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additional ligand. Surprisingly, a Fe(III) complex is not 
observed under our conditions, but cannot be excluded in 
solutions of other composition 9-11, e.g. the Cotton effect 
described previously 9 was measured in a solution of 1 and 
FeC13 in water (concentration of both 3 .10  -3 M). The 
chelating properties of the 2 related amino acids nicotiana- 
mine (1) and mugineic acid (2) show remarkable differ- 
ences. Apart from the comparable stability of their Cu(II) 
complexes, the stability constants for the Fe(II)- and 
Zn(II)-complexes of 2 are much smaller than those for the 
complexes of 1. The stability constant for the Fe(III) 
complex of 2 is relatively high (log K =  18.1) 11. The dif- 
ferent complexing behavior of the amino acids may be due 
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to the presence of a terminal hydroxy group in 2 instead of 
a primary amino group in 1. 
Because of the different coordination behavior of nicotia- 
namine (1) towards Fe(II) and Fe(III) it seems reasonable 
to assume that the cellular iron transport is mediated in the 
ferrous and not in the ferric form. On the other hand it 
could be supposed that I is biochemically converted into a 
compound of the mugineic acid type, which forms a stable 
complex with Fe(III), but the normalizing effect of the 
antipode of 1, (+)-nicotianamine 4, might be an argument 
against this assumption. Finally in further physiological 
investigations the idea should not be neglected that perhaps 
I has only an indirect influence on iron transport. 
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Summary. Some biological properties of 5,7-dimethoxycoumarin (DMC) include dark induced frameshift mutagenesis in 
bacteria, lethal photosensitization and the formation of sister chromatid exchanges in Chinese hamster cells. The number 
of sister chromatid exchanges per unit of cell lethality produced by DMC is almost the same as observed with 5-methoxy- 
psoralen. 

The photobiology of furocoumarins and their biochemical 
reactions with nucleic acids have been extensively studied 
in recent years ~-3. Furocoumarins are known to intercalate 
within the DNA strands in a dark reaction 4'5, and UV- 
radiation of this complexed material can lead to mono- 
adduct formation (photocyclization at the 3,4- or 4',5'- 
bonds) and to di-adduct formation (interstrand cross- 
links) 6-8. The mutagenic and carcinogenic effects of furo- 
coumarins are attributed mainly to interstrand cross-link 
formation, monoadducts being assumed to be much less 
active 9, ~o. 
Psoraten use in conjunction with UV-A radiation (PUVA 
therapy) for treatment of psoriasis and mycosis fungoides 
has been remarkably successful 11-14, although concern was 
raised regarding the possibility of skin cancer associated 

15 1-6 17 18 with such treatment , . Recent results ' indicate that this 
concern was justified, there being an increased risk of 
squamous cell carcinoma (2.7-times higher than expected) 
in patients treated with PUVA who had been previously 
exposed to other potential carcinogens, with the relative 
risk increasing with the number of PUVA .treatments. In 
order to reduce the possibility of such side effects, non- 
cross-linking compounds such as 3-carbethoxypsoralen 

(3-CPs) and 5,7-dimethoxycoumarin (DMC) have been 
investigated as potential substitutes in PUVA therapy 9'~9-2~; 
the results of clinical trials with monofunctional reagents 
are still incomplete. Since no evidence was available for the 
photobiological effects of DMC, such a study was under- 
taken. 
DMC is found naturally in several citrus oils, including oils 
of bergamot, lime and lemon 2~-24, in concentrations varying 
from 0.46% (lime) to 0.053% (lemon) 22. To what extent 
DMC contributes to the well-known photosensitizing ef- 
fects of lime oil is not known as this oil contains a substan- 
tial number of other coumarins and furocoumarins 23. 
This communication reports that DMC is a frameshift 
mutagen in the dark, that it lethally photosensitizes mam- 
malian cells and induces in them sister chromatid ex- 
changes (SCEs). 
Materials and methods. Chemicals. The furocoumarins used 
in this study were characterized and their purity established 
as previously described 25. DMC (Aldrich Chemical Co., 
USA) was twice recrystallized (85% ethanol) prior to use. 
3-CPs was a gift from Dr E. Moustacchi, Paris, France. 
Bacterial mutation studies. Frameshift mutagenesis studies 
in the dark were conducted on E. coli lac-, z, thiamine as 
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described by  Bridges and  Mot te r shead  26 and  by Ashwood-  
Smith  27. Cells were grown for 12 h at 37 ~ with aera t ion  in 
b ra in -hea r t  infus ion  supp lemen ted  with th iamine.  They  
were harves ted  by  cent r i fugat ion  and  washed  twice wi th  
phospha te  buffer  (0.07 M, pH 7.0) before be ing  pla ted  at a 
density of  2 x 107 cells per  plate;  fn rocoumar ins  and  D M C  
were present  in the m e d i u m  for the comple te  incuba t ion  
per iod as this is necessary for the detect ion of  f rame shift 
mutagens  26. There  is no evidence of  in teract ion be tween  the 
media  and  test chemicals.  After  3 days at 37~ lac+ 
mutan t s  were counted.  

Table 1. Frameshift mutagenesis in E. coli, by DMC, 5-MOP, 8- 
MOP and combinations in the dark 

Treatment Induced LAC + mutants 
Chemicals at 40 I, tg/ml per 1 x 108 ceils (_+ SE) 

1 Control (ethanol only) 15.2 (3.3) 
2 DMC 88.0 (12.5) 
3 5-MOP 70.2 (13.9) 
4 8-MOP 220.4 (10.6) 
5 5-MOP+ DMC 210.2 (4.5) 
6 5-MOP+ 8-MOP 288.2 (29.4) 
7 DMC+ 8-MOP 263.0 (31.3) 

p-Values by t-tests; between 1 and 2 0.0002 
between 1 and 3 0.001 
between 1 and 4 >0.0001 
between 2 and 5 0.004 
between 3 and 5 0.006 
between 3 and 6 >0.0001 
between 4 and 6 0.005 
between 2 and 7 0.0001 
between 4 and 7 0.0432 

Table 2. Photosensitized induction in CHO cells of sister chromatid 
exchanges by DMC and 3-CPs 

Dose of UVA/B (J/m 2) SCEs per cell _+ SE 

DMC (40 lag/ml) 0 4.92_+ 0.35 
1000 13.52_+0.36 
1608 15.72_+0.74 
2412 19.32+_0.59 
3216 44.84_+ 1.88 
4020 53.76_+ 1.09 
4500 79.52 _+ 0.71 
4824 88.60 _+ 2.39 

3-CPs (40 ~tg/ml) 0 3.85+0.31 
402 6.20 + 0,35 
1206 7.38+0,35 
2010 16.11 + 0.59 
2412 17.47 + 0,72 
3216 24.67 + 0.67 

SCEs were measured in CHO cells as described by Ashwood-Smith 
et al} 5. Cells were grown, after irradiation, for 30 h in the presence 
of bromodeoxyuridine according to the method of Perry and Wolff 29. 

Table 3. Comparative induction of sister chromatid exchanges at 
equivalent lethality of DMC and several other furocoumarins 

Chemical LD90 in J/m 2 SCEs per cell at LD90 
(40 gg/ml) (UVA/B) 

3-CPs* 2090 13.5 
Angelicin* 965 38.1 
DMC * 5628 76.0 
5-MOP 730 60.6 
8-MOP 500 66.0 

�9 Monoadduct formation only. Data for angelicin, 5-MOP and 
8-MOP from Ashwood-Smith 3~ 
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Photosensi t izat ion.  The  l ight  source has  been  descr ibed 
previously 28, and  consisted of  2 paral lel  b lack light bulbs  
( G E C  F20T12.  BLB) emi t t ing  13.4 J / m  E, measured  by 
chemical  ac t inometry  (ferrous oxalate).  More  than  95% of  
the l ight was emi t ted  be tween  320 and  380 n m  and  showed 
a Gauss ian  d is t r ibut ion  with a peak  at 350-355 nm.  
Tissue culture. Tissue cul ture  studies ( C H O  studies) were 
carr ied out  as descr ibed previously  25. I r radia t ion  alone,  or 
in the presence of  2% e thanol  had  no effect on  cell survival.  
None  o f  the chemicals  tested in this s tudy affected survival  
at the concent ra t ion  used wi th in  the t ime per iod o f  the 
experiment .  
Sister chromat id  exchanges (SCEs) were measu red  as origi- 
nally described by Perry and  Wolfe  29 and  modi f ied  as 
out l ined  by Ashwood-Smi th  et al. 25. 
Results and discussion. Three  cri teria were used to evaluate  
the biological  act ion of  D M C  in compar i son  with several  
furocoumarins .  The  1st, da rk - induced  f rame  shift mutage-  
nesis, is a funct ion of  D N A  in terca la t ion  which is no rma l ly  
regarded as a necessary prerequis i te  to pho tob ind ing .  The  
2nd cri terion involved  measur ing  the relative le thal  
photosensi t iza t ion of  m a m m a l i a n  cells, in vitro. The  3rd 
cri terion was an  assessment  of  the pho to induced  d a m a g e  to 
the ch romosomes  of  m a m m a l i a n  cells, in vitro, and  this was 
done by measur ing  sister ch romat id  exchanges. These  
methods  of  compara t ive  assessment  are well es tabl ished 
proceduresm25 30 
Ou et al. 31 have demons t r a t ed  that  D M C  intercalates  with, 
pho tob inds  to, and  affects t empla te  activity of  calf  thymus  
DNA.  D M C  was the only  coumar in  tested to show signifi- 
cant  complex format ion.  It would  be expected to be a 
f rameshif t  mu tagen  and  this was, in fact, the case ( table 1). 
In terca la t ion  by 1 coumar in  or fu rocoumar in  might  be 
thought  to interfere with the act ion of  another ,  more  active 
one which co-occurs with it (e.g. in citrus oils22-24). At  the 
dose level used here  there is no evidence of  interference;  on  
the contrary, the evidence is of  addit ivi ty ( table 1). 
The  relative inactivity of  3-CPs and  D M C  in yeast cells, 
bo th  in terms of  lethal i ty and  mu ta t i on  induct ion  has  been  
described 9'19. In C H O  cells D M C  is less active than  3-CPs 
as a lethal  photosensi t izer  by a factor  o f  two (fig.) with an  
LD99 of  approximate ly  9500 J / m  2 compared  to 3-CPs at 
4000 J / m  2, angel icin at 1600 J / m  2 and  psoralen at 326 J / m  E 
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Survival of CHO cells following photosensitization with 3-CP and 
DMC. Both compounds tested at 40/lag/ml. 
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and is clearly then one of the least active sensitizers in 
terms of radiation dose. Survival curves for CHO ceils with 
a number  of furocoumarins have been published previous- 
ly25,30. 

A marked difference exists between the formation of  SCEs 
with 3-CPs and DMC. With DMC a typical dose response 
similar to that seen with fur0coumarins 3~ was observed 
(table 2); 3-CPs had considerably less effect and this may 
be related to its low mutagenic activity and lack of carcino- 
genicityg. 19. 
The parallel behavior of DMC, which cannot form cross- 
links, is very interesting. DMC causes nearly the same 
number  of SCEs per celt at the same level of  cell survival as 
5-MOP although considerably more energy was required to 
produce the same kill (about 8 times as much at LD90 , 
table 3). 
DMC is, therefore, a very potent  producer of  SCEs in 
contrast to the non-carcinogenic 3-CPs, Angelicin which is 
only weakly active as a skin photocarcinogen (F. Zajdela; 
personal communicat ion)  produces fewer SCEs per unit  
lethal dose than the DNA cross-linking linear furocou- 
marins. Neither compound alone without light, nor  light 
itself, produces cell death. 
If  DMC should turn out to be a photocarcinogen, and there 
is no informat ion on this point, then its wide distribution in 
a number  of  plants and essential oils would not be without 
interest. 
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Summary. Application of exogenous ATP or of noradrenal ine (NA) produced responses in bisected rat vas deferens which 
mimicked the biphasic responses to nerve stimulation, and these actions were modified by nifedipine and verapamil in a 
manner  similar to the modification of the 2 phases of the responses of the vas to nerve stimulation. It is proposed that 
sufficient evidence now exists to support the hypothesis that in this tissue, ATP is released along with NA from the motor 
nerves and that ATP may indeed be a co-transmitter. 

Considerable controversy has surrounded the nature of 
neurotransmission in the vas deferens of several animal  
species. There is ample evidence that noradrenal ine (NA) is 
involvedl-3: however the existence of a 2rid nonadrenergic- 
noncholinergic (NANC) transmitter is suggested since there 
is a component  of the contractile response to nerve stimula- 
tion which is resistant to adrenoceptor blockade or to 
depletion of NA from the motor nerve terminals. It has 
been suggested that adenosine triphosphate (ATP), which is 

present in the storage vesicles of adrenergic nerves may be 
involved 4,5. Single pulse electrical field stimulation of the 
rat vas deferens results in a contraction of the tissue which 
shows 2 distinct phases, or peaks. The early peak, which 
occurs 250-280 msec after stimulation, is virtually unaffect- 
ed by the presence of a-adrenergic blocking agents such as 
prazosin, or by depletion of neuronal  stores of NA, due to 
prior treatment of the rats with reserpine: the later peak, 
occurring at 650-700 msec, is reduced or abolished by both 


