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Abstract 

Apurinic / ap yrimidinic ( AP ) sites, 5-f orm yluracil ( fU ) and 5-f orm ylcytosine ( fC ) are abundant DNA modifications that share aldeh y de-t ype reactivit y. 
Here, we demonstrate that polyamines featuring at least one secondary 1,2-diamine fragment in combination with aromatic units form covalent 
DNA adducts upon reaction with AP sites ( with concomitant clea v age of the AP strand ) , fU and, to a lesser extent, fC residues. Using small- 
molecule mimics of AP site and fU, w e sho w that reaction of secondary 1,2-diamines with AP sites leads to the formation of unprecedented 
3 ′ -tetrah y drofuro[2,3,4- ef ]-1,4-diaz epane ( ‘ribodiaz epane’ ) scaff old, whereas the reaction with fU produces cationic 2,3-dih y dro-1,4-diaz epinium 

adducts via uracil ring opening. The reactivity of poly amines to w ards AP sites versus fU and fC can be tuned by modulating their chemical 
str uct ure and pH of the reaction medium, enabling up to 20-fold chemoselectivity for AP sites with respect to fU and fC. This reaction is efficient 
in near-ph y siological conditions at low-micromolar concentration of polyamines and tolerant to the presence of a large e x cess of unmodified 
DNA. R emarkably, 3 ′ -ribodiaz epane adducts are chemically st able and resist ant to the action of apurinic / apyrimidinic endonuclease 1 ( APE1 ) and 
tyrosyl-DNA phosphoesterase 1 ( TDP1 ) , two DNA repair enzymes known to cleanse a variety of 3 ′ end-blocking DNA lesions. 
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Introduction 

Abasic ( apurinic / apyrimidinic, hereafter AP ) sites represent
one of the most abundant DNA lesions that are formed upon
spontaneous depurination of DNA ( 1 ) , enzymatic removal
of damaged ( deaminated, oxidized, or alkylated ) nucleobases
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n an equilibrium between the ring-closed hemiacetal and the
ing-open aldehyde forms ( Figure 1 A ) ( 8 ) . Although the alde-
yde form represents only about 1% at physiological condi-
ions, its high reactivity leads to multiple reaction pathways
esulting in formation of various products, including inter alia
nterstrand DNA crosslinks ( ICLs ) via reactions with adjacent
ucleobases ( 9–14 ) , DNA–protein crosslinks ( DPCs ) via reac-
ions with lysine and cysteine residues of proteins ( 15–21 ) , in
articular histones ( 22–24 ) , as well as DNA strand breaks via
-elimination of the 3 

′ -phosphate group and formation of the
rans - α, β-unsaturated aldehyde remnant on the 3 

′ DNA ter-
inus ( 3 

′ -PUA, Figure 1 A ) ( 25 ) . Notably, 3 

′ -PUA is even more
eactive than the uncleaved AP site, giving rise to the forma-
ion of chemically distinct DNA ICLs ( 26 ,27 ) , DPCs ( 28–33 ) ,
s well as 3 

′ -glutathionylation of DNA in cellular conditions
 34 ) . 

Considering the importance of AP sites as key interme-
iates in DNA repair, several methods have been developed
o chemically label these residues, in order to quantify their
bundance in genomic DNA by bulk methods such as fluo-
imetry ( 35–39 ) , chemiluminescence ( 40 ) , ELISA-like assays
 41–45 ) or mass spectrometry ( 46 ,47 ) , or to visualize them
n cells by fluorescence microscopy ( 48 ) . Recently, two dis-
inct strategies, AP-seq ( 49 ) and snAP-seq ( 50 ) , both based on
hemical labelling of AP sites were employed to isolate the AP
ite-containing DNA fragments by affinity precipitation and
o map them to the genome via DNA sequencing, allowing to
tudy the genomic distribution of AP sites. Notably, in most
ases, chemical labelling of AP sites relies on the formation
f oxime-type adducts through the reaction with oxyamine
erivatives endowed with a fluorophore, a bioorthogonal
 ‘clickable’ ) handle, or an affinity tag ( biotin ) . However, this
eaction has limited chemoselectivity, as oxyamines may also
eact with two other aldehyde-containing DNA modifications,
amely 5-formyluracil ( fU ) and 5-formylcytosine ( fC, Figure
 B ) ( 51 ) . Selective labelling of AP sites therefore requires a
igorous maintenance of strict reaction conditions or, in the
ase of snAP-seq, a sophisticated multi-step protocol to re-
ove the products of reaction of the probe with fU residues

 50 ) . Recently, Li et al. proposed a novel strategy for chemical
abelling of aldehyde residues in DNA based on the forma-
ion of fluorescent 1,2-dihydroquinazoline-3-oxides upon re-
ction with 2-aminobenzamidoxime ( ABAO ) probe ( ‘ABAO
igation’ ) ; however, this reaction also occurs with fU and
C residues, showing poor selectivity for AP sites ( 52 ) . On
he other hand, chemoselective labelling of fU and fC has
een successfully achieved, enabling the determination of their
bundance and genomic distribution ( 53–56 ) . Thus, there is a
eed to develop efficient, operationally simple and highly se-
ective strategies for chemical labelling of AP sites. 

Along these lines, we recently investigated the interaction
f AP site-containing DNA duplexes with a series of polyaza-
aphthalenophanes. These compounds bind non-covalently
o AP sites with high affinity and selectivity, interfere with
heir enzymatic repair, and promote the cleavage of AP sites
y β- and / or β, δ-elimination mechanisms with various ef-
ciency, depending on their precise chemical structure ( 57–
9 ) . In the course of our investigations, we fortuitously ob-
erved that one of naphthalenophanes, BisNP-NH, not only
romoted the cleavage of AP sites, but led to the formation of
n unexpected covalent adduct with the cleaved AP site in the
bsence of reducing agents ( AP-X, Figure 1 C ) , with a yield
f up to 60% ( 59 ) . Intrigued by this unusual reactivity, we
sought a more detailed investigation of this phenomenon and
its suitability for selective labelling of AP sites. In the present
study, we identified structural determinants for the reaction
of polyamines with AP sites, fU and fC, elucidated chemical
structures of the corresponding adducts, investigated the influ-
ence of reaction conditions on the formation of adducts, and
assessed their chemical and enzymatic stability. We show that
polyamines containing a secondary 1,2-diamine fragment in
combination with aromatic moieties can efficiently react with
AP sites and fU residues leading to chemically distinct and, in
the case of reaction with AP sites, chemically and enzymati-
cally stable adducts. Importantly, the AP-vs.-fU selectivity of
polyamines can be finely tuned by modifying chemical struc-
ture of the polyamine reagents and reaction conditions, al-
lowing preferential reactivity with AP sites with a satisfactory
chemoselectivity. 

Materials and methods 

Chemicals 

Synthesis of BisNP-NH × 6 HCl and BisNP-O × 4 HCl has
been described previously ( 60 ) . Synthesis of BisNP-NH / O × 5
HCl is described in Supplementary Information. BisNP- 1 2 × 3
HCl, C2N2 × 2 HCl, C33N3 × 3 HCl and DBDT × 3 HCl
were prepared following the literature procedures ( 61 ,62 ) ; the
identity and purity of all compounds synthesized in-house was
confirmed by 1 H NMR, LC / MS, and combustion microanal-
ysis. 1,7-Dibenzylethylenediamine ( DBED ) × 2 AcOH, 1,4,7-
triazacyclononane ( TACN ) × 3 HCl, cyclen × 4 HCl and hex-
acyclen × 6 HCl were purchased from TCI and used with-
out additional purification. Stock solutions of polyamine salts
were prepared in deionized water at a concentration of 2–5
mM and stored at 4 

◦C. 

Preparative-scale synthesis of 3 α and 3 β

To a solution of ( S ,E ) -5- O -TBDPS-4,5-dihydroxypent-2-enal
2 ( 52 mg, 0.15 mmol, 1 equiv. ) ( 63 ) in a mixture of MeCN
and H 2 O ( 9:1 v / v, 5.9 ml ) was added DBED diacetate ( 53 mg,
0.15 mmol, 1 equiv. ) and K 2 CO 3 ( 43 mg, 0.31 mmol, 2.1
equiv. ) . The reaction mixture was stirred at 40 

◦C for 3 days
and then concentrated to dryness. The residue was dissolved
in a mixture of DCM / H 2 O ( 1:1, 6 ml ) . The organic layer was
separated and the aqueous layer was extracted with DCM
( 3 × 3 ml ) . The organic layers were combined, dried over
MgSO 4 , filtered and concentrated. The residue was purified
by column chromatography on silica gel ( eluent: cyclohexane–
AcOEt, 100:0 to 90:10 ) giving first a fraction containing 3 β

( 12 mg ) , following by a mixture of 3 α and 3 β ( 41 mg ) and a
fraction containing the pure 3 α ( 17 mg ) , with an overall yield
of 83% for both diastereomers. 

Ribodiazepane 3 α: Pale yellow oil, R f = 0.50
( cyclohexane–AcOEt 80:20 ) ; 1 H NMR ( 300 MHz, CDCl 3 ) :
δ 7.64–7.58 ( m, 4H, H Ar ) , 7.44–7.22 ( m, 16H, H Ar ) , 5.02 ( d,
J = 7.1 Hz, 1H, H 

1 ) , 4.24 ( dd, J = 6.5, 4.1 Hz, 1H, H 

4 ) , 3.93
( d, J = 13.9 Hz, 1H, C H a H b Bn ) , 3.74 ( d, J = 13.9 Hz, 1H,
CH a H b Bn ) , 3.73 ( d, J = 13.9 Hz, 1H, C H a H b Bn ) , 3.63 ( d,
1H, J = 14.1 Hz, CH a H b Bn ) , 3.58 ( dd, J = 10.7, 4.3 Hz, 1H,
H 

5a ) , 3.51 ( d, J = 7.0 Hz, 1H, H 3 ) , 3.42 ( dd, J = 10.4, 6.4
Hz, 1H, H 

5b ) , 2.92–2.78 ( m, 2H, NCH 2 C H 2 N ) , 2.69–2.52
( m, 2H, NC H 2 CH 2 N ) , 2.15 ( d, J = 13.6 Hz, 1H, H 

2 α) , 1.98
( dd, J = 13.9, 7.2 Hz, H 

2 β) , 1.01 ( s, 9H, t Bu ) ; 13 C NMR ( 75
MHz, CDCl 3 ) : δ 139.6 ( C q ) , 139.5 ( C q ) , 135.7 ( 2 CH ) , 133.6
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Figure 1. ( A –B ) Chemical str uct ures of aldeh y de-containing DNA modifications: ( A ) AP site and the products of its degradation including 3 ′ -blocking ends 
( 3 ′ -PUA, 3 ′ -dR, and 3 ′ -P ) ; ( B ) 5-f orm yluracil ( fU ) and 5-f orm ylcytosine ( fC ) residues, dR = deoxyribose fragment. ( C ) R eaction of AP duple x with 
poly azamacrocy cle BisNP-NH leading to clea v age of the AP strand and formation of the BisNP-NH adduct ( ‘AP-X’ ) ( 59 ) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( C q ) , 133.5 ( C q ) , 129.8 ( CH ) , 129.8 ( CH ) , 128.9 ( CH ) , 128.9
( CH ) , 128.4 ( CH ) , 128.4 ( CH ) , 127.8 ( CH ) , 127.8 ( CH ) ,
127.1 ( CH ) , 127.0 ( CH ) , 94.9 ( CH, C-1 ) , 82.4 ( CH, weak,
C-4 ) , 65.8 ( CH 2 , C-5 ) , 63.7 ( CH, C-3 ) , 61.1 ( CH 2 , Bn ) , 58.1
( CH 2 , Bn ) , 49.8 ( NCH 2 C H 2 N ) , 48.4 ( N C H 2 CH 2 N ) , 31.5
( CH 2 , C-2 ) , 27.0 ( CH 3 , t Bu ) , 19.4 ( C q , t Bu ) ; ESI-HRMS: m / z
[M + H] + calculated for C 37 H 45 N 2 O 2 Si: 577.3250, found:
577.3227. 

Ribodiazepane 3 β : Pale yellow oil, R f = 0.58
( cyclohexane–AcOEt, 80:20 ) ; 1 H NMR ( 300 MHz, CDCl 3 ) :
δ 7.83–7.67 ( m, 4H, H Ar ) , 7.50–7.08 ( m, 16H, H Ar ) , 5.01
( d, J = 7.8 Hz, 1H, H 

1 ) , 4.11–4.05 ( m, 2H, H 

5 ) , 3.95–3.87
( m, 1H, H 

4 ) , 3.84 ( d, J = 13.5 Hz, 1H, C H a H b Bn ) , 3.63 ( s,
2H, CH 2 Bn ) , 3.57 ( d, J = 13.5 Hz, 1H, CH a H b Bn ) , 3.38 ( dd,
1H, J = 6.0, 4.4 Hz, H 

3 ) , 2.64–2.56 ( m, 2H, NCH 2 C H 2 N ) ,
2.55– 2.45 ( m, 2H, NC H 2 CH 2 N ) , 2.30 ( d, J = 13.8 Hz, 1H,
H 

2 β) , 1.88 ( ddd, J = 13.9, 7.9, 6.1 Hz, 1H, H 

2 α) , 1.07 ( s,
9H, t Bu ) ; 13 C NMR ( 75 MHz, CDCl 3 ) : δ 139.9 ( C q ) , 139.5
( C q ) , 135.9 ( CH ) , 135.8 ( CH ) , 134.2 ( C q ) , 134.0 ( C q ) , 129.7
( CH ) , 129.6 ( CH ) , 129.0 ( CH ) , 129.0 ( CH ) , 128.3 ( CH ) ,
128.3 ( CH ) , 127.9 ( CH ) , 127.8 ( CH ) , 127.0 ( CH ) , 127.0
( CH ) , 94.6 ( CH, C-1 ) , 84.5 ( CH, C-4 ) , 63.9 ( CH 2 , C-5 ) ,
63.3 ( CH 2 , Bn ) , 62.4 ( CH, C-3 ) , 59.5 ( CH 2 , Bn ) , 51.3 ( CH 2 ,
NCH 2 C H 2 N ) , 48.7 ( CH 2 , N C H 2 CH 2 N ) , 31.8 ( CH 2 , C-2 ) ,
27.1 ( CH 3 , t Bu ) , 19.3 ( C q , t Bu ) ; ESI-HRMS: m / z [M + H] +

calculated for C 37 H 45 N 2 O 2 Si: 577.3250, found: 577.3234. 

Reaction of AP site mimic 1 with DBED 

A solution of 5- O -TBDPS-3- O -acetyl-2-deoxyribofuranose 1
( 6.2 mg, 15 μmol, 25 mM ) ( 63 ) and DBED diacetate ( 5.4 mg,
15 μmol, 25 mM ) in a mixture of MeCN and sodium phos- 
phate buffer ( 50 mM, pH 7.0 ) ( 9:1 v / v, 600 μl ) was stirred at 
40 

◦C for 24 h. HPLC analysis ( injection volume: 2 μl, col- 
umn: Waters Atlantis T3 C 18 , 3 μm, 3.0 × 100 mm; flow 

rate: 0.8 ml min 

–1 ; eluent A: H 2 O + 0.1% v / v formic acid,
eluent B: MeCN + 0.1% v / v formic acid; 5 to 100% of B 

over 10 min, detection wavelength: 270 nm ) . The ratio of 
diastereomers ( 3 α:3 β = 97:3 ) was determined by compari- 
son with the chromatograms of analytically pure samples ob- 
tained above, assuming equal extinction coefficients for both 

diastereomers. 

Reaction of 3 

′ -PUA mimic 2 with DBED 

A solution of 2 ( 4.0 mg, 11.3 μmol, 25 mM ) and DBED di- 
acetate ( 4.0 mg, 11.3 μmol, 25 mM ) in a mixture of MeCN 

and sodium phosphate buffer ( 50 mM, pH 7.0 ) ( 9:1 v / v, 450 

μl ) was stirred at 40 

◦C for 24 h. The ratio of diastereomers 
( 3 α: 3 β = 94:6 ) was determined by HPLC analysis as de- 
scribed above. 

Reaction of 1-Me-fU with DBED 

To a mixture of MeCN and sodium phosphate buffer ( 50 mM,
pH 7.0 ) ( 1:1 v / v, 3.4 ml ) were added 1-Me-fU ( 13.0 mg, 84.4 

μmol, 1 equiv. ) ( 64 ) and DBED diacetate ( 30.4 mg, 84.4 μmol,
1 equiv. ) . The mixture was heated at 40 

◦C for 3 days, then 

concentrated to dryness. The residue was dissolved in MeCN–
H 2 O ( 1:1 v / v, 500 μl ) and purified by semi-preparative 
HPLC with serial injections of 40 μl ( column: Waters At- 
lantis T3 C 18 , 3 μm, 3.0 × 100 mm; flow rate: 0.8 ml min 

–1 ; 
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Table 1. DNA oligonucleotides used in this study 

Acronym Sequence ( 5 ′ → 3 ′ ) 

5-GTA CCAGTTC-GT A-GT AACCC 

3-TUC GGGTTA C-TUC-GAA CTGG 

3- ( fU ) AC GGGTTAC- ( fU ) AC-GAACTGG 

3-TA ( fC ) GGGTT AC-T A ( fC ) -GAACTGG 

3-TAC GGGTT AC-T AC-GAACTGG 

3-T ( C 12 ) C GGGTTA C-T ( C 12 ) C-GAA CTGG 

a 

a C 12 stands for 1,12-dodecanediol spacer ( ‘Spacer C12’ ) . 
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cessed with MestReNova software. 
luent A: H 2 O + 0.1% v / v formic acid, eluent B:
eCN + 0.1% v / v formic acid; detection wavelengths: 235

nd 336 nm ) . Fractions were collected and the formate
ounter-ion was exchanged by addition of aqueous HBr ( 0.1

, 844 μl, 84.4 μmol, 1.0 equiv. ) . The resulting solution was
reeze-dried, affording 1,4-dibenzyl-6- ( N 

′ -methylallophanyl ) -
,3-dihydro-1,4-diazepinium bromide 7 ( 17.4 mg, 37% ) as
 white foam; 1 H NMR ( 300 MHz, D 2 O, ref. TSP ) : δ 8.55
 s, 2H, N = C H ) , 7.51–7.40 ( m, 6H, H Ar ) , 7.40–7.31 ( m, 4H,
 Ar ) , 4.93 ( s, 4H, C H 2 Bn ) , 3.60 ( br s, 4H, NC H 2 C H 2 N ) ,

.86 ( s, 3H, Me ) ; 13 C NMR ( 75 MHz, D 2 O, ref. MeOH ) :
168.9 ( C q ) , 159.3 ( CH ) , 156.6 ( C q ) , 132.4 ( C q ) , 129.9

 CH ) , 129.8 ( CH ) , 129.5 ( CH ) , 98.2 ( C q ) , 65.4 ( CH 2 ) , 53.6
 CH 2 ) , 26.7 ( CH 3 ) ; ESI-HRMS: m / z [ M ] + calculated for
 22 H 25 N 4 O 2 : 377.1972, found: 377.1994; anal. calcd. ( % )

or C 22 H 25 BrN 4 O 2 × 6 H 2 O: C 46.73, H 6.60, Br 14.13, N
.91; found: C 46.22, H 4.79, N, 10.00. 

ligonucleotides 

he sequences of oligonucleotides used in this work are given
n Table 1 . 3- ( fU ) AC ( HPLC-purified ) was purchased from AT-
Bio; all other oligonucleotides ( HPLC-purified ) were pur-

hased from Eurogentec. Oligonucleotides were dissolved in
illi-Q water at concentrations of 100–300 μM and stored

t −20 

◦C. 5 

′ - 32 P radiolabeling of oligonucleotides was per-
ormed using 20 pmol of an oligonucleotide substrate, 30 U
f T4 polynucleotide kinase ( Biosearch Technologies ) and 30
Ci of [ γ- 32 P]-ATP ( PerkinElmer ) in a reaction volume of 10
l, for 30 min at 37 

◦C. The labeled oligonucleotides were
urified by gel exclusion using in-house packed columns of
ephadex G-25 ( GE Healthcare, UK ) . Duplex substrates were
repared by hybridization of modified oligonucleotides ( 3-
UC, 3-TA ( fC ) , 3- ( fU ) AC, 3-T ( C 12 ) C ) or unmodified control
-TAC ( 40 μM plus the corresponding radiolabeled tracer )
ith the unlabeled mutual complementary strand ( 5-GTA, 44
M ) in 50 mM KAsO 2 Me 2 , 50 mM KCl, pH 7.2 buffer for 5
in at 75 

◦C followed by slow cooling to room temperature,
nd stored at −20 

◦C. 

reparation of the AP duplex 

he uracil-containing precursor ( 3-TUC / 5-GTA, 200 nmol )
as incubated with 5 U of Esc heric hia coli uracil-DNA gly-

osylase ( UDG, New England Biolabs ) in 10 μl of 1X UDG
eaction buffer ( 20 mM Tris–HCl pH 8.0, 1 mM DTT, 1
M EDTA ) for 45 min at 37 

◦C. After the reaction, the gen-
rated AP duplex was diluted 10-fold to a final concentra-
ion of 2 μM in 10 mM KAsO 2 Me 2 , 150 mM KCl, pH 7.2
uffer, stored at –20 

◦C and used without further purifica-
ion. The conversion of the precursor was systematically ver-
fied using 0.5 M NaOH treatment, which induces a com-
plete cleavage of the AP strand without affecting the uracil
precursor. 

Reactions of oligonucleotides with polyamines 

The polyamines ( final concentration: 10 μM, unless stated
otherwise ) were added to the duplex oligonucleotides ( final
concentration: 0.2 μM ) in 15 mM KAsO 2 Me 2 , 115 mM KCl,
pH 6.5 buffer ( unless stated otherwise; the pH of the buffer
was adjusted using HCl or KOH solutions ) , and incubated at
37 

◦C for the indicated amount of time. The reactions at pH
7.2 and 8.5 were performed in 15 mM HEPES, 115 mM KCl
buffer. The reactions were terminated by addition of gel load-
ing buffer ( formamide, 0.05% bromophenol blue, 0.05% xy-
lene cyanol ) . The samples were analyzed by gel electrophore-
sis in 20% polyacrylamide gels containing 8.3 M urea in 1X
TBE buffer at 20 W for 3 h. Gels were exposed to phosphor
imaging screens ( Molecular Dynamics ) . After overnight ex-
posure, the screens were scanned with Amersham Typhoon
5 Biomolecular Imager ( GE Healthcare ) , quantified and ana-
lyzed using ImageQuant TL 8.2 software ( GE Healthcare ) . 

Enzymatic reactions 

Human recombinant APE1 ( Sino Biological ) was rehydrated
with milli-Q water at a concentration of 250 μg ml –1 , di-
luted with storage buffer ( 10 mM Tris–HCl, 50 mM NaCl,
0.05 mM Na 2 ED TA, 1 mM D TT, 200 μg ml −1 BSA ) to a
concentration of 15 μg ml −1 , aliquoted and stored at –20 

◦C.
The AP-X adduct was prepared by incubation of the AP du-
plex ( 0.2 μM ) and polyamines ( 10 μM ) in 10 μl of reaction
buffer ( 15 mM KAsO 2 Me 2 , 115 mM KCl, pH 6.5 ) for 3 h
at 37 

◦C. Then, APE1 ( final concentration: 0.083 μg ml −1 ,
∼2.3 nM ) and MgCl 2 ( final concentration: 1.7 mM ) were
added, and samples were additionally incubated at 37 

◦C for
0 to 120 min. The untreated AP duplex was used as a con-
trol. The reactions were terminated by addition of gel load-
ing buffer and analyzed by gel electrophoresis as described
above. 

Human recombinant TDP1 was expressed and purified as
described elsewhere ( 65 ) . AP-X adducts were prepared as de-
scribed above in 50 mM Tris–HCl, 50 mM NaCl, 1 mM DTT,
pH 8.5 buffer. Then, TDP1 ( final concentration: 0.5 μM ) was
added and samples were additionally incubated at 37 

◦C for
0 to 60 min. AP duplex and C12 duplex ( 3-T ( C 12 ) C / 5-GTA )
were used as control substrates to validate TDP1 activity. 

LC / MS analysis of modified oligonucleotides 

RP-UPLC / MS analyses were performed on a Waters Acquity
system equipped with a SQ Detector 2. Analyses were per-
formed on a Premier Oligonucleotide C 18 Column ( 130 Å,
1.7 μm, 2.1 × 50 mm ) using a linear gradient of 0 to 30%
of solvent B ( 0.5% of HFIP + 0.2% TEA in Optima LC / MS
MeOH ) in solvent A ( 0.5% of HFIP + 0.2% TEA in milli-Q
water ) for 12 min at 50 

◦C with UV detection at 260 nm un-
less otherwise specified. Mass detection was performed in the
negative ionization mode with a 600–2000 Da mass range.
Mass assignments from the mass spectra of the UV-detected
peaks were performed by deconvolution of multiply charged
MS data to the zero charge state using built-in Waters Max-
Ent™ 1 software. Chromatograms were visualized and pro-
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Results and discussion 

Structural determinants for reaction of polyamines 

with AP sites, fU and fC 

Among the twelve naphthalenophanes whose reaction with
AP sites was previously investigated, only BisNP-NH gave a
clear formation of a covalent adduct, whereas trace amounts
of the adduct were observed with BisNP-O ( 59 ) . Considering
this fact, in this work we systematically modified the chemi-
cal structure of polyamines in order to elucidate the structural
features that govern this type of reactivity. Our panel ( Figure
2 A ) included naphthalenophanes BisNP-NH and BisNP-O;
a novel, hybrid naphthalenophane BisNP-NH / O combining
polyamine and ether linkers ( synthesis and characterization:
Supplementary Scheme S1 and Supplementary Figure S1 ) ;
three open-chain analogues featuring different number of sec-
ondary amino groups and / or carbon atoms between the two
naphthalene moieties ( BisNP- 1 2 , C2N2, and C33N3 ) ; two ben-
zyl counterparts ( DBDT and DBED ) ; as well as three macro-
cyclic polyamines devoid of aromatic groups ( TACN, cyclen,
and hexacyclen ) . With this panel of eleven compounds, we
set to investigate the influence of the presence and the size of
aromatic units, as well as of the length and the number of
amino groups in the linkers between these units, on the reac-
tivity with AP sites and two other aldehyde-containing DNA
modifications, fU and fC. 

To study the reactivity of polyamines, 17-mer DNA
oligonucleotides ( Table 1 ) containing an aldehyde modifica-
tion ( fU or fC ) , dU as a precursor of the AP site, or unmod-
ified control were 5 

′ - 32 P-labelled, hybridized to the comple-
mentary strand, and the AP site was generated by treatment
of the dU duplex with uracil DNA glycosylase ( UDG ) . The
generation of AP site was systematically verified using 0.5 M
NaOH treatment ( 25 ) , evidencing of the absence of uncleaved,
dU-containing strand ( e.g. Figure 2 B, lane 2 ) . As the stability
of AP sites decreases at pH > 7.5, the initial set of experi-
ments was performed in slightly acidic conditions ( pH 6.5 )
allowing further modulation of reactivity by either increasing
or decreasing pH. The duplexes ( 0.2 μM ) were made to re-
act with polyamines ( 10 μM ) in identical conditions ( 37 

◦C,
3 h ) , and the products were analyzed by denaturing poly-
acrylamide gel electrophoresis ( PAGE ) , visualized and quan-
tified by phosphorimaging ( Figure 2 B −D ) . The reaction with
the unmodified control duplex was also assessed, giving evi-
dence of no reaction with any of polyamines ( Supplementary
Figure S2 ) . 

Reactivity towards AP sites. Polyamines containing aro-
matic units efficiently reacted with AP sites, leading to disap-
pearance of the uncleaved AP strand and formation of various
products, including the products of strand cleavage through
β-elimination ( 3 

′ -PUA and the closely migrating 3 

′ -dR prod-
uct, both labelled as ‘ β’ in Figure 2 B ) , β, δ-elimination ( 3 

′ -
P, ‘ δ’ ) , and adducts of polyamines to the cleaved AP sites
( ‘AP-X’ ) that migrated in PAGE between the uncleaved strand
and ‘ β’ bands. Of note, the electrophoretic mobility of AP-
X adducts depends on the nature of the polyamine remnant,
with bulkier and more charged polyamines ( e.g. BisNP-NH )
giving more slowly migrating adducts and vice v er sa . BisNP-
NH gave 25% of the AP-X adduct, which is somewhat less
than in our previous work ( 59 ) , presumably due to small
differences in experimental conditions ( reaction time, pH ) .
BisNP-O effectively cleaved the AP site without formation of
adducts ( 95% of β + δ-cleavage products ) , whereas the hybrid
macrocycle BisNP-NH / O gave 19% yield of the adduct. This 
already indicates that the diethylenetriamine linker present 
in BisNP-NH and BisNP-NH / O is critical for the forma- 
tion of the adducts, whereas the oxygen-containing linkers 
in BisNP-O are inactive in this regard. Remarkably, open- 
chain polyamines BisNP- 1 2 and C2N2 produced significantly 
higher yields of AP-X adducts ( 85% and 74%, respectively ) ,
whereas the analogue C33N3 containing three carbon atoms 
between the adjacent amino groups ( in contrast to two car- 
bons in BisNP- 1 2 and C2N2 ) produced < 2% of the adduct,
despite being very effective in terms of AP-site cleavage ( 97% 

of β + δ-cleavage products ) . Comparing with their naphtha- 
lene analogues, benzyl derivatives DBDT and DBED were 
much less reactive, as evidenced by the presence of signif- 
icant amounts of the uncleaved AP strand ( 51 −63% ) , and 

gave AP-X adducts with the yields of 10% and 15%, respec- 
tively. In contrast, macrocyclic polyamines devoid of aromatic 
units ( TACN, cyclen and hexacyclen ) were totally unreactive 
in these conditions, yielding neither adducts nor strand cleav- 
age. Collectively, these results indicate that compound DBED,
combining a secondary 1,2-diamine fragment with the pres- 
ence of two benzyl groups, represents a minimal and suffi- 
cient motif for the formation of a covalent adduct upon re- 
action with cleaved AP sites, and that replacement of benzyl 
groups with naphthalene counterparts ( as in C2N2 ) leads to a 
dramatic enhancement of both AP site cleavage efficiency and 

the yield of AP-X adducts. This effect most likely stems from 

the higher non-covalent DNA affinity of naphthalene deriva- 
tives due to intercalation of naphthalene moieties, resulting in 

an increased local concentration of the reagent ( 66 ) . To illus- 
trate this point, we tested the reaction of the AP duplex with a 
ten-fold higher concentration of DBED ( i.e. 100 μM ) and ob- 
served an increase of adduct yield up to 48% ( Supplementary 
Figure S3A ) , which indicates that adduct yield indeed depends 
on the polyamine concentration. 

Reactivity towards fU and fC. Upon reaction with fU du- 
plex, several polyamines gave rise to the formation of covalent 
adducts without cleavage of DNA strands, evidenced as bands 
migrating in PAGE slower than the unreacted strand ( fU-X,
Figure 2 C ) . Remarkably, naphthalenophanes BisNP-NH and 

BisNP-NH / O gave higher yield of adducts upon reaction with 

fU than with AP sites ( BisNP-NH: 39% fU-X vs. 25% AP- 
X; BisNP-NH / O: 24% fU-X vs. 19% AP-X ) . In the case of 
open-chain analogues, this tendency was inverse ( BisNP- 1 2 : 
25% fU-X vs. 85% AP-X; C2N2: 7% fU-X vs. 74% AP-X ) .
Benzyl analogues DBDT and DBED gave only traces ( < 5% ) 
of the corresponding adducts; however, in the case of DBED,
the adduct yield could be increased up to 12% by raising the 
reagent concentration from 10 to 100 μM ( Supplementary 
Figure S3B ) . Conversely, naphthalenophane BisNP-O, as well 
as C33N3 and polyamines devoid of aromatic units, did not 
form any adducts. Altogether, these observations suggest that,
upon reaction with fU, the secondary 1,2-diamine fragment 
is also the critical structural determinant for adduct forma- 
tion; in addition—and different to the AP-site reactivity—the 
macrocyclic scaffold acts as an efficient reactivity enhancer. 

Similarly to the reaction with fU, bis-naphthalenes BisNP- 
NH and BisNP-NH / O, as well as open-chain analogues 
BisNP- 1 2 and C2N2, gave rise to the formation of adducts 
upon reaction with fC residues, observed as bands migrat- 
ing in PAGE slower that unreacted strands ( fC-X, Figure 2 D ) .
However, the efficiency of this reaction was much lower, with 

the adduct yield not exceeding 5–6%. 
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Figure 2. ( A ) Chemical str uct ures of polyamines investigated in this study. ( B −D ) Representative PAGE analysis ( left ) and quantification of products 
( right, means ± s.d., N ≥ 3 ) obtained in reactions of polyamines with DNA duplexes containing ( B ) AP site, ( C ) fU and ( D ) fC residues. The str uct ures of 
products are schematically shown left to PAGE gels, where * is a 32 P label and X a polyamine remnant. Conditions: 0.2 μM duplex substrate, 10 μM 

polyamine in 15 mM KAsO 2 Me 2 and 115 mM KCl buffer, pH 6.5, temperature: 37 ◦C, reaction time: 3 h. 
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described here ( 71 ) . 
Chemical structure of AP-X adducts and reaction 

mechanism 

In order to elucidate the structures of the adducts formed upon
reaction of AP sites with polyamines, we studied the reaction
of 5- O -TBDPS-3- O -acetyl-2-deoxyribofuranose 1 , represent-
ing an accurate small-molecule mimic of uncleaved AP site,
and 5- O -TBDPS-4,5-dihydroxypent-2-enal 2 , representing a
mimic of the 3 

′ -PUA residue ( 63 ) , with DBED as the struc-
turally simplest compound that still demonstrates this type of
reactivity ( cf. Supplementary Figure S3A ) . Upon reaction of
equimolar amounts of DBED acetate and either 1 and 2 in
the conditions similar to those employed for DNA oligonu-
cleotides, we observed the formation of two isomeric prod-
ucts, that could be isolated and were identified as diastere-
omers 3 α and 3 β, containing the same tetrahydrofuro[2,3,4-
ef ]-1,4-diazepane ( hereafter ‘ribodiazepane’ ) scaffold ( Scheme
1 ) . Remarkably, in both cases the diastereomeric ratio of
the products was nearly identical, with α-diastereomer being
largely predominant ( 3 α: 3 β ≈ 95:5, as per HPLC analysis ) .
When the reaction of DBED with 2 was performed in the pres-
ence of 2 molar equiv. of K 2 CO 3 the diastereoselectivity of the
reaction was reduced ( 3 α: 3 β = 88:12, total yield: 83% ) , al-
lowing to isolate pure samples of both diastereomers. 

The structures of 3 α and 3 β were assigned on the basis of
their 1D and 2D 

1 H / 13 C NMR and mass spectrometry data
( Supplementary Figures S4–S9 ) . In particular, the dissymmetry
of benzyl groups and of the ethylenediamine bridge observed
in 

1 H NMR spectrum, along with the absence of character-
istic aminal signals, strongly speaks against a putative 1,3-
aminal structure, despite the well-known capacity of DBED
to give 1,3-aminals upon reaction with various aliphatic and
aromatic aldehydes ( 67–69 ) . Instead, 1 H signals observed as
doublets at δ = 5.02 ( 3 α) and 5.01 ppm ( 3 β) could be at-
tributed to the anomeric protons ( H 

1 ) suggesting the presence
of a deoxyribose remnant. The precise assignment of α- and β-
diastereomers was performed through NOE difference spectra
( Figure 3 ) obtained by selective irradiation of H 

4 protons and
considering the characteristic NOE couplings with regard to
molecular models ( Supplementary Note 1 and Figure S10 ) , in
particular the couplings between H 

4 and the two protons of
the ethylenediamine bridge ( in 3 α) and between H 

4 and H 

1

( in 3 β) . 
To confirm that similar products were formed upon reac-

tion with oligonucleotides, we analyzed by RP-UPLC / MS the
reactions of AP duplex with C2N2 ( Figure 4 ) and BisNP- 1 2 
( Supplementary Figure S11 ) . In addition to the products of AP
site cleavage ( 3 

′ -P, 3 

′ -dR and 5 

′ -P ) and the unmodified comple-
mentary strand, we observed the formation of products that
were significantly retained in RP-UPLC ( t R 

≈ 11.3 min ) , with
m / z values consistent with the structures of the expected ri-
bodiazepane adducts ( M = 2941 and 2984 Da for and C2N2
and BisNP- 1 2 adducts, respectively ) . 

The mechanism proposed for the formation of 3 

′ -
ribodiazepane adducts upon reaction of polyamines with AP
sites, 3 

′ -PUA, or their small-molecule mimics is shown in
Scheme 2 . After formation of iminium intermediate 4 through
the reaction of one of the secondary amino groups with the
open-chain aldehyde ( AP or 1 ) , the second amino group acts
as internal base, efficiently inducing E2-type β-elimination of
the leaving group X ( OAc in 1 , or 5 

′ -P in AP DNA ) and lead-
ing to the formation of protonated α, β-unsaturated iminium
5 –H 

+ . The same compound 5 can be formed upon reaction
of the diamine with α, β-unsaturated aldehyde ( 3 

′ -PUA or 
2 ) . After rotation about the single bond, iminium 5 ( in s - cis 
conformation ) undergoes intramolecular conjugate addition 

of the neighboring amino group. This aza-Michael-type addi- 
tion can take place from the two enantiotopic faces of the un- 
saturated imine, either from the re face leading to the forma- 
tion of seven-membered cyclic enamine 6 β or preferentially,
after rotation about the C −N bond, from the si face leading to 

the formation of cyclic enamine 6 α. Enamines 6 α/ β undergo 

reversible protonation at their α-carbons, following by inter- 
nal nucleophilic attack of the hydroxyl group at the iminium 

center ( in both cases, anti -periplanar with respect to the amino 

group at C3 ) , leading to the closure of the ribose ring and, af- 
ter deprotonation, formation of ribodiazepanes 3 α/ β. 

Although conjugate addition of N - and S -nucleophiles 
to iminium intermediates such as 5 is well-documented 

( 25 , 34 , 63 ) and, presumably, is involved in the formation of 
certain DPCs ( 30 , 31 , 33 ) and DNA ICLs from 3 

′ -PUA ( 26 ,27 ) ,
the formation of bicyclic ribodiazepane-type adducts is un- 
precedented. Gates et al. recently investigated the reaction 

of the AP-site mimic 1 with N,N 

′ -dimethylethylenediamine 
( DMEDA ) , structurally very close to DBED ( cf. Supplemen- 
tary Figure S3 ) , but failed to observe any stable adducts; 
instead, they observed the formation of 5- O -TBDPS-2- 
deoxyribose 7 ( Scheme 2 ) , resulting from conjugate addition 

of water to iminium intermediate 5 ( R = CH 3 ) followed by 
hydrolysis of the enamine ( 63 ) . In light of that study, we re- 
assessed the reaction of 1 and AP duplex with DMEDA. Upon 

reaction of equimolar amounts of 1 and DMEDA in neutral 
conditions ( acetonitrile / phosphate buffer 9:1, pH 7.0 ) we ob- 
served the formation of dimethyl-ribodiazepane 8 α as a pre- 
dominant diastereomer, that was isolated in a 46% yield and 

fully characterized ( Supplementary Scheme S2 and Figures 
S12–S13 ) . Of note, using the conditions previously reported 

by Gates et al. ( 10 mol % DMEDA in acetonitrile / 10 mM 

aq. NaOH 1:1, 37 

◦C, 14 h ) , we observed poor conversion of 
1 and only trace amounts of deoxyribose 7 , along with ribodi- 
azepane 8 α, could be detected by HPLC analysis ( Supporting 
Information, Figure S14 ) . However, the reaction of DMEDA 

with AP duplex in the same conditions as employed for other 
polyamines did not produce any adduct, even upon increasing 
the concentration of DMEDA up to 100 μM ( Supplementary 
Figure S3C ) . This implies that the role of aromatic groups in 

DBED ( and other polyamines used in our study ) resides in en- 
hancement of DNA binding of polyamines by π-stacking with 

nucleobases ( i.e. intercalation ) , leading to a dramatic increase 
of effective concentration at the reaction site. In agreement 
with this hypothesis, naphthalene derivatives with larger π- 
surface area are systematically more reactive than benzyl ana- 
logues ( cf. Figure 2 B ) . 

Interestingly, Greenberg et al. observed the formation 

of the cyclic 1,4-diazepan-5-one product upon reaction of 
very high concentrations of DMEDA ( 0.1 M ) with oxidized 

( 2-deoxyribonolactone ) abasic sites ( Supplementary Scheme 
S3A ) ; however, the lactam nature of this product does not 
permit the intramolecular addition of the 4-hydroxyl group 

that would result in formation of a bicyclic structure ( 70 ) . Fi- 
nally, we note that Román et al. observed the formation of a 
bicyclic derivative upon reaction of 3,6-anhydro-2-deoxy- d - 
glycose with 1,2-phenylenediamine ( Supplementary Scheme 
S3B ) ; this example is most closely related to ribodiazepanes 
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Sc heme 1. R eactions of DBED acetate with small-molecule mimics of AP site ( 1 ) and 3 ′ -PUA ( 2 ) . 

A B

Figure 3. Str uct ures of 3 α ( A ) and 3 β ( B ) indicating selected interatomic distances ( according to molecular models, cf. Supplementary Figure S16 ) and 
observed NOE couplings ( green arrows ) . In 3 α, two clusters of conformations were observed differing by the pucker of the ethylenediamine bridge and 
the proximity of either H* or H** to H 

4 ( cf. Supplementary Note 1 ) . Bottom panels: 1 H NMR ( 300 MHz, CDCl 3 , dark red ) and 1D NOE difference spectra 
( green ) obtained by selective irradiation of H 

4 protons. 
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hemical structure of fU-X adducts and reaction 

echanism 

o elucidate the structure of the adducts formed in reaction
f polyamines with fU residues, we studied the reaction of
BED with 1-methyl-5-formyluracil ( 1-Me-fU ) . The conver-

ion of this substrate required significantly longer time ( 3
ays at 40 

◦C ) , which is consistent with lower reactivity of
BED towards fU comparing with AP sites ( cf. Supplemen-

ary Figure S3A, B ) . After purification by semi-preparative
PLC and ion exchange ( aq. HBr ) , we successfully isolated
 single product that was identified as 1,4-dibenzyl-6- ( N 

′ -
ethylallophanyl ) -2,3-dihydro-1,4-diazepinium bromide 9

 Scheme 3 ) . 
The structure of 9 was assigned on the basis of its 1 H

nd 

13 C NMR spectra and mass spectrometry ( Supplementary
igures S15–S17 ) . In particular, 1 H NMR spectrum ( Figure
5 A ) indicated a symmetry of the two benzyl groups, a
broad signal for the ethylenediamine bridge, along with a
strongly deshielded singlet signal of two chemically equiva-
lent protons ( δ = 8.55 ppm ) . These features are character-
istic of cationic 2,3-dihydro-1,4-diazepiniums ( 72 ,73 ) . Ad-
ditionally, the UV spectrum of 9 ( Figure 5 B ) featured an
absorption band at λ = 336 nm, which is also character-
istic for 2,3-dihydro-1,4-diazepiniums due to the presence
of a vinamidinium, or ‘streptocyanine’ π-conjugated system
( 74 ,75 ) . 

The characteristic UV absorption of the diazepinium frag-
ment can be employed for the detection of fU-X adducts upon
reaction of polyamines with fU-containing oligonucleotides.
Towards this end, we reacted fU duplex with BisNP-NH ( as
the polyamine giving the highest yield of the fU-X adduct )
and monitored the reaction by UV spectrophotometry. We
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Figure 4. ( A ) UV-UPLC analysis of products obtained upon reaction of AP duplex ( 20 μM ) with C2N2 ( 40 μM ) in 15 mM KAsO 2 Me 2 , 115 mM KCl, pH 6.5 
buffer. Whene v er possible, the peaks were assigned on the basis of their mass spectra. ( B ) Mass spectrum ( ESI –) of the UPLC peak with t R = 11.30 min 
( AP-X ) . The peaks attributed to 3 ′ -P presumably arise from fragmentation of AP-X, shown by the dashed line in panel ( A ) . 
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Sc heme 3. R eaction of DBED acetate with 1-meth yl-5-f orm yluracil ( 1-Me-fU ) . 

Figure 5. ( A ) 1 H NMR ( D 2 O, 300 MHz ) and ( B ) UV spectra ( H 2 O, c = 20 μM ) of compound 9 . 
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bserved a time-dependent appearance of a characteristic ab-
orption peak at λ ≈ 340 nm, giving evidence that the reac-
ion reached an equilibrium after ∼10 h ( Figure 6 A, B ) . More-
ver, the reaction of the fU-modified single-stranded oligonu-
leotide 3- ( fU ) AC with BisNP-NH was additionally analyzed
y LC / MS, giving evidence of the presence of two major peaks
 Figure 6 C ) , namely the unreacted oligonucleotide and the fU-
 product with higher retention time ( t R 

= 6.50 min ) , that
ould be selectively detected by absorption at 340 nm ( Figure
 D ) . Satisfyingly, the mass spectrum of the fU-X peak ( Figure
 E ) was found in full agreement with the formation of the
iazepinium adduct ( shown as inset in Figure 6 C ) . 
The putative mechanism for the formation of diazepinium

dducts is shown in Scheme 4 . After the initial formation of
minium intermediate upon reaction of the aldehyde group of
fU with one of the secondary amino groups of the 1,2-diamine
fragment, the second amino group undergoes an aza-Michael
addition to C-6 of the uracil, resulting in the formation of
enamine intermediate 10 . Similar to the reaction with AP sites,
the enamine is protonated at its α-carbon atom ( i.e. C-5 of the
uracil ) , followed by ring-opening of the uracil with elimina-
tion of the urea fragment and formation of the 2,3-dihydro-
1,4-diazepinium system 9 . The ring-opening reactions upon
addition of N - and C -nucleophiles at C-6 of uracil are well
described in the literature ( 76–80 ) . Moreover, Sochacka &
Smuga observed ring-opening of fU with formation of acyclic
vinamidines upon reaction of fU with primary amines ( 81 ) .
However, the formation of 1,4-diazepinium adducts described
here is unprecedented, as it can occur only with secondary
1,2-diamines. 
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Figure 6. ( A –B ) Changes of in absorption spectra ( A ) and time course ( B ) of the reaction of fU duplex ( 3- ( fU ) AC / 5-GTA, 10 μM ) with BisNP-NH ( 20 μM ) 
in 15 mM KAsO 2 Me 2 , 115 mM KCl buffer, pH 7.2, reaction temperature: 37 ◦C. ( C –D ) UV-UPLC analysis of reaction of the fU-containing strand 3- ( fU ) AC 

( 20 μM ) with BisNP-NH ( 40 μM ) performed in the conditions described above, detected at the wavelengths of 260 nm ( C ) and 340 nm ( D ) . ( E ) Mass 
spectrum ( ESI –) of the UPLC peak with t R = 6.50 min ( fU-X ) . The putative str uct ure of the fU-X adduct is shown as inset in ( C ) . 
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Sc heme 4. P roposed mechanism of f ormation of 6-allophan yl-2,3-dih y dro-1,4-diaz epinium adducts upon reaction of secondary poly amines with 
5-f orm yluracil deriv ativ es. R is as in Scheme 3 . 
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nfluence of reaction conditions on adduct yields 

nd chemoselectivity of polyamines 

o determine whether the yield of DNA–polyamine adducts
ould be further improved, we systematically investigated the
nfluence of several parameters on the reaction of the three
ost reactive polyamines ( BisNP-NH, BisNP- 1 2 , and C2N2 )
ith AP-, fU- and fC duplexes. First, as it was already ob-

erved for DBED ( cf. Supplementary Figure S3A,B ) , the yield
f adducts was found to depend on the polyamine concen-
ration ( Figure 7 A–C ) : while no adducts were detected at
olyamine concentrations of 0.1 μM, AP-X and fU-X adducts
ould be detected at polyamine concentrations as low as 0.5–
 μM. In most cases, the adduct yield was significantly higher
t 5 μM of polyamine; this is particularly spectacular for the
eaction of AP sites with BisNP- 1 2 and C2N2, which gave over
0% yield of AP-X adducts at 5–10 μM. Interestingly, the rel-
tive reactivity of the three polyamines with respect to AP, fU
nd fC substrates was different, but the reactivity order was
ostly maintained in the whole range of concentrations ( AP:
isNP- 1 2 > C2N2 > BisNP-NH; fU: BisNP-NH > BisNP- 1 2 
> C2N2; fC: BisNP- 1 2 ≥ BisNP-NH >> C2N2 ) . This indi-

ates that the structure of the polyamine determines its pref-
rential reactivity with one or another substrate. 

Next, we studied the effect of reaction pH, in the 5.0–8.5
ange, on the yield of polyamine adducts ( Figure 7 D–F ) . In the
eaction with AP sites, the yields of all three adducts gradu-
lly increased upon rising pH from 5.0 to 8.5 ( Figure 7 D ) ,
ith a particularly sharp increase observed for BisNP-NH

n the pH range 6.5–7.8 ( from 23% to 73%, i.e. 3.1-fold ) ;
isNP- 1 2 and C2N2 gave nearly quantitative yield of AP-X ( >
0% ) in neutral to slightly basic conditions ( pH 7.2–8.5 ) . In
he reaction with fU, the yield of BisNP-NH adduct also in-
reased upon rising pH ( from 12% at pH 5.0 to 55–60% at
H 7.2 and above ) , whereas a two-fold decrease was observed
or BisNP- 1 2 ( from 30% to ∼15% ) . Finally, the yield of fC-X
dducts increased upon raising pH for all three compounds,
ut remained low ( ≤ 10% ) even in most basic conditions ( pH
.5, Figure 7 F ) . Altogether, these results provide interesting
lues with regard to chemoselectivity of polyamines, quanti-
ed as a ratio of yields of the corresponding adducts ( Figure
 G, H ) . Thus, BisNP-NH shows highest chemoselectivity for
U over AP sites at pH 6.5 ( AP-X / fU-X ≈ 0.5 ) ; in contrast, the
hemoselectivity of BisNP- 1 2 and C2N2 for AP sites versus fU
s highest in neutral conditions ( AP-X / fU-X = 5.5 and ∼20,
espectively, at pH 7.2 ) , and their chemoselectivity with re-
pect to fC increases at low pH values ( AP-X / fC-X = 23 and
2, respectively , at pH 5.0 ) . Collectively , these data suggest
hat C2N2 is the preferred reagent for labeling of AP sites,
allowing to achieve satisfactory chemoselectivity ( ∼20-fold )
with respect to both fU and fC at physiological pH 7.2. 

Finally, we studied the reaction kinetics of AP and fU du-
plexes with BisNP- 1 2 at two temperatures, 20 

◦C and 37 

◦C
( Figure 7 I, Supplementary Figure S21 ) . The yields of fU-X and,
in particular, AP-X adducts was systematically higher at 37 

◦C
and reached plateaus after ∼1 h at this temperature. At 20 

◦C,
the reaction with the fU duplex also reached a plateau after
∼1 h, whereas the reaction with the AP duplex was incomplete
even after 3 h, suggesting a slower kinetics. 

Reactivity of polyamines with AP sites and fU in the
presence of excess genomic DNA 

We investigated whether the reaction of polyamines with AP
sites and / or fU residues could be affected by the presence
of undamaged genomic DNA. Although chemically inert, un-
damaged double-stranded DNA could sequester the cationic
polyamines via non-covalent, reversible binding, decreasing
their effective concentration and reducing the efficiency of
adduct formation. We performed the reaction of AP duplex
with increasing concentrations of BisNP-NH, BisNP- 1 2 and
C2N2 ( 10–100 μM ) in the absence and in the presence of
calf thymus ( ct ) DNA at concentrations of 0.2 and 2 mM
base pairs ( bp ) , i.e. in 1000- and 10 000-fold molar excess
with respect to AP substrate. Interestingly, the yield of the
BisNP-NH adduct did not decrease, but increased in the pres-
ence of ct DNA, reaching ∼65% in the presence of 2 mM ct
DNA and 100 μM BisNP-NH ( Figure 8 A ) . The strong affin-
ity of BisNP-NH ( and related macrocyclic polyamines ) to AP
sites and lack of interaction with undamaged double-stranded
DNA ( 58 ,59 ) could explain the persistence of adduct yield de-
spite the presence of large excess of ct DNA; however, the rea-
sons for the observed increase of the yield are unclear. Con-
versely, the yields of BisNP- 1 2 and C2N2 adducts significantly
decreased in the presence of ct DNA; satisfyingly, this effect
could be mitigated by increasing the polyamine concentration
to 50–100 μM, allowing to restore the AP-X yield to ∼70%
in the presence of 2 mM bp ct DNA ( Figure 8 B, C ) . 

The effect of ct DNA on the reaction of fU duplex with
BisNP-NH was also investigated. In this case, the presence of
2 mM bp ct DNA decreased of the yield of fU-X adduct al-
most 2-fold ( from 46% to ∼24% ) when 10 μM BisNP-NH
was used. Again, this effect could be countered by increasing
the concentration of the reagent to 100 μM, allowing to reach
the fU-X yield of 63% ( Figure 8 D ) . This behavior is suggestive
of lower non-covalent affinity of BisNP-NH for fU sites com-
paring with AP sites ( as a prerequisite for covalent reaction ) ,
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Figure 7. ( A –F ) Influence of polyamine concentration ( A –B ) and pH ( D –F ) on the yield of adducts formed upon reaction of BisNP-NH ( black ) , BisNP- 1 2 
( grey ) and C2N2 ( white ) with AP ( A , D ) , fU ( B , E ) and fC ( C , F ) duple x es, as determined by quantification of denaturing PAGE data ( cf. Supplementary 
Figures S18–S20 ) . In ( A –C ) , the reaction pH was 6.5. In ( D –F ) , the polyamine concentration was 10 μM. All other conditions were identical: 0.2 μM 

substrate in 15 mM KAsO 2 Me 2 ( or 15 mM HEPES for pH > 7.2 ) , 115 mM KCl buffer; reaction time, 3 h; temperature, 37 ◦C. Data are means ± s.d. from 

three or more independent experiments; n.d. = not detected. ( G –H ) Ratio of AP-X to fU-X ( G ) or fC-X ( H ) adducts observed at different pH, calculated 
from the data in panels D –F . ( I ) Time dependence of the yield of AP-X ( black ) or fU-X adducts ( red ) in reactions of BisNP- 1 2 ( 10 μM ) with AP and fU 

duple x es at 37 ◦C ( filled dots and solid lines ) and 20 ◦C ( empty dots and dashed lines ) , pH 6.5, other conditions as abo v e ( PAGE data: cf. Supplementary 
Figure S21 ) . 

 

 

 

 

 

 

 

 

 

resulting in a partial sequestration of the polyamine by the
large excess of non-reactive ct DNA competitor. 

Finally, we analyzed the yields of AP-X and fU-X adducts
formed in reactions of polyamines with an equimolar mixture
of AP and fU duplexes, in the absence and in the presence
of ct DNA ( Figure 9 ; cf. Supplementary Note 2 and Supple-
mentary Table S1 ) . The selectivity of polyamines observed in
this competition experiment was globally in agreement with
the reactivity profiles described above. In the absence of ct
DNA, BisNP-NH gave predominantly fU-X adducts ( 26–30% 

AP-X vs. 70–73% fU-X, respectively ) ; however, this ratio was 
skewed in favor of AP-X in the presence of ct DNA ( e.g. 31% 

AP-X vs. 6% fU-X in the presence of 2 mM ct DNA and 10 

μM BisNP-NH ) . Conversely, BisNP- 1 2 and C2N2 systemati- 
cally demonstrated preferential reactivity with AP substrate.
Especially in the case of C2N2 ( 100 or 200 μM ) , the presence 
of ct DNA reduced the yield of fU-X adduct from 9–12% ( in 

the absence of ct DNA ) to 3–4% ( 2 mM ct DNA ) , whereas the 
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Figure 8. ( A –C ) Yield of AP-X adducts upon reaction of AP duplex with BisNP-NH ( A ) , BisNP 1 2 ( B ) and C2N2 ( C ) in the absence and in the presence of ct 
DNA ( 0.2 and 2 mM bp ) , as determined by quantification of denaturing PAGE data. ( D ) Yields of fU-X adducts upon reaction of fU duplex with BisNP-NH 

in the absence and in the presence of ct DNA ( 0.2 and 2 mM bp ) . Conditions: 0.2 μM substrate in 15 mM KAsO 2 Me 2 , 115 mM KCl buffer, pH 6.5; 
reaction time, 3 h, temperature, 37 ◦C. Data are means ± s.d. from two independent experiments ( cf. Supplementary Figure S22 ) . 
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ield of the AP-X adduct was only slightly reduced ( from 73–
7% to ∼60% ) , giving evidence of a 15–20-fold selectivity
or AP sites. Even if these conditions are less stringent com-
aring with the cellular environment ( where the levels of AP
ites and fU are estimated as ∼2 and ∼5 per 10 

6 undamaged
ase pairs, respectively ) ( 46 ,50 ) , it demonstrates that BisNP- 1 2 
nd, especially, C2N2 can efficiently and selectively label AP
ites in the presence of both fU competitor and excess double-
tranded DNA. 

hemical stability of AP-X and fU-X adducts 

o evaluate the practical utility of polyamine adducts as chem-
cal tools for labelling DNA modifications, we studied their
tability with respect to several chemical reagents. Towards
his end, AP-X adducts were prepared by treatment of the
2 P-labelled AP duplex with BisNP-NH, BisNP- 1 2 or C2N2
n the conditions similar to the ones employed above ( 10 μM
olyamine, 3 h, 37 

◦C ) and subsequently incubated for 25 min
t 37 

◦C in the presence of 0.1 M NaOH, 0.1 M HCl, 0.01 M
aBH 4 , 0.01 M tris ( 2-carboxyethyl ) phosphine ( TCEP, reduc-

ng agent ) , or 0.1 M dithiothreitol ( DTT, reducing agent and
trong nucleophile ) , followed by PAGE analysis. The results
 Figure 10 A ) indicate that the adducts were mostly stable in
hese conditions, as evidenced by the persistence of the cor-
esponding AP-X bands. Incubation of the BisNP-NH adduct
n the presence of DTT led to appearance of a novel band
 * in Figure 10 A ) , presumably corresponding to a thio-ddR
adduct ( 25 ) that is formed upon reaction of DTT with 3 

′ -PUA
or iminium intermediates ( cf. Scheme 2 ) , and incubation in
the presence of TCEP led to appearance of minor novel, fast-
migrating bands ( ** in Figure 10 A ) . TCEP is generally con-
sidered as a poor nucleophile; however, its addition reactions
with strong Michael acceptors were recently documented ( 82 ) ,
suggesting that, similar to DTT, it could form adducts upon
reaction with 3 

′ -PUA or the iminium intermediate. The puta-
tive TCEP adduct is expected to migrate fast in PAGE due to
the presence of additional carboxylate groups. Remarkably,
treatment of AP-X adducts with NaBH 4 resulted in the ap-
pearance of novel bands ( *** in Figure 10 A ) , migrating above
the respective AP-X bands that were slightly reduced ( BisNP-
NH and BisNP- 1 2 adducts ) or, in the case of C2N2 adduct, al-
most completely replaced by the novel band. These bands can
be putatively attributed to the products formed by reduction
of iminium intermediates 5 or enamine intermediates 6 α/ β

that are in equilibrium with ring-closed ribodiazepanes; how-
ever, the precise chemical structure of these products would
require further investigations. Altogether, these results sug-
gest an excellent stability of AP-X adducts in acidic and ba-
sic conditions, good tolerance with respect to strong nucle-
ophiles ( DTT, TCEP ) , and moderate stability in the presence
of a strong reducing agent ( NaBH 4 ) . 

The stability of the fU-X adduct prepared by the treatment
of fU duplex with BisNP-NH was also assessed ( Figure 10 A ) .
This adduct was partially degraded after treatment with 0.1 M
HCl or 0.1 M NaOH ( ∼2-fold decrease after 25 min at 37 

◦C ) ,
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Figure 9. PAGE analysis of products obtained in reactions of an equimolar mixture of AP duplex and fU duplex ( 0.2 μM each ) with BisNP-NH, BisNP- 1 2 , 
or C2N2 ( 50, 100 or 200 μM each ) in the absence or in the presence of ct DNA ( 0.2 and 2 mM bp ) . Control lanes: ( a ) AP duplex only, ( b ) fU duplex only, 
( c ) AP + fU duplex untreated, ( d ) AP + fU duplex treated with NaOH. The numbers in italics indicate the yields of AP-X and fU-X adducts with respect to 
the corresponding substrates ( cf. Supplementary Note 2 ) . Reaction time: 5 h, other conditions as in Figure 8 . 

Figure 10. ( A ) St abilit y of AP-X adducts prepared by the treatment of AP duplex with BisNP-NH, BisNP- 1 2 , or C2N2 ( 10 μM each, 3 h at 37 ◦C ) upon 
incubation in the absence ( ‘none’ ) and in the presence of various reagents ( 25 min, 37 ◦C ) . ( B ) St abilit y of the fU-X adduct prepared by the treatment of 
fU duplex with BisNP-NH ( 10 μM, 3 h at 37 ◦C ) upon incubation in the absence ( ‘none’ ) and in the presence of various reagents ( 25 min, 37 ◦C ) . Initial 
conditions: 0.2 μM duplex substrate in 15 mM KAsO 2 Me 2 , 115 mM KCl buffer, pH 7.6. 

 

 

 

 

 

 

 

 

 

 

 
but was essentially unaffected in the presence of NaBH 4 , DTT
and TCEP. Collectively, these results suggest that both AP-X
and fU-X adducts are sufficiently stable to persist in physi-
ological or near-physiological conditions and tolerate typical
reagents used in biochemical workflows, and can therefore be
used to develop chemical tools for labelling of AP sites and / or
fU residues. 

AP-X adducts represent roadblocks for APE1 and 

TDP1 enzymes 

We were interested to study if 3 

′ -ribodiazepane ( AP-X )
adducts could be removed by the enzymes of the base-excision
DNA repair ( BER ) system. AP endonuclease 1 ( APE1 ) cleaves
the phosphodiester bond 5 

′ to AP sites leaving a 3 

′ -OH residue
and is equally able, albeit at a slower rate, to remove 3 

′ -PUA,
3 

′ -dR ( β) remnants and bulky 3 

′ -adducts due to its 3 

′ → 5 

′ 

exonuclease activity ( 83 ) . However, the endonuclease activ- 
ity of APE1 is completely blocked by oxime-type AP adducts 
that maintain the integrity of the phosphodiester backbone 
( 37 ) . Tyrosyl-DNA phosphodiesterase 1 ( TDP1 ) hydrolyzes 
the phosphotyrosyl bond between the catalytic tyrosyl residue 
of topoisomerase 1 and DNA in topoisomerase-derived DPCs 
to leave a 3 

′ -phosphate group ( 3 

′ -P, δ) , and is also able to 

cleanse a variety of 3 

′ -blocking lesions including 3 

′ -PUA and 

most synthetic DNA modifications ( 84 ,85 ) . Recently , Y ang 
et al. demonstrated that both APE1 and TDP1 were able to 

remove the oxime-type adduct of 3 

′ -PUA with an aminooxy 
analogue of lysine ( 86 ,87 ) ; moreover, TDP1 was also able to 

remove a Michael-type DPC formed through the reaction of 
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Figure 11. AP-X adducts are resistant to w ards APE1 treatment. ( A ) R epresentativ e PAGE analysis showing the effect of APE1 on the untreated AP 
duplex, or on AP duplexes pre-treated ( 3 h, 37 ◦C ) with BisNP-NH, BisNP- 1 2 , or C2N2 ( 10 μM each ) to form the corresponding AP-X adducts. The AP 
strand was 5 ′ - 32 P-labelled. ( B ) Quantification of bands corresponding to the uncleaved AP substrate or AP-X adducts upon APE1 treatment, data are 
means ± s.d. from three independent experiments. Conditions: 0.2 μM substrate, 2.3 nM APE1 in 15 mM KAsO 2 Me 2 , 115 mM KCl, 1.7 mM MgCl 2 
buffer, pH 6.5, T = 37 ◦C. 
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′ -PUA with cysteine residue of ALKBH1 ( 88 ) . Both these
dducts are related to ribodiazepane AP-X adducts since they
rise from the 3 

′ -PUA intermediate upon cleavage of AP sites.
We studied the effect of APE1 on AP-X adducts formed by

re-treatment of AP duplex with BisNP-NH, BisNP- 1 2 , and
2N2 ( Figure 11 ) . Incubation with APE1 resulted in the cleav-
ge of > 80% of untreated AP duplex within 1 h, with con-
omitant formation of the 3 

′ -OH product. However, if AP
uplex was pre-treated with polyamines to generate AP-X
dducts, the intensity of AP-X bands was not significantly
educed event after 2 h of APE1 treatment, indicating that
P-X adducts are resistant towards 3 

′ -exonuclease activity
f APE1. 
Next, we investigated the effect of TDP1 on AP-X adducts.

irst, the activity of TDP1 was verified using duplex C12 ( 5-
TA / 3-T ( C 12 ) C ) containing a 1,12-dodecanediol spacer as a
DP1 substrate ( 89 ) . Incubation of this duplex with TDP1
 0.5 μM ) resulted in the cleavage of > 95% of the substrate
ithin 30 min, with concomitant formation of the 3 

′ -P prod-
ct. When the reaction of the C12 duplex with TDP1 was per-
ormed in the presence of BisNP-NH, BisNP- 1 2 or C2N2 ( 10
M ) the efficiency of the strand cleavage was slightly reduced;
evertheless, in all cases, > 85% of substrate was cleaved af-
er 1 h ( Figure 12 A, B ) . Assuming that these polyamines can
on-covalently bind to C 12 spacer sites ( that represent close
nalogues of AP sites ) , this marginal inhibitory effect can be
ttributed to substrate-based ( indirect ) inhibition, i.e. compe-
ition of the polyamine with the enzyme for binding to the
ubstrate ( 57 ) . TDP1 was equally able to cleave AP sites in
he untreated AP duplex ( Supplementary Figure S23 ) , in agree-
ent with previous reports ( 90 ) . Next, we studied the effect of
DP1 on AP-X adducts prepared by pre-treatment of the AP
uplex with the three polyamines as described above. Remark-
bly, the intensity of the AP-X bands was not significantly re-
uced even after 1 h of TDP1 treatment ( Figure 12 C, D ) , in-
icating that TDP1 was unable to remove these adducts. 
The finding that neither APE1 nor TDP1 are able to cleanse

 

′ DNA termini bearing ribodiazepane adducts is rather sur-
rising, because both enzymes are known to remove different
ypes of adducts arising from 3 

′ -PUA ( 34 ,86–88 ) . We note that
P-X adducts employed as substrates were generated by using
excess of polyamines ( 10 μM ) that were not separated before
enzymatic reactions and could, in principle, inhibit enzymatic
activity. However, we have previously shown that BisNP-NH
and its analogues do not directly interact with APE1 and in-
hibit the endonuclease activity exclusively through AP site
binding ( i.e. indirect ) mechanism ( 57 ) , and we also demon-
strated here that all three polyamines only slightly inhibit
TDP1 activity with respect to C12 substrate. Thus, the resis-
tance of AP-X adducts towards APE1 and TDP1 cannot be
attributed to interaction of polyamines with the enzymes. In-
stead, we can suggest that the bulky nature of ribodiazepane
adducts, in particular the presence of two naphthyl groups,
interferes with binding of the enzyme ( or with the correct po-
sitioning of the substrate in the active site ) and prevents the en-
zymatic reaction. Further investigations will address the bind-
ing of these enzymes to AP-X adducts and determine the actual
mechanism of inhibition. 

Conclusions 

Both AP sites and fU are abundant DNA modifications that
occur in the genome at comparable rates ( 46 ) . Due to their
aldehyde nature, they are prone to reactions with nucle-
ophiles; however, until recently, the main reactivity of AP sites
was considered to be due to the reversible formation of Schiff
bases with lysine residues of proteins ( 21–23 ) . Only recently
other types of AP site reactivity were discovered, namely the
formation of thiazolidines ( 19 ,20 ) and S -glycosylic derivatives
( 17 ,18 ) upon reaction with cysteine residues, as well as nucle-
ophilic addition of exocyclic amino groups of neighboring nu-
cleobases leading to the formation of N -glycosylic DNA ICLs
( 9–14 ) . Likewise, most strategies developed for chemical la-
beling of AP sites rely on the formation of oxime adducts as
stable analogues of Schiff bases, with the exception of recently
developed chemical tools that employ iso-Pictet-Spengler re-
action ( 50 ) or ABAO ligation ( 52 ) . The reactivity of fU is
even less studied, and only imine-type DPCs with nucleosomes
have been documented so far ( 91–93 ) . However, a number
of chemical tools for labeling of fU have been developed,
either through formation of oxime adducts or, more selec-
tively, through formation of heterocycles or Knövenagel-type
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Figure 12. AP-X adducts are resistant to w ards TDP1 treatment. ( A ) Str uct ure of DNA modification C 12 emplo y ed as a model TDP1 substrate; the bond 
indicated with red arrow is hydrolytically cleaved by the enzyme. ( B ) Representative PAGE analysis showing the effect of TDP1 on the C12 duplex ( the 
strand bearing a C 12 modification was 5 ′ - 32 P-labelled ) in the absence and in the presence of BisNP-NH, BisNP- 1 2 , and C2N2 ( 10 μM each ) . ( C ) 
Quantification of the bands of unclea v ed C12 substrate upon TDP1 treatment ( means ± s.d. from N = 2 ) . ( D ) R epresentativ e PAGE analy sis sho wing the 
effect of TDP1 on the AP duplex pre-treated ( 3 h, 37 ◦C ) with BisNP-NH, BisNP- 1 2 , or C2N2 ( 10 μM each ) to form the corresponding AP-X adducts. ( E ) 
Quantification of the bands of AP-X adducts upon TDP1 treatment ( means ± s.d. from N = 2 ) . Conditions for the formation of AP-X substrate and TDP1 
reactions: 0.2 μM substrate, 0.5 μM TDP1 in 50 mM Tris–HCl, 50 mM NaCl, 1 mM DTT buffer, pH 8.5, T = 37 ◦C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

condensation reactions, enabling its fluorimetric detection
and / or genomic mapping ( 53 ,56 ) . 

In this study, we describe an unprecedented reactivity of
AP sites, fU and fC with polyamines, that results in the for-
mation of stable covalent adducts in the absence of reducing
agents. Using a set of polyamines derived from the macrocy-
cle BisNP-NH, the first compound for which we serendipi-
tously observed this type of reactivity ( 59 ) , we demonstrate
that the structural determinants for this reactivity include a
secondary 1,2-diamine fragment along with the presence of
benzene or , better , naphthalene residues whose role consists in
enhancing the DNA binding by π-stacking interactions. Us-
ing small-molecule models, we elucidated the structures of the
adducts formed in reactions with AP sites and fU residues.
In the case of AP sites, 3 

′ -ribodiazepane ( AP-X ) adducts are
formed upon polyamine-induced AP site cleavage through an
intramolecular cyclization of the iminium intermediate related
to 3 

′ -PUA; this implies that they can equally form upon re-
action of polyamines with 3 

′ -PUA residues provided the lat-
ter are sufficiently persistent. Conversely, the reaction of the
same secondary 1,2-diamine fragment with fU residues leads
to the formation of cationic 2,3-dihydro-1,4-diazepinium ( fU- 
X ) adducts through ring-opening of the uracil residue. We 
were not able to determine the structure of the fC-X prod- 
uct formed in reactions with fC residues due to low yields 
( ≤5% ) observed with all tested polyamines; further investi- 
gations are needed to determine whether fC-X represents a 
trivial 1,3-aminal, a product of cytosine ring-opening, or yet 
another structure. 

An important finding of this work is the fact that AP-X 

adducts are rather chemically stable and, moreover, represents 
roadblocks for two DNA repair enzymes of the BER system,
APE1 and TDP1, despite the fact that the latter is known to 

cleanse a wide variety of 3 

′ -blocking DNA modifications in- 
cluding oxime-type and Michael-type adducts arising from 

3 

′ -PUA. To the best of our knowledge, ribodiazepane AP-X 

adducts is the first example of a 3 

′ -blocking DNA modifica- 
tion unable to be resolved by TDP1. Since APE1 and TDP1 

are two key enzymes involved in the repair of 3 

′ -blocking 
DNA modifications ( 2 ) , this suggests that cells deficient in 

alternative repair pathways capable of removing 3 

′ -blocking 
lesions, such as nucleotide excision repair ( 94–96 ) , can 
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otentially be sensitive to polyamines that effectively gener-
te AP-X adducts, in particularly in combinations with DNA
lkylating agents that produce transiently high levels of AP
ites. In this regard it is interesting to note that one compound
rom our study, DBED, also known as Benzathine, is a phar-
aceutical excipient widely used for the preparation of poorly

oluble, long-acting salts of penicillin antibiotics ( 97 ,98 ) , and
BDT has also been once proposed for this purpose ( 99 ) . Al-

hough both compounds produce much lower yield of AP-X
nd fU-X adducts in comparison with the naphthalene ana-
ogues, our observations may call for a detailed assessment of
otential genotoxic effects of DBED, in particular in combina-
ions with DNA alkylating agents. Furthermore, the stability
f AP-X adducts towards other DNA repair enzymes such as
 

′ DNA repair endonuclease ( TREX1 ) , APE2, NEIL1 / 3 and
RCC1-XPF nuclease merits further investigations. 
Finally, our study demonstrates that, although the struc-

ural determinants for reaction of polyamines with both AP
ite and fU residues are identical, the AP-vs.-fU selectivity can
e finely tuned through variation of the chemical structure of
he polyamine, on one hand, and reaction conditions such as
H of the medium, on the other hand. Thus, BisNP-NH shows
 two-fold selectivity for fU versus AP sites in slightly acidic
onditions ( pH 6.5 ) , whereas BisNP- 1 2 and C2N2 preferen-
ially react with AP sites, reaching a 20-fold AP-vs.-fU selec-
ivity for C2N2 at pH 7.2. Moreover, the substrate selectivity
f BisNP- 1 2 and C2N2 remains unaffected when the reaction
s performed in the presence of large excess of undamaged
enomic DNA. Thus, this novel reaction can serve as a ba-
is for development of methods allowing selective chemical
abelling of AP sites in genome. Remarkably, the reaction of
hese polyamines with both AP sites and fU is fast ( ≤1 h ) in
ear-physiological conditions and at low-micromolar concen-
rations of polyamines, suggesting that it can also take place
n living systems. 
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