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ABSTRACT: Post-translational modifications (PTMs) of
histones are an essential feature in the dynamic regulation
of chromatin. One of these modifications, ubiquitylation,
has been speculated to directly influence the stability of the
nucleosome, which represents the basic building block of
chromatin. Here we report a strategy for the semisynthesis
of site-specifically ubiquitylated histone H2A (uH2A).
This branched protein was generated through a three-piece
expressed protein ligation approach including a traceless
ligation at valine. uH2A could be efficiently incorporated
into nucleosomes, thereby opening the way to detailed
biochemical and biophysical studies on the function of this
PTM. Accordingly, we used uH2A, as well as a previously
generated ubiquitylated H2B, in chaperone-coupled
nucleosome stability assays to demonstrate that the direct
effect of ubiquitylated histones on nucleosomal stability is
in fact modest.

he genome in eukaryotic cells is packaged in the form of
chromatin—a nucleoprotein complex between DNA and
the basic histone proteins H2A, H2B, H3, and H4, with the
nucleosome as the fundamental repeating unit." The dynamic
nature of chromatin manifests itself on multiple levels. In the cell,
the structure of chromatin is highly dynamic, thereby regulating
transactions such as replication, transcription and repair.
Dynamics at the nucleosomal level include transient DNA
unwrapping (“breathing”), which allows access to the
nucleosomal DNA and facilitates nucleosome disassembly.’
Further, histones can be transiently removed either to facilitate
access to the DNA template™* or to be exchanged for a variety of
specialized histone variants.®
The first steps in nucleosome disassembly involve partial
unwrapping of DNA and opening up the interface between the
H2A—H2B dimers and the (H3—H4), tetramer, followed by the
removal of either one or both of the H2A—H2B dimers.>” This
leaves behind the DNA—(H3—H4), tetramer complex referred
to as the tetrasome, which can further dissociate into free DNA
and (H3—H4), tetramers.*” Conversely, the assembly of
nucleosomes is thought to occur through a reversal of these
processes.'® The highly basic nature of the histones predisposes
them to interact nonspecifically with DNA. This is prevented by a
heterogeneous family of histone chaperones which bind free
histones."' Nucleosome assembly protein 1 (Nap1) is among the
best characterized of these histone chaperones.'* Nap1 binds to
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linker histone H1, H2A—H2B dimers, and (H3—H4), tetramers
by recognizing their common histone fold."*> The chaperone
activity of Nap1 has been widely used in in vitro reconstitution of
chromatin'* and has recently found utility in determining
nucleosome stability under equilibrium conditions.'®

Nature strategically employs histone post-translational mod-
ifications (PTMs) to alter the steric and electrostatic properties
of histones, thereby influencing the stability and dynamics of
chromatin through both cis- and trans-acting mechanisms.'®~°
Of the many known PTMs, perhaps the most dramatic is
ubiquitylation, in which the ~8 kDa protein ubiquitin is attached
through its C-terminus to the e-amino group of a target lysine.
The best-known ubiquitylation sites on chromatin are lysine 119
of H2A (uH2A) and lysine 120 of H2B (uH2B). Both are tightly
associated with transcription regulation and DNA damage
repair,”' but their mechanistic functions are less well understood.
Several studies have suggested a stabilizing effect of ubiquityl-
ation on nucleosomal structure,>>** while others arrive at the
opposite conclusion.”*** The lack of access to chemically defined
uH2A and uH2B has hindered detailed biophysical analysis of
ubiquitylated nucleosomes, and thus progress on this problem.
Previously, we developed a robust synthesis of uH2B using an
expressed protein ligation (EPL) approach.”**” In this study, we
report on the successful synthesis of uH2A. Access to both these
ubiquitylated histones has allowed us to interrogate the effect of
the modification on nucleosome stability by employing Nap1-
mediated nucleosome assembly assays.

For the synthesis of uH2A, we developed a strategy based on
sequential, regioselective EPL reactions. EPL allows the
connection of a synthetic peptide containing an N-terminal
cysteine (or functional equivalent) with a recombinant protein
carrying a C-terminal thioester, forming an amide bond. Building
on the established synthesis of uH2B,***’ we devised a synthetic
route to uH2A in which ubiquitin is first ligated to a peptide
corresponding to the C-terminal part of H2A, via the g-amine of
the canonical lysine 119 (Figure 1a). In a second step, the
peptide—ubiquitin conjugate is ligated to the remainder of H2A.
Critical to this strategy was the choice of the ligation junctions,
which must be compatible with efficient reactions, based on well-
established criteria,”**” while minimizing sequence changes to
the native ubiquitylated protein.

For the ligation junction between ubiquitin and the C-terminal
peptide of H2A, we replaced glycine 76 of ubiquitin by a cysteine
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Figure 1. Synthesis of uH2A. (a) Synthesis scheme: (i) ligation of
peptide 1 to ubiquitin(1—75) a-thioester 2, forming the branched
protein 3; (ii) deprotection of 3 by methoxylamine treatment; (iii)
formation of 6 by ligation of H2A(1—113) a-thioester S to 4; and (iv)
final desulfurization to form uH2A, 7. R = C(H,CH,COOH. (b) RP-
HPLC data for the ligation between 1 and 2. (c) RP-HPLC data for the
ligation between 4 and S. (d,e) RP-HPLC and ESI-MS data for uH24, 7,
(M+H)* = 22 511.8 Da, [(M+H)" ectea = 22 512.0 Da].

residue, attached via an iso-peptide linkage to the e-amine of
K119 within the synthetic peptide. This cysteine serves as a
reactive handle for the ligation to an ubiquitin (1-75)-a-
thioester. Upon chemical desulfurization, the cysteine is
converted to alanine. This glycine to alanine substitution at
position 76 in ubiquitin is known to be functionally silent in the
case of uH2B.”” For the second EPL step, inspection of the H2A
sequence (Figure S1 in the Supporting Information) indicated
that the optimal ligation junction would be between serine 113
and valine 114. This allows for use of the non-natural amino acid
penicillamine as a valine surrogate, which upon desulfurization
affords the canonical amino acid and hence a traceless
process.30’3’l

We proceeded with the solid phase synthesis of branched
peptide 1 using the fluorenylmethoxycarbonyl (Fmoc) Na
protection logic. Orthogonal protection of lysine 119 using the
Mtt group allowed selective attachment of cysteine to the &-
amino group of this residue. The penicillamine moiety was
introduced protected as S,5'-dimethyl-1,3-thiazolidine-4-carbox-
ylic acid, which set the desired regioselectivity in the first ligation
reaction. Accordingly, excess purified peptide 1 was combined
with ubiquitin(1—75)-a-thioester 2 (produced by thiolysis of a
fusion protein of ubiquitin with the Mxe GyrA intein, see Figure
S1) affording branched protein 3 with essentially peak-to-peak
conversion after 1 h reaction (Figures 1b and S1). Treatment of
the ligation product in situ with 0.5 M methoxylamine under
mildly acidic conditions gave conjugate 4 in which the N-
terminal penicillamine moiety is revealed (Figure S2). The

isolated yield of conjugate 4 was 65% relative to 2 (i.e., over two
steps). In the second ligation reaction, 4 was combined with a
2.7fold excess of recombinantly generated H2A(1-113)-a-
thioester (S, produced similarly to 2, Figure S1) in the presence
of S0 mM 4-mercaptophenyl acetic acid (MPAA) under inert
atmosphere. The reaction was allowed to proceed for 72 h at
which point the ligation product 6 was isolated by RP-HPLC in
42% yield relative to 4 (Figures 1c and S2). Of note, the use of
MPAA as a thiol catalyst reduced the buildup of unreactive
internal disulfides of 4, thus increasing the ligation efficiency.
The last step in the process, radical-based desulfurization of 6
to give uH2A 7, gave unexpected results. We initially employed
the standard protocol which involved dissolving 6 in a buffer
containing 250 mM TCEP, 2 mM radical starter VA-041 and tert-
butylmercaptan/ethanethiol for radical propagation.® This
procedure led to significant accumulation of two side products,
in addition to the desired product 7 (Figure S2). Interestingly,
the HPLC retention times of these side-products were similar to
the retention times of the starting materials of the second ligation
reaction. Mass spectrometric analysis revealed that the side
products corresponded to 4, lacking the penicillamine residue, as
well as to 5, with a C-terminal carboxylic acid. Analogous
cleavage products were not observed at the cysteine desulfuriza-
tion site (ie., ligation site 1). Thus, the observed backbone
cleavage events seem to be related to specific steric and/or
electronic properties of the thiyl radical generated on the
penicillamine moiety. Fortunately, these side reactions could be
suppressed by using an optimized protocol based on ref 30
involving more radical starter (16 mM VA-041) and glutathione
(40 mM) for radical propagation. Under these conditions the
final product 7 was obtained in 53% isolated yield (Figure 1d,e).
Together with uH2B, which we produced according to ref 27
(see Figure S3), we moved forward to investigate the effects of
histone ubiquitylation on nucleosome assembly and stability.
The stability of a nucleosome is determined by the dissociation
constants (Kp,) between all the components of the nucleoprotein
complex. However, the high energy barriers encountered in the
process, as well as the high number of possible non-native
interactions between histones and DNA result in dominant
kinetic effects and direct measurements of equilibrium constants
are difficult.®® Histone chaperones act by preventing such non-
native interactions and therefore render the assembly and
disassembly reactions reversible."> Therefore, histone chaper-
ones can be used as molecular tools to determine nucleosome
stability. We decided to employ mouse Napl (mNapl) to
investigate the propensity of ubiquitylated histones to form
nucleosomes (Figure S4). Napl is implicated in nucleosome
disassembly at promoters and coding regions,** sites where
histone ubiquitylation plays an important regulatory role.”'
Thus, we were also directly interested to measure possible effects
of histone ubiquitylation on Nap1 binding. We first determined
the Kp of the mNapl complexes with unmodified, uH2A or
uH2B containing dimers, using a florescence based binding
assay."> A mutant of mNap1 was generated with all but one (Cys
388) of its cysteine residues mutated to serine. The unique
cysteine residue was site-specifically labeled with the fluorescent
dye Alexa 546-Cs-maleimide (mNap1,s4, Figure S4). We then
refolded H2A—H2B dimers or (H3—H4), tetramers using
Xenopus laevis histones as well as the synthetic uH2A and uH2B
molecules (Figure SS). Unmodified, uH2A and uH2B containing
dimers were subsequently titrated into a solution containing 0.25
nM of labeled mNap1. Dimer binding to mNap1 resulted in a 5—
10% reduction of AS546 fluorescence, which allowed the
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Figure 2. mNapl-mediated nucleosome formation. (a) mNapl,sue
binding to histone dimers. Data from three independent experiments
are included in the plots. Error bars, instrumental error; solid lines,
binding isotherm; for parameters, see Table S1. (b) Native PAGE
analysis of nucleosome formation experiment with fluorescent histone
dimers under competition with unmodified histone dimers: filled
triangles, nucleosome in the absence of competitor; open triangles,
mNap]:dimer complexes. (c) Quantification of the relative fluorescence
intensity of the nucleosomal bands. Averaged data from three
independent experiments; error bars denote SEM. The brackets in
(b) indicate the integrated area for quantification. For full gels, see
Figure S12.

generation of binding isotherms (Figure 2a). For analysis, a
reversible binding model (one-site, non-cooperative) was fit to
the data, resulting in Kp, values of 0.8 + 0.1 nM for unmodified
and 0.5 + 0.1 and 0.4 + 0.1 nM for uH2A- and uH2B-containing
dimers, respectively (see Table S1). Thus, we conclude that
histone ubiquitylation results in an increase in mNap1 binding
affinity, but the effects are small.

H2A or H2B ubiquitylation may influence H2A—H2B:(H3—
H4), or H2A—H2B:DNA interactions, thereby modulating
nucleosome stability. We therefore turned our attention to the
deposition of H2A—H2B dimers onto tetrasomes. Using
fluorescently labeled histones, the formation of nucleosomes
can be followed using gel electrophoresis followed by
fluorescence scanning. We labeled previously characterized
single-cysteine mutants of H2A (at N1 10C)"® and H2B (at
T115C)" with Alexa 488-Cs-maleimide (H2A 455 and H2B g5,
Figure S6). To follow uH2A incorporation, we used H2B gq to
prepare the dimer pair H2A—H2B, g5 and uH2A—H2B 4
(Figure S7). Similarly, we used H2A,45 to refold the dimer
pairs H2A,,4s—H2B and H2A,,5q—uH2B. All histone dimers
formed defined nucleosomes as judged from native PAGE
(Figure S8). To determine the relative nucleosome formation
propensity of the ubiquitylated histone dimers, we implemented
a competition assay. The fluorescent and differently ubiquityl-
ated histone dimers were mixed with increasing amounts of non-
fluorescent competitor H2A—H2B, and subsequently combined
with pre-formed tetrasomes in the presence of mNapl. The
reaction mixtures were resolved by native PAGE and visualized
by fluorescence scanning and DNA staining (Figure 2b).
Quantification of the fluorescent bands from nucleosomal
species indicated that uH2A—H2B dimers are more easily
competed away compared to the other species (Figure 2c). We
therefore conclude that H2A ubiquitylation reduces nucleosome

stability—although the effect is subtle.
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Figure 3. Stability of ubiquitylated nucleosomes. (a) Scheme of the
chaperone-assisted, FRET-based assay to measure nucleosome stability,
following ref 1S. The boxes indicate equilibria measured in this work.
(b,c) Nucleosome stability measured by FRET for the indicated histone
dimers. Data from two independent experiments are included in the
plot. Error bars, instrumental error (smaller than the symbols); solid
lines, model as shown in (a); for parameters, see Table S1.

To more closely investigate the thermodynamic aspect of
nucleosome stability, we employed a coupled equilibrium
stability assay, using the well-characterized S. cerevisiae Napl
homologue, yNapl, to ensure full reversibility of all the
reactions.”> This assay is based on monitoring fluorescence
resonance energy transfer (FRET) between H2A—H2B dimers
carrying a donor chromophore (Figure 3a) and yNapl, carrying
an acceptor chromophore. Nucleosome formation is initiated by
titrating in pre-formed tetrasomes, which shifts the binding
equilibrium between dimers and yNap1 toward free yNap1l and
nucleosomes (Figure 3a). If the Kp’s of the complexes between
yNapl and (H3—H4), (K;), between yNapl and H2A—H2B
(K,), and between (H3—H4), and DNA (K;) are known, the Kp,
between H2A—H2B and tetrasomes (nucleosome assembly, K,)
can be calculated from the titration experiment. We stress that K,
is directly related to nucleosome stability as it measures the
association—dissociation equilibrium of dimers from nucleo-
somes.

K, and K; have been measured previously,'* but K,, the affinity
between yNap1 and H2A—H2B with or without ubiquitin, had to
be determined. This was done in a manner analogous to the
titration carried out for mNapl. We labeled a single cysteine
mutant (D201C) of yNapl with AS46-maleimide (yNaplase
Figure S9) and measured binding curves of unmodified, uH2A or
uH2B containing histone dimers (Table S1 and Figure $10). A
direct comparison between the histone binding ability of mNap1
and yNapl revealed a 10-fold higher affinity of mNapl for
histone dimers. H2A and H2B are highly conserved between
higher eukaryotes but diverge in sequence from the yeast
homologues, which might explain the lower affinity of the yeast
chaperone for the Xenopus histones. With values for K, K,, and
K; in hand, we proceeded to elucidate possible ubiquitylation-
dependent differences in K. Using the same set of A488-labeled
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histone dimers as previously employed for the competition
assays, we observed a strong FRET signal upon histone dimer
binding to yNapl,ss (Figure S11). Titration of pre-formed
tetrasomes led to nucleosome formation (Figure S8), which
resulted in a FRET loss and, at 50 nM of tetrasomes, in the
complete recovery of the donor-only spectrum (Figure S11).
The experimental data of the complete titrations for all 4 histone
dimer types (Figure 3b,c) were then analyzed using a numerical
model of four coupled equilibria (Figure 3a) using the measured
parameters for K,—K; and K, as a fitting parameter (Table S1).
The analysis revealed that both uH2A and uH2B lead to slightly
less than a ~2-fold increase in K, relative to the appropriate
unmodified controls, from 0.8 + 0.2 nM (H2A—H2B,,ss) and
0.7 0.1 nM (H2A,44-H2B) to 1.5 + 0.2 nm (uH2A—H2B, ;5,)
and 1.2 + 0.2 nM (H2A,,5,-uH2B). Thus, we find that the
thermodynamic impact of uH2A and uH2B on nucleosome
stability is in fact modest, although both do lead to a net
destabilization of the particle. We further find a stronger binding
affinity of canonical H2A—H2B dimer to tetrasome than
published previously."”” This is likely due to experimental
differences, as we used tetrasomes that were preformed by salt
dialysis, whereas the previous study combined H3—H4 and DNA
together under physiological conditions. Therefore, the current
experiments may contain a higher fraction of DNA that is
properly occupied by (H3—H4),.

In this study, we tackled a long-standing question in the
chromatin field, namely if histone ubiquitylation alters the
stability of nucleosomes. Using a competition assay and
semisynthetic ubiquitylated histones, we found that uH2A is
less effectively incorporated into nucleosomes by mNapl.
Further, employing yNapl in a chaperone-assisted coupled
equilibrium assay, we demonstrated a mild nucleosome
destabilizing effect of both uH2A and uH2B. We conclude that
the direct impact of histone ubiquitylation on nucleosome
stability is marginal. The availability of a full set of ubiquitylated
histones, including the new reagent presented here, sets the stage
for additional biochemical studies on the function of histone
ubiquitylation, in particular in the presence of more specialized
histone chaperones (e.g, facilitates chromatin transcription,
FACT?®) and/or ATP-dependent remodelers.
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