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Introduction

Small molecules recognizing specific DNA sequence have attracted great interest for gene-
targeted drugs, which may alter the local structure of DNA to inhibit access of activators or
repressors to regulate ultimate gene expression processes.'> A number of clinically useful drugs

such as distamycin A (1),*'° 4,6-diamidino-2-phenylindole (DAPI) (2),**'"'"* echinomycin (3),'*"

4-6.20-23

actinomycin D (4), and cisplatin®* interact with DNA in various fashions via hydrophobic,

electrostatic, hydrogen-bonding, dipolar forces, and/or coordinate interactions. Of these,
distamycin A and DAPI are minor groove binders that recognize AT-rich regions. They

simultaneously bind to adenine N(3) and thymine O(2) by hydrogen bondings and stabilize the A-

3-15

T duplex structure (Scheme 1). Other drugs equipped with intercalators such as actinomycin

D,**2 or metallointercalators® bind to GC-rich regions of DNA. Either type of DNA-

recognizing molecules is useful in perturbing some stage of transcription processes. An

anticancer platinum compound, cis-platin coordinates mainly to 1,2-intrastrand guanines.***

Currently, chemical modification of these drugs has been actively undertaken.™*’
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Recently, some macrocyclic tetraamine zinc(I) complexes, Zn**—cyclen (5) (cyclen =
1,4,7,10-tetraazacyclododecane),” was found to selectively bind to deoxythymidine (dT) and
uridine (U) in aqueous solution at physiological pH with disassociation constants K, = 0.3 mM and
0.8 mM (at pH 8), respectively (Scheme 2). In the resulting ternary complexes 6, the nucleobases
take N(3)-deprotonated anionic form (dT~ or U”) to bind with Zn*. Moreover, Zn**—(9-
acridinyl)methyl-cyclen (= Zn**—acridinylcyclen, (7))* bound to dT and U to form 8 with higher
affinity than 5 (K; = 16 uM and 32 uM (at pH 8)), respectively due to hydrophobic (n-w stacking)
interaction between the two aromatic rings.

In addition, 7 showed an appreciably strong association with neutral deoxyguanosine (dG) to
form 9 through a Zn**~N(7)(guanine) coordination, a hydrogen bond between the cyclen NH and
O(6)(guanine), and a hydrophobic interaction between the two aromatic ringsf‘9 Further, 7
appeared to interact with guanine base in double-stranded poly(dG)-poly(dC), probably by major
groove binding and intercalation to stabilize the double-stranded structure , as indicated by the
higher T,.***

More recently, a p-bis(Zn**—cyclen) (10) and a p-tris(Zn**—cyclen) (11) were found to
selectively bind to a dinucleotide dTpdT and a trinucleotide dTpdTpdT, with extremely small
dissociation constants K, = 0.6 uM and 0.8 nM (at pH 7.4), respectively (Scheme 3).***

In order to find a more detailed T-recognizing picture on DNA, we now have adopted
biochemical approach. With the use of well-established DNA nucleases footprinting analysis
technique,** we revealed the sequence-selective properties of the Zn’*—cyclen derivatives. In

our efforts to make a further development on the basis of the novel chemistry involving the
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Zn™—cyclen derivatives and DNA, we have investigated the effects on biological reactions such as
the Zn**—cyclen interaction to a promoter element for eukaryotic gene and inhibition of

transcriptional factor, DNA topoisomerases or RNA polymerase inhibition, and antimicrobial

activities.
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I Novel recognition of thymine base in double-stranded DNA by

zinc(IT)-macrocyclic tetraamine complexes appended with aromatic groups
1. Identification of the aromatic Zn**—cyclen derivatives binding sites on DNA

In the present study, we have newly synthesized Zn**—cyclen derivatives appended with
polyaromatic  quinoline or  naphtalene  groups, Zn**-(4-quinolyl)methyl-cyclen (=
Zn**—quinolylcyclen, 12), Zn**-1,7-bis((4-quinolyl)methyl)-cyclen (= Zn**-bisquinonylcyclen, 13),
Zn**—(1-naphthyl)methyl-cyclen (=  Zn*-naphthylcyclen, 14), and  Zn*-1,7-bis((1-
naphthyl)methyl)-cyclen (= Zn**-bisnaphthylcyclen, 15), in the hope that some of Zn**—cyclen
derivatives might better efficiently recognize T-sequence in double-stranded DNA than the
previously synthesized Zn**-acridinylcyclen (7). Among these, 13 and 15 were somewhat similar
to quinoxaline antibiotics, echinomycin (3), which strongly binds to DNA because of double

stacking of two aromatic rings.

,NI 2 ,N' 2
The e

H

12 13
Zn**—(4-quinolyl)methyl-cyclen  Zn>*-1,7-bis((4-quinolyl)methyl)-cyclen

SO U,
‘T;I:~§ ‘T o

14 15
Zn**—(1-naphthyl)methyl-cyclen ~ Zn>*-1,7-bis(( 1-naphthyl)methyl)-cyclen

The conditional affinity constants of 12 — 15 with dT" and dG, (ZnLdT") =

Kipy
[ZnL—dT )/[ZnL][unbound dT] (M) and K,,,(ZnL—dG) = [ZnL-dG}/[ZnL][unbound dG] M),
respectively, were determined for pH 8 by almost the same potentiometric pH-titration method (at
25°C with I = 0.05 (NaNO,)) as previously reported (see Appendix in p.57).** The obtained

K,,,(ZnL—dT") values are around 10* - 10° M"' (i.e., dissociation constants K, = ca. 10 - 100 uM), as

summarized in Table 1. Due to insufficient solubility for the potentiometric pH-titration in

aqueous solution, the K, ,(ZnL—dT") and K,,,(ZnL—dG) value for 15 could not be determined.

Koy
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Table 1 Comparison of the conditional affinity constants log K,,(ZnL-dT") and log K,,(ZnL-dG)" at pH
8.0 and 25 °C.

ZnL log Kp,(ZnL—dT") log K,,,,(ZnL-dG)
5" 35 <2
7 4.8 35
12 4.3 24
13¢ 5.0 2.8
14/ 4.2 24
15° ND ND

“ Kypp(ZnL—dT") = [ZnL—dT )/[ZnL][unbound dT] (M™, Kypp(ZnL—dG) = [ZnL-dG]/[ZnL][unbound dG]
(M™"). The estimated error in the log K,,,(ZnL—dT") and log K,,,(ZnL—dG) values was + 5%. " From ref
38 with / = 0.10 (NaClO,).  From ref 39 with / = 0.10 (NaNO;). ¢ With / = 0.05 (NaNO;,). ¢ Due to

insufficient solubility in aqueous solution, log K,,,(ZnL-dT") and log K,,,(ZnL-dG) values could not be

app
determined.

The binding sites of Zn**—cyclen derivatives 7, 12, 13, 14, and 15 (at concentrations 7.5 — 60
uM) on the 5'-P labeled DNA fragments from plasmid pUC19 (150 base pairs, the sequence is
shown in Figure 2) have been analyzed first by DNase I footprinting method. The patterns of the
DNase I digestion are shown in Figure 1 for the upper (Watson*) and lower (Crick*) strands. For
comparison, minor groove binders distamycin A (1) (0.625 — 1.25 uM) and DAPI (2) (1.25 - 2.5
uM), which bind to AT-rich regions,*'*** and a bis-intercalater echinomycin (3) (2.5 — 5 uM) that

recognizes GC-rich regions,'®"

were also tested side by side.

It is immediately apparent that all of the protected regions with the Zn**—cyclen derivatives (7,
12, 13, 14, and 15) are similar to those observed by distamycin A (1) and DAPI (2), but dissimilar
to those by echinomycin (3). The interaction with GC-rich regions if any, on the other hand,
would not be so strong as to hinder the DNase I attack. The acridine derivative 7 (e.g., 93 — 100
on the Crick strand) and bis-quinoline derivative 13 (e.g., 62 — 67 on the Watson strand) seemed to
have minor interaction with GC-regions. Although there were some disparities between
protected regions by the Zn**—cyclen derivatives and by the minor groove binders 1 and 2 (e.g.,
around 60), characteristically common protected sites are clearly discerned, located in the vicinity
of the positions 48 and 80 on the Watson strand, and 80 and 105 on the Crick strand (see Figure 1).

All of these common protected zones are associated with homopolymeric AT-region in the DNA
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sequence, which appeared well defined in the differential cleavage plots (see Figure 2). Such
protection was not observed with Zn**—cyclen 5 even at 100 uM concentration, implying that the

aromatic rings are essential for the Zn**—cyclen part to interact with the DNA.

g Watson* g g Crick*
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Figure 1 DNase I footprinting of 150 bp DNA in the presence of 1 (0.625 and 1.25 uM), 2 (1.25 and 2.5
uM), 3 (2.5 and 5 pM), 5§ (100 uM), 7 (5, 7.5, 10, and 12.5 uM), 12 (30, 40, 50, and 60 uM), 13 (7.5, 10,
12.5, and 15 uM), 14 (20, 30, 40, and 50 uM), 15 (5, 7.5, 10, and 12.5 uM). Hereafter, the asterisk
indicates which strand bears the 5°-’P label (Watson* = upper strand, Crick* = lower strand shown in
Figure 2). The lane “A+G” represents the Maxam-Gilbert sequencing marker specific for A and G. The
lane “DNase I control” represents DNA digested with DNase I without binders. The number at the side

corresponds to the sequence number shown in Figure 2.
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Figure 2 Differential DNase I cleavage plots in the presence of binders 7 (12.5 pM), 12 (50 pM), 13
(12.5 uM), 14 (40 uM), 15 (12.5 uM), 1 (1.25 uM), 2 (2.5 pM), and 3 (5.0 uM). The vertical scale

corresponds to the ratio D/D,, where D is the density of the band in the presence of a binder and D, in its
absence.
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Binding affinities and specificities varied with the kind or number of aromatic rings appended
to the Zn**~cyclen. Among those active species, 7, 13, and 15 having higher log K,,, values with
dT (Table 1) showed the stronger binding with DNA. The evaluation came from the ICs, values,
half the concentration required to inhibit the DNase I hydrolysis at TpTpTpTpTpTpT (45 — 50) in
the Watson strand, which were determined by the footprinting titration (see Figure 3) and the
results summarized in Table 2.  Although their IC,, values (8 — 30 M) were not as small as those
for 0.5 uM distamycin A (1) and 2 uM DAPI (2), we think these values to be significant for the
starting prototype. Similar IC, values were seen for 12 and 14 (25 — 30 uM), and for 13 and 15
(8 =9 uM). The DNase I digestion patterns were somewhat different between 12 and 13, and
between 14 and 15. This may result from difference in the ‘single-stacking’ by the single
aromatic pendants vs. ‘double-stacking’ binding mode by the double aromatic pendants.”® The

DNase I cleavage pattern of 7 was similar to those by 12 and 14, although its IC,, value was higher

and similar to those for 13 and 15.

(a) Watson* (b) 100

12 (uM) R
0 5 10152025 30 35 4045 50 ~
. 2

130 § 50 -
120 [
=
110 - =
[*]
100 o

0 T

LELEL L LR A4
0 10 20 30 40 50

[12] (uM)

50

45

Figure 3 (a) DNase I footprinting titration with 12 (0 — 50 pM) on the 5’-’P labeled Watson strand.
(b) Footprinting titration plots of total density for the TpTpTpTpTpTpT moiety at 45 — 50. Relative
density corresponds to the ratio D/D,, where D is the total density of the six bands in the presence of 12 and

Dyin its absence.
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Table 2 Half the concentration values (ICsp) of Zn**-cyclen derivatives (7, 12, 13, 14, and 15) and
minor groove binders (1 and 2) required to inhibit the DNase I hydrolysis at TpTpTpTpTpTpT (45 — 50) in

the Watson strand.

1Cso (M)
7 8
12 30
13 9
14 25
15 8
1 0.5
2 2

“ The estimated error in the ICy, values was + 10%.

The footprinting technique using hydroxy radicals (e.g., by Fe**-EDTA) is often employed to

elucidate the groove and sequence preference of DNA binding molecules.***"*

The footprinting
with Fe*~EDTA ([Fe**] = 10 uM and [EDTA] = 20 uM), which gave anticipated DNA cleavage
patterns in the absence and presence of distamycin A, was carried out in the presence of the
Zn*—cyclen derivatives (0 — 100 pM). However, little cleavage of DNA occurred with

increasing concentration of Zn**-cyclen derivatives, which may result from the ligand

displacement between Fe* and/or Zn®".
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2.  Effects of Zn*, Cu™, and Ni* ions on the aromatic cyclen binding to DNA

Zn* is essential in the interaction of cyclen derivatives with dT.®#4745%5 [n the
absence of Zn™, these ligands did not protect the AT-rich regions, as demonstrated by the DNase I
footprinting experiment with 12 (50 uM) (see Figure 4). Upon addition of increasing
concentration of Zn*, the protection of the AT-rich regions emerged (vicinity of 48 and 80 on the
Watson strand). On the other hand, other divalent metal ions such as Cu®** or Ni* were not
effective at all, although these ions form more stable 1:1 complexes with cyclen than Zn** %%
Moreover, Zn™ (up to 50 uM) alone did not protect DNA from the DNase I hydrolysis. These
observations are compatible with our prediction based on the T-binding by the Zn**—cyclen

derivatives. We observed that Cu®~ and Ni**—cyclen derivatives did not interact with dT in the

physiological pH.
Watson*
metal-free 12 (WM) - - - - 50505050 5050 5050 5050 50 50 50 50 50 50 50 50 505050
InSO4 (UM) 50- - - - 5101520253036404550 - - - - - - - - - -
CuSO4 (UM) -50- - - - - - - - .- . 1020304050 - - - - -

S

NiSO4(uM) - -s0 - - - - - - o v oo oo 10 20304050

130 -
120 -

110 -
100 -

90 -

80 -

70 -

60 -

50 -

40 -

Figure 4 Effect of Zn** (0 — 50 uM), Cu** (0 - 50 uM), and Ni** (0 — 50 uM) on binding of metal-free
ligand of 12 (50 uM) to DNA (5’-*?P labeled Watson strand).
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3. Inhibition of the DNA binding of aromatic Zn**—cyclen derivatives by thiolate anion

(captopril)

A thiolate anion strongly binds to Zn**~cyclen at the fifth coordination site, as exemplified by
captopril complexation (see 16) with log K of 7.0 at 25°C (i.e., log Ky, = 4.7 at pH 8).” When
captopril was added to 50 uM of 12, the protection of AT-rich regions by 12 was dose-dependently
decreased (see Figure 5). This implies that the fifth coordination site of the Zn**—cyclen should

be available for the effective binding with the double-stranded DNA.

Watson*
12 (uM) - 50 50 50 50 50 50 50 50 50 -
- 100 200 300 400
Captopril (xM) " 50 150 250 360 400

Captopril

|

130
120

110

Hn” | T NH
100 (N'an*N

HN__NA
90-; - 16

70

s0- %
e

Figure 5 Effect of a thiolate anion, captopril (0 — 400 uM) on 12 (50 uM) binding to DNA (5°-*?P labeled

Watson strand).
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4. Selective recognition of thymine base in DNA by aromatic Zn**—cyclen derivatives

In order to more precisely characterize the AT-region protected by the Zn**—cyclen
derivatives, we have studied the DNA footprinting by micrococcal nuclease, an enzyme that cuts
DNA more efficiently at pA and pT bonds than at pG and pC bonds.'"** Micrococcal nuclease
is known to recognize single-stranded sites in the DNA without too much interference from the
opposing strand.” This enzyme thus might be extremely useful for comparing the AT
recognition mode of the Zn**—cyclen derivatives with those of distamycin A (1) and DAPI (2).

Indeed, the micrococcal nuclease footprinting gave a mere insightful picture (see Figure 6)
than the above DNase I footprinting (see Figure 1) about the interaction of Zn**—cyclen derivatives
with the AT sites. Thus, Zn’*—cyclen derivatives 7, 12, 13, 14, and 15 protected almost all the pT
bonds from the micrococcal nuclease hydrolysis. On the other hand, they did not protect the
pairing pA bonds, resulting in remarkable hydrolysis, especially at homopolymeric A regions (e.g.,
the positions 78 — 83 on the Watson strand, 45 — 50 and 103 — 109 on the Crick strand). These
results clearly indicate that 7, 12, 13, 14, and 15 selectively bind to the thymine groups to melt the
A-T base pair and that the separated A partners came subject to the strong digestion by
micrococcal nuclease (see Figure 7). The released strand -pApApA- from the homopolymeric
AT-regions was extremely vulnerable.

In the first DNase I footprinting (see Figure 1), the T and A partners together were protected
in the homopolymeric AT-regions. DNase I tends to cut firm double-stranded region rather than
breathing single-stranded region, because it recognizes minor groove of DNA and binds across two
strands.” Hence, the observed protection of homopolymeric AT-regions may simply tell the
perturbation of double helical structure by the Zn**—cyclen derivatives. The exclusive binding of
the Zn**—cyclen derivatives to T was not concluded from the DNase I footprinting.

For distamycin A (1) and DAPI (2), the micrococcal nuclease footprinting clearly showed that
pT and the pairing pA together in the homopolymeric AT-regions were well protected from
hydrolysis (e.g., vicinity of the positions 48, 80 on both strands). This fact well reflects that the
minor groove binders simultaneously binds to both A and T in the AT minor groove to stabilize

the double helix as depicted in Scheme 1. Moreover, these reagents need three or more
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consecutive A-T base pairs to bind.*'* By comparison, the Zn**~cyclen derivatives can recognize

all the thymine groups in the AT sites.

Watson* Crick*

[
N
J—
w

nuclease control

o+ >

Enuclease control
nuclease control

O+ >

nuclease control

-50

EEEE L ]

Figure 6 Micrococcal nuclease footprinting in the presence of 1 (5 and 10 uM), 2 (5 and 10 pM), 5 (100
uM), 7 (10, 20, and 30 uM), 12 (40, 60, and 80 uM), 13 (10, 20, and 30 uM), 14 (20, 40, and 60 pM), and
15 (5, 10, and 15 uM). Lane “nuclease control” represents DNA digestion without binders.
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Figure 7 Schematic representation of the micrococcal nuclease attack to (a) breathing double stranded
DNA (b) distamycin (1)-bound DNA, and (c) Zn**~cyclen derivative (7, 12, 13, 14, or 15)-bound DNA.

Arrows and dashed arrows, respectively, indicate successful and failed hydrolysis by micrococcal nuclease.
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5. Competition between distamycin A and aromatic Zn**—cyclen derivatives for AT-regions

in DNA

In order to see that distamycin A (1) and 12 share common AT region in equilibrium, a
competitive binding study was performed. First, to DNA (5’-"P labeled Watson strand) pre-
incubated with 60 pM of 12 was added 1 (0 — 10 pM), which was then digested with micrococcal
nuclease (see Figure 8(a)). It was evident that the initial 12-controlled footprinting pattern at T
region (e.g., positions 45 — 50) and A region (e.g., positions 78 — 83) were dose-dependently
changed to the 1-controlled patterns. Conversely, to DNA pre-incubated with 5 uM of 1 was
added 12 (0 — 60 pM), which showed that the initial 1-controlled footprinting patterns were
gradually replaced by the 12-controlled patterns (see Figure 8(b)). Taken these results together, it

is concluded that distamycin A and the Zn**—cyclen complex 12 reversibly compete for common

AT regions. The Zn*—cyclen derivatives would bind to thymine via minor groove of AT region.

(a) (b)

Watson* Watson*
12 (uM) o 60 60 60 60 60 0 1(uM) 055 55 50
1(uM) o 0 25 5 10 12 (uM) 0 0 15 3045 60 60

Figure 8 Micrococcal nuclease footprinting assay demonstrating displacement of DNA binding (5P
labeled Watson strand): (a) 60 uM 12 by 0 — 10 uM distamycin A (1), (b) 5 uM distamycin A (1) by 0-60
uM 12.
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6. UV and visible absorption spectral changes of the aromatic Zn*—cyclen derivatives in

interaction with calf thymus DNA

The UV and visible absorption spectra of the aromatic pendants of 7, 12 and 13 changed
significantly as a result of their binding to calf thymus DNA. Monitoring such changes would be
helpful in estimating the binding constants. In titration of the Zn**—cyclen derivatives (20 — 40
uM) with DNA (0 - 333 pM) in EPPS buffer (pH 8.0) containing 0.1 M NaNO, at 25 °C, the
absorption maxima of 7 (A, = 361 nm, € = 10,030), 12 (A,,,, = 317 nm, € = 3,900) and 13 (A, =
317 nm, € = 7,400) decreased with an increasing concentration of DNA (hypochromicity) (Figure
9(a) - (c)). Isosbestic points were observed near 310 nm for 7, 322 nm for 12, and 320 nm for 13
binding to DNA, suggesting that for each Zn*—cyclen complex, there is a single mode of binding
to DNA. Among these, 7 and 13, moreover, showed significant red shifts (bathochromism) as
[DNA] increased. The bathochromism of 12 was limited in comparison with that of 13,
indicating that the stacking mode of the quinolines was not identical. This fact may result from
difference in the single stacking by 12 and double stacking by 13 [in view of significantly higher
complexation constants with dT~ (or U") and the remarkably different chemical shifts in 'H NMR
data (unpublished), the aromatic rings in 13 are proposed to act as bisintercalators to sandwich
thymines]. For comparison, the metal-free ligands of 7, 12, and 13 were similarly studied; they
showed lesser bathochromisities and smaller hypochromisities than the corresponding Zn**—cyclen
complexes (data not shown).

The changes in the maximum absorbances allowed us to construct the half-reciprocal plots
for [DNA] with matching [Zn**—cyclen derivatives] according to equation (1) in Experimental
Section. From the linear half-reciprocal plots for 7, 12, and 13 (Figure 9(a’) - (c)’), apparent
binding constants (K,,, = [DNA-bound Zn*—cyclen complexes] / [Zn**—cyclen
complexes][unbound DNA base]) were obtained from the ratio of the slope to the y-intercept (at
[DNA] > 100 uM, where the plots gave straight lines; the binding was quantitative®®®'), which
were 3.0 x 10*M™! for 7, 1.5 x 10* M for 12, and 3.3 x 10* M"' for 13 in 10 mM EPPS buffer (pH
8.0) containing 0.1 M NaNO, at 25°C. Note that these values were obtained at [DNA] more than

five times [Zn**—cyclen derivatives] (i.e. r = [7]/ [DNA] < 0.2), where the interaction was derived
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mainly from the m-7 stacking in the intact double strands, (supplemented by electrostatic forces),
but not significantly from the Zn® - (dT ) complexation. Similar spectral titrations were
conducted for the corresponding metal-free ligands, which gave a smaller K, value of 1.4 x 10°*

app

M for the metal-free ligand of 7. The K

. Values of the metal-free ligands of 12 and 13 couldn’t

be determined since their hypochromisities were too small to construct the half-reciprocal plot.
The K,,, values for 14 and 15 could not be determined because range of their absorption

wavelength (A,,,, = 283 nm for both 14 and 15) overlapped with that of calf thymus DNA.

(a)

0.2
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Figure 9 Spectrophotometric titrations of 7 (20 uM) (a), 12 (40 uM) (b), and 13 (25 uM) (c) with calf
thymus DNA. The concentrations of DNA phosphates (uM) (r = [Zn**-cyclen complex] / [DNA
phosphates]) are; (a) 0, 29(0.64), 57(0.32), 83(0.21), 107(0.16), 130(0.13), 145(0.11), 167(0.09), and
194(0.08) from the top to bottom curve at 361 nm. (b) 0, 49(1.59), 95(0.82), 140(0.53), 180(0.40),
222(0.32), 281(0.25), 298(0.23), and 333(0.2) uM at 317 nm. (c) 0, 29(0.87), 58(0.43), 86(0.28),
113(0.21), 140(0.17), 165(0.14), and 190(0.12) uM at 317 nm. Arrows indicate isosbestic points. The
half-reciprocal plots ((DNA] > 100 uM) for 7(a’), 12(b’), and 13(c’).
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7. UV and visible absorption spectral changes of an*—acridinylcyclen in interaction with

synthetic DNAs

To study further how the Zn**—cyclen derivatives recognized the specific DNA sequences,
the UV and visible absorption spectral changes of 7 were investigated in the presence of synthetic
double-stranded DNAs. The spectral changes of 20 uM 7 with poly(dA-dT), (0 — 200 UM) in 10
mM EPPS buffer (pH 8.0) containing 0.1 M NaNO, at 25°C is illustrated in Figure 10(a), which
shows one isosbestic point at 310 nm and gives almost a linear half-reciprocal plot (Figure 10(a’)).
A similar spectral change with one isosbestic point at 310 nm and linear half-reciprocal plots were
observed for 7 binding to homo- and hetero- of GC and IC double stranded DNAs (data not

shown). From these linear half-reciprocal plots, the K,,, values were calculated; see Table 3. In

app
the titration of 7 with poly(dA)-poly(dT), mixed equilibria occurred apparently with two different
isosbestic points at 340 nm for lower concentration of DNA (< 47 uM) and 290 nm for higher
concentration of DNA (> 47 uM) (Figure 10(b)), giving very complex, non-linear half-reciprocal
plots (Figure 10(b’)). However, if the titration was started with very high [DNA] (> 80 uM) with
respect to [7] (< 10 uM), the spectral change showed one isosbestic point at 310 nm (Figure 10(c))
and gave a linear half-reciprocal plot (Figure 10(c’)) to allow determination of the K,,, value of
1.1x10° M.

Without Zn?, the hypochromism and bathochromism were very limited for any DNA (Table
4). Typical titrations of 20 uM of the metal-free 7 (A = 361 nm, &5, = 9,980) with poly(dA-
dT), (0 - 214 uM) and poly(dA)-poly(dT) (0 — 214 uM) are shown in Figure 10(d) and (e).
Similar spectral changes were observed in interaction of the metal-free 7 with other DNAs (data
not shown). From the half-reciprocal plots, we have estimated all the K,,, values for the metal-

free 7, which are all about one order of magnitude smaller than those for the corresponding

Zn**—cyclen complexes (see Table 3).
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Figure 10 Spectrophotometric titration of 7 (20 uM) with (a) poly(dA-dT), or (b) poly(dA)-poly(dT), (c)
7 (10 uM) with poly(dA)-poly(dT), metal-free ligand of 7 (20 uM) with (d) poly(dA-dT), or (e)
poly(dA)-poly(dT). The concentration of DNA phosphates (uM) (r value) are; (a) 0, 29(0.67), 57(0.33),
83(0.22), 107(0.17), 130(0.13), 145(0.12), 167(0.10), 187(0.09), 200(0.08) from the top to bottom curves at
361 nm. (b) 0, 9(2.15), 19(1.01), 29(0.65), 38(0.49), 47(0.40), 74(0.24), 99(0.18), 122(0.14), 145(0.12),
167(0.10), and 187(0.08) at 361 nm. (c) 0, 80.1(0.1 ?)9 101(0.085), 128(0.065), 153(0.052), and 176(0.044)
at 361 nm. (d) 0, 58(0.30), 113(0.15), 165(0.10), and 214(0.07) at 361 nm. (e) 0, 58(0.30), 113(0.15),
165(0.10), and 214(0.07) at 361 nm. The half-reciprocal plots for 7 (20 uM) with poly(dA-dT), (a’) 7 (20
puM) with poly(dA)-poly(dT) (b’) 7 (10 uM) with poly(dA)-poly(dT) (c’).
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Table 3 Apparent binding constants (Kupp M) of 7 and its metal-free ligand with native and synthetic

DNAs, as determined by the spectrophotometric titrations in 10 mM EPPS (pH 8.0) containing 0.1 M NaNO,

at 25°C.

DNA 7 metal-free 7 ratio
calf thymus DNA 3.0x10% 1.4x10* 2.1
poly(dA)-poly(dT) 1.1 x 10°* 3.5%10% 31.4
poly(dA-dT), 5.0x 10 2.9 % 10°¢ 17.2
poly(dG)-poly(dC) 5.6 10% 6.4x 10 8.8
poly(dG-dC), 1.7x 10*¢ 3.8x10% 4.5
poly(dI)-poly(dC) 4.7 % 10*¢ 3.3x10% 14.4
poly(dI-dC), 2.5x 10* 9.3x 10* 2.7

“By the titration of 7 (20 pM) with DNAs (0 — 220 uM).
100 uM. "By the titration of 7 (10 uM) with poly(dA)-poly(dT) (80 — 180 uM). The half-reciprocal plot

was made at [DNA] > 80 uM.

The 'half-reciprocal plots were made at [DNA] >

Table 4 Extent of hypochromism (at 361 nm) and red shift (bathochromism).

Hypochromism(%) “ red shift (nm) *
7 metal-free 7 7  metal-free 7
calf thymus DNA 54 11 5 ND*
poly(dA)-poly(dT) 54 16 5 ND
poly(dA-dT), 45 5 5 ND
poly(dG)-poly(dC) 61 14 5 ND
poly(dG-dC), 63 21 5 ND
poly(dI)-poly(dC) 54 13 5 ND
poly(dI-dC), 45 10 5 ND

e

“ Calculated from Ae (equation 1 in experimental section). ’ Calculated from the differences between

observed A, of 7 or metal-free 7 in the absence of DNAs and in the presence of excessive DNAs. ¢ Red

shift was not detected.
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When poly(dA)-poly(dT) (0 - 200 uM) was gradually added to 7 (20 pM), emergence of two
isosbestic points suggests that the binding modes differed at lower and higher concentration of
DNA (Figure. 10(b)). For comparison, we have measured spectral changes of 7 with each
component DNA; i.e. single stranded poly(dA) and poly(dT). The single stranded poly(dA)
(Figure 11(a)) showed small hypochromicity with one isosbestic point at 295 nm, and a linear
half-reciprocal plot. On the other hand, poly(dT) (Figure 11(b)) showed stronger hypochromism
and more remarkable bathochromism, which is somewhat analogous to the initial titration spectra
in Figure 10(b). However, the half-reciprocal plots revealed a totally non-linear relation. In
this titration of 7 (20 pM) with poly(dA)-poly(dT), [7] is initially in large excess, permitting the
strong interaction of Zn**—cyclen moiety with dT to come into play, leading to some disruption of
the A-T duplex. However, the spectral titration of 7 (10 uM) with a large excess
poly(dA)-poly(dT) (80 — 180 uM) (i.e. r < 0.11) (Figure 10(c)) gave a linear half-reciprocal plot
(Figure 10(c’)), suggesting regular interaction with the intact double strand predominantly by 7t-7
stacking under these conditions. On the other hand, the hetero AT polymer, poly(dA-dT),,
showed only one equilibrium (Figure 10(a)), probably because single strand poly(dA-dT) could
maintain the double helical structure by itself, even if the Zn**~cyclen disrupts the double strand at

[7] >> [DNA].

@@ °° by °°

0.2

2&0 300 350 ny
Wavelength (nm) Wavelength (nm)

280 300 350 400

Figure 11  Spectrophotometric titration of 7 with (a) poly(dA) and (b) poly(dT). Initial concentrations of
7 are 20 uM. The concentrations of DNA phosphates (UM) (r) are; (a) 0, 10(1.99), 24(0.81), 41(0.46), and
58(0.31) from the top to bottom curves at 361 nm. (b) 0, 2.0(10.2), 3.8(5.24), 5.7(3.42), 7.0(2.74), 8.3(2.29),
9.5(1.97), 11.5(1.59), 13.8(1.29), 16.0(1.09), and 18.7(0.90) at 361 nm.
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In order to know more about the DNA interaction mode of 7, groove binders and an
intercalator displacement experiments were performed (Figure 12(a)). Distamycin (1) is known
to bind to minor groove at the AT base pairs by hydrogen bonds with adenine N3 and thymine
02.** The absorbance at 361 nm of 7 decreased upon addition of calf thymus DNA in 10 mM
EPPS (pH 8.0) containing 0.1IM NaNO, at 25°C. When the mixing ratio of [7] / [DNA
phosphates] was [10.5 uM] / [96.0 uM], the ratio of the DNA-bound and DNA-unbound 7 ([7,,,.4)
/ [7Tie]) Was calculated to be [8.4 uM] / [2.1 uM] using equation (2) and (3) in Experimental
Section. Upon addition of 1, a decrease was observed in the ratio of [7,,,,4] / [7u]. The 50%
dissociation of the DNA-bound 7 occurred with 6 uM of 1. Likewise, tested was the
displacement by methyl green (17), which is known to interact with the hydrophobic surface in the
major groove® and has AT-specificity.* However, in comparison to 1, 17 did not so
significantly promote dissociation of the DNA-bound 7 (50 % dissociation occurred with 30 uM
17). Ethidium bromide (18) was also tested as a non-base selective intercalator. 18 also
decreased [7,,,q] With an ICs, value of 20 uM. Since 1, 17, and 18 were reported to possess

nearly the same binding affinities to calf thymus DNA (K, =4 x 10° M for 1, 3 x 10° M" for 17,

PP
and 5 x 10° M for 18 at pH 7.4 and [Na‘'] = 0.1 M),*** the outstanding effect by 1 further
supports the AT-sequence preference and minor groove specificity of the Zn**—cyclen derivatives

when they interact with calf thymus DNA.

=NCH,CHj

N(CH3),
17 18
Methyl Green Ethidium Bromide

The interaction of the metal-free ligand of 7 with DNA was also blocked, but almost
indiscriminately by 1 and 18 (Figure 12(b)). When the mixing ratio of [metal-free 7] / [DNA
phosphates] was [10.1 uM] / [96.0 uM], where the ratio of the [metal-free 7,,,,,] / [metal-free 7]
was calculated to be [6.4 uM] / [3.7 uM], the 50 % dissociation of the metal-free 7 occurred with
the same 1.7 uM of 1 and 18.
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Figure 12 Competition profiles of groove binders (1 or 17) and an intercalator (18) in DNA binding of (a)

7 and (b) the metal-free 7. The cross point of middle dashed line indicates 50% dissociation concentration

(ICs0)-
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8. DNA Melting by Zn**-acridinylcyclen

Additional information on the DNA binding properties of the Zn**~cyclen derivatives were
obtained from the DNA melting studies. The DNA (all 50 UM in 10 mM EPPS (pH 8.0 at 25°C)
containing 15 mM NaNO,) melting profiles in the presence of increasing concentration of 7 and
its metal-free ligand are shown in Figure 13. The melting temperatures (7,) of
poly(dA)-poly(dT) and poly(dA-dT), initially increased (AT,, = + 4.7°C for poly(dA)-poly(dT) and
AT,, = + 3.4°C for poly(dA-dT), at r = [7] / [DNA phosphates] = 0.1 in Figures 13(b) and (c)).
However, later T, began to decrease (e.g. AT,, = -3.3°C for poly(dA)-poly(dT) at r = 0.2 and AT, =
-1.3°C for poly(dA-dT), at r = 0.3). The melting profile of calf thymus DNA (its AT content =
58%) was somewhat similar to that of these AT polymers (Figure 13(a)). On the other hand, the
double strands poly(dI)-poly(dC) and poly(dI-dC), were steadily stabilized by 7 (Figures 13(d) and
(e)). Likewise, the metal-free ligand of 7 steadily stabilized the double strand of calf thymus

DNA and all the synthesized DNAs (Figures 13(a’) - (e)).
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Figure 13 Native and synthetic DNAs (all 50 uM in 10 mM EPPS (pH 8.0 at 25°C) containing 15 mM
NaNO;) melting profiles in the presence of (a)-(e) 7 or (a’)-(e’) metal-free 7. (a)(a’) Calf thymus DNA,
(b)(b”) poly(dA)-poly(dT), (c)(c’) poly(dA-dT),, (d)(d’) poly(dI)-poly(dC), and (e)(e’) poly(dI-dC),.
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I Controlling gene expression by zinc(II)-macrocyclic tetraamine complexes

1. Inhibition of in vitro transcription of E. coli RNA polymerase by aromatic Zn*—cyclen

derivatives

To test if the interaction of the Zn**~cyclen complexes with DNA affects some biochemical
processes, Zn>—cyclen complexes 5, 7, 12, 13, 14, 15, and their metal-free ligands were examined
for their ability to inhibit in vitro transcription from calf thymus DNA (250 uM) as a template by
E. coli RNA polymerase. The calf thymus DNA-directed transcription was assayed by
measuring the incorporation of [*H]-UTP using the same method applied to the actinomycin D
transcriptional inhibition test.?® Reactants also contained all other nucleotide substrates (each
200 uM) needed for RNA synthesis. Indeed, the inhibition of the transcription took place with
the Zn**—cyclen complexes 7, 13, and 14, but not with the metal-free ligands. The 50 %
inhibition concentrations (ICs,) of the Zn**~cyclen complexes are summarized in Table 5. The
most effective complex was the Zn**~bisnaphthylcyclen 15. |

Then, we tested 7 to inhibit the transcription from the synthetic DNAs; i.e. with poly(dA-dT),,
poly(dA)-poly(dT), and poly(dG-dC), (all 20 uM) as templates. The inhibition profiles are
shown in Figure 14. For the poly(dA-dT), template, incorporation of either [*H]-ATP or [*H]-
UTP substrate was inhibited to the same degree with IC5, = 36 UM and 33 uM, respectively
(Figure 14 (a)). On the other hand, for the poly(dA)-poly(dT) template the incorporation of [*H]-
ATP (IC5, = 22 uM) was not the same as of [*H]-UTP (IC,, = 45 uM), the former being more
effectively blocked (Figure 14(b)). This fact is compatible with the prediction that 7 strongly
binds to poly(dT) strand. For the poly(dG-dC), template, the incorporation of [0-**P]-CTP was
weakly inhibited (IC;, = 110 pM), implying that in the transcription this template was not as

effectively blocked as the AT polymers by 7 (Figure 14(c)).
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Table 5 The 50% inhibition (ICs,) of calf thymus DNA (250 UM)-directed transcription by Zn**—cyclen

derivatives or its metal-free ligand.

ICso (UM)
Zn*-complex metal-free ligand

5 ' > 200 >200

7 130 >200

12 > 200 >200

13 95 > 200

14 > 200 > 200

15 55 >200

(a) (b) (c)
10 Template ; poly(dA-dT), 100 Template ; poly(dA)-poly(dT) 100 Templaté ; poly(dG-dC),
-= [*H)-UTP - [*HJ-UTP - [a-3%P]-CTP
& - PHJ-ATP —o- PH-ATH
2
2
(0 e CEERERR s COEREERERRRRIS (1 R TRt EEETPEEPEIRERE I s LT T ra— 1
2
5 I
0 ! | 1 T 0 U | U T 0 J | ]
0 20 40 60 80 100 O 20 40 60 80 100 O 50 100 150 200
(7] (uM) [7] (uM) (71 (uM)

Figure 14  Inhibition profiles of in vitro transcription using E. coli RNA polymerase by 7. (a) "H]-ATP or
[*H]-UTP incorporation directed by poly(dA-dT),, (b) [*H]-ATP or [*H]-UTP incorporation directed by
poly(dA)-poly(dT), and (c) [o-*?P)-CTP incorporation directed by poly(dG-dC),.
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2. Inhibition of topoisomerases by aromatic Zn*—cyclen derivatives

Type 1 and type II topoisomerases are nuclear enzymes that catalyze the relaxation of
negative supercoils and the stepwise negative supercoiling of DNA, respectively, in many cellular
processes such as replication and transcription.””  The minor groove binders (1 and 2) prevent the

6871 In order to see the effect of the Zn**~cyclen

topoisomerase activities at kM concentrations.
derivatives on the topoisomerase reactions, we now have conducted topoisomerase inhibition
experiments using form I pBR322 DNA (see Figure 15, commercial pPBR322 contains impurity
form II).

In the absence of the inhibitory agents, type I topoisomerase converts the form I (supercoiled)
pBR322 into several relaxed forms, (see the run at [15] = 0 uM). In the presence of increasing
concentration of the Zn**~bisnaphthylcyclen 15, the formation of the relaxed forms of pBR322 was
reduced and the greater ratio of the form I remained unchanged (see Figure 15). The
concentration for 50% inhibition (ICs,) of catalytic activities of type I topoisomerase, defined as
the drug concentrations to keep the 50 % remain of the original form I pBR322, was ca. 200 uM,
which represents ca. three times weaker activity than those of 1 (IC5, = 70 pM) and 2 (60 pM).
Although other zinc(II) complexes such as 7. 12, 13, and 14 showed smaller (but definite)

inhibition activities in the type I topoisomerase reaction, we could not determine quantitative

values of ICs, under the same conditions (see experimental section).

form I-JE2
relaxed
forms

Figure 15 The effect of 15 (0 — 400 uM) on relaxation of form I pBR322 DNA by type I topoisomerase.
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Next, we examined whether type II topoisomerase reaction was affected by the Zn**—cyclen
derivatives. Indeed, similar dose-dependent inhibition was observed for the zinc(II) complexes 7,
12, 13, 14, and 15 (see Figure 16). Among those zinc(II) complexes, 15 was the most effective
inhibitor (see Table 6), whose activity (ICs, = 10 uM) was greater than those of 1 (40 uM) and 2
(30 uM). The metal-free ligands were much weaker inhibitors (i.e., ICs, > 400 uM for the
ligands of 7, 12, 13, and 14 and ca. 100 uM for the ligand of 15) than the corresponding zinc(II)
complexes. Thus, zinc(Il) ion in the cyclen macrocycle also acts a major role in the type II

topoisomerase inhibition.

Figure 16 The effects of 7, 12, 13, 14, and 15 (0 - 400 uM) on relaxation of form I pBR322 DNA by

type II topoisomerase.

Table 6 Concentrations for 50% inhibition (ICs) of the type II topoisomerase.

ICso (uM)
7 70
12 250
13 100
14 40
15 10
1 40
2 30

? ICs, values were defined as the concentrations required for 50 % remain of the form I pBR322 in the

catalytic reaction of the type II topoisomerase. The estimated error in the ICs, values was + 20%.
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3. Antimicrobial activities of aromatic Zn**—cyclen derivatives

The antimicrobial activities against a gram-positive bacteria (Staphylococcus aureus
FDA209P) and a gram-negative bacteria (Escherichia coli NIHJ) were tested by a microtiter plate
method for the Zn**~cyclen derivatives and corresponding metal-free ligands, along with 1 and 2.
The obtained minimum inhibitory concentrations (MIC) are listed in Table 7. For comparison, 2,
which is often used as a fluorescent chromosome stain in cytochemical studies®® showed strong
antimicrobial activity aginst both bacterial strains (MIC = 0.4 uM for S. aureus and 0.8 uM for E.
coli). An antiviral antibiotic 1, is not so effective against both strains.

The Zn*—complexes of 7, 13, and 15 showed strong antimicrobial activities against S. aureus,
which is compatible to the DNase I footprinting titration results showing higher affinity of 7, 13,
and 15 with DNA than 12 and 14. On the other hand, their metal-free ligands were not effective
at all (up to 50 uM). These antimicrobial behaviors may suggest that the zinc(II) complexes
having hydrophobic aromatic rings probably permeate into the hydrophobic membrane of gram-
positive bacteria (but could not permeate the hydrophilic component-containing gram-negative

bacterial membrane) to inhibit the bacterial growth by the strong DNA binding.

Table 7 Minimum inhibitory concentrations (MICs, 1M) against S.aureus FDA 209P and E. coli NIHJ.

S.aureus FDA209P E.coli NIHJ
Zn**—complex metal-free ligand Zn**—complex metal-free ligand

5 >50 >50 >50 >50
7 13 >50 >50 >50
12 >50 >50 >50 >50
13 25 >50 >50 >50
14 50 >50 >50 >50
15 1.7 6.3 6.3 6.3
1 25 50
2 04 0.8
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4. Interaction of aromatic Zn**~cyclen derivatives with TATA box in SV 40 early promoter

The AT-rich DNA sequence located 25 to 30 bp upstream from the transcriptional start sites
(so-called TATA box) is known as an essential element of the promoter for eukaryotic RNA
polymerase II.”>  The TATA box plays a key role in regulating the overall level of transcription
and participates in selecting the transcriptional start site, where some transcriptional factors (e.g.,
TATA binding protein (TBP)) bind for initiation of the transcription.”> The minor groove binders,
distamycin A (1) and DAPI (2) are known to strongly bind to the TATA box and thus inhibit the
binding of TBP.*"

In order to evaluate the binding of the Zn**—cyclen derivatives (7, 12, 13, 14, and 15) to the
TATA box, we have conducted a DNase 1 footprinting experiment with a 197-bp SV40 early
promoter sequences containing AT-rich TATA box (TATTTAT) and GC-rich GC boxes (Figure
17(a)). The result confirmed that the Zn**—cyclen derivatives indeed showed stronger binding to
the TATA box than to any other region (see Figure 17(b)).

Next, the inhibitory effect of the Zn**~cyclen derivatives on the binding of human TBP to
TATA box was determined by a gel mobility shift assay with a 25-bp TATA consensus DNA
fragment (see experimental section). Typical photographs for the gel mobility shift assay in the
absence and presence of 7, 12, 13, 14, or 15 are shown in Figure 18. With an increase in the
concentration of an"—cyclen derivatives, the cbncentration of the TBP-DNA complex was reduced.
The metal-free ligands, however, demonstrated no effect on the TBP binding to DNA (see far light
end, Figure 18). These facts showed that the TBP~-DNA formation was inhibited by those
Zn**~cyclen derivatives and zinc(II) ion was essential for the inhibition. Concentrations of 50%
inhibition (IC,,) in the TBP-DNA formation by the Zn**~cyclen derivatives and the minor groove
binders (1 and 2) are summarized in Table 8. Although the Zn’ —cyclen derivatives were not so
powerful inhibitors (e.g., ICs, = 2.5 uM for 13) in comparison to 1 (IC,, = 0.4 uM) and 2 (0.8 pM),
those biological activities indicate that Zn**—cyclen derivatives are a new promising prototype as a

small molecular genetic transcriptional regulation factor.
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Figure 17 (a) Schematic representation of the SV40 early gene promoter region DNA (197 bp) used in
(b) DNase I

12 13 14 15

CGTCTCCGCCTCCGG - - - P
GCAGAGGCGGAGGCC: - -

the DNase I footprinting assay. The DNA sequence of the TATA box region is shown.

footprinting of 197-bp SV40 early gene promoter DNA in the presence of 12 (25, 50, and 100 uM), 13 (3.13,
6.25 uM), and 7 (6.25, 12.5, and 25 uM).

The lane “DNase 1 control”

6.25, and 12.5 pM), 14 (25, 50, and 100 pM), 15 (1.56, 3.13, and

The lane “A” represents the dideoxy sequencing marker specific for adenine.

and “TBP” represents DNA digested with DNase I without binders and with TBP, respectively.
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Figure 18 Gel mobility shift assay for a TATA box consensus DNA fragment in the presence of TBP,
; showing the titration with increasing amounts of cyclen derivatives 7 (0 — 50 uM), 12 (0 — 100 uM), 13 (0 -
‘ 12.5 pM), 14 (0 - 100 pM),and 15 (0 — 12.5 uM). Lane “DNA” represents DNA without TBP.

§ Table 8 Concentrations of 50% inhibition (ICSO) of TBP-DNA complex formation.

IC5o (uM)
: 7 15
12 70
13 2.5
14 >100
15 4
: 1 0.4
2 0.8
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5. Selective recognition of consecutive G sequence in double-stranded DNA by

Zn**-anthraquinonylcyclen

We now have found that Zn**—(2-anthraquinonyl)methyl-cyclen (=
Zn*-anthraquinonylcyclen (19)), which originally was designed as a redox-active sensor for
selective dT (or U) nucleoside in aqueous solution,”” more favorably binds to guanine- than
thymine-rich sequence in double-stranded DNA. While the preference of nucleobase dT over dG
was more or less similar by 19*" (K, values for complexation of 19 with dT, and dG at pH 8 were
79 uM and 1 mM, respectively), and the Zn>*-acridinylcyclen 7, their affinities to nucleobases in
double stranded DNA seemed completely different: 19 favored G-rich DNA, while 7 favored T-
rich DNA.

Zn>*—(2-anthraquinonyl)-methyl-cycler

In literature,’*® a number of anthraquinone derivatives (including antibiotics such as
prospermine’”’ daunomycin,""® and mitoxanthrone®) have been shown to interact with G-rich

81 or to

sequences as intercalators or groove binders and cleave GpG strands photochemically,
inhibit telomerase ®*® The features of 19 as a new prototype of selective G-binding agent are
described herein, in comparison to those for the T-recognizing 7 and the conventional GC-
recognizing actinomycin 4.

The UV absorption spectra of the anthraquinone moiety of the metal-free ligand 19
(which is in a diprotonated forrﬁ, L-2H* at pH 8.0), the Zn*—complex 19, and Cu**~complex 19
changed more significantly (stronger hypochromisms and bathochromisms) in their binding to
double stranded DNA’s (e.g., poly(dG)-poly(dC)). Monitoring such changes would permit
estimation of the binding constants.®*® 1In a typical titration, poly(dG)-poly(dC) (0 — 200 uM

nucleobase in DNA) was added to 19 (20 uM) in EPPS buffer (pH 8.0) with 7 = 0.1 (NaNO,) at
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25°C (Fig. 19). For comparison, the metal-free 19 (A, = 334 nm, &, = 5,420), its
Cu**—complex 19 (A, 334 nm, £,3, = 6,330), and actinomycin D 4 were similarly studied.
The smooth decreases in the maximum absorbance allowed us to construct half-reciprocal

plots for [nucleobase in DNA] with [19] according to equation 1 (see Experimental Section)

60-61

derived earlier, as done with 7. Isosbestic points were observed in the titration with

poly(dG)-poly(dC) (see Figure 19(a)—(c)), suggesting each single mode of 19, metal-free 19, and
Cu**-complex 19 binding to DNA._ From the linear half reciprocal plots (Figure 19(a’)—(c’)),

apparent binding constants, K,,, were determined at [nucleobase in DNA] > 100 uM, where the

60-61

plots gave straight lines. Calf thymus and other synthetic DNA’s gave similar titration

behaviors, except for poly(dA)-poly(dT), where irregular spectrophotometric titration (Figure

19(d)-(e)) and the non-linear half-reciprocal plots were seen. All the K,,, values thus determined

are summarized in Table 9, along with the corresponding values with 7.

Table 9 Comparison of apparent binding constants, K,,, (M™)" of anthraquinonylcyclen derivatives 19,
acridinylcyclen derivatives 7, ethidium bromide 18, and actinomycin D 4 with native and synthetic DNAs,
as determined by the spectrophotometric titration in 10 mM EPPS (pH 8.0) with / = 0.1 M (NaNO;) at
25°C.

Kopp % 107
Metal-free Cu**~complex Metal-free Cu?*—complex

DNA 19 19 19 7 7 7 18 4
calf thymus DNA 0.59 2.8 0.89 1.4° 3.0" 1.2 1.1 0.71
poly(dG)-poly(dC) 0.53 15 12 0.64" 5.6° 8.5 3.8 2.9
poly(dG-dC), 0.74 2.8 1.1 038" 17° ¢ 45 13
poly(dA)polydT)  -¢ i 0.56 035% 11° 0.03 065 ¢
poly(dA-dT), 0.74 43 27 029" 500 ¢ 17 -

“ Kypp = [DNA-bound 7, 19, 18, or 4]/[uncomplexed7, 19, 18, or 4][uncomplexed nucleobase in DNA] ™.
The estimated errors in the K, values were +£10%. b data from table 3. K, values could not be

determined due to irregular spectral changes, see text. ¢ Not determined.
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Figure 19 UV spectrophotometric titrations: (a) for metal-free 19, (b) for 19, and (c) for Cu**~complex
19 (each 20 pM) with poly(dG)-poly(dC) (0 — 200 uM from top to bottom curves at 334 nm); their half-
reciprocal plots (a’), (b’), and (c’), respectively. (d) for metal-free 19 and (e) for Cu**~complex 19 (each
20 uM) with poly(dA)-poly(dT)(0 - 200 uM from top to bottom curves at 334 nm).
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The metal-free 19 (as diprotonated cation at pH 8.0) interacted with all the measured DNA’s
with more or less the same affinities of an order of 3 — 4, indicating the -7 stacking as the major
common interaction. In separate experiments, metal-free 19 did not interact with all the
nucleosides. The Zn**~complex 19 generally showed higher affinity than the metal-free 19 or the
Cu**—complex 19. Among the measured DNA’s, poly(dG)-poly(dC) had the highest affinity with
19 (K,,, = 1.5 x 10° M), whereas poly(dG-dC), did not so strongly bind to 19 (K,,, = 2.8 x 10*
M™). This is to be compared with the preference of poly(dG-dC), (K,,, = 1.3 x 10’ M™) to
poly(dG)-poly(dC) (K,,, = 2.9 X 10* M") by the GpC-recognizing actinomycin D 4.%*%

We independently measured the DNA binding of the GC-recognizing agents 4 by the
displacement assay of the DNA-stacked fluorescence dye ethidium bromide (18).%% The
stacking of 18 (A, = 480 nm, €,4, = 5,580) with various DNA’s was measured by the identical UV
spectrophotometric titrations used for 7, 19, and 4 in 10 mM EPPS buffer (pH 8.0) with 7 = 0.1
(NaNO,) at 25 °C. The results (Table 9) showed that, although 18 has a little GC preference, it
binds to DNA’s with a similar order of affinities (K, = ~ 10 M™'). These results are in
agreement with the reported DNA binding affinity and sequence preference of 18.7*%” 1t is to be
added that 18 showed almost the same affinity to homopolymeric poly(dG)-poly(dC) (K,,, = 4.5 X
10* M) and heteropolymeric poly(dG-dC), (K,,, = 3.8 x 10* M").

The easiness of displacing DNA-bound ethidium bromide is a qualitative measurement of
the DNA affinity.*** With all the DNA’s, the addition of 19 or 4 caused smooth decreases in the
fluorescence emitted from the DNA-bound 18, indicating the smooth displacement of 18 by 19 or
4. The Cj, values were determined as the concentration of 19 required for a 50% reduction of the
fluorescence (excitation at 520 nm, emission at 600 nm) with [18] or [4] = [nucleobase in DNA] =
2 uM in the buffers. It would be reasonable to assume that the smaller is the Cs, value, the
stronger is the interaction to drive off 18 from the same DNA. The results summarized in Table
10 showed that the Zn**—complex 19 is far more efficient (i.e. smaller Cs, values) than the metal-
free 19 in displacing the stacked ethidium bromide in any DNA, lending a support to the stronger

binding (K, values) of 19 than of metal-free 19 obtained by the independent UV

pp
spectrophotometric titrations (Table 9). 19 showed the smaller C,, value (= 0.4 pM) for

poly(dG)-poly(dC) than 2.0 uM for poly(dG-dC),, which is somewhat parallel to the binding
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constants K

. although these Cy, and K., values may not be directly correlated. It is of interest

to see that the GpC-recognizing 4% was more effective in driving off the poly(dG-dC),-bound 18
(Cs, = 0.6 uM) than the consecutive G-recognizing 19 (Cs, = 2.0 uM), while the latter 19 is more
effective (Cy, = 0.4 uM) in releasing the poly(dG)poly(dC)-bound 18 than the former 4 (Csy=0.7
uM). For reference, we checked that Zn** alone (0 — 40 uM), or Zn**—cyclen (0 — 40 uM) could

not displace 18 at all.

Table 10 Comparison of Cs, (wWM)* of 19, actinomycin D 4 in 10 mM EPPS (pH 8.0) with I = 0.1
(NaNO,) at 25 °C..

Metal-free Cu?*-complex
DNA 19 19 19 4
calf thymus DNA 14 1.4 1.5 1.7
poly(dG)-poly(dC) 9.0 0.4 0.5 0.7
poly(dG-dC), 16 2.0 2.8 0.6
poly(dA)-poly(dT) 29 33 b -
poly(dA-dT), 55 1.9 b b

“ Cs, values are the concentrations required for 50% decrease in the fluorescence intensity of the various
DNA-bound ethidium bromide at [nucleobase in DNA] = [ethidium bromide] = 2.0 pM. The estimate

errors in the Cs, values were £10%. " Not determined.
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5. Interaction of Zn**-anthraquinonyl cyclen with GC boxes in SV 40 early promoter 1

SV40 early promoter fraction (197 bp) features T-rich sequence at “TATA box”, locating at

25 — 30 bp upstream and six G-rich elements, “GC boxes”, at 50 — 110 bp upstream from the

transcriptional start site (Figure 17(a)). The eukaryotic RNA polymerase II machinery becomes
activated for initiation of transcription after its component “TATA binding protein (TBP)” attaches

to the “TATA box” and another component Sp1 protein binds to the “GC boxes”.”

The DNase I footprinting results are obtained for the lower G and upper C strands (sense and

non-sense strands for transcription, respectively, for sequence see Fig 20) in Figure 21, which

showed that six GC boxes (1 — 6) of both strands were protected from DNase I hydrolysis by 19,

but the TATA box was not. Thus we were more assured of the selective recognition of GC-rich

AT

regions by 19. Moreover, the differential DNase I cleavage plots (at [19] = 12.5 uM, Figure 20)

indicated that the G and its C partners were not equally protected in the GC boxes: e.g., 5’-

GGGCGGG-3’ (in the G strand) were better protected than the pairing 5’-CCCGCCC-3’ (in the C

strand, see Figure 20), suggesting that in the GC pairs G is better protected probably due to the

e

more intimate interaction of 19 with G. Zn*' is essential in the interaction of 19 with the GC

boxes. In the absence of Zn**, 19 (5-15 uM) did not protect these regions at all.

19 T T L} L] L} T Al T A T
12.5 yM - N - -
non-sense strand 5 ' -CATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTC!

GCBoxes 6 5 4 _&_ -2—| 1

j —
! sense strand 3 * -CATGGTAGAGTTAATCAGTCGTTGGTATCAGGGCGGGGATTGAGECGGGTAGGGCCGEGATTGAGGCGGGTCAAGGCGGCTAAGAGGCGGGGTAGCGACTGA

=N v
-1 l40 -130 -120 -110 -100 -90 -80 70 -60 -50 -40
aN
Nl NN . . . . .
AATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCGGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAA-3
TATA Box
TTAAAAAAAATAAATACGTCTCCGECTCCGGCGGAGCCEGAG, GATAAGGTCTTCATCACTCCTCCGAAAAAACCTCCGGATCCGAARACGTTTTTCGAA-5"
Pt A i
AVARAA'Y T V V.
-40 -30 -20 -10 -1 1 10 20 30 40 50 60

Figure 20 The sequence of the SV40 early promoter region DNA (Bg! II/Hin dIIl fragment) used for the
DNase I footprinting assay and differential DNase I cleavage plots in the presence of 19 (12.5 uM).

-40-




lower G strand (sence*) upper C strand (non-sence*)

o o 19 metal-free 19 3 19  metal-free 19
1]
1 sl ers 08t $E srs10128 (1501299

TATA
Box

GC
Boxes

T

s,

Figure 21 DNase 1 footprinting of SV40 early promoter region DNA in the presence of 19 and metal-
free 19 (2.5, 5, 7.5, 10, 12.5, and 15 pM). The asterisk indicates which strand bears the 5’-3P label

(sense* = lower strand, non-sense* = upper strand shown in Figure 20). The number at the side

corresponds to the distance from the transcription start site.
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Inhibition of Spl (a GC box-specific transcriptional factor) Binding to the GC Boxes by 19.
Sp! protein contains three contiguous repeats of a typical Cys,His,-type zinc finger motif, which
bind to the GC boxes from the major groove (where guanine N(7) locates) of the SV 40 early

promoter DNA %9

It is thus of an extreme interest both structurally and biochemically to see
how 19 that would bind to guanine N(7) competes against the Sp 1 binding to the GC boxes.
Earliar, we found that human TBP was strongly inhibited from interacting with the “TATA box” in
consensus DNA by the T-recognizing Zn**~cyclen complexes including 7.

To determine the inhibitory effect of 19 on the binding of human Spl to GC boxes, we
studied a gel mobility shift assay using a 23-bp GC box-consensus DNA fragment (for sequence,
see Experimental Section). The consensus base sequence of the Spl binding is the 5’-
(G/TYGGGCGG(G/A)G/A)(C/T)-3’ and Spl interacts with both strands of this DNA, but the
majority of the contacts are with the G-rich strand.”®® Results of the gel mobility shift assay in
the absence and presence of 19 and metal-free 19 are shown in Figure 22(a). With an increasing
concentration (0 — 50 uM) of 19, the density of the Spl-bound DNA decreased. The
concentration of 50% inhibition (IC,,) of the Spl-DNA complex formation by 19 was estimated at
38 uM by the densitometric analysis. The metal-free 19 (0 — 50 uM) or the T-recognizing 7 and
its metal-free 7 (0 — 50 uM) (Figure 22(b)) demonstrated much weaker inhibitory effect on the Spl
binding to DNA (all IC,, > 50 uM).

To check the selective GC box specificity of 19, we studied the inhibition of TBP binding to
the 25 bp TATA box-consensus DNA by 19 and compared with the previous result for 7. While
the T-selective 7 inhibited the TBP-TATA box DNA complexation (ICs, = 15 uM), 19 showed
little inhibition on the TBP binding to DNA (IC,, > 50 uM, Figure 22(c)). For comparison,
actinomycin D 4 showed a more effective value (ICs,= 4.6 uM).

All these facts combined we conclude that Zn**—anthraquinonyl-cyclen 19 binds selectively to
consecutive guanine bases (--*GpGpGp:-+) in double stranded DNA, which is in contrast to the
previously reported Zn**-acridinyl-cyclen 7 that selectively recognized T-rich sequence
(--TpTpTp-) in DNA. Although a detailed study is needed, we tentatively propose that the G-
rich sequence selectivity by 19 arose from a dominant stacking attraction between the pendant

(anthraquinone) and guanine in the double helical DNA and supplementary binding between Zn**
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and guanine N(7). Previously, we showed that the acridine pendant homologue 7 selectively
bound to the T-rich TATA box, which was accounted for by the dominant binding of T

—Zn**—cyclen and supplementary stacking between acridine and thymine (Scheme 4).
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Figure 22 Gel mobility shift assay for (a) inhibition of GC box consensus DNA fragment-Sp1 complex |
by 19 and metal-free 19 (0 — 50 uM), (b) 7 and metal-free 7 (0 — 50 uM), and (c) inhibition of TATA box
consensus DNA fragment-TBP complex by 19 and metal-free 19 (0 - 50 uM). Lane “DNA” represents ‘
DNA without Sp1 or TBP.
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Conclusion

By the DNase I footprinting assay (Chapter I, 1-3), zinc(II)-macrocyclic tetraamine
complexes appended with aromatic pendants 7, 12, 13, 14, and 15, have been proven to selectively
bind to AT-rich regions of double-stranded DNA (150 bp). The regions were almost overlapped
with the sites recognized by conventional minor groove binders, distamycin A (1) and DAPI (2).
The Zn**—cyclen appended with double pendants 13 and 15 showed higher affinity to the AT-rich
regions than those with single pendant counterparts 12 and 13. DNase I cleavage pattern was
somewhat different for the double pendants and the single pendant systems. The Zn**-cyclen
appended with single acridine-pendant 7 showed an affinity as high as 13 and 15, and a similar
DNase I cleavage pattern as 12 and 14. Zn>" is an essential metal ion for the recognition of AT-
rich regions, which could not be replaced by other metal ions such as Cu®** or Ni**. The vacant
fifth coordination site of the Zn**—cyclen is essential, as demonstrated by the strong inhibition of
the SH-containing captopril.

The footprinting by micrococcal nuclease(Chapter I, 4-5), which tends to cut pA and pT more
than pC and pG and has a specific ability to nick the transiently melted DNA, revealed the
fundamentally different interaction modes by the Zn**—cyclen derivatives and minor groove binders
distamycin A (1) and DAPI (2). It was shown that almost all the T’s in double-stranded DNA
were recognized by the Zn**—cyclen derivatives, resulting in the protection of those pT bonds. On
the other hand, the pairing pA’s were strongly hydrolyzed. It is concluded that the Zn**~cyclen
derivatives broke into the hydrogen bonds of A-T base pairs to bind to T, especially at
homopolymeric AT-regions. The resulting single-stranded A region thus became exposed and
came under heavy attack by the nuclease. By contrast, 1 and 2 interacted with A and T
simultaneously in the same AT- regions to protect both A and T from the micrococcal nuclease
hydrolysis. It was demonstrated that 1 and 12 reversibly compete for common AT-regions.

Zn*—complexes 7, 12, and 13 bind to double stranded calf thymus DNA and synthetic DNAs,
as studied by UV and visible spectrophotometric titrations (Chapter I, 6-7). At relatively dilute
concentration, the Zn**-acridinylcyclen 7 showed 31.4 and 17.2 times higher affinity for intact

double-stranded homo- and hetero-AT polymers than metal-free 7, which is to be compared with
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8.8 and 4.5 times higher affinity for GC polymers. This fact suggests that the Zn**—cyclen moiety
determine the preference to AT sequence over GC sequence. Stronger hypochromism and
bathochromism of the absorption spectra of Zn**—cyclen complexes with DNA titration support the
idea that the electrostatic interaction of the Zn**—cyclen moiety with DNA grooves bring about a
closer proximity of the aromatic ring to the DNA bases. Binding of 7 to calf thymus DNA was
blocked by an AT-selective, minor groove binder, distamycin (1), but less significantly by a major
groove binder methyl green (17) or a intercalating agent ethidium bromide (18). Complex spectral
changes in the titration of poly(dA)-poly(dT) by 7 at high concentration illustrates mixed equilibria
including dissociation of the poly(dT) strand. From the DNA melting experiments (Chapter I, 8),
it is concluded that, at lower concentration, 7 stabilized the thymine-containing DNAs
predominantly by the intercalation effect of the acridine, but at higher concentration 7 destabilized
the duplexes by the Zn** - (dT ") interaction to intervene into the AT hydrogen bonds.

The DNA binding properties of the Zn**—cyclen complexes brought about inhibition of these
DNA-directed transcription in vitro (Chapter II, 1). The Zn**—cyclen complexes, having high
binding affinities to calf thymus DNA, showed the higher inhibition. Among those tested, the
Zn*-bisnaphthylcyclen 15 showed the highest activity. The Zn**—acridinylcyclen 7 inhibited AT
polymer-directed transcription to a greater degree than GC polymer—directed transcription,
suggesting again the stronger perturbation effect on the AT duplex. The stronger uptake inhibition
of ATP over UTP when the transcription was directed by the homo AT-polymer supports the
stronger binding of 7 to poly(dT) strand than to poly(dA).

Among these zinc(Il) complexes, 7, 13, and 15 effectively inhibit the DNA relaxation activity
of human type II topoisomerase in vitro (Chapter II, 2). This result is compatible with their
affinities with DNA measured by DNase I footprinting titration analysis. Moreover, in the
preliminary assay, 7, 13, and 15 exhibited fairly strong anitimicrobial activities against gram
positive bacteria (Chapter II, 3), indicating that the hydrophobic aromatic rings probably enhance
the membrane permeability to effectively inhibit the bacterial growth.

By the DNase I footprinting assay, the Zn**—complexes 7, 12, 13, 14, and 15 have been
proven to selectively bind to AT-rich TATA box of promoter region of SV40 early gene (Chapter

IL, 3). In addition, the gel mobility shift assay revealed that these zinc(II) complexes inhibit the
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formation of TBP-DNA complex. Although the inhibition of TBP-DNA by these zinc(II)
complexes was weaker (ICs, = 2.5 uM for the most effective inhibitor, 13) than conventional
minor groove binders, 1 and 2 (IC,, = 0.4 uM and 0.8 pM), the present findings suggest that the
Zn**—cyclen derivatives might be useful as a new type of transcriptional inhibitor.

We have demonstrated that Zn**-anthraquinonylcyclen 19 binds selectively to consecutive
guanine bases (--GpGpGp:--) in double stranded DNA, which is in contrast to the
Zn**—acridinylcyclen 7 that selectively recognized T-rich sequence (---TpTpTp--) in DNA (Chapter
II, 4). On the basis of the UV spectrophotometric titirations, the Zn** complex 19 is 30 times
more efficient in binding to poly(dG)poly(dC) than the metal-free 19. In parallel, the
Zn**—complex 19 drove off the poly(dG)-poly(dC)-stacked ethidium bromide (18) 22 times more
efficiently than 7. The consecutive G-binding property of 19 was disclosed by the K,,, value of
1.5 x 10°M™* for poly(dG)-poly(dC) versus 2.8 x 10* M for poly(dG-dC),. This is in contrast to

conventional GpC-recognizing actinomycin D (3), which prefers poly(dG-dC), (K,,, = 1.3 X 10° M

pp

") over poly(dG)-poly(dC) (K,

op = 2.9 x 10*M"), as measured under the same conditions. The

ethidium bromide displacement study supported the efficient recognition of consecutive G by 19.

The selective recognition of G-rich sequence, GC boxes, was shown by the DNase I
footprinting of SV40 early promotor DNA (Chapter II, 5). We tentatively propose that the G-rich
sequence selectivity by 19 arose from a dominant stacking attraction between the pendant
(anthraquinone) and guanine in the double helical DNA and supplementary binding between Zn**
and guanine N(7). In chapter I, we showed that the Zn**— acridinylcyclen 7 selectively bound to
the TATA box, which was accounted for by the dominant binding of T—Zn**—cyclen and
supplementary stacking between acridine and thymine (Scheme 4). Just as 7 inhibited interaction
of a TATA binding protein with a TATA box DNA, 19 inhibited interaction of Sp1 transcriptional
factor protein with GC boxes in the same DNA.

The selective and efficient T- or G- recognizing properties of the Zn**—cyclen derivatives may
develop into new biochemical and medical functions at the various stages to gene expression, e.g.,
transcription or replication. We conclude that these Zn**—cyclen derivatives may be promising as

a new type of genetic controlling factor.
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Experimental Section

General Information. All reagents and solvents used were purchased at the highest
commercial quality and used without purification. Aqueous solutions of 10 mM distamycin A
(Sigma), 10 mM DAPI (4,6-diamidine-2-phenylindole) (Sigma), 10 mM methyl green (SIGMA),
and 10 mM ethidium bromide (Merck) were prepared using deionized and distilled water and stored
at 20 °C. A stock solution of 3 mM echinomycin (Sigma) and 2 mM actinomycin D (Wako) in
dimethyl sulfoxide were prepared and stored at —20 °C. Concentrations of distamycin A, DAPI,
methylgreen, ethidium bromide, echinomycin, and actinomycin D in aqueous solution were
determined spectrophotometrically (g5, = 34,000 M™' cm™ for distamycin A &, = 23,000 for
DAPL™ g, = 85,300 for methyl green,* €, = 5,850 for ethidium bromide,” €,,; = 11,500 for
echinomycin,'® €, = 24,450 for actinomycin D*).

All the cyclen derivatives except for 15 and its metal-free ligand were dissolved in 10 mM
EPPS (pH 8.0). 15 and its metal-free ligand were dissolved in 10 mM EPPS (pH 8.0) containing
50 % dimethylsulfoxide. Concentrations of cyclen complexes were determined
spectrophotometrically; &g = 10,030 for 7, &4 = 9,980 for metal-free 7, €3, = 9,980 for
Cu**—complex 7, &,, = 3,900 for 12, &, = 3,100 for metal-free 12, &;;, = 7,400 for 13, €5, = 6,200
for metal-free 13, €, = 7,000 for 14, €, = 6,800 for metal-free 14, €, = 15,300 for 15, & =
12,300 for metal-free 15, €,,, = 6,640 for 19, &;,, = 5,420 for metal-free 19, and €33, = 6,330 for
Cu**—complex 19.

Calf thymus DNA (SIGMA) was dissolved in water, sonicated, and filtered.
Poly(dA)-poly(dT), poly(dA-dT),, poly(dC)-poly(dG), poly(dC-dG),, poly(dI)-poly(dC), poly(dI-
dC),, poly(dA), and poly(dT) (all Amersham Pharmac‘ia) were dissolved in water. Their
concentrations per phosphates were determined spectrophotometrically; €; = 6,600 for calf
thymus DNA,” &, = 6,000 for poly(dA)-poly(dT),” €,,= 6,600 for poly(dA-dT),,” &, = 7,400
for poly(dG)-poly(dC),” &,5, = 8,400 for poly(dG-dC),,”” &,5, = 5,300 for poly(dI)-poly(dC),”* and
£,5, = 6,900 for poly(dI-dC),,” 5, = 8,600 for poly(dA),” and €y, = 8,520 for poly(dT).” They
were stored at -20°C in a final concentration of 1mM per phosphates in 10 mM EPPS (pH 8.0)
containing 0.1M NaNO,.
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DNase 1 (Takara Shuzo) and micrococcal nuclease (Worthington Biochemical Corporation)
were diluted to 0.03 unit/uL in aqueous solution containing 2.5 mM CaCl, and 5 mM MgCl,, and
stocked at —20 °C.

The synthesis of an acridinyl-cyclen hydrochloric acid salt, 7-4HCl- 4H,O and its zinc(I)
complex 7-4HC1-4H,0 is reported in ref. 39, and an anthraquinonyl-cyclen trihydrochloric acid salt,
metal-free 19-3HCI and its zinc(Il) complex 19-(NO,), is reported in ref. 47.  The copper(Il)
complex 7 and 19 were prepared by mixing the calculated amount of 5 mM CuSO,-5H,0 (99.99%
purity) with equimolar metal-free ligand 7 and 19 in a buffer solution (pH > 7).

UV spectra were recorded on a Hitachi U-3500 spectrophetometer at 25 °C. IR spectra were
recorded on a Shimadzu FTIR—4200 spectrophotometer at room temperature. 'H(500 MHz) and
*C(125 MHz) NMR spectra at 35°C were recorded on a JOEL LAS500 spectrometer. 3-
(Trimethylsilyl)propionic-2,2,3,3-d, acid sodium salt in D,O and tetramethylsilane in DMSO-dj
were used as internal references for NMR measurements. Elemental analysis was performed on a
Perkin Elmer CHN Analyzer 2400. Silica gel column chromatography was performed using Fuji
Silysia Chemical FL-100D.

Synthesis of Zn**~(4-Quinolyl)methyl-cyclen, 12:(NO,),. An acetonitrile solution (120 mL)
of 4-(chloromethyl)-quinoline (774 mg; 4.36 mmol) and 1,4,7,10-tetraazacyclododecane (1.50 g,
8.71 mmol) was stirred for 12 h at 70 °C. After evaporation of the solvent, the residue was
purified by silica gel column chromatography (CH,Cl,/MeOH/28% aqueous NH,; =-10:1:0.1)
followed by crystallization from aqueous 48% HBr/MeOH to obtain colorless needles of (4-
quinolyl)methyl-cyclen-4HBr-2H,0 (1.11 g, 45% yield). IR (KBr pellet): 3425, 3005, 2722, 1599,
1441, 1415, 1291, 1221, 1074, 831, 527 cm™. 'H NMR (D,0, 55 °C): 8 3.04 (4H, t, J = 5.1 Hz,
NCH,), 3.08 (4H, t, J = 5.1 Hz, NCH,), 3.22 (4H, t, J = 4.9 Hz, NCH,), 3.31 (4H, t, J = 4.9 Hz,
NCH,), 4.63 (2H, s, ArCH,), 8.03 (1H, m, ArH), 8.10 (1H, d, J = 5.5 Hz, ArH), 8.19 (1H, m, ArH),
8.28 (1H, d, J = 8.5 Hz, ArH), 8.44 (1H, d, J = 9.5 Hz, ArH) , 9.10 (1H, d, J = 5.5 Hz, ArtH). “C
NMR (D,0): 6 44.5, 45.3, 47.5, 51.6, 56.4, 124.2, 124.4, 127.4, 130.9, 133.5, 138.1, 140.2, 146.3,
159.0. Anal. Calcd for C,gH,N;O,Br,: C, 32.1; H, 5.2; N, 10.4. Found: C, 32.2; H, 5.3; N, 10.3.

The solution pH of (4-quinolyl)methyl-cyclen-4HBr-2H,0 (600 mg, 0.891 mmol) in 10 mL
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H,O was adjusted to 12 with 5 M NaOH. The alkaline solution was extracted with CH,Cl, (50 mL
x 8) and then the organic solvent was evaporated. ~ An EtOH solution (10 mL) of the obtained
acid-free ligand and Zn(NO,),-6H,0 (280 mg, 0.941 mmol) was stirred at room temperature for 1 h.
After evaporation of the solvent, the residue was crystallized from H,O/EtOH to obtain colorless
needles of 12-(NO,), (357 mg, 80 % yield). IR (KBr pellet): 3206, 1468, 1385 (NO;"), 1302, 1086,
978,775 cm™. 'H NMR (D,0): § 2.80-2.92 (8H, m, NCH,), 2.95-3.10 (6H, m, NCH,), 3.20-3.35
(2H, m, NCH,), 4.57 (2H, s, ArCH,), 7.63 (1H, d, J = 4.5 Hz, ArH), 7.80 (1H, dd, J = 6.5 and 8.5
Hz, ArH), 7.93 (1H, dd, J = 6.5 and 8.5 Hz, ArH), 8.17 (1H, d, J = 8.5 Hz, ArH), 8.28 (1H,d, J =
8.5 Hz, ArH) , 8.90 (1H, d, J = 4.5 Hz, ArH). "C NMR (D,0): § 45.3, 46.5, 47.6, 52.8, 53.6,
126.5, 127.1, 130.68, 130.73, 131.4, 133.3, 142.4, 149.9, 152.2.  Anal. Calcd for C;sH,;;N,04Zn: C,
43.0; H, 5.4; N, 19.5. Found: C,43.1; H,5.5; N, 19.6.

Synthesis of Zn**-1,7-Bis((4-quinolyl)methyl)-cyclen, 13:(NO;);;H,0. An acetonitrile
solution (120 mL) of 4-(chloromethyl)-quinoline (2.40 g, 13.5 mmol), K,CO, (1.90 g, 13.7 mmol),
and 1,7-bis(diethoxyphosphoryl)-1,4,7,10-tetraazacyclododecane (2.00 g, 4.5 mmol)*® was refluxed
for 1 day. After removal of inorganic salts, the solvent was evaporated. The residue was purified
by silica gel column chromatography (eluent: CH,Cl,/MeOH = 25:1). After evaporation of the
solvent, MeOH (15 mL) and 36% aqueous HCIl (5 mL) were added. The reaction mixture was
stirred at 60 °C for 12 h. After evaporation of the solvent, the residue was dissolved in H,0O (20
mL) and the solution pH was adjusted to 12 with 5 M NaOH. The alkaline solution was extracted
with CH,CH, (100 mL X 5) and the solvent was evaporated. The residue was crystallized from
48% aqueous HBr/MeOH to obtain 1,7-bis((4-quinolyl)methyl)-cyclen-4HBr-2H,0 as colorless
prisms (1.33 g, 36% yield). IR (KBr pellet): 3351, 2635, 1599, 1389, 1343, 1051, 822, 612 cm™.
'H NMR (D,0): & 3.25 (8H, t, J = 5.0 Hz, NCH,), 3.44 (8H, t, J = 5.0 Hz, NCH,), 4.84 (4H, s,
ArCH,), 8.07 (2H, dd, J = 6.5 and 8.5 Hz, ArH), 8.15 (2H, d, J = 5.5 Hz, ArH) 8.22 (2H, dd, /= 6.5
and 8.5 Hz, ArH), 8.31 (2H, d, J = 8.5 Hz, ArH), 8.52 (2H, d, J = 8.5 Hz, ArH), 9.15 (2H, d, J=5.5
Hz, ArH). CNMR (D,0): 8 46.1, 50.7, 55.6, 124.52, 124.54, 127.5, 131.1, 133.4, 137.9, 140.7,

146.4,157.6. Anal. Calcd for C,H,,N,O,Br,: C, 41.3; H, 5.2; N, 10.3. Found: C, 41.3; H,5.3; N,
10.2.
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Zinc(IT) complex 13-(NO,),-H,0 as colorless prisms was obtained in 70 % yield by almost the
same method as used for 12 except using the H,O/MeOH for its crystallization. IR (KBr pellet):
3223, 1491, 1385 (NO;"), 1287, 1092, 772 cm™. 'H NMR (D,0): § 2.86-2.91 (4H, m, NCH,),
2.97-3.05 (4H, m, NCH,), 3.00-3.15 (4H, m, NCH,), 3.35-3.41 (4H, m, NCH,), 4.60 (4H, s,
ArCH,), 7.82 (2H,d, J = 4.5 Hz, ArH), 7.84 (2H, dd, J = 6.5 and 8.5 Hz, ArH), 7.96 (2H, dd, /= 6.5
and 8.5 Hz, ArH), 8.19 (2H, d, J = 8.5 Hz, ArH), 8.29 (2H, d, J = 8.5 Hz, ArH), 8.94 (2H, d, J = 4.5
Hz, ArH). "“C NMR (DMSO-d,): 8 43.0, 49.3, 50.6, 123.75, 123.84, 127.0, 127.6, 129.3, 129.9,
138.3, 148.1, 149.8.  Anal. Calcd for C,H,(N;O,Zn: C, 50.8; H, 5.5; N, 16.9. Found: C, 51.2; H,
5.6; N, 16.9. |

Synthesis of Zn**-(1-Naphthyl)methyl-cyclen, 14:(NO;),. An acetonitrile solution (60
mL) of 1-(chloromethyl)-naphthalene (934 mg, 5.29 mmol) and 1,4,7-tris(tert-butyloxycarbonyl)-
1,4,7,10-tetraazacyclododecane® (1.00 g, 2.12 mmol) was refluxed in the presence of K,CO; (730
mg, 5.29 mmol) for 1 day. After removal of inorganic salts, the solvent was evaporated. The
residue was purified by silica gel column chromatography (eluent; CH,Cl,/MeOH = 50:1). After
evaporation of the solvent, the residue was dissolved in EtOH (10 mL) and then 48% aqueous HBr
(2 mL) was added. The reaction mixture was stirred for 12 h at room temperature. After
evaporation of the solvent, the residue was crystallized from 48% aqueous HBr/MeOH to obtain
colorless needles of (1-naphthyl)methyl-cyclen-3HBr-H,O (0.742 mg, 61% yield). IR (KBr
pellet): 2953, 2705, 1597, 1443, 1069, 781 cm™'. 'H NMR (D,0): & 2.92 (4H, br, NCH,),
3.02-3.04 (8H, m, NCH,), 3.12 (4H, br, NCH,), 4.35 (2H, s, ArCH,), 7.58-7.67 (3H, m, ArH), 7.71
(14, t, J = 7.5 Hz, ArH), 8.02 (1H, d, J = 8.0 Hz, ArH) 8.07-8.09 (2H, m, ArH). "C NMR (D,0):
044.8, 45.2,47.0, 52.5, 58.9, 125.5, 128.9, 129.5, 130.2, 132.4, 132.5, 132.6, 134.1, 134.4, 136.8.
Anal. Calcd for C,(H;,N,OBr;: C, 39.8; H, 5.8; N, 9.8. Found: C, 40.0; H, 5.9; N, 9.8.

Zinc(Il) complex 14-(NO,), as colorless prisms was obtained in 53 % yield by almost the
same method as used for 12. IR (KBr pellet): 3204, 1495, 1385 (NO;"), 1092, 980, 791 cm™. 'H
NMR (D,0): § 2.59-2.64 (2H, m, NCH,), 2.76-2.88 (6H, m, NCH,), 2.93-3.04 (6H, m, NCH,),
3.20-3.26 (2H, m, NCH,), 4.48 (2H, s, ArCH,), 7.58-7.71 (4H, m, ArH), 8.02-8.05 (2H, m, ArH),
8.21 (1H, d, J=8.5Hz, ArH). "C NMR (D,0): 8 45.3,46.5, 47.5, 52.7, 54.5, 126.2, 128.2, 129.1,
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129.9,131.2, 132.0, 132.4, 133.5, 135.5, 136.6. Anal. Calcd for C,gH,,N,O¢Zn: C, 45.5; H, 5.6; N,
16.8. Found: C, 45.8; H, 5.6; N, 16.5.

Synthesis  of Zn**-1,7-Bis((1-naphthyl)methyl)-cyclen, 15:(NO;),. 1,7-Bis((1-
naphthyl)methyl)-cyclen-2HBr-H,O as colorless prisms was obtained in 40.0% yield by almost the
same method as used for 13. IR (KBr pellet): 3436, 2953, 2768, 1466, 1395, 783 cm™. 'HNMR
(DMSO-d,): & 2.92 (8H, br, NCH,), 3.21 (8H, br, NCH,), 4.32 (4H, s, ArCH,), 7.56-7.67 (8H, m,
ArH), 7.95 (2H, d, J = 7.9 Hz, ArH), 8.01 (2H, d, J = 7.6 Hz, ArH), 8.26 (2H, d, J = 8.6 Hz, ArH).
3C NMR (DMSO-dj): & 42.5, 47.8, 52.8, 123.4, 125.4, 125.7, 126.5, 127.98, 128.05, 128.8, 132.0,
132.1, 133.5. Anal. Calcd for C;,H,,N,OBr,: C, 57.0; H, 6.4; N, 8.9. Found: C, 57.1; H, 6.3; N,
8.9.

Zinc(I) complex 15-(NO,), was obtained as colorless prisms in 68.0 % yield by almost the
same method as used for 12 except using the H,O/CH,CN for its crystallization. IR (KBr pellet):
3189, 1945, 1385 (NO,), 1096, 1013, 785 cm™. 'H NMR (DMSO-d): & 2.50-2.57 (4H, m,
NCH,), 2.74-2.87 (4H, m, NCH,), 2.91-3.01 (4H, m, NCH,), 3.05-3.20 (4H, m, NCH,), 4.48 (4H,
s, ArCH,), 7.58-7.70 (8H, m, ArH), 8.00-8.03 (4H, m, ArH), 8.28 (2H, d, J = 8.3 Hz, ArH). PC
NMR (DMSO-d,): § 43.0, 49.0, 51.1, 123.6, 125.1, 125.8, 126.6, 128.7, 128.9, 129.0, 130.4, 132.6,
133.6. Anal. Calcd for C, H;N4O¢Zn: C, 56.1; H, 5.7; N, 13.1.  Found: C, 56.4# H, 5.8; N12.7.

DNase I and Micrococcal Nuclease Footprintings for 150 bp DNA fragment. The 150
bp DNA fragments (pUC19 sequence from 1881 to 2030 (AT-rich region) was arbitrarily selected)
was amplified by PCR using pUC19 as a template and two 20 mer primers
(5GCGTCAGACCCCGTAGAAAAS3' and 5AGTTACCTTCGGAAAAAGAGS3') obtained from
Amersham Pharmacia Biotech. The 5’-end of either primer (Watson or Crick strand) was 5-3%p
labeled with T4 polynucleotide kinase and [y-*°P] ATP. The amplified DNA fragments were
purified by non-denatured polyactylamide gel electrophoresis.

The 5°-*?P labeled 150 bp DNA fragment (10,000 cpm) and sonicated calf thymus DNA (100
uM base) were incubated with a testing compounds in 50 pL of 10 mM EPPS (pH 8.0) at 25 °C for

an hour. Then 0.09 unit of DNase I or micrococcal nuclease was added and incubated for 3 min
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at room temperature. Digestion was quenched by addition of 10 pL solution containing 50 mM
EDTA, 0.5%(w/v) sodium dodecyl sulfate (SDS), 1.8 M sodium acetate, and 10 pug yeast tRNA.
The cleaved DNA was ethanol precipitated, dried and dissolved in 3 upL of 95%(v/v)
formamide/H,O containing 0.05%(w/v) bromophenol blue, 0.05%(w/v) xylene cyanol, and 20 mM
EDTA. They were heated at 95 °C for 10 min and loaded onto denatured 8%(w/v)
polyacrylamide gel. After drying the gel, autoradiography was carried out at —80°C without using
intensifying screen. Bands in the digests were assigned by comparison with Maxam-Gilbert
markers specific for adenine and guanine.'® The densitometric analysis was carried out using
BIO-1D software from M&S Instruments Trading Inc. The footprintings were performed at least

three times.

UV and Visible Absorption Studies Spectrophotometric titration experiments were
performed with a HITACHI U-3500 spectrophotometer at 25°C. Quartz cuvett (1 cm) was used,
with continuous stirring throughout the course of the titration. A stock solution of DNAs (1.0 mM
per phosphates in 10 mM EPPS (pH 8.0) containing 0.1 M NaNO;) was added in increasing
amounts to a 2 ml solution of the tested compounds in the same buffer. The decreases in the
absorption of the compounds at their absorption maxima were measured. The apparent binding

constants K versus D, where D is the concentration of

ap Were determined from the plots of D / Ag

app

DNA in phosphates, Ag,,, = & - €,,,, and A€ = & - &,.%" where &, and &; correspond to the extinction

coefficient of the DNA-bound compounds and the extinction coefficient of the DNA-unbound

compounds, respectively. The apparent extinction coefficient, €,,,, was obtained by calculating

app?

A / [compounds], where A, corresponds to the observed absorbance at absorption maxima.

The data were fitted to eq.1, wherein a slope equal to 1 / A¢ and a y-intercept equal to K,,, / A€ were

obtained. €&, was determined from Ag, and K,,, from the ratio of the slope to the y-intercept.

D/Ae, ,=D/Ae+K,, /Ae (1)

app app

The concentration of the DNA-bound compounds (C,) was determined as follow.'"

Co=(& Com-Aws) / (&-8) (2)
The concentration of the DNA-unbound compounds (C;) was determined by

Cf = Ctota.l - Cb (3)
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DNA Melting Studies Thermal melting curves of native and synthetic DNAs (50 UM in 10
mM EPPS buffer (pH 8.0 at 25 °C) containing 15 mM NaNO,) were followed on a HITACHI U-
3500 spectrophotometer equipped with a thermoelectric cell temperature controller (£ 0.5°C) and
a stirrer unit. A lcm quartz cuvett was used. The temperature was raised at the rate of 0.5°C/
min. T, values were determined by differentiation of the melting curves. The AT,, value for
each compound was calculated as the temperature difference between the compound’s T, and the

DNA’s T,.

DNA Transcription Inhibition Assay The inhbitory activities of Zn**—cyclen complexes
in transcription of DNA in vitro were examined using calf thyums DNA' or synthetic DNA
polymers as a template and E.coli RNA polymerase (from SIGMA).? Reaction mixtures (total
volume 50 ul) contained each 200 uM of GTP, CTP, ATP, and UTP except where [*H] UTP (50
mCi / mmol, 200 uM), [’H] ATP (50 mCi / mmol, 200 uM), or [0-*2P] CTP (6 Ci / nmol, 200 pM)
were substituted for non radio-active substrate, 10 mM MgCl,, and 0.2 mM dithiothreitol,
template DNAs, and cyclen derivatives in 50 mM Tris HCl (pH 8.0). The phosphate
concentration of the template DNAs were as follows: calf thymus DNA, 250 uM;
poly(dA)-poly(dT), 20 uM; poly(dA-dT),, 20 uM; poly(dG-dC),, 20 pM. The reactions were
started by adding 5 pl of RNA polymerase (0.22 pg protein / ul). All the reactions were
terminated after 60 minutes at 37°C by pouring the 50 pl of the reaction solution on a DE81 filter
(DEAE cellulose ion exchanger from Whatman). Filters were dried for 10 min and washed four
times for 10 min with 5% Na,HPO, solution. The incorporation of the labeled substrates into the

synthesized RNA was counted with a liquid scintillation counter.

Antimicrobial Test. Antimicrobial activities against a gram positive bacteria
(Staphylococcus aureus FDA 209P) and a gram negative bacteria (Escherichia coli NIHJ]) were
determined by a microtiter plate method: 0.2 ml of Miieller-Hinton broth (Oxoid) per well, an
inoculum density of 1 x 10° to 5 x 10° bacteria per mL, and a range of tested compounds
concentrations (0 — 50 pM) were used. After the test solutions were incubated for 12 h at 37°C,

the minimum inhibitory concentrations (MICs) were determined. The MIC (uM) is defined as
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the lowest concentration that inhibited growth of the bacteria.

Topoisomerase Assay. Type I topoisomerase reactions were conducted in 10 mM Tris
buffer (pH 7.9, 20 uL) containing 0.25 pg of pBR 322 plasmid, 150 mM NaCl, 1 mM spermidine,
0.5 mM dithiothreitol, 100 pg/mL bovine serum albumin, and a Zn**~cyclen derivative. After
addition of 0.5 unit of human type I topoisomerase (Topo GEN), the mixture was incubated for 10
min at 37 °C. Type II topoisomerase reactions were conducted in 50 mM Tris buffer (pH 8.0, 10
uL) containing 0.25 ug of pBR 322 plasmid, 120 mM KCl, 10 mM MgCl,, 0.5 mM ATP, 0.5 mM
dithiothreitol, 30 pg/mL bovine serum albumin, and a Zn**—cyclen derivative. After addition of
0.2 unit of human type II topoisomerase (Topo GEN), the mixture was incubated for 2 h at 37°C.
Both enzyme reactions were stopped by adding phenol/chloloform (= 3:1) solution. The reacted
plasmid DNA in the aqueous phase was separated from the organic phase. The composition of
DNA was analyzed by electrophoresis on 1 % agarose gel containing 40 mM Tris (pH 8.0), 40
mM acetate, | mM EDTA, and 2 pg/mL chloloquine.

DNase I Footprinting for SV40 early gene promoter DNA fragment. A 197-bp DNA
fragment form the promoter region of SV 40 was prepared by digestion of plasmid pGL control
vector (Promega) by Bgl II (or Hin dIII), dephosphrylated with calf intestinal alkaline phosphatase,
and 5'-**P labeled with T4 polynucleotide kinase and [y-’P] ATP. Then the labeled fragment was
digested with Hin dIII (or Bgl II) to generate the unique end-labeled fragment, and the desired
fragment was purified by 10 % non-denatured polyacrylamide gel electrophoresis.

The 5°-**P labeled SV40 early promoter DNA fragment (10,000 cpm) and a tested cycken
complexes (or a recombinant human TATA box binding protein (Santa Crutz Biotechnology))
were dissolved in 25 mM Tris buffer (50 pL, pH 8.0) containing 6.25 mM MgCl,, 50 mM KCl,
10 %(w/v) glycerol, 0.01 %(w/v) Nonidet P-40, 10 uM EDTA, and 20 uM dithiothreitol. = After
incubation for 1 h at 25 °C, 0.09 unit of DNase I was added. The mixture was incubated for 3
min at room temperature and then an aqueous solution (10 puL) containing 50 mM EDTA,
0.5 %(w/v) sodium dodecyl sulfate (SDS), 1.8 M sodium acetate, and 10 pg yeast tRNA was

added. The cleaved DNA was treated with phenol/chloroform (= 3:1), precipitated with ethanol,
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dried and dissolved in 3 pL of 95 %(v/v) formamide/H,O containing 0.05 %(w/v) bromophenol
blue, 0.05 %(w/v) xylene cyanol, and 20 mM EDTA. Electrophoesis of DNAs was carried out in

the same method of footprinting analysis for 150 bp DNA fragment.

Gel Mobility Shift Assay for Complexation of TBP with TATA Box DNA. The 25-bp
DNA (10,000 cpm, 5°-P labeled 5’-GCAGAGCATATAAAAATGAGGTAGG-3’ (Santa Crutz
Biotechnology)) was incubated with a Zn**—cyclen derivative for 30 min at 30 °C in 20 mM
HEPES-KOH buffer (pH 7.9, 8.4 uL) containing 25 mM KCI, 2 mM spermidine, 0.025 %(w/v)
nonidet P-40, 10 %(w/v) glycerol, and 100 pg/mL BSA. To the solution was added the same
buffer solution (1.6 uL) containing 40 ng of a humam TATA box binding protein (Santa Crutz
Biotechnology), 2.5 mM EDTA, and 0.5 mM dithiothreitol. After 30-min incubation, the mixture
(10 uL) were applied onto a 6 %(w/v) native polyacrylamide gel (acrylamide/bis-acrylamide =
40/1) and run in the buffer (22.3 mM Tris, 22.3 mM boric acid, 0.5 mM EDTA, 2.5 mM MgCl,,
and 0.05 %(w/v) nonidet P-40) at 25°C, and analyzed by autoradiography. The densitometric

analysis was carried out using BIO-1D software from M&S Instruments Trading Inc.

Ethidium Bromide Displacement Assay. Ethidium bromide 18 and DNA (both 2 pM) in
2.5 mL of buffer solution (10 mM EPPS, pH 8.0) was titrated with 1 pL aliquots of 1 mM cyclen
complexes in the same buffer. The decrease in the fluorescence intensity (excitation at 520 nm
and emission at 600 nm) was monitored by Hitachi U-4500 florescence spectrophotometer with / =
0.1 (NaNOQ at 25°C. The measured fluorescence intensity was corrected by subtracting the
intensity of the ethidium bromide (2 uM) in the absence of DNA. The Cs, value was determined

as the cyclen complex concentration required to reduce the fluorescence intensity to 50%.

Gel Mobility Shift Assay for Complexation of Sp1 with GC Box DNA. The 23-bp Spl
consensus DNA (5’ ATTACGATCGGGGCGGGGCGAGC3’ ) (Promega) was 5'-*’P labeled with
T4 polynucleotide kinase and [y-*°P] ATP. The labeled DNA (5 nM) was incubated with a
testing cyclen complex or a drug for 30 min at 25 °C in 50 mM Tris-HCI buffer (pH 7.5, 9 uL)
containing 50 mM NaCl, 4 %(w/v) glycerol, and 1 mM MgCl,. To the solution was added 1 pL
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(86.3 ng) of humam Sp 1 (Promega, stocked in 12 mM HEPES-KOH (pH 7.5), 50% glycerol, 50
mM KCl, 6 mM MgCl,, 0.1 %(w/v) Nonidet P-40, 5 uM ZnSO,, and 2 mM dithiothreitol). After
30-min incubation, the mixture (10 uL) were applied onto a 4%(w/v) native polyacrylamide gel
(acrylamide/bis-acrylamide = 80/1) and run in the 0.5 X TBE buffer (22.3 mM Tris, 22.3 mM boric
acid, 0.5 mM EDTA) at 25°C, and analyzed by autoradiography. The densitometric analysis was

carried out using BIO-1D software from M&S Instruments Trading Inc.
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Appendix: Equibrium for complexation of Zn**-cyclen complex with nucleotide, and

calculation of conditional binding constant (K,,,) at various pH.

(1) Equibrium for complexation of Zn*—cyclen with dT(U).

no R?_? dT:R=CH
HN / e
ZnL-(OH)™ ) dT N T
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