 4.S11. Visualization of H3Kc4me2 octamers and mononucleosomes. (A) 15%
SDS-PAGE gel of purified H3Kc4me2, wt H4 and H3Kc4me2, suH4 octamers. (B) 5% TBE
gel of H3Kc4me2, wt H4 and H3Kc4me2, suH4 mononucleosomes.
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Figure 4.S12. Large-scale preparation of 147 bp Widom DNA. (A) 0.6% agarose/TBE
gel of isolated 20x147bp repeat DNA plasmid (B) 5% polyacrylamide/TBE gel of EcoRV-HF
restriction digest time-points. (C) 1.5% agarose/TBE gel of purified 147 bp Widom DNA.

Figure 4.S13. Absorbance spectroscopy sensitivity is not sufficient at low methylated
substrate concentrations. (A) Overlaid absorbance outputs from LSD1 demethylation
assays on the H3(1-21)K4me2, K18ac peptide in a high concentration regime (2-20 μM) (B)
Overlaid absorbance outputs from LSD1 demethylation assays on the H3(1-21)K4me2,
K18ac peptide in a low concentration regime 0-1.5 μM).

175

Figure 4.S14. Inner-filter effect in fluorescence spectroscopy. (A) Fluorescence signal
from a high resorufin concentration regime (B) Fluorescence signal from a low resorufin
concentration regime.

Figure 4.S15. Contribution of assay components to demethylation assay signal noise.
(A) Resorufin standard curves generated in either HEPES buffer (50 mM, pH 7.9), tris buffer
(20 mM, pH 7.9) or phosphate buffer (100 mM, pH 7.9). n=3 (B) Assay time course of LSD1
alone in 50 mM HEPES, pH 7.9 buffer. (C) Time course of HPOFF peroxidase alone in 50
mM HEPES, pH 7.9 buffer. (D) Time course of AR alone in 50 mM HEPES, pH 7.9 buffer.
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Figure 4.S16. Demethylation assay enzyme components. 10% SDS-PAGE gel of purified
LSD1, CoREST1 and the preformed 1:1 LC subcomplex used in demethylation assays.
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