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ABSTRACT: Trioxacarcin A (TXN) is a highly potent cytotoxic antibiotic with remarkable
structural complexity. The crystal structure of TXN bound to double-stranded DNA (dsDNA)
suggested that the TXN interaction might depend on positions of two sugar subunits on the
minor and major grooves of dsDNA. LL-D49194α1 (LLD) is a TXN analogue bearing the
same polycyclic polyketide scaffold with a distinct glycosylation pattern. Although LLD was in
a phase I clinical trial, how LLD binds to dsDNA remains unclear. Here, we solved the
solution structures at high resolutions of palindromic 2″-fluorine-labeled guanine-containing
duplex d(A1A2C3C4GFGFT7T8)2 and of its stable LLD and TXN covalently bound complexes.
Combined with biochemical assays, we found that TXN-alkylated dsDNA would tend to keep
DNA helix conformation, while LLD-alkylated dsDNA lost its stability more than TXN-
alkylated dsDNA, leading to dsDNA denaturation. Thus, despite lower cytotoxicity in vitro,
the differences of sugar substitutions in LLD caused greater DNA damage than TXN, thereby
bringing about a completely new biological effect.
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■ INTRODUCTION
Anthracyclines are clinically useful anticancer agents with
structural diversity; they often display DNA intercalation
property for the planar aromatic ring system with glycosyl
modifications. For example, the anticancer drugs daunorubicin
and doxorubicin intercalate with DNA noncovalently,1 while
hedamycin, trioxacarcin A (TXN), as well as its analogues LL-
D49194α1 (LLD) and LL-D49194β2 (Figure 1A,B) all contain
spiro-epoxides, which can intercalate and alkylate DNA.2−5 As
an atypical member of anthracyclines, LLD was first isolated
from Streptomyces vinaceusdrappus NRRL 15735 and displayed a
range of biological effects especially antitumor activity.6 Due to
its antitumor activity and low toxicity profile in experimental
animal, LLD was subjected to clinical phase I trials in the early
1990s in 15 patients with histologically confirmed metastatic
cancer,7 although it was suspended due to unexpected
cardiotoxicity.

LLD and TXN shared a common highly oxygenated,
polycyclic rigid skeleton but differed in glycosylation and
methylation modifications at C-13 −OH and C-16 −OH groups
(Figure 1A,B). Previous studies implied that LLD shared the
same reactive site with TXN by which it alkylates G of duplex
DNA (Figure 1C).5 The spiro-epoxide functional group of TXN
can efficiently and irreversibly alkylate guanine base (G) of
duplex or G-quadruplex DNA via nucleophilic addition
reaction,3,8 forming a covalent bond between C-17 of the
epoxide and N-7 of alkylated G (Figure 1C). A reported crystal
structure of TXN-bound d(A1A2C3C4G5G6T7T8)2 (pdb code
3C2J) suggested that TXN insertion into the DNA helix was

probably stabilized by the location of both bulky sugar rings in
the minor and major grooves, which induced flipping-out of a
single, nonterminal nucleobase thymine away from a DNA
duplex (Figure 1D).9

In the past 10 years, many analogues of TXN and LLD were
chemically or biologically synthesized,10−18 and biological
activity investigations further confirmed the importance of
both glycosyl substituents. Discovered nearly 10 years later than
TXN with different glycosyl substituents, LLD showed
obviously weaker antitumor activity by about 10 times during
cytotoxicity assay in vitro.11,17,19 However, LLD, which was
discovered later, successfully entered clinical trials earlier than
TXN for better preclinical profile in animal experiments in
vivo.6,20 This inspired us to explore the underlying mechanism
stemming from the distinct glycosyl substitutions.

Since 2014, we have performed continuously biosynthetic
studies of TXN and LLD,12,14,17,18,21−23 which provided us
enough compounds to study the DNA binding and damage
analysis. To explore how LLD interacted with double-stranded
DNA (dsDNA) under near-physiological conditions, we
decided to use TXN as a reference to compare the details of
their reaction with DNA by nuclear magnetic resonance (NMR)
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technologies combined with biochemical assays. During this
study, we found that TXN and LLD led to different kinds of
DNA damage based on the same chemical reaction. We also
provided the structural basis for the biological activities of these
molecules and indicated the roles played by their various
substituents, providing a theoretical basis for future structural
modifications of this family of compounds.

■ RESULTS

DNAAlkylation Products by LLDWere Different from Those
by TXN

To begin with, the dsDNA with a sequence d-
(A1A2C3C4G5G6T7T8)2 (which was used in crystal structure
3C2J) was selected. Given the fact that G usually undergoes

Figure 1. Trioxacarcin family of natural products as DNA alkylating agents. (A,B) Structures of trioxacarcin A (TXN), LL-D49194α1 (LLD), and LL-
D49194β2; (C) DNA alkylation reaction by TXN or LLD; (D) model of TXN covalently interacting with dsDNA based on the structure 3C2J. The
alkylated sites are in red.

Figure 2. Production profiles of TXN or LLD alkylation on F-dsDNA. (A) Reaction systems detected by HPLC. (i) Standard sample of F-dsDNA, (ii)
reactions between F-dsDNA and double equivalent LLD, (iii) F-dsDNA reacted with excess LLD (3 equiv), (iv and v) each LLD alkylation product
purified by HPLC, and (vi) F-dsDNA reacted with double equivalent TXN. (B) Mass spectra with m/z of each alkylation product observed in the
reactions.
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dealkylation after it reacts with alkylating reagents, d-
(A1A2C3C4GFGFT7T8)2 (i.e., F-dsDNA for simplicity herein-
after), in which the 2″ positions of the guanine sugar rings were
fluorinated, was used to avoid cleavage of the glycosyl bond
between sugar and the alkylated G.24 The fluorine-labeled
single-stranded oligo d(A1A2C3C4GFGFT7T8) (i.e., F-ssDNA,
MW: 2445.54) was commercially synthesized, purified, and
dialyzed, and then F-dsDNA was made by annealing (10 mM
phosphate, 20 mM NaCl, pH 7.2). Incubation of this F-dsDNA
with LLD was progressed at 277 K and tested by high-
performance liquid chromatography−ultraviolet (HPLC−UV).
For LLD, three alkylation products were observed on a
denatured HPLC system, including two kinds of monoalkylated
forms (i.e., DNA-LLD and DNA-LLD*, Figure 2A, lines ii, iii,
and v) and one sort of dialkylated oligonucleotide single chains
(i.e., DNA-2LLD, Figure 2A, lines ii−iv). Moreover, the ratio of
minor monoalkylated product DNA-LLD* did not increase with
the addition of more LLD and an excessive amount of LLD will
not further alkylate DNA-LLD to generate DNA-2LLD (Figure
2A, lines ii and iii). In contrast, TXN alkylation mainly generated
a single product with one alkylation site in each single chain (i.e.,
DNA−TXN, Figure 2A, line vi), although a small peak beside
DNA−TXN with the same molecular mass was observed (i.e.,
DNA−TXN*, line vi). Generation of alkylated DNA oligos was
consistent with a characteristic absorption at near 400 nm of
TXN/LLD in UV−vis spectra (Figure S1) and confirmed by
mass spectroscopy (Figure 2B). The single alkylation site on F-
dsDNA by LLD or TXN was F-labeled G6 (also G14 in

complementary strand, similarly hereinafter), in line with the
chemical shift perturbation of the protons in F-dsDNA after
interaction with TXN and LLD (Figure S2). The second
alkylation site on F-dsDNA by LLD was F-labeled G5 (G13).
Solution Structure of LLD-Alkylated dsDNA Presented
Unstable dsDNA Conformation

For free F-dsDNA, the imino proton signals G5 (G13), G6 (G14),
and T7 (T15) were observed at the region 12−14.5 ppm in its
one-dimensional [i.e., one-dimensional (1D)] 1H NMR
spectrum (Figure S3A), indicating that the F-labeled dsDNA
was in the classical B-form. Subsequently, we enriched alkylated
single-stranded oligos DNA−TXN, DNA−LLD, and DNA−
2LLD for NMR analysis. The signals belonging to the imino
protons were observed in the 1D 1H NMR spectra (Figures
S3B,C) acquired on the annealed (DNA−TXN)2 and (DNA−
LLD)2 samples, suggesting that G alkylation by either TXN or
LLD maintained partial helix structures of dsDNA. In contrast,
the imino proton signals disappeared in the 1D 1H NMR
spectrum of the annealed DNA−2LLD sample (Figure S3D),
implying that DNA−2LLD was a free single chain. Therefore,
only free F-dsDNA and covalent (DNA−TXN)2 and (DNA−
LLD)2 complexes were employed to acquire a series of two-
dimensional NMR spectra for structural studies. After signal
assignment (Tables S1−S5 and Figure S4), we successfully
obtained a large number of intrabase NOEs in F-dsDNA and
intra-TXN or LLD NOEs, especially intermolecular NOEs

Figure 3. Structural comparison of TXN and LLD covalently bound dsDNA complexes. (A,E) Ensemble of 20 overlapped structures with the lowest
energy of (DNA−TXN)2 (A) and (DNA−LLD)2 (E) in solution. (B,F) One representative structure displayed in stick and in cartoon mode of
(DNA−TXN)2 (B) and (DNA−LLD)2 (F). (C,G) Drug is covalently bound to G6 and intercalated on its 3′-side between base pair G6−C11 and A10−
T8, and T7 was flipped-out. (C, D, G, and H) Lateral and vertical view of (DNA−TXN)2 (D,E) and (DNA−LLD)2 (G,H) showed drug backbone
planes parallel to base pairs. TXN and LLD are shown in pink and orange, respectively.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00611
JACS Au 2024, 4, 3641−3648

3643

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00611/suppl_file/au4c00611_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00611?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00611?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00611?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00611?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00611?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


between TXN or LLD and bases in F-dsDNA (Figure S5 and
Tables S6) for further structural determination.

To account for how LLD alkylated dsDNA, the solution
structures of free F-dsDNA and two covalent complexes
(DNA−TXN)2 and (DNA−LLD)2 were calculated (356, 748,
and 736 NOE-derived distance constraints; 94, 112, and 96
dihedral constraints; 60, 66, and 66 hydrogen-bonds; Table S7).
F-dsDNA (pdb code: 8Y1I) was still in the B-form (Figure S6),
and the overall NMR structure of (DNA−TXN)2 (pdb code:
8XIC) in solution (Figure 3A) was roughly identical to the
reported crystal structure (3C2J), with an rmsd value of 2.11 Å
(Figure S7A). TXN alkylated bases G6 (G14), inserted into the
DNA B-helix (Figure 3B), and occupied the position of base T7
(T15), resulting in their flipping out away from the dsDNA helix,
and new T8−A10 and T16−A2 base pairs were formed. The planar
aromatic rings A and B and partial aliphatic ring C of TXN were
almost parallel to G14−C3 (G6−C11) and A2−T16 (A10−T8) base
pairs by π−π stacking (Figure 3C,D), supported by the observed
NOEs (Figures S8 and S9). The C-4 linked sugar S1 was
positioned in the minor groove of dsDNA, while the C-13
connected sugar S2 was located in the major groove (Figure 3A),
evidenced by some NOE correlations (Figure S10). The base A1
(A9) was parallel to the newly formed base pair A2−T16 (A10−
T8) (Figure 3B). The first intermolecular hydrogen bond net
was observed between the 3″−OH group in sugar S2 and the
base C3 (C11) −NH2 group, between the carbonyl O-6 atom of
G6 (G14) and 9-OH of TXN, and between the 3″−OH group in
sugar S2 and the carbonyl O-6 atom of G6 (G14) (Figure 4A).
The second hydrogen bond net was found among the O-4 atom,
3′−OH in sugar S1 of TXN, and the base G6 (G14) −NH2 group
and between the N-3 atom of A2 (A10) and 2-OH of TXN
(Figure 4B). All these H-bonds fixed the conformation of
covalently bound TXN in the complex.

The overall structure of the LLD (pdb code: 8XC7)
covalently bound F-dsDNA complex has a degree of similarity

to the TXN-bound DNA complex, with an rmsd value of 2.06 Å
(Figure S7B). The alkylation site and the mode of binding at the
minor groove of dsDNA are similar between them. LLD
covalently bound to the 3′ terminal G6 (G14), which led to base
T7 (T15) flipping out away from the dsDNA helix (Figure 3E,F)
(NOE evidence in Figure S12), and LLD took their positions up
completely. The aromatic rings A and B and partial aliphatic ring
C were parallel to the base pairs G6-C11 (G14-C3) and A2-T16
(A10-T8) by π−π stacking (Figure 3G,H) (NOE evidence in
Figure S13). The C-4 linked sugar ring S1 of LLD is also located
in the minor groove (Figure 3E), similar to that observed in the
(DNA−TXN)2 complex (Figure 3A) with almost identical
interactions (Figure S15). However, it was different from TXN
where the intermolecular hydrogen bonds were observed
between the amino group of alkylated G6 (G14) and the O-4
atom of ring C (Figure 4C). Great differences were found at the
major groove of dsDNA. The large C-16-substituted tandem
sugar rings S3 and S4 of LLD were positioned in the major
groove of F-dsDNA (Figure 3E) (NOEs in Figure S15). Only
four weak intermolecular NOEs between the sugar rings S3 and
S4 and bases were observed (Table S6), which meant the long
tandem linked sugars interacted weakly with dsDNA. Moreover,
only one intermolecular hydrogen bond between 3′′−OH in
LLD sugar S3 and one of backbone oxygen atoms (O1P) of base
G5 (G13) was observed with a distance of 2.9 Å (Figure 4D). The
9-OH group of LLD formed a hydrogen bond with a carbonyl O-
6 atom of G6 (G14), similar to TXN. However, the −OH group
at the C-14 position, generated from the alkylation reaction of
the spiro-epoxide ring with the N-7 atom of base G6 (G14), did
not show any hydrogen bond interactions with −OH groups in
sugar rings S3 and S4; therefore, the long glycosyl substituents in
LLD were flexible to interact with the phosphate backbone.

Interestingly, the imino atoms N1 and H1 of base G6 (G14)
and the O6 atom of base C11 (C3) in the hydrogen bond formed
an averaged angle 140 ± 1° in (DNA−LLD)2 complex, smaller

Figure 4. Structural analysis on covalent (DNA−TXN)2 and (DNA−LLD)2 complexes. (A,B) Hydrogen bond net formed in the (DNA−TXN)2
complex structure. (C,D) Hydrogen bond net observed in the (DNA−LLD)2 complex structure. (E,F) Effects on G6−C11 base pair planes by TXN or
LLD alkylation in (DNA−TXN)2 (E) and (DNA−LLD)2 (F) complexes. In (A−D), all residues are in stick mode, TXN or LLD in black, sugar S1, S2,
S3, and S4 in yellow. Intra-TXN intra-LLD hydrogen bonds are in green, and the hydrogen bonds between TXN or LLD and bases are in black. In
(E,F), TXN or LLD is in pink stick, and the DNA bases are in green (G6) and blue (C11) stick.
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than that (165 ± 5°) in the (DNA−TXN)2 complex (Figure
4E,F), suggesting that the LLD-alkylated base G6 (G14) was not
completely in plane with base C11 (C3) in the covalent (DNA−
LLD)2 complex. This observation implied that the large, flexible,
and steric sugar rings S3 and S4 weakened the π−π stacking
effects between LLD aromatic rings A and B and base pairs G6−
C11 (G14−C3) and A2−T16 (A10−T8) and caused instability of
dsDNA. This conclusion was further supported by Tm values
[measured by differential scanning calorimetry (DSC) assay] of
free F-dsDNA (50.83 °C), (DNA−TXN)2 (42.70 °C), and
(DNA−LLD)2 (35.98 °C) (Figure 5A). In addition, the largest
enthalpy value (ΔHM) generally meant the strongest π−π
stacking between residues in dsDNA.25 The order of the ΔHM

values of F-dsDNA, (DNA−TXN)2, and (DNA−LLD)2 was
(DNA−TXN)2 > F-dsDNA > (DNA−LLD)2 (Table S8),
implying that stacking interactions among base pairs and TXN
in (DNA−TXN)2 were much stronger than those in the
(DNA−LLD)2 complex, so the conformation of (DNA−TXN)2

was more stable and compact than that of (DNA−LLD)2.

LLD-Alkylated DNA Double Helix Was More Unstable Than
TXN-Alkylated dsDNA

To testify the different effects on the structure and stability of
dsDNA by TXN or LLD alkylation, native and denaturing
PAGE gels were performed, where DNA dyed by EB would
show red fluorescence, while the backbones of TXN or LLD
were green at 300 nm. In denaturing gel, the migration rate of gel
electrophoresis is negatively correlated with the molecular
weight that alkylated DNA migrated more slowly than free
dsDNA (lanes i−ix, upper Figures 5B and S16; the small bands
in lanes ii and vi might be minimal DNA−TXN*). Under native
conditions, (DNA−LLD)2 showed less electrophoresis mobility
than F-dsDNA and (DNA−TXN)2 (lanes i−iii, down Figures
5B and S16), while single-stranded oligo DNA-2LLD had the
slowest migration rate (lane iv, down Figures 5B and S16).
However, (DNA−TXN)2 migrated faster than nonalkylated F-
dsDNA (lanes i and ii, down Figures 5B and S16; lanes i and ii,
Figures 5C and S16), with the anomalous relationship between
the molecular weight and migration rate of (DNA−TXN)2,
further indicating that under native conditions, TXN interacts
with DNA, making the structure more compact and causing the

Figure 5. Effects on the structure and stability of dsDNA due to TXN and LLD alkylation. (A) Tm values of free F-dsDNA, (DNA−TXN)2, and
(DNA−LLD)2; (B) single- or double-stranded oligos detected by denaturing (up) and native (down) PAGE gels (TBE gels, 20%). Lanes (v), reaction
system of F-dsDNA and LLD (1:3); (vi−ix) results of hybridization experiments. (C) Hybridization results of (TXN−DNA)2 with F-dsDNA tested by
native PAGE (TBE gels, 22%) with better resolution. (D) Alkylation reaction of linearized plasmid pJL1 with TXN (up) and LLD (down),
respectively, detected by Agarose gel. (E) Proposed alkylation mode of TXN and LLD on dsDNA.
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complex to pass through the gel matrix more easily, thus leading
to an increase in the migration rate.

Hybridization experiments were next carried out between
each alkylated single strand and F-ssDNA by mixing each
component in the same proportions and annealing in solution.
Native PAGE showed that the single-stranded DNA-TXN
complex could hybridize with F-ssDNA (lane vi, down Figures
5B and S16, lanes i−iii, Figures 5C and S16); neither DNA−
LLD nor DNA−2LLD could form a hybrid dsDNA with F-
ssDNA (lanes vii and viii, Figures 5B and S16). DNA−2LLD
always existed as a single chain that could not hybridize with any
strand including DNA−LLD or itself (lanes viii and ix, Figures
5B and S16).

To further investigate the different biological effects of TXN
and LLD, we conducted another alkylation assay using
linearized plasmid pJL1 (2504 bp with 46% GC) with different
ratios of drug to G equivalent, and Gelred was used to stain for a
higher response to dsDNA than ssDNA. For LLD, even with
only 0.5% G undergoing alkylation (1‰ total number of bases,
alkylated 5 times on average based on gel results), the alkylated
DNA migrated more slowly than nonalkylated, linearized
plasmid (Figures 5D and S16). This indicated that LLD
alkylated long-chain dsDNA in a mode identical to F-dsDNA,
causing dsDNA destabilization, resulting in a loose helical
structure. In comparison, at low concentrations of TXN (0.5% G
equivalent), its alkylation on plasmid did not cause a significant
variation in the migration rate of DNA, similar to that in TXN’s
reaction with F-dsDNA. When the concentration of TXN
became higher (>5% G equivalent), the migration rate of
alkylated DNA slowed down. The gel image underwent high
contrast treatment, which showed that the color of linearized
plasmids in the TXN group appeared obviously red; while in the
LLD group, the color was weakened after adding a high
equivalent of LLD, but green fluorescence from LLD appeared
(Figure S16). These results indicated that the LLD-alkylated
DNA double helix was more unstable than TXN-alkylated
dsDNA, in line with the results from the Tm measurement
(Figure 5A).

■ DISCUSSION
In this study, we determined solution structures of F-dsDNA,
(DNA−TXN)2, and (DNA−LLD)2. The solution structure of
(DNA−TXN)2 had an rmsd value of 2.11 Å with the crystal
structure 3C2J upon being superimposed. In the minor groove,
the hydrogen bond between 2-OH of TXN and the O4′ atom in
the sugar ring of base C3 (C11) in structure 3C2J was not
observed in the solution structure (Figure S11), which may
result in sugar S1 interacting more with solvents, making the
interaction between sugar S1 and the minor groove of dsDNA in
solution weaker than that in the crystal status. At the same time,
in the solution structure of the (DNA−TXN)2 complex, the
alkylation-generated 14-OH of TXN had a distance of 3.1 Å with
3″−OH of sugar S2, smaller than that (3.4 Å) in the crystal
structure, suggesting an intramolecular hydrogen bond between
them in the solution state (Figure 4A). This conformational
change resulted in sugar S2 far away from base A1 (A9). For
(DNA−LLD)2, the 4′-substituted sugars of TXN and LLD
follow a similar binding mode with DNA, indicating that the
sugar at the minor groove determines the molecule’s binding
form with DNA. The interaction between the −NH2 of the G6
base and sugar S1 and between the 2-OH of drugs and A2 base
together determine the drug insertion position (Figure 4B,C),
while the substituents in the major groove caused the difference

in DNA−drug complex stability. LLD has a larger substituent at
the major groove and fewer interactions with DNA, which to a
certain degree affect the helical structure of DNA (Figure 4A,D).
Therefore, alkylation of dsDNA by LLD disrupts the stability of
the DNA spatial structure. In addition, the orientation of the
aromatic ring of the alkylated base G6 (G14) in the (DNA−
LLD)2 complex was also almost same as that in the (DNA−
TXN)2 complex but obviously different from that in the
reported TXN covalently bound RET G4-DNA complex (pdb
code 8GP7)8 (Figure S14).

Through gel electrophoresis experiments, it was observed that
under native conditions, LLD exhibited a slower migration rate,
suggesting that the double-stranded complex is looser, resulting
in a larger volume and making it more difficult to pass through
the gel pores. Monoalkylation of dsDNA by LLD was more
prone to destabilize the dsDNA conformation than TXN
alkylation. Based on the results of hybridization experiments, it
was concluded that DNA−LLD could not form a hybrid dsDNA
with F-ssDNA and had a tendency to unwind. In contrast, TXN-
alkylated ssDNA could hybridize with nonalkylated ssDNA and
itself. From the prior results, we can infer the following reaction
process (Figure 5E): TXN alkylation on dsDNA could maintain
its double-stranded conformation during the entire process. In
contrast, after one strand of dsDNA was alkylated by LLD, this
LLD-alkylated dsDNA undergoes strand separation, forming F-
ssDNA and single-strand DNA−LLD. DNA−LLD could reform
into a double-strand DNA with itself or further be alkylated by
LLD on base G5 (G13) and generated DNA−2LLD. Previous
research has shown that in B-form DNA, the G base adjacent to
the T base at the 5′ position is more easily recognized and
alkylated by this type of molecule.9 Therefore, we believe that
the monoalkylation of G5 (G13) occurs on ssDNA rather than
dsDNA, which was in line with the result that LLD cannot
further alkylate (DNA-LLD)2 Figure 2A, line (iii). During LLD
alkylation, dsDNA unwound and generated ssDNA after F-
dsDNA had been alkylated by one molecule of LLD, which also
explains why the yield of DNA-LLD* is much more than that of
DNA-TXN*(Figure 2A, lines ii and vi).

LLD was first isolated in 1989, later than TXN in 1981,6,20 and
in vitro experiment showed its lower bioactivities than that of
TXN.11,17,19 However, LLD was the first molecule of this family
to enter clinical research.7 In preclinical animal experiments on
certain tumors, LLD had shown a higher median survival
time.6,20 TXN and LLD covalently bind to the 3′ end of
guanines, unlike alkylating agents such as hedamycin, which
covalently bind to the 5′ end of guanine. Both TXN and LLD
underwent similar chemical reactions with DNA, involving
nucleophilic ring opening of the epoxide and the formation of a
covalent bond between C17 and N7 of guanine, which can
damage DNA through changes in chemical bonds. In addition,
LLD can also seriously reduce the stability of the double strand
after binding, destroying the integrity of the dsDNA. This “dual
mechanism” may be the reason why LLD has better animal
experiments activity.

Phase I clinical trials of LLD mentioned its cardiac toxicity,
which is also the main side effect of many other anthracyclines’
anticancer drugs. However, the differences in sugar substitutions
often led to variations in ultimate toxic side effects. For example,
doxorubicin and epirubicin have similar anticancer mechanisms,
due to differences in sugar substitution groups, epirubicin
exhibits lighter cardiac toxicity.26 LLD and TXN also have
identical skeletal structures and similar mechanisms of biological
activity, and this study provides ideas for further modification of
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this class of molecules, suggesting that retaining the substitution
at the 4 position of the sugar S1 can keep the high biological
reactivity of these molecules, altering the form of the
substitution group at the major groove, such as the number of
sugar groups and their positions, and may obtain new antibodies
that not only exhibits good antitumor activity but also shows a
lower side effect.

In previous studies, through chemical synthesis and
combinatorial biosynthesis methods, many molecules with the
same backbones and spiro epoxide rings as TXN or LLD have
been obtained,10−17 including some derivatives with the active
moiety on the sugar group that can be modified (such as diazo
group11). In this work, by analyzing the NMR structures of
DNA−drug complexes in aqueous solutions, we found that
TXN and LLD have fewer hydrogen bond interactions with
DNA in the major groove. By keeping the 4-position glycosyl
substituent unchanged, variations of the substituent groups
located at the major groove will have little influence on DNA
compound identification. The modifications of the sugars for
major groove binding may not seriously affect the bioactivity
seriously. This finding may provide a useful clue to guide the
next modifications in drug development. Additionally, given the
nanomolar-level biological activity, these molecules may exhibit
the potential to be payloads for ADC drugs in the near future.

In summary, it was elucidated that TXN alkylation of DNA
could maintain the dsDNA conformation even when it was
alkylated by an extremely large amount of TXN. In contrast,
LLD alkylation of DNA was prone to cause dsDNA to be much
more unstable. Sufficient alkylation of dsDNA by LLD could
induce significant dsDNA helix deformation, resulting in
dsDNA unwinding. These findings may provide a deep
interpretation of why LLD performed better than TXN in in
vivo preclinical trials, which originated from the different DNA
bindings caused by different sugar substitutions.
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