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Chemical modifications on histones and DNA/RNA constitute a
fundamental mechanism for epigenetic regulation. These modifi-
cations often function as docking marks to recruit or stabilize
cognate “reader” proteins. So far, a platform for quantitative and
high-throughput profiling of the epigenetic interactome is ur-
gently needed but still lacking. Here, we report a 3D-carbene chip-
based surface plasmon resonance imaging (SPRi) technology for this
purpose. The 3D-carbene chip is suitable for immobilizing versatile
biomolecules (e.g., peptides, antibody, DNA/RNA) and features low
nonspecific binding, random yet function-retaining immobilization,
and robustness for reuses. We systematically profiled binding kinetics
of 1,000 histone “reader-mark” pairs on a single 3D-carbene chip and
validated two recognition events by calorimetric and structural stud-
ies. Notably, a discovery on H3K4me3 recognition by the DNA mis-
match repair protein MSH6 in Capsella rubella suggests a mechanism
of H3K4me3-mediated DNA damage repair in plant.

SPR imaging | epigenetic interactions | histone modifications |
nucleic acid modifications | 3D-carbene chip

espite having identical genetic information, human cells

differentiate into different identities during development.
The mechanisms leading to differential transcriptional and de-
velopmental outcomes under the same genetic background are
known as epigenetics. Posttranslational modification (PTM) on
histones is a major epigenetic regulatory mechanism such that
more than 30 types of PTMs occur on histones, with new ones
still being discovered (1). The well-studied histone PTMs include
methylation, acetylation, phosphorylation, and most recently
discovered nonacetyl acylations (2). Histone PTMs regulate
transcription either by directly affecting the structure/stability of
single nucleosome and the high-order folding of chromatin, or by
recruiting specific effector proteins (also called histone readers)
recognizing them (3, 4).

The ever-expanding repertoire of histone readers are diverse
in sequence and structure, and how they engage diversely mod-
ified chromatin is complicated, hard to predict, yet important for
their functions. Often one type of reader domains can recognize
different types of PTMs. For example, PHD finger proteins can
recognize unmodified, methylated, or acylated lysine residue on
histones (5, 6). Several YEATS domain proteins, originally
identified as readers of lysine acetylation (Kac), in fact accom-
modate a wide range of lysine acylations with lysine crotonyla-
tion (Kcr) most preferred (7). These “mark-reader” interactions
vary greatly in binding affinity, ranging from submicromolar to mil-
limolar levels. To complicate the matter further, the recognition of
marks by reader proteins is often either synergized or antagonized by
other marks in close proximity (8). For instance, Spindlinl recognizes
histone H3 trimethylation of Lys-4 (H3K4me3) and asymmetrically
dimethylation of Arg-8 (H3R8me2a) in concert, while phosphoryla-
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tion of Ser-10 on H3 (H3S10ph) completely abrogates the binding of
H3 Lys-9 trimethylation (H3K9me3) by HP1 protein (9, 10). BRDT
protein binds neither histone H4 Lys-5 acetylation (H4KS5ac) nor
Lys-8 acetylation (H4K8ac) but engages H4 peptide bearing both
marks with decent affinity (Kp = 22 pM) (11). In sum, a more re-
alistic and holistic understanding of how reader proteins engage
chromatin necessitates screening known and potential readers against
an exhaustive collection of histone PTMs and relevant combinations
thereof, ideally in a high-throughput and quantitative manner.
However, to the best of our knowledge, such a demand has not been
addressed by the epigenetic field.

As an advanced optical-based quantitative detection method,
surface plasmon resonance (SPR) sensing has been extended to the
SPR microscopy or imaging (SPRi) technology for high-throughput
probing of biomolecular interactions (12, 13). Despite some in-
trinsic disadvantages of SPR, such as influence of immobilization
and surface fouling, SPRi stands out as a powerful detection tool as
it probes analyte label-freely and measures binding kinetics in real
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time and in microarray format. The immobilization strategy and the
spacing of ligands on the chip surface can influence the detecting
efficiency of SPRi. Carbene-based cross-linking strategy, which
rapidly immobilizes molecules in random orientation due to its high
and diverse chemical reactivity (e.g., carbon insertion, Michael ad-
dition, nucleophilic reaction, etc.), is becoming an optimized
immobilization method for microarray fabrications (14-16).
Meanwhile, due to its high loading capacity for biomolecules and
antifouling properties, 3D polymer surface with a designed structure
often shows high signal-to-noise ratio in SPRi (17-19). Theoreti-
cally, a carbene-based 3D surface could immobilize biomolecules
randomly in position and orientation to best retain the functionality
and, in the meantime, has the advantage of high sensitivity and low
nonspecific adsorption. However, binding detection of randomly
immobilized biomolecules by the 3D-carbene SPRi technology has
yet to be explored systematically.

Here, we report the quantitative and high-throughput profiling
of epigenetic interactions by the 3D-carbene chip-based SPRi
technology. We demonstrated that the 3D-carbene chip could
efficiently immobilize various kinds of biomolecules such as
peptide, protein, and DNA/RNA. The 3D-carbene chip surface
features low nonspecific binding, random yet function-retaining
immobilization of ligands, and robustness as well as stability. We
immobilized 125 modified histone peptides on the chip and
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subjected the chip to interaction profiling of eight histone reader
proteins. The positive and negative controls set in the experi-
ments matched well with known results. We demonstrated that
3D-carbene-based SPRi technology was suitable to kinetically
analyze epigenetic interactions in high throughput. We confirmed a
strong interaction between TAF3-H3K4me3 and validated a
unique weak interaction between TAF3-H3K4ac by isothermal ti-
tration calorimetry (ITC) and crystallography. Importantly, an epi-
genetic interaction between H3K4me3 and the tudor domain of
mutS homolog 6 (MSHS6) in Capsella rubella was discovered, sug-
gesting a role of H3K4me3 in DNA mismatch repair in plant.
Collectively, these results demonstrate that the 3D-carbene SPRi
technology is suitable for kinetic and high-throughput analysis of the
epigenetic “readership” and for interaction discovery.

Results

Design and Fabrication of the 3D-Carbene Chip. The 3D-carbene
SPRi technology was designed as in Fig. 14. As the core element
of the chip, a 3D-carbene surface was constructed on the SPRi
gold substrate. Then an array of aqueous solutions of biomole-
cules (up to hundreds to thousands of spots) was printed on the
surface and dried in dark. Afterward, the chip surface was radiated
with 365-nm UV light, generating highly reactive carbene, which
immobilizes the biomolecules in situ in random orientations.
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Surface design and characterization of 3D-carbene-based SPRi technology. (A) Scheme of high-throughput and label-free detection of biomolecular

interactions on a 3D-carbene chip using SPRi instrument. The SPRi chip surface is grafted by brush-like polymer, which contains carbon backbones (blue), PEG
branches (green), and diazirine-derived terminals (red). Biomolecules are randomly and covalently immobilized onto the terminals by carbene-based reaction
under 365-nm UV light treatment. (B) Design and construction of 3D-polymer surface on gold substrate and conjugation of photo—cross-linker (PCL). (C) FT-IR
characterization of surface construction and modification step by step. (D) XPS characterization of polymer/polymer-PCL surface by element analysis.
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As a result, the binding sites of the immobilized ligands are
presented in nearly all possible orientations. For real-time and
high-throughput detection, the chip was assembled into the SPRi
instrument, presenting a grayscale imaging of microarray. Then
the binding protein was flowed over the chip surface and inter-
acted with the immobilized ligands, resulting in the shifting of
SPR angle. All binding signals were recorded as kinetic curves
from which thermodynamic and kinetic values of the binding
event were extracted with assistance of computer programs.

As shown in Fig. 1B, a 3D-carbene surface was fabricated
over SPRi bare gold chip. Briefly, synthesized p(HEMA-co-
PEGMAS500) polymer (characterized by '"H NMR and GPC)
was assembled on the bare gold surface (SI Appendix, Fig. S1). After
carboxylation and EG3-OH blocking, the chip surface was activated
by N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
crystalline (EDC)/N-hydroxysuccinimide (NHS) and coupled with
photo—cross-linker (PCL). A detailed procedure of surface fabri-
cation is described in SI Appendix. The whole process of the
chemical modification on SPRi chip surface was recorded by a
Fourier transform infrared spectroscopy (FT-IR) in grazing angle
incidence mode (Fig. 1C). The characteristic peaks of C=0, O-H,
C-O-C, C-H, and aromatic rings suggested a successful modifica-
tion. In addition, the confirming of initial grafting and PCL coupling
on the surface was also conducted by X-ray photoelectron spec-
troscopy (XPS) and atomic force microscopy (AFM), respectively
(Fig. 1D and SI Appendix, Fig. S2 and Table S1). All of the char-
acterization of the chip surface confirmed that the 3D-carbene
surface was fabricated as we designed and could be used as a
functional matrix for immobilizing biomolecules.

Immobilization of Biomacromolecules by 3D-Carbene Chip. Carbene
randomly inserts into C-H bonds that are ubiquitous in biomole-
cules, and in theory can immobilize peptide, protein, and DNA/
RNA on 3D-carbene chip with full spectrum of orientations to best
retain their respective functionality. To test our hypothesis, we
immobilized histone H3 residues 1-15 with lysine 4 trimethylated
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[H3(1_15)K4me3] and determined its binding affinity to CHDI, a
known histone reader protein specifically recognizing H3(;_;5K4me3
(20). H3(1_15)K4me3 showed significant signals on chip and
the Kp value determined by SPRi was 8.8 + 0.5 pM (Fig. 24).
This result agrees reasonably with that determined by ITC (Kp =
9.4 uM) (20). In addition, this affinity agrees well with that de-
termined using the oriented immobilization strategy [Kp = 8.2 +
0.7 pM, C-terminal biotin labeled H3(_;5)K4me3 peptide] (S/
Appendix, Fig. S3). The 3D-carbene chip can also immobilize stable
proteins such as antibodies. We immobilized the rabbit IgG and
flowed in goat anti-rabbit IgG, obtaining Kp, value of 8.4 + 1.1 nM
(SI Appendix, Fig. S4). These results demonstrated that the 3D-
carbene chip could immobilize peptides/proteins and was suit-
able for characterizing modification-dependent interactions. Next,
we immobilized an 18-bp double-stranded DNA (5'-CTTATG-
GAAAGCATGCTT-3") on the 3D-carbene chip. A Kp, value of
3.1 £ 0.1 pM was determined for FOXP3, a protein recognizing this
DNA sequence (21) (Fig. 2B). The mutant CHD1 (CHD1 W325A)
and FOXP3 (FOXP3 H387A) lost the binding signal to their cor-
responding binding partners on this chip (SI Appendix, Fig. S5). We
also immobilized a 16-nt RNA (5'-GACGACCGGACUGUCU-3")
and measured Kp, value of 17.0 + 1.6 pM for the cognate binding
protein HNRNPA2BL1 (22) (Fig. 2C).

We also detected the signal of unmodified and m6A-modified
RNA sequence to the m6A RNA reader YTHDF1 (23). We found
that only m6A-modified RNA sequence had binding signal to
10 pM YTHDF1 (Fig. 2D). The binding affinity between
YTHDF1 and m6A-modified RNA fitted by five gradients of pro-
tein concentration showed that the K, value was 3.6 = 0.1 pM (57
Appendix, Fig. S6). This result demonstrated that the 3D-carbene
SPRi technology had the ability to distinguish unmodified/m6A-
modified RNA and discover readers of modified RNA.

In summary, modified peptide, antibody, double-stranded DNA,
and single-stranded RNA can all be immobilized on the 3D-carbene
chip without detectable activity loss. When coupled with SPRi
technology, the 3D-carbene chip provides a convenient and versatile
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Fig. 2. SPRi detection of epigenetic interactions by immobilizing peptide, DNA, and RNA on 3D-carbene chips. (A) SPRi detection of CHD1-peptides in-
teractions with peptides immobilized on the surface. (B) SPRi detection of FOXP3-dsDNA interactions with dsDNA immobilized on the surface. (C) SPRi
detection of HNRNPA2B1-RNA interactions with RNA immobilized on the surface. (D) Binding signals of 10 pM YTHDF1 to unmodified and m6A-modified
RNA sequence by SPRi. All binding affinity values were determined according to three parallel experiments.
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platform for profiling binding kinetics between these biomolecules
in a high-throughput manner (see below).

Characterization of 3D-Carbene Chip. After optimizations of the
surface grating density, concentration of immobilized peptides,
printing density, and regeneration conditions (SI Appendix, Figs.
S7-S10), the 3D-carbene chip features low nonspecific binding,
label-free detection, robustness, and stability. The 3D-carbene
surface significantly reduced nonspecific binding compared
with 2D-carbene surface (24) and bare gold surface. We immo-
bilized H3(;_;5)K4un and H3(;_5)K4me3 on both 3D-carbene
chip, 2D-carbene chip, and bare gold chip. The binding signal
to CHD1 showed that the background of 3D-carbene chip was
much lower than that of 2D-carbene and bare gold chips (Fig. 34
and SI Appendix, Fig. S11). The high signal-to-noise ratio (61.3 of
3D-carbene chip versus 52.4 of 2D-carbene chip, —38.6 of bare
gold chip) reduces false-positive results by reducing nonspecific
binding to the surface (Fig. 34 and SI Appendix, Fig. S11 A-C).
In addition, the Z’-factor of 3D-carbene chip (0.896) showed an
overwhelming advantage compared with 2D-carbene (—0.479)
and bare gold chips (—1.194), suggesting that the quality or
performance of high-throughput analysis on 3D-carbene chip
was ideal (SI Appendix, Fig. S11D).

Carbene immobilizes unlabeled peptides in random fashion, with
the ensemble of peptide orientations best resembling that in solu-
tion. By contrast, the directional immobilization using labeled
peptides risks epitope blocking without any precedent knowledge.
For example, the histone reader protein SGF29 requires a free N
terminus of histone H3 for binding, and thereby N-terminal biotin
labeling of H3 peptide will disrupt this interaction (25) (SI Appen-
dix, Fig. S12B). We immobilized unlabeled H3 and N-terminal and
C-terminal biotin-labeled H3 peptides on the 3D-carbene chip. The
binding signal showed that only unlabeled and C-terminally labeled
H3 peptides were recognized by SGF29 (Fig. 3B and SI Appendix,
Fig. S124), highlighting the advantage of random immobilization.

To test the robustness and stability of 3D-carbene chip, we
regenerated the chip immobilized with H3(;_;5)K4me3 for 30 times.
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The binding signal of 10 pM CHD1 was consistent with no clear
deterioration [coefficient of variation (CV) = 4.9%] during the
30 cycles of binding and regeneration (Fig. 3C and SI Appendix, Fig.
S13), attesting to the robustness and stability of the 3D-carbene
chip. In addition, parallel experiments using three different chips
also showed consistent binding results (SI Appendix, Fig. S14).

Kinetic Profiling of Histone “Mark—Reader” Interactions. To dem-
onstrate the potential of 3D-carbene-based SPRi technology in
analyzing epigenetic interactions in high throughput, we immobi-
lized 125 types of modified histone peptides and three types of
negative controls in triplicates on the 3D-carbene chip (SI Appendix,
Fig. S15 and Table S2) and tested eight histone reader proteins.
This allowed us to analyze 1,000 pairs of interactions over a single
chip. Each protein was injected using five gradients of concentra-
tion. The peptides are from different histones (histone H1, H2A,
H2B, H3, and H4) of varied length (from 9 to 42 residues) and bear
different modifications (methylation, acylation, and phosphoryla-
tion). The eight reader proteins include seven H3K4me3 readers
(CHD1, TAF3, IMID2A, SGF29, ZCWPW1, JARID1A, and ING2)
and one H3K9me3 reader (HP1).

The heatmap for these 1,000 interaction pairs was generated
based on the binding affinities (Fig. 44, Left, and SI Appendix,
Table S3). First, we checked the positive controls in this peptide
array. The H3K4me3 readers binds to H3(;_;5)K4me3 instead of
H3(;_15)K4un peptides as expected (Fig. 4B). Second, the site
specificity of H3K4me3 readers and H3K9me3 reader is also
clear in the high-throughput result. All seven H3K4me3 readers
recognize H3(;_;5)K4me3 instead of H3(;_15K9me3 peptides,
while H3K9me3 reader HP1 engages H3(;_;5)K9me3 instead of
H3(;_15)K4me3 peptides (Fig. 4B). Third, the binding affinity
determined by SPRi was in the same order of magnitude as that
measured by ITC (Fig. 4C and SI Appendix, Table S4). These
results demonstrate that the positive and negative controls can be
clearly distinguished in this high-throughput experiment.

Another benefit of binding detection by SPRi is to monitor
binding kinetics in real time. Unlike the fluorescent-chip—based
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Fig. 3. The 3D-carbene chip features high signal-to-noise ratio (S/N), low nonspecific adsorption (NSA), label-free detection, and robustness. (4) S/N (Left) and
NSA (Right) comparison among 3D-PCL, 2D-PCL, and bare gold surfaces by injecting 10 pM CHD1. (B) SPRi signals of 10 pM SGF29 binding to N-labeled,
C-labeled, and unlabeled H3(;_15K4me3 peptides. (C) SPRi signals of 10 pM CHD1 binding to H3(;_15K4me3 peptides in 30 regeneration cycles. All error bars
are obtained by calculating triplicates printed on the surface. CV, coefficient of variation.
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detection, SPRi provides kinetic features to reflect binding
specificity. We found that several long peptides (>25 residues),
without methylation at H3K4 and H3K9, displayed nonspecific
response signals likely due to over—cross-linking and surface
fouling (SI Appendix, Table S5). To identify the false-positive
hits, we defined the parameter of regeneration calibration
(RC) value through analysis of SPRi kinetic curves. The RC
value is defined as the 100 times the ratio of unregenerated
signals (A, shown in SI Appendix, Fig. S164) to overall binding
signals (A, shown in SI Appendix, Fig. S164). Empirically, the
real positive result should have a RC value less than 10, which
means that unregenerable signal contributes less than 10% to the
overall signal. We chose H3(_15K4me3 and H3(;_34)K9crK27cr
peptides as examples to analyze their respective signal response
to CHD1. The result showed that the regenerable signal of
H3(1_15yK4me3 peptide contributes to 99.8% of the overall signal
while this value of H3(;_34K9crK27cr peptide is only 53.3% (SI
Appendix, Fig. S164). This suggests that CHD1 binds specifically to
H3(1_5)K4me3 but not H3(;_34K9crK27cr, which is further con-
firmed by ITC studies (SI Appendix, Fig. S16B). The binding heat-
map after RC is shown in Fig. 44. In sum, the RC of SPRIi kinetic
curves efficiently helps to eliminate false-positive results.

The 3D-carbene SPRi platform makes high-throughput kinetic
analysis of histone “mark-reader” pairs possible. We analyzed
kinetic curves of four peptides [H3(_5K4un, H3_;5K4ac,
H3(1_;5K4mel, and H3(;_;5,K4me3] binding to five reader pro-
teins (TAF3, CHD1, JARID1A, ZCWPW]1, and JIMJD2A) (Fig.
4D). For the same protein, we observed an increasing binding
signal from H3(;_;5)K4un to H3(;_;5)K4me3. For TAF3, CHDI,
ZCWPW]1, and IMID2A, H3(,_;5)K4me3 showed 5.7-, 2.8-, 2.2,
and 2.5-fold stronger binding affinities to H3(_;5)K4mel (S/
Appendix, Table S6). This result demonstrated that carbene-
based SPRi technology was suitable to compare binding affini-
ties in high throughput. For the same peptide, such as H3(;_15)K4me3,
we noticed that these five reader proteins exhibited different
kinetic parameters. For example, the binding affinities of
H3(;_15yK4me3 peptide were nearly the same to JARIDIA
(Kp =4.5 + 1.0 pM) and IMID2A (Kp = 4.0 + 1.1 pM). However,
JARIDI1A showed a slower on and off pattern (ka = 196 M~".s™",
kd = 8.83 x 107 s7") while JMID2A showed a faster on and off
pattern (ka = 1,760 M~'s™!, kd = 7.09 x 107 s7') (SI Appendix,
Table S6). This suggests that JMJD2A exhibits a more dynamic
binding feature and might be more sensitive to the local protein
concentration. Collectively, these results showed that SPRi could
reflect different kinetic features even when the binding affinities are
nearly the same.

Structural Verification of Histone-TAF3 Interactions. Our high-
throughput kinetic analysis showed that TAF3, a well-
documented reader of H3K4me3, also recognized acetylated pep-
tides (Fig. 54). Specifically, TAF3 binds to H3K4ac peptide with an
affinity of Kp = 137 + 13 pM measured by the SPRi experiment. To
validate this weak interaction, we performed ITC, which revealed
that Kp, between TAF3 and H3(,_;5)K4ac peptide was 285 uM (Fig.
5B), consistent with our SPRi result. To further explore the mo-
lecular mechanism of this recognition, we solved the crystal struc-
ture of TAF3-H3K4ac complex (Fig. 5B and SI Appendix, Table S7)
at 1.7 A. The overall structure reveals that the H3K4ac peptide
binds to the B3 surface (Fig. 5C). The H3K4ac peptide is induced to
form an antiparallel p-sheet with the p3 strand of TAF3 (Fig. 5D,
Upper). The H3R2 and H3Q5 residues form hydrogen bonds with
the aspartic acid residues of TAF3 (Fig. 5D, Upper). The acetylated
lysine residue inserts into an aromatic pocket formed by W867 and
W890 (Fig. 5D, Upper). The amide group of H3K4ac stacks on
the indole ring of W890 and is stabilized by amide-n in-
teraction (Fig. 5D, Lower). H3K4ac has been reported to
enrich at active gene promoters just upstream of H3K4me3
(26). Presumably, the observed “TAF3-H3K4ac” interaction
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might facilitate TAF3 searching for H3K4me3 at the tran-
scription start site by priming the association of TAF3 with pro-
moter chromatin. Collectively, the structural analysis establishes the
molecular basis for H3K4ac recognition by TAF3 PHD finger.
Weak interactions with high binding k¢ value are hard to detect by
endpoint-based detection (e.g., fluorescence chip) because the
analyte tends to be washed off. Our results suggest that the high-
throughput detection by SPRi has the kinetic advantage to discover
weak interactions in vitro.

TAF3 is a core component of RNA polymerase II subunit
TFIID, and its binding to H3K4me3 (a well-known transcription
activation histone mark) facilitates the recruitment of RNA
polymerase II to activated promoters (27). The SPRi analysis
revealed that H3K4me3 bound to TAF3 with strong binding
affinity (Kp = 0.7 = 0.1 uM; Fig. 4D and SI Appendix, Table S6).
Our ITC analysis also confirmed a strong binding between
TAF3 and H3(;_15)K4me3 with Kp = 0.17 uM (Fig. 5E).
Next, we solved the crystal structure of TAF3 in complex
with H3(;_;5)K4me3 at 1.3-A resolution (Fig. 5F and S/
Appendix, Table S7). The structure reveals that H3K4me3 pep-
tide binds to the p3 surface of TAF3 PHD finger (Fig. 5F). Histone
H3R2 inserts into a negative-charged pocket formed by TAF3
D885 and D888, while histone H3K4me3 inserts into an aromatic
cage formed by TAF3 W867 and W890 (Fig. 5G). The two pockets
are separated by the W890 residue, and this residue determines the
site specificity of histone recognition. Histone H3R2 and H3K4 is
separated by H3T3 while histone H3R8 and H3K9 has no linker
residue (Fig. 5G, Lower). The W890-separated TAF3 pockets
requires that a linker residue must exist between histone ar-
ginine and lysine residues. Our SPRi analysis also revealed
that H3(;_;5)K9me3 peptide did not bind to TAF3 (SI Ap-
pendix, Fig. S17). The recognition of K4me3 residues is achieved
by cation—r interaction between trimethylated lysine residue and
TAF3 W867/W890 (Fig. SH). Notably, the free N terminus of
H3A1 is registered at a shallow pocket in TAF3 (Fig. 5I);
therefore, labeling on histone H3 N terminus will disrupt this
interaction. Again, this highlights the advantage of label-free
immobilization by 3D-carbene SPRi technology.

The Tudor Domain of crMSH6 Is an H3K4me3 Reader. To demonstrate
that 3D-carbene SPRi technology is suitable to discover epige-
netic interactions, we studied a plant mismatch repair protein,
MSHS6 in Capsella rubella (ctMSH6), which contains an
N-terminal tudor domain of unclear histone binding activity (Fig.
6A4). Interestingly, human MSH6 contains a PWWP domain in-
stead of tudor at its N-terminal region, and it has been reported
that this PWWP domain recognizes H3K36me3 to regulate DNA
damage repair in human (28). We adopted the 3D-carbene SPRi
technology to search for the target histone mark of crMSH6.
Surprisingly, our SPRi experiment showed that ctMSHG6 binds
to H3K4me3 with much stronger signal than that of H3K36me3
(Fig. 6B). SPRi curve fitting showed that crtMSH6 binds to
H3K4me3 at a Kp value of 6.0 + 0.2 pM (Fig. 6C), which is
further verified by ITC experiments with a measured binding
Kp value of ~4.4 pM (Fig. 6D). By contrast, the Kp value be-
tween ctMSH6 and H3K36me3 is >200 pM (Fig. 6D). This
result suggests that, unlike human, plant may make use of
H3K4me3 instead of H3K36me3 to facilitate DNA mismatch
repair. The physiological importance of such an interaction
remains to be explored in future functional studies.

Discussion

The 3D-carbene SPRi technology features label-independent
and random yet function-retaining immobilization of ligands,
label-free detection of biomolecules flowed-in, high signal-to-
noise ratio, high-throughput and parallel comparison, real-time and
kinetic detection, as well as robustness for reuses. It needs only
1-10 pmol of ligands for immobilization, much less demanding than
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TAF3, highlighting the importance of label-free detection.

other quantitative techniques (e.g., ITC typically requires
1-100 nmol of sample), and meanwhile is able to detect and
compare hundreds to thousands binding events in one chip. Its
high throughput and cost effectiveness render 3D-carbene SPRi
attractive for studying biomolecular interactome in vitro and for
discovering epigenetic interactions involving histones, DNA/
RNA, or their modified forms. For interaction discovery, the 3D-
carbene chip reduces false negatives due to the undermining
effects of tagging and labeling ligands for immobilization, and is
capable of identifying relatively weak interactions.

On the other side, the 3D-carbene SPRi technology also has its
limitations. Although 3D-carbene chip offers superior random im-
mobilization, it requires a “drying process” to minimize the carbene-
blocking effect of water. In most cases, peptides, short oligos, and
stable proteins like antibody could survive such a treatment. How-
ever, for proteins that are sensitive to water loss, the carbene-based
immobilization strategy is usually not suitable. In such case, one has
to adopt other water-compatible immobilization strategies for sur-
face preparation. Due to the high density and high reactivity of the
3D-carbene surface, over—cross-linking, epitope blocking, and sur-
face fouling could be other practical concerns. We found that long
peptides (>25 residues) tend to give nonspecific response signals,

Zhao et al.

alerting problems of over—cross-linking and surface fouling. As
discussed previously, experimental parameter optimization during
surface fabrication and SPRi screen as well as RC during data
analysis could help to eliminate these false-positive results. More-
over, random immobilization will lead to inhomogeneous response
of different anchor molecules, which may cause inaccuracy of
curving fitting. However, since strongest binding event usually
dominates the response signal, the 3D-carbene SPRi technology
is still valid for binding detection and relatively accurate kinetic
analysis. Currently, modular domain is most suitable for SPRi
analysis. The application of full-length protein as analyte can still
be challenging due to requirements of protein yield, purity, and
stability, which awaits further improvements of the SPRi in-
strument to achieve higher sensitivity and lower analyte volume.

As evidenced by successful profiling of 1,000 pairs of histone
“reader—mark” interactions, the 3D-carbene SPRi technology
can be used to verify and quantify the myriad of interactions
suggested by advanced proteomic approaches or bioinformatic
analysis. Verified interactions can then be subjected to in-depth
mechanistic and functional studies, such as cocrystal structural
analysis. Besides the 3D-carbene SPRi platform, other fluorescence-
based peptide or reader microarray technologies have also been
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successfully applied for profiling epigenetic targets (29, 30).
Recently, DNA-barcoded designer nucleosome libraries (DNLs)
have emerged as a unique technology that analyzes histone rec-
ognition and signaling, especially combinatorial histone modifi-
cation readout at the nucleosome level (31). The kinetic and
direct detection feature of the 3D-carbene SPRi platform com-
plements well with other library-based methods for epigenetic
discovery. For example, each single epigenetic interaction pair
identified by 3D-carbene SPRi can be fed to the DNLs platform
for complexity analysis at the nucleosome level.

With highly disordered regions, histone proteins epitomize a
wide family of intrinsically disordered proteins (IDPs), which
play pivotal roles in transcription regulation, signaling, and
pathway control (32). Using histone peptides as exemplary IDPs,
we demonstrated that 3D-carbene SPRi technology is suitable
for systematic and kinetic characterization of interactions be-
tween modular domains and unstructured peptides in their na-
tive or modified states. Many important biological processes
involve molecular recognition and physical binding among bio-
molecules. In the era of functional proteomics, we envision that
the 3D-carbene SPRi technology will have wide appeal in pro-
filing and discovering biorecognition events in and beyond the
field of epigenetics.

Methods

Material. Bis[2-(2-bromoisobutyryloxy)undecyl]disulfide (as initiator), copper(ll)
chloride (CuCly), ascorbic acid (AA), 2,2'-bipyridyl (bpy), 2-hydroxyethyl methac-
rylate (HEMA) (M, = 130), poly(ethylene glycol)monomethylether meth-
acylate (PEGMAS500) (M, = 500), 4-(dimethylamino)pyridine (DMAP), succinic
acid anhydride (SAA), EDC, NHS, and N,N’-diisopropylethylamine (DIPEA)
were purchased from Sigma-Aldrich. HS-(CH;)11-EG3-OH (EG3-OH) and
HS-(CH,)-EG3-COOH (EG3-COOH) were purchased from ProChimia Company.
Ethanolamine (EA), dimethyl formamide (DMF), dichloromethane (DCM),
dimethyl sulfoxide (DMSO), methanol (MeOH), ethanol (EtOH), and n-hexane
were purchased from Sinopharm Chemical Reagent Beijing Company.
[3-(Trifluoromethyl)-3H-diazirin-3-yl]benzoic acid was purchased from TClI.
Rabbit IgG, goat anti-rabbit IgG, and BSA were purchased from Bioss.

The ¢cDNA encoding the proteins ING2 (PHD finger domain; amino acids
161-173), HP1 (chromo domain; amino acids 39-74), and c¢rMSH6 (tudor
domain; amino acids 119-177) were cloned into the pGEX-6P1 vector
(Novagen). The ¢cDNA encoding the protein CHD1 (amino acids 270-443),
SGF29 (amino acids 113-254), Foxp3 (amino acids 336-417), HNRNPA2B1 (full
length), and JARID1A (amino acids 330-380) were cloned into the pRSFD

E7252 | www.pnas.org/cgi/doi/10.1073/pnas.1704155114

vector (Novagen). TAF3 (amino acids 885-915), JMJD2A (amino acids 895—
1,008), and ZCWPW1 (amino acids 246-307) were cloned into a modified
pET28b vector (Novagen) with an N-terminal 10xHis-SUMO tandem tag.

All histone peptides bearing different modifications were synthesized
at SciLight Biotechnology. DNA and RNA oligos were synthesized at
Genscript Biotechnology.

Protein Expression and Purification. All proteins were expressed in the
Escherichia coli BL21 (Novagen) and induced overnight by 0.2 mM isopropyl
B-p-thiogalactoside at 16 °C in the LB medium. The collected cells were
suspended in 100 mM NaCl and 20 mM Tris, pH 7.5. After cell lysis and
centrifugation, the supernatant was applied to a HisTrap column (GE
Healthcare) and GST column (GE Healthcare) according to the protein tag.
After washing 5 column volumes with the suspension buffer, the GST-
tagged proteins were eluted with the eluent buffer: 100 mM NacCl, 20 mM
Tris, pH 7.5, 20 mM GSH. After washing 5 column volumes with the sus-
pension buffer, the His-tagged and His-SUMO-tagged proteins were eluted
with the eluent buffer: 100 mM NaCl, 20 mM Tris, pH 7.5, and 500 mM
imidazole. GST-tagged proteins were digested overnight by the PreScission
proteases. SUMO-tagged proteins were digested overnight by the ULP1. A
HisTrap column was used to remove the cleaved 10xHis-SUMO tag after
removal of imidazole by desalting. All digested proteins were further puri-
fied by the HiTrap SP (GE Healthcare) cation-exchange column and a HiLoad
16/60 Superdex 75 (GE Healthcare) gel filtration column using AKTA Purifier
10 systems (GE Healthcare). All proteins were stored in 100 mM NacCl, 20 mM
Tris, pH 7.5, at ~10 mg/mL in an —80 °C freezer.

Synthesis of p(HEMA-co-PEGMA500). In a typical experiment, polymerization
solution was prepared by mixing the monomers HEMA (1.625 g) and
PEGMAS00 (6.25 g) and Bpy (32 mg) in 40 mL of 1:1 ddH,O/methanol (vol/vol).
Then 2.5 mL of solution of CuCl, (0.04 M) was added to reaction solution.
After the solution was degassed by N, for 30 min under stirring, 2.5 mL of
AA (0.04 M) and 1 mL of EtOH solution of initiator (1 mM), and some more
1:1 ddH,0O/methanol (vol/vol) was injected by syringe, forming a determined
volume as 50 mL. The mixture was kept in a glove box with nitrogen at-
mosphere and the polymerization reacted for determined time (0.5, 1, 2, 4,
8, 16 h) at room temperature (25 °C). The polymerization was stopped when
the bpy in solution was extracted by n-hexane, and methanol was removed
by rotary evaporation. The aqueous solution was then purified by dialysis
(MWCO, 8 kDa; Solarbio) for 48 h to remove the monomers and catalysts,
followed with freeze-drying overnight. The lyophilized powder was redis-
solved into ethanol for chip surface modification. The polymer was charac-
terized by "H NMR (400 MHz, CDCl;, Avance 400; Bruker, S/ Appendix, Fig.
S1A) and GPC (1515; Waters, SI Appendix, Fig. S1B).
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Fabrication of 3D-PCL and 2D-PCL Surfaces on Gold. The procedure for pre-
paring 3D-PCL polymer-coated gold chips is illustrated (Fig. 1B). Typically, a
bare gold chip (Nanocapture; Plexera) was treated in a plasma cleaner (PDG-
MG; Chengdu Mingheng Science and Technology Company), and then in-
cubated in the synthesized polymer solution at room temperature for 1 h
and then thoroughly rinsed with EtOH, ddH,0O, and dried with N, blowing
before further treatment. The chip was then immersed in a DMF solution
containing SAA (10 mg/mL) and DMAP (15 mg/mL) for 2 h to introduce
carboxyl group onto the branches of the polymer brushes. After being
thoroughly washed, the chip was further immersed in 1 mM EG3-OH (in
EtOH) for 1 h to block the unreacted gold surface, and then cleaned by EtOH
and ddH,0, and dried under nitrogen gas. Then, the carboxylated polymer
on the chip surface was activated by EDC (0.4 M)/NHS (0.1 M) aqueous so-
lution to form a semistable ester. After 15-min activation, the surface was
immersed in the 10 mM amino-terminated photo-cross-linker (in DMF),
which was synthesized by Kanoh’s method (14) for 4-h coupling. Finally, the
chip was incubated in 1 M ethanolamine solution (in DMF) to block the
unreacted carboxyl groups, washed by DMF, EtOH, and ddH,0, and dried by
N, gas stream. The chip was sealed and stored under —20 °C with argon
atmosphere before further use.

To prepare a traditional 2D-PCL chip, a method reported was used for
comparison in this research (24). Similar but not repeated, a gold-coated
glass chip (Nanocapture; Plexera) was immersed in the ethanol solution
containing 0.1 mM EG3-COOH and 0.9 mM EG3-OH for 16 h at room tem-
perature to form a self-assembly monolayer. After being activated by EDC/
NHS aqueous solution, the surface was coupled with photo—cross-linker for
4 h to obtain a photoreactive chip. Then the chip was rinsed successively with
ethanol, water, and ethanol and dried under a nitrogen stream in UV-
free room.

Surface Chemistry Characterization. FT-IR spectra of modified surfaces was
recorded on an FT-IR spectrometer using grazing angle specular reflectance
accessory (Spectrum One; PerkinElmer) after each modification step, with
64 scans at a resolution of 4 cm™" over a spectrum span of 4,000~450 cm™".
An X-ray photoelectron spectrometer (ESCALAB 250Xi; Thermo Scientific)
with a monochromatic AIK X-rays source (1,486.6 eV) was applied for char-
acterizing the elemental composition of the surface, and ensuring the
photo-cross-linker modification at a takeoff angle of 0° with a 0.78-mm?
spot size under a pressure of 3 x 1072 mbar. An AFM (Bruker) was used to
characterize the surface morphology and roughness before and after poly-
mer coating in dry state and conducted under a tapping mode (silicon
cantilever with nominal resonance frequency of 70 kHz and nominal spring
constant 2 N/m).

Fabrication of Biomolecular Microarray on SPRi Chip. Peptides (1 mM in
ddH,0), DNAs/RNAs (100 pM in ddH,0), and antibodies (1 mg/mL in PBS
buffer, pH 7.4) were prepared in 384 wells and spotted on 3D-PCL, 2D-PCL,
and bare gold chips using an automated spotter (Qarray mini; Gentix) in a
UV-free room with a humidity of 60%. The obtained PCL chips were dried in
a vacuum chamber to evaporate the solvent, and the chips were then irra-
diated under a 365-nm UV cross-linker instrument (UVJLY-1; Beijing BINTA
Instrument Technology Company). The irradiated energy on the surface
amounted to 2.8 J/cm?. After UV treatment, the chips were rinsed in PBST
(pH 7.4, 0.05% Tween 20), PBS, and ddH,O for 15 min each. For bare gold
chip (as a reference), the chip was incubated in the fridge (4 °C) for 2 h right
after printing. After carefully and thoroughly washed by PBST, PBS, and
ddH,0, the chip was then incubated with 10 mg/mL BSA for another 2 h for
blocking. Then the chip was repeatedly rinsed by PBST, PBS, and ddH,0 to
remove the physically adsorbed molecules. All of the chips after washing
were dried under nitrogen gas for further use.
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SPRi Analysis. To measure the interaction between immobilized biomolecules
and flowing proteins, an SPRi instrument (Kx5; Plexera) was used to monitor
the whole procedure in real time. Briefly, a chip with well-prepared bio-
molecular microarray was assembled with a plastic flow cell for sample
loading. The optical architecture and operation details of the PlexArray HT
were described elsewhere previously (33). The protein samples were pre-
pared at determined concentrations in TBS running buffer (20 mM Tris,
100 mM NaCl, pH 7.5) while a 10 mM glycine-HCl buffer (pH 2.0) was used as
regeneration buffer. A typical binding curve was obtained by flowing pro-
tein sample at 2 ul/s for 300-s association and then flowing running buffer
for 300-s dissociation, followed by 200-s regeneration buffer at 3 pL/s. To get
a result of binding affinity, at least five gradient concentrations of flowing
phase (proteins) were prepared and flowed in order. All of the binding
signals were converted to standard refractive units (RU) by calibrating
every spots with 1% glycerol (wt/vol) in running buffer with known re-
fractive index change (1,200 RU). Binding data were collected and ana-
lyzed by a commercial SPRi analysis software (Plexera SPR Data Analysis
Model; Plexera).

Isothermal Titration Calorimetry. For ITC measurement, synthetic histone
H3(1-155K4me3 peptide and H3(1_34K9crK27cr peptide (SciLight Bio-
technology) and the protein CHD1 were extensively dialyzed against ITC
buffer: 0.1 M NaCl and 20 mM Tris, pH 7.5. The titration was performed
using a MicroCal iTC200 system (GE Healthcare) at 25 °C. Each ITC titra-
tion consisted of 17 successive injections with 0.4 pL for the first and
2.4 puL for the rest. H3 peptides at 1.0 mM were titrated into proteins at
0.1 mM. The resultant ITC curves were processed using Origin 7.0 soft-
ware (OriginLab) according to the “One Set of Sites” fitting model. The
titration condition of modified H3 peptides to TAF3 and crMSH6 was the
same with CHD1.

X-Ray Crystallography. Crystallization was performed by the sitting-drop
vapor diffusion method under 18 °C by mixing equal volumes (1-2 pL)
of protein and reservoir solution. For complex crystallization, TAF3
(2 mM) was first incubated with histone peptide (SciLight Biotechnology)
at molar ratio of 1:1.5 for about 2 h. Crystals of TAF3-H3(;_;5K4ac and
TAF3-H3(;_15)K4me3 complex were obtained under 0.03 M magnesium
chloride, 0.03 M calcium chloride, 0.1 M Mes, 0.1 M imidazole, pH 6.5, 15% PEG
MME 550, and 15% PEG 20K. Crystals were briefly soaked in a cryoprotectant
composed of reservoir solution supplemented with 20% glycerol, and were flash
frozen in liquid nitrogen for data collection at 100 K. Complex datasets were
collected at beamline BL17U at the Shanghai Synchrotron Radiation Facility.
All data were indexed, integrated, and merged using the HKL2000 software
package (34). The complex structures were solved by molecular replacement
using MOLREP (35). All structures were refined using PHENIX (36), with it-
erative manual model building using COOT (37). Model geometry was ana-
lyzed with PROCHECK (38). Detailed structural refinement statistics are
shown in S/ Appendix, Table S7. All structural figures were created using
PyMOL (www.pymol.org/).
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