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minomethyltrioxsalen-based
nucleic acid crosslinker for biotinylation of double-
stranded DNA or RNA†
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and Hening Lin *ac

Nucleic acid crosslinkers that covalently join complementary strands of DNA/RNA have applications in both

pharmaceuticals and as biochemical probes. Psoralen is a popular crosslinking moiety that reacts with

double stranded DNA and RNA upon exposure to longwave UV light. The commercially available

compound EZ-link psoralen-PEG3-biotin has been used in numerous studies to crosslink DNA and

double-stranded RNA for genome-wide investigations. Here we present a new probe, AP3B, which uses

the psoralen derivative, 40-aminomethyltrioxsalen, to crosslink and biotinylate nucleic acids. We show

that AP3B is 4 to 5 times more effective at labeling DNA in cells and produces a comparable number of

crosslinks with over 100 times less compound and less exposure to UV light in vitro than EZ-link

psoralen-PEG3-biotin.
Introduction

Nucleic acid crosslinkers are important in nucleic acid research
and come in many varieties.1,2 These range from simple mole-
cules such as formaldehyde to inorganic complexes3 and have
been combined with moieties that can preferentially bind to
a target DNA sequence.4 Crosslinkers can covalently bond to
nucleotides by reacting with nucleophilic regions of the bases or
the double bonds of the bases. In the latter case, activation of
the compound by exposure to light is frequently required to
induce pericyclic reactions.5,6

Photoactivable DNA and RNA crosslinkers are particularly
useful for genomic studies as they allow for spatial and
temporal control of the crosslinking reactions with light.7

Psoralen is one such photoactivatable moiety and has natural
affinity for DNA due to the compound's planar multicyclic
structure which allows it to intercalate nucleotide base pairs.
Upon exposure to UV light, psoralen undergoes 2 + 2 cycload-
dition to the 5,6 double bond of pyrimidines; however, it reacts
best with thymine bases of complementary 50-TA-30 dinucleotide
stretches.8 This forms mono and bifunctional adducts,9 with
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bifunctional adducts making interstrand crosslinks with the
two complementary strands (Fig. 1).

EZ-Link Psoralen-PEG3-Biotin (PP3B, Fig. 2A) is a commer-
cially available probe that utilizes psoralen to biotinylate
nucleic acids. Such crosslinkers enable biotinylation of double-
stranded DNA (dsDNA) and dsRNA for experiments including
sequencing of psoralen crosslinked, ligated and selected
hybrids (SPLASH), studying RNA interactions, and Chem-seq to
study the accessibility of DNA.10–13 Despite the prevalent use of
PP3B for these applications, we noticed that other psoralen
derivatives such 40-aminomethyltrioxsalen (AMT) are more
effective nucleic acid crosslinkers than the derivative used in
PP3B.14 In this paper, we present the synthesis of a new psoralen
derivative-biotin compound, AMT-PEG3-biotin (AP3B, Fig. 2B),
and show that it is more efficient at both labeling and cross-
linking DNA than the commercially available PP3B.
Results and discussion
Design and synthesis of AP3B

AMT was used as the reactive group in our probe as it has
several advantages over other psoralen derivatives. Firstly, AMT
has increased affinity for DNA due in part to an amino group
which becomes protonated at physiological pH and interacts
with the negatively charged phosphate backbone of DNA and
RNA.15 The amino group also improves water solubility which
we further enhanced in our new compound by including a PEG3
chain. Finally, AMT has a broader range of UV absorbance near
360 nm which allows the compound to absorb more photons
near this wavelength compared to other psoralens. This results
in increased probability that cycloaddition reactions will occur
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Psoralen undergoes 2 + 2 cycloaddition reactions to form mono and bifunctional adducts with DNA.

Fig. 2 Structure of PP3B (A) and structure and synthesis of AP3B (B).
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with AMT.16 To complete the probe, biotin is used as the affinity
tag since biotin streptavidin interaction is a great affinity
reagent, with 10�14 M affinity and tolerance to harsh conditions
such as high temperature (up to 65 �C) and denaturing condi-
tions (up to 0.5% SDS). The resulting compound is AMT-PEG3-
Biotin (AP3B, Fig. 2B).

AP3B was synthesized from commercially available starting
materials (Fig. 2B). Briey, 40-chloromethyl-4,50,8-trimethyl-
psoralen was reacted with 1,3,5-trioxane in concentrated HCl to
functionalize the ve-member ring with a chloromethyl group.
The alkyl chloride was then substituted with propargyl amine to
attach a terminal alkyne which was then reacted with biotin-
PEG3-azide via click chemistry to produce AP3B.
Fig. 3 Detecting DNA interstrand crosslinks with a denaturing agarose
gel. Interstrand crosslinks result in shifting from low mass ssDNA to
higher mass dsDNA bands. Both compounds show dependence on
exposure to UV light. AP3B shows significant signal depletion of ssDNA
bands at concentrations where PP3B has no apparent activity.
AP3B has increased crosslinking efficiency in vitro

We examined and compared the efficiency of AP3B to form
interstrand crosslinks in puried DNA with that of the
commercially available PP3B. For this purpose, we used
a denaturing agarose gel mobility shi assay. The high pH of
the gel prevents base pairing by disrupting hydrogen bonding,
there by producing single stranded DNA (ssDNA).17 Interstrand
crosslinks formed with AP3B or PP3B prevent strands from
separating, producing up shied, higher molecular weight
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 39870–39874 | 39871
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Fig. 4 Reaction rate comparison of PP3B and AP3B. (A) The concentrations of PP3B and AP3B in the treated samples were fixed at 2.5 mM and
20 mM, respectively. UV exposure time was between 1 and 30 min. (B) Quantification of reaction progress. The fluorescent intensities of the
ssDNA and dsDNA bands were calculated to determine the percent of crosslinked DNA for each time point. 100% dsDNA indicates a complete
reaction.
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dsDNA bands. We compared the in vitro efficiency of AP3B and
PP3B and conrmed that the reaction of either with DNA was
UV light dependent as expected. The results showed that
800 nM of AP3B and 100 mM of PP3B were the two most
comparable samples, producing similar amounts dsDNA
(Fig. 3). Treatment with 4 mM of AP3B and 500 mM of PP3B also
produced similar shis. Thus, AP3B is about 100 times better
than PP3B in vitro at producing DNA interstrand crosslinks.
Additionally, PP3B did not crosslink all the available DNA even
at the highest tested concentration while AP3B shied all DNA
to the double strand band at a much lower concentration
(Fig. 3).

The relative rates of interstrand crosslink formation for the
two compounds were also compared using the mobility shi
assay (Fig. 4A). In this case, the UV exposure time was varied
while the concentrations of PP3B and AP3B were xed at the
highest concentration previously tested (2.5 mM and 20 mM,
respectively). These concentrations produced the maximal
amount of dsDNA, which served as a reference point for the end
of the reaction. As expected, AP3B required less time to reach
completion (5–10 min) compared to PP3B (20–30 min) (Fig. 4B).
39872 | RSC Adv., 2020, 10, 39870–39874
AP3B shows higher labeling efficiency in cells than PP3B

We next determined how the DNA labeling efficiency (measuring
bothmono-adducts and interstrand crosslinks) of AP3B compares
to PP3B in cells. An immunouorescence assay was developed to
compare the two compounds. Hela cells were permeabilized with
0.1% saponin and treated with PP3B, AP3B, or DMSO and
exposed to UV light. Unreacted compound was washed away, and
the bound probes were recognized by a streptavidin–rhodamine
conjugate which was in turn detected by orescence microscopy.
Colocalization of DAPI and rhodamine signals in the cell nuclei
suggested that the probes primarily labeled genomic DNA. Some
cytoplasmic staining was also observed, suggesting the probes
also reacted with dsRNA. Visual examination of the merged DAPI
and rhodamine channels (Fig. 5A) showed increased biotinylation
in the AP3B treated cells compared to the same concentration of
PP3B. This observation was conrmed by quantication of the
signal intensity of rhodamine in the nuclei (Fig. 5B). In all cases,
probe-treated cells had higher rhodamine signal intensities than
the vehicle treated cells, or non-UV exposed cells treated with the
same concentration of compound. By comparing the signal
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Evaluation of the relative labeling efficiency of PP3B and AP3B
in cells. (A) In cell fluorescence detection of biotinylation in Hela cells
incubated with the indicated concentration of PP3B, AP3B or vehicle
(10 mL DMSO). (B) Quantification of the nuclear rhodamine signal
intensity with bars normalized the vehicle + UV intensity.
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intensities with the same concentrations of PP3B and AP3B or by
comparing the concentrations of PP3B and AP3B that produced
similar signal intensities, we concluded that the in-cell labeling
efficiency of AP3B is 4 to 5 times that of PP3B.

The in-cell results indicate that the labeling efficiency increase
for AP3B is lower than that seen in the gel shi assay. This due at
least in part to the fact that the two assays detect different adducts.
While the in-cell experiment reports both mono and bifunctional
adducts, the in vitro assay detects bifunctional adducts. The
discrepancy in the results suggest that AP3B is moderately better
than PP3B reacting with nucleic acids in general, however, when
focusing on bifunctional adducts, the reaction efficiencies skew
heavily in favor of AP3B. This is likely due in part to the increased
This journal is © The Royal Society of Chemistry 2020
reaction rate of AP3B with DNA as demonstrated in Fig. 4B. Since
both ends of the crosslinking moiety must react to form inter-
strand crosslinks, the effect of the increased reaction rate is more
obvious when only bifunctional adducts are examined. Other
factors such as the accessibility of DNA to the crosslinkers in these
assays may also account for some of the difference in labeling
efficiency reported by the two assays. In cells, DNA is always in
complex with proteins, such as histones. It is possible that the
proteins associated with DNA interfere with the reaction of AP3B
more than with the reaction of PP3B (AP3B has a positive charge
that promotes its binding to negatively charged DNA, but in the
presence of positively charged histone proteins, this feature may
be signicantly weakened), and thus decrease the labeling effi-
ciency of AP3B more. With the in vitro assay however, naked DNA
is used, and no proteins are present to hinder the reaction.

In summary, we have synthesized a more efficient nucleic
acid crosslinking probe containing a photoactivable AMT
moiety. Our experiments have shown that AP3B is more reactive
with DNA than the currently available product PP3B in terms of
both the amount of compound and UV exposure time required
to produce similar result. Fluorescent detection of the
compounds in cells shows a 5-fold increase in biotinylation for
our compound compared to PP3B. The fold-increase is even
higher (over 100 times) in vitro with naked DNA. These results
suggest that AP3B is a highly efficient tool for dsDNA/RNA
biotinylation and could potentially be used to improve the
efficiency of SPLASH,10 Chem-seq,7 and other experiments.
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