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Abstract: Psorospermin is a DNA-reactive natural product isolated from the roots of the tropical African plant
Psorospermum febrifuguthat shows significant promise as an antileukemic agent. Incubation of this antineoplastic
agent with DNA results in the production of sequence selective abasic sites on the DNA. Using high-field NMR
and gel electrophoresis, the mechanism of covalent modification of DNA and the mode of interaction with DNA are
determined. Psorospermin intercalates the DNA molecule, positioning the tricyclic xanthone chromophore in an
orientation parallel to the adjacent base pairs. This places the epoxide in the major groove, resulting in site-directed
electrophilic addition of the epoxide to N7 of guanine located to th&id® of the site of DNA intercalation. It is
proposed in this study that the subsequent depurination of the psorosp&ifguanine adduct is the source of the
previously observeih vivo formation of abasic sites on the DNA. Significantly, although the chemical structure
and mechanism of covalent modification of DNA are very similar to those of the pluramycin class of agents, there
are distinct differences in the relative reactivities and sequence selectivity between psorospermin and pluramycin-
like compounds that may give rise to observed variances in biological activity. Specifically, while psorospermin is
much less reactive than most of the pluramycins, it shows unique selectivity G@*5sequences (the asterisk
designates the site of covalent modification), which is the least reactive site for all of the pluramycins investigated
thus far. On the basis of the solution NMR structure of the psorosper@iWA covalent adduct, the underlying
structural differences that give rise to this lower reactivity and different sequence specificities are proposed.

Introduction
HCO O
Psorospermin (Figure 1) is a novel cytotoxic dihydrofuran- Q
oxanthone isolated from the roots and stembark of the African oy oY
plant Psorospermum febrifugumThe structure and complete : /\ﬁ o
stereochemistry of psorospermin have been established by ~9 Psorospermin

Kupchan and co-worketsind Cassady and co-workeérsPso-
rospermin and related compounds show significant cytotoxicity
against a variety of human tumor cell lines in tests carried out
by the National Cancer Institute. On the basis of differential
activity against resistant human leukemia lines and AIDS-related
lymphoma, psorospermin has been selected for further develop-
ment by the National Cancer Institute’s Biological Evaluation

OH

Committee® The suspected source for these biological activities Altromycin 50\ A 0 ocH,
is the compound’s ability to readily react with DNA and produce  Hedamycin [23 HO o s
DNA strand breaks, abasic sites, and protddNA cross-links ° Altromycin H HO._,

in psorospermin-treated cells through an as yet unestablished Pluramycin A /jg !
mechanisnf. On the basis of structural similarities with the

pluramycin class of DNA-reactive agents (altromycin B and Figure 1. Structures of the antileukemic psorospermin and structurally
hedamycin in Figure 1), it has previously been proposed that @nalogous pluramycins: sapurimycin, hedamycin, pluramycin A, al-
psorospermin interacts with DNA in a manner similar to that tromycin B, and altromycin H.

of the pluramycin class of agents, which intercalate into the ] ) ] ]
DNA helix and covalently modify guanine through epoxide-

*To whom correspondence should be addressed. Phone: (512) 471-mediated electrophilic attack on N7 of guanPne_

4841. Fax: (512) 471-2746. ,
*The University of Texas at Austin. In the present study, we have used gel electrophoresis and

#The Ohio State University. high-field NMR to show that psorospermin alkylates N7 of
® Abstract published imdvance ACS Abstractdfay 15, 1996. guanine, to propose a mechanism for covalent attachment, and
43(%2‘_@825‘”' S. M.; Streelman, D. R.; Sneden, AJTNat. Prod 198Q to determine the DNA sequence selectivity for this covalent

(2) Habib, A. M.; Ho, D. K.; Masuda, S.; McCloud, T.: Reddy, K. S.;  reaction. Like the pluramycins, psorospermin intercalates the
Aboushoer, M.; McKenzie, A.; Byrn, S. R.; Chang, C. J.; Cassady, J. M.
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Figure 2. (A) Gel showing comparative strand breakage of hedamycin (Hed), altromycin B (Alt B), altromycin H (Alt H), and psorospermin (Psr).
Lanes are for hedamycin, (1) 0.0@M, (2) 0.01xM, and (3) 0.05«M; altromycin B, (1) 0.01«M, (2) 0.03uM, and (3) 0.3uM; altromycin H,

(1) 0.1uM, (2) 1 uM, and (3) 10uM; and psorospermin, (1) 04M, (2) 0.5uM, and (3) 2.5:M. (B) Gel showing concentration dependent strand
breakage by psorospermin modification. Psorospermin concentrations are 0, 0.1, 1, 10, 100, ard {l668s 1-6, respectively). On the left is

the 1) strand and on the right is the -] strand of the restriction enzyme fragment shown in Figure 3A on the opposite page. AG and TC
represent purine- and pyrimidine-specific sequencing lanes.

DNA and positions the reactive epoxide in the major groove comigrate with guanine in Maxam and Gilbert sequencing lanes.
into proximity of N7 of guanine, which is located to theside The ability of psorospermin to chemically modify guanine and
of the intercalation site. NMR results indicate that covalent thermally induce these single strand breaks in a fashion similar
attachment occurs between N7 of guanine and @fthe to that of the pluramycin agents is indicative of a depurination
epoxide on the psorospermin ligand. However, despite thesereaction of an alkali labilé\7-alkylguanine adduct. Although
similarities, the proposed precovalent mode of DNA binding is at this point it is inconclusive, the most likely mechanism of
more similar to the acridine class of agents than the pluramycins. covalent modification that would produce these strand breaks
Psorospermin stacks its aromatic chromophore in an orientationat guanine would be electrophilic addition of the reactive
parallel to the adjoining base pairs, as opposed to an orthogonakpoxide to N7 of guanine, a mechanism much like that of the
orientation characteristic of the pluramycins. In this respect, pluramycing and the aflatoxing.

the psorosperminDNA interaction resembles that of the . ds Recoanition of Psorosperminin
quinacrine nitrogen mustard and that of the mutagen, sterig- Reactivity and Sequence gnition P .
matocystire the strand _bre;a_lkage assay shown in Flgl_Jr_e 2A, psorospermin
displays significant differences in reactivity and sequence

Results selectivity from those of the pluramycins. The most striking
Psorospermin Produces DNA Strand Breaks That Comi- difference is the concentration at which psorospermin achieves
grate with Guanine Sequencing Lanes.Incubation of pso-  reactivity with DNA equivalent to that of the pluramycins.

rospermin with 5end-labeled DNA, followed by heat treatment ~ Psorospermin is only comparable in reactivity with altromycin
at 95°C, produces DNA cleavage patterns on DNA sequencing H, the least reactive of the pluramycins, and for equivalent
gels. As seen in Figure 2A, psorospermin-modified DNA reactivity is required at concentrations-1000 times greater

produces strand breakage patterns on polyacrylamide gels that

(7) Maxam, A. M.; Gilbert, WMethods Enzymoll98Q 65, 499-560.
(6) (a) Baguley, B.Anti-Cancer Drug Des.1991 6, 1-35. (b) (8) Gopalakrishnan, S.; Harris, T. M.; Stone, M.Btochemistry1990
Gopalakrishnan, S.; Liu, X.; Patel, Biochemistry1992 31, 10796-10801. 29, 10438-10448.
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$*' AGCTTTTTGCAAAAGCCTAGGCCTCCAAAAAAGCCTCCTCACTACTTCTGGAATAGCTCAGAGGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGE 3°
3' AAAACGTTTTCGGATCCGGAGGTTTTTT TGATGAAGACCTTATCGAGTCTCCCGCTCCGCCGGAGCCGGAGACGTATTTATTTTTTTTAATCAGTCGGTAC 5°
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Figure 3. Strand breakage assays depicting reactive sites for psorospermin on the restriction enzyme fragments. Shown in (A) are the sequences
of the restriction enzyme fragments containing the SV40 early promoter region used in this study. Shown in (B) and (C) are histograms depicting
the relative strand breakage intensities on the restriction enzyme fragments used to compile Table 1. Histogram B corresponds to the gel shown in
Figure 2B, while histogram C corresponds to strand breakage results on the other restriction enzyme fragment, included as supporting information.
Inseparable bands from densitometric analysis are represented by the same height in histograms and were excluded in the calculation of average
modification levels (shown as solid bars for the consensus sequences).
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Table 1. Psorospermin High- and Medium-Reactivity Sites, the Base-Pair Compositions Flanking the Reactive Guanine, and the Consensus
Sequence for Medium-Reactivity Sites, High-Reactivity Sites, and Combined High- and Medium-Reactivity Sites

high-

reactivity . L

sites medium-reactivity sites

5'AGG*CT 5'AGG*CC 5AGG*CC 5CGG*CC 3TAG*GG 5TAG*TG 5'CGG*GA
5AGG*GG 5CAG*AG 5'CGG*AG 5CTG*CA 5'CGG*GA 5AGG*AG 5TGG*TT
5AGG*GG 5AGG*CG 5TGG*GC 5ATG*CA 5'TGG*GC 5AGG*CT 5TAG*TC
5'CAG*CA 5'CGG*CC 5TGG*GC BCAG*AG 5'TAG*GG 5TGG*AG 5'CAG*TT

high reactivity (4 sites) medium reactivity (24 sites) high and medium reactivity (28 sites)

5 -2 -1 G* +1 +2 3 5 -2 -1 G* +1 +2 3 5 -2 -1 G* +1 +2 3
G 0O 75 100 50 50 G 0 63 100 29 37 G 0 64 100 32 39
A 75 25 0 0 25 A 26 29 0 21 17 A 32 29 0O 18 18
T 0 0 0 0 25 T 37 8 0o 17 13 T 32 7 0 14 14
C 25 0 0 50 0 C 37 0 0 33 33 C 36 0 0 36 29
Pu 75 100 100 50 75 Pu 26 92 100 50 54 Pu 32 93 100 50 57
Py 25 0 0 50 25 Py 74 8 0 50 46 Py 68 7 0 50 43
consensus N Pu G* N N consensus N Pu G* N N consensus N Pu G* N N

a G* represents the covalently modified guanine. Pu signifies purine, and Py signifies pyrimidine.

Table 2. Comparison of the DNA Proton Chemical Shifif the Bispsorospermin[d(GATG*TACATC)], Duplex Diadduct (2:1) with Those
of the Unmodified Duplex

base H8/H6 H5/5CHH2 H1 H2'/H2' H3 Ha'

1G 7.85 (0.00) 5.58 (~0.07) 2.67/2.51 4.8440.02) 4.15 (0.07)
2A 8.30 (-0.13) 7.95 (-0.07) 6.27 £-0.13) 2.90/2.74 5.07 (0.00) 4.560.07)
3T 7.37 4-0.15) 1.50 (-0.30) 6.05 (-0.31) 2.37/2.26 4.95¢0.14) 4.13 (~0.29)
4G* 9.40 (+1.60¥ 5.94 (-0.11) 2.79/2.74 4.9540.18) 4.42 ¢-0.07)
5T 7.20 (-0.10) 1.45 (-0.24) 5.68 (-0.52) 2.12/2.48 4.8740.12) 3.17 (-0.43)
6A 8.12 (-0.03) 6.08(0.07) 2.51/2.71 4.9840.09) 4.37(0.00)
7C 7.55 (-0.14) 4.85 (-0.10) 5.70 (~0.34) 2.13/2.30 4.87 (+0.24) 4.15 (0.00)
8A 8.25 (+-0.24) 7.52 {-0.25) 6.25 (-0.19) 2.28/2.28 4.9740.18) 4.50 (-0.18)
oT 7.17 (0.12) 1.34 £0.17) 5.07 0.17) 2.07/2.49 4.84%0.04) 4.15 (~0.24)
10C 7.62 (-0.15) 5.75 {-0.18) 6.27 £-0.17) 2.26/2.26 4.5640.03) 4.01 (-0.21)

aReferenced to kO in 99.9% DO unless otherwise noteBlChemical shift differences: <) and &) represent upfield and downfield shifts,
respectively. Shown in bold are those greater than 0.2 jjirchangeable proton observed in 95%CH

than that for the most reactive pluramyctsA second major
difference displayed by psorospermin is its sequence selectivity
of alkylation. Analysis of strand breakage patterns on two
restriction enzyme fragments (shown in Figure 3 and sum-
marized in Table 1) reveals that psorospermin has a hierarchy

of reactive sites. While there appears to be no consistent o , Dg | Pproximate
selectivity for bases to the 8ide of the alkylated guanine, there ‘GATCTACATC

is a distinct selectivity for the base pair to tHesfile. For both CTACATCTAG' o
high- and medium-reactivity sites, psorospermin shows the 0BT e s e

greatest preference for a guanine located to tls&d®, a second '

preference for an adenine in thé position, and only low ‘GAT GTACATCS_ " .
reactivity with guanines having a pyrimidine at the same CTAICATGTAG )
position. It is interesting that although the pluramycins also

display a 5 base pair selectivity, the sequence selectivity is P R B A LA
significantly different from that of psorospermin. In contrast Cé‘%g}%gﬁﬁg %jzgs 21 25%
to psorospermin, pluramycins such as hedamycin and plura- B T s R 3

mycin A show the greatest reactivity with(By)G* sequences  Figure 4. Structure and numbering scheme for psorospermin and the
and the lowest reactivity with '6G* sites (the asterisk  DNA decamer used in this study. Shown are sites of intercalation and
designates the site of covalent modification; ®ypyrimidine relative amounts of each species.

and Pu= purine)? _ _ _

In the gel electrophoresis studies, there were two types of POth the concentration dependency (Figure 3C) and the time
sequence sites of high reactivity for psorospermin that did not COUrse kinetics experiments (data not shown), guanines located
follow the simple consensus(Bu)G* selectivity. First, from W|th_|n a guanine tract demonstrated dlﬁergnt levels pf reactivity.

While one would expect that each guanine following the first

(9) Sun, D.; Hansen, M.; Hurley, L. HI. Am. Chem. Sod.995 117, would be equally reactive, on the basis of the simple consensus
243?6)2(‘}330|'3ax A Davis, DJ. Magn. Reson1985 64, 207-213. (b) 5’(Pu)G* sellectivity, the second guanine was !:)y far the most
Ba§<, A Davis. D. GJ. Magn, 'Resc?n1'985 65, 355-360. (c) Drobney, reactive, while each s_ubsequent guanine to trede was Iess_ _
G.; Pines, A.; Sinton, S.: Weitekamp, D. P.. Wemmerfaraday Symp. reactive than the previous one. In several sequences containing
Chem. Soc., No. 12987, 49-55. (d) Marion, D.; Wihrich, K. Biochem. four contiguous guanines, the preference for alkylation was
Biophys. Res. Commuii983 113 967-974. 5GG*GG > 5'GGG*G > 5'GGGG*. Second, guanines
248;) Hansen, M.; Hurley, L. HJ. Am. Chem. S0d995 117, 2421~ located in proximity to the'3r 5 side of the AT-rich promoter

(12) Hare, D. R.; Wemmer, D. E.; Chou, S. H.: Drobny, G.; Reid, B. R. egion had greater reactivity than guanines located distal to these
J. Mol. Biol. 1983 171, 319-336. regions. For example, in strandHl) of the restriction enzyme
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Figure 5. Aromatic to H1 walks for an unreacted duplex (A), the free duplex (0:1) in a mixture with drug adduct species (B), and the psorospermin
diadduct (2:1) in the reaction mixture (C).

Table 3. Comparison of Psorospermin Chemical Shifts in the ments without further drug additioff. NMR resonances were
g'rsupsor‘)s’perm'ﬁ[d(GATGTACATC)]Z Diadduct and the Free identified for the subsets of protons corresponding to the free
9 duplex (or 0:1 drug-DNA adduct in Figure 4) and for the 2:1
proton proton chemical shifts chemical shit ~ drug—DNA adduct. Resonances associated with the 1:1-drug
assignments free drug 2:1 drug-DNA diadduct difference$ DNA adduct were roughly degenerate with those of the two

H2 6.37 5.45 0.92 other species; however, in some regions of the spectra, they
3OCH;  3.96 3.66 0.30 were distinguishable from the 0:1 and 2:1 species. Similar to

:g ;ig 2-28 8-% other guanine N7 alkylatoR§;!! this sample degraded over
H8 780 6.77 1.03 several days, presumably due to depurination of the psorosper-
Hla/b 3.30/3.49 2.86/3.31 [0.313 min—N7-guanine adduct.

H2' 4.85 4.36 0.49 ;

Ha'alb 573/2.98 4.24/5.20 31678 Assignment of the DNA Proton Resonances.DNA as-

5CHs 1.43 1.76 —0.33 signments of the 10-mer duplex and the 2:1 diadduct were
- . . . — achieved through established metHéthy identifying sequential
For numbering see Figure AChemical shifts in chioroforrd. NOESY connectivities between bases and creating walks leading
¢ Chemical shifts referenced to,@ in 99.9% DO. 4 Chemical shifts .
of free drug minus chemical shifts of drug in diaddicthe number ~ from the 8 end to the 3end of the DNA molecule; these are
represents the average chemical shift difference. reported in Table 2. Shown in Figure 5A is the aromatic to
H1' walk for an unreacted duplex, in Figure 5B is the aromatic

fragment (see Figures 2B and 3B), thefGTG* sequence 4 41 walk for the unreacted duplex species contained in the
adjacent to the AT-rich promoter region showed approximately ,.«tire of adducts (0:1 adduct in Figure 4), and in Figure 5C

2 times higher reactivity than the same sequence located in theIS the aromatic to Hlwalk for the 2:1 diadduct species of the
middle of the restriction enzyme fragment. Similar results were

. . : adduct mixture. Although the discontinuity between 7C and
observed at the same junction on the opposite strand, 8A in the aromatic to H1lwalk is partially obscured by the
Structural Interaction Made with DNA. To study the P y y

structural interactions and determine the exact site of covalentProXimity of other cros,s'-peaks, the aromatic to aromatic and
attachment, the oligonucleotide [d(GATGTACATE)Was the aromatic to H2H2" walks for the drug adduct bo_th

prepared and reacted with psorospermin. Although psorosper-démonstrate breaks at the 78A steps due to the separation

min was reacted in a molar excess with the DNA, only a mixture of the base pairs at this position to accommodate intercalation
of products corresponding to the 0:1, 1:1, and 2:1 ehDHIA by the drug chromophore (unpublished results). Traversing the
adducts could be achieved in roughly a 1:2:1 ratio (see Figure break in DNA connectivities are the psorospermin H6 and H7
4). Due to limited amounts of available psorospermin, the aromatic protons, which show connectivities to both 7CH6 and
sample was characterized using one-dimensional NMR experi-8AH8 on either side of the intercalation site (seen as vertical
ments and two-dimensional NOESY and DQF-COSY experi- broken lines in Figure 5C). These results unequivocally position

Table 4. Summary of Intermolecular NOEs observed between Psorospermin and the 10-Mer Oligomer Duplex in the 300 ms
Two-Dimensional NOESY Spectrum

assignmerit 3THY 3TH3 3TH2/2" 3TH6 3TCH 4GHI 7CH2/2" 7CH5 7CH6 8AH2 8AH8
H2 X X X X

a See Figure 4 for assignments.
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A

HI'o/b |

o the 7CH5 proton. The psorospermin 3-methoxy signal was
o 3.0 assigned by its chemical shift and one-dimensional resonance
intensity. Identifying the psorospermin H2 proton is a strong
NOE between itself and the 3-methoxy signal.

4.0 In Figure 6 is shown the assignment strategy for psorospermin
protons associated with the site of covalent modification to the
DNA. The Hla and Hib protons coupled with each other and
to the H2 proton. All three protons showed NOEs to the'&l4

ppm

§,I)’5‘O H4'b, and 5methyl resonances. Similarly, Hdand H4b
“lao coupled to each other and showed NOE connectivities to the
' H2' proton and the Smethyl. Because a single NOESY was
" ppm acquired with a relatively long mixing time (300 ms), spin
diffusion prevents unequivocal distinction between théatéihd
140 H1'b and between the Mg and H4b methylene protons.
= Psorospermin Covalently Modifies N7 of 4G through C4
of the Epoxide. On the basis of the chemical shift and the
ol 50 chemical nature of the DNA 4GH8 and the psorospermitaH4
clde : A and H4b protons, we propose that N7 of guanine performs
5.0 40 ppm 3.0 20 nucleophilic addition to C4of psorospermin to open the
epoxide, leaving a residual hydroxyl on 'QFigure 7). The
C H8 aromatic proton of the drug-modified guanine (4G) is shifted
HzN\[?N . H2N74N . to 9.4_1 ppm, which is gpproximately_ 1.5 ppm dc_)\_/vnfield in
TN HN\’I\% chemical shlft of the equwale_nt proton in the unmodlf_led duplex.
HNS, N;% H N7>*H Due to rapid exchange of this proton resonance wit Dhe
& (,)*H o aromatic proton was identified and characterized in one-
~2wH 7 AN . . . L . R
HOA]..CH3 M HO _;,7CH3\) dimensional irradiation experiments performed in 95%@HThe
HO ¥ ﬁgj 5:/ 4GH8 resonance was assigned on the basis of NOE connec-
i@%{ 7 2 Hgf/ tivities to the 4GH2 4GHZ2', 5T methyl, and psorospermir+5
H He- methyl resonances. The acidic nature of this proton demon-
oQrCOsY NOESY strates the formation of the cationic adduct resulting as a
onnectivities Connectivities

consequence of alkylation of N7 of guanine (see Figure 6C).
Figure 6. Figure showing the assignment strategy for the psorospermin This agrees with previously reported7-alkylguanine
proton resonances associated with the site of covalent attachment.adduct§a,8,11in which the H8 proton of the modified guanine
Shown are a DQF-COSY spectrum (A), a NOESY (300 ms) Spectium pag phecome highly exchangeable and similarly resonates
(B), and a diagrammatic summary of these connectivities (C). between 9.5 and 10.0 ppm, significantly downfield of the

the drug Chromophore directly to thé &de of the Covalenﬂy eql.“Valent pI’OIOI’] in the unmodified dup|exeS. In addItIOI’], the
modified guanine between the #A and 4G7C base pairs.  downfield chemical shifts of psorospermin’smethylene proton
Assignment of Psorospermin Proton ResonancesPso- resonances, 2.73 and 2.98 ppm in the unreacted species
rospermin resonances were assigned using NOESY and DQF-compared with 4.75 and 5.25 ppm in the psorospettuinig
COSY experiments and are listed in Table 3. The H6, H7, and adduct, strongly argue that covalent attachment occurs between
H8 protons were identified on the basis of couplings between C4 on the drug molecule and N7 of guanine, creating the
H7 and H8 and between H7 and H6, and the H8 proton was Positively charged purine adduct seen in Figure 7. Large
distinguished from the H6 proton on the basis of NOE contacts changes in chemical shifts for protons attached two bonds away
with 7CH5 and 7CH6. Positioned closer to the minor groove from similarly charged guanines are also experienced in both
is the psorospermin H6 proton, which shows NOE connectivity the hedamycir and the altromycin B(guanine N7)-DNA
to 7CH6. Contrasting this is the psorospermin H8 proton, which adductga !
is located near the major groove and shows NOE contact with  Interdrug —DNA Connectivities. Summarized in Table 4

b=t

O
com 010
(¢} SpemesB\L
Hm/f'l A O 0 OH
_ . Q H
O N NH, i Species A \7
Psorospermin ot om
SW (N7-Guanine) kT
Adduct (o B
A
(o]
b

Figure 7. Summary of the proposed mechanism of covalent modification of DNA by psorospermin. The drug molecule intercalates the DNA
molecule to position the reactive epoxide into the major groove to perform site-directed electrophilic addition on N7 of guanine. Subsequent
thermal treatment induces depurination, which in turn results in strand breakage.
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min’s Hl'a/b, H2, and 3-methyl. The 3TH6 and 3THlalso
show NOE connectivities to the psorospermifiniethyl.
lllustrated in Figure 9 is a molecular model depicting the
interaction of psorospermin with DNA. This model was derived
by docking psorospermin into the DNA on the basis of the NMR
results summarized in Table 4 and Figure 8, followed by energy
minimization in AMBER?3

Discussion

Psorospermin interacts with DNA in a fashion very similar
to that of other DNA intercalative alkylatoPd%811 Like both
the aflatoxins and the pluramycins, psorospermin intercalates
into the DNA helix and can alkylate guanine located to the 3
side of the intercalation site through nucleophilic attack by N7
of guanine on a drug resident epoxide. As seen in Figure 1,
the psorospermin tetracyclic system is close in chemical structure
A to that of the same moiety in the pluramycins, leading one to
Figure 8. Diagrammatic summary of NOESY connectivities between assume similarities in drug action. However, the intercalating
psorospermin and the major groove. Intermolecular connectivities show Xanthone chromophore behaves differently from the anthra-
that the long axis of the intercalating chromophore lies in a roughly quinone chromophore of the pluramycins (compare parts A and
parallel orientation to the adjoining base pairs. B of Figure 10). Instead of intercalating with the axis of the

tetracyclic chromophore in a perpendicular fashion between the

are the NOE connectivities between the DNA oligomer and DNA base pairs (Figure 10B), as the pluramycins and the
psorospermin (diagrammatically represented in Figure 8). NOEsanthracyclines do, psorospermin positions the xanthone ring
between psorospermin and the DNA position the xanthone structure in an orientation parallel (Figure 10A) to the adjacent
chromophore to the'Side of the modified guanine, intercalated base pairs. In this respect, psorospermin resembles more the
in an orientation parallel to the adjacent-8A and 4G7C base alkylating acridine quinacrine and the aflatoxin precursor,
pairs. Positioned adjacent to the nonmodified strand are the sterigmatocystin (Figure 11) than the pluramycins. Quinacrine,
H6, H7, and H8 protons of psorospermin, which show NOE a nitrogen mustard attached to an acridine moiety, also
connectivities to the 7CHMH2", H5, H6, and 8AH8 DNA intercalates the DNA with the chromophore in an orientation
protons. In the minor groove is the 3-methoxy of psorospermin, parallel to the adjoining base pairs, but differs in that it alkylates
which shows NOE contacts to both the 3THihd 4GH1 (not a guanine locatedwo base pairs away to the Side of the
shown in Figure 8). At the site of covalent attachment in the intercalation sité# Sterigmatocystin is the most closely analo-
major groove, the 3T methyl shows NOE contacts to psorosper-gous in both chemical structure and mode of interaction with

S
S
S
S
S
S

Major Groove 5y

Figure 9. Molecular representation of the interaction of the psorospesBMNA lesion. This model was generated using MIDA% dock
psorospermin to the DNA, such that NOE connectivities were satisfied, and was then energy minimized using AMBER.



5560 J. Am. Chem. Soc., Vol. 118, No. 24, 1996 Hansen et al.

A to position the epoxide into proximity of N7 of guanine and
thereby enhance DNA reactivity. A careful examination of the
psorospermin chemical structure reveals that in order for
psorospermin to also alkylate N7 of guanine located to the 3
side of the intercalation site, the mode of precovalent binding
requires that the chromophore stauallel to the adjacent base
pairs. Due to the stereochemistry at thi@@sition, orientation

of the chromophorgerpendicularto the adjoining base pairs
would require positioning the reactive epoxide to the opposite
face of the intercalating chromophore or into proximity of the
base located to th& side of intercalation. In retrospect it is
intuitive that psorospermin would intercalate the DNA in a
parallel orientation, alkylate a guanine located to thei®e of

the intercalation site, and in doing so position the intercalating
chromophore to maximize stacking interactions with the base
pair to the 5 side of the modified guanine, which is also the
B base pair demonstrating the greatest effect on sequence reactiv-
ity. Although the parallel orientation of the intercalating
chromophore of psorospermin maximizes the stacking interac-
tions, the kinetic acceleration of the alkylation step produced
as a consequence of these noncovalent binding interactions is
up to 100 times less than the optimum pluramycin alkylation
rates. The absence of alkylation on thé &ide of the
intercalation, which would be a consequence of a perpendicu-
larly oriented chromophore, suggests that only parallel stacking
provides sufficient binding interactions to result in covalent
reactivity.

It appears that although similar in structure, there exist
differences in the interaction of psorospermin, quinacrine, and
the pluramycins with DNA that are significant enough to
engender each agent with different sequence selectivities for
the alkylation of guanine. For example, while the pluramycins
demonstrate the lowest reactivity with@5* sequence$ this
is the most reactive site of psorospermin. The sequence
Figure 10. Molecular models depicting the stacking of the intercalatin Sel.eCtMty of pSorospermin is aIS,O in contrast with quinacrine,
ch%omophore between the adjagent gNA base pagi’rs. Shown in (A, tgp) which shows a specificity for S*GKPU) and KB*T(,PU)
is psorospermin, which positions the xanthone chromophore parallel S€quence¥: While sequence selectivity can be explained for
to the adjacent base pairs, and shown in (B, bottom) is altromycin B, the pluramycins on the basis of interaction of attached glycosidic
which in contrast positions its anthraquinone chromophore orthogonal Substituents in the DNA groovésand for quinacrine on the
to the adjacent base patfs. basis of the ability of the nitrogen mustard side chain to stretch
over the intervening base pair to alkylate electrostatically
favorable sited® the sequence selectivity demonstrated by
psorospermin appears to be dictated by more subtle interactions
with the DNA molecule. It is attractive to consider the

a possibility that stacking interactions at gu)G* step position
“CGH? the epoxide into better proximity to N7 of guanine than'a 5
O / OCH; O OH (Py)G* step (kinetic acceleration) and that this then accounts
“ N ‘ . for sequence selectivity. However, as yet data that would
Quinacrine Sterigmatocystin support this hypothesis are lacking.
Figure 11. Chemical structure of the nitrogen mustard quinacrine and  Significantly, similar to many of the nitrogen mustards,
sterigmatocystin. The structural interaction between psorospermin andincluding quinacrine, psorospermin displays elevated reactivity
the DNA molecule used in this study resembles that of both of these in runs of guanines, compared to guanines located in other
compounds. sequences. In the case of the nitrogen mustards, this was
DNA. This compound also intercalates the DNA, positioning partially attributed to the enhanced nucleophilicity of N7 of
its chromophore in a parallel orientation, and it covalently guanine caused by a local increase in the electronegativity near
modifies N7 of guanine located to thessde of the intercalation ~ the guanine N7 position due to neighboring baSesThe
site 8t electronic effects of DNA bases on their neighboring base pairs

Because of structural similarities, it is not obvious what have been calculated, and it has been shown that a guanine
structural differences between sapurimycin and psorosperminresidue is able to increase the electrostatic potential of N7 of a
(see Figure 1) dictate the orientation of the intercalating guanine residue located either to theoB the 5 side on the
chromophore relative to the adjacent base pairs. It is possiblesame DNA strand® Although the intercalating chromophore
th‘.”‘t bOt.h age_nts noncovalently Intera.Ct with the DN.A in both (13) Pearlman, D. A.; Case, D. A.; Caldwell, J. C.; Seibel, G. L.; Singh,
Or'?ntat'ons (i.e., parallel and p_erpen_dlcular to the adjacent baqu_ C.; Weiner, D.; Kollman, P. AAmber 4.0 University of California:
pairs); however, only the orientation trapped out through San Francisco, 1991.
covalent attachment is experimentally observed. This would _ (14) Mattes, W.; Hartley, J.; Kohn, Kucleic Acids Re<.986 7, 2971~
argue that one role played by the carbohydrate SupStltuentszg?Zé) Hartley, J. A. InMolecular Aspects of Anticancer Drad®NA
attached to the chromophore of many of the pluramycin agents nteractions; Neidle, S., Waring, M., Eds.; The MacMillan Press, Ltd.:
would be to dictate the orientation of intercalation into the DNA Basingstoke, U.K., 1993; pp-131.
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breaks up the run of guanines to theskde of the modified subjected to 16% denaturing polyacrylamide gel electrophoresis.
guanine, a series of guanines located to tred® of the reactive ~ Autoradiograms were analyzed using a laser densitometer (LKB2202)
guanine should exhibit similar additive electrostatic effects. This coupled to a recording integrator (LKB2220).

would explain why guanines located to theside in runs of Preparation of Labeled Restriction Enzyme Fragments and Drug
guanines are more reactive toward psorospermin than guanined/edification. Plasmid DNA pCAT (Promega, W1) was digested with
located toward the'3end. Intercalating at the' ®nd would Ncd, dephosporylated with calf intestinal alkaline phosphatase, and
maintain the maximum number of adjacent guanines in a row kinated with -3?P]JATP. B-End-labeled restriction enzyme fragments

. X . . were digested withHindlll/Bglll to generate a unique end-labeled
to the 3 side. The experimental observation that a hierarchy restriction enzyme fragment, and the desired fragment was purified on

exists in runs of guanines at least up to four base pairs suggests, go, nondenaturing polyacrylamide gel!-Ehd-labeling of the
that the molecular interactions that give rise to this sequence complementary strand of this restriction enzyme fragment was obtained
specificity are very subtle. in a similar fashion, except pCAT was first digested witind1l1/Bglll

The global context can also dramatically affect the individual and then witiNcd after kinating with [-*2P]JATP. Drug modification
reactivity of specific guanines to psorospermin. For instance, reactions were carried out at room temperature in 10 mM-THi€l at
the reactivity of the guanine in the BCTG* sequence is pH 7.5 for 30 min using indicated drug concentrations. After the strand
dramatically enhanced by its proximity to the AT tract. breakage in ;00 mM piperidine at 9€ for 15 min_, modification sites _
Presumably, the junction between the AT tract and tFE€5G* were determined by 8% denaturing polyacrylamide gel electrophoresis.
sequence creates a special site, perhaps due to dynamic effects S@mple Preparation and Spectroscopic Experiments.The self-
forming a partially unwound site’ 5o the alkylated guanine. ~ Somplementary d(GATGTACATC) DNA strand was synthesized on
An analogous effect has been noted with the TATA binding an automated DNA synthesizer (Applied Biosystems 381A) using the

. . L solid phase phosphoramidite method. The DNA synthesis was
element and pluramycin. In this case, binding of TBP to the performed on a 1@mol scale, leaving the final dimethoxytrityl group

TATA elements creates a high-reactivity site for pluramycin o the 5end of the DNA molecules. The crude sample was deprotected
that is located SpeCIflca”y to the downstream side of the TATA in concentrated NEDH at 55°C overnight and purified by reversed

element’ phase chromatography on a C18 column (Dynamax-300A). Purified
Because of the frequent occurrence of GC-rich sequences inDNA was then detritylated by dissolving in 80% acetic acid for 30
genes associated with cell proliferation, it has been suggestednin, followed by an ether extraction to remove the acetic acid. The
that these regions could be the preferred sites of damage forsample was then extensively dialyzed, and the buffer was adjusted to
GC selective agents such as the nitrogen must&rdscluded 10 mM NaHPQ;, 100 mM NaCl, pH 6.8.
with these GC-rich regions are DNA elements critical for cell Psorospermin samples were purified from root extracts®sf-
growth. One example of this would be the Spl regulatory 'SPermum febrifugumes previously detailedl. Drug—DNA adduct
elements shown in Figure 3A, which are involved in the control formation was achieved by mixing 1 mg of psorospermin with 6 mg
of gene expression and contain multiple, nine-base-pair GC- of DNA, or roughly a 3:1 molar ratio in varying concentrations of

. dioxane (B) and DO at 5°C for approximately 20 h. One-dimensional
rich consensus sequence¢TB5)GGGCGG(A/G)(G/A)® Last, NMR was used to monitor the stability of the duplex in the dioxane

sites of abnormally high reactivity for psorospermin may exist \yater mixture to maximize solubility of psorospermin without denatur-
in regions of unusual structures (i.e., DNA repeats) at junction ing the oligomer. Due to poor drug solubility, the reaction proceeded
sites (see above) and at or around sites where proteins bind taslowly and then stalled prior to complete reaction. Because of the
duplex DNA to produce distortions of DNA. In this regard scarcity of psorospermin and anticipated instability of the adduct, the
there are other examples of unique ternary et A—protein incompletely reacted sample was used to collect NMR data.
complexed’1° All NMR experiments were performed on a Bruker AMX 500
In conclusion, we have established a structural model for the spectrometer in 99.96%D or 95% HO—5% D,O. Phase-sensitive,
psorosperminN7-guanine DNA adduct and determined the tPPi two-dimensional NOESY spectra in.O at 300 ms and a DQF-
optimum sequences for covalent reaction. Quite unexpectedly, COSY experimerit were performed on the sample dissolved #0D
we find the orientation of the intercalated moiety of psorosper- For these experiments, 1K data points were acquiredath a spectral

- lative to the adi th irs to be diff tf that width of 5000 Hz. To observe the exchangeable 4GH8 proton, one-
min rejative 1o the adjacent base pairs to be difterent irom that ;e nsjonal NOE difference (1 s saturation of the 4GH8 resonance)

of the structurally related pluramycins, and the sequence gpectra were obtained in,B using a 1:1 echo pulse sequeiide
selectivity is also different. Our solution NMR-derived model  suppress water.

of the psorosperminDNA adduct permits us to rationalize the DNA structures were created with the NUCGEN module of
apparent orientation anomaly and the high reactivity of guanine AMBER?2 adjusted in MIDAS! to form intercalation sites and to dock

in select sequences (e.g., G-tracts), but a firm rationale for the the psorospermin molecule. The ligand molecule was docked on the
5'(Pu)G* sequence selectivity is still lacking. Although simpler DNA according to experimentally observed NOE connectivities, and
in structure than the pluramycins, psorospermin is of more the system was minimized in AMBER to obtain the reported model.
therapeutic interest than the more complex pluramycins. The
biochemical consequences of DNA adduct formation by the
pluramycins and psorospermin are also different, and it will be
important to identify the structural basis for these differences
that lead to the more therapeutically interesting compounds.
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Experimental Procedures the manuscript.

Comparison of the Reactivity and Sequence SelectivityA 45-
mer oligonucleotide duplex containing a variety of guanines was
synthesized, purified, and labeled, as described previdtsiyhe

Supporting Information Available: Gel showing pso-
rospermin-reactive sites on the second restriction enzyme

duplex was incubated with the indicated amount of drugs &C3ior fragm?r_‘t shown in Flgure 3A used to de_term'ne Seq_uen_ce
30 min. Reactions were stopped with the addition of excess calf thymus S€lectivity of psorospermin (1 page). Ordering information is
DNA. Strand breakage was performexdii M piperidine at 95C for given on any current masthead page.
30 min. Dried DNA samples were dissolved in alkaline dye and JA960319C
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