
Organic &
Biomolecular
Chemistry

Dynamic Article Links

Cite this: Org. Biomol. Chem., 2012, 10, 6850

www.rsc.org/obc PAPER

Inter- and intrastrand DNA crosslinks by 2-fluoro-substituted
pyrrolobenzodiazepine dimers: stability, stereochemistry and drug
orientation†
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A 2-fluoro-substituted pyrrolo[2,1-c][1,4]benzodiazepine (PBD) dimer with a 1,4-di-n-propyl piperazine
linker was studied with respect to its binding and crosslinking capability towards double-helical DNA
targets. Duplex thermal stabilizations upon drug binding as measured by UV melting experiments suggest
that two guanine bases separated by four AT base pairs constitute the favorable binding site for the PBD
dimer. Large stabilizations were observed for the self-complementary duplex d(AACAATTGTT)2 as well
as for the non-self-complementary duplex d(AAGAATTGTT)·d(AACAATTCTT) with both guanines
located on the same strand. Formation of interstrand and intrastrand crosslinks by the covalent binding of
both PBD moieties of the dimer to the exocyclic 2-amino group of the two guanine bases within the
duplex minor groove was confirmed by NMR structural studies. In both the symmetric and non-
symmetric DNA–PBD adducts the newly created stereogenic center at C11 of the tricyclic PBD subunits
favors an S configuration. Different orientations of the PBD aromatic A-ring with respect to the covalently
modified guanine as observed in the non-symmetric complex are shown to result in characteristic changes
of PBD H11 and H11a proton chemical shifts. Based on a compilation of available NMR data on various
PBD complexes, these differences may be used as valuable probes for the identification of PBD
orientational preferences in DNA–PBD adducts.

Introduction

Pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) constitute a family
of natural and synthetic compounds with a tricyclic ring system,
that have attracted much interest over the last four decades due to
their DNA alkylating and cytotoxic activities. Naturally occur-
ring members of the family isolated from various Streptomyces
species include the anticancer antibiotics anthramycin, tomay-
mycin and DC-81 (Fig. 1a). It has been shown that PBDs exert
their biological activity through binding to duplex DNA, thereby
inhibiting vital DNA processing functions like transcription or
replication.1–3 Binding occurs in the DNA minor groove and

involves covalent bond formation between the exocyclic amino
group of a central guanine within a three base pair recognition
site and the electrophilic imine functionality of the diazepine
B-ring (Fig. 1b). Likewise, addition products of the imine like
carbinolamines or carbinolamine alkylethers may alternatively
serve as active PBD species by also triggering guanine adduct
formation within the duplex minor groove.

As demonstrated recently, aminal bond formation by nucleo-
philic attack of the guanine 2-amino group on the PBD C11 elec-
trophilic site constitutes a reversible process.4 Thus, whereas
most of the ligand is cleaved from the DNA following duplex
thermal melting at higher temperatures, it can again covalently
bind at lower temperatures after re-annealing of complementary
strands. Although PBD drugs require double-stranded targets for
covalent bond formation, PBD–DNA adducts may nevertheless
persist despite DNA strand separation. In fact, single-stranded
PBD–DNA adducts of sufficient stability for their isolation and
characterization by a combined HPLC/MS methodology have
been observed under denaturing solution conditions.5 Covalent
bond formation will also create a new stereogenic center at C11.
Whereas only an S configuration at the chiral C11a position
imparts a twist to the PBD structure that matches the minor
groove of a right-handed helix and enables duplex binding, the
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configuration at C11 in the formed aminal seems to be less
restricted based on structural considerations. However, an 11S
stereochemistry in guanine adducts is strongly favored over 11R
stereoisomers as suggested by several theoretical and experimen-
tal studies.6–8 Also, an orientation of the PBD aromatic A-ring
towards the 3′-side of the alkylated guanine seems to be pre-
ferred, but orientational preferences may strongly depend on
DNA sequence and PBD structural features.

Various limitations encountered in the clinical use of the natu-
rally occurring simple PBDs have led to the design and synthesis
of a large number of novel and often much more potent PBD
drugs in recent years.9 Conjugates that link the alkylating PBD
moiety with other DNA intercalating or minor groove binding
motifs have been developed for a better DNA binding
affinity.10,11 Also, synthetic PBD dimers have been of particular
interest due to their often significant cytotoxic activity as a result
of their crosslinking ability.12,13 Thus, the C8/C8′ alkane-linked
DSB-120 was found to represent a highly efficient DNA cross-
linking agent, significantly enhancing the DNA binding ability
of its parent compound DC-81.14 Additional modifications led to
the C2/C2′ exo-unsaturated analogue SJG-136 with a remarkable
in vitro and in vivo cytotoxic potency. Following phase I clinical
trials it is presently undergoing phase II studies based on its
promising antineoplastic activity.15–17

Presently, much effort is devoted to the design of dimeric
PBD analogues with modified substituents and/or linker units to
enhance DNA binding affinity and cytotoxicity. In an attempt to
evaluate effects exerted by fluorine substitutions, fluorine was
incorporated at the 2-position of the parent DSB-120 dimer in
earlier studies but failed to result in a noticeable increase of the
DNA binding affinity as suggested by melting experiments on
calf thymus (CT) DNA.18 However, a considerably enhanced

duplex stabilization was found when increasing the linker length
from a trimethylene to a pentamethylene unit, pointing to the
importance of the linker subunit not only for the sequence selec-
tivity but also for the binding affinity. More recently, a 2-fluori-
nated derivative 1 with a 1,4-di-n-propyl piperazine linker
(Fig. 1a) was synthesized and tested for its biological activity
and its binding to calf thymus DNA.19 The piperazine ring has
previously been shown to provide for a favorable binding inter-
action in minor groove recognition20 and was expected to
improve the bioavailability as well as the binding affinity of the
PBD dimer. Indeed, in addition to its promising anticancer
activity remarkable enhancements were found for the thermal
stability of CT DNA upon binding 1 with its fluoro substitution
and piperazine containing linker.19 Thus, DNA thermal denatura-
tion studies showed that 1 increases Tm by 37 °C as compared to
26 °C for SJG-136 under identical conditions. Also, modeling
studies on 1 pointed to AT-rich regions as preferred binding sites
for non-covalent drug–DNA interactions.

Because the biological activity of PBDs is thought to be
strongly correlated with their duplex binding affinity and their
sequence selectivity in DNA recognition, we here report on
binding studies of PBD dimer 1 with different double-helical
oligonucleotides. Dimer 1 was selected for the present studies
based on its high relative binding affinity towards CT DNA
within a series of structural analogues as assessed by initial UV
melting experiments.19 Preferred duplex targets are identified
and subjected to an NMR structural analysis to gain insight into
potential adduct formation, crosslinking capabilities of the drug
and the stereochemistry of covalent bond formation. Finally,
NMR spectroscopic parameters are introduced as potential
probes for an assessment of PBD orientational preferences upon
DNA binding.

Fig. 1 (a) Structure of DC-81, anthramycin and tomaymycin as well as of the PBD dimers DSB-120, SJG-136 and 1 with atom numbering;
(b) pyrrolobenzodiazepine–dG·dC adduct.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6850–6860 | 6851
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Results

UV melting studies

To identify preferred duplexes for the PBD dimer 1, thermal
duplex stabilizations ΔTm through drug binding were determined
by UV melting experiments. These can be used as an approxi-
mate measure of favorable drug–DNA interactions within com-
plexes and hence for the binding affinity of the drug towards the
double-helical target. The duplexes selected differ in their
number of AT base pairs between reactive guanines, the latter
being located on either the same (A-duplexes) or the opposite
strand (S-duplexes). This may allow for intra- or interstrand
crosslinks with the PBD dimer in the case of appropriately
spaced guanines.

Initially, thermal melting curves were recorded for double-
stranded oligonucleotides in the absence of the PBD dimer, exhi-
biting a single cooperative melting transition. Following the
addition of drug in a fourfold excess over the duplex, a biphasic
melting profile with a first transition corresponding to the free
duplex melting and a second high-temperature transition indicat-
ing dissociation of a formed 1 : 1 complex is observed (Fig. 2).
Also, as reported before for other PBD adducts with G-contain-
ing duplexes,21 only the low-temperature transition correspond-
ing to the annealing of the free single strands is observed upon a
subsequent cooling cycle (not shown). Apparently, the PBD
dimer dissociates from the DNA following strand separation at
higher temperatures and another DNA adduct is only formed
after re-annealing of the two oligonucleotide strands to a duplex
at lower temperatures.

All duplexes carrying two reactive guanine bases are con-
siderably stabilized when forming a complex with the PBD
dimer with ΔTm values ranging from 19 °C up to 47 °C (see
Table 1). The largest duplex thermal stabilizations with ΔTm
values >40 °C are observed for duplexes S4, S4r and A4 with
four AT base pairs between guanines, allowing for a potential
1,6-intra- or interstrand crosslink with 1. A shortened or
elongated AT base pair tract between the two guanine binding
sites results in a decreased stabilization ΔTm upon drug
binding. There seems to be no general preference for duplexes
of the S-series with the two guanines located on opposite

strands or the A-series with two guanines on the same strand
and amenable to a potential intrastrand crosslink with the PBD
dimer. Except for differences in ΔTm as a result of guanine
separation, complex stabilities as expressed in terms of ΔTm
seem to depend on the particular base sequence at the binding
sites in a subtle way. Small differences in thermal stabilization
are also observed for duplexes S4 and S4r having a reversed
strand polarity and expected to result in an opposite drug orien-
tation within the complexes.

As mentioned above, two transitions corresponding to the
melting of PBD complexes and the low-temperature melting
of a residual free duplex are observed in the UV melting
profiles unless solutions are equilibrated for a prolonged
period of time (Fig. 2). If the single annealing transition of a
free duplex, as is exclusively observed in the UV cooling
profiles, is taken as evidence of an almost complete drug dis-
sociation at temperatures T > Tm2 and using our standard pro-
tocol of recording a second heating curve following cooling
and a 10 min waiting period, the ratio of hyperchromicities
for the first and second transition may be used as an, albeit
rough, measure for the population of coexisting species and
therefore for the relative kinetics of drug binding. Thus, PBD
complex formation slows down among duplexes in the order
S6/S5 > S3 > S4 > A4. Obviously, the kinetics of PBD
binding is not correlated with the complex thermal stability in
line with recent data, suggesting different rank orders of
sequences based on either kinetic or thermodynamic
preferences.22

Fig. 2 UV melting curve and its first derivative (broken line) on a
mixture of S4 and 1 (1 : 4 molar ratio).

Table 1 Duplex melting temperatures Tm (°C) from temperature
dependent UVexperiments without and with bound 1a

Duplex Sequence Tm1 w/o 1 Tm2 with 1 ΔTm
b

S2 5′-AAATCTTG ̲TT-3′ 25.4 ± 0.6 55.4 ± 0.1 30.0 ± 0.6
3′-TTTAG̲AACAA-5′

A2 5′-AAATG̲TTG ̲TT-3′ 28.7 ± 0.6 54.4 ± 0.5 25.7 ± 0.8
3′-TTTACAACAA-5′

S3 5′-AAACATTG ̲TT-3′ 24.3 ± 0.6 55.3 ± 0.6 31.0 ± 0.9
3′-TTTG ̲TAACAA-5′

A3 5′-AAAG ̲ATTG ̲TT-3′ 27.8 ± 0.1 67.8 ± 0.4 40.0 ± 0.4
3′-TTTCTAACAA-5′

S4 5′-AACAATTG ̲TT-3′ 30.3 ± 0.6 77.3 ± 0.6 47.0 ± 0.9
3′-TTG̲TTAACAA-5′

S4r 5′-TTG̲TTAACAA-3′ 21.7 ± 1.5 64.4 ± 0.5 42.7 ± 1.6
3′-AACAATTG ̲TT-5′

A4 5′-AAG̲AATTG ̲TT-3′ 28.0 ± 0.1 70.1 ± 0.1 42.1 ± 0.1
3′-TTCTTAACAA-5′

S5 5′-AACAAATTG̲TT-3′ 31.7 ± 1.5 60.7 ± 1.1 29.0 ± 1.9
3′-TTG̲TTTAACAA-5′

A5 5′-AAG̲AAATTG ̲TT-3′ 32.0 ± 0.2 57.6 ± 1.6 25.6 ± 1.6
3′-TTCTTTAACTT-5′

S6 5′-AACAAATTTG̲TT-3′ 38.8 ± 1.5 60.4 ± 0.6 21.6 ± 1.6
3′-TTG̲TTTAAACAA-5′

A6 5′-AAG̲AAATTTG̲TT-3′ 35.7 ± 0.5 59.4 ± 0.6 23.7 ± 0.8
3′-TTCTTTAAACAA-5′

S7 5′-AACAAAATTTG ̲TT-3′ 40.9 ± 0.6 59.6 ± 0.3 18.7 ± 0.7
3′-TTG̲TTTTAAACAA-5′

S8 5′-AACAAAATTTTG ̲TT-3′ 46.0 ± 0.1 67.7 ± 0.6 21.7 ± 0.6
3′-TTG̲TTTTAAAACAA-5′

aAveraged values with standard deviations from ≥3 independent
measurements. bUncertainties in ΔTm values were calculated based on
error propagation upon data subtraction.

6852 | Org. Biomol. Chem., 2012, 10, 6850–6860 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

01
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

6 
Ju

ly
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
25

65
4A

View Online

http://dx.doi.org/10.1039/c2ob25654a


NMR structural studies

Consistent with the results from our UV melting experiments,
simple molecular models show a four base pair tract between the
two guanines to match the geometry of the fluorinated PBD
dimer upon potential bis-alkylation. Thus, energy minimizations
of a crosslinked model keeping only Watson–Crick hydrogen
bonds fixed result in an S4 bis-adduct with a relaxed piperazine-
containing linker, nicely accommodated within the minor groove
of a regular non-distorted helix (see ESI Fig. S1†). In the follow-
ing, the two decamer duplexes S4 and A4 were used for
additional NMR structural investigations. Potential bis-adducts
formed with dimer 1 are shown in Fig. 3.

Whereas resonances of duplex S4 with its twofold axis of
symmetry have been assigned and reported previously,23 the
non-symmetric duplex A4 was initially subjected to an NMR
analysis based on established strategies for oligonucleotide
duplexes.24–26 As with S4, the overall pattern of NOE crosspeaks
and their relative intensities are consistent with a right-handed
double helix, a glycosidic torsion angle in the anti-range and an
S-type sugar pucker characteristic of B-DNA.27

NMR titration and formation of drug–DNA complexes

Titration of duplex S4 with the PBD dimer leads to the appear-
ance of new imino proton resonances. Upon saturation with the
drug, two resolved sharp and one broadened imino signal due to
the penultimate AT base pair are observed (see Fig. 4a). While
the terminal imino signal is broadened beyond detection, the
downfield shifted signal at 14.10 ppm is associated with two AT
imino resonances nearly isochronous under the present exper-
imental conditions as is the resonance at 13.72 ppm seen in the
free duplex. It should be mentioned that due to the slow kinetics
of adduct formation most of the free duplex has disappeared
after one day, but only after a few days the duplex has fully
reacted and only imino signals of the PBD–DNA complex
remain observable. Because the number of new signals after
equilibration equals the number of signals for the free duplex,
only one specific PBD–S4 adduct with the conservation of sym-
metry must have formed.

For the free non-self-complementary duplex A4 seven
resolved imino proton signals are observed at 283 K (see
Fig. 4b). Whereas the two somewhat broadened and most
downfield shifted resonances correspond to iminos of the penul-
timate AT base pairs, the most upfield shifted imino resonance at
12.44 ppm consists of two overlapping iminos of the two GC
base pairs. Addition of saturating amounts of 1 ultimately results
in significant imino proton chemical shift changes and two sep-
arated G imino resonances for the complex below 13 ppm.
However, the number of imino resonances does not change after
drug binding and again points to the formation of a single well-
defined associate (Fig. 4b). Note that imino protons of the term-
inal base pairs are again unobservable due to fraying effects in
both the free duplex and the complex.

As already indicated by the UV melting experiments and cor-
roborated by the time dependent development of imino signals
for the complex, the kinetics of the PBD–A4 complex formation
is exceedingly slow. In fact, relative signal intensities in the
guanine imino proton spectral region suggest that still about 25%
of the free duplex coexist with the complex after 48 h even with
a fourfold excess of the added drug. Because both guanine
imino protons of the formed complex are spectrally resolved (see
Fig. 4), their signals can be easily followed with time. Based on
their slow but parallel intensity changes, a faster binding event at
a potentially favored guanine site followed by slower binding at
the other guanine in A4 may be excluded (not shown).

DNA proton assignments of the complexes

After completion of complex formation as indicated by the
absence of residual signals from the free duplex, DNA reson-
ances of the two complexes were assigned by analyzing 2D
NOE, COSY and TOCSY spectra. Overall, the general pattern of
NOE intensities suggests a non-distorted B-type duplex for both
the S4 and A4 complexes. Labile protons were assigned based
on imino–imino, imino–amino/H2 as well as amino–amino con-
tacts in NOESY spectra with a 200 ms mixing time acquired in
H2O. Assignments for non-exchangeable DNA protons mostly
rely on intranucleotide and sequential base H6/H8 to H1′, H3′,
H2′/H2′′ and TCH3 protons. Thus, a network of non-disrupted
NOE connectivities along the oligonucleotide strands enables the

Fig. 3 Duplex S4 (top) and A4 (bottom) with nucleotide numbering
and a schematic representation of inter- and intramolecular crosslinks
by 1.

Fig. 4 Imino proton spectral region at 283 K of (a) duplex S4 and (b)
duplex A4 in the absence of drug (top) and after drug binding (bottom).

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6850–6860 | 6853
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straightforward assignment of all H6/H8 and H1′ sugar protons
(see ESI Fig. S2†). In addition to H1′ and adenine H2 protons,
H4′ protons may also constitute important markers for inter-
actions within the minor groove. However, because an unam-
biguous assignment was impeded in the strongly overlapped
H4′/H5′/H5′′ sugar proton spectral region and because we did
not seek for a detailed high-resolution structure of the com-
plexes, we refrained from assigning the latter protons.

S4-1 adduct

Following imino proton assignments, a strong crosspeak
observed between a proton at 8.38 ppm and the G8 imino proton
in the H2O NOE spectrum identifies a single guanine amino
proton typical for a 2-amino alkylation. Another strong cross-
peak of the G amino to the newly formed PBD H10 resonance at
7.0 ppm corroborates covalent bond formation with the PBD
imine functionality. The G amino and PBD H10 proton share
several NOE contacts to the same DNA and drug protons that
include 1 H11, 1 H11a as well as A4 H2 and A4 H1′ protons
located in the duplex minor groove. A conspicuously strong
crosspeak to A4 H2 together with weaker NOE contacts to A5
H2 and PBD H10 in H2O identifies the aromatic H9 proton
within the PBD A-ring and confirms its insertion edge-on into
the duplex minor groove with H9 facing the floor of the groove.
H11 and H11a resonances of the drug resonating at 4.91 ppm
and 5.30 ppm are most conveniently assigned based on their
mutual scalar coupling as observed in COSY experiments. Note
that in contrast to H11 the H11a proton shows another scalar
coupling to an H1 proton of the PBD pyrrolidine ring. By
measuring peak-to-peak separations within the DQF-COSY
crosspeak patterns a 3J(H11,H11a) scalar coupling of ∼10.5 Hz
can be extracted. Due to its large heteronuclear coupling with the
geminal fluorine atom of 2J = 53 Hz, the PBD H2a doublet
signal at 5.58 ppm is easily identified in the non-decoupled 2D
spectra. Both H2a and H11a exhibit an intermolecular NOE
contact to T9 H1′ (see ESI Fig. S3†). A crosspeak between H11
and A4 H1′ is strongly indicated but remains ambiguous due to
some signal overlap. Proton assignments for the drug–S4 adduct
are given in the ESI Table S3.†

A4-1 adduct

Covalent bond formation at the two guanines within the same
strand is apparent from the presence of two single G amino
protons showing a characteristic NOE contact to their G imino
proton as well as from the identification of two additional PBD
H10 protons resonating at 6.57 and 6.77 ppm. H9 and H9′
protons of the two PBD moieties covalently bound to G3 and
G8, respectively, are again unambiguously identified through
their strong NOE contact to H2 of A4 (A14) and their additional
weaker crosspeak to H2 of A5 (A15). These contacts also clearly
indicate the insertion of both PBDs into the duplex minor
groove. Other protons of the two non-equivalent PBD moieties
of 1 were mostly assigned through their scalar couplings in
DQF-COSY and TOCSY spectra. Heteronuclear couplings to the
pyrrolidine 2-fluorine substituent of 3J(H1a,F) ∼ 46 Hz, 3J(H3a,
F) ∼ 40 Hz and 2J(H2a,F) ∼ 53 Hz strongly facilitated

assignment of the pyrrolidine protons in the two PBD moieties
of the complex and their identification in the NOESY spectra.

Both pairs of H11 and H11a protons exhibit prominent cross-
peaks in DQF-COSY spectra with 3J(H11,H11a) vicinal coup-
lings of 10.4 Hz and 10.0 Hz as measured from the peak-to-peak
separation of antiphase components as shown in Fig. 5. The criti-
cal discrimination of H11 and H11a protons is accomplished
through their well resolved crosspeak pattern and the observation
of another passive 3J(H11a,H1a) coupling of 7 Hz and 8 Hz.
H11a at 3.88 ppm and H11 at 6.0 ppm show NOE contacts to
T19 H1′ and A4 H1′ anomeric sugar protons of the duplex,
respectively. On the other hand, the additional H11a′ resonance
at 5.34 ppm and the H11′ signal at 4.91 ppm exhibit corres-
ponding dipolar couplings to T9 H1′ and A14 H1′ protons (see
Fig. 6). These connectivities place the former to the modified G3
nucleotide and identify the latter as part of the G8 alkylating
PBD structure. Albeit of lower intensity, NOE contacts also
connect H11 with G3 H1′ as well as H11a′ with G8 H1′. Interest-
ingly, weak intra-PBD NOE contacts are observed between H2a
and H11 at the G3 adduct and between H2a′ and H11a′ protons
at the G8 covalent binding site (see Table 2). This indicates a
different puckering of the tricyclic ring system for the two differ-
ently oriented PBD subunits and may be compatible with a
change from a C2-endo towards a C2-exo or twisted confor-
mation of the pyrrolidine ring.

Discussion

Based on UV melting data and also indicated by molecular
models, the fluorinated PBD dimer 1 with its piperazine-
containing linker favors double-helical targets with two central
guanines separated by four AT base pairs, irrespective of their
positioning on the same or on opposite strands. Recently, exper-
imental and modeling studies on the adduct formation with PBD
dimers having O(CH2)3O and O(CH2)5O linkers demonstrated
that these alkane-linked PBDs require target sequences with 2 ± 1
and 3 ± 1 AT base pairs between reacting guanines for efficient
crosslinking, respectively.28 Also, with a larger separation of
guanines a preferential formation of intrastrand versus interstrand
crosslinks was observed. The favorable spacing of only four base
pairs between guanines as observed here for the duplex binding
of 1 with its relatively long 1,4-di-n-propyl piperazine linker
indicates that the piperazine moiety may be subject to specific
interactions within the minor groove and does not allow a direct
extrapolation of sequence selectivity solely based on simple
alkane spacers. It should be noted, however, that the kinetics of
adduct formation does not parallel thermal stabilities. Also,
melting data do not allow for a discrimination of potentially
formed monoalkylated and crosslinked bis-adducts.

For the S4-1 and A4-1 complexes, NMR spectroscopic studies
unequivocally confirm bis-adduct formation associated with
inter- and intrastrand crosslinking. Whereas the formation of
DNA interstrand crosslinks by PBD dimers has long been recog-
nized as being a major contributor to the significant biological
activity of dimeric PBDs, intrastrand crosslinking has only
recently come into focus as an alternative mode of PBD dimer
interactions with double-helical DNA.29,30 Interestingly, an
intrastrand crosslink formed by the PBD dimer in A4 confers

6854 | Org. Biomol. Chem., 2012, 10, 6850–6860 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
Sa

n 
D

ie
go

 o
n 

01
 S

ep
te

m
be

r 
20

12
Pu

bl
is

he
d 

on
 1

6 
Ju

ly
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2O

B
25

65
4A

View Online

http://dx.doi.org/10.1039/c2ob25654a


nearly the same thermal stabilization to the duplex as found for
the interstrand crosslink in S4. Apparently, non-covalent drug–
DNA interactions primarily determine the thermal stability of
corresponding complexes. On the other hand, if complete strand
separation and thus complex denaturation at high temperatures
only occurs after drug dissociation, slow hydrolysis of the
formed aminal bond between the PBD and guanine may kineti-
cally hamper duplex melting.

Stereochemistry at PBD C11 upon adduct formation

Through the formation of a covalent bond between the pyrrolo-
benzodiazepine imine function and the 2-amino group of the
guanine base, another stereogenic center at C11 of the drug is
generated. Starting with an S-configuration at C11a, a

prerequisite for the accommodation of PBD drugs within
the DNA minor groove, two diastereomers (11S,11aS) and
(11R,11aS) may have formed in a PBD–DNA adduct. In geome-
try-optimized structures of PBD–9-methylguanine adducts calcu-
lated at the B3LYP/6-31+G** level, dihedral angles between
H11 and H11a protons are found to be 167° and 75° for the
(11S,11aS) and the (11R,11aS) diastereomer, respectively. Also,
due to their trans-disposition in the former configuration, H11a
and H11 protons are situated above and below the PBD ring
system in close proximity (<4 Å) to H1′ sugar protons on oppo-
site strands. This situation contrasts with corresponding cis-
oriented PBD H11 and H11a protons of a potential (11R,11aS)
diastereomer and their close proximity to the same H1′ sugar
proton on one of the strands (see Fig. 7).

According to the general Karplus relationship, measurements
of the vicinal 3J(H11,H11a) coupling constant in PBD–DNA

Fig. 5 DQF-COSY spectrum of the A4-1 adduct acquired at 293 K in D2O. H11–H11a crosspeaks above the diagonal are enlarged for better dis-
crimination of their different fine structures.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6850–6860 | 6855
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adducts should easily discriminate between the two diastereo-
mers. However, unambiguous identification of the C11 configur-
ation may be severely hampered by significant errors in the
coupling constant determination if based on simple peak-to-peak
separations in COSY crosspeaks with their anti-phase and in-
phase patterns and associated with severe amalgamation and can-
cellation effects in the case of larger signal linewidths. Also, the
flexible pyrrolodiazepine ring system will enable the drug to

accommodate within the duplex minor groove changing confor-
mational preferences upon binding. In fact, molecular mechanics
calculations performed on (11R,11aS) and (11S,11aS) DNA–
PBD models with the MMFF force field together with torsion
angles extracted from published NMR-derived complex struc-
tures23,31,32 point to torsion angles between PBD H11 and H11a
protons as low as 142° and 29° for (11S,11aS) and (11R,11aS)
adducts, respectively. Consequently, whereas a 3J(H11,H11a) of
≥10 Hz should unambiguously identify an (11S,11aS) isomeric
species, the presence of a corresponding COSY crosspeak as a
result of larger coupling does not necessarily exclude the exist-
ence of an (11R,11aS) adduct. On the other hand, an (11R,11aS)
configuration of the PBD drug upon DNA covalent binding is
expected to be significantly disfavored according to calculations
as well as to experimental evidence. Thus, molecular mechanics
and molecular dynamics simulations have shown a clear prefer-
ence of the 11S over the 11R configuration of pyrrolobenzodiaze-
pine adducts irrespective of the sequence around the guanine
binding site.6,33,34 To the best of our knowledge there is only
one exception to the exclusive finding of (11S,11aS) configu-
rations determined by NMR in DNA adducts of various PBD
drugs. These deviating results were obtained by a combination of
NMR, fluorescence and molecular modeling studies and
suggested an (11R,11aS) configuration in addition to a second
coexisting (11S,11aS) species of tomaymycin when bound to
calf thymus DNA and to the hexamer duplex d(ATGCAT)2.

35

However, the data did not allow unambiguous identification of
diastereoisomers and the tentative assignment of the complexes
may be considered disputable.

Based on the above and having determined 3J vicinal scalar
couplings between PBD H11 and H11a protons of 10.5 Hz in
S4-1 as well as of 10.4 Hz and 10.0 Hz for the bis-adduct in A4,
a C11S linkage is clearly indicated for all PBD adducts in the
two complexes. This stereochemical assignment is additionally
confirmed by corresponding NOESY crosspeaks of H11 and
H11a protons. As shown in Fig. 7, H11a and H11 protons are
always trans-positioned in an 11S stereochemical configuration
and situated above and below the PBD ring system facing H1′
sugar protons located on opposite strands (vide infra). Experi-
mentally observed H11/H11a–H1′ NOE contacts (e.g. see Fig. 6)
provide evidence for corresponding interproton distances <5 Å
in the PBD adducts and are again only compatible with an
(11S,11aS) configuration in all cases.

Orientation of pyrrolobenzodiazepines in DNA adducts

In addition to the potential formation of different configurations
at the stereogenic center at C11, the PBD drugs may position
themselves within the duplex minor groove with their aromatic
A-ring oriented towards the 3′-end of the modified G-strand
(3′-orientation) or alternatively towards the 5′-end (5′-orienta-
tion). Excluding C11R-isomeric species, NMR structural studies
in many cases point to a preference for the 3′-orientation in
(11S,11aS) PBD adducts.36–38 Molecular mechanics simulations
also suggest a 3′-orientation favored over a 5′-orientation in
complexes with anthramycin and tomaymycin,6,33 yet opposite
preferences were reported for DC-81 in modeling studies invol-
ving molecular dynamics simulations.34 Using hairpin-forming

Fig. 6 Portion of a 2D NOE spectrum of the A4-1 adduct acquired at
293 K in D2O (120 ms mixing time). Crosspeaks between PBD H11/
H11a and DNA H1′ protons are encircled.

Table 2 Experimentally observed NOE contacts of H11/H11a and
H11′/H11a′ protons of the two PBD moieties in 1 covalently bound to
G3 and G8 of the duplex A4, respectivelya

H2a/H2a′ A4/T9H1′ A14/T19H1′ G3/G8H1′

H11a — — +++ —
H11 + +++ — ++
H11a′ + +++ — ++
H11′ — — +++ —

aObserved in a 2D NOE spectrum acquired at 293 K in D2O with a
120 ms mixing time; +, ++ and +++ represent weak, moderate and
strong crosspeaks.

6856 | Org. Biomol. Chem., 2012, 10, 6850–6860 This journal is © The Royal Society of Chemistry 2012
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oligonucleotides with a single PBD binding site either positioned
at the 5′-terminus of the stem region or close to the central loop,
a kinetic preference for a 3′-oriented adduct was indicated
through HPLC/MS methodologies, yet corresponding 5′-adducts
could also form with high reaction rates.22 Apparently, a 5′-
orientation can easily be enforced as has also been shown in
complexes of C8-modified PBD hybrids and duplexes carrying a
guanine base close to their 3′-terminus.23,32 It seems that differ-
ences in interaction energies are rather small and allow the for-
mation of both types of adducts depending on the particular
PBD structure and the sequence of the DNA target. As shown in
Fig. 7, an 11S,5′ binding mode will place the PBD H11 proton
close to the anomeric H1′ sugar proton of the nucleotide at the
3′-side of the cytosine base-paired with the alkylated guanine
(i.e. nucleotide C + 1). Likewise, H11a will be in close proximity
to H1′ of the nucleotide at the 3′-side of the modified guanine
(i.e. nucleotide G + 1). In contrast, spatial relationships are
reversed for an 11S,3′ binding mode and thus should allow
observation of NOE connectivities between H11 and (G + 1)
H1′ as well as between H11a and (C + 1) H1′.

Clearly, in the case of the PBD dimers the orientation of each
PBD moiety will necessarily be predetermined when cross-
linking the corresponding target duplex (see Fig. 3). Thus,

unambiguous NOE contacts place H11a close to T9 H1′ in the
S4-1 adduct as predicted from its 5′-orientation. On the other
hand, two different NOE patterns are observed for the A4-1
complex with its two non-identical PBD moieties oriented in the
3′- and 5′-directions. Here, H11a and H11a′ show NOE contacts
to T19 H1′ and T9 H1′ whereas H11 and H11′ protons exhibit
dipolar couplings to A4 H1′ and A14 H1′ protons, respectively
(Fig. 6).

Although these NOE contacts are reliable diagnostic markers
for the PBD orientation, their use requires a prior assignment of
drug and DNA resonances. While working on benzimidazole–
and naphthalimide–PBD hybrids forming DNA adducts with a
5′-orientation, we noticed considerable changes in the PBD H11
and H11a chemical shifts when compared to published data on
PBD adducts with a 3′ drug orientation. Specifically, significant
upfield shifts of the H11 resonance in 11S,5′ adducts were
accompanied by downfield shifts of H11a. These changes
resulted in more downfield shifted H11a versus H11 protons in
contrast to significantly more shielded H11a protons in 11S,3′
adducts. Prompted by these initial observations, we compiled
available NMR data on 16 PBD–DNA adducts that comprise
various PBD drugs bound in different orientations and also
include the results on the 1 complexes presented here. In all

Fig. 7 Views into the minor groove of PBD–DNA adducts with C11S (top) and C11R (bottom) configurations and a 5′- (left) and 3′-orientation
(right); short distances involving PBD H11/H11a and DNA H1′ protons are indicated; covalently modified guanines are highlighted in orange and the
tricyclic PBD is shown in atom colors.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6850–6860 | 6857
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cases, a reversal of H11/H11a relative chemical shifts was
observed upon changing drug orientation. Mostly uninfluenced
by specific ring puckering modes, the deshielded H11 proton in
11S,3′ adducts may be rationalized by its orientation towards the
covalently modified guanine and its location within the deshield-
ing region of the purine base. In contrast, the H11 proton in
11S,5′ adducts always points away from the guanine ring system
and is expected to only experience vanishing ring current effects
(Fig. 8).

PBD H11 proton chemical shifts are found to cluster within a
relatively narrow range of 4.5 ppm ≤ δ ≤ 4.9 ppm for 11S,5′
adducts and 5.5 ppm ≤ δ ≤ 6.1 ppm for 11S,3′ adducts. For
PBD H11a protons, observed chemical shifts cover a somewhat
wider range from 4.7 ppm to 5.4 ppm in 11S,5′ adducts and
from 3.8 ppm to 4.5 ppm in 11S,3′ adducts. Clearly, the strongly
orientation dependent H11 and H11a chemical shift should rep-
resent a good marker for the PBD binding, provided that the two
PBD proton resonances have been unambiguously assigned. On
the other hand, the observation of a chemical shift <4.5 ppm or
>5.5 ppm for either proton should reliably identify an 11S,3′
adduct under normal experimental conditions even without the
need of prior assignments.

In Fig. 9 chemical shifts found for H11 and H11a protons in
the various PBD adducts have been correlated in a two-dimen-
sional plot. For PBD 5′-orientations all H11/H11a chemical shift
differences are below 1 ppm with corresponding correlations, as
for example observable as crosspeaks in a COSY experiment,
lying close to the diagonal. In contrast, for PBD 3′-orientations
all H11/H11a chemical shift differences are >1 ppm and thus
correlations are shifted away from the diagonal. Because the
region of H11–H11a crosspeaks in a COSY spectrum is mostly
free of additional DNA proton correlation peaks (see Fig. 5),
examination of this spectral region can provide for a simple
method of identifying the PBD orientation without the need for
more extensive proton assignments. Note that the data used for
the plot in Fig. 9 not only include different DNA target
sequences and slightly different experimental conditions like
temperature, but also various PBD derivatives with different sub-
stituents as well as C2-exo and C2–C3-endo unsaturation, giving
confidence in their more general validity.

Conclusions

2-Fluoro-substituted pyrrolo[2,1-c][1,4]benzodiazepines linked
through a 1,4-di-n-propyl piperazine linker form 1,6-interstrand

as well as intrastrand crosslinks with target duplexes having reac-
tive guanines at appropriate positions. The thermal stability of
these bis-adducts is remarkable and suggests strong DNA–drug
interactions within the complexes, albeit with relatively slow
kinetics of binding. More detailed information on the sequence-
dependence of complex stability on the one hand and the kine-
tics of complex formation on the other hand will be necessary in
the future for a better assessment of in vivo activities for this
type of PBD dimer. In addition, NMR structural studies provide
for the stereochemistry at the covalent binding site and for the
orientation of the PBD in a given target duplex. In view of an
increasing number of PBD-based drugs and the importance of
PBD orientational preferences for their sequence selectivity and
their mechanism of action, a more rapid and convenient NMR-
based assay for the discrimination of PBD binding modes is
highly desirable. The stereochemical and orientational depen-
dence of individual PBD proton chemical shifts as presented
here may be valuable as an easily accessible marker for PBD
geometries in such complexes.

Experimental section

Sample preparation

Duplexes were purchased from TIB MOLBIOL (Berlin,
Germany) and dissolved in PBS buffer (100 mM NaCl, 20 mM
phosphate, pH 7.0) for the UV measurements or in 100 mM
NaCl, 1 mM NaN3, pH 7.0, for the NMR experiments. The
drug–DNA complex for the NMR structural studies was pre-
pared by titrating a 0.5 mL solution of the DNA duplex with a
concentrated drug solution in DMSO-d6 up to a 4 : 1 drug-to-
duplex molar ratio. The mixture was left at 4 °C until all of the
duplex was saturated with drug as evidenced by one-dimensional
NMR spectra. Despite being used in excess no resonances of the

Fig. 8 Molecular model of an amino-alkylated guanine highlighting
the location of the PBD H11 proton with respect to the nucleobase for
various PBD configurations.

Fig. 9 Chemical shifts of PBD H11 and H11a protons in DNA adducts
with 11S,5′ (open circles) and 11S,3′ binding (closed circles). Data were
taken from this study and from ref. 7, 23, 30–32, 36, 37, and 39–41.

6858 | Org. Biomol. Chem., 2012, 10, 6850–6860 This journal is © The Royal Society of Chemistry 2012
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PBD dimer could be observed in subsequent NMR experiments
due to its poor solubility in the aqueous solution. For some
NOESY, TOCSY and DQF-COSY experiments on non-
exchangeable protons, NMR samples in 90% H2O–10%

2H2O
were lyophilized three times and finally redissolved in 99.996%
D2O. The samples for the NMR studies were about 1 mM in a
duplex.

UV melting experiments

UV thermal denaturation studies were performed in 1 cm quartz
cuvettes on the duplexes in the absence or presence of the PBD
dimer. The duplex concentration was 3.5 μM for all experiments.
For the mixtures, a DMSO solution of the PBD was added to an
equilibrated solution of the duplex in a 1 : 4 duplex-to-drug
molar ratio 1 h prior to the measurements. The final DMSO
content of the solutions was less than 1.5%. The melting curves
were recorded with a Cary 100 spectrophotometer equipped with
a Peltier temperature control unit (Varian Deutschland,
Darmstadt) by measuring the absorbance of the solution at
260 nm as a function of temperature. A protocol was applied,
that was initiated by first heating from 10 °C to 90 °C followed
by cooling the sample to the starting temperature. After a waiting
period of 10 min another heating ramp was started. Heating rates
of 0.5 °C min−1 were employed. In general, melting tempera-
tures were determined by the maximum of the first derivative
plot of the second heating curves and are given as averages from
at least three independent experiments. For some duplex–drug
mixtures, measurements were repeated after incubation for 1 day
at room temperature but did not result in changes of determined
transition temperatures.

NMR experiments

1H NMR experiments were performed on a Bruker Avance
600 MHz spectrometer equipped with an inverse 1H/13C/15N/31P
quadruple resonance cryoprobehead and z-field gradients.
A combination of phase-sensitive nuclear Overhauser effect
spectroscopy (120 and 200 ms mixing time NOESY) as well as
through bond correlated (COSY, phase-sensitive DQF-COSY)
and total correlated spectroscopy (80 and 120 ms spin-lock time
TOCSY with a DIPSI2 or MLEV17 spin-lock and a field
strength of 7.1 kHz) was applied for the samples in the States-
TPPI mode except for magnitude mode COSY experiments.
Typically, for assignments of non-exchangeable protons 2D
spectra in D2O were acquired at 293 K with a sweep width of
6600 Hz and the carrier frequency set to the HDO resonance fre-
quency. Residual HDO was suppressed with a 3–9–19 WATER-
GATE sequence or by presaturation during the relaxation delay
as required. A total of 1024 FIDs of 4096 complex data points
were collected in t1 with 32 transients at each t1 value and a
recycle delay of 2 s. Prior to Fourier transformation, the FIDs
were zero-filled to give a 4K × 4K or 4K × 2K data set. Both
dimensions were apodized with phase-shifted sine or squared
sinebell functions. Proton chemical shifts were referenced to the
HDO peak taking into account the temperature dependence of its
chemical shift.

For the assignments of exchangeable protons, 2D NOE experi-
ments in 90% H2O–10%

2H2O were acquired at 283 K with a
200 ms mixing time and a spectral width of 14 000 Hz using
either the DPFGSE or the 3–9–19 WATERGATE pulse sequence
for solvent suppression. Corresponding suppression schemes
were also used for 1D experiments in H2O.

Molecular modeling

Model building, molecular mechanics and ab initio calculations
were performed using Spartan’08 (Wavefunction Inc., Irvine,
CA, USA). Crosslinked bis-adducts were built by covalent bond
formation between guanine N2 and C11 with an S-configuration
of each PBD subunit in the duplex minor groove. The two co-
valently attached PBD moieties were subsequently connected by
the dialkyl piperazine linker and the complex minimized in two
steps. In step 1 all atoms of the DNA duplex were fixed to only
allow relaxation of the PBD dimer. In a second step all atoms
were released but Watson–Crick hydrogen bonds were still con-
strained to prevent unstacking of bases in the minimization pro-
cedure without additional solvent and counterions.
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