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ABSTRACT: We report here chemoenzymatic and fully synthetic
methodologies to modify aspartate and glutamate side chains with
ADP-ribose at specific sites on peptides. Structural analysis of
aspartate and glutamate ADP-ribosylated peptides reveals near-
quantitative migration of the side chain linkage from the anomeric
carbon to the 2”- or 3”-ADP-ribose hydroxyl moieties. We find that
this linkage migration pattern is unique to aspartate and glutamate
ADP-ribosylation and propose that the observed isomer distribu-
tion profile is present in biochemical and cellular environments.
After defining distinct stability properties of aspartate and
glutamate ADP-ribosylation, we devise methods to install
homogenous ADP-ribose chains at specific glutamate sites and

NH,
1 NL/ J N\> o E o g 0.
chemoenzymatic SN o o o
preparation °

™o~ A
OH OH OH OH
Qe
total
—>

synthesis
Asp/Glu-ADP-ribosylated
peptides and proteins

structure r lati fi

T
AOPO— | oW ADPO  yy ADFO- i ADPO- o G
o oA ]\/ 7 K// 4 ||e ¢
0.0 OH o6& & oMo o o g? B 7 /
T 7 g e A
L . e )
’L/ » Asp/Glu-modified

linkage migration/isomer distribution ADP:

assemble glutamate-modified peptides into full-length proteins. By implementing these technologies, we show that histone H2B E2
tri-ADP-ribosylation is able to stimulate the chromatin remodeler ALC1 with similar efficiency to histone serine ADP-ribosylation.
Our work reveals fundamental principles of aspartate and glutamate ADP-ribosylation and enables new strategies to interrogate the

biochemical consequences of this widespread protein modification.

B INTRODUCTION

Protein ADP-ribosylation (ADPr) is a dynamic, enzymatically
regulated process in which the ADP-ribose moiety from NAD*
can be deposited onto several side chain functionalities."”” The
resulting mono-ADP-ribose modification can directly operate
in biochemical signaling cascades or serve as a nucleation site
for the formation of protein-linked ADP-ribose polymers.”* To
date, hundreds of ADP-ribosylated proteins have been
reported to regulate a diverse set of cellular pathways.”™" It
is now increasingly appreciated that modification site, linkage
identity, and ADP-ribose polymer length can cooperate to
specify unique biochemical outputs.”

Many of the proteins involved in ADPr regulation and
function have been identified as therapeutic targets for various
human diseases,”'? with poly(ADP-ribose) polymerase 1/2
(PARP1/2) inhibitors being successfully employed to treat
homology repair-deficient cancers.'' The translational poten-
tial of PARP inhibition has inspired extensive efforts to develop
PARP isoform-specific small molecule inhibitors and decipher
mechanisms of ADP-ribosyltransferase activity and substrate
selectivity.”'' More recently, innovative synthetic and chemo-
enzymatic technologies have been developed to install ADP-
ribose at specific sites on synthetic peptides and full-length
proteins.”'*~"” These approaches have been largely focused on
serine-ADPr (Ser-ADPr), a DNA damage-induced modifica-
tion that is catalyzed by the PARPI:HPF1 complex.”””’
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Semisynthetic ADP-ribosylated proteins, including core
histones and other chromatin architecture proteins, have
been employed to determine important mechanistic principles
by which specific Ser-ADPr sites and corresponding polymer
chain lengths impact chromatin structure at DNA damage
sites.”'>'* Serine mono-ADP-ribosylated peptides have also
enabled the development of the first site-specific ADP-ribose
antibodies.'” Building upon these successes, strategies to
prepare synthetic peptides bearing ADP-ribose at additional
side chain functionalities, such as the guanidinium group of
arginine, have been recently developed.'®

Aspartate and glutamate (Asp/Glu) ADP-ribose linkages,
which are commonly observed in biological systems, present
unique chemical complexities that have prevented the
preparation of homogenously modified molecules. Here, we
have developed efficient and scalable chemoenzymatic and
fully synthetic strategies to insert ADP-ribose at specific Asp/
Glu residues on synthetic peptides. An in-depth character-
ization of the Asp/Glu-ADP-ribose linkage, including NMR-
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Figure 1. Chemoenzymatic generation of Asp- and Glu-ADP-ribosylated peptides. (a) Schematic depicting enzyme-catalyzed installation of mono-
ADPr at Asp/Glu- and Arg-side chains on synthetic peptides via PARP14°* and ARTC2.2, respectively. (b) RP-HPLC/MS analysis of model
peptide MP* and mutant thereof pre- and postincubation with PARP14%. Note: mono-ADP-ribose adduct = 541.3 Da. (c) As in (b) but with
model peptide MPP. (d) RP-HPLC/MS analysis of peptides containing endogenous Glu-ADPr sites pre- and postincubation with PARP14. All
intact ESI-MS analyses are shown in Figures S1 and S4. *unmodified peptide.

based structural analysis, revealed rapid and near quantitative
migration from the anomeric carbon to the distal ribose 2”-
and 3”-hydroxyl moieties. Additional experiments suggest that
the observed isomer distribution profile is a physiological
property of Asp/Glu-ADP-ribose. We also employ synthetic
peptides bearing ADP-ribose at aspartate, glutamate, arginine,
and serine residues to determine unique chemical and
enzymatic stability properties of each linkage and their
compatibility with commonly employed ADP-ribose detection
methods. To gain mechanistic insights into Asp/Glu-ADPr
biology, we establish methods to control Asp/Glu-linked ADP-
ribose polymer length and assemble Asp/Glu-ADP-ribosylated
peptides into full-length proteins. After preparing full-length
histone H2B bearing tri-ADP-ribose (ADPr;) at the Glu2 site,
we assembled semisynthetic nucleosomes and discovered that
histone tail Asp/Glu-poly-ADPr sensitizes nucleosomes to
ALC1-dependent chromatin remodeling activity. Our study
uncovers the fundamental principles of a well-established
posttranslational modification and provides new tools to study
Asp/Glu-ADPr-mediated signaling cascades.

B RESULTS

Chemoenzymatic Approach To Install Asp/Glu-ADPr
on Synthetic Peptides. Enzyme-based approaches to install
ADP-ribose at specific serine side chains on synthetic peptides
are highly scalable and compatible with a wide variety of
known Ser-ADPr sites.”'>'* Chemoenzymatic strategies to
generate ADP-ribosylated peptides minimize the use of
protection group manipulations by exploiting the inherent
chemoselectivity of enzymes and are, therefore, mild and
operationally simple. We therefore purified a panel of known
ADP-ribosyltransferases with the goal of identifying enzymes
that modify side chains other than that of serine on trans-
peptide substrates. To be useful for scalable chemoenzymatic
preparation of ADP-ribosylated peptides, candidate enzymes
must also meet the following criteria: (i) exhibit specificity for
a particular amino acid side chain, (ii) convert at least 50% of
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starting material to ADP-ribosylated product, and (iii)
maintain conversion efficiency regardless of the substrate
peptide sequence.

We began by incubating two model substrate peptides (100
UM) comprising diverse side chain functionalities with each
enzyme and NAD" (10 mM) in separate reactions at 25 °C for
30 min. Upon reaction product analysis via reversed-phase
high-performance liquid chromatography/mass spectrometry
(RP-HPLC/MS), we found that the catalytic domain of
PARP14 (PARP14) efficiently mono-ADP-ribosylates Asp/
Glu-containing peptide substrates (Figure la,b). Following
PARP14“* reaction condition optimization, greater than 50%
conversion of the Glu-containing model peptide A (MP%;
sequence: GWTARKSAEVGAGK) to mono-ADP-ribosylated
product (denoted as ADPr,) was achieved (Figure 1b). Under
all conditions tested, no activity was detected with model
peptide B (MP?; sequence: GWTARKSAQHCAGK), which is
devoid of Asp/Glu residues (Figure 1c). Mutational analysis of
the MP* substrate revealed that the E9A mutation abolishes
modification of the peptide by PARP14, while the E9D
substitution was efficiently converted to a mono-ADP-
ribosylated product (Figure 1b). Moreover, the addition of a
glutamate residue into the MP® sequence (Q9E) converts this
previously inert substrate into a robust substrate for PARP14*
(Figure 1c). Thus, we concluded that PARP14 efficiently and
specifically mono-ADP-ribosylates Asp/Glu side chains on
synthetic peptides, which is further supported by previous
reports that PARP14 can catalyze Asp/Glu-ADPr.*”

Enzyme activity screening also revealed that the well-
characterized mouse Arg-ADP-ribosyltransferase ARTC2.2*
efficiently and specifically modifies arginine residues on
synthetic peptide substrates (Figures la and S2a). Therefore,
in addition to Asp/Glu-modified peptides, MP* constructs
bearing Arg- and Ser-ADPr, were also prepared (via enzymatic
modification with ARTC2.2 and the PARP1:HPF1 complex,
respectively) and included in characterization experiments
throughout this study (Figure S2b). To further confirm linkage

https://doi.org/10.1021/jacs.3c03771
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Figure 2. Structural and biochemical characterization of Asp/Glu-ADPr linkage acyl migration. (a) RP-HPLC/MS analysis of PARPIg,,, 401D Pre-
and postincubation with PARP14, *Unmodified peptide. (b) 'H-NMR spectrum of PARP1g,,, E491ADPr, peptide. Assigned peaks are labeled
with their respective protons. Color corresponds with the different isoforms found in (c). (c) Proposed mechanism for Asp/Glu-ADPr linkage
migration and relative isomer abundances derived from integration of the signals as compared to the H-2 signal of the adenosine. (d) Recombinant
PARP1 auto-ADPr assays in the presence of increasing HPF1 concentrations. Samples were incubated with AO-TAMRA probe and resolved by
SDS-PAGE prior to analysis via in-gel fluorescence imaging or Coomassie staining (top). Poly-ADPr was converted to mono-ADPr via PARG
treatment to enable quantification (n = 3, error bars = SD) of AO-TAMRA labeling via densitometry (bottom). (e) ADPr activity in intact nuclei
from HEK293T HPF1~/~ cells in the presence of increasing concentrations of recombinant HPF1. AO-TAMRA labeling and total ADPr activity
are visualized via in-gel fluorescence and pan-ADPr detection reagent western blot, respectively.

identity, modified peptides were incubated with 0.5 M
hydroxylamine (NH,OH) at pH 6.0.° As expected, treatment
of the MP* E9ADPr, peptide with NH,OH resulted in the
replacement of the ADP-ribose adduct with a hydroxamic acid
derivative (+15 Da), while the MP* RSADPr, and MP*
S7ADPr, peptides were unaffected (Figure S3).

Preparation of Peptides Modified at Endogenous
Glu-ADPr Sites. To probe PARP14% utility in diverse
substrate peptide sequence contexts, peptide fragments
encompassing various endogenous human Glu-ADPr sites
were prepared.”**** These include PARP1 (457_496; E4ssa) E491
(PARPIFrag), H2B(;_i) E2 (HZBFmg), and linker histone
H1.2(,_g) E2 (H1.2,,), all of which were incubated with 100
uM PARP14%* and 10 mM NAD" at 25 °C for 30 min. Greater
than 50% conversion of each peptide to the mono-ADP-
ribosylated product was observed at substrate concentrations
up to 0.5 mM (Figure 1d). For each substrate peptide,
mutation of the target glutamate residue to alanine abolished

PARP14““-dependent ADP-ribosylated product formation
(Figure S4). This chemoenzymatic approach was scalable to
produce milligram quantities of purified PARPIg,,,
E491ADPr,, H2By,, E2ADPr,, and H1.2j,, E2ADPr,
peptides.

Structural Analysis of Asp/Glu-ADP-Ribosylated Pep-
tides. In the course of substrate peptide mutagenesis analysis,
a PARPIp,,, construct with an E491D mutation was prepared
and ADP-ribosylated with PARP14°. We found that the
PARP1g,, p491p D491ADPr, product elutes from RP-HPLC as
two peaks with unique retention times (Figure 2a). Both peaks
comprise the expected mass for the PARPIlp,, p401p
D491ADPr; product and both are sensitive to the D491A
mutation and hydroxylamine treatment (Figures S3 and SS),
indicating the occurrence of ADP-ribose linkage migration at
the D491 position. It was previously suggested that upon
transfer of the ADP-ribose moiety from NAD' to the
carboxylic acid side chain of glutamate in vitro, acyl migration
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Figure 3. Total synthesis of Asp/Glu-ADP-ribosylated peptides. (a) Synthetic scheme for on-resin phosphorylation and pyrophosphorylation, resin
cleavage, and tandem deprotection to generate various Asp/Glu-ADP-ribosylated peptides (compounds 1—4). Colored protecting groups indicate
liability toward the respective deprotection reagent. (b) Synthetic scheme for the protected, ribosylated aspartate (compound 10) and glutamate
(compound 11) building blocks that were employed in solid-phase peptide synthesis.

from the 1”-OH to the 2”"-OH position of distal ribose
occurs.” This is in accordance with (i) our previous attempts
to synthesize peptides bearing Glu-ADPr, which revealed
indications of such migration after incorporation of a
phosphoribosylated glutamic acid building block," and (i)
studies performed on acetyl-ADP-ribose, which report
migration of the acyl functionality between the hydroxyl
moieties of the distal ribose.”” We therefore hypothesized that
all Asp/Glu-ADP-ribosylated species contain linkage isomers.

To determine the structure(s) of Asp/Glu-ADPr linkages,
the following peptides were analyzed via NMR spectroscopy:
(i) PARPIy,,, B491ADPr,, (ii) PARPlp,, pioip D491ADPr,
Peak 1, and (iii) PARP1g g piop D491ADPr, Peak 2. We note
that isomers of the PARP1g,,, E491ADPr, peptide eluted from
RP-HPLC as a single peak. Indeed, the PARP1,,, E491ADPr,
"H-NMR spectrum recorded in D,O showed four peaks from
5.2 to 5.5 ppm, which could be ascribed to the H1” protons
from four unique isomers of the glutamate:ADP-ribose linkage
as assigned by COSY, HSQC, and HMBC experiments
(Figures 2b and $29-S31, and Methods for further
explanation). Briefly, these signals correspond to ADP-ribose
linked via the 2”-OH or 3”-OH of the distal ribose to the
glutamate side chain via an ester bond (Figure 2c). Both 2”-
and 3”-O-Glu-ADPr species also contain a free lactol in which
the anomeric hydroxyl could assume either an a- or fS-
configuration. Thus, the Glu-ADPr peptides contain four
distinct linkage isomers, a-2"-, f-2"-, a-3"-, and f-3”-O-ADPr,
at nearly a 1:1:1:1 ratio as gauged by integration of
corresponding H1”-proton resonances (Figure 2c).

As discussed above, the separation of regioisomers via RP-
HPLC was observed with aspartate-linked ADP-ribosylated
PARP1 peptides. The two distinct PARPI1g, ps91p
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D491ADPr, product fractions were isolated after RP-HPLC
purification for "H-NMR analysis. Indeed, each isolated peak
showed an excess of a regioisomer, wherein Peak 1 was
assigned to the 3”-O-Asp ADPr regioisomer and Peak 2 to the
2"-0-Asp-ADPr regioisomer (Figures S35—S36). Importantly,
the H1"-proton of the a-1"-O-Asp ADPr isomer was clearly
observed using that HSQC dataset at 6.05 ppm as a minor
species (<5%) (Figure S34). A similar analysis was not possible
for Glu-ADPr peptides as the H1” of the a-1"-O-Glu-ADPr
isomer was overlapping with the H1’ signal of the adenosine
found at approximately 6.2 ppm (Figure $S30). Also of note, the
aldehyde-containing open-chain isomer, which exists in a
dynamic equilibrium, was not found in the NMR spectra and is
thus present in low abundance. 'H-NMR of PARP1g,,,
E491ADPr; and PARPlg,g pso1p D491ADPr; was also
performed under more physiological conditions (PBS buffer,
37 °C, pH = 7.4 in D,0), which did not greatly alter the ratio
of the anomers and regioisomers (Figures S37—S38). This
observation hints toward a preponderance of 2”- and 3”-O-
Glu-ADPr regioisomers in vivo, while the concentrations of 1”-
O-Glu-ADPr and the open-chain form of Glu-ADPr are low.
Asp/Glu-ADPr Linkage Migration in Biochemical and
Cellular Environments. We next sought to validate that the
linkage migration is unique to Asp/Glu-ADPr and occurs in
biochemical and cellular environments. Importantly, ribose
ring tautomerization, which is dependent upon linkage
migration, is accompanied by the formation of an aldehyde
at the 1” position in the ring open state (Figure S6a).”® The
Cohen group has previously demonstrated that this aldehyde
readily reacts with aminooxy (AO)-containing chemical
probes. To validate probe specificity for migration-prone
linkages, an AO-TAMRA probe was incubated with peptides
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bearing Ser-, Arg-, Asp-, or Glu-ADPr, and reactivity was
analyzed via RP-HPLC/MS. Indeed, only aspartate- and
glutamate-modified peptides were labeled with AO-TAMRA
as evident from the appearance of the expected peptide mass
adduct (+569.4 Da) (Figure S6b).

We next isolated recombinant PARP1 and performed auto-
ADPr reactions in the presence of increasing HPF1
concentrations. It is now well-established that HPF1 switches
PARP1 automodification activity from Asp/Glu-ADPr to Ser-
ADPr.”' PARP1 (1 uM) and HPF1 (0-25 uM) were
incubated with 10 mM NAD" and 10 M stimulating DNA
for 20 min at 30 °C and reactions were quenched with 10 M
Olaparib. Reaction mixtures were then incubated with AO-
TAMRA for 1 h, quenched with SDS loading dye, and resolved
via SDS-PAGE. In-gel fluorescence imaging analysis revealed
robust signals ranging from 100 to 250-kDa in the PARP1-only
lane, consistent with a wide distribution of poly-ADP-ribose
polymer lengths emanating from aspartate and glutamate sites
on PARP1 (Figure 2d). Samples were also treated with
poly(ADP-ribose) glycohydrolase (PARG), which converts all
poly-ADPr sites to mono-ADPr.”® As expected, a robust
fluorescence signal was preserved post-PARG treatment,
consistent with the labeling of the side chain-conjugated
open ribose ring tautomer (Figure 2d). Identical PARP1 auto-
ADPr reactions performed in the presence of 25 uM HPF1
exhibited similar quantitative PARP1 auto-ADPr (Figure 2d).
However, AO-probe labeling efficiency decreased by >95%
under these conditions. Thus, the HPF1-mediated switch to
Ser-ADPr activity also eliminates ADP-ribose linkage migra-
tion.

For cell-based analysis of Asp/Glu-ADPr-specific linker
migration, we isolated intact nuclei from HPF 17/~ HEK293T
cells. The NAD" cofactor (10 mM) was incubated with intact
nuclei for 30 min at 30 °C and reactions were quenched with
10 uM Olaparib. Nuclei were then incubated with AO-
TAMRA for 1 h, and nuclear proteins were resolved via SDS-
PAGE for in-gel fluorescence imaging analysis. We observed
robust AO-TAMRA labeling of proteins throughout the gel
molecular weight range, including endogenous PARP1 (Figure
2e). While strong nuclear protein ADPr signal intensity was
observed at all HPF1 concentrations tested, the AO-TAMRA
signal decreased in an HPF1 concentration-dependent manner
and was nearly abolished at the highest HPF1 concentration
tested (50 uM) (Figure 2e). These results strongly suggest that
the Asp/Glu-ADPr linkage isomers present after enzymatic and
synthetic peptide modification are an appropriate representa-
tion of Asp/Glu-ADPr in biochemical and cellular samples.

Fully Synthetic Asp/Glu-ADP-Ribosylated Peptides.
To further corroborate the observed regio- and stereo-
chemistry of the enzymatically produced Glu-ADPr and Asp-
ADPr peptides, a chemical synthesis of the ADPr-peptides was
undertaken. A solid-phase synthesis approach was envisioned
based on our previous work toward the chemical synthesis of
mono-ADPr-peptides (Figure 3a).'® In this strategy, sequential
on-resin phosphorylation and pyrophosphorylation via phos-
phoramidite P(IIT)-P(V) chemistry was performed to generate
protected, ADP-ribosylated peptides. Tandem deprotection
and purification afforded the desired Asp/Glu-ADP-ribosylated
peptides corresponding to various biologically relevant
substrates in excellent yield and purity (Figures 3a, S22, and
$25—S28). This synthetic approach tolerates a broad range of
chemical functionalities in the peptide substrate and is suitable

for the future preparation of ADPr-peptides bearing additional
unnatural chemical moieties.

The fully synthetic workflow required suitably protected,
ribosylated amino acid building blocks, which could be
incorporated into a solid-phase peptide synthesis (Figure
3b). Functionalized amino acids contained the ribose 3’-
hydroxyl moiety attached to the aspartate or glutamate side
chain via an ester linkage. The anomeric ester linkage was not
pursued at this step due to issues with its chemical instability
and propensity to anomerization.'””* However, NMR
characterization of the final synthetic ADP-ribosylated peptide
shows a mixture of the regioisomers nearly identical to that of
the enzymatically modified peptides (Figures S39—S42).
Therefore, we confirmed that the distribution of Asp/Glu-
ADPr regio- and stereoisomers is thermodynamically con-
trolled under physiological conditions and is independent of
the initial location of the ester linkage.

Asp/Glu-ADP-Ribosylated Peptides as Substrates in
Biochemical Assays. Fluorescently labeled MP* RSADPr,,
MP* S7ADPr,, MP* E9ADPr;, and MPA(E9D) D9ADPr,
constructs were prepared via the chemoenzymatic modification
approach to evaluate the influence that linkage identity has on
interaction with the Af1521 macrodomain (Figure S7a).”* A
focus was placed on this macrodomain because it serves as a
commercially available and commonly utilized pan-ADP-ribose
detection reagent (an Af1521 macrodomain-Fc region
fusion).”" A fluorescence polarization-based interaction assay
revealed that the Ser-, Asp-, and Glu-linked peptides engage
the pan-ADP-ribose detection reagent with similar affinity
(Kgapp = 1171.4, 1806.0, and 732.1 nM, respectively) (Table
1). Interestingly, the pan-ADP-ribose detection reagent

Table 1. Af1521 Macrodomain KdraPX Values for Arg-, Asp-,
Glu-, and Ser-ADP-Ribosylated MP* Peptide Ligands

peptide Kgapp (nM) SEM (nM)“
MP* RSADPr, 15.6 2.9
MPpA (RSK B9R) RoADPr, 28.4 34
MP* S7ADPr, 1171.4 691.6
MPA (#P) D9ADPr, 1805.9 435.1
MP* E9ADPr, 732.1 116.0
MPA nd.? n.d.
MpA (E9D) n.d. n.d.

“Standard error of the mean, n = 3. bBinding not detected.

exhibits low nanomolar affinity (Kg,,, = 15.6 nM) for the
MP* RSADPr, peptide. To ensure that this was not due to
local sequence variation, we produced the MPARSK ER)
ROADPr,; construct, which maintained a strong interaction
(Kgapp = 28.4 nM; Table 1, Figure S7b). Therefore, the pan-
ADP-ribose detection reagent exhibits a strong preference for
Arg-linked mono-ADP-ribose moieties. This is a particularly
important consideration that may introduce bias into common
experimental workflows that incorporate the pan-ADPr
detection reagent, including immunoprecipitations and west-
ern blots.

We have previously shown that PARP1 can be used to
elongate ADP-ribose chains from mono-ADP-ribosylated
serine sites on synthetic peptides.* Following this reaction,
peptides with linear polymer chain lengths ranging from 1 to 5
ADP-ribose units could be purified to homogeneity. We
wondered if PARP1 would display similar ADP-ribose chain
elongation activity with peptide substrates bearing a Glu-
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ADPr, modification. Indeed, incubation of MP* E9ADPr, with
PARP]I, stimulating DNA, and NAD" resulted in robust ADP-
ribose chain elongation, with di-, tri-, and tetra-ADP-
ribosylated species being the most abundant products as
determined by RP-HPLC/MS analysis (Figure S8a,b). No
ADPr activity was detected on unmodified peptides. This
workflow enables the preparation of peptides bearing user-
defined ADP-ribose chain lengths from specific Asp/Glu sites.

Human ADP-ribosylhydrolases are known to selectively
hydrolyze certain linkage types, with the MacroD1/D2
enzymes being responsible for reversing Asp/Glu-ADPr.*”
We sought to demonstrate the utility of our Asp/Glu-ADPr-
containing peptides in high-throughput ADP-ribosylhydrolase
activity assays,”” which included the enzymes ARHI, ARH3,
MacroD1, MacroD2, and PARG.**** As expected, ARH3 and
MacroD1/D2 exhibited potent Asp/Glu-ADPr hydrolysis
activity (Figure 4a). We note that PARG, while known to be
selective for ribose-ribose bonds, is able to hydrolyze the Asp/
Glu-ADPr linkage in the context of the peptide substrates at
the concentration tested (1 yM). Additionally, enzyme linkage
specificity profiles were largely unaffected by the substrate
peptide ADPr method and substrate amino acid sequence. To
further probe hydrolase linkage specificity, ARH1/3, MacroD]1,
and PARG were incubated with Ser-, Arg-, Asp-, or Glu-ADP-
ribosylated peptides for 30 min at 25 °C and reactions were
analyzed via an RP-HPLC/MS hydrolysis assay. In this assay,
ARHI1 and MacroD1 exhibited Arg-specific and Asp/Glu-
specific ADP-ribosylhydrolase activity, respectively, while
ARH3 catalyzed the removal of the ADP-ribose modification
from aspartate, glutamate, and serine side chains (Figure S9).
Future kinetic and structural analysis with homogenously
ADP-ribosylated substrates will be critical to determine the
preferred Asp/Glu-ADPr linkage isomer for MacroD1/D2 and
ARHS3 activity. Overall, integration of homogenously modified
peptides into these assay platforms may help to accelerate
ongoing ADP-ribosylhydrolase inhibitor discovery efforts.”***

Quantitative Thermal and pH Stability Profiling of
Various ADPr Linkages. Previous work has demonstrated
that ADPr thermolability and pH stability can vary based on
the linkage type.*® These are critical parameters to consider
when preparing and analyzing ADPr samples. For most ADPr
linkage types, stability studies have relied on auto-ADP-
ribosylated PARP enzymes wherein modification site(s) and
homogeneity cannot be controlled. Additionally, stability
analysis has been dependent upon ADPr detection reagents,
which can be strongly influenced by linkage type and/or
proximal amino acid content. We therefore employed a
quantitative RP-HPLC/MS assay to monitor the hydrolysis
of homogenously Ser-, Arg-, Asp-, and Glu-ADP-ribosylated
peptides under various pH values and temperatures. In line
with the earlier studies on the chemical stability of a synthetic
Ser-ADPr peptide derived from the N-terminus of H2B,'” Ser-
ADPr demonstrated remarkable stability at high temperatures
(37 °C, pH 7.4) and under alkaline conditions (25 °C, pH
9.0), with <5% hydrolysis observed after a 16 h incubation
under these conditions (Figure 4b). This is in sharp contrast
with Arg-, Asp-, and Glu-ADPr, where near-complete
hydrolysis was observed under identical conditions (Figure
4b). Indeed, Asp- and Glu-ADPr were the most heat-sensitive
and alkaline pH-sensitive of all linkages tested, with
detrimental effects observed at the earliest time-points
analyzed under each condition tested. We also subjected all
peptides to routine SDS-PAGE sample preparation conditions
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Figure 4. Enzymatic and nonenzymatic hydrolysis properties of
various ADPr linkages. (a) Activity measurements for indicated wild-
type and mutant ADP-ribosylhydrolase enzymes with various
chemoenzymatically modified and fully synthetic Asp/Glu-ADP-
ribosylated substrate peptides. (pl) and (p2) denote peak 1 and
peak 2 of Figure 2a, respectively. For all measurements: n = 3, error
bars = SD. (b) Percent hydrolysis of the indicated ADPr linkage after
incubation at various temperatures and pH values as measured by RP-
HPLC/MS. For all measurements: n = 3, error bars = SD. (c) Percent
hydrolysis of the indicated ADPr linkage after incubation in SDS-
PAGE sample preparation conditions as measured by RP-HPLC/MS.
For all measurements: n = 3, error bars = SD.

(1x Laemmli buffer without SDS or dye, 95 °C, S min). While
modest hydrolysis was observed with Ser-linked ADPr (5%),
Arg-, Asp-, and Glu-modified peptides exhibited 48, 62, and
34% hydrolysis, respectively (Figure 4c). Strikingly, >90% of
Asp-ADPr was hydrolyzed after 10 min incubation under
sample preparation conditions. Thus, common ADPr assay
parameters and sample handling conditions may drastically
impact results and data interpretation.

Using Semisynthetic Nucleosomes To Investigate
Functional Consequences of Histone Glu-ADPr. ADPr
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Figure 5. Semisynthetic nucleosomes bearing histone H2B E2ADPr; are robust substrates for the chromatin remodeler ALC1. (a) Semisynthetic
scheme to prepare full-length H2B E2ADPr;. GP buffer = 6 M guanidine-HCI, 0.1 M sodium phosphate; SR = MES thioester. PE buffer = 50 mM
Tris pH 7.0, 20 mM NaCl, 2 mM MgCl,, 10 mM NAD". PS buffer = PE buffer supplemented with 10 M PARP stimulating DNA and 2 mM
TCEP. (b) Characterization of the full-length H2B E2ADP; protein. Raw ESI-MS spectra and RP-HPLC chromatogram are shown. (c)

Nucleosome remodeling assay time-course wherein each reaction comprises the indicated remodeler and the indicated nucleosome. “k,

remodeling

relative to unmodified” is the rate constant of the indicated remodeling reaction relative to that of the unmodified nucleosomes: n = 3, error bars =

95% confidence interval.

has been reported to target multiple sites on nucleosome-
incorporated histones, including serine, aspartate, and
glutamate residues.””**” Many fundamental questions remain
regarding the molecular mechanisms through which known
nucleosome ADPr sites trigger distinct biochemical signaling
outputs. We recently employed semisynthetic, full-length ADP-
ribosylated histones to show that H2BS6- and H3S10-poly-
ADPr convert nucleosomes into potent substrates for the ATP-
dependent chromatin remodeler ALC1.* However, it remains
unclear if the well-established H2B E2 ADPr modification
similarly stimulates ALC1 or if this output is specific to histone
tail serine ADPr. The ALC1 macrodomain engages ADP-
ribose chains at least three units in length.”® We employed a
fluorescence polarization-based interaction assay to determine
ALC1 macrodomain affinity for glutamate-linked tri-ADP-
ribose chains (Figure S7a). Similar to free ADPry and serine-
linked ADPr;, the ALC1 macrodomain has a high affinity for
glutamate-linked ADPr; (Ky,,, = 8.4 nM, Figure S10). Thus,
linkage identity is not a critical determinant of ALCI1
macrodomain binding.

We next sought to prepare semisynthetic nucleosomes
bearing the H2B E2ADPr; modification. We previously
established protein chemistry technologies that enable N-
and C-terminal ligations of mono- and poly-ADP-ribosylated
protein fragments.”'* For Glu-ADP-ribosylated peptides, we
first prepared a synthetic peptide (H2B amino acids 1—16)
with a C-terminal MESNa thioester and performed sequential
mono- and poly-ADPr reactions with PARP14* and PARP],
respectively (Figure Sa). Peptides modified with H2B
E2ADPr; were isolated via RP-HPLC (Figure S11). Having

determined the thermal- and alkaline-sensitivity parameters of
Asp/Glu ADPr, unique protein chemistry strategies were
required to ligate the modified peptide to the recombinant
H2B fragment (amino acids 17—13S, A17C). Most impor-
tantly, ligations were performed at 25 °C for no more than 30
min in an aqueous solution buffered at pH 6.8—7.0. After
screening small molecule thiol additives, we found that MPAA
afforded the most generous ligation yields (>80%) under these
conditions (Figure Sa). Following RP/HPLC purification of
the ligation product, the full-length H2B E2ADPr; product was
>95% pure as judged by RP-HPLC/MS characterization
(Figure Sb).

The full-length H2B E2ADPr; protein was assembled into
histone octamers as previously described.® Subsequent
nucleosome assembly was performed with a modified 601
DNA construct compatible with a restriction enzyme
accessibility (REA)-based chromatin remodeling assay. We
note partial hydrolysis of the nucleosome-incorporated H2B
E2ADPr; modification was observed by 5% TBE native gel
analysis (Figures S12 and S13), which was expected given that
octamer and nucleosome preparation require overnight
incubations under aqueous conditions at pH 7.4. Nucleosomes
bearing the H2B E2ADPr; modification were next employed as
substrates in ALC1 chromatin remodeling time course assays,
and remodeling-dependent 601 DNA cleavage was visualized
on a TBE gel and quantified via densitometry (Figures S14 and
S15). Robust ALC1 remodeling activity was observed with
H2B E2ADPr; nucleosomes and rate constant analysis revealed
that the H2B E2ADPr; modification (kremodehng relative to
unmodified = 88.2) and the H3 S10ADPr; modification
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(Kremodeting Telative to unmodified = 91.9) activate ALC1 with
similar potency (Figures Sc and S15). Unlike ALCI, the
chromatin remodeler CHD4 exhibits detectable activity with
wild-type nucleosome substrates in our assay (Figures S15 and
S16). However, CHD4 does not distinguish between
unmodified, H3 S10ADPr;, and H2B E2ADPr;-modified
nucleosome substrates. These data demonstrate that histone
tail poly-ADPr does not broadly sensitize nucleosomes to
remodeling but rather specifically recruits and activates ALCI.
Furthermore, ALC1 is able to efficiently recognize nucleosome
substrates that are modified at different types of amino acids
on histone tails.

B DISCUSSION

Technologies to prepare homogenously ADP-ribosylated
proteins have led to key discoveries related to Ser-ADPr and
its role in cellular signaling. Inspired by these studies, we have
developed chemoenzymatic and fully synthetic routes to install
the ADP-ribose moiety onto aspartate and glutamate residues
on synthetic peptides. Our methods are highly scalable,
provide well-defined material, and are compatible with
downstream applications, including modified peptide structure
analyses, protein ligation technologies, and other biochemical
applications.

The PARP14% construct employed here matches all critical
criteria for our chemoenzymatic peptide ADPr workflow.
PARP14° specifically targets Asp/Glu side chain function-
alities, exhibits no overt substrate sequence motif require-
ments, converts a majority of each substrate peptide to the
ADP-ribosylated product, and can be purified in large
quantities (>10 mg/L) from an Escherichia coli expression
system. We note that our application of PARP14% should not
be used to draw conclusions about the biological function of
PARP14, which may have a different substrate specificity
profile as a full-length protein and in the context of biologically
relevant concentrations. Similarly, we have shown that
ARTC2.2 is an effective enzymatic tool to prepare peptides
that are homogenously ADP-ribosylated at arginine sites. Last,
PARPI1-catalyzed ADP-ribose chain elongation from mono-
ADP-ribosylated peptides (an in trans reaction) is far less
efficient than chain elongation in the auto-ADPr process. This
is because auto-ADPr occurs via an in cis reaction or a
stimulating DNA-induced PARP1 dimer,® both of which
result in the formation of long, PARP1-linked ADPr chains and
rapid consumption of NAD'. Therefore, in the event that
peptide-linked ADP-ribose chains greater than 5 units in length
are required, altered reaction conditions or subsequent rounds
of chain elongation from poly-ADP-ribosylated peptide
substrates can be employed as we have shown previously.'*

Asp/Glu-ADPr linkage migration is an area of great interest
that has important implications for the regulation, function,
and stability of the modification. Interestingly, 'H-NMR
spectra reveal less than 5% of the product is modified at the
anomeric carbon position. The remaining Asp/Glu-ADP-
ribose linkage is equally distributed between the 2”- and 3”-
ADP-ribose hydroxyl moieties, each of which is in equilibrium
between the alpha- and beta-lactol. That enzyme-based and
synthetic methods show nearly identical NMR spectra in
multiple sequence contexts strongly suggest that this isomer
distribution profile is a fundamental property of Asp/Glu-
ADPr. We and others have also observed Asp/Glu-linkage
isomers in a cellular context and found that linkage migration
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in these assays is not dependent upon ADP-ribosyltransferase
identity but rather only dependent on the linkage type.

In the future, it will be important to determine the linkage
isomer specificity for Asp/Glu-ADP-ribosylhydrolase enzymes.
Our assays show that ARH3 is able to hydrolyze Ser-ADPr and
Asp/Glu-ADPr, while MacroD1/D2 is specific for Asp/Glu-
ADPr. Considering that ADP-ribose is attached to serine
exclusively via the anomeric carbon, it is possible that ARH3
and MacroD1/D2 target different Asp/Glu-ADPr linkage
isomers. The tools developed here will be instrumental for
the biophysical and structural interrogation of ADP-ribosylhy-
drolase function and have clear implications for ADP-
ribosylhydrolase inhibitor development efforts.

The Asp/Glu-ADPr linkage structure, regulation, and
stability properties reported herein should also serve as a
critical reference when designing unbiased workflows to study
ADPr in cellular and biochemical assays. Indeed, this
information proved essential to develop native chemical
ligation protocols compatible with Asp/Glu-ADPr. We have
also found that the Af1521 macrodomain exhibits a strong
preference for the Arg-ADPr linkage over that of serine,
aspartate, and glutamate. Thus, reader domain linkage
specificity may offer one avenue for linkage-dependent biology
and should be similarly interrogated with other known ADPr-
binding modules. Moving forward, we envision that semi-
synthetic ADP-ribosylated proteins will continue to enable the
study of Asp/Glu-, Ser-, and Arg-ADPr and their ability to
elicit specific biochemical signaling events. With chemical
access to Asp/Glu-ADPr now available, staple biochemical and
biological tools, including site-specific Asp/Glu-ADPr antibod-
ies, can now be developed to probe this modification in
physiology and disease.
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Bl ABBREVIATIONS

ADP-ribose adenosine diphosphate ribose
ADPr ADP-ribosylation
ALC1 amplified in liver cancer 1

AO-TAMRA aminooxy tetramethylrhodamine

ARH1 ADP-ribosylhydrolase 1

ARH3 ADP-ribosylhydrolase 3

ARTC2.2 ADP-ribosyltransferase C2

CHD4 chromodomain helicase DNA-binding protein 4
H2B histone H2B

H3 histone H3

HPF1 histone PARylation factor 1
MacroD1 macrodomain-containing protein 1
MacroD2 macrodomain-containing protein 2
MESNa sodium 2-mercaptoethanefulfonate
MpP* model peptide A

MP? model peptide B

MPAA 4-mercaptophenylacetic acid
NAD* nicotinamide adenine dinucleotide
PARG poly(ADP-ribose) glycohydrolase
PARP poly(ADP-ribose) polymerase
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