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ABSTRACT. Spectroscopic, calorimetric, DNA cleavage, electrophoretic, and computer modeling techniques
have been employed to characterize the DNA binding and topoisomerase poisoning properties of three
protoberberine analogs, 8-desmethylcoralyne (DMC), 5,6-dihydro-8-desmethylcoralyne (DHDMC), and
palmatine, which differ in the chemical structures of their B- and/or D-rings. DNA topoisomerase-mediated
cleavage assays revealed that these compounds were unable to poison mammalian type Il topoisomerase.
By contrast, the three protoberberine analogs poisoned human topoisomerase | according to the following
hierarchy: DHDMC> DMC > palmatine. DNA binding by all three protoberberine analogs induced
negative flow linear dichroism signals as well as unwinding of the host duplex. These two observations
are consistent with an intercalative mode of protoberberine binding to duplex DNA. However, a comparison
of the DNA binding properties for DMC and DHDMC, which differ only by the state of saturation at the
5,6 positions of the B-ring, revealed that the protoberberine analogs do not “behave” like classic DNA
intercalators. Specifically, saturation of the-& double bond in the B-ring of DMC, thereby converting

it to the DHDMC molecule, was associated with enhanced DNA unwinding as well as a reversal of DNA
binding preference from a DNA duplex with an inaccessible or occluded minor gfqmig[d(G-C)L}

to DNA duplexes with accessible or unobstructed minor grogyety[d(A-T)]2 and poly[d(I-C)}}. In

addition, a comparison of the DNA binding properties for DHDMC and palmatine revealed that transferring
the 11-methoxy moiety on the D-ring of DHDMC to the 9 position, thereby converting it to palmatine,
was associated with a reduction in binding affinity for both duplexes with unobstructed minor grooves as
well as for duplexes with occluded minor grooves. These DNA binding properties are consistent with a
“mixed-mode” DNA binding model for protoberberines in which a portion of the ligand molecule
intercalates into the double helix, while the nonintercalated portion of the ligand molecule protrudes into
the minor groove of the host duplex, where it is thereby available for interactions with atoms lining the
floor and/or walls of the minor groove. Furthermore, saturation at the 5,6 positions of the B-ring, which
causes the A-ring to be tilted relative to the plane formed by rings C and D, appears to stabilize the
interaction between the host duplex and the minor groove-directed portion of the protoberberine ligand.
Computer modeling studies on the DHDM@oly[d(A-T)]. complex suggest that this interaction may
involve van der Waals contacts between the ligand A-ring and backbone sugar atoms lining the minor
groove of the host duplex. The hierarchy of topoisomerase | poisoning noted above suggests that this
minor groove-directed interaction may play an important role in topoisomerase | poisoning by protoberberine
analogs. In the aggregate, our results presented here, coupled with the recent demonstration of
topoisomerase | poisoning by minor groove-binding terbenzimidazoles [Sun, Q., Gatto, B., Yu, C., Liu,
A., Liu, L. F., & LaVoie, E. J. (1995)). Med. Chem. 38638-3644], suggest that minor groove-directed
ligand—DNA interactions may be of general importance in the poisoning of topoisomerase |I.

Topoisomerase | has been established as an attractiveof the topoisomerase | reaction, thereby resulting in the
molecular target for anticancer drugs, primarily due to the accumulation of an enzymeDNA—drug, ternary cleavable
successful development of the camptothecin family of complex (Hsiang et al., 1985, 1989; Porter & Champoux,
compounds into the clinic (Potmesil & Pinedo, 1995). 1989). In addition to the camptothecins, numerous new
Camptothecin has been shown to inhibit the religation step compounds, including nitidine (Wang et al., 1993), fagar-
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(W.K.O.), and CA39962 (L.F.L.). (Yamashita et al., 1991; Leteurtre et al., 1994), the indolo-
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have been identified as poisons of mammalian DNA topo- ing of the host DNA duplex (Fujii et al., 1993). This
isomerase |. observation may be indicative of an interaction between

Recent studies, in which alkylating camptothecin deriva- bulgarein and the minor groove of the host duplex, since
tives were employed, have suggested that camptothecin bindshe binding of netropsin, a known DNA minor groove binder,
to the enzymeDNA interface (Hertzberg et al., 1990; also induces winding of the host DNA duplex (Pilch et al.,
Pommier et al., 1995). Equilibrium dialysis studies revealed 1995). While the findings noted above have suggested a
an absence of DNA binding by camptothecin in a Tris-HC| possible role for DNA minor groove binding in topo-
buffer (pH 7.4) containing 50 mM NaCl (Hsiang et al., 1985). isomerase | poisoning, this potential role has been blurred
However, all the newly identified topoisomerase | poisons, somewhat due to the demonstration that Hoechst 33342 also
with the exception of the monobenzimidazoles (D. S. Pilch, can unwind the host DNA duplex (Chen et al., 1993a). To
unpublished results), are known to bind to duplex DNA (Zee- broaden our base of knowledge of the role ligaiNA
Cheng & Cheng, 1973; Wilson et al., 1976; Davidson et al., interactions play in topoisomerase | poisoning, we have
1977, Pjura et al., 1987; Debnath et al., 1991; Yamashita etbegun a program in which we are characterizing the
al.,, 1991, 1992; Chen et al., 1993b; Fujii et al.,, 1993; topoisomerase | poisoning and DNA binding properties of
Poddevin et al., 1993; Wang et al., 1993; Yoshinari et al., various families of structurally related nucleic acid-binding
1993; Spink et al., 1994; Saran et al., 1995; Clark et al., ligands.
1996; Pilch et al., 1996). In addition, many compounds In this work, we characterize the topoisomerase | poisoning
recently identified as poisons of topoisomerase | exhibit and DNA binding properties of three protoberberine analogs,
topoisomerase Il poisoning activity as well. These dual 8-desmethylcoralyne (DMG)5,6-dihydro-8-desmethylcora-
topoisomerase poisons include actinomycin D (Trask & lyne (DHDMC), and palmatine, which differ in the chemical
Muller, 1988; Wassermann et al., 1990), morpholinyldoxo- structures of their B- and/or D-rings. Our results reveal that
rubicin (Wassermann et al., 1990), saintopin (Yamashita et the three protoberberine analogs poison human topoisomerase
al., 1991; Leteurtre et al., 1994), intoplicine (Poddevin et | according to the hierarchy DHDME DMC > palmatine
al., 1993), nitidine (Wang et al., 1993; Makhey et al., 1995, but do not poison mammalian topoisomerase Il. DNA
1996), and the protoberberines (Makhey et al., 1995, 1996).binding studies indicate that the protoberberines weakly
In the aggregate, these findings suggest that DNA binding unwind duplex DNA but also are capable of distinguishing
may be important for the poisoning of both the type | and between duplexes with accessible (unobstructed) and in-
type Il topoisomerases. For drugs that target topoisomeraseaccessible (occluded) minor grooves. These DNA binding
I, drug intercalation into the host DNA duplex is strongly properties are consistent with a mixed mode of DNA binding,
correlated with enzyme poisoning (Bodley et al., 1989). in which a portion of the ligand molecule intercalates into
However, the mechanism of action of drugs that target the double helix and the nonintercalated portion protrudes
topoisomerase | is much less clear. Although some of the into and interacts with the minor groove of the host duplex.
new topoisomerase | poisons, such as actinomycin Ol@vlu A comparison of the DNA binding and topoisomerase |
& Crothers, 1968; Sobell & Jain, 1972; Takusagawa et al., poisoning data reveals that saturation at the 5,6 positions of
1982), morpholinyldoxorubicin (Wassermann et al., 1990), the B-ring is accompanied by enhanced binding to duplexes
the protoberberines (Wilson et al., 1976; Davidson et al., with open or accessible minor grooves as well as enhanced
1977; Saran et al., 1995), and the indolocarbazoles (Ya-topoisomerase | poisoning. This observation suggests that
mashita et al., 1992; Yoshinari et al., 1993), exhibit properties a DNA minor groove-directed interaction is important in
characteristic of intercalation into the host duplex, the topoisomerase | poisoning by protoberberines. In conjunc-
strength of intercalation, at least in the case of the indolo- tion with the recent demonstration of topoisomerase I-specific
carbazoles (Yamashita et al., 1992), does not appear to beoisoning by minor groove binding bi- and terbenzimidazoles
correlated with topoisomerase | poisoning. Portions of both (Chen et al., 1993a,b; Sun et al., 1994, 1995; Kim et al.,
the actinomycin D and morpholinyldoxorubicin molecules 1996a), our results presented here suggest the possibility of
are known to interact with the minor groove of the host a general correlation between minor groove-directed ligand
duplex (Sobell & Jain, 1972; Takusagawa et al., 1982; DNA interactions and the poisoning of topoisomerase |.
Wassermann et al., 1990). Hence, these drugs exhibit both
intercalative and minor groove-directed interactions with the MATERIALS AND METHODS
host DNA duplex (“mixed-mode” DNA binding).

To date, no firm correlation has been established between
the minor groove-directed interactions exhibited by mixed-

Eino?(%?u[t)):\(l:ﬁ)b;nn%etrﬁe(i?t%,;gg?ﬁé?g;ﬂDoa;ggnri?]orgzg\l/li?/el ; et al., 1996). The camptothecin-resistant hnTOP1, CPT-K5
P P 9 " TOP1, was isolated by a similar procedure (Gatto et al.,

However, Se"eFa' recent studi_es have :_;uggesfced that DNA1996). Synthetic DNA polymers and salmon testes DNA
minor groove binding may be involved in topoisomerase | were obtained from Pharmacia Biotech, Inc. (Piscataway

poisoning. Specifically, a number of ligands (including the . o g
bibenzimidazoles, Hoechst 33342 and 33258, and VariousNJ), and were used without further purification. Concentra

terbenzimidazole derivatives) whose primary mode of DNA — :
binding is through an interaction with the DNA minor groove ~__*Abbreviations: poly[d(A-T)}, duplex of alternating poly(dA-dT);

. . - . poly[d(I-C)],, duplex of alternating poly(dI-dC); poly[d(G-G)]duplex
(Pjura etal., 1987; Parkinson et al., 1990; Fede et al., 1991’01‘ alternating poly(dG-dC); TOP, topoisomerase; DMC, 8-desmethyl-

1993; Spink et al., 1994; Pilch et al., 1996) have been coralyne; DHDMC, 5,6-dihydro-8-desmethylcoralyne; CPT, campto-
identified as specific poisons of topoisomerase | (Chen et thecin; EtBr, ethidium bromide; VM-26, teniposide; EDTA, disodium

. K salt of ethylenediaminetetraacetic acid; bp, base pair(g);[total
al., 1993a, 1993b; Sun et al., 1994, 1995; Kim et al., 19963)' ligand]/[base pairs]; WC, WatserCrick; T, melting temperature; LD,

In addition, binding by the new topoisomerase | poison, |inear dichroism; DSC, differential scanning calorimetry; Yis,
bulgarein, was shown to induce winding rather than unwind- ultraviolet-visible.

Enzyme, DNA, and Ligand MoleculesRecombinant
human DNA topoisomerase | (hTOP1) was isolated from
Escherichia colBL21(DE3) as described previously (Gatto
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tions of all nucleic acid polymers were determined spectro- from 240 to 440 nm and reflects the average of two scans.
photometrically using the following extinction coefficients A Couette cell with a total optical path length of 1.2 mm
in units of (mol of base/L)! cm™: ez, = 6600 for poly- was used for all the linear dichroism studies. The salmon
(dA-dT)-poly(dA-dT) {=poly[d(A-T)]2}, €251 = 6900 for testes DNA solutions were 5fM in base pair and contained
poly(dl-dC) poly(dI-dC){ =poly[d(I-C)].} , andezs4 = 8400 10 mM sodium phosphate (pH 6.8), 0.1 mM EDTA, and
for poly(dG-dC)poly(dG-dC){=poly[d(G-C)L}. The con- either 10uM DMC or 10 uM DHDMC.

centrations of all salmon testes DNA solutions also were  pifferential Scanning Calorimetry (DSC)Heat capacity
determined spectrophotometrically by assuming thatse ~ (AC,) versus temperatureT) profiles for the thermally
unit/mL of salmon testes DNA corresponds to a concentration jnqyced transitions of solutions containing either poly[d(A-
of 50ug/mL. Palmatine was obtained from Aldrich Chemi- )2 poly[d(I-C)],, or poly[d(G-C)b were measured in PE
cal Co. (Milwaukee, WI), while ethidium bromide (EtBr)  pffer using a prototype Model 5100 Nano Calorimeter
was obtained from Sigma Chemical Co. (St. Louis, MO). (cajorimetry Science Corp., Provo, UT). In these experi-
Both drugs were used without further purification. Camp- ments, the heating rate was@/min. Transition enthalpies
tothecin (CPT) was obtained from the Drug Synthesis and (AHwc) were calculated from the areas under the heat
Chemistry Branch of the Division of Cancer Treatment at capacity curves using the Origin version 4.1 software
the National Cancer Institute (Bethesda, MD), while teni- (MicroCal, Inc., Northampton, MA). The DNA polymer
poside (VM-26) was a generous gift from Bristol-Myers ¢, tions were 20@M in base pair.

Squibb (Lawrenceville, NJ). 8-Desmethylcoralyne (DMC)
and 5,6-dihydro-8-desmethylcoralyne (DHDMC) were syn-
thesized as described previously (Makhey et al., 1995, 1996

Isothermal, Stopped-Flow Mixing Microcalorimetryso-
)_thermal calorimetric measurements were performed 4C20

Topoisomerase Cleage Assays.Topoisomerase cleavage using an _all tantal_um, differential, stopped-flow, heat con-
assays were conducted as previously reported (Hsiang et al duction microcalorimeter (model DSFC-100; Commonwealth

1985; Bodley et al., 1989; Chen et al_, 1993a). The plasmid, -echnology, Inc., Alexandria, VA), developed by Mudd and
YEpG, was linearized witlBBanmHI| and 3-end-labeled as Befgef (MUd.d & Berger, 1988; Remeta et al., 1991). In a
previously described (Chen et al., 1993a) typical experiment, the reaction is initiated by a microproces-
DNA Unwinding AssayThe DN;A’\ unwinding assay used sor-controlled stepping motor that activates a syringe drive
to measure the relative strength of DNA intercalation was WNich delivers, within 0.6 s, 8@L of each reagent (100
conducted in essentially the same manner as describedM base pa|r_DN/-_\ a_nd SaM Ilganc_i) Into tanFaIum mixing
previously (Bodley et al., 1989) using a mixture of super- chambers, with distilled water being used in the reference
coiled and relaxed YEpG DNA as substrates, with the mixing chamber. A delay of 300 s was used between each
exception that the camptothecin-resistant hTOP1, CPT-K5 injection/reaction. Each reaction generated a heat burst curve
was used in place of the wild-type enzyme. Electrophoresis (udls vs s), with the area under the curve being determined

was performed at room temperature in buffer containing 80 PY integration to obtain the heat for that reaction, which
mM Tris—phosphate (pH 8.3) and 2 mM EDTA (TPE ranged from 80 to 974J for the DMC experiments, from 63

buffer). Inhibition of TOP1 catalytic activity by the DNA 0 99uJ for the DHDMC experiments, and from 48 to 64
binding ligands, if present, is revealed by the presence of#J for the palmatine experiments. When compared with
two groups of bands rather than a single Gaussian distribution®PServed liganetbuffer mixing heats of 67, 23, and 28

of the topoisomers. The total degree of unwinding can be for DMC, DHDMC, and palmatine, respectively, these data

determined by comparing the Gaussian centers of the'eflect signal-to-noise ratios ranging from 1.2 to 4.3. No
topoisomers. significant integral heats of dilution were observed for any

UV—uis Spectrophotometry.All UV —vis absorbance of thg DNA ponmers: The calorimeter was cglibrated
experiments were conducted on an AVIV Model 14DS c_hermcally by measuring the_ heat associated with a 1:2
spectrophotometer (Aviv Associates; Lakewood, NJ) equipped dilution of 10 mM NaCl (Robinson, 1932; Gulbransen &
with a thermoelectrically controlled cell holder. A quartz Robinson, 1934).
cell with a 1 cmpath length was used for all the absorbance = Computer Modeling of the DHDMEPoly[d(A-T)l, Com-
studies. Isothermal (25C) absorption spectra for the linear plex. Theoretical modeling of the DHDMEpoly[d(A-T)]
dichroism experiments were acquired from 220 to 500 nm. complex was conducted in two stages. The first stage
The salmon testes DNA solutions were &8l in base pair entailed the identification of low-energy duplex conforma-
and contained 10 mM sodium phosphate (pH 6.8), 0.1 mM tions, in which adjacent base pairs were separated sufficiently
EDTA, and either 1«M DMC or 10 uM DHDMC. S0 as to accommodate insertion of a DHDMC molecule. A

Absorbance versus temperature profiles were measured atonstrained molecular modeling method (Srinivasan & Olson,
either 242 or 260 nm in PE buffer [2 mM sodium phosphate 1987) was used to construct the duplex. The coordinates
(pH 7.0), 0.1 mM EDTA] wih a 6 saveraging time. The  for Watson-Crick base pairs in a standard B-DNA confor-
temperature was raised in 0@ increments, and the samples mation were used as the starting point of the calculations
were allowed to equilibrate for 1 min at each temperature (Chandrasekaran & Arnott, 1989). Possible polymer building
setting. For each optically detected transition, the melting blocks that connect successive bases on each of the two
temperature Tn) was determined as previously described strands then were identified by an exhaustive search of chain
(Marky & Breslauer, 1987a). The DNA polymer concentra- backbone conformation space. The base pair rise was set
tions were 15uM in base pair, while the ligand concentra- to 6.8 A and the helical twist angle to 1@n all duplex
tions ranged from O to 7.GM. structures. These values, which correspond to a B-DNA

Flow Linear Dichroism MeasurementsFlow linear duplex unwinding angle of 26 fall within the limits of the
dichroism measurements were conducted as previouslyknown geometries of drugnucleic acid intercalation com-
described (Geacintov et al., 1987). Each flow linear dichro- plexes as derived from X-ray (Berman & Young, 1981),
ism spectrum shown in panel B of Figure 4 was acquired sedimentation velocity (Crawford & Waring, 1967; Bauer
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Ficure 1: Chemical structures of 8-desmethylcoralyne (DMC), 5,6- ; ;; 92, . ae S, - Quw i
dihydro-8-desmethylcoralyne (DHDMC), and palmatine. The atomic PRI PRSI (-}

numbering and ring lettering are indicated in the structure of DMC
(top), while thex, y, zcoordinate reference frame used in the
computer modeling of the DHDMEpoly[d(A-T)], complex is
indicated in the structure of DHDMC (center).

& Vinograd, 1968), and gel electrophoresis studies (Keller,
1975).

The unbound polymer duplex of lowest computed potential

energy then was used in positioning the DHDMC molecule

in the second stage of modeling. In the absence of a crystal

structure for the DNA-free DHDMC molecule, starting

coordinates were taken from the crystal structure of berberine
chloride (Kariuki & Jones, 1995), which differs from

DHDMC i_n that it Contain.s (i,) a 9,1Q-dim§thoxy in§tead of FIGURE 2: Agarose gels showing topoisomerase-mediated DNA
a 10,11-dimethoxy substitution on its D-ring and (ii) & 2,3- cleavage in the presence of the protoberberines, ethidium bromide
methylenedioxy instead of a 2,3-dimethoxy substitution on (EtBr), and either camptothecin (CPT) (panel A) or teniposide (VM-
fts Aring. After the berberine molecule was converted to. 82 PR, B (), F0ael 86 Cn0 g rations indicated a the
DHDMC by making t'h.e appropriate modifications, the tops of thé lanes. Following incubation with both TOP1 and ligand,
coordinates of the modified drug molecule were transformed the DNA samples were treated with SDS and proteinase K and
to a new reference frame in which the'y plane coincided  then alkali-denatured prior to loading onto a 0.8% agarose gel in
with the plane formed by rings C and D of the drug (Figure TPE buffer. (B) Agarose gel showing TOP2-mediated DNA

L cleavage, with the ligands and their concentrations indicated at the
1). The drug was initially placed halfway between the ¢ ofihe anes. Following incubation with both TOP2 and ligand,

reference base pair and its neighbor in the duplex model.the DNA samples were loaded directly onto a 0.8% agarose gel in
Numerous structures were generated by rotating the DHDMC TPE buffer.

molecule about thex-, y-, and zaxes, as well as by

translations along th& andy-axes. Rotations about the RESULTS

z-axis were varied in 10intervals from O to 35C°. Rotations DHDMC Stimulates Human TOP1-Mediated DNA Glea
about thex- andy-axes, which are analogous to the rolling age to a Greater Extent Than either DMC or Palmatine.
and tilting motions of a standard Watse@rick base pair  \ye compared the abilities of DHDMC, DMC, and palmatine
in @ B-DNA duplex, were varied in"Sintervals from—10° to poison human TOP1 by measuring the relative extents to
to +10°. The x and y translations were varied in 1 A \hich they stimulate TOP1-mediated DNA cleavage. The
increments from—6 A to +6 A. These rotations and reguiting cleavage patterns are shown in panel A of Figure
translations facilitated the identification of an energetically 2 |nspection of Figure 2A reveals that DHDMC stimulates
stable location for the intercalating ligand within the rigid TOP1-mediated DNA cleavage in a manner dependent on
duplex framework. At each ligand position, the potential ijts concentration. By contrast, palmatine does not stimulate
energy of the liganetduplex complex was determined using TOP1-mediated DNA cleavage above the background level
a standard potential energy function in which van der Waals over an identical range of ligand concentrations. Further
contributions (both repulsive and attractive) were estimated inspection of Figure 2A reveals that a DMC concentration
by a 6-12 potential (Zhurkin et al., 1980; Poltev & Shuly- of 26 uM is required to induce the same approximate level
upina, 1986). of TOP1-mediated DNA cleavage induced by a DHDMC
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concentration of only 0.26M. Thus, DHDMC is a roughly
100-fold more potent stimulator of TOP1-mediated DNA
cleavage than DMC. In the aggregate, our results indicate
that the TOP1 poisoning capacities of the three protober-
berine analogs studied here follow the hierarchy DHDMC
> DMC > palmatine. As discussed below, this hierarchy
of TOP1 poisoning correlates with the strength and mode
of DNA binding exhibited by the three ligands.

Neither of the Three Protoberberine Analogs Stimulates
TOP2-Mediated DNA Cleage. We compared the abilities
of DHDMC, DMC, and palmatine to poison mammalian
TOP2 by measuring the relative extents to which they
stimulate calf thymus TOP2-mediated DNA cleavage. The
resulting cleavage patterns are shown in panel B of Figure
2. Inspection of Figure 2B reveals that neither of the three
protoberberine analogs stimulates TOP2-mediated DNA
cleavage above the background level, an observation indicat-
ing that these three compounds are not TOP2 poisons. The
lack of TOP2 poisoning exhibited by DMC and palmatine
echoes their minimal abilities to poison TOP1 (Figure 2A).
However, the inability of DHDMC to poison TOP2 contrasts
with its potent TOP1 poisoning activity (Figure 2A). This  Feyre 3: Agarose gel showing DNA duplex unwinding by the
specificity for TOP1 versus TOP2 poisoning by DHDMC protoberberines and ethidium bromide (EtBr) in the presence of
may be correlated with its mode of DNA binding, which, as camptothecin-resistant human TOP1. The ligands and their con-
discussed below, exhibits properties characteristic of both centrations are indicated at the tops of the lanes.

intercalation and a minor groove-directed interaction. DMC molecule. the DHDMC molecule deviates from
Further inspection of Figure 2B reveals that DHDMC not planarity, with the A-ring being tilted approximately 25
only fails to stimulate TOP2-mediated DNA cleavage above (qative to the plane formed by rings C and D, due to
the background level but, at its higher concentrations(26 g4t ration at the 5,6 positions of the B-ring (see Figure 1).
260uM), also inhibits the background DNA cleavage. This 115 the observation that DHDMC unwinds duplex DNA
beha_vlor also is exhibited by_ the strong _DNA intercalator, ,5re efficiently than DMC is surprising, since one would
e”“d'”T" brom!de (EtBr), but is not exh|b|_te_d by DMC and expect the planar DMC molecule to intercalate more easily
palmatine, which, as shown below, exhibit lower overall penyeen base pairs than the nonplanar DHDMC molecule.

DNA binding affinit.ies' thgn DHDMC. Hence, the CONCEN- | other words, on the basis of our DNA unwinding data,
tration-dependent inhibition of background TOP2-mediated o protoberberine analogs do not “behave” like pure

DNA cleavage by DHDMC is likely correlated with its DNA - jnarcalators. In fact, fluorometric, viscometric, and NMR

binding strength. _ _ studies on berberine, which, like DHDMC, is saturated at
All Three Protoberberine Analogs Unwind Duplex DNA, - e 5 6 positions of its B-ring, have been interpreted in terms

with the Extent of Unwinding Being Greater for DHDMC ¢ 5 model in which the ligand only partially intercalates

Than for either DMC or Palmatine. DNA unwinding into the DNA duplex (Davidson et al., 1977; Saran et al.,
measurements were conducted to assess the impact, if any1995)_

of DHDMC, DMC, and palmatine on the superhelical state  Ngte that the extent of DNA unwinding follows a

of circular duplex DNA. The resulting unwinding profiles  pierarchy similar to that defined above based on our TOP1-
are shown in Figure 3. In these experiments, ligand-induced o giated cleavage data, namely, DHDME DMC >
DNA unwinding is revealed by an upward and subsequent paimatine. This correlation between DNA unwinding and
downward shift in the mobilities of the Gaussian centers of Topq poisoning-based trends also extends to the hierarchy
the topoisomers as a function of increasing ligand concentra-o¢ gyerall DNA binding strength, which is presented in a
tion. Inspection of Figure 3 reveals that all three protober- |5iar section.

berine analogs unwind duplex DNA in a concentration-  goth DHDMC and DMC Exhibit Linear Dichroism
dependent manner, an observation consistent with anpygperties Consistent with at Least Some Degree of Inter-
intercalative mode of protoberberine binding to DNA.  ¢ajation. Flow linear dichroism is a useful technique for
However, even at a concentration of 25860 uM, neither  gefining the mode by which a ligand is complexed with a
of the three ligands unwinds DNA to the extent induced by post nucleic acid structure (Nomle1978; Norde et al.,

the classical intercalator EtBr at a concentration of only 2.5 1992). Linear dichroism (LD) is defined by the relationship:
uM. Thus, EtBr unwinds DNA at least 100 times more

efficiently than any of the three protoberberine analogs. LD =A,— A; @
Further inspection of Figure 3 reveals that a DMC concentra-

tion of >260uM is required to achieve the same approximate whereA, andAg denote respectively the sample absorbances
degree of unwinding induced by a DHDMC concentration with the polarization vectors of the light oriented in either a
of only 26 uM. Thus, DHDMC unwinds DNA at least 10  parallel or a perpendicular orientation with respect to the
times more efficiently than DMC. Molecular modeling flow lines. When the transition dipole moment of a singly
studies (data not shown) using MacroModel version 5.0 and oriented chromophore (e.g., a DNA base and/or a bound
the AMBER* force field (Mohamadi et al., 1990) reveal that, aromatic ligand) lies within the plane of the molecule and
in contrast to the wholly unsaturated and essentially planar makes an angleq, with the orientation axis, this angle can

DHDMC DMC Palmatine EtBr
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be related to the LD value by the equation (Nard&978; 0.8 ———————1———7———1———1——
Wilson & Schellman, 1978; Geacintov et al., 1987; Norde i DMC A
et al., 1992): 06k i
: :
LD = A3(3 cos § — 1)[F(G)] @) g o4l 1
o
E
whereA is the isotropic absorbance of the sample &(@) 0.2} -

is an orientation factor, which has values in the range of 0
< F(G) < 1. Equation 2 implies that a positive LD signal
is associated with an angeof <55°, while a negative LD
signal is associated with an angleof >55°. In a typical
flow LD experiment, the long axis of the nucleic acid helix -0.02
is aligned along the flow lines (Nofde 1978; Wilson &
Schellman, 1978; Geacintov et al., 1987; Noré¢al., 1992).
Thus, the nucleic acid bases, which are oriented roughly
perpendicular to the helix axis (i.6fpases~ 90 °C), give
rise to a negative LD signal. A drug molecule that is bound
to the minor groove of a nucleic acid structure typically
exhibits an angl@q.q of approximately 46-50° relative to 008l — XL L
the helix axis and therefore gives rise to a positive LD signal. 230 260 ﬁ%elensztg (nmﬁso 380 410
In contrast to a minor groove-bound drug molecule, an 9
intercalated drug molecule, like the nucleic acid bases, is
oriented roughly perpendicular to the helix axf&g{g~ 90
°C) and therefore gives rise to a negative LD signal. 0.6
Figure 4 shows the absorbance and LD spectra of salmon
testes DNA when complexed with either DMC (panel A) or
DHDMC (panel B) at a [base pair]/[total ligand] ratio of 5.
Inspection of Figure 4 reveals that, as expected, the LD
spectra of both ligandDNA complexes are negative in the
240-300 nm wavelength region where the DNA absorbs.
As observed for the LD spectra in this DNA-absorbing Of——t e b e
region, the LD spectra of both ligardNA complexes also

0..|..l44l..|..

LD

-0.04

| I

-0.06

0.8

0.4

Absorbance

0.2

-0.01

are negative in the 366880 nm ligand-absorbing wavelength !
region. These negative LD signals are consistent with DMC -0.021 T
and DHDMC binding to duplex DNA via at least some o 0-03F ;
degree of intercalation and, as such, are in accordance with = ooak 1
our DNA unwinding measurements described above. By 1 ]
extension, it is reasonable to propose that palmatine binding -0.05 .
to DNA also is intercalative in nature, since palmatine differs -0.06 - i
from DHDMC only by the position of a single methoxy [

group on the D-ring (see Figure 1) and, as discussed above '0'0230 260 290 320 350 380 410
(see Figure 3), unwinds duplex DNA. Wavelength (nm)

DMC, DHDMC, and Palmatine B'nd to and Enha_nce the Fcure4: Isothermal absorbance and linear dichroism (LD) spectra
Thermal Stabilities of the Alternating Copolymeric DNA  at 25°C for the salmon testes DNA complexes with DMC (A) and
Duplexes, Poly[d(A-T} Poly[d(I-C)]., and Poly[d(G-C)}. DHDMC (B) at a [total ligand] to [base pair] ratiay,) of 0.2.
Panels A-C of Figure 5 show the UV melting curves for Solution conditions were 10 mM sodium phosphate (pH 6.8) and
the poly[d(A-T)L (panel A), poly[d(I-C)} (panel B), and -1 MM EDTA.
poly[d(G-C)L (panel C) duplexes in the absence and presenceof DHDMC-induced enhancement in duplex thermal stability
of saturating amounts of DMC, DHDMC, and palmatine. follows the hierarchy poly[d(A-T}] > poly[d(I-C)]. >
Inspection of Figure 5 reveals that the presence of each ofpoly[d(G-C)L. Specifically, DHDMC binding increases the
the three protoberberine analogs enhances the thermathermal stabilities of poly[d(A-T) (Figure 5A), poly[d(I-
stabilities of all three target DNA duplexes. These analog- C)], (Figure 5B), and poly[d(G-C}] (Figure 5C) by ap-
induced changes in duplex thermal stability are consistent proximately 23, 18, and 7C, respectively. Thus, as
with all three ligands binding to each target duplex, with a measured by differences iXiT,,,, these protoberberine analogs
preference for the duplex versus single-stranded state (Crothersare able to distinguish between the different base sequences
1971; Snyder et al., 1989). Further inspection of Figure 5 of the three target duplexes.
reveals the extent of DMC-induced enhancement in duplex Note that, in contrast to both deoxyinosine and deoxy-
thermal stability to follow the hierarchy poly[d(G-G)P adenosine, deoxyguanosine contains a C2-amino group that
poly[d(A-T)]; > poly[d(I-C)].. Specifically, DMC binding protrudes into the minor groove of a DNA duplex. As a
increases the thermal stabilities of poly[d(G-GHigure 5C), result of this key difference, which is theole difference
poly[d(A-T)]. (Figure 5A), and poly[d(I-CY (Figure 5B) between deoxyguanosine and deoxyinosine residues, the
by approximately 11, 9, and °CC, respectively. In contrast  poly[d(G-C)L duplex contains a minor groove that is partially
to the behavior just described for DMC binding, the extent occluded by the C2-amino groups of the guanosine residues,
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also are able to distinguish between duplexes with un-

12—r——7T 7T
A j obstructed and occluded minor grooves.
1.0 The extent of palmatine-induced enhancement in duplex
o thermal stability follows the same hierarchy as DHDMC;
§08f namely, poly[d(A-T)} > poly[d(I-C)]. > poly[d(G-C)L.
n —e— No Ligand However, the magnitudes of palmatine-induced increases in
% 06 —=—DMC ] duplex thermal stability are smaller than the corresponding
ZIPA Xg;ﬁ':;e ] increases noted above for DHDMC binding. Specifically,
s ] palmatine binding increases the thermal stabilities of poly-
g 0.2 ] [d(A-T)]2 (Figure 5A), poly[d(I-C)} (Figure 5B), and poly-
w [d(G-C)]. (Figure 5C) by approximately 13, 9, and°g,
0.0¢ ] respectively. As noted above, palmatine differs from DH-
. [Polyld(A-T)I2 | DMC by the position Ofﬁl single drrc1lethoxy grzoup on the/
Q2b e e L L e L D-ring (see Figure 1). Thus, in addition to the sequence
10 20 Tem3°eratur:°(o o 50 60 struct%r(al propgrties o)f the target duplex, ligand struc?ure also
. P may play a role in modulating DNA recognition by proto-
T ' ' ' T berberines.
10k B ] Relatve DMC, DHDMC, and Palmatine Binding Affinities
- 1 ] for the Poly[d(A-T)}, Poly[d(I-C)]2, and Poly[d(G-C)}
€ 08f Duplexes Dernied from UV Melting Data.We used thé\T,
& ‘ method described below to assess the relative strength of
o o6l Ig;gga”d protoberberine binding to the three polymeric DNA duplexes
& —o— DHDMG ] studied here. Measured ligand-induced changes in the
c 045 o Ppamatine ] thermal stabilities of t_he thrge po_lymeric DNA _duplexefs (see
'§ ] Figure 5) were used in conjunction Wit 2 bpbinding site
£ 02T ] size (1), characteristic of a nearest-neighbor exclusion mode
0.0 ] of complexation, to estimate apparent ligaiaNA associa-
' POIVTA(C)Tz | | tion constants af, (Kr,) from the expression (Crothers,
) )] S S A R N T 1971)
0 10 20 30 40 50 60
Temperature (°C) 1 1 R
—==———In(1+K; L 3
1.2W'cr'l""l""l'"'I""l"": Tm° Tm n(AHWC) ( Tm) ()
1or ] whereT,° andTr, are the melting temperatures of the ligand-
§ osk 1 free and ligand-saturated duplexes, respectivAliyc is
& No Ligand ] the enthalpy change for the melting of a Wats@rick (WC)
@ o6k :D:/ICIgan ] base pair in the absence of bound ligand (values we
2 —o— DHDMC ] determined independently for the three target duplexes using
2 o4} —O— Palmatine . DSC); andL is the free ligand concentration @, which
-% . can be estimated by one-half the total ligand concentration.
g 02 ﬁ 1 For meaningful comparisons, the calculated apparent binding
w
] ] constants afy, should be extrapolated to a common reference
0.01 ] temperature using the standard relationship:
) )77 S P R S S I
60 70 80 90 100 110 120 dinK _ AH, (4)
Temperature (°C) a(L/m R

FiIGure 5: UV melting profiles for the poly[d(A-TY (A), poly- . . -

[d(I-C)]. (B), and pols[cri)(G-C)i () dupl%xgg ((soli()jj girz:leps) %nd  WhereAHs is the enthalpy of ligand binding.

their complexes with DMC (solid squares), DHDMC (open circles), ~ Table 1 summarizes the apparent association constants at
and palmatine (open squares) at a [total ligand] to [base pair] ratio 20 °C (K) that we have calculated using eqs 3 and 4 for
(rpp) of 0.5. Solution conditions were 2 mM sodium phosphate (pH DMC, DHDMC, and palmatine binding to the poly[d(A-T)]

7.0) and 0.1 mM EDTA. For clarity of presentation, the melting
curves were normalized by subtraction of the upper and lower basepOIy[d(l'C)]Z’ and poly[d(G-C)] host duplexes. The DMC,

lines to yield plots of fraction of single strand versus temperature DHDMC, _and palmgtin_e binding enthalpies required for
(Marky & Breslauer, 1987a). The melting profiles for poly[d(I- extrapolation of the binding constants to a common reference

O)l2 and its protoberberine complexes were acquired at 242 nm, temperature using eq 4 were determined for all the duplexes
while those for poly[d(A-T)}, poly[d(G-C)L, and their protober- gy died here using isothermal, stopped-flow mixing calo-
berine complexes were acquired at 260 nm. . : ’ .

rimetry. Figure 6 shows representative heat burst curves for

the binding of DMC (panel A), DHDMC (panel B), and
while both the poly[d(A-T)} and poly[d(I-C)} duplexes palmatine (panel C) to the poly[d(I-G)and poly[d(G-C)}
contain unobstructed minor grooves. Thus, the difference duplexes. The areas under these heat burst curves, as well
in hierarchy of ligand-induced changes in duplex thermal as those for the binding of the three protoberberine analogs
stability described above for DMC and DHDMC suggests to the poly[d(A-T)} duplex (not shown), were determined
that, in addition to discriminating between DNA duplexes by integration to yield the heats of the binding reactions.
with differing base sequences, the protoberberine analogsThe resulting AH, values are listed in Table 2. It is
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Table 1: ATy-Derived Binding Affinities of DMC, DHDMC, and
Palmatine for the Three Polymeric DNA Duplexes at°Z3

target duplex Tn°? (°C) Tw? (°C) Kao® (M1

poly[d(A-T)]> 30.4+0.1 39.6+0.1 (3.9+0.2)x 10°
poly[d(I-C), 24.1+0.2 31.4+0.2 (2.9+0.2)x 10°
poly[d(G-C)p 87.3+£0.1 97.9+0.3 (8.8+ 1.3)x 10°

poly[d(A-T)]» 30.44 0.1 52.9+ 0.3 (344 3.4)x 10P
DHDMC poly[d(I-C), 24.1+0.2 41.9+0.2 (184 1.6)x 10°
DHDMC poly[d(G-C)p 87.3+0.1 94.1+£0.1 (5.6+ 1.1)x 10°

palmatine poly[d(A-T)} 30.4+0.1 43.2+0.2 (7.4+0.6)x 10°
palmatine poly[d(I-C)] 24.14+0.2 33.4+0.1 (4.5+0.3)x 1P
palmatine poly[d(G-C)] 87.3+0.1 90.4+ 0.3 (1.5+0.4)x 10°

a Solution conditions were 2 mM sodium phosphate (pH 7.0) and
0.1 mM EDTA.? T, values were derived from UV melting profiles at
15 uM base pair (bp) in the absencE.f) and presence of ligand at a
[total ligand] to [base pair] ratiarf,) of 0.5. EachTy, value is an average
derived from at least two independent experiments, with the indicated
errors corresponding to the standard deviation from the nfdginding
constants at 20C (K were determined using egs 3 and 4, the
appropriate values ofAH, listed in Table 2, and the following
calorimetrically determined (see Materials and Methods) duplex-to-
single strand transition enthalpiesHwc) for the three host polymeric
duplexes: 8.3 kcal/mol bp for poly[d(A-T)] 8.7 kcal/mol bp for
poly[d(I-C)]z; and 12.6 kcal/mol bp for poly[d(G-G)] The indicated
uncertainties reflect the maximum errors K, that result from the
corresponding uncertainties noted aboveTin Tn.°, and AH,, as
propagated through egs 3 and 4.

ligand

DMC
DMC
DMC

DHDMC

interesting to compare these enthalpies for protoberberine
binding with those previously reported (Marky et al., 1983a,b,
1985; Breslauer et al., 1987, 1988; Chou et al., 1987; Marky
& Breslauer, 1987b; Chou, 1990) for the binding of EtBr, a
classic DNA intercalator, to the poly[d(A-TB)]poly[d(I-C)]z,

and poly[d(G-C)} duplexes {10.0,—9.2, and—6.3 kcal/
mol, respectively), as well as for the binding of netropsin, a
classic minor groove binder, to the poly[d(A-THnd poly-
[d(I-C)]2 duplexes £11.2 and—9.9 kcal/mol, respectively).
This comparison reveals that the enthalpies of DMC,
DHDMC, and palmatine binding to the poly[d(A-T)}oly-
[d(I-C)]2, and/or poly[d(G-C)] host duplexes, which range
from —0.8 to—4.6 kcal/mol, are significantly less exothermic
(less favorable) than the corresponding binding enthalpies
of either EtBr or netropsin. In other words, on the basis of

the binding enthalpy data, the protoberberine analogs do not

behave like pure intercalators or pure minor groove binders,
an observation in accordance with the DNA unwinding data
described above.

Inspection of the data in Table 1 reveals that the apparent
binding affinities of DMC follow the hierarchy poly[d(G-
C)]z > poly[d(A-T)]2 > poly[d(I-C)].. By contrast with this
binding hierarchy for DMC, the apparent binding affinities
of DHDMC and palmatine follow the hierarchy poly[d(A-
T)]2 > poly[d(I-C)], > poly[d(G-C)k. Thus, DMC prefer-
entially binds to a duplex whose minor groove is partially
occluded by guanine C2-amino groups, while DHDMC and
palmatine preferentially bind to duplexes with unobstructed
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FIGURE 6: Isothermal, stopped-flow calorimetric heat burst curves
at 20°C for the complexation of poly[d(I-C)](solid circles) and
poly[d(G-C)L (open circles) with DMC (A), DHDMC (B), and
palmatine (C). Solution conditions were as described in the legend
to Figure 5.

duplex. Comparison of these data with those in Table 2
reveals this protoberberine binding preference to be enthalpic
in origin. Both the poly[d(A-T)} and poly[d(I-C)} host
duplexes possess similar global structures and accessible

minor grooves. Note the agreement between the hierarchiegninor grooves lined by identical functional groups (Arnott

of apparent protoberberine binding affinities and those noted
above for binding-induced enhancement in duplex thermal
stability. Hence, given the binding enthalpies listed in Table
2, the relative extent to which either of the three protober-
berine analogs thermally stabilizes a target duplex is cor-
related with its relative binding affinity.

Further inspection of the data in Table 1 reveals that all
three protoberberine analogs bind to the poly[d(A-T)]plex
with a higher affinity than they bind to the poly[d(I-G)]

et al., 1974; Remeta et al., 1993). Thus, the protoberberine
preference for binding the poly[d(A-T)telative to the poly-
[d(I-C)]2 host duplex may reflect differences in the ligand
base stacking energies between the two ligashaplex
complexes.

DISCUSSION

Protoberberines Exhibit both Intercalag and Minor
Groove Binding Properties When Complexed with Duplex
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Table 2: Calorimetrically Derived Binding EnthalpieAHl),) for the
Interactions of DMC, DHDMC, and Palmatine with the Three
Polymeric DNA Duplexes at 20C?

ligand target duplex AH° (kcal/mol)
DMC poly[d(A-T)]2 -1.6+0.2 Minor Groove-
DMC poly[d(I-C)]. -0.8+0.1 Directed
DMC poly[d(G-C)L -1.840.2 Component
DHDMC poly[d(A-T)]2 -4.6+0.3
DHDMC poly[d(I-C)]z -3.9+0.3 Intercalative
DHDMC poly[d(G-C)} —2.4+0.4 Component
p::m:ggg pg:y{ggﬁgﬁi :g'ii 8'3 FIGURE 7: Schematic representation of the intercalative and minor
galmatine Bolz[d(G-C)g] 15402 groove-directed components of a protoberberine molecule, as

invoked by the “mixed-mode” DNA binding model described in

a Solution conditions are as described in Tablé AH, values were the text. The various sites of modification on rings A, B, and D of
determined at a [total ligand] to [base pair] ratigy of 0.5, with the the three protoberberines studied here are indicated either by an
indicated uncertainties corresponding to the sum of the standard errorsR, notation (rings A and D) or by a dashed line (ring B).
from two separate mixing experiments (DNAgand and liganet
buffer) of at least 14 independent injections each. duplexes with accessible minor groo\gmly[d(A-T)], and

poly[d(I-C)]z}. By contrast, DHDMC preferentially binds
DNA. As noted above, the observation that protoberberine to the poly[d(A-T)} and poly[d(I-C)} duplexes relative to
binding induces both DNA unwinding (Figure 3) and the poly[d(G-C)} duplex. Thus, saturation of the—%
negative ligand LD signals (Figure 4) is consistent with double bond in the B-ring of DMC, thereby converting DMC
protoberberine binding to duplex DNA via at least some to DHDMC (see Figure 1), reverses the binding preference
degree of intercalation. However, the enhanced DNA of DMC from the host duplex with the occluded minor
unwinding properties exhibited by the 5,6-saturated, non- groove to the host duplexes with unobstructed minor grooves.
planar DHDMC ligand relative to the 5,6-unsaturated, planar This reversal of binding preference is the product of
DMC molecule suggest that the protoberberines do not approximately 9- and 6-fold enhancements of affinity for
behave like classic intercalators. The nonclassical nature bythe poly[d(A-T)L and poly[d(I-C)} duplexes, respectively,
which the protoberberines intercalate into duplex DNA also as well as a 1.5-fold reduction in affinity for the poly[d(G-
is evident in the binding enthalpy data listed in Table 2, C)]. duplex. Thus, the reversal in DNA binding preference
which reveal that the enthalpy of protoberberine binding to accompanying saturation of the-6 double bond in the
duplex DNA is significantly less exothermic (favorable) than B-ring of DMC is due to both an enhanced affinity for
that previously reported (Chou et al., 1987; Chou, 1990) for duplexes with open minor grooves and a reduced affinity
the duplex binding of the classic intercalators, EtBr and for duplexes with occluded minor grooves. As noted above,
propidium iodide. In addition to the evidence just cited for molecular modeling studies (data not shown) using Macro-
a nonclassically intercalative mode of protoberberine binding Model version 5.0 and the AMBER?* force field (Mohamadi
to duplex DNA, our UV melting (Figure 5) and DNA binding et al., 1990) reveal that DMC is an essentially planar
(Table 1) data indicate that the protoberberine analogs aremolecule. By contrast, DHDMC deviates from planarity,
able to distinguish between DNA duplexes with unobstructed with the plane of the A-ring being tilted by approximately
or open minor groovese.g., poly[d(A-T)} and poly[d(I- 25° relative to the plane formed by rings C and D. This
C)lz} and those whose minor grooves are occlufled., degree of ring tilting is in relatively good agreement with
poly[d(G-C)L}. Inthe aggregate, the observations described the values of 16 16° previously reported in crystallographic
above are consistent with a mode of protoberberine binding studies (Abdol Abadi et al., 1984; Kariuki & Jones, 1995)
to DNA that exhibits properties characteristic of both on berberine, which, like DHDMC, is saturated at the 5,6
intercalation and a minor groove-directed interaction. One positions of its B-ring. Thus, saturation of the-6 double
possible model to describe the protoberberiB®A interac- bond in the B-ring induces a tilt in the ligand molecule that
tion is a mixed-mode binding model in which the ligand does not exist when the 5,6 positions are unsaturated. This
partially intercalates into the DNA duplex, with the non- tilting at the B-ring may serve to facilitate interactions (e.g.,
intercalated portion of the ligand molecule protruding into van der Waals contacts) between the nonintercalated portion
the minor groove, where it is available for interactions with of the protoberberine molecule and atoms lining the floor
the atoms lining the floor and/or walls of the minor groove. and/or walls of the DNA minor groove. On the basis of our
A partial intercalation binding model has previously been drug modeling and DNA binding studies, we propose a
proposed to describe the binding of berberine to duplex DNA mixed-mode DNA binding model for protoberberine analogs
(Davidson et al., 1977; Saran et al., 1995). Our mixed-mode in which rings C and D are intercalated into the helical stack,
binding model presented here extends this partial intercalationwhile ring A protrudes into the minor groove. The inter-
model to include an interaction between the nonintercalatedcalative and minor groove-directed components of the
portion of the protoberberine ligand and the minor groove protoberberine analogs are schematically depicted in Figure
of the host duplex. 7. In such a mixed-mode DNA binding model, saturation
Comparison of DMC with DHDMC: Saturation of the atthe 5,6 positions of the B-ring tilts the A-ring25° relative
5—6 Double Bond in the B-Ring Is Associated with Prefer- to the plane formed by rings C and D, thereby promoting
ential Binding to DNA Duplexes with Unobstructed Minor favorable interactions between atoms on the A-ring and
Grooves and Enhanced TOP1 Poisoning.comparison of atoms lining the floor and/or walls of the DNA minor groove.
the DNA binding data (see Table 1) for DMC and DHDMC Such ligand-DNA interactions would necessitate the ligand
reveals that DMC preferentially binds to the duplex with the having unhindered access to the minor groove of the host
occluded minor groove{poly[d(G-C)L} relative to the duplex, a necessity that would be manifested by a preferential




Drug—Minor Groove Interactions in TOP1 Poisoning

S

Biochemistry, Vol. 36, No. 41, 19972551

minimize the sterically unfavorable interactions that arise
from their ortho positioning on the ring, an observation in
agreement with previous crystallographic studies on berberine
(Abdol Abadi et al., 1984; Kariuki & Jones, 1995), which,
like DHDMC, contains two ortho-substituted methoxy
moieties. Inspection of the side view in Figure 8 reveals
the positive tilt of the minor groove-directed A-ring relative
to the plane formed by the intercalated C- and D-ring. This
tilting of the A-ring allows the minor groove of the host
duplex to accommodate the twisted structure adopted by the
two ortho-substituted methoxy groups, while also positioning
the 2-methoxy group for favorable van der Waals contacts
with backbone sugar atoms lining the minor groove. This
structural model suggests that attractive van der Waals
interactions between the host duplex &adhthe intercalated
and minor groove-directed portions of the ligand may
contribute to the stability of the DHDM€Epoly[d(A-T)]2
complex.

Our DNA cleavage data (Figure 2A) reveal that DHDMC
is a 100-fold more potent stimulator of TOP1-mediated DNA
cleavage than DMC. Thus, saturation of the@double
bond in the B-ring of DMC not only reverses its DNA
binding preference from host duplexes with occluded minor
grooves to host duplexes with unobstructed minor grooves,
as noted above, but also converts it from a weak to a strong
TOP1 poison. In other words, the ability of a protoberberine
analog to poison TOP1 is correlated with its preferential
binding to duplexes with accessible minor grooves. This
correlation implies that an interaction between the protober-
berine analog and the minor groove of the host DNA duplex
is important for TOP1 poisoning. Recall our mixed-mode
DNA binding model, detailed above, which invokes the
partial intercalation of the protoberberine molecule (by rings
C and D) into the helical stack, with the nonintercalated
binding to DNA duplexes with unobstructed minor grooves, portion (ring A) protruding into and interacting with the
as noted above for DHDMC. Furthermore, it is likely that, minor groove (see Figures 7 and 8). Our DNA cleavage
in addition to enhancing interactions between the minor data suggest that the minor groove-directed interaction of
groove of the host duplex and the A-ring of the ligand, tilting the nonintercalated portion of the ligand is crucial for TOP1
at the B-ring also would, to some extent, be detrimental to poisoning. A correlation between minor groove-directed
the stacking interactions between the DNA bases and theligand—DNA interactions and TOP1 poisoning may not be
intercalated component (rings C and D) of the protoberberinerestricted to the protoberberine family of compounds.

Ficure 8: Low-energy model for the DHDMEpoly[d(A-T)].
complex. The DNA is shown in purple, while the DHDMC
molecule is shown in red. (Top) View looking down the helical
axis of the host DNA duplex. The upper and lower edges of the
DNA in this view correspond to the major and minor grooves,
respectively. (Bottom) Side view looking into the DNA minor
groove.

ligand (see Figure 7). This reduction in the extent of base
ligand stacking may account for the lower observed affinity
of DHDMC for the poly[d(G-C)} duplex than that exhibited
by DMC (see Table 1).

To gain insight into the potential structural nature of a
protoberberine DNA complex, we used the computer mod-

Numerous other mixed-mode DNA binding ligands, includ-
ing actinomycin D, morpholinyldoxorubicin, nogalamycin,
and indolocarbazole derivatives such as ED-110, have been
shown to be potent TOP1 poisons (Trask & Muller, 1988;
Wassermann et al., 1990; Yamashita et al., 1992; Chen et
al., 1993b; Yoshinari et al., 1993; Chen & Liu, 1994). Our

eling methods described in Materials and Methods to explore results presented here suggest that the DNA minor groove-

energetically feasible structures that the DHDM@Iy[d(A-

directed portions of these drug molecules may be critical to

T)]. complex might adopt. Figure 8 shows both top (looking their TOP1 poisoning activities. In fact, the intercalative
down the helix axis) and side (looking into the minor groove) binding component may not be necessary if the minor
views of one of the lower energy structures to emerge from groove-directed interaction is sufficiently strong. In this
these studies. Inspection of the top view in Figure 8 reveals connection, recent studies have shown that minor groove
a structure in which rings C and D of the ligand are stacked binders, such as the bi- and terbenzimidazole families of
between adjacent A base pairs in an orientation that is compounds, also exhibit potent TOP1 poisoning activities
almost perpendicular to the long axis of the adenine bases.(Chen et al., 1993a,b; Sun et al., 1994, 1995; Kim et al.,
A second feature of this structure revealed by the top view 1996a).

in Figure 8 is the protrusion of the ligand A-ring into the Comparison of DHDMC with Palmatine: Transferring a
DNA minor groove. Note that the two methoxy groups on Methoxy Group from the 11 to the 9 Position of the D-Ring
the A-ring are twisted above and below the plane of the ring. in a Protoberberine Molecule Whose 5,6 Positions Are
Molecular modeling studies (not shown) on tb&lA-free Saturated Is Associated with a Reduction in DNA Binding
state of DHDMC using the MacroModel version 5.0 and the Affinity and Reduced TOP1 Poisoningd comparison of
AMBER?* force field (Mohamadi et al., 1990) indicate that the DNA binding data (see Table 1) for DHDMC and
the two methoxy groups adopt this twisted structure to palmatine reveals that DHDMC binds to the three host
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polymeric DNA duplexes with an approximately-8-fold binding modes in differential topoisomerase poisoning may
higher affinity than does palmatine. In other words, the reflect the fundamental differences in enzyme catalysis by
transfer of a single methoxy group from the 11 to the 9 the type | and type Il DNA topoisomerases. Closure of a
position of the D-ring in DHDMC, thereby converting topological domain surrounding the cleavage site by the
DHDMC to palmatine (see Figure 1), reduces the overall TOP2 homodimer, due to two symmetrical protelDNA
duplex DNA binding affinity of DHDMC by approximately  contacts, has been proposed as the molecular mechanism by
4—5-fold. This observation is consistent with our mixed- which DNA intercalating ligands poison TOP2 (the “mis-
mode DNA binding model because it suggests that the alignment” model) (D’'Arpa & Liu, 1989). However, it is
intercalated rather than the minor groove-directed portion unlikely that TOP1 is able to close a topological domain
of the ligand molecule is being affected by the methoxy surrounding the cleavage site, since doing so would prevent
group transfer, since a change in the structure of the minorit from sensing the writhe of the DNA via a single nick
groove-directed portion of the ligand is more likely to affect (swivel) (Andersen et al., 1994). Because the nick functions
differentially the host duplexes with accessible minor grooves like a swivel, the unwinding of DNA induced by the binding
{poly[d(A-T)]. and poly[d(I-C)}} versus the host duplex of intercalators would not be expected to cause the misalign-
with the occluded minor groovfpoly[d(G-C)L}. Further- ment of the two transiently broken DNA termini. Conse-
more, this observation supports our assignment of rings C quently, the intercalative mode of DNA binding is not likely
and D to that portion of the protoberberine molecule which to be involved directly in TOP1 poisoning. For the proto-
intercalates between base pairs of the host duplex. Theberberines studied here, the intercalative portion of the
reduction in the DNA binding affinity of DHDMC as aresult “mixed” binding mode may serve to stabilize the minor
of the methoxy group transfer suggests that a 10,11- groove-directed interaction that is primarily responsible for
dimethoxy substitution of the D-ring may be more sterically poisoning TOP1. The molecular mechanism of TOP1
compatible with the structural geometry of the duplex poisoning via a minor groove-directed liganBNA interac-
intercalation site than a 9,10-dimethoxy substitution. Crys- tion is unclear. Ligand-induced DNA bending, which, in
tallographic studies (Abdol Abadi et al., 1984; Kariuki & turn, causes the transiently cleaved DNA termini to become
Jones, 1995) on berberine, which, like palmatine, contains amisaligned, has been suggested as a possible mechanism by
9,10-dimethoxy substitution on its D-ring, indicate that the which minor groove binding ligands poison TOP1 (Chen et
two methoxy groups are twisted above and below the planeal., 1993b; Chen & Liu, 1994). Additional studies are
formed by rings C and D, with the methoxy group at the 9 required to establish the role of DNA minor groove-directed
position being displaced by0.1 A below the G-D plane interactions in TOP1 poisoning by protoberberines as well
and the methoxy group at the 10 position being displaced as by other TOP1-poisoning compounds.

by ~0.3 A above the €D plane. These displacements of

the bulky methoxy groups from the €D plane may =~ ACKNOWLEDGMENT
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