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DNA-protein crosslinks (DPCs) are highly toxic DNA lesions induced by crosslinking agents such as
formaldehyde (HCHO). Building artificial models to simulate the crosslinking process would advance our
understanding of the underlying mechanisms and therefore develop coping strategies accordingly.
Herein we report the design and synthesis of a Zn-based metal-organic framework with mixed ligands
of 2,6-diaminopurine and amine-functionalized dicarboxylate, representing DNA and protein residues,
respectively. Combined characterization techniques allow us to demonstrate the unusual efficiency of
HCHO-crosslinking within the confined space of the titled MOF. Particularly, in situ single-crystal X-ray
diffraction studies reveal a sequential methylene-knitting process upon HCHO addition, along with
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1. Introduction

DNA-protein interactions play significant roles in cellular
functions such as transcriptional regulation, gene expression,
cell division, and chromosomal organization." However, cova-
lently linking proteins to DNA through crosslinking agents
results in a specific type of DNA lesions known as DNA-protein
crosslinks (DPCs). DPCs represent physical obstacles to the
progression of DNA replication,” which will ultimately threaten
genomic integrity and cell viability.> Thus, to gain a better
understanding of DPCs is of great importance to advance our
knowledge of their formation in biological systems and propose
repair mechanisms accordingly. Yet no sophisticated models
dedicated to mimicking DPCs have been reported to date.
Numerous studies have demonstrated DPCs with formalde-
hyde (HCHO) as a crosslinker in vivo.*® The strikingly high
crosslinking potency of HCHO made it a frequently used reagent
for chemically binding DNA with proteins to study the impact of
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DPCs on DNA replication.®* HCHO-induced DPCs are reversible
processes, which involve the formation of aminoacetal, a methy-
lene knot bridging a wide range of DNA and proteins.”® The
strikingly high potency of HCHO to crosslinking proteins to DNA
has been exploited in various biochemical applications such as
ChIP-Seq, which combines chromatin immunoprecipitation
(ChIP) with DNA sequencing to identify the binding sites of DNA-
associated proteins.’ Although many important biological
insights have been revealed by ChIP-seq analysis, it suffers from
tedious sample pre-treatments and notable inconsistencies
between in vitro and in vivo; i.e., HCHO crosslinking is much less
efficient in vitro than in vivo."**

All living organisms are compartmentalized into cells. A
confined environment allows proteins to assemble and fold
properly into active conformations. Researchers are increas-
ingly realizing the impact of confinement on chemical reac-
tivity. The past few decades have seen a surge of interest in the
design of supramolecular assemblies for molecular recognition
and mimicry of biological functions. Molecules in confined
spaces could fundamentally change their chemical and physical
properties. Confinement effects were observed not only in
stabilizing reactive species, but also in accelerating chemical
reactions and enhancing selectivity. For example, Fujita and co-
workers explored supramolecular cages as reaction flasks to
stack aromatic compounds and induce new intermolecular
interactions and chemical phenomena.?***

Metal-organic Frameworks (MOFs)*** are porous crystalline
polymers formed by the assembly of metal clusters and organic
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linkers. Their nano-sized cavities inside can be viewed as
uniformly arranged molecular flasks, which may exert
a confinement effect on the guest molecules the same way as
discrete molecular flasks, yet heterogeneously and collectively.
Further, functional groups can be installed on the interior of the
MOFs to simulate the interaction of enzymes and substrates in
biological systems. For instance, Yaghi and his colleagues
designed a multivariate MOF (MTV-IRMOF-74-1II) with enzyme-
like complexity and environment for multi-step oligopeptide
synthesis.** Similarly, the biologically relevant imidazole moie-
ties and reactive copper-oxygen complexes were sequentially
grafted within the framework of MOF-808 to mimic the partic-
ulate methane monooxygenase, realizing high selectivity of
methane oxidation to methanol.**

In this work, we report the design and synthesis of an amine-
functionalized Zn-MOF (JNU-101) and its potential capacity as
a crystalline model for mimicking HCHO-induced DPCs in vivo
(Scheme 1). A mixed-ligand strategy was adopted to construct the
framework, in which the two organic linkers, 2,6-diaminopurine
(DAP) and 2,2'-diaminobiphenyl-4,4’-dicarboxylate (BPDC-2NH,),
were judiciously selected to represent DNA and protein residues,
respectively. Combined characterization techniques were applied
to explore the HCHO-crosslinking efficiency within the confined
space of JNU-101. Particularly, in situ single-crystal X-ray diffrac-
tion (SCXRD) studies reveal a sequential methylene-knitting
process upon HCHO addition. The thus-amplified fluorescence
was barely disturbed in the presence of other metabolites,
Glycine (Gly), and tris(hydroxymethyl)aminomethane (Tris), the
latter two are commonly used for quenching the HCHO-
crosslinking activity. Isothermal titration calorimetry (ITC)
studies confirm the sequential methylene knitting inside JNU-
101 is a very favorable thermodynamic process, further attesting
to the confinement effect on HCHO crosslinking inside JNU-101.

2. Results and discussion
2.1 Synthesis and structure

Solvothermal reaction of H,BPDC-2NH,, DAP, and Zn(NOj3),-
-6H,0 in a solution of DMF/H,O/HNO; at 135 °C for 72 h leads
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Scheme 1 (a) Illustration of confinement effect on HCHO-induced
DPCs in protein-DNA interaction domain. (b) Schematic representa-
tion of HCHO crosslinking in the confined space of INU-101: (i) Self-
assembly of JNU-101 framework; (i) HCHO crosslinking of amino
groups.
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to the formation of yellow crystals of JNU-101 (Fig. 1). SCXRD
reveals that JNU-101 crystallizes in a monoclinic crystal system
with P2/c space group (Table S17).*® Topological analysis unveils
that JNU-101 features a 4,6-c network with the point symbol of
{4°.6%.8},{4°.6°.8%}, and transitivity of [2473] (Fig. S17). The JNU-
101 framework can be viewed as a pillar-layered structure with
BPDC-2NH, ligands as the pillars (Fig. 1a and b). There are three
crystallographically independent Zn(u) atoms in the asymmetric
unit, all of which adopt tetrahedral coordination geometry
(Fig. S2at).

Among them, Zn1 and Zn2 form a dinuclear secondary
building unit (SBU), Zn,O(DAP),, with two chelating DAP at N3
and N9 as well as a bridging p1,-0>", while the two axial positions
are occupied by monodentated carboxylates of BPDC-2NH,
(Fig. S2b¥). Zn3 is coordinated with two DAP at N7, a mono-
dentated carboxylate of BPDC-2NH,, and a 1,-O”", resulting in
a mononuclear SBU, ZnO(DAP),(n"-CO0) (Fig. S2¢t). The two
SBUs are spaced by a DAP ligand, forming a grid-like
substructure (Fig. S2df), and these substructures are linked
together through the 11,-0>" on the mononuclear SBUs into
a one-dimensional (1D) chain-like structure along the ¢ axis
(Fig. S2et). Adjacent 1D chains are further crosslinked through
BPDC-2NH, into a two-dimensional (2D) double-layered struc-
ture with intralayer cavities (Fig. 1c and S2ff). A closer look at
the double-layered structure reveals that DAP and BPDC-2NH,
are located at the edge of the cavities in the proximity (high-
lighted in ball-and-stick models in Fig. 1c). Interestingly, the
amino groups on DAP are orientated towards the cavities, while
the amino groups on BPDC-2NH, are orientated away from the
cavities, held by hydrogen bonding with adjacent BPDC-2NH,
(O---H, 2.184 A) and DAP (N---H, 2.548 A) (Fig. 1c).

2.2 Sequential methylene knitting

Inspired by the proximity of DAP and BPDC-2NH, inside JNU-
101 as well as the efficiency of HCHO-induced DPCs in vivo, the

Fig. 1 (a) Crystal structure of JNU-101 viewed along the b axis. (b)
Crystal structure of JINU-101 viewed along the c axis. (c) Local struc-
ture of the double layer. Yellow ball represents the intralayer cavities
(~3.5 A in diameter); DAP and BPDC-2NH, in the top layer are high-
lighted in ball-and-stick models; green dash lines represent hydrogen
bonding. Color codes: Zn, Cyan; C, grey; N, blue; O, red; H, pale pink.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The local crystal structure evolution of JINU-101 upon treat-
ment with HCHO of different concentrations, illustrating the
sequential formation of three methylene knots (highlighted in orange).
The pink rotation arrow in 1%HCHO@JNU-101 indicates the flipping of
BPDC-2NH,. Color codes: Zn, Cyan; C, grey; N, blue; O, red; H, pale
pink.

freshly prepared single crystals of JNU-101 were immersed in
1% HCHO solution for 1 day, and the SCXRD data were
collected for the HCHO-loaded crystals (termed 1%
HCHO®@]JNU-101) at 100 K. Although gas adsorption measure-
ments were not successful (Fig. S47), indicating JNU-101 losing
its crystalline upon solvent removal, single crystal to single
crystal transformation in HCHO solution is self-evidence of its
hydrolytic stability. Further, HCHO is not freely adsorbed in the
channels of JNU-101 via physisorption, but chemically linked to
the amino groups on DAP and BPDC-2NH, by forming a meth-
ylene knot (Fig. S5t), which bears many similarities to the
HCHO-induced DPCs in vivo.*” In our case, the seemingly
simple methylene knitting involves a conformational change of
BPDC-2NH,. Specifically, the amino group on BPDC-2NH,,
originally orientated away due to hydrogen bonding (Fig. 1c),
has to flip around to the same side of the amino group on DAP
to form the methylene knot. Some resemblance can be seen in
the structural and molecular mechanism of the HCHO-
responsive transcription factor HXIR,*® in which the conforma-
tional change and resulting intrahelical methylene knot
formation between the side-chains of Cysll and Lys13 on
HxIR's helix a1 (Cys-CH,-Lys) may allosterically regulate its
DNA-binding domain.*

Surprisingly, three methylene knots were observed in the
crystal structure of 37%HCHO®@JNU-101 (JNU-101 soaked in
37% HCHO solution for 1 day), prompting interest in their
formation sequence. Therefore, single-crystal to single-crystal
(SC-SC) transformation studies of JNU-101 in 5%, 10%, and
15% HCHO solutions were also performed, and their SCXRD
data were collected at 100 K (termed 5%HCHO®@JNU-101, 10%
HCHO@]JNU-101, 15%HCHO@]JNU-101, respectively). As
shown in Fig. 2, the first methylene knitting occurs between the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amino group on DAP and the amino group on the intralayered
BPDC-2NH, in 1% HCHO as described above; the second
tandem methylene knitting further bridges the two amino
groups on the intralayered BPDC-2NH, upon increasing the
HCHO concentration to 5%; the third methylene knitting takes
place between the two amino groups on the interlayered BPDC-
2NH, upon increasing the HCHO concentration to 37%. It
appears that the 2-amino group on DAP is rather reactive and it
can trigger the “N-terminal flipping” of BPDC-2NH,, and form
the first methylene knot even in 1% HCHO solution. The amino
groups on the intralayered BPDC-2NH, were observed more
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Fig. 3 (a), (c), (e), and (g) ITC thermograms from the titration of INU-

101 suspension (0.50 mM, 1.8 mL) with HCHO solution (300 uL, 11 uL
each injection) of different concentrations (10 mM, 20 mM, 50 mM,
and 80 mM). The molarity ratios of HCHO titrant to JNU-101
suspension are 20 : 1, 40 : 1, 100 : 1, and 160 : 1, respectively. (b), (d),
(f), and (h) Corresponding heat data demonstrating exothermic
processes. The insets depict the magnitude of the calculated ther-
modynamic parameters. Error bars represent the systematic error of
statistics. (i) Enthalpy change (AH) and (j) Gibbs free energy change
(AG) as a function of the molarity ratio of HCHO titrant to JNU-101
suspension.
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prone to methylene knitting compared to the amino groups on
the interlayered ones. We suspect that one of the amino groups
on the intralayered BPDC-2NH, was involved in the first meth-
ylene knitting, and its conformation constraint might facilitate
the formation of the second knot in 5% HCHO solution. Yet
neither of the amino groups on the interlayered BPDC-2NH,
was constrained and therefore did not form the third knot until
they were soaked in 37% HCHO solution.

2.3 Thermodynamic studies

The binding constant (k,), enthalpy change (AH), entropy
change (AS), and Gibbs free energy change (AG) of a chemical
process can be directly quantified by Isothermal Titration
Calorimetry (ITC),’*> and this technique has already been
frequently used to study the binding energy of substrate at the
active site in homogeneous biological systems.**** Only recently
has it been applied to measure host-guest interactions in
heterogeneous systems, e.g. porous materials.**** To further
explore the high efficiency of HCHO crosslinking in the
confined space of JNU-101, we conducted ITC studies to char-
acterize the liquid-phase thermodynamics of HCHO in JNU-101
(Fig. 3). As shown in Fig. 3a and b, a JNU-101 suspension
(0.50 mM, 1.8 mL) was titrated with an HCHO solution (10 mM,
300 pL), and the corresponding thermogram (termed 20 : 1,

View Article Online
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molarity ratio of HCHO titrant to JNU-101 suspension) was
obtained. The HCHO binding to JNU-101 is thermodynamically
favored as evidenced by the calculated Gibbs free energy change
(AG = —3.6782 + 0.6455 kcal mol ') and enthalpy change (AH),
indicating the methylene knot formation is energetically
favored with significant heat evolution.

The titration of JNU-101 suspension (0.50 mM, 1.8 mL) was
then carried out with an increased HCHO concentration
(20 mM, 300 pL), and the obtained thermogram (termed 40 : 1)
exhibits a more negative AG (—4.6870 + 0.1293 kcal mol )
(Fig. 3c and d). A further increase of HCHO concentration
(termed 100 : 1 and 160 : 1) results in even more negative AG
(-5.9216 4+ 0.1128 kcal mol™' and —6.6875 =+
0.0535 kcal mol™') (Fig. 3e-h). The negative correlations
between AH and HCHO concentration as well as AG and HCHO
concentration (Fig. 3i and j) confirm the HCHO crosslinking
inside JNU-101 is a thermodynamically very favorable process.

To prove the confinement effect on HCHO crosslinking inside
JNU-101, control experiments were carried out and ITC thermo-
grams were obtained from the titration of a suspension of
Zn(NO;),-6H,0, DAP, and H,BPDC-2NH, with HCHO titrants of
different concentrations. As shown in Fig. S19,7 the AG and AH
values are rather small compared to the titration of JNU-101
suspension, indicating the HCHO crosslinking of free DAP and
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Fig. 4 (a) Fluorescence emission spectra for INU-101 suspension (0.20 mg mL™) upon addition of 0.36 M HCHO and/or 0.25 M Gly; and (b)
comparison of their corresponding emission intensity ratio I//y (lo = emission intensity upon addition of 0.36 M HCHO); (c) fluorescence emission
spectra for INU-101 suspension (0.20 mg mL~%) upon addition of 0.10 M HCHO and Tris of different concentrations; and (d) comparison of their
corresponding emission intensity ratio I/l (lg = emission intensity upon addition of 0.10 M HCHO). ¢, = 365 nm.
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BPDC-2NH, is substantially less favored. To further quantify if
there is any crosslinking, high-resolution electrospray ionization
time-of-flight mass spectrometry (HR ESI-TOF MS) was per-
formed. As can be seen in Fig. S20,f DAP and H,BPDC-2NH,
molecular ions can be identified, yet no signals of any cross-
linking products can be found. This is in stark contrast to the
high efficiency of HCHO crosslinking inside JNU-101. On the
other hand, "C solid-state nuclear magnetic resonance spec-
troscopy (**C SSNMR) studies corroborate the methylene knot
formation in 1%HCHO@]JNU-101, 5%HCHO@]JNU-101, and 37%
HCHO@]JNU-101, as evidenced by the appearance of carbon
signals of aminoacetals in the region of 50-80 ppm (Fig. S217).

2.4 Exclusive HCHO recognition

Significant fluorescence enhancement has been observed for
the JNU-101 suspension upon HCHO addition, which could
partially be attributed to the ligand-to-ligand charge transfer
(LLCT) through bridging methylene knots.”* Human metabo-
lism may produce a variety of biologically relevant species,
including formaldehyde, formic acid, acetone, ethanol, lactic
acid, urea, amino acids, and so on.”*”®” Enlightened by the
efficiency of HCHO crosslinking in JNU-101, we decided to look
into if these metabolic products would interfere with the
HCHO-crosslinking-induced fluorescence. Fig. S231 depicts the
emission signals of JNU-101 suspension upon addition of
different metabolites. Remarkably, the emission intensity of
JNU-101 was increased by 19 times upon addition of HCHO,
while it was barely changed in the presence of other metabo-
lites. In addition, amino acids hardly affect the fluorescence
response of JNU-101 toward HCHO (Fig. S247), and such fluo-
rescence response was observed at the extremely low concen-
tration of HCHO, further proving the high efficiency of HCHO
crosslinking in JNU-101 (Fig. S257). These results demonstrate
an exclusive recognition of HCHO without the interference of
other metabolites, suggesting the potential of JNU-101 for
accurately quantifying the HCHO level in vivo.

Gly and Tris are two commonly used agents for quenching
HCHO crosslinking in ChIP analysis.”®*” Hence, we decided to
investigate whether the HCHO crosslinking in JNU-101 can be
quenched by Gly and Tris. As shown in Fig. 4a and b, the
addition of Gly, whether before or after HCHO addition, barely
affects the emission intensity, indicating no quenching effect of
Gly on HCHO crosslinking in JNU-101. Tris is supposed to be
more effective in quenching the HCHO crosslinking activity,*®
yet the emission intensity was hardly disturbed upon addition
of Tris of different concentrations (Fig. 4c and d), implying also
no quenching effect of Tris on HCHO crosslinking in JNU-101.
These results further demonstrate the confinement effect of
JNU-101, in which the amino groups on the ligands were
restricted in close vicinity, facilitating an efficient aminoacetal
formation without having to pay entropy penalty, as would for
free amino groups.

2.5 Potential clinical applications

Physiological HCHO levels were reported to be around 0.1 mM
in human blood.**”* Clinical data show elevated HCHO

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentrations for patients suffering from cancers or Alz-
heimer's disease.”””>”® For example, the HCHO concentrations
were found 0.756 + 0.12 mM in breast cancer tissues and 0.726
+ 0.06 mM in the lung cancer tissues, much higher than that in
the normal tissues adjacent to the cancer sites (0.196 £ 0.06
mM).”* The excess production of HCHO by tumor tissues
renders it a biomarker of certain cancerization, osseous
metastasis, and neurodegenerative diseases. Inspired by the
ultralow detection limit of JNU-101 for HCHO in aqueous
solutions, we further investigated whether it could produce an
effective fluorescence response in vitro within the above-
mentioned HCHO concentrations. Fluorescence optical
imaging of JNU-101 shows no obvious fluorescence response
after being exposed to a cell culture (DMEM + 2% FBS) con-
taining less than 0.20 mM of HCHO (Fig. S287), yet a distinctive
greenish fluorescence response when HCHO concentration was
increased to 0.40 mM (Fig. 5¢), suggesting the prospect of being

(a)_‘- s Iy

Fig.5 Fluorescence opticalimages of (a) INU-101in bright field (3.125
ms exposure time), (b) INU-101 in dark field under UV irradiation (3.125
ms exposure time), and (c) INU-101 in dark field under UV irradiation
after being incubated in culture medium (DMEM + 2% FBS) containing
0.40 mM of HCHO for 10 min (1.125 ms exposure time).
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developed into an auxiliary diagnostic tool. Powder X-ray
diffraction (PXRD) measurements were also carried out to
confirm the framework integrity of JNU-101 in above cell culture
media (Fig. S297). Clinical data also show elevated HCHO
concentrations in the exhaled air of lung cancer patients.””® We
thus explored its potential of sensing HCHO vapor in a closed
environment. As depicted in Fig. S30,T JNU-101 exhibits a quick
fluorescence response to an HCHO vapor of ca. 3.8 ppm (the
saturated HCHO vapor concentration over 1% HCHO aqueous
solution), suggesting the prospect of being integrated into
health care systems for monitoring HCHO in exhalation.

3. Conclusions

In summary, we report a zinc-based biological metal-organic
framework (JNU-101) constructed with mixed ligands of 2,6-
diaminopurine and 2,2’-diaminobiphenyl-4,4'-dicarboxylate.
The integration of structural characteristics of DNA and protein
residues renders JNU-101 a crystalline model for HCHO-
induced DNA-protein crosslinks. In situ single-crystal X-ray
diffraction reveals a sequential methylene-knitting process
upon HCHO addition. Isothermal titration calorimetry assays
unveil large negative Gibbs free energy change for the
methylene-knitting process. Fluorescence studies in aqueous
solutions demonstrate an exclusive HCHO recognition of JNU-
101 that was not interfered with by other metabolites, Gly, and
Tris, the latter two are commonly used reagents for quenching
the HCHO-crosslinking activity in ChIP analysis. Overall, we
have successfully constructed an amine-functionalized metal-
organic framework that could potentially serve as a crystalline
model for HCHO-induced DNA-protein crosslinks by
mimicking the confinement effect of protein/DNA interactions.
The crystalline nature of MOF materials may be utilized to
acquire structural evolution information in the process of
crosslinking by X-ray diffraction technology. The detailed
structural elucidation of HCHO crosslinking in JNU-101 is of
great significance for the in-depth understanding of the HCHO-
induced DNA-protein cross-links in biological systems, which
may be conducive to the study of DNA damages derived from
DPCs and possible repair mechanisms.
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