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Abstract

Recently developed chemical and enzyme-based technologies to install serine ADP-ribosylation
onto synthetic peptides have enabled new approaches to study poly(ADP-ribose) polymerase
(PARP) biology. Here, we establish a generalizable strategy to prepare ADP-ribosylated peptides
that are compatible with N-terminal, C-terminal, and sequential protein ligation reactions. Two
unique protein-assembly routes are employed to generate full-length linker histone constructs
that are homogeneously ADP-ribosylated at known DNA damage-dependent modification sites.
We found that serine mono-ADP-ribosylation is sufficient to alleviate linker histone-dependent
chromatin compaction and that this effect is amplified by ADP-ribose chain elongation. Our
work will greatly expand the scope of ADP-ribose-modified proteins that can be constructed via
semisynthesis, which is rapidly emerging as a robust approach to elucidate the direct effects that
site-specific serine mono- and poly-ADP-ribosylation have on protein function.
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DNA binding? Chromatin compaction?

Protein ADP-ribosylation (ADPr) is a nicotinamide adenine dinucleotide (NAD™)-dependent
post-translational modification that targets hundreds of proteins in mammalian cells

to regulate diverse signaling processes.! Among the most widespread forms of this
modification is DNA damage-induced serine ADPr, which is catalyzed by the poly(ADP-
ribose) polymerase (PARP)1/2-histone PARylation factor 1 (HPF1) complex.2=> While
intense efforts have been directed toward understanding PARP1/2-HPF1 regulatory
mechanisms,®-8 substrate preferences, 910 and factors that govern ADP-ribose chain
elongation11-13 many questions remain surrounding how specific mono- and poly-ADPr
events affect target protein function. A greater understanding of ADPr-mediated signaling
mechanisms could expand the effective use of PARP1/2 inhibitors for the treatment of
homology repair-deficient cancers and other diseases* and has the potential to uncover
alternative treatment strategies.

We and others recently developed synthetic and chemoenzymatic strategies to prepare
peptides bearing site-specific serine ADPr.12:15.16 These approaches are compatible with
peptide thioesters to enable native chemical ligation, which is a cornerstone of protein
post-translational modification research that can now be applied to the study of serine

ADPr. However, the core histones H2B and H3 remain the only two full-length serine ADP-
ribosylated proteins that have been assembled via semisynthesis.1217 Notably, both H2B and
H3 were prepared via a single ligation reaction wherein the ADP-ribosylated N-terminal
peptide thioester fragment was ligated to a recombinant C-terminal fragment. More modular
functionalization of ADP-ribosylated peptides, including an N-terminal cysteine and a

latent C-terminal thioester, is necessary to grant access to modification sites throughout

an entire protein sequence. This design would vastly expand the number of semisynthetically
modified PARP1/2-HPF1 substrates that can be functionally characterized in biochemical,
biophysical, and cell-based assays.

The disordered, lysine-rich C-terminal domain of linker histone H1 contains several
serine residues that act as acceptor sites for DNA damage-induced ADPr.#8:9.18 |t js
clear that PARP1/2 activity is required to release linker histone H1 from chromatin at
DNA damage sites, which contributes to local chromatin relaxation and DNA repair.18:19
Multiple mechanisms to explain how PARP1 activity impacts H1 function have been

put forth, including the following: (i) PARP1 displaces H1 from chromatin by engaging
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an overlapping nucleosome binding site, (ii) a noncovalent H1—poly-ADPr interaction
disrupts the H1/DNA interface, and (iii) polyanionic ADP-ribose chains reduce the affinity
between the highly basic H1 C-terminus and the negatively charged chromatin polymer.19-22
Additionally, H1 ADPr may induce downstream protein-modification cascades or ADP-
ribose-binding protein recruitment events that influence H1 function. With semisynthetic
ADP-ribosylated H1 constructs, chromatin structure analysis can be performed in the
absence of confounding variables that include the PARP1 enzyme, core histone ADPr, and
other protein modifications or DNA repair factors. Thus, the impact that site-specific mono-
and poly-ADPr have on H1 function can be directly interrogated.

We chose to study the linker histone H1.2 as it is an abundant variant and a known target

of DNA damage-induced serine ADPr.8.18 There are four PARP1/2-HPF1 substrate motifs
(Lys-Ser) in H1.2 (Figure 1A), of which several have been reported as ADPr acceptor

sites in mammalian cell-based assays. To determine the primary H1.2 ADPr sites, we
introduced wild-type or serine-to-alanine 6xHis-tagged H1.2 transgenes into HEK293T cells
for ADPr analysis. Following exposure to an oxidative DNA damage agent, cells were
collected and lysed in a denaturing buffer that included 6 M urea to rapidly quench all ADPr
and glycohydrolase activity. Lysates were then cleared and passed over a Ni-nitriloacetic
acid (NTA) column to enrich H1.2 transgenes for Western blot analysis (Figure 1B). We
found that all detectable H1.2 ADPr occurs at the S150 and S188 sites, as confirmed

by the S150A/S188A double mutant. This modification site preference is also maintained

in reconstituted ADPr assays comprising the PARP1/2—HPF1 complex and recombinant,
full-length H1.2 constructs (Figure 1C). While the S86 site falls within the folded domain
of H1.2 and is likely sterically protected from PARP1 activity, the S150, S173, and

S188 sites are located within the C-terminal disordered region. Unlike S150 and S188,

the S173 site is immediately followed by a proline residue, which we hypothesized may
prevent modification by the PARP1-HPF1 complex. To test this concept, an reversed-phase
high-performance liquid chromatography (RP-HPLC)/mass spectrometry (MS)-based assay
was employed to analyze PARP1-HPF1 activity on H1.2 peptide fragments (Figure 1D,
Figure S1). Indeed, while ADPr could not be detected on the H1.2166-151 fragment, the
H1.2143_158, H1.2182_195, and an H1.2166-181 bearing a P174A mutation were quantitatively
ADP-ribosylated after a 20 min incubation with PARP1-HPF1 (1 tM/25 M) at 30 °C.
Thus, a proline residue directly C-terminal to the Lys-Ser motif renders the neighboring
serine a poor PARP1-HPF1 substrate.

With key H1.2 serine ADPr target sites established, we set out to prepare semisynthetic
H1.2 constructs modified with mono-ADP-ribose at the S150 or S188 site. We envisioned
a three-piece native chemical ligation strategy to gain synthetic access to the S150 site
(Figure 2A). A recombinant piece 1 thioester fragment (amino acids 2-141; H1.25_141) was
prepared via an intein fusion-based approach, and a recombinant piece 3 fragment (amino
acids 163-213, A163C; H1.2163-213) Was prepared via standard procedures (Figure S2).
The synthetic piece 2 fragment (amino acids 142-162, A142C; H1.2142_162) Was initially
functionalized with an N-terminal cysteine and a C-terminal acyl hydrazide, which can be
converted to a thioester in a biorthogonal reaction?3 to enable sequential protein ligations
starting from the N-terminus. Following peptide synthesis, H1.2142_162 Was incubated with
the PARP1-HPF1 complex in the presence of poly(ADP-ribose) glycohydrolase (PARG) to
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install the mono-ADP-ribose modification at S150, the sole serine residue in the peptide.
However, post-reaction analysis revealed that the H1.2142_162 fragment is modified with two
ADP-ribose moieties, and a similar peptide substrate bearing a SI50A mutation maintained
a single PARP1-HPF1 modification site (Figure S3A). Considering that the highly similar
H1.2143_158 S150A construct was not a PARP1-HPF1 substrate, we hypothesized that the
H1.2142_162 Secondary modification site is dependent upon the N-terminal cysteine residue.
To unambiguously identify the modification site, we incubated the unmodified S150A
mutant peptide bearing an N-terminal cysteine and the ADP-ribosylated variant of this
peptide with iodoacetamide. Interestingly, while the unmodified S150A mutant could be
labeled with iodoacetamide as confirmed by RP-HPLC/MS analysis, the ADP-ribosylated
variant of this peptide was resistant to iodoacetamide treatment (Figure S3B). We note

that free ADP-ribose, but not NAD*, was sufficient to ADP-ribosylate the N-terminal
cysteine residue in the absence of PARP1-HPF1, albeit with reduced efficiency (Figure
S3C). Therefore, both enzymatic and nonenzymatic activities contribute to modification of
the thiol moiety of N-terminal cysteine residues.

Our discovery that N-terminal cysteine side chains are efficiently modified in the ADPr
reaction is a critical point to consider when preparing ADP-ribosylated proteins via

the chemoenzymatic strategy. All ADP-ribosylated fragments that require an N-terminal
cysteine for downstream ligation reactions must maintain a thiol protecting group through
the enzymatic ADPr step. Furthermore, the peptide—ADP-ribose linkage must remain
stable under conditions required to liberate the free thiol after the peptide ADPr reaction.
Considering that serine ADPr is an acid-stable modification, an N-terminal thiazolidine
(Thz) protection strategy was pursued, as this moiety can be rapidly and quantitatively
converted to cysteine in the presence of methoxyamine hydrochloride under acidic
conditions.24 Initial N-terminal Thz H1.2140_162 Synthesis efforts revealed that the Thz
moiety is not stable during the acyl hydrazide to thioester conversion reaction, as previously
reported.2> We therefore prepared H1.2149_162 as a C-terminal bis(2-sulfanylethyl)amido
(SEA) peptide (Figure 2A and S2). While the oxidized SEA group is inert in native chemical
ligation reactions, the reduced SEA moiety is highly reactive with small molecule thiols to
generate a C-terminal thioester. Thus, the user can selectively deprotect the free N-terminal
Thz or the oxidized SEA group (via incubation with 10 mM tris(2-carboxyethyl)phosphine
(TCEP)) depending on the desired sequential ligation directionality. While alternative
strategies such as Dawson’s 3,4-diaminobenzoic acid (Dbz) resin for thioester peptide
preparation or disulfide-based cysteine protection approaches could be useful here, neither
offer a straightforward workflow for N-terminus to C-terminus protein assembly with
ADP-ribosylated peptides. More importantly, we found that both Thz and oxidized SEA
deprotection reactions are compatible with the ADP-ribose moiety.

ADP-ribosylated H1.2145_152 Was prepared by incubating the Thz/reduced SEA peptide
with the PARP1-HPF1 complex, and the mono-ADP-ribosylated product was purified via
RP-HPLC (Figure S2). As observed previously, near quantitative conversion of starting
material to mono-ADP-ribosylated product was achieved with up to ~20 mg of peptide.12
Next, the peptide was resuspended in a mild oxidation buffer to fully oxidize the SEA
moiety, and the Thz deprotection reaction was performed to liberate the N-terminal cysteine
(Figure S2). A native chemical ligation reaction with H1.2,_141 was carried out, and the
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ligated product (H1.25_162 S150ADPr;) was purified via RP-HPLC (Figure S2). An SEA to
thioester conversion step was used to generate the H1.2o_150 S150ADPr thioester fragment,
which was directly employed in a second ligation reaction with H1.2143 513 (Figure S2).
Finally, a desulfurization reaction was carried out to convert ligation junction cysteines

to native alanine residues and obtain the full-length H1.2 S150ADPr construct (Figure
2B). A similar synthetic scheme was effective to produce the full-length H1.2 S188ADPrq
construct (Figure 2B and S4). In this case, the synthetic fragment (amino acids 177-213)
was prepared with an N-terminal Thz and C-terminal acid moiety, as a two-piece ligation
strategy was sufficient to access the S188 ADPr site (Figure S5). We therefore expect

the Thz-based N-terminal cysteine protection strategy will be broadly compatible with our
chemoenzymatic peptide ADPr technology and, when combined with the C-terminal SEA
moiety, will grant synthetic access to many unexplored ADPr sites.

We have previously shown that PARP1 efficiently elongates ADP-ribose chains from mono-
ADP-ribosylated serine residues in the absence of HPF1.12 Indeed, this catalytic property
of PARP1 is maintained on the full-length, mono-ADP-ribosylated H1.2 constructs prepared
herein. We found that PARP1 catalyzes ADP-ribose chain polymerization from both the
S150ADPr; and S188ADPr sites to a similar extent in unlabeled NAD™ and biotinylated
NAD*-based ADPr assays (Figure 3A,B). Importantly, the ADPr activity observed in
PARP1 elongation assays represents single ADP-ribose chains emanating from the pre-
installed H1.2 mono-ADFPr site, as only trace levels of activity could be detected on the
unmodified H1.2 substrate.

The linker histone C-terminal domain is known to enhance DNA binding affinity.26 A
fluorescence polarization-based 30-mer DNA binding assay was employed to determine if
site-specific serine mono-ADPr impacts the H1/DNA interaction (Figure 3C and Table S1).
While an H1.2 construct lacking the C-terminal domain (H1.25_1gg) exhibited a 50-fold
reduction in DNA binding affinity, mono-ADPr did not significantly impact the H1.2/DNA
interaction. We next sought to test the possibility that H1.2 poly-ADPr is required to disrupt
the H1.2/DNA interface. To this end, the full-length H1.2 S150ADPr; and H1.2 S188ADPr;
constructs were incubated with PARP1 and NAD*, and products bearing variable length
ADP-ribose chains were isolated via RP-HPLC fractionation. Gel migration and mass
analysis of the poly-ADP-ribosylated H1 products showed a chain length distribution
ranging primarily from 4 to 18 ADP-ribose units (Figure S6), and the purified constructs
(H1.2 S150ADPrpg)y and H1.2 S188ADPr,qy) were employed in DNA interaction assays.
Again, no significant impact on DNA affinity was observed. While these results suggest
that H1.2 poly-ADPr does not directly impact DNA binding activity, it should be noted that
longer ADP-ribose chain lengths or chromatin templates may be required to elicit such an
effect.

We next explored the effects of site-specific mono- and poly-ADPr on H1-induced
chromatin compaction. Chromatin array substrates (5 nM) comprising 12 evenly spaced
nucleosomes on a single DNA template were incubated with increasing concentrations of
the unmodified and mono- and poly-ADP-ribosylated H1 constructs (Figure 3D). Native
gel shift-based compaction assays revealed that unmodified H1 constructs abrogated gel
migration of all array species at 240 nM (4:1 molar ratio of H1:nucleosome), indicating
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a strong compaction effect. In stark contrast, no chromatin compaction was observed in

the presence of the poly-ADP-ribosylated H1 constructs at concentrations as high as 600
nM (10:1 molar ratio of H1.2/nucleosome). A more modest effect was observed with
mono-ADP-ribosylated H1 constructs, which maintained their ability to stimulate chromatin
compaction albeit at higher concentrations relative to the unmodified protein. Thus, site-
specific H1.2 serine ADPr is sufficient to abrogate its chromatin-compaction activity, and
this effect is amplified by ADP-ribose chain elongation.

To further characterize H1.2 ADPr and its impact on chromatin structure, H1.2 constructs
were incubated with chromatin arrays at a 12:1 molar ratio (an equimolar ratio of
H1.2/nucleosome), and chromatin sedimentation velocities were analyzed via analytical
ultracentrifugation (Figure 3E and Table S2). Consistent with gel mobility results,

the chromatin arrays that were incubated with unmodified H1.2 displayed the highest
sedimentation coefficient (S = 43.5 S) and thus the greatest level of compaction.

Again, we found that mono-ADPr at either the S150 or S188 site was sufficient to reduce
chromatin compaction levels as evidenced by the reduced sedimentation coefficients (Spo w
=38.5and 38.6 S, respectively) relative to the unmodified H1.2-treated arrays. These
compaction deficiencies were even more pronounced in array samples treated with poly-
ADP-ribosylated H1 constructs, wherein H1.2 SI50ADPry)y and H1.2 S188ADPryo1y S0 w
values were 35.2 and 35.3 S, respectively. Interestingly, compaction levels measured in the
presence of H1.2 SIS0ADPrpy, H1.2 S188ADPrp,)y, Or the H1.2;_310g construct lacking
the C-terminal domain were nearly identical. Therefore, poly-ADPr at a single serine site is
sufficient to prevent the H1.2 C-terminal disordered domain from contributing to chromatin
compaction.

In closing, we have developed a strategy to prepare ADP-ribosylated peptides that can be
assembled into full-length proteins using sequential native chemical ligation reactions. We
found that site-specific serine mono-ADPr on the linker histone H1.2 is sufficient to induce
chromatin decompaction and that this effect is amplified by ADP-ribose chain elongation.
Importantly, our approach allows us to unambiguously attribute these chromatin compaction
deficiencies to H1.2 ADPr. The results presented here are consistent with a model wherein
H1.2 serine ADPr induces chromatin relaxation, but additional factors are necessary to
displace H1.2 from DNA damage sites. Future studies employing ADP-ribosylated H1.2
molecules will enable such aspects of this pathway to be explored and may also shed light
on molecular determinants of site-specific ADP-ribosylhydrolase activity. More broadly, our
work demonstrates the utility of an expanded semisynthetic toolKkit to study site-specific
serine ADPr and its impact on protein function and genome structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Histone H1.2 S150 and S188 are the main DNA-damage dependent ADP-ribosylation

sites. (A) AlphaFold-predicted three-dimensional structure of full-length H1.2 with serine
residues that occur within a Lys-Ser motif indicated. (B) Western blot analysis of the
indicated 6xHis-tagged H1.2 transgenes that were enriched from HEK293T cells via Ni-
NTA affinity pre- and post-exposure to hydrogen peroxide (2 mM, 15 min). (C) Western
blot analysis of reconstituted, biotin-NAD*-based PARP1-HPF1 ADPr assays consisting of
the indicated recombinant enzymatic components and full-length H1.2 constructs. (D) RP-
HPLC analysis of the indicated synthetic H1.2 peptide fragments pre- and post-incubation
with reconstituted PARP1-HPF1 and NAD™. Intact ESI-MS analysis of each post-reaction
H1.2 fragment is shown.
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Semisynthetic preparation of full-length, mono-ADP-ribosylated H1.2 constructs. (A)
Semisynthetic scheme to prepare full-length H1.2 S1I50ADPr;. GP buffer = 6 M guanidine-
HCI, 0.1 M sodium phosphate; SR = MES thioester. Preparation of SEA resin, “Enzymatic
ADPr” conditions and “desulfurization” conditions are described in the Supporting
Information. For the semisynthetic scheme to prepare full-length H1.2 S150ADPry, see
Figure S4. (B) RP-HPLC and ESI-MS analysis of the full-length H1.2 S150ADPr; and

full-length H1.2 S188ADPr; proteins.
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Figure 3.

Site-specific linker histone serine ADP-ribosylation directly abrogates its ability to induce
chromatin compaction. (A) Western blot analysis of PARP1 elongation activity on the
indicated unmodified or mono-ADP-ribosylated full-length H1.2 substrate protein. (B)
Western blot analysis of PARP1 elongation activity time course on the indicated mono-
ADP-ribosylated full-length H1.2 substrate in the presence of biotinylated NAD*. (C)
Fluorescence polarization assays to evaluate binding affinities of the indicated H1.2
constructs to a fluorescein-labeled 30 base pair DNA fragment. (D) Native 3% TBE gel
electrophoresis analysis of chromatin arrays (5 nM array = 60 nM nucleosome) in the
presence of increasing concentrations of the indicated H1.2 construct (120, 240, 480, 960,
and 1200 nM). (E) Sedimentation coefficient values (Syg ) of chromatin arrays (15 nM
array = 180 nM nucleosome) in the presence of the indicated H1.2 construct (180 nM) as

determined via analytical ultracentrifugation.
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