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Abstract: Irradiation of the anthraquinone derivatingN-Bis(3-aminopropyl)-2-anthraquinonesulfonamide
dihydrochloride (AQS2) when bound to DNA leads to strand cleavage, primarily at GG steps. The 1.8 A
X-ray structure of AQS2 bound to the DNA duplex [d(CGTAC&3hows an intercalated, groove-reversed
complex with the out-of-plane “swallow tail” located in the major groove. Two molecules of AQS2 bind
with the chromophores intercalated at each CG step. Extensive guak@f®2 interactions are observed in

the intercalated complex, indicating that the ground-state anthraquinone and DNA are poised for efficient
electron transfer after photoexcitation. AQS2 engages in guanine-selective van der Waals contacts and molecular
orbital overlap. Molecular orbitals, calculated using coordinates of the X-ray structure, confirm the extensive
electronic overlap between the redox partners. The bases adjacent to the intercalation site are well-stacked.
The structure supports a model in which electron transfer from base to AQS2 and hole migration within DNA
require significant electronic overlap.

DNA in its biological environment is oxidatively damaged base along the DNA stack. Such hole migration through DNA
by the products of normal metabolic processéysy, ionizing is well-documented and well-accepted, but the rate of this
radiation?2 and by light* One mechanism of these reactions process is still uncertain. Barton and co-workers have inferred
involves the loss of an electron by a DNA base to form a radical an extremely rapid rate of migratid#others contend that the
cation (electron hole). Interest in such radical cations has rate is slowef? 4 The discrepant results may arise from
expanded as a consequence of the discovery that their formatiordiffering extents of orbital interaction among electron acceptors
by electronically excited small molecules such as riboflavin, and DNA bases in various experimental systems. Ultimately a
naphthalimidé®, rhodium complexes (RH),and a series of  migrating radical cation is stopped at a trap where it reacts
anthraquinone (AQ) derivativégrovides a model for natural irreversibly. The trapped radical cation causes strand cled®age.
oxidative processes. Our long-term goal is to determine how three-dimensional

We showed that the DNA-binding mode of AQ derivatives structures of DNA and DNA complexes direct efficiency and
is controlled by their structure. Most monosubstituted cationic mechanism of photocleavage, initiating with photoexcitation,
anthraquinones intercalate; others appear to grooveifide then DNA base to chromophore electron transfer, hole migration,
binding mode determines the mechanism of reacfiohrradia- trapping, and covalent oxidative damage. Here we describe the
tion of intercalatively bound anthraquinones generates basethree-dimensional structure of the anthraquinone AQS2 bound
radical cations. A radical cation can migrate from base to to a DNA fragment determined by X-ray crystallography. The
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Methods

Synthesis. 2-Anthraquinonesulfonic acid was purchased from
Aldrich. 2-Anthraquinonesulfonyl chlorid&and bis[3-[(1-butoxycar-
bonyl)amino]propyllamine hydrochloridevere synthesized as previ-
ously described*H NMR spectra were obtained on a GE QE-300 (300
MHz) spectrometer. Melting points were taken on &Biumelting

point apparatus and are uncorrected. Elemental analyses were per-

formed by the University of Illinois Microanalysis Laboratory.
N,N-Bis[3-[(tert-butoxycarbonyl)amino]propyl]-2-anthraquino-
nesulfonamide (Boc-protected AQS2)vas prepared in 62% yield by
stirring a solution of 1.5 mL of triethylamine, 0.25 g (0.68 mmol) of
bis[3-[(1-butoxycarbonyl)amino]propyllamine hydrochloride, and 0.21
g (0.67 mmol) of 2-anthraquinonesulfonyl chloride in 50 mL of
dichloromethane overnight. The mixture was washed twice with water,

dried over anhydrous sodium sulfate, and concentrated to a volume of Statistics for highest 145 refins

3 mL, to which 100 mL of hexane was added. The precipitate was

filtered off and washed once with hexane to give 0.25 g of boc-protected

AQS2: mp 154-156°C; *H NMR (CDCl) 6 1.43 (s, 18 H), 1.76 (q,
J=6.6 Hz, 4 H), 3.16-3.27 (m, 8 H), 4.89 (br s, 2 H), 7.857.88 (m,
2 H), 8.20 (ddJ = 8.1 Hz, 1.5 Hz, 1 H), 8.338.37 (m, 2 H), 8.46 (d,
J=28.1Hz,1H),8.69 (d)=1.5Hz, 1 H). Anal. Calcd for gHzoN3-
SOy C, 59.89; H, 6.53; N, 6.98. Found: C, 59.70; H, 6.63; N, 6.98.
N,N-Bis(3-aminopropyl)-2-anthraquinonesulfonamide dihydro-
chloride (AQS2)was prepared in 87% yield by the addition of 10 mL
of a 1 N HCl-ether solution to a solution of 0.11 g (0.18 mmol) of
N,N-bis[3-[(tert-butoxycarbonyl)amino]propyl]-2-anthraquinonesulfona-
mide in 20 mL of methanol and 10 mL of dichloromethane. The
mixture was stirred for 5 h, after which it was concentrated to 3 mL,
followed by the addition of 120 mL of diethyl ether. The precipitate
was filtered off and washed once with ether to give 0.08 g of AQS2:
mp 250°C dec;*H NMR (D20) 6 1.96 (q,J = 6.9 Hz, 4 H), 2.55 (t,
J=6.9 Hz, 4 H), 3.36 (tJ = 6.9 Hz, 4 H), 4.80 (br s, 6 H), 7.81
7.84 (m, 2 H), 8.06-8.05 (m, 2 H), 8.17 (s, 2 H), 8.32 (s, 1 Hf)C
NMR (DO spiked with CHOH as a reference) 38.7, 49.0 (CH-
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Table 1. Data Collection and Refinement Statistics for the

Complex of CGTACG with AQS2
space group Rg2
unit cella (A) 31.02
unit cellc (A) 64.91
temp of data collcn°C) —-137
R-merge (%) 7.7
R-factor (%) 19.6
R-free (%) 26.8
no. of reflns collected 24 530
no. of unique refins (1.810 A) 1972
no. of reflns used for refinement (includes test set) 2680
rms dev of bonds from ideality (A) 0.014
rms dev of angles from ideality (deg) 3.025

30.RAfactor 65.6%

resolution shell completeness

(1.80-1.88 A)

aR-merge= sum(abs(ave- obs))/sum(ave) For data withF >
50(F). ¢ For the working set, after sequestering 10% Roefree.

pentanediol (MPD), 0.8 mM spermine trihydrochloride, and 1.5 mM
AQS2. Crystallization droplets were equilibrated by vapor diffusion
against a reservoir of 10% MPD. Hexagonal crystals appeared within
1 month. These crystals stopped growing while too small for data
collection and so were transferred to 4Q droplets under initial
crystallization conditions. Crystal growth was reinitiated and progressed
over 20-40 days. A well-formed crystal of dimensions 0.X¥50.25
x 0.15 mn? was plucked up in a loop and transferred directly into a
—137°C N, stream bathing the goniostat.

Data Collection and Reduction. X-ray intensity data were collected
at low temperature {137 °C) with multiwire detectors (ADSC).
Copper Ku radiation § = 1.542 A) was generated with a fine-focus
Rigaku RU200 rotating anode and monochromated with a graphite

OH), 56.8, 58.5, 61.0, 137.2, 139.2, 140.8, 143.8, 143.9, 144.4, 145.1 grating. Data were merged and reduced with ADSC software. Space

147.0, 147.7, 147.8, 155.0, 194.0, 194.1. Anal. Calcd f@HGNs-
SOCi°H:0: C, 48.79; H, 5.53; N, 8.53. Found: C, 48.96; H, 5.47;
N, 8.79.

Cleavage Analysis by Radiolabeling and PAGE. The 25-mer
oligonucleotide was radiolabeled at the@H using [-*?PJATP and
bacterial T4 polynucleotide kinadé.Radiolabeled DNA was purified
by 20% PAGE. Samples for irradiation were prepared by hybridizing
a mixture of cold and radiolabeled oligonucleotidew(@) with 5 uM
of the complementary strand and 2M AQS2 in 10 mM phosphate
buffer, pH 7. Hybridization was achieved by heating the samples at
80 °C for 5 min and slowly cooling to room temperature. These

group, unit cell parameters, and data collection and reduction statistics
are given in Table 1.

Structure Solution and Refinement. This structure was solved
by molecular replacement using a portion of the structure of B232
[d(CGTACG)L as the initial model. D232 is a bis-intercalatérThe
structure of a D232-dCGTACG complex was solved by MAD phasing
(X.S. and L.D.W., unpublished). The unit cell of the D238CGTACG
complex (28, 28, 74 A, space grol6s22) is roughly similar to that
of the AQS2-d(CGTACG) complex. The initial AQS2DNA model
15((D232-[d(CGTACG)L) minus the linker) was transformed to the
AQS2-d(CGTACG) unit cell and was refined as a rigid body. The

samples were irradiated in microcentrifuge tubes in a Rayonet photo- model was modified by switching the chromophore from that of D232
reactor containing eight 350 nm lamps. After irradiation, the samples to that of AQS2. This model was refined by segmented rigid-body
were precipitated and then treated with hot piperidine for 30 min. refinement and then by simulated annealing and positional refinement

Samples (1000 cpm) were separated by electrophoresis on 20%yjth XPLOR (version 3.1 using the parameter file dna-rna-multi-

denaturing 19:1 acrylamidebis(acrylamide) gel containin7? M urea.

endo.param??! At that point sum (&, — F) and difference K, —

Gels were dried, and the cleavage was visualized by autoradiography.r) Fourier maps clearly revealed the swallow tail of AQS2 within the

Phosphorescence QuenchingSolutions of 20uM AQS2 in 2:1
(v/v) 10 mM pH 7 phosphate bufferethylene glycol were prepared

major groove. The model had not previously incorporated any structural

features similar to the swallow tail. The observation of clear density

and transferred to NMR tubes, which were then submerged in an optical for the swallow tail was taken as definitive evidence that the solution

Dewar flask containing liquid nitrogen. The samples were excited at a5 correct. The swallow tail was docked into density, and the model
334 nm, and the phosphorescence emission spectra were recorded from,»q treated with both positional and thermal factor refinement. Water

400 to 600 nm. Samples containing AQS2 and DNA were prepared
as described above and contained 20calf thymus DNA (base pairs)
in addition to 20uM AQS2.

Crystallization. The ammonium salt of reverse-phase HPLC
purified d(CGTACG) was purchased from the Midland Certified
Reagent Co. (Midland, TX). Crystals were grown at room temperature
from sitting drops that initially contained 1.8 mM d(CGTACG), 21
mM sodium cacodylate (pH 6.5), 3.3 mM MgCL.1% 2-methyl-2,4-

(16) Armitage, B. A.; Yu, C.; Devadoss, C.; Schuster, GJBAm. Chem.
S0c.1994 116, 9847~9859.

(17) Sambrook, J.; Fritsch, E. F.; Maniatis, Molecular Cloning. A
Laboratory Manual Cold Spring Harbor Press: Cold Spring Harbor, NY,
1989.

molecules were added to corresponding sum and difference peaks.
Models were displayed and manipulated on a graphics terminal with

the program CHAIN?? Helical parameters were calculated with the

program CURVES?

(18) Garbay-Jaureguiberry, C.; Laugaa, P.; Delepierre, M.; Laalami, S.;
Muzard, G.; Le Pecq, J. B.; Roques, B.Ahti-Cancer Drug Des1987, 1,
323-335.

(19) Brunger, A.XPLOR version 3.1; The Howard Hughes Medical
Institute, Yale University: New Haven, CT, 1992.

(20) Clowney, L.; Jain, S. C.; Srinivasan, A. R.; Westbrook, J.; Olson,

W. K.; Berman, H. M.J. Am. Chem. S0d.996 118 509-518.

(21) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S.-H.; Olson, W.
K.; Berman, H. M.J. Am. Chem. S0d.996 118 519-529.
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Figure 1. Chemical structures of (A) the dicationic anthraquinone
AQS2 and (B) the anthracycline daunomycin.
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Results

Solution Binding. AQSZ2 is an anthraquinone substituted at 1T 1

the 2-position with a sulfonamide-linked dication (Figure 1A).

The dicationic out-of-plane substituent on the planar quinone R e 560 600

chromophore is referred to here as a “swallow tail” because of wavelength (nm)

the shape of its sulfonamide and two alkylammonium groups. rigure 2. (A) Absorbance spectra of AQS2 alone (solid) and in the
Spectral analyses of anthraquinone derivatives reveals thepresence of calf thymus DNA (dashed). (B) Phosphorescence spectra
strength and mode of their association with DNA. The of AQS2 alone (solid) and in the presence of calf thymus DNA (dashed)
equilibrium constant for binding of AQS2 to calf thymus DNA, at 77 K in phosphate buffer and 33% (v/v) ethylene glycol.
determined from a competitive ethidium bromide displacement
assayt? is 2.0 x 10° M1 in a solution containing 10 mM TAAGGAGAGGAAGTGAS
sodium phosphate and 100 mM sodium chloride at pH 7.0. N P

Analysis of the UV absorbance spectrum and phosphores-
cence quenching data for AQS2 suggests that it binds to duplex
DNA by intercalation. In the presence of calf thymus DNA,
the absorption band of free AQS2, which is centered at 335
nm, undergoes a slight red shift and exhibits a 36% hypochro-
micity (Figure 2). These spectral changes are similar to those
for anthragquinones known to intercalate.

Anthraquinones phosphoresce strongly in frozen solution. In
the absence of DNA, excitation of AQS2 in a glassy matrix at
77 K gives strong phosphorescence from itg friplet state 0
(Figure 2). When this quinone is bound to calf thymus DNA, ' ' ‘ !

the phosphorescence is completely quenched. Phosphorescence 00 02 04 g 06 08 10

quenching is attributed to rapid electron transfer from a DNA Figure 3. Histogram of the light-induced cleavage reaction after

base to the excited triplet state of the quinone. This result j,agiation of a DNA 25-mer plus AQS2. Preferential cleavage at the
confirms that AQS2 intercalates in duplex DNA since groove s.G of GG doublets, underlined, is apparent.

binding does not provide the-electron overlap required for
complete phosphorescence quenching. steps, with the greater cleavage at the&s5 This is the same

Photocleavage of DNA by AQS2. Irradiation of an- pattern of reactivity seen for many of the other monosubstituted
thraquinone derivatives substituted with electron-withdrawing anthraquinone derivatives we have examined.
amide groups related to AQS2 leads to damage selectively at Three-Dimensional Structure of An AQS2-DNA Com-
the 3-G of GG steps of duplex DNA. We examined the photo- Plex. The solution experiments with AQS2 and related an-
chemistry of AQS2 with DNA to see if it follows this pattern. ~ thraguinones suggest that they bind to DNA by intercalation.
A 25-base-pair DNA duplex containing several GG sites was We reconfirm this conclusion by X-ray crystallography, which
used as a substrate to determine sites of photocleavage by AQSHas allowed us to visualize the intercalated complex on a
(Figure 3). Irradiation of the bound complex (350 nm) and Molecular level.
separation of reaction products by gel electrophoresis reveal The 1.7 A resolution structure demonstrates that AQS2

preferential cleavage, after piperidine treatment, 'a66-3 intercalates in the DNA hexamer duplex [d(CGTACG)The
electron density maps are clean and continuous around both

(22) Sack, JChain: A Crystallographic Modelling PrograpBaylor i ;
Coliege of Medicine: Waco. TX, 1990, DNA and AQS2 (Figure 4). The DNA residues are labeléd 5

(23) Lavery, R.; Sklenar, HJ. Biomol. Struct. Dynanl989 6, 655— C(2), G(2), T(3), A(4), C(5), G(6) For the first strand and'5
667. C(7), G(8), T(9), A(10), C(11), G(12)' 3or the second strand

—
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Figure 4. Sum Fourier density maps K2 — F¢) contoured at &
surrounding (A) AQS2 and (B) the DNA hexamer duplex.

(Figure 5). Base pairs are C(1§(12), G(2)-C(11), and so
on. AQS?2 intercalates between base pairs €@3(12) and
G(2)—C(11) and between base pairs C{&(8) and G(6)-C(7)
(Table 2). The asymmetric unit consists of a single strand of
DNA and one AQS2 molecule. A crystallographic 2-fold
rotation axis passes between the F38)10) and A(4)>-T(9)
base pairs, such that C(1) is crystallographically identical to
C(7), etc.

AQS2 forms a groove-reversed complex, with the swallow Figure 5. (A) The AQS2-d(CGTACG) hexamer duplex and (B) the
tail located in the major groove (Figures 5 and 6) rather than in daunomycir-d(CGTACG) hexamer duplex. The DNA is represented
the minor groove. This aspect of the complex was a surprise; in stick form, and the drug is represented in space-filling form. Atoms
intercalative complexes are most commonly characterized by are colored according to the CPK standard.
interactions within the minor groove. Placement of the swallow
tail in the major groove results from a rotation of AQS2 by ~ The planar aromatic surfaces of AQS2 stack preferentially
105° around the DNA helical axis, in comparison to intercalated Wwith the guanine bases. The planar portion of intercalated AQS2
daunomycin (Figures 5 and 6). The swallow tail does not make is flanked by two guanine bases and two cytosine bases. Five
direct contacts with the major groove of DNA duplex into which base atoms of G(12) and eight atoms of G(2) are within 3.5 A
it is intercalated. This lack of interaction may arise from lattice of the chromophore of AQS2. Only two atoms of C(1) and
interactions. The swallow tail interacts with symmetry-related one atom of C(11) are within this distance of the AQS2
complexes (Table 3). One of the carbonyl oxygen atoms forms chromophore. This preference of AQS2 for guanines over
a hydrogen bond with the N4 of an adjacent cystosine. Both cytosines is apparent in the axial views of Figure 6A,B. The B
the terminal amino groups engage in hydrogen bonds to and C rings of AQS2 are positioned predominantly under the
phosphate groups. base of G(12) (Figure 6A). The A and B rings are positioned
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Mmajar grocvea

Gi2)

Figure 6. Axial views of intercalated DNA: (A) the C(})G(12) base pair over AQS2; (B) AQS2 over G{Z)(11); (C) C(1)-G(12) over
daunomycin; (D) daunomycin over G2L(11). Oxygen is red, nitrogen is blue, phosphorus is black, sulfur is yellow, and carbon is gray. The
carbon atoms of the intercalators are darker than those of the DNA. Hydrogen bonds are indicated by dashed lines.

Table 2. Helical Parameters for AQS2-d(CGTACH)
Global Base-Base Parameters

base pair buckle (deg) propel (deg) opening (deg)
C(1)-G(12) —0.8(=9.9) 4.8 (0.6) —7.0(=9.2)
G(2)-C(11) —17.0 (2.8) —4.0 (—12.6) —0.4 (—6.6)
T(3)—A(10) —0.2 (4.9) —10.0 (+-4.6) —-0.5(-8.7)
AA)—T(9) 0.2 (—4.8) —10.0 4.7) —-0.5(-8.7)
C(5)—-G(8) 16.9 (2.9) —4.0 (—12.5) —0.4 (-6.6)
G(6)—C(7) 0.8(9.9) 4.8 (0.6) —7.0(=9.2)

Global Inter-Base Pair Parameters
base pairs slide (A) rise (A) roll (deg) twist (deg)

C(1)-G(12)/G(2y-C(11) 0.4 (0.0) 7.1(0.0) —9.6 (—4.6) 33.0(3.1)

G(2)-C(11)/T(3)-A(10) —-0.2(0.2) 2.8(0.0) 3.4 (1.0 27.4.2)

T(3)—A(10)/A(4)—T(9) -0.2(0.1) 3.4 (0.0) 9.6 (0.2) 36.8 (1.6)

A(4)—T(9)/C(5)-G(8) -0.2(0.2) 2.8(0.0) 3.5(1.1) 27.4@.2)

C(5)—-G(8)/G(6)-C(7) 0.4 (0.0) 7.1(0.0) —9.6 (—4.7) 33.0(3.1)

a Calculated with the program CURVES 23LP The values in parentheses adxéelical parameters: AQSa(CGTACG) minus daunomycin
(dCGTACG).

AQS2 complex are given in Table 2. The winding angle at the

Table 3. Contacts between the AQS2 Swallow Tail and DNA
AQS2 atom DNA residue DNA atom dist (A) intercalatio_n site is less ?n the AQ_SZ co_mplex than in the
0(1S) cw Na 290 daunomycin complex. leference§ in hellpal parameters of
N(64) A()P° o2p 3'.35 DNA—AQSZ_ and DNA—Qaun_omycm are given in Tat_)le 2.
N(6b) A(4)° 01P 2.97 The long axis of AQS2 is aligned roughly parallel with the
N(6b) G(6F 06 3.15 long axis of the flanking base pairs (Figure 6A,B). Base

pair G(2-C(11) is buckled by over T5 wrapping around

2 Related by symmetry operatof, K — Y, %6 — 2). ° (Y, y — X, Y6 +
2. °(y — X —X, Y3+ 2.

the intercalator to maximize van der Waals contdtt8ase
pair C(1)-G(12) is significantly less buckled in the AQS2

predominantly over the base of G(2). The base pairs on the c0mplex ¢-0.8) than in the daunomycin complex-g.1°).

interior of the complex are well-stacked.

(24) Williams, L. D.; Egli, M.; Gao, Q.; Rich, AStructure & Function,

In the AQS2 complex, the DNA is unwound by only & few  vojume I: Nucleic AcidsSarma, R. H., Sarma, M. H., Eds.; Adenine
degrees at the intercalation site. Helical parameters for the Press: Albany, N.Y., 1992; pp 16725.
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tion8 Additional GG-selective photocleavage agents have been
reported by otherg—28

In the mechanism of these cleavage reactions, after intercala-
tion and photoexcitation, an electron is transferred to the excited
state of an intercalated AQS2 molecule from a flanking DNA
base, to generate a radical cation on the base. The three-
dimensional structure of the DNA complex and molecular orbital
calculations described here confirm that such electron transfer
is enabled by intimate van der Waals contact and molecular
orbital overlap of AQS2 with DNA bases.

We have shown previously that the radical cation formed
upon electron transfer to an intercalated chromophore migrates
from the base adjacent to the intercalated AQS2 to a GG step
where it is trapped by reaction with water and/or molecular
oxygen. This model of radical cation migration to remote sites
followed by covalent damage is supported by observations of
GG cleavage by rhodium complexes or AQ derivatives that are
covalently linked to DNA. Even when located over 10 base
pairs from a confined photocleavage agent, GG sites are cleaved
selectively!>28

The radical cation migration model is consistent with calcula-
tions suggesting that GG steps are the most easily oxidized of
all B-conformation dinucleotide®. In ideal B-conformation,
the electron rich Nlatom of guanine on the' 3ide of the GG
step is positioned over the centroid of the five-membered ring
of the B-G. The 3-guanine would thus stabilize a radical cation
on the 3-guanine®® However, product ratios are determined
by differences in energies of transition statesThe 3- or 3-
localized guanine radical cations in a GG step are reactive
intermediates, not transition states. The energies of these
intermediates do not necessarily prediad53 reaction product
ratios.

Figure 7. Molecular orbitals of AQS2 plus the two flanking base pairs. Three-Dimensional Structure of an AQS2-DNA Com-
Density is contoured at approximately 95% probability: (A) LUMO  plex. AQS2 forms an unusual groove-reversed complex,
for AQS2; (B) HOMO for the flanking DNA base pairs. with the swallow tail located in the major groove (Figures
) . . 5 and 6). Generally intercalators interact preferentially with
In parallel orientation as observed for AQS2, the flanking ihe minor groove. Daunomycin (Figures 1, 5, and 6) and
!oase pair 1s flattengd. by the chromqphore; van der Waals nearly all intercalators bind to DNA with out-of-plane sub-
interactions are maximized by maintaining planarity of the base titents located in the minor groo%37 The minor groove

ir 24 .
pair: _ of B-DNA forms a natural cleft, affording more favorable
In a complex with a DNA hexamer, one must be concerned yan der Waals interactions than the major groove. In com-
about end effects. In the complex described here, AQS2 binds

to the hexamer duplex at the terminal intercalation sites. Itis (25) Saito, I.; Takayama, M.; Kawanishi, $. Am. Chem. Sod.995

conceivable that the structure of the complex would be different 11?22)530%55?1% " ML Sugi W Nakatani. K - Tsuchida. A
. : aito, I.; rakayama, M.; suglyama, m.; Nakatani, K.; 1suchida, A.;
at an internal sm_a of a long DNA fragment. Yamamoto, M.J. Am. Chem. Sod995 117, 6406-6407.
Molecular Orbital Overlap. The AQS2 LUMOs and the (27) Ito, K.; Inoue, S.; Yamamoto, K.; Kawanishi, B Biol. Chem1993
base HOMOs are the molecular orbitals involved in the DNA 268 13221-13227.

base to AQS2 electron-transfer reaction. Calculations show 735(3?8) Hall, D. B Holmlin, R. £ Barton, J. KNature 1996 382 731

that these molecular orbitals overlap in the intercalated (29) Sugiyama, H.; Saito, . Am. Chem. Sod.996 118 7063-7068.
complex. The appropriate orbitals are shown in Figure 7. For  (30) Prat, F.; Houk, K. N.; Foote, C. 8. Am. Chem. Sod.99§ 120

sl ; ; : 845-846.
simplicity, AQS2 was converted to ité,N-dimethylsulfonamide (31) Hammett, L. P.Physical Organic Chemistry Reaction Rates,

and the deoxyribose sugars of the flanking nucleotides were gquilibria and MechanismsMcGraw-Hill: New York, 1979.
replaced with methyl groups. LUMOs for AQS2 and the (32) Wang, A. H.; Ughetto, G.; Quigley, G. J.; Rich, Biochemistry

; 1987 26, 1152-63.
HOMOS for the ba.ses .Were calc_qlated with .the C\./FF f(_)rce (33) Williams, L. D.; Egli, M.; Ughetto, G.; van der Marel, G. A.; van
flelq and AM1 Hamiltonian on a Silicon Graphics Indigo using Boom, J. H.: Quigley, G. J.. Wang, A. H.-J.: Rich, A.; Frederick, CJA.
Insightll. Mol. Biol. 199Q 215, 313-320.
(34) Hu, G. G.; Shui, X.; Leng, F.; Priebe, W.; Chaires, J. B.; Williams,

. . L. D. Biochemistry1997 36, 5940-5946.

Discussion (35) Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der Marel, G.
. . . . A.; van Boom, J. H.; Rich, A.; Wang, A. H.-Biochemistry199Q 29,

AQS2 binds to duplex DNA by intercalation and selectively 25352549,

cleaves DNA at GG dinucleotide steps. The G on theide (36) Williams, L. D.; Egli, M.; Gao, Q.; Bash, P.; van der Marel, G. A;

of the doublet is generally cleaved preferentially over the G on ‘1’330‘33‘7”7‘2'232-5@32??' A.; Frederick, C. Rroc. Natl. Acad. Sci. U.S.A.
the 3 side. We have shown that this selectivity is observed @37) Williams, L. D.: Frederick, C. A.: Ughetto, G.; Rich, Alucleic

for other anthraquinone derivatives with AQS2-type substitu- Acids Res199Q 18, 5533-5541.
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parison with daunomycin, the switch to the major groove intercalation) cause differences in the DNA conformations of
results from a rotation of AQS2 by 10&round the DNA helical the AQS2-d(CGTACG) complex and daunomyeit(CG-
axis. TACG) complex. The winding angle at the intercalation site
We have considered several possible origins for groove- is less in the AQS2 complex than in the daunomycin complex.
reversal of intercalated complexes. Specific, orientation-de- This observation is consistent with our previous hypo-
pendent interactions between intercalated ring systems andthesig that low helical twist (DNA unwinding) at the inter-
flanking base pairs might favor groove-rever&alntercalator- calation step is a characteristic of parallel intercalator orientation.
base interactions could offset the lack of minor groove interac- The long axis of AQS2 is aligned roughly parallel with the
tions. The importance of specific intercalattrase interactions  long axis of the flanking base pairs (Figure 6A,B) whereas the
in groove-reversed complexes is supported by the base selectiviong axis of daunomycin is aligned roughly perpendicular with
ity of the van der Waals interactions (stacking) observed in eachthe long axis of the flanking base pairs (Figure 6C,D).
groove-reversed complex solved thus far by X-ray diffraction. Therefore, the greater unwinding at the intercalation step by
Preferential stacking of guanines is observed in the AQS2 AQS2 than by daunomycin (Table 2) is consistent with our
complex here and in a bis-intercalated DNditercalinium hypothesis.
complex3® Ditercalinium forms 68 contacts with guanine Base pair C(1}G(12) is significantly less buckled in the
residues and only 5 with cytosine residdésPreferential AQS2 complex {0.8°) than in the daunomycin complex
stacking of intercalators on guanine bases is not a general featurg—9.1°). This difference is directly attributable to differences
of intercalated complexes and is not observed in minor groove in the orientations of the chromophores relative to that base
intercalated complexes. Daunomycin stacks nonselectively in pair. In the parallel orientation of the AQS2 complex, the base
X-ray structures of daunomycirDNA complexes? Each of pair is flattened by the chromophore; van der Waals interactions
the four bases that flank daunomycin engages in nearly the sameare maximized by maintaining planarity of the base pain
number of contacts with planar surfaces of daunomycin [cytosine the perpendicular orientation of the daunomycin complex (Figure
(1), 7 contacts; guanine (2), 8 contacts; cytosine (11), 7 contacts;6C), van der Waals contacts with the chromophore are
guanine (12), 7 contacts]. This lack of preference of dauno- maximized by deforming (buckling) the adjacent base #air.
mycin for guanines is apparent in the axial views of Figure
6C,D. Conclusion
The structure of the AQS2DNA complex suggests that
groove-reversal might also be favored by polyamine-like Intercalation of anthraquinone photonucleases is necessary
interactions within the major groove. Polyamines bind prefer- for efficient photocleavage of DNA at GG stebsThe X-ray
entially in the major groove of B-DNA in dynamic and Structure of the AQS2 complex confirms this requirement for
disordered complexé8:2°0 The swallow tail of AQS2 is similar ~ intercalation and can help to rationalize several steps in the
to a polyamine, with cationic amino groups separated by a Photocleavage reaction. The reaction can be conceptually
flexible and hydrophobic hydrocarbon linker. Thus competing broken down into distinct and sequential steps: intercalation,
hydrophob|C, Chargecharge and hydrogen_bonding interactions photoeXCitation, base to AQSZ e|eCtI’0n transfer, base to base
that direct spermine to the major groove may similarly direct Nole migration, trapping, and covalent oxidative damage. This
the swallow tail of AQS2 to the major groove. In the present X-ray structure is relevant to intercalation, photoexcitation,
structure, lattice interactions might also favor groove reversal. electron transfer, and hole migration but not to trapping and
The SW&"OW ta" makes Severa| hydrogen bonds to adjacent COValent 0X|dat|Ve damage The structure does not Conta|n GG
duplexes in the crystal lattice. steps a_nd so cannot explain terminal steps in the reaction. The
Differences in binding mode of AQS2 (groove-reversed three-dimensional structure of a complex containing a GG step
intercalation) and daunomycin (minor groove intercalation) do Would be relevant to hole migration, trapping, and covalent
not appear to arise from differences in molecular shapes. TheoXidative damage, but thus far we have not obtained diffraction-
shape of AQS2 is similar to that of daunomycin. Each of these duality crystals of such a complex.
intercalators is composed of an elongated planar chromophore The 3-D structure of the complex allows us to understand
joined with out-of-plane substituents along the long axis of the several critical aspects of the reaction mechanism.
chromophore. The amino sugar of daunomycin and the swallow (i) Base to AQS2 Electron Transfer. The requirement for
tail of AQS2 are positively charged-@ AQS2,+1 daunomy- intercalation suggests that extensive anthraquintase inter-
cin). actions are necessary for rapid electron transfer. Selective van
The similar shapes of the two intercalators appear to induce der Waals interaction of ground state AQS2 with guanine
similar DNA distortion. The conformation of the DNA in the residues and significant molecular orbital overlap within the
AQS2-d(CGTACG) complex described here shows similarities intercalated complex would pose the complex for efficient
to that of the daunomycind(CGTACG) complex? Helical electron transfer after photoexcitation. Guanine, the most easily
parameters for the AQS2 complex and differences in helical oxidized DNA base, provides the most thermodynamically
parameters of AQS2 and daunomycin complexes (Table 2) showaccessible source of electrons.
that in both structures (i) the DNA is unwound by only a few (ii) Hole Migration. The bases adjacent to the intercalation

degrees at the intercalation site and (ii) base pair G(ZL1) site and in the interior of the complex are well-stacked. It is
is buckled by over 15 wrapping around the intercalator to likely that hole migration within DNA requires significant
maximize van der Waals contaéts. electronic overlap of adjacent DNA bases.

Observed differences in binding modes of the two interca-  This requirement for electronic overlap is supported by the
lators (minor groove intercalation versus groove-reversed structure and reactivity of DNAporphyrin complexes. Brun

(38) Williams, L. D.; Gao, QBiochemistryl992 31, 43154324, and Harrimaft prewous!y descrlbed_ inefficient electron ex-

(39) Wemmer, D. E.; Srivenugopal, K. S.; Reid, B. R.; Morris, DJR. change between palladium porphyrins bound to DNA. The
Mol. Biol. 1985 185, 457—459.

(40) Shui, X.; McFail-Isom, L.; Hu, G. G.; Williams, L. DBiochemistry (41) Brun, A. M.; Harriman, AJ. Am. Chem. S0d.994 116 10383~
199§ 37, 8341-8355. 10393.
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