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Abstract

Elucidating kinase-substrate relationships is pivotal for deciphering cellular signaling mechanisms, yet it remains challenging due to the
complexity of kinase networks. Herein, we report the development of a versatile DNA-based kinase assay platform for high-throughput
profiling of plant protein kinase activities and substrate preferences. Our approach employs DNA-linked peptide substrates, facilitating
quantitative and specific kinase activity detection through next-generation DNA sequencing. Leveraging DNA barcodes as quantitative
readouts, our approach establishes a high-throughput, sensitive, and specific platform for dissecting kinase-substrate networks in
plants, representing a powerful tool for elucidating signaling mechanisms in plants.
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Introduction

Protein kinases play a crucial role in cellular growth and develop-
mentin plants. Impaired kinase function frequently disrupts nor-
mal cellular processes, manifesting as growth defects and
improper stress responses (1, 2). Measuring kinase activity, there-
fore, serves as an excellent proxy for elucidating how cells trans-
duce signals, regulate metabolic pathways, and coordinate
responses to various stimuli. As such, developing accurate, sensi-
tive, and specific assays to measure in vivo and in vitro kinase ac-
tivity is paramount.

Most current kinase assays rely on radiolabeling, fluorescence,
or luminescence-based detection systems. Each of these ap-
proaches offers unique advantages but also has inherent draw-
backs. Radiolabeling-based assays offer sensitivity but raise
safety concerns. Luminescence-based assays (e.g. ADP-Glo assay
from Promega), though popular for not requiring radiolabeled ma-
terials, indirectly measure kinase activity through ATP-to-ADP
turnover. Fluorescence-based assays are sensitive to picomolar
substrate detection limits but cannot easily multiplex due to the
limited number of available fluorescent molecules. A new assay
addressing these limitations would significantly advance plant
signaling research, enabling more comprehensive studies of kin-
ase function and its role in plant biology. In this report, we de-
scribe an approach based on DNA-linked peptide substrates to
quantify and detect specific kinase activity by next-generation
DNA sequencing (NGS).

Results and discussion

Previously, we reported the use of DNA-linked kinase-substrate
probes for highly specific detection of the activities of individual
kinases such as the Src family of tyrosine kinases (3, 4). The utiliza-
tion of DNA as an analytical readout confers several advantages,
including quantitative, precise, and specific activity detection, as
well as the ability to leverage existing powerful tools for DNA se-
quence analysis (5). Herein, we developed a DNA-based activity
profiling method for plant kinases on different peptide substrates.
Specifically, we created a DNA-linked peptide array consisting of
96 Ser/Thr or Tyr-containing peptides selected from Arabidopsis
phosphoproteomics references (Dataset S1) (6, 7). These peptides
were commercially synthesized with an alkyne group and subse-
quently conjugated with an azide-modified short single-stranded
DNA (ssDNA) termed “Za” via click chemistry (Fig. 1A), generating
DNA-linked peptides. These DNA-linked peptides were then uti-
lized for the DNA-based kinase assay as described (Fig. 1B).

To investigate the applicability of the DNA-based kinase assay
for plant kinase activity profiling, we utilized CDPK/CPK-related
kinase 2 (CRK2) as a representative plant tyrosine (Tyr) kinase.
The CRK2 kinase possesses high Tyr-autophosphorylation activity
and phosphorylates Tyr residue(s) on substrate proteins in
Arabidopsis (8). We expressed and purified a recombinant Flag-
CRK2 protein (rCRK2) from Escherichia coli (Fig. 2A) and assessed
CRK2 activity on its known substrate peptide, the ethylene
response factor 13 (ERF13) peptide (8). Our result demonstrated

Received: April 11, 2024. Accepted: July 6, 2024

OXFORD

UNIVERSITY PRESS

Competing Interest: Dongwook Kim is the CEO of Dencoda LLC, and all other authors declare no conflits of interest.

© The Author(s) 2024. Published by Oxford University Press on behalf of National Academy of Sciences. This is an Open Access article
distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly
cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions

can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please

contact journals.permissions@oup.com.

G20z |Udy 20 uo Jasn Ausisalun anpind Aq 0691 2//18zeebd/ /g /a1onle/snxauseud/woo dno-oiwspese//:sdny wolj papeojumod


https://orcid.org/0000-0001-8833-7430
https://orcid.org/0000-0003-3936-0700
https://orcid.org/0000-0002-7751-0178
mailto:yoong@purdue.edu
mailto:kim1962@purdue.edu
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae281#supplementary-data
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/

2 | PNAS Nexus, 2024, Vol. 3, No. 7

A B
ssDMNA [Za) Azide DMA-linked peptide

H
I“}(\f\-’\u:H-=P«I 3 " M l_.r'
W o Copper-mediated MFWH iy

cycloaddition
Alkyne Peptide » ™ i
000 o {click chemistry) m
E.;émiuga.ting Ef;DI;«Fh :anﬁ papii.dall:hmugh ;:Ii.I:h;. nham.ist.n:y
B 1. 2
Purified kinage DMNA barcodes
Za-peptide
i pEp -.* 49'1 i m
e G s A S
: ; m i 'ﬁ} A9-7 sumussuaus 0L
of : :
- o 5 i |
Flant material E \ 5 : :
i o T et  — £9-23 i MW ..;.
: - Y }
sza — 49-24 %m
Asabidopsis
pratoplasd

Kinasa reaction for 3 hrs

2. 4,

P SerThr: IP with anti-phospho SernThr antibody cocktail
P Tyr: Pull-down with SH2 super-binder profein

DA barcode annealing for 1 hr

IP elution "W _?’?.

bt O ¥ T
Miidid L Paal
H%"’ & :ifa .mﬂw vy ﬂ{ Quantify barcodes by
: — m‘%ﬁh Mext Generation
5 N gPCR  OF  saquencing (NGS)

®

o RS § 7\

Immunoprecipitate {(IP) DNA-linkad phospho-paptide Quantify kinase activity profile

Fig. 1. Methodology of DNA-based kinase assays in plants. A) Illustration for the conjugation between ssDNA and a peptide substrate via click chemistry.
B) Workflow for profiling kinase activity using a DNA-based kinase assay.

that CRK2 possessed phosphorylation activity toward the ERF13
peptide, as evidenced by a 7-fold higher DNA barcode recovery
rate compared to the negative control via gPCR (Fig. 2B). To com-
prehensively profile CRK2 activity across multiple peptides, we in-
cluded twenty Tyr-containing peptides in the experiment (Fig. 2C).
The experiment workflow involved an initial step, where the
twenty DNA-linked peptides were reacted with rCRK2, followed
by annealing to twenty distinct DNA barcodes. Subsequently, a

phospho-Tyr pull-down process was performed, and the phos-
phorylated DNA-linked peptides, along with their corresponding
DNA barcodes, were eluted with phenyl phosphate (4) (Fig. 1B).
The eluted DNA barcodes were then amplified and quantified us-
ing NGS. Strikingly, our results revealed three potential phosphor-
ylation substrates for rCRK2: peptides H3, H5, and H9 derived from
MPK kinase 6 (MPK6), MPK4, and Shaggy-like protein kinase 32, re-
spectively, exhibiting significant enrichment alongside the known
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Fig. 2. Tyr kinase activity profiling using the DNA-based kinase assay. A) Recombinant CRK2 (rCRK2) protein purified from Escherichia coli. B) Kinase
activity assay of rCRK2 toward the ERF13 peptide, quantified by gPCR. C) Annealing table showing the barcoded ssDNA conjugated to each peptide
substrate. D) Kinase activity profiling of rCRK2 and wild-type (WT) Arabidopsis protein lysate against an array of 20 different peptide substrates, quantified
by next-generation DNA sequencing. E) Comparative kinase activity profiling of Lyn and rCRK?2 against the peptide array, quantified by gPCR. Each graph
shows data from an independent immunoprecipitation, resulting in varied y-axis scaling due to differing kinase activity levels.

substrate ERF13 (G4) (Fig. 2D). Intriguingly, when incubated with
Arabidopsis wild-type plant cell lysates for kinase reactions, the ac-
tivation profiles of these 20 peptides diverged significantly from
those with rCRK2 alone. This divergence likely stems from the
complex kinase mixture in cell lysates beyond just native CRK2.

We next investigated the ability of the DNA-based kinase assay
to distinguish substrate preferences between different kinases by
comparing the DNA barcode enrichment profiles obtained from
two district Tyr kinases, CRK2 and Lyn (Fig. 2E). Lyntide (H12), a
known synthetic substrate of Lyn kinase that plays a role in mam-
malian cellular proliferation (9), exhibited substantial barcode en-
richment in Lyn samples but not in the rCRK2 samples (Fig. 2E).
Conversely, the established CRK2 substrate, ERF13 (G4), displayed
significant barcode enrichment with rCRK2, but negligible enrich-
ment with Lyn (Fig. 2E). Despite using an identical set of peptides
and barcodes, the differential enrichment patterns clearly distin-
guished the distinct substrate specificities of these two kinases.
These results highlight the ability of the assay to effectively dis-
criminate and characterize substrate preferences across different
kinases.

To extend the applicability of the DNA-based kinase assay be-
yond Tyr kinases, we profiled the activity of a representative

Ser/Thr kinase, protein kinase A (PKA) using its well-established
synthetic substrate peptide, Kemptide (Fig. 3A-D) (10). Unlike phe-
nyl phosphate, which specifically elutes phosphorylated
Tyr-containing peptides, no known chemical can specifically elute
phosphorylated Ser/Thr-containing peptides. To address this
limitation, we tested two elution methods for the pull-down of
phospho-Ser/Thr peptides: elution through (i) boiling and (ii) com-
petitive elution through excessive DNAs that consist of a
105-mer random library (Fig. 3A and B). Both methods yielded a
higher DNA recovery rate for the DNA barcodes associated
with the Kemptide sample compared to the negative control,
suggesting that the DNA-based kinase assay can be extended
to profile Ser/Thr kinases. We also investigated the substrate
preference of PKA by examining its activity on 22 Ser/
Thr-containing peptides (Dataset S1) using NGS, with the pepti-
des and their corresponding annealing barcodes listed in
Fig. 3C. The result revealed that PKA exhibited distinct preferen-
ces among the 22 peptides tested (Fig. 3D). However, the
signal-to-noise ratio for the phospho-Ser/Thr peptides was not
as robust as for the Tyr peptides, likely due to nonspecific elution
potentially co-eluting nonphosphorylated peptides and reducing
the overall signal intensity.

G20z ludy 20 uo Jasn AyisiaAlun enpind Aq v0691 2//18zoebd//c/e0nle/snxauseud/wod dnooiwspese//:sdiy Woll papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae281#supplementary-data

4 | PNAS Nexus, 2024, Vol. 3, No. 7

PKA activity (QPCR)
(elute by DNA library)

>

PKA activity (qPCR)
(elute by boiling)

2.9 fold
2 2x1099  23fold o axo-0-
[ ©
= -
2 2
2 1.5x10-7 S 3x10-10
g 8
£ o
o 1%x10-9 o 2x10710-]
8 3
£ " o
7 10
5 510 § 1x10
2 3
e 0- a 0-
@ N e ~
& @\0 & @0
& P P
'v*e N R
% 1» Vd 12
15 PHA ncthrity [NGS)
2

Fodd change o segaties coneed O

La-brinpd pepia

o ol ol

o
R
C Barcode # DNA-peptide E 63'
49-1 Za-C12 & R
49-2 Za-D1 (kpa) © O
49-3 Za-D2 100
49-4 Za-D3 70 | —
49-5 Za-D4 55
49-6 Za-D5
49-7 Za-D6 40
49-8 Za-D8
49-9 Za-D10 354
49-10 Za-D11 25 ——
49-11 Za-D12
49-12 Za-E2 IB: a-GFP
49-13 Za-E4 F GFF-CTRY kinasa activity
49-14 Za-E5 (Kemptide) v EBE paptide | gPCR)
49-15 Za-E8
49-16 Za-E10 g Wy S5l
4917 Za-F3 |
49-18 Za-F4 ®
49-19 Za-F6 -
49-20 Za-F7
49-21 Za-F10 .
49-22 Za-F11
49-23 Za g; 54
i e
= -’P -
F. f‘f‘
= q%
&

Fig. 3. Ser/Thr kinase activity profiling using the DNA-based kinase assay. A, B) The kinase activity of the protein kinase A (PKA) on Kemptide was
quantified through gPCR using two elution methods: A) boiling and B) competitive elution with the DNA library. C) Annealing table of barcodes
conjugated to each DNA peptide. D) Next-generation DNA sequencing results depicted the activity profile of PKA against each peptide substrate. E)
Immunoblot of affinity-purified GFP-CTR1 kinase domain and GFP control from protoplasts. F) The kinase activity of GFP-CTR1 and GFP control toward

the EIN2 peptide, quantified by gPCR.

Next, we conducted DNA-linked kinase assays using kinases
affinity-purified from Arabidopsis protoplasts, plant cells lack-
ing cell walls, which preserve the native cellular environment
by maintaining post-translational modifications and regulatory in-
teractions (Fig. 3E and F) (11, 12). Specifically, we examined the kin-
ase activities of Constitutive Triple Response 1 (CTR1), a Ser/Thr
kinase that regulates the plant hormone ethylene signaling by
phosphorylating Ethylene-Insensitive 2 (EIN2), a key positive regu-
lator in the pathway (13). Following transient expression of
GFP-CTR1 in protoplasts, the kinases were affinity-purified using
antibody-coupled magnetic beads. Affinity-purified GFP-CTR1 kin-
ases were then subjected to kinase assays using EIN2, its respective
targeted DNA-linked peptides, followed by DNA barcode annealing,
phospho-peptide pull-down, and gPCR. Phospho-EIN2 peptides
from CTR1 were enriched with an antibody cocktail (Fig. 3E and
F). Compared to controls, approximately 6-fold higher barcode re-
covery was observed for GFP-CTR1 samples, validating the utility
of the DNA-based kinase assay for profiling the activity of affinity-
purified plant kinases from a near-native context.

We established a high-throughput, sensitive, and specific plat-
form for kinase activity detection by utilizing DNA barcodes as
quantitative readouts. The method successfully profiled Tyr and
Ser/Thrkinasesin plants with distinct substrate preferences, dem-
onstrating versatility and specificity. Profiling affinity-purified kin-
ases from plant protoplasts showcased the assay’s ability to
investigate kinase activities in a near-native cellular context, pre-
serving crucial modifications and regulatory interactions. This
capability bridges the gap between in vitro and in vivo studies, en-
abling investigations of kinase signaling pathways under physiolo-
gically relevant conditions. The relatively low enrichment of

pho-Try and pho-Ser likely results from suboptimal DNA-peptide
conjugation efficiency. While high performanceliquid chromatog-
raphy purification could improve results, this study aimed for a
straightforward method accessible to labs without specialized
equipment. Overall, this powerful kinase assay methodology
promises to unravel complex protein kinase regulation in plants,
shedding light on crucial signaling pathways that control growth
and stress responses.

Supplementary Material

Supplementary material is available at PNAS Nexus online.

Funding

This work was supported by the National Science Foundation
(MCB-EAGER 2006017 and I0S-2245525 to G.M.Y.).

Author Contributions

G.M.Y. and D.K. conceived the idea and designed experiments;
Y.C. conducted all experiments; H.Y.L. performed an experiment;
C.AV. analyzed the NGS data; Y.C.,, GM.Y,, C. AV, and DK. ana-
lyzed the data; Y.C. wrote the draft; Y.C.,, GM.Y., CAV,, and
D.K. edited the manuscript.

Data Availability

All data are included in the manuscript and supplementary
information.

G20z |Udy 20 uo Jasn Ausisalun anpind Aq 0691 2//18zeebd/ /g /a1onle/snxauseud/woo dno-oiwspese//:sdny wolj papeojumod


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae281#supplementary-data

Chienetal. | 5

References

1

Chen X, et al. 2021. Protein kinases in plant responses to drought,
salt, and cold stress. ] Integr Plant Biol. 63:53-78.

Cui'Y, Lu X, Gou X. 2022. Receptor-like protein kinases in plant
reproduction: current understanding and future perspectives.
Plant Commun. 3:100273.

Shinde A, et al. 2019. Spleen tyrosine kinase-mediated autophagy
is required for epithelial-mesenchymal plasticity and metastasis
in breast cancer. Cancer Res. 79:1831-1843.

Kim D, et al. 2019. Application of a substrate-mediated selection
with c-Src tyrosine kinase to a DNA-encoded chemical library.
Molecules. 24:2764.

Kim D, Jetson RR, Krusemark CJ. 2017. A DNA-assisted immuno-
assay for enzyme activity via a DNA-linked, activity-based probe.
Chem Commun. 53:9474-9477.

van Wijk KJ, Friso G, Walther D, Schulze WX. 2014. Meta-analysis
of Arabidopsis thaliana phospho-proteomics data reveals compart-
mentalization of phosphorylation motifs. Plant Cell. 26:2367-2389.
YangZ, etal. 2013. Stable isotope metabolic labeling-based quan-
titative phosphoproteomic analysis of Arabidopsis mutants re-
veals ethylene-regulated time-dependent phosphoproteins and

10

11

12

13

putative substrates of constitutive triple response 1 kinase. Mol
Cell Proteomics. 12:3559-3582.

Nemoto K, Takemori N, Seki M, Shinozaki K, Sawasaki T. 2015.
Members of the plant CRK superfamily are capable of trans-
and autophosphorylation of tyrosine residues. J Biol Chem. 290:
16665-16677.

Deng Y, et al. 2014. Global analysis of human nonreceptor tyro-
sine kinase specificity using high-density peptide microarrays.
J Proteome Res. 13:4339-4346.

Mena-Ulecia K, Vergara-Jaque A, Poblete H, Tiznado W,
Caballero]. 2014. Study of the affinity between the protein kinase
PKA and peptide substrates derived from kemptide using
molecular dynamics simulations and MM/GBSA. PLoS One. 9:
€109639.

Xu'Y, et al. 2022. Protoplasts: small cells with big roles in plant
biology. Trends Plant Sci. 27:828-829.

Yue]-J, et al. 2021. Protoplasts: from isolation to CRISPR/Cas gen-
ome editing application. Front Genome Ed. 3:717017.

Ju C, et al. 2012. CTR1 phosphorylates the central regulator EIN2
to control ethylene hormone signaling from the ER membrane to
the nucleus in Arabidopsis. Proc Natl Acad Sci U S A. 109:
19486-19491.

G20z |Udy 20 uo Jasn Ausisalun anpind Aq 0691 2//18zeebd/ /g /a1onle/snxauseud/woo dno-oiwspese//:sdny wolj papeojumod



	DNA-encoded probe-based assay for profiling plant kinase activities
	Introduction
	Results and discussion
	Supplementary Material
	Funding
	Author Contributions
	Data Availability
	References


