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ChromenoI4,3-b][l,S]benzodiazepine stereoisomer, substituted; NMR; CD; X-ray diffraction; Spectrophotometry; 
Fluorescence spectroscopy 

As an alternative to naturally occurring pyrrolo[2,1-c][lA]benzodiazepines (e.g., antramycin) which possess properties of DNA 
alkylation, we have designed several antileukemic chromeno(4,3-b][l,5]benzodiazepine derivatives with potential activity toward 

leukemia cell membranes and the cyclic nucleotide system. The cis and tram diastereoisomers were characterized by NMR. The 
absolute configurations of the enantiomers were established by X-ray diffraction and circular dichroism (CD) measurements. By 

means of absorption spectroscopy and determinations of fluorescence and fluorescence decay, it was found that the cancerostatically 

active compound (+ )(6aR,13oS)-3,4-dimethoxy-lO,ll-dimethyl-6,6a,7,8,13,13a-hexahydrochromeno(4,3-b][1,5]benzodiazepine 

(ZIMET 54/79) and its biologically inactive (- ) enantiomer (ZIMET 55/79) interact with liposomal membranes. At pH values of 

6.0 and 7.3, the long-wave absorption bands of these agents showed weak bathochromic and hypochromic effects upon addition of 
neutral, and positively and negatively charged phosphatidylcholine and phosphatidylcholine/cholesterol liposomes. Such spectral 

changes are interpreted as resulting from the binding of both agents to phospholipid bilayers. Steady-state determinations using the 
membrane probe 1-aniline-&naphthalenesulfonic acid (1,8-ANS) led to the observation of a small decrease in fluorescence intensity 

in the presence of either agent. Time-resolved measurements demonstrate that the mechanism of action of the agents occurs mainly 

through the partial displacement of probe molecules from regions of hydrophobic binding to areas of greater solvent accessibility. No 

significant differences in binding between the cancerostatically active and inactive enantiomers with liposomes (a&ml systems) were 
detectable on the basis of spectrophotometric and fluorescence determinations. Cell membrane bound adenylate cyclase is stimulated 

by ZIMET 54/79, resulting in an increase of 103% in the level of CAMP in mouse L1210 leukemia cells. On examination of 
structure-activity relationships, it was found that the biological activity (leukemia L1210, P388, Lewis lung carcinoma, melanoma 

B16, increase in CAMP) is correlated with the particular configuration (6aR,13oS) and type of substituent at positions 3 and 4 of the 
benzo ring in the case of alkoxy groups and positions 10 and 11 for methyl groups. No activity was detected toward DNA/RNA 

using microbial test systems. 
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1. Introduction 

Most antineoplastic agents attack DNA, RNA, 
proteins or their metabolites as alkylating com- 
pounds, antimetabolites or intercalators. An alter- 
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native approach to influencing the growth of 
malignant cells may be provided by agents that 
interact with cancer cell receptors, thereby mod- 
ifying the activity of membrane-bound enzymes, 
such as adenylate cyclase. Cyclic nucleotides [l-4] 
appear to play an important role in the regulation 
of cell growth. Otten et al. [5,6] have shown via in 
vitro experiments that certain tumor cell lines, 
e.g., chicken fibroblasts infected with Rous 
sarcoma virus, can be retransformed and normal- 
ized morphologically by treatment with cyclic 
adenosine 3’,5’-phosphate (CAMP) or dibutyryl 
CAMP. Cell-density-dependent growth (contact in- 
hibition of cells) appears to be restored and cul- 
tures grow as monolayers similarly to normal cells. 
The second messenger CAMP is capable of chang- 
ing cell permeability, interacting with enzymes, 
transport proteins and histones, and influencing 
DNA metabolism. Growth inhibition could be 
brought about by increased CAMP levels in cells. 
Activation of adenylate cyclase or inhibition of 
the CAMP-specific phosphodiesterase are two pos- 
sible routes by which the CAMP level in cells may 
be enhanced by chemical agents. Psychotropic 
drugs such as 1,Cbenzodiazepines and pheno- 
thiazines (71 display manifold activities in the 
adenylate cyclase system, often reflected in the 
form of an increase in CAMP level. 

In addition, psychotropic or central nervous 
system (CNS) active drugs with significant anti- 
tumor activities which do not involve cyclic 
nucieotides have been reported [8]. Pyrrolo- 
[2,1-c][l,4]benzodiazepines (e.g., antramycin) are 
well-known antibiotic metabolites isolated from 
Streptomyces strains which show clinical activity 
against gastrointestinal and breast tumors, lym- 
phomas and sarcomas. They exert their antitumor 
effects through inhibiting DNA-directed RNA 
synthesis. Such inhibition results from covalent 
binding of the heterocyclic carbinolamine struc- 
ture with the 2-amino group of guanine in DNA 
[9]. In contrast, our aim was to synthesize and 
characterize new l&benzodiazepines that do not 
alkylate DNA or RNA, but do influence malig- 
nant cell growth by interacting with the receptor 
sites of tumor cell membranes or membrane con- 
stituents such as adenylate cyclase. 

In order to characterize this new class of anti- 

neoplastic agents with low toxicity, we have 
evaluated the structure-activity relationships for 
stereoisomers of chromeno[4,3-b][l,5]benzodiazep- 
ines and essential substituents and determined 
their mechanism of action. 

2. Materials and methods 

2.1. Syntheses of chromeno[4,3-b][I,S]benzodi- 
azepine derivatives 

Werner et al. [lo-141 synthesized several series 
of substituted chromeno[4,3-b][l,5]benzodi- 
azepines (fig. 1 and tables l-3). Condensation of 
substituted o-phenylenediamines with substituted 
1,3-functionalized chroman-4-ones resulted in un- 
saturated heterocycles lacking biological activity 
in experimental tumor models. Finally, hydro- 
genation of one or two double bonds of the het- 
erocycles yielded diastereoisomers and enanti- 
omers of ring systems with two asymmetric carbon 
atoms. Some of the compounds exhibited anti- 
neoplastic properties. The separation of cis and 
tram configured diastereoisomers and the resolu- 
tion of their optically active cis enantiomers have 
been carried out [lo-141. Tables 1 and 2 list the 
cis configured racemates and enantiomers while 
table 3 shows data on the related diastereomers 
with the trans configuration. 

2.2. ‘H-NMR 

‘H-NMR spectra were recorded at 100 MHz in 
C2HCl, solution using a Tesla BS 497 spectrome- 
ter equipped with an FT adaptor. 

2.3. X-ray diffraction 

X-ray diffraction (Hilger & Watts four-circle 
automatic diffractometer) analysis was carried out 
with crystals of the (+)cis enantiomer ZIMET 
54/79, using graphite-filtered MoKcr radiation. 
(6&13aS)3,4-Dimethoxy-10,11-dimethy1-6,6a,7, 
8,13,13a-hexabydrochromeno[4,3-b][1,5]benzodia- 
zepine hydrobromide methanolate: C,,H,,N,O, * 
HBr * CH,OH, colorless crystals, m.p. 199-201 o C 
(corr.) (CH,OH) [15]. 
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2.4. Circular dichroism (CD) 2.6. Cyclic nucleotide system 

CD spectra were recorded on a Cary 60 spec- 
tropolarimeter with a model 6001 CD attachment 
using 1 mm optical cells, and CH,OH, C,H,OH 
or CHCl, as solvents [12]. 

2.5. Spectrophotometric and fluorescence meusure- 

ments 

2.5.1. Chemicals 

The effect of biologically active and inactive 
compounds on the cyclic nucleotide system was 
examined in vitro by employing a modification of 
the method of Thompson and Appleman [20] and 
in vivo by means of the competitive protein bind- 
ing procedures of Gilman [21] and Thompson and 
Appleman [20] using ABDZF, hybrid mice bearing 
L1210 cells (cf. section 2.8). The agents were ad- 
ministered intraperitoneally. 

Egg phosphatidylcholine (EPC) was prepared 
and purified according to a modification of the 
procedure of Singleton et al. [16]. Cholesterol 
(Chol), stearylamine (SA), dicetyl phosphate 
(DCP), 1-anilino-S-naphthalenesulfonic acid (1,8- 
ANS) and phosphate-buffered saline were ob- 
tained as commercial products of analytical grade. 

2.7. Antimicrobial tests 

2.5.2. Liposome preparation 
Liposomes of the following compositions were 

used: EPC, EPC/Chol (molar ratio 1: 1, neutral), 
EPC/Chol/DCP (molar ratio 7 : 5 : 2, negatively 
charged), EPC/Chol/SA (molar ratio 7 : 5 : 2, 
positively charged). 

For vesicle preparation, pretreated lipid com- 
ponents were dispersed in phosphate-buffered 
saline (pH 7.2) and sonicated for 10 min (Branson 
Sonifier B-12, 75 J/s) under an inert gas and on 
ice. The stock solution contained 10e2 M lipid 
and was diluted before use. More detailed infor- 
mation is available in ref. 17. 

The in vitro antimicrobial activity of truns 

(ZIMET 102/76, 32/86) and cis (ZIMET 54/79, 
55/79, 15/87, 16/87) configured stereoisomers 
against a variety of different microorganisms was 
determined using a standardized agar plate diffu- 
sion assay seeded at 4 X 10’ cells/ml per test plate 
(34 ml of nutrient agar). 0.1 ml suspensions of 
spores/cells were added to molten agar. Agar 
plates (15 cm in diameter) containing 12 wells (10 
mm in diameter) were used to assess the antimi- 
crobial activity of each compound. Standards of 
cis and tram diastereoisomers were prepared as 
stock solutions in dimethyl sulfoxide (DMSO) at a 
concentration of 5 mg/ml. 50-pl samples of the 
compounds at different concentrations were placed 
in the wells and after diffusion at room tempera- 
ture for 1 h, all test plates were incubated for 16 h 
at 37” C. As special test models the prophage 
induction and BIP [22] tests were used. 

2.53. Instrumentation 

Spectrophotometric determinations were per- 
formed using a Specord UV/Vis spectrometer 
(VEB Carl Zeiss Jena, G.D.R.). Quantum-cor- 
rected fluorescence spectra were obtained by 
means of a Fica 55 type fluorometer. Time-re- 
solved measurements were recorded by means of a 
nitrogen gas laser pulse fluorometer (LIF 200; 
Academy of Sciences of the G.D.R.) equipped 
with cut-off filters, a photodiode (rise time below 
0.6 ns), and a BCl 280 boxcar averager for data 
acquisition. After correction [18], data were 
evaluated in terms of a double-exponential decay 
function using a least-squares reconvolution and 
fitting procedure (program ALAU [19]). 

2.8. Tumor and animal models 

2.8.1. Mice 

DBA/2 Jena and C57BL/6 Jena inbreds, 
(AB/Jena X DBA/2 Jena) F,-hybrids (ABDZF,) 
and (C57BL/6 Jena X DBA/2 Jena) Fi-hybrids 
(B6D2F,) of either sex from this institute’s animal 
breeding unit (SPF) were used at 6-8 weeks of age 
(17-21 g body weight). The housing conditions 
have been described previously [23-251. 

2.8.2, Tumors and experiments 
The tumor lines, cryoconserved in liquid nitro- 

gen, were grown in animals of the syngeneic in- 
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bred strain for one passage and then used for 
experiments on hybrids. Tumor lines (abbrevia- 
tion) and mouse strains for experiments were: 
leukemia L1210 (L1210), B6D2F,, ABD2Fr; 
leukemia P388 (P388), B6D2F,, ABDZF,; 
melanoma B16 (B16), B6D2F,; Lewis lung 
carcinoma (LLC), B6D2F,; lymphoma (ABDt2), 
ABD2Fr. 

Details of the transplantation techniques em- 
ployed have appeared elsewhere [23,26]. 

Tumor inoculation was performed on day 0. 
Treatment was initiated on day 1. The end point 
of experiments was generally day 30 except in 
LLC where experiments were finished on day 23. 
The effects were expressed as increased life span 
(ILS) in survival experiments (L1210, P388, B16) 
or tumor weight inhibition (TWI) with LLC. In 
vitro activity was determined by the method of 
Jungstand [27] which depends on the inhibition of 
proliferation of an L1210 cell culture line. 

3. Results 

3.1. Evaluation of the cis and tram diastereomeric 
configurations 

The cis and fruns configurations of the com- 
pounds shown in fig. 1 and tables 1-3 can be 
discriminated by ‘H-NMR spectra [lo]. The vici- 
nal coupling constants between 6a-H and 13~H 
establish the relative configuration. In the case of 
compounds with cis configuration (tables 1 and 2), 
estimation of J6a_H,130_H is simple. A doublet sig- 
nal within the range 4.50-4.80 ppm with a split- 
ting of 3.5 Hz results from the 13~ proton. This 
sph t ting remains invariant after hydrogen-de- 
uterium exchange (NH coupling does not par- 
ticipate) and therefore directly represents the vici- 
nal coupling J6e_H.,3a_H = 3.5 Hz. For compounds 
with the truns configuration (table 3) however, 
the corresponding signal is masked by other ab- 
sorption bands. Therefore, we determined 
J 6rr_H,130_H as follows. To a C’HCI, solution of the 
compound under investigation, a few drops of 
trichloroacetyl isocyanate were added. Both NH 
groups of the molecule consequently reacted with 
the reagent and yielded the corresponding ureas. 

Fig. 1. Formulae of the basic structures of the diastereo- 
mers (6aR,13aS)-6,6o,7,8,13,13u-hexahydrochrom~o[4,3-b]- 
[1,5]benzodiazepine (1, cis-HHCB): (6aR,l3oS)-2,3,6, 
6o,7,8,13,13a-octahydro[l’,4’]dioxin~2’,3’: 7,8]chromeno- 
[4,3-6][1,5]benzodiazepine (2 cis-OHDCB); (6&,13aR)- 
6,6a,7,8,13,13a-hexahydrochromeno[4,3-b][1,5]benzodiazepine 
(3, frans-HYCB);(6aR,13nR)-2,3,6,6a,7,8,13,13n-octahydro- 
[1’,4’]dioxino[2’,3’: 7,8]chromeno[4,3-b][1,5]benzodiazepine (4, 

trans-OHDCB). 

During the process of forming the derivatives, no 
change in the linking of the heterocyclic rings is 
possible. However, the 13a-H signal shifts down- 
field and appears within the range 5.40-5.80 ppm, 
where no other signals are present. This signal 
displays a doublet structure with a splitting of 
II.5 Hz (Ji3.-H,60-H = 11.5 Hz). The unambiguous 
assignment of the coupling constants J6._H,,30_H = 
3.5 and 11.5 Hz to the cis and truns configuration, 
respectively, resulted from studies of Dreiding’s 
models. For the truns configuration (and for all 
possible conformations) the only dihedral angles 
possible lie between 150 and 18OO. 

On the other hand, for the cis configuration 
(and likewise for all possible conformations) di- 
hedral angles spanning the range O-60” were 
found. Because the Karplus relation required cou- 
pling constants of 8-12 Hz for dihedral angles 
greater than 150’, the value J130_H60_H = 3.5 Hz is 
impossible for the tram configuration. However, 
the above-mentioned assignment (cis configura- 
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Table 1 

ZIMET compounds derived from cis-HHCB (fig. 1. 1) substituents attached to image 1, reflected image enr-1 or racer& images 
rot-1; relative and absolute configurations, antitumor activity in vitro (yes, significant inhibition of cell growth ( 2 60% after 24 h 
incubation of test samples)) and in viva (cf. table 8; n.t., not tested) 

ZlMET 
no. 

31/16 
89/79 
88/19 
52/80 
14/89 
71/78 

20,‘78 

101/76 

54/79 

S/79 

Substituents 

3,4dimethoxy 
3,4dimethoxy 
3,4-dimethoxy 
IO,ll-dimethyl 
lO,ll-dimethyl 
3-methoxy- 
lO,ll-dimethyl 
3,4,10,11-tetra 
methoxy 
3+dimethoxy- 
X0,11-dimethyl 

3.4-dimethoxy 
lO,ll-dimethyl 

3,4-dimethoxy- 
10.11 -dimethyl 

Images Configurations Antitumor activity 

Relative Absolute In vitro Inactive In viva 

L1210 Active Inactive 

rat-1 (+)cis no L1210 
1 (+)cis (6aR,13aS) no ns. 

ent-l (-)CiS (6aSJ3aR) no L1210, P388 
1 (+)cis (6aRJ3oS) no n.t. 

ent-1 (-)cis (6aS,13nR) no ns. 

IX-1 (&)cis no L1210, P388 

rat-1 (*)c;s yes L1210, P388 

rat-1 (*)ciS yes L1210, P388, 
LLC 

1 (+)cis (6aR,13aS) w L1210, P388, 
B16, LLC, ABDt 2 

ent-1 ( - )cis (6aSJ3nR) no L1210, P388 

tion, J = 3.5 Hz; truns configuration, J = 11.5 
Hz) is in good agreement with Dreiding’s model 

and the Karplus relation. 

3.2. Absolute configuration of (6aR,13aS)3,4-di- 

methoxy-IO,lI-dimethyl-6,6a,7,8,13,l3a-hexahydro- 
chromeno[4,3-bj[l,.5]benzodiazepine (ZIMET .54/ 

79) as determined by X-ray diffraction 

The crystal and molecular structure of the hy- 
drobromide methanolate of the antileukemic 
ZIMET 54/79 (1; fig. 1 and table 1) was eluci- 
dated by performing single-crystal structure analy- 
sis. Detailed results have been reported by Mes- 
serschmidt and Werner [15]. The absolute config- 
uration was determined unambiguously by the 
application of anomalous dispersion effects. It was 
found that ZIMET 54/79 possesses the (6aR, 
13aS) configuration as shown in fig. 2. The intra- 
molecular dimensions (fig. 3) are within the ex- 
pected ranges. The two benzo rings are flat, as 
indicated by the torsion angles (5 3.1”). The 
pyrano and diazepine rings are cis-fused. The di- 
azepine ring shows a C-13a/a-C-7/P-twist-boat 

conformation as indicated by the AC,(C-6a) 
asymmetry parameter (figs. 3 and 4) [28]. The 
pyrano ring has a C-6a/a-C-6/&half-chair con- 
formation. Fig. 7 provides a view of the a-side of 
the molecule. The 3-methoxy substituent is syn- 
periplanar to C-2 forming a torsion angle, C-2-G 
3-O-3-C-31, of 2.1”. The 4-methoxy group is nearly 
synclinal to C-4a with a corresponding torsion 
angle, C-40C-4-0-4-C-41, of - 71.8 O. 

3.3. Determination of the absolute configuration of 
cis-HHCB and cis-OHDCB derioatives by CD 

The X-ray structure of ZIMET 54/79 (hydro- 
bromide methanolate) was used to determine the 
absolute configuration of related enantiomeric 
partially hydrogenated chromeno[4,3-b][l,5]benzo- 
diazepines and [1’,4’]dioxino[2’,3’ : 7,8]chromeno- 
[4,3-b][l,5]benzodiazepine derivatives (tables 1 and 
2). By means of CD measurements of the enanti- 
omeric pairs and comparison with the Cotton 
effects (table 4) of ZIMET 54/79 ((6aR,13aS) 
configuration) (fig. 4), the absolute configuration 
of ZIMET 52/80, 89/79 and 15/87 was de- 
termined to be (6aR,13aS) while that of ZIMET 
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Table 2 

ZIMET substances derived from cis-OHDCB (fig. 1, 2), substituents attached to image 2, reflected image em-2 or racemic images 
~a&; relative and absolute configurations antitumor activity in vitro (yes, significant inhibition (table 1)) and in vivo (cf. table 8) 

ZIMET Substituents Images Configurations Antitumor activity 
IlO. Relative Absolute In vitro In vivo In viva inaclive 

LIZ10 Active Inactive 

31,‘86 10,l I-dimethyl 
15/87 lO,ll-dimethyl 

16/87 lO.ll-dimethvl 

me-2 
2 

ent-2 

yes 
(6nRJ3oS) yes 

(6nS,l3aR) no 

F’388 
P388, 
LLC 

P388 

55/79, 88/79, 14/89 and 16/87 (fig. 5) was 
found to be (6aSJ3aR). The Cotton effects of 
other related compounds have been described by 
Werner and Burckhardt [12]. 

3.4. Absorption and jluorescence spectroscopy of the 

interaction of ZIMET .54/ 79 and 55/ 79 with lipo- 

somai membranes 

The series of experiments described below rep- 
resents our efforts to obtain evidence in support of 

the potential binding affinity of this class of com- 
pounds to the lipid-bilayer matrix of biomem- 
branes. Using liposomal membranes as models of 
biomembranes and 1,8-ANS as a fluorescent 
membrane probe, we attempted to demonstrate 
interactions of ZIMET 54/79 and its antineo- 
plastically inactive enantiomer 55/79 with differ- 
ent types of liposomes by means of absorption 
and fluorescence spectroscopy including fluores- 
cence decay measurements. 

Since monomer binding of substances to mac- 

Fig. 2. ORTEP plot [39] of (6aR,13aS)3,4-dimethoxy-l0,1l-dimethyl-cis-HHCB (ZIMET 54/79). Thermal ellipsoids are xaled to 
50% probability level. 
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C”3 

cn3 

Fig, 3. [ntrmolwulm dimensions of (6aR,13aS)3,4-dimethoxy-lO,ll-dimethyl-cis-HHCB. (a) Bond distances (A); 0 range L o.m7- 
1~012 A. (b) Bond angles (O); 0 range = 0.5-0.8°. (c) Endmyclic torsion angles (“); 0 range = 0.8~1.2”. 

romolecular systems can result in hypochromicity 
and/or bathochromicity being exhibited by ab- 
sorption spectra, the spectroscopic behavior of 

ZIMET 54/79 and 55/79 was investigated in the 
absence and presence of liposomal model mem- 
branes. Between pH 6 and 8, both in phosphate- 
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Table 3 

ZIMET substances derived from frons-HHCB (fig. 1, 3) and 
rrans-OHDCB (fig. 1. 4) (substituents attached to the racemic 
images rat-3 and rat-4, respectively) derivatives without anti- 
tumor activity 

ZIMET 
no. 

Substituents Images 

81/75 3-methoxy MC-3 

53/z 3.4dimethoxy rat-3 
51/80 lO,ll-dimethyl rat-3 
72/78 3-methoxy-lO,ll-dimethyl rat-3 

19/78 3,4,10,11-tetramethoxy rat-3 
102/76 3,4-dimethoxy-lO,ll-dimethyl rat-3 

32186 lO,ll-dimethyl rat-4 

buffered saline and when present in unbound form, 
both compounds exhibit absorption peaks with 
maxima at 210 and 303 nm. In the presence of 
EPC/Chol liposomes at a lipid/agent molar ratio 
of 7.7: 1 (concentrations: ZIMET 54/79 and 
55/79, 0.1 mM; EPC, 0.77 mM; Chol, 0.77 mM; 
in phosphate buffered saline), the long-wavelength 
absorption peaks of ZIMET 54/79 and 55/79 
decreased by 9.1 and 5.5% at pH 7, respectively. 
Simultaneously, the long-wavelength maximum 

240 260 280 ma 320 340 360 nm 

Fig. 4. CD curves of (6oR,13oS)-3,4-dimethyl-10,ll-dimethyl- 
HHCB (ZIMET 54/79) and (6oS,13aR)-3,4-dimethyl-lO,ll- 

dimethyl-HHCB (ZIMET 55/79) in different solvents. 

Table 4 

Cotton effects and configurations of the enantiomeric couples ZIMET 54/79 and 55/79 (fig. 4), ZIMET 52/80 and 14189, ZIMET 
89/79 and 88/79, ZIMET 15/87, and 16/87 (fig. 5) 

ZIMET Formula Cotton effects (om) Absolute 
no. (molecular (Ethanol) AC configuration 

weight) 

54/79 C, H J’W, 236 266 310 (6aRJ3aS) 
(340.4) -1.2 -3.9 +1.8 

55/79 C&&‘W, 236 266 310 (6nSJ3aR) 
(340.4) +0.8 + 4.8 -1.8 

52/80 C&J%0 237 274 309 (6uRJ3uS) 

(280.4) -1.0 -4.15 +1.7 

14/89 C,&L&O 237 274 309 (6aSJ3oR) 
(280.4) +0.1 + 4.2 -1.8 

89/79 C,sH,NzO, 335 265 304 (6aRJ3aS) 
(312.4) -1.5 ~ 4.9 +2.25 

88/79 C&,o%O, 335 265 304 (6oSJ3aR) 
(312.4) +1.25 +4.R -2.2 

15/87 C,&,N,% 271 306 (6aRJ3aS) 
(338.4) -28 f 20.2 

16/87 C&,,N,O, 271 306 (6oSJ3uR) 
(338.4) +28 - 20.8 
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Fig. 5. CD curves of (6aR,13aS)-lO,ll-dimethyl-OHDCB 
(ZIMET 15/87) and (6oS,13uR)-lO,ll-dimethyl-OHDCB 

(ZIMET 16/87) in ethanol. 

was shifted by about 3 nm from 303 to 306 nm. 
Such small hypochromic and bathochromic shifts 
may indicate that the interaction of these com- 
pounds with the phospholipid matrix of the lipo- 
somal model membranes is rather weak. In ad- 
dition, significant differences were observed be- 
tween the enantiomers ZIMET 54/79 and 55/79. 

The agent-liposomal membrane model system 
lacks an intrinsic fluorophore. Hence, the environ- 
mentally sensitive fluorescent probe l&ANS, ca- 
pable of being inserted into the bilayer surface 
region [29], was used in the study of fluorescence. 
On insertion into multi-component lipid bilayer 
sites of low solvent accessibility, the quantum 
efficiency of the probe molecule for emission in- 
creases 30-40-fold compared to aqueous solution 
[30,31]. Hence, although the composition of this 
system was chosen such that the bilayer-embedded 
species constituted a minor proportion of the fluo- 
rophore concentration, the overall fluorescence 
emission arose predominantly from inserted probe 

molecules. The steady-state fluorescence data in 
table 5 demonstrate that the interaction with the 
agents exerts a considerable effect on the emission 
by membrane-bound 1,fLANS. The relative de- 
crease in intensity appears to be of the same order 
of magnitude on varying the composition of the 
system whilst maintaining the EPC/1,8-ANS (total 
concentration) ratio constant. In particular, no 
significant influence of the sign of the liposomal 
charge is evident whereas the extent to which the 
l,S-ANS anion is incorporated responds in the 
expected manner [32]. No distinct differences in 
effect between the enantiomers were detected re- 
garding interaction with the stereochemically un- 
specific model system. In order to elucidate the 
physical origin of the steady-state fluorescence 
effects, time-resolved studies were performed (data 
in table 6). By proper selection of the long wave- 
length emission range and using cholesterol-con- 
taining samples strongly limiting l&ANS binding 
[30,32,33], we resolved two decay components 
which provide information on either probe species 
of interest. These are the moderately fluorescing 
bilayer-embedded species (determining y, and T, ) 
on the one hand and the very weakly fluorescent 
water-accessible species displaying a characteristic 
decay time of 0.2 ns [34] on the other (yz and TV; 

Table 5 

Agent-induced relative decrease in fluorescence intensity of 
lipomally bound 1,8-ANS under various experimental condi- 
tions 

Conditions: excitation wavelength, 370 nm; emission wave- 
length, above 520 nm; [EPC] and [Cholj. 0.77 mM: [1,8-ANSI. 
0.02 mM; phosphate-buffered saline ([Na+ 1, 0.19 M; pH 7.2). 

ZIMET Liposome Charge [Benzo- Relative 
no. composition diazepine] decrease 

(mM) of fluor- 
escence 
intensity 

(S) 

54/79 EPC/Chol 0 0.04 7.5 
55/79 EPC/Chol 0 0.04 11.0 
54/79 EPC/Chol 0 0.056 9.1 
55/79 EPC/Chol 0 0.05 8 5.5 
54/79 EPC/Chol/DCP - 0.04 9.3 
u/79 EPC/Chol/DCP - 0.04 8.3 
54/79 EPC/Choi/SA + 0.04 7.8 
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Table 6 

Fluorescence decay data for 1,8-ANS in liposomal samples in 
the absence and presence of ZIMET 54/79 

Conditions: excitation wavelength, 337 nm; emission wave- 

length, above 520 nm; [EPC] and [Chol], 0.77 run; [l,&ANS], 
0.02 mM; [ZIMET 54/79], 0.04 mM; phosphate-buffered saline 
([Na* 1, 0.19 M; pH 7.2); T, 2O.O’C. 

ZIMET 54/79 

Absent Present 

Decay time (ns) ’ 
71 6.10 ( f 0.05) 6.01 ( f 0.04) 

72 0.21 ( * 0.05) 0.19(*0.02) 

Pre-exponential factor 

Y1 0.70 0.40 

Y2 0.30 0.60 

table 6). In the presence of the agents, no signifi- 
cant change in T] and r2 takes place, however, a 
strong shift in the ratio of the components in 
favour of the water-accessible species is observed. 
This is clearly indicative of the partial relocation 

Table 7 

of the probe from hydrophobic sites into a hydro- 
philic environment, as a consequence of the inter- 
action of the agents with the liposomal membrane. 

3.5. Activity of cis and trans diastereomers and cis 
enantiomers in the cyclic nucleotide system 

Via in vitro experiments (table 7) it was found 
that micromolar levels of the cis-racemate ZIMET 
101/76, trans-racemate 102/76 or of the &s enan- 
tiomers ZIMET 54/79 and S/79 reduced the 
CAMP hydrolysing activity in fractions of L1210 
cells. The inhibition of CAMP-PDE activity results 
in an increase in CAMP levels in leukemia L1210 
cells (initial CAMP concentration, 2.1 PM). 
Quercetin and theophylline, both well known as 
CAMP-PDE inhibitors, when tested under identi- 
cal experimental conditions, showed 2- and I-fold 
higher I,,, values, respectively, when compared 
with cis- and trans-HHCB derivatives. 

On performing in vivo experiments (table 7) 
both the cis-racemate ZIMET 101/76 and the 

In vitro and in viva effectiveness in the cyclic nucleotide system and decrease in L1210 cell number induced by two diastereomers 
(cis- and rrans-racemates) and two cis enantiomers of selected chromeno(4,3-b][l,5]benzodiazepine derivatives 

(In vitro) Inhibition of ‘low-K,,,’ CAMP phosphodiesterase activity of L1210 soluble fractions from mice; Iso, concentration of 
inhibitor resulting in 50% inhibition of CAMP degradation on addition of the test compound and constant CAMP concentration. (In 
viva) Increases in CAMP, cGMP, CAMP-PDE and cGMP-PDE activities, decrease in Ll210 cell numbers/mouse. S, supematant; P, 
precipitate; underlined numbers indicate significance. 

ZIMET Relative In vitro Dose CAMP CAMP-PDE Number of cGMP cGMP-PDF 
no./ configu- I,, (mg/kg) (increase) activity L1210 (increase) activity 
respective ration (CM) (S) (increase) cells/mouse (S) (increase) 
standard (W) (decrease) (S) (W) 
compounds s S P 

Control 0 0 0 0 0 0 0 0 
101/76 (zt)cis 174.7 250 71.0 61.1 28.3 - - 

500 178.3 100.8 58.2 100 109 183 

102,‘76 ( * ) rrans 159.3 250 2.1 0 13.8 

500 0 13.2 15.1 0 -17 55 

54/79 (+)cis 185.0 125 38.0 79.3 48.8 - 2.9 10.9 - 
250 77.8 265.2 74.4 4.3 17.2 

500 103.7 363.0 78.7 3.9 29.2 

55/79 (-)cis 178.0 125 8.7 13.4 17.5 1.4 - 6.4 

250 12.0 9.8 20.5 0 4.0 

500 39.1 64.7 45.1 2.8 4.9 

Sarcolysin 0.3 73.5 140.9 59.4 

Quercetin 388.8 
Theophylline 1520.0 
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(+ )cis enantiomer ZIMET 54/79 were found to 
stimulate the activity of adenylate cyclase (not 
shown) as well as that of CAMP phos- 
phodiesterase, with the overall increase in CAMP 
level of leukemia cells being considerable. In con- 
trast, the truns-racemate ZIMET 102/76 dis- 
played no effect at all, and the (-)cis enantiomer 
ZIMET 55/79 only a very slight influence in 
raising CAMP levels on administration at 500 
mg/kg. The decrease in cell number for L1210 
cells was significant in every case and was found 
to be greatest with ZIMET 101/76 and 54/79. 
Increases in both cGMP level and cGMP phos- 
phodiesterase activity were unambiguously de- 
termined for ZIMET 101/76, however, the results 
for ZIMET 54/79 were inconclusive. The clini- 
cally used anticancer drug sarcolysin ((R, S)4- 
[bis(2-chloroethyl)amino]phenylalanine) at a com- 
paratively tiny dose showed similar effects to those 
of ZIMET 101/76 and 54/79 in the CAMP sys- 
tem. 

4. Discussion 

The investigation of physico-chemical, bio- 
chemical and biological parameters of partially 
hydrogenated chromeno[4,3-b][1,5]benzodiazepine 
derivatives should help in the elucidation of the 
structural factors essential to the biological ef- 
ficacy of this new class of antineoplastic agents. A 
thorough knowledge of structure-activity relation- 
ships and possible targets are two basic require- 
ments in order to approach further developments 
in drag design. All data pertinent to achieving 
greater specificity of the agents are closely con- 
nected with the stereochemistry of &r-al receptors 
or active sites in enzymes on the one hand, and 
chiral agents or drugs on the other. The conferring 
of specificity for a particular antigen to antibodies 
has thus far remained an unattainable objective of 
studies on drug-target interactions in the field of 
cancer chemotherapy. The two neighboring asym- 
metric carbon atoms in the heterocyclic ring sys- 
tems described here offer the possibility of synthe- 
sizing two diastereoisomers with totally different 
molecular shapes which are readily distinguishable 

on NMR spectra as cis and trans configured 
HHCB (cf. fig. 1 and tables l-3). The resolution 
of biologically active cis configured racemates into 
optically active enantiomers was an imperative 
requirement due to the expected differences in 
biological activities. 

The determination of the absolute configura- 
tions of the enantiomers by X-ray diffraction and 
CD measurements allowed us to search more sys- 
tematically for new active agents and to design 
new molecules based on a knowledge of the neces- 
sary substituents for hypothetically negative mod- 
eling of a receptor or active site in an enzyme. 

The cis configuration initially established using 
NMR and the substitution on the heterocyclic ring 
system with methyl and methoxy groups have 
been confirmed via X-ray diffraction analysis. The 
conformation observed in crystals probably exists 
in biological systems as well. However, under the 
influence of stereochemically stable membrane 
constituents or active sites in enzymes, the confor- 
mation of the agents may be altered within certain 
limits. 

Correlation of the absolute configuration 
(6aR,13aS) of ZIMET 54/79 with the Cotton 
effects in the CD spectrum allows us to compare 
this CD curve with those of analogous chrome- 
no[4,3-b][l,S]benzodiazepine derivatives. However, 
there are examples in the literature [36] showing 
that similar, substituted tetrahydroisoquinolines 
with the same absolute configurations may give 
rise to opposite Cotton effects due to changes in 
conformation. The substituents on the compounds 
under discussion are located at remote, peripheral 
sites on the molecule, thereby exerting only a 
slight effect on the chiral center and conforma- 
tional barriers. Nevertheless, the de in CD curves 
of the dioxino-annellated compounds ZIMET 
15/87 and 16/87 is 6-7-times greater (fig. 5) than 
those of cis-HCCB derivatives (fig. 4). 

After elucidation of the physico-chemical prop- 
erties and parameters of biologically active agents, 
their reactions with target cell membranes or re- 
ceptors require to be established. Concerning 
tumor cell membranes, since we lack sufficient 
experience in the study and isolation of membrane 
compartments and receptor regions, our first ap- 
proach was to investigate liposomal membrane 
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Table 8 

Maximum increase in life span (ILS) of tumor-bearing mice and respective tumor weight inhibition (TWI) after treatment with 
antincoplastic chromeno[4.3-b][l,5]benzodiazepines 

ZIMET Dose 
no. (mg/lrS) 

Schedule * Day Tumor 
model a.h 

Hybrids or 
strain of 
mice 

Effect 

(3) = 

101/78 SO0 

250 

SO0 

9X i.p. 

i.p. 

i.p. 

l-4 
7-11 
l-4 
7711 
1-4 
7-11 

Ll2lD i.p. ABD2F, 107.3 ILS 

P388 i.p. ABDZF, 67.2 ILS 

LLC S.C. ABDZF, 69.5 TWI 

s4/19 250 4 X i.p. 
SO0 9xp.o. 

250 4 X i.p. 
500 9 Xi.p. 

500 9 X i.p. 

500 9 x p.0. 

500 9 x p.0. 

l-4 
l-4 
7-11 
l-4 
l-4 
7-11 
l-4 
7-11 
l-4 
7-11 
l-4 
7-11 

L1210 i.p. ABDZF, 124.3 ILS 
LX210 i.p. ABDZF, 98.6 ILS 

P388 i.p. ABDZF, 130.6 ILS 
B16 i.p. C57BL/6 108.1 ILS 

ABDt, i.p. ABDZF, 97.0 ILS 

ABDt, i.p. ABDZF, 6.0 ILS 

LLC S.C. ABDZF, 69.4 TWI 

31/86 500 9 X i.p. I-4 P388 i.p. B6DZF, 109.4 ILS 
7-11 

15,‘87 500 2 Xi.p. I, 3 P388 i.p. B6D2F, 152.3 ILS 
250 2 x p.0. 1, 3 P388 i.p. B6D2F, 90.6 ILS 
500 4 xp.0. l-4 LLC se. B6D2F, 94.8 TWI 

a i.p., intraperitoneal; p.o., per 0s; sc., subcutaneous. 
b Inoculation of 5 X lo6 (LlZIO) or 1 X IO6 (P388) ascites cells, or 0.2 ml suspension of 10% B16 melanoma cells, or LLC in small 

pieces ( = 3 mm diameter). 
’ All results arc significant on the basis of confidence limits (p = 5%). 

interactions with biologically active and inactive 
agents. 

The results of absorption and fluorescence 
studies show that the hydrophobic cis-HHCB de- 
rivatives have an affinity for liposomal mem- 
branes. Assertions concerning stereochemical 
aspects or mechanisms of action are not possible 
on the basis of these experiments as the liposomal 
constituents are achiral. On interaction with lipo- 
somal membranes, the agents appreciably perturb 
the ordered hydrophobic bilayer probe-binding site 
of l,%ANS. The small hypochromic and 
bathochromic shifts observed in absorption spec- 
troscopy and the data on steady-state fluorescence 
(tables 5 and 6) are also interpreted along these 
lines. On the whole, our results provide evidence 

in support of the incorporation of agent into the 
membrane, probably via hydrophobic interaction, 
and indicate the possible involvement of mem- 
brane-directed processes in the cancerostatic ac- 
tion of ZIMET 54/79. Studies on drug-cell-mem- 
brane interactions were carried out in the very 
narrow context of evaluating the influence of anti- 
neoplastically active and inactive HHCB deriva- 
tives on the cyclic nucleotide system. The results 
on CAMP phosphodiesterase inhibition by a num- 
ber of stereoisomers in vitro conflict with the 
findings for in vivo experiments which demon- 
strated activation of the entire adenylate cyclase 
system. In vitro as well as in vivo, enhancement of 
CAMP levels was observed, albeit via different 
mechanisms. The diastereoisomeric and enanti- 
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omeric configurations of the compounds were not 
distinguishable in the in vitro experiments. The 
findings in viva show that the activity in the 
CAMP system is correlated with the ( +)cis config- 
uration (6aR,13aS) of the heterocyclic ring sys- 
tem. The decrease in cell number for mouse L1210 
cells, which was significant for all configurations, 
was distinctly larger with (+)cis configured com- 
pounds. 

Although quercetin and theophylline do not 
exhibit antineoplastic activity like sarcolysin, they 
do inhibit the degradation of CAMP. It is unclear 
whether the enhancement in CAMP levels of L1210 
cells from mice (table 7) is the cause or merely a 
result of the inhibition of malignant cell growth. 
Neither cis nor truns configuration agents showed 
antimicrobial activity against Gram-positive or 
Gram-negative bacteria, yeasts, fungi, and myco- 
bacteria. Furthermore, neither structure was able 
to induce X-prophages in lysogenic cells of 
Escherichiu coli K12 (X-28) or to inhibit the multi- 
plication of h-phages in E. coli C600 (BIP test). 
In conclusion, no growth inhibitory effects were 
observed for any cis or frans stereoisomers when 
tested against a wide spectrum comprising 19 mi- 
croorganisms and in two special test models. We 
therefore suggest that direct interaction of the 
compounds with DNA/RNA metabolism and/or 
its regulation, as has been shown for well-known 
alkylating agents, does not take place. 

Of the agents that were tested with respect to 
Ll2XO or P388 leukemia (tables l-3), only (+)cis 
configured structures with lO,ll-dimethyl sub- 
stituents and oxygen at positions 3,4 (table 1) and 
1,4 (table 2), respectively (ZIMET 101/76, 54/79, 
31/86, and 15/87), were found to be active against 
experimental tumors. The in vitro effectiveness of 
ZIMET 20/7X (( f)cis-3,4,10,11-tetramethoxy de- 
rivative, table 1) could not be confirmed for the in 
vivo situation. (-)cis and (+)truns configured 
molecules as well as heterocycles lacking sub- 
stituents at positions 3, 4, 10 and 11 proved to be 
inactive (tables l-3). Table 8 lists data on the 
maximum increase in life span of tumor-bearing 
mice and tumor weight inhibition, respectively, 
determined with ZIMET 101/76, 54/79, 31/86 
and 15/87; for example, 107.9% ILS denotes the 
absolute value in comparison with 0% therapeutic 

(+) CIS - configuration of C-6a,C-13a 

absolute 60 R, 13aS-configuration 

methyl grws ,, H~C 
I-! 

IO positions 

10 HJC 

oxygen 
in poshons 
3 and 4 

N.0 0 - trmngulatlon 

Fig. 6. Structural requirements for antitumor activity. 

effect for controls. The effective doses (mg/kg) 
are relatively high, but were tolerated well. 

Fig. 6 illustrates the structural requirements for 
cis-HHCB and cis-OHDCB derivatives to be ac- 
tive upon antitumor models and the cyclic 
nucleotide system. The reason for the importance 
of the hydrophobic methyl groups at positions 10 
and 11 is unclear. The requirement of two oxygen 
atoms at positions 3 and 4 is in accordance with 
hypothetical N * 0 - 0 triangulation (fig. 6) pos- 
tulated initially by Zee-Cheng and Cheng [37,38] 
as a molecular pattern for antileukemic drugs. The 
absolute configuration (6aR,13aS) of the asym- 
metric carbon atoms is an unequivocal require- 
ment for interaction with chiral active sites in 
enzymes, unknown receptors at the cell mem- 
brane, or other cell constituents. 

Fig. 7 represents a projection of the molecule, 
showing its shape with the conformation in a 
crystal as analyzed by X-ray diffraction, for the 
case of a hypothetical pocket in an enzyme. 

Continued improvements in the development of 
structure-activity characteristics are aimed at the 
creation of a negative model for a conceivable 
agent-receptor interaction site. The (-)cis and 
(+)truns configured ring systems obviously do 
not fit well at the active sites in enzymes. The 
absence of substituents in positions 10 and 11 or 
the loss of methoxy or 3,4-ethylenedioxy groups 
resulted in the activity of the agent vanishing in 
our antitumor test systems. In terms of the evalua- 
tion of this new class of heterocyclic antitumor 
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Fig. 7. liypothetical interaction between (6aR,13oS)3,4-di- 
methoxy-lO,ll-dimethyl-HHCB (ZIMET 54/79) and the ac- 

tive center of an enzyme or with a receptor. 

agents, it is of interest that the biologically active 
ZIMET 54/79 did not show any significant psy- 
chotropic (E. Restock, personal communication) 
or immunosuppressive (R. Grupe, personal com- 
munication) activity. Furthermore, acute toxicity 
has been determined in mice by intraperitoneal 
and oral administration routes. The LDs,-, value 
was reported to be 2.5 g/kg body weight in- 
traperitoneally. Per OS the mice tolerated 5 g/kg 
(H. Hoffmann, personal communication). These 
results in the context of the administered doses 
(table 8) suggest that the agents are less toxic than 
most antitumor drugs currently in clinical use. The 
necessity for administration of high doses de- 
mands the designing of agents with greater bio- 
availability, and/or biological activity at lower 
dose levels. An increase in hydrophilicity of the 
agents via incorporation of hydrophilic sub- 
stituents should lead to a better balancing of the 
pronounced hydrophobicity and promote bioavail- 
ability. Elucidation of the pertinent target in tumor 
cell membranes or cell organelles should help in 
contributing to greater understanding of the mode 
of action.. 
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