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ABSTRACT: Poly(ADP-ribose) polymerases, PARPs, transfer ADP-ribose  ©ADP- rlbose +0

onto target proteins from nicotinamide adenine dinucleotide (NAD"). %20
Current mass spectrometric analytical methods require proteolysis of target Pmem T,_c MALDI- TQF

proteins, limiting the study of dynamic ADP-ribosylation on contiguous 0
proteins. Herein, we present a matrix-assisted laser desorption/ionization A~ +1e
time-of-flight (MALDI-TOF) method that facilitates multisite analysis of Peptds

ADP-ribosylation. We observe divergent ADP-ribosylation dynamics for the w0
catalytic domains of PARPs 14 and 15, with PARP1S modifying more sites 10 o
on itself (+3—4 ADP-ribose) than the closely related PARP14 protein (+1— — HA
2 ADP-ribose)—despite similar numbers of potential modification sites. @‘NHZOH é_( /\ +HA
We identify, for the first time, a minimal peptide fragment (18 amino-acids) N-

Chemical
Treatment

that is preferentially modified by PARP14. Finally, we demonstrate through
mutagenesis and chemical treatment with hydroxylamine that PARPs 14/15
prefer acidic residues. Our results highlight the utility of MALDI-TOF in the analysis of PARP target modifications and in

elucidating the biochemical mechanism governing PARP target selection.

(Only D/E)

DP-ribosylation is a widespread and ubiquitous post-

translational modification (PTM) across all kingdoms of
life." Although it was one of the first PTMs described,” the
biochemical selectivity and cellular consequences of ADP-
ribosylation is still being uncovered. In humans, 17 related
enzymes, known as poly-ADP-ribose polymerases (PARPs) are
responsible for the chemical reaction that transfers ADP-ribose
(ADPr) from nicotinamide adenine dinucleotide (NAD™) to
target protein substrates (Figure 1a).” The family can be
further subdivided on the basis of the PARP’s ability to
catalyze poly-ADP-ribosylation (PARPs 1-S5), to catalyze
mono-ADP-ribosylation (PARPs 6—8, 10—12, 14—16), or its
lack of catalytic activity (PARPs 9, 13).* ADP-ribose transfer
occurs on a chemically diverse set of residues: arginine (R),
lysine (K), histidine (H), cysteine (C), serine (S), tyrosine
(Y), aspartate (D), and glutamate (E).”~'° The biological role
for modification at chemically distinct sites is poorly
understood. PARPs have emerged as important regulators in
a host of cellular pathways;'' they were initially described in
the DNA damage repair pathways.12 Further, malfunctioning
PARP activity has been linked to a broad array of disease
states.'”

Given the emerging role for PARPs in both development
and pathophysiology, significant effort has been expended to
define the potential pool of ADP-ribosylation targets through
high-throughput tandem mass spectrometry (MS/MS)."* MS/
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MS workflows have been developed to capture whole-cell in
vivo ADPr targets,"~'” family member specific targets,">'” and
they are now routinely used to identify the precise site of ADPr
modification on protein substrates.”*°”** Despite these
technical advances, the inability to sequence multiple sites on
a contiguous protein target (with the obvious exception of a
single cleaved peptide containing two distinct acceptor
residues) has left an appreciable deficit in our understanding
of the biochemical mechanism that governs target selection
and the total extent of modification performed on a given
substrate. Traditional biochemical assays (e.g, Western
blotting) similarly cannot distinguish between a substrate
that has been modified by a single ADPr and one that has been
modified at multiple sites. Garcia-Saura and co-workers
recently described an acid-urea gel system that aids visual-
ization of multisite ADP-ribose modifications; their findings
highlight the value of additional technologies to study multisite
ADP-ribosylation—especially those that allow for quantifica-
tion of multisite labeling.”*
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Figure 1. P14 auto-ADP-ribosylates at a single site under
physiological conditions. (a) ADP-ribosylation reaction catalyzed by
PARP enzymes. (b) TLC-MALDI workflow. (c) P14 was incubated
in the presence of increasing concentrations of NAD* and was
subjected to TLC-MALDI to visualize the resulting increase in m/z
due to ADPr (+541). (d) MS spectra were integrated to determine
the relative levels of auto-ADP-ribosylation. (e) Quantification of the
results in (b). The bar graphs depict the fraction of the total P14
protein that has been modified at 0, 1, or 2 distinct sites (mean +
SEM, n = 3). (f) In vitro P14 ADP-ribosylation assay.

Matrix-assisted laser-desorption time-of-flight mass spec-
trometry (MALDI-TOF) presents an intriguing complement
to the methods mentioned above as it can be used on an intact
substrate. The ionization energy employed with MALDI-TOF
has allowed for direct detection of protein—sugar conjugates,
which are chemically analogous to ADP-ribosylation.”* Despite
this advantage, MALDI-TOF analysis of ADP-ribosylated
substrates has been limited primarily to peptides® and
DNA.*® One reason for the underutilization of MALDI-TOF
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in ADPr-based analysis is the difficulty in identifying matrix
conditions capable of ionizing a complex protein—ADPr
mixture with sufficient resolution to define and quantify
distinct ADP-ribosylated states. Further, the presence of buffer
components, detergents, and salts required for biochemical
assays often interfere with the downstream MALDI-TOF
instrumentation. Recently, ultrathin layer chromatography
technologies (TLC-MALDI) have been developed, which
significantly improve both the sensitivity and resolution of
MALDI-TOF performed with large (=100 kDa) or complex
samples.””’~* The formation of a thin-layer of matrix prior to
sample deposition on the MALDI objective aids in crystal
formation in the presence of contaminants and results in
spectra with higher intensities and improved resolution. Both
these features are vital considerations for study of proteins
modified by ADP-ribose.

Motivated by a desire to elucidate the biochemical
mechanism that governs ADPr target selection and resulting
modification, we set out to adapt previous TLC-MALDI
analytical methods to study the multisite dynamics of ADP-
ribosylation. We hypothesized that this technique would allow
us to address three related, ongoing research questions: (1) Do
PARP enzymes possess an intrinsic mechanism that governs
site-selection by limiting the number of ADPr units attached to
a given substrate? (2) Are there proximal interactions between
the site of ADPr modification and a specific PARP that dictate
site specificity? (3) Can existing chemical analysis techniques
be combined with a rapid TLC-MALDI method to reveal
preferred acceptor site chemistries within the PARP family?
Below, we demonstrate the utility of this technique in
addressing these biochemical considerations and we develop
this method as a complement to current MS/MS techniques.

B EXPERIMENTAL SECTION

ADP-Ribosylation Assay. P14 or P15 (16 uM) was incubated
with NAD" (Sigma-Aldrich) for 15 min at 30 °C in a 10 yL reaction
volume consisting of 50 mM HEPES, pH 7.5, 100 mM NaCl, 12 mM
MgCl,, and 0.5 mM TCEP. Reactions were quenched by adding 490
UL of 0.1% TFA prior to loading to a 500 uL capacity 10 000 MWCO
concentrator (VWR). P14i1, P14i2, and P14i3 were treated as above
except 1 uM of the peptide was incubated with 10 uM enzyme (P14
or P15) in the presence of NAD* for 30 min at 30 °C. Peptide
reactions were quenched by adding 200 uM PJ-34 (Tocris). HA-
treated samples were prepared as above, except prior to desalting, the
reaction mixture was quenched with 200 yM PJ-34, adjusted to a 20
uL final volume containing 1 M HA, pH 7.0, and incubated for 2 h at
40 °C. Mock treated samples contained 1 M NaCl instead of 1 M HA.
Details regarding sample cleanup are included in the Supporting
Information.

TLC-MALDI Analysis. Preparation of the steel MALDI target for
sample deposition using an ultrathin layer of a-cyano-4-hydroxycin-
namic acid (a-CHCA, Sigma-Aldrich) was completed as described.”
Details regarding TLC-MALDI optimization, MS acquisition
parameters, and data analysis are included in the Supporting
Information.

B RESULTS AND DISCUSSION

Initially, we incubated the PARP14 catalytic domain (P14)
with increasing amounts of NAD" to isolate individual ADPr
modifications (Figure 1b). The resulting spectra clearly show a
mass shift of +541 Da as ADPr is attached to P14 (Figure 1c).
Notably, there was no statistical difference in the level of
PARP14 automodification when samples were quenched with
either 6 M urea or 200 uM PJ-34 as compared with 0.1% TFA
(Figure S1). Increasing concentrations of NAD" reveal

https://doi.org/10.1021/acschembio.1c00542
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subsequent mass shifts of +541 Da with each additional ADPr
unit that is transferred to the P14 target. To quantify the
relative amount of P14 that is modified with 1, 2, or 3 ADPr
units, we performed spectral deconvolution for each ADPr
modification (Figure 1d). Quantification of the spectra allowed
us to compare the percentage of P14 that is ADPr modified
within the assayed conditions (Figure le). Interestingly, we
note that at physiological concentrations of NAD* (100 M),
P14 is modified at a single site, and this modification
represents 8.7% of the protein population. As NAD"
concentrations increase, the fraction of P14 that undergoes
modification increases—with 74.4% of P14 modified with at
least one ADPr at 400 yuM NAD*—but the majority of the
protein undergoes only a single modification event. Compar-
ison with a Western blot analysis (Figure 1f) reveals the
advantages of the TLC-MALDI method, as it is not possible to
distinguish between single and multiple ADPr modifications
from the blot. These data demonstrate the utility of our
method for quantifying ADPr transfer on contiguous proteins.

Following our observations regarding the activity of P14, we
became interested in whether other PARP family members
shared P14-like behavior (transferring a single ADPr under
physiological concentrations of NAD™) or if they would prove
to be more promiscuous. We employed our method to study
the behavior of the closely related PARP1S catalytic domain
(P15) (Figure 2a,b). Strikingly, P15 is far more promiscuous as
compared with P14 in regard to automodification. Whereas we
noted minimal labeling of P14 in the presence of 100 M
NAD", we see robust labeling of P15 in similar conditions
(37.9% of P15 is labeled with a single ADPr unit and 2.9% is
labeled twice). As we increase the NAD" concentration, we
note that P15 consistently—and significantly—undergoes
automodification at more sites and to a greater extent than
P14 (Figure 2c). As with P14, this behavior is not observable
using traditional Western blot techniques (Figure 2d).

We hypothesized that this difference in behavior could be
due to a greater number of modifiable residues on the P15
protein. On the basis of the reported preference of PARPs for
glutamates (E) and aspartates (D),” and our own chemical
analysis of P14 and P1S (see below), we compared the
prevalence of D/E residues in both the P14 and P15 protein
sequence (Figure S2); P14 has 45 D/Es while P15 has 42. We
also compared the number of solvent-exposed residues in P14
and P1S and found 14 in P14 and 19 in P1S. Intriguingly,
D1611 and D1725 (P14 numbering) are conserved between
both PARPs, are solvent exposed, and could be potential
shared sites for ADP-ribosylation on the catalytic domain.
While future efforts should uncover the exact sites of
modification, the difference in promiscuity is not simply due
to the number of available acceptor residues, but suggests a
more complicated relationship between solvent accessible
residues, site preference, and overall transfer mechanism.
Nonetheless, these data highlight significant differences in
automodification between the closely related P14 and P15
catalytic domains.

Given the paucity of information regarding the mechanism
of substrate targeting and potential sequence motifs that direct
each PARP to its correct modification site, we sought to
expand our method to allow us to directly test the proximal
interactions at the peptide level that govern target selection. To
this end, we synthesized an 18-mer peptide (P14il) based on
the sequence of a known PARP14-preferred modification site
from PARP13.”' P14il contains a single glutamate acceptor
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Figure 2. P1S auto-ADP-ribosylates at multiple sites under
physiological conditions. (a) P1S was incubated in the presence of
increasing concentrations of NAD® and was subjected to TLC-
MALDI to visualize the resulting increase in m/z due to ADP-
ribosylation (+541). (b) MS spectra were integrated to determine the
relative levels of auto-ADP-ribosylation. (c) Quantification of ADPr
levels for both P14 and P15. The bar graphs depict the fraction of the
total protein that has been modified at 0, 1, 2, 3, or 4 distinct sites
(mean + S.EM, n = 3). *represents p-value <0.05, two-tailed
Student’s ¢ test. The concentration of NAD" is given. (d) In vitro P1S
ADP-ribosylation assay.

site that undergoes a single ADPr addition (Figure 3a). As with
P14 automodification, the relative level of ADPr increases as
NAD" concentration increases (15.2% labeling at 100 uM
versus 46.8% labeling at 1 mM). Removal of P14 results in the
loss of labeling of the P14il peptide. These data confirm
previous reporting of this site as a P14 target. Further, our
work suggests that P14 can identify target sites absent any
distal interactions with the PARP13 protein.

To determine whether a peptide substrate can act as a
selective target for different PARP family members, we tested
the activity of P15 with P14il (Figure 3b). In contrast to the
robust labeling we see in the presence of P14 and 1 mM
NAD", we observed almost no ADPr transfer during P15
treatment (1.5% of total P14il is ADPr modified). This
decrease in ADP-ribosylation is not due to a difference in
overall enzyme activity in the presence of P14il as both P14
and P1S are fully active in the presence of the peptide (Figure
S3a, b). Therefore, the proximal interactions present in P14il
retain selectivity when comparing the two closely related PARP
catalytic domains.
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Figure 3. TLC-MALDI performed with minimal peptide fragments
reveals proximal PARP selectivity. (a) P14 was incubated with P14il
in the presence of increasing concentrations of NAD*, and the
resulting MS spectra were normalized and plotted against each other
to visualize the increase in m/z due to ADPr (+541). The bar graphs
depict the fraction of the total peptide that has been modified (mean
+ SEM, n = 3). The sequence of the P14il peptide fragment is
provided. (b) P15 is unable to transfer ADPr to the P14il peptide.
Experiments were performed as in (a) in the presence of 1 mM
NAD*. (c) Loss of the acidic modification site prevents ADP-
ribosylation. Experiments were performed as in (a) in the presence of
1 mM NAD". *represents p-value <0.05, two-tailed Student’s t test.

A significant challenge with MS/MS-based ADPr modifica-
tion site assignment is the difficulty in correctly localizing
ADPr. This difficulty is compounded further by conflicting
reports of PARP site preference (R, K, H, C, S, Y, D, and E
have all been proposed as acceptor sites),”” ' which presents a
computational problem when multiple potential acceptor sites
occur in close proximity. Using the P14il peptide—which has
multiple potential acceptor sites in close proximity—we
confirm that ADPr transfer is occurring on the sole glutamate
site.

After mutating the glutamate to either glutamine (Q, P14i2)
or alanine (A, P14i3), residues that cannot accept ADPr, we
evaluated ADP-ribosylation in the presence of P14 and 1 mM
NAD* (Figure 3c). In contrast to the labeling we see with
P14il, both peptides lost significant ADP-ribosylation
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following removal of the E acceptor site (8.3% labeling of
P14i2 and 3.7% of P14i3). In the absence of the primary
acceptor site, there is some off-target labeling, but it is clearly
not preferred to the original acceptor site. Taken together,
these data strongly suggest that the previously identified
PARP13 site is a glutamate and highlight the utility of TLC-
MALDI for rapidly confirming MS/MS identified modification
sites.

To confirm that D/E residues were the likely targets of P14
and P15 modification, we employed a chemical approach
involving the removal of the ADPr moiety from esters in the
presence of hydroxylamine (HA), which has been widely used
to confirm ADP-ribosylation on D/E residues (Figure 4a).%03!
We hypothesized that if the ADPr modifications were confined
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Figure 4. TLC-MALDI performed following HA treatment confirms
acidic residues as the targets of P14 and P15 ADP-ribosylation. (a)
HA treatment workflow. (b) P14 was incubated with 400 uM NAD*
prior to treatment with HA and was subjected to TLC-MALDI to
visualize the resulting increase in m/z due to ADP-ribosylation
(+541). The bar graphs depict the fraction of the total protein that
has been modified (mean + S.E.M.,, n = 3). (c) The same experiment
from (a) was performed with P1S. (d) P14 was incubated with P14il
and treated as in (a). The filled circles represent treatment with
NAD®, HA, or both.
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to D/E sites, we could use our method to confirm chemical
removal of ADPr from D/E residues based on the loss of one
or more ADPr spectral peaks. In the case of both automodified
P14 (Figure 4b) and P15 (Figure 4c), treatment of the protein
with HA resulted in a near-complete removal of ADPr. Our
results were confirmed using Western blot (Figure S4a, b),
which displayed a similar pattern of ADPr removal. Further,
treatment of the known E acceptor site on P14il using HA
resulted in the complete loss of the ADPr peak (Figure 4d).
Therefore, we surmise that the sites of automodification on
both P14 and P1S are predominately D/E residues as their
HA-dependent removal mirrors the removal of ADPr from the
PARP13 glutamate acceptor site on P14il. These data
demonstrate the feasibility of combining the described TLC-
MALDI method with chemical treatment of ADPr-modified
substrates to rapidly screen the identity of modified residues
(e.g., D/E versus S/C).

Herein we demonstrated the adaptability of TLC-MALDI
toward proteins and peptides that have undergone ADP-
ribosylation. By examining the dynamics of this modification
using the closely related catalytic domains of PARP14 and
PARP1S, we discovered divergent ADPr profiles. P14 vastly
prefers a single automodification, while P15 is far more
promiscuous. It will be important to determine in the future if
this preference is hard-wired into the specific protein (i.e.,
modification profiles are simply dictated by acceptor residue
availability) or if it reflects a governing mechanism that
controls PARP activity (i.e, automodification on P14 is
inhibitory). Optimizing our method for systems that contain
multiple potential substrates will help us address this question
and serves as an exciting future adaptation of our technique.
The utilization of our method will allow us to start uncovering
the fundamental principles that govern PARP activity in the
cell.

In addition, TLC-MALDI provides a robust platform for
interrogating peptide modification in the presence of various
PARPs. We demonstrate a family-member-specific preference
for the P14il peptide, and researchers can use this technique to
screen for the various determinants that govern proximal target
discovery within the PARP family—through an alanine scan of
P14il, for example. This will bolster ongoing efforts to discover
peptide-based antagonists/agonists for the PARP family and
could even find usage in developing site-specific anti-ADPr
antibodies.

Finally, our method is compatible with post-ADPr chemical
treatments. Using this technique, we were able to confirm a
single E residue as the acceptor site on P14il, and we
demonstrated that both P14 and P15 exclusively modify D/E
residues in vitro. Interestingly, Nielsen and colleagues recently
reported the preference of P14 for Y residues in vivo.” D/E and
Y are biochemically dissimilar potential acceptor sites. The
recently elucidated mechanism for histone parylation factor 1
(HPF1)-dependent acceptor site switching with PARP1
provides a potential reconciliation of these differences. HPF1
binds to PARP1 and alters the selection of D/E sites toward S
modification.'’ Recent structural work by Sun and co-workers
demonstrated that HPF1 remodels the PARPI1 active site by
creating a composite active site shared by PARP1 and HPF1.”
While the switch from D/E to S is not as dramatic as D/E to Y,
our findings are compatible with an adapter protein that alters
P14 site preference in the cell under certain conditions—
similar to HPF1. We envision expanding this technique to
include enzymatic treatments of ADP-ribose targets (e.g.,

incubating treated samples with a glycohydrolase) to evaluate
the dynamics of ADP-ribose removal. Taken together, we have
demonstrated the utility of a TLC-MALDI approach toward
analyzing ADP-ribosylation, and we propose using this
technique as a complement in ongoing proteomic-based
efforts.
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