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Interaction of Kanchanornycin with Nucleic Acids. 
11. Optical Rotatory Dispersion and Circular Dichroism * 

Paul A. Friedman, Ting-Kai Li,? and Irving H. Goldberg 

ABSTRACT: Optical rotatory dispersion and circular 
dichroism measurements have been employed to  study 
the binding of kanchanomycin to  deoxyribonucleic acid, 
ribonucleic acid, and synthetic polynucleotides. Kan- 
chanomycin is optically active and exhibits an extrinsic 
Cotton effect in the presence of Mg2+ and poly- 
nucleotides. In  the presence of Mg2+ the antibiotic 
forms two distinct complexes with deoxyribonucleic 
acid, ribonucleic acid, and certain other polynucleotides, 
a n  initial complex I which is converted with time into a 
final complex 11, in agreement with spectral data. The 
rate and the extent of the time-dependent shift vary, 
depending upon the base composition of the poly- 
nucleotide examined. Complex I dissociates readily and 
complex I1 slowly upon removal of Mg2+ with a 
chelating agent leading to  restoration of the original 
optical properties of free kanchanomycin; thus, it is 

K anchanomycin, a highly cytotoxic antibiotic of 
unknown structure, which causes rapid cessation of 
synthetic processes in mammalian and bacterial cells, 
inhibits isolated DNA-dependent R N A  and DNA 
polymerases (P. B. Joel, P. A. Friedman, and I .  H. 
Goldberg, in preparation) and interacts with poly- 
nucleotides in the presence of magnesium (Friedman 
et ul., 1969). Absorption spectrophotometric studies 
indicate that the antibiotic forms two distinct com- 
plexes with certain polynucleotides, an initial complex 
(I) which converts with time into a final complex (11). 
The two types of complexes can be differentiated by 
their spectral properties and their relative ease of dis- 
sociation upon removal of magnesium with a chelating 
agent. 

Since the shifts in wavelength of maximal absorption 
upon complex formation are quantitatively small, 
further elucidation of the nature of these complexes has 
been sought by study of optical rotatory dispersion and 
circular dichroism. Optical rotatory dispersion has 
recently been employed to advantage in studying the 
interaction of dyes and other antibiotics with poly- 
nucleotides (Blake and Peacocke, 1965-1967a,b; Gard- 

* From the Department of Medicine, Harvard Medical School, 
and the Beth Israel Hospital, and from the Biophysics Research 
Laboratory of the Department of Biological Chemistry, Harvard 
Medical School, and the Peter Bent Brighain Hospital, Boston, 
Massachusetts. Receiced October 22, 1968. This work was sup- 
ported by grants from the National Institutes of Health, U. S .  
Public Health Service ( G M  12573 and C A  10736) and the 
American Cancer Society. 

t Markle Scholar i n  Academic Medicine. 

unlikely that covalent bonds are formed in either com- 
plex. Kanchanomycin binds quantitatively to  poly- 
adenylic acid when added to  solutions containing 
equivalent amounts of polyadenylic acid and either 
native calf thymus deoxyribonucleic acid or poly- 
guanylic acid. Titration of polyadenylic acid with 
kanchanomycin suggests that for complex I formation 
there are as many binding sites per polynucleotide as 
there are bases. The data suggest that formation of 
complex I involves in part electrostatic interaction of 
kanchanomycin-Mg2 + with the negatively charged 
phosphate containing backbone of the polynucleotides. 
Formation of complex I1 appears to  involve the nu- 
cleotide bases since bromination of polyuridylic acid, 
which destroys the aromaticity of the pyrimidine ring, 
allows formation of complex I but prevents conversion 
into complex 11. 

ner and Mason, 1967; Yamaoka and Ziffer, 1968). 
The data clearly indicate that complex I is formed 

with all the polynucleotides examined; the rate and 
extent of the time-dependent shift to  complex I1 varies, 
depending upon the base composition of the poly- 
nucleotide. It is suggested that the initial binding of the 
antibiotic-Mg' + complex to polynucleotide involves in 
part the negatively charged phosphate ribose backbone 
of the polynucleotides. Complex I is readily dissociated 
by the removal of Mg2+ with a chelating agent, while 
complex I1 is only slowly dissociated. Since such treat- 
ment results in the restoration of the original optical 
properties of the free antibiotic, it is not likely that 
covalent bonds are formed in these interactions. 

Materials and Methods 

Stock solutions of kanchanomycin and of native and 
of heat-denatured calf thymus DNA were prepared as 
previously described (Friedman et a/.,  1969). All solu- 
tions measured for optical activity contained standard 
buffer, 0.01 M Tris (pH 7.5) in lOy0 dimethylformamide 
unless otherwise indicated. 

Poly A, poly C, poly U, poly G ,  poly I, and poly 
(A,G) were purchased from Miles Laboratories, 
Elkhart, Ind. Bromination of poly U was performed by 
the method of Yu and Zamecnik (1963). d(A-T),, was a 
gift of Dr. A. Cerami; sodium polyphosphate and 
sodium poly-L-glutamate were gifts of Dr. Bert L. 
Vallee. 

Optical rotatory dispersion and circular dichroism 
spectra were measured from 450 to 300 mp with a Cary 1545 
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Model 60 recording spectropolarimeter and circular 
dichroism attachment. The slit width of the instrument 
was programmed t o  yield constant light intensity a t  all 
wavelengths. Measurements were performed a t  23" in 
a 1-cm path-length cell having fused-quartz end plates 
(Opticell). The instrument was calibrated t o  give zero 
rotation for the buffer blanks at  all wavelengths. Based 
on a molecular weight of 600 for kanchanomycin, 
optical rotatory dispersion was expressed in molar 
rotation calculated from the equation, [MI = (Yobsd X 
M W / I  X C, where Q&d was rotation observed in 
degrees, M W  was the molecular weight of kanchano- 
mycin, I was the path length in decimeters, and C was 
the concentration of antibiotic in g/100 ml. Circular 
dichroism measurements were expressed as molecular 
ellipticity calculated from the equation, [ 01 = @&d x 
MW/IO X I X C, where @,hsd was observed ellipticity, 
M W  was the molecular weight of kanchanomycin, I 
was the path length in centimeters, and C was the 
concentration of antibiotic in grams per milliliter. 

In  one series of experiments optical rotatory dis- 
persion was expressed as specific rotation calculated 
from the equation, [a1 = (Y&d x lo2/[ x C, where 
path length, I ,  was in decimeters and concentration, C, 
was in g/lOO ml. Optical activity of either the nucleic 
acid or the polynucleotide involved has been sub- 
tracted from all spectra described. Where indicated, the 
samples were incubated at  37" for the specified length 
of time. 

Results 

Optical Rotatory Dispersion and Circular Dichroism 
Spectra of Kanchanomycin, Kanchanornycin Plus Mag- 
nesium, and Kanchanomycin Complexed with Poly A or 
with Natice Calf Thymus DNA. Kanchanomycin is 
optically active, exhibiting a complex Cotton effect 
curve within its broad, visible absorption envelope 
centered a t  about 373 mp (Figure 1). It consists of two 
shallow troughs at  378 and 345 mp, a crossover point 
a t  331mp, and a peak at  308 mp, suggesting two negative 
Cotton effects. The circular dichroism spectrum shows 
two corresponding negative extrema at  approximately 
362 and 331 mp. The optical activity of kanchanomycin 
in 2 M NaCl, 8 M urea, or in 100% dimethylformamide 
is identical with that shown in Figure 1. Upon addition 
of Mg2+ the optical rotatory dispersion trough at  378 
mp increases in amplitude, that a t  345 mp decreases, 
the crossover point shifts from 331 to  340 mp, and a 
new peak appears a t  316 mp, The resulting circular 
dichroism curve shows corresponding shifts in the two 
negative extrema to  365 and 336 m p  and a positive 
extremum appears a t  approximately 403 mp. In the 
presence of Mg2+ and excess poly A, kanchanomycin 
undergoes dramatic and immediate optical rotatory 
dispersion and circular dichroism spectral shifts : the 
optical rotatory dispersion curve shows a deep trough 
at  378 mp, a crossover point at 355 mp, and a peak at  
320 mp while the circular dichroism curve shows a 
large negative extremum at  357 mp (Figure 1). In the 
absence of Mg2+ poly A does not alter the spectrum of 
kanchanomycin. As has already been observed by 1546 
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FIGURE 1 : Optical rotatory dispersion and circular dichroism 
spectra of kanchanomycin, kanchanomycin plus Mgz +, and 
kanchanomycin plus poly A in the presence of Mgz+. 
(E) 33 p~ kanchanomycin; (---) 33 IM kanchanomycin and 
80 FM Mg2 +; (-.) 33 p~ kanchanomycin, 440 p~ poly A, 
and 80 p~ Mgz +; the spectrum is unchanged after 20-hr 
incubation. 
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FIGURE 2: Optical rotatory dispersion and circular dichroism 
spectra of the interaction of kanchanomycin with native 
calf thymus DNA. (---) 33 #M kanchanomycin and 80 ,LM 
Mg2+;  (-1 33 MM kanchanomycin, 440 NM native calf 
thymus DNA, and 80 p~ Mgz + without incubation; (.--.) 
same after 20-hr incubation. 
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F I G U R E  3 : Optical rotatory dispersion and circular dichroism 
spectra of the interaction of kanchanomycin with poly U. 
(-) 33 ~ L M  kanchanomycin, 440 ~ L M  poly U, and M g 2 +  
(80 /IM or 1 mM) without incubation; (---) the solution with 
80 ~ L M  .Mg,*++ after 20-hr incubation; (-.-.) the solution with 
1 mM Mg after 20-hr incubation. 
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FIGURE 4: Optical rotatory dispersion of the interaction of 
kanchanomycin with various other polynucleotides. (A) 
E.  coli tRNA, ( B )  poly G, ( C )  poly A:G ( l : l ) ,  and (D) 
poly d(A-T)n. All solutions contained 33 ,UM kanchanomycin, 
80 ~ L M  Mg2+,  and 440 ,UM of the respective polynucleotide. 
(-) No incubation and (---) 20-hr incubation. 

absorption spectrophotometry (Friedman et ul., 1969), 
kanchanomycin complexed to  poly A is stable, since 
there is no alteration of the optical rotatory dispersion 
and circular dichroism curves on incubation of the 
sample at  37'. 

The optical rotatory dispersion and circular dichroism 
spectra of kanchanomycin complexed with native calf 
thymus D N A  in the presence of Mg2-  differ from that 
with poly A (Figure 2). The immediate effect on the 
optical rotatory dispersion spectrum is the appearance 
of a discrete but less deep trough at  374 mp, a 352-mp 
crossover point, and a peak at 315 mp while the circular 
dichroism curve shows a negative extremum at  351 mp 
and a shoulder a t  331 mp; again there is a positive 
extremum at  approximately 403 mp. With incubation, 
however, there is a further spectral change, a gradual 
broadening of the Cotton effect with a shift of the 
trough to  longer wavelengths. After 20-hr incubation 
this transformation is complete; there is a new trough 
at  400 mp and a new crossover at 376 mp. The circular 
dichroism spectrum shows a corresponding shift with a 
negative extremum at 375 mp and loss of the positive 
extremum. These results are compatible with those 
from absorption spectra and indicate that kanchano- 
mycin forms an initial complex (I) with calf thymus 
DNA which is converted with time into a second com- 
plex (11). 

Complexes of Kunchanoniycin with Other Poly- 
nucleotides. Since the complex formed with native DNA 
differs from that formed with poly A in terms of the 
time-dependent spectral shifts and the spectral location 
of the optically active bands, other polynucleotides 
were examined. The interaction of poly U with the 
antibiotic shows a number of unique features (Figure 3). 
While the immediate optical rotatory dispersion and 
circular dichroism spectra are virtually identical with 
those that kanchanomycin gives in the presence of 
poly A and Mg", conversion into complex I1 does 
occur, but the shift is slower than with calf thymus 
DNA, i.e., only part of complex I has converted into 
complex I1 after 20-hr incubation. Moreover, complex 
I1 formation can be further retarded by higher con- 
centrations of Mg'+(lO-" M). This stabilization of 
complex I by high Mg2+ is observed only with poly U. 
Interaction of antibiotic with poly C is identical with 
that with poly U except that this effect of high M g 2 +  is 
lacking, and there is a more rapid conversion into 
complex 11. 

Interaction of kanchanomycin with some of the other 
polynucleotides and nucleic acids studied is shown in 
Figure 4. With Escherichiu coli tRNA (Figure 4A) an 
initial complex forms which has an optical rotatory 
dispersion spectrum identical with that of poly U and 
undergoes complete transition to complex I1 after 
20-hr incubation. The spectra of kanchanomycin with 
purified whole yeast R N A  or heat-denatured calf 
thymus DNA are identical with that with E.  coli tRNA 
except for slight differences in the rate of conversion 
into complex 11. The initial optical rotatory dispersion 
spectrum of kanchanomycin complexed to denatured 
calf thymus DNA thus differs from that for native DNA 
and is similar to  those of the ribohomopolymers in 1547 
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FIGURE 5 :  Competition between poly A and native calf thymus DNA for kanchanomycin (optical rotatory dispersion). (---) 33 p~ 
kanchanomycin, 440 PM native calf thymus DNA, 80 PM Mg* +, and 440 PM poly A (which was added last), zero time and 20-hr 
incubation; (--) 33 PM kanchanomycin, 440 PM native calf thymus DNA, and 80 PM Mgz +, no incubation; (-) 33 WM kan- 
chanomycin, 440 p~ native calf thymus DNA, and 80 PM Mgz + after 20-hr incubation; (..-) addition of 440 p~ poly A to the 
solution containing 33 /IM kanchanomycin, 440 PM native calf thymus DNA, and 80 PM Mgz +, incubated 20 hr prior to poly A 
addition. The immediate pattern does not change even after 4 hr of further incubation. 

having a deeper trough at  376 mp. The initial complex 
formed between the antibiotic and poly G shows an 
optical rotatory dispersion spectrum with a shallow 
trough at 374 mp, a crossover point a t  352 mp, and a 
peak at  312 mp (Figure 4B), closely resembling that of 
the kanchanomycin-Mg2 +-DNA initial complex. Since 
both native DNA and poly G contain ordered struc- 
tures, this may account for the similarity in the optical 
properties of their antibiotic complex. With poly (A,G) 
kanchanomycin forms an initial complex, but the 
shift to  complex I1 is only partial after incubation for 
20 hr (Figure 4C). N o  further spectral changes occur 
even after another 28-hr incubation indicating that this 
transition has reached an end point. These data suggest 
that poly (A,G) has “runs” of adenine (regions struc- 
turally identical with poly A) with which the antibiotic 
may interact to  form complex I and which d o  not 
convert into complex 11. In contrast, the initial complex 
formed with the synthetic double-stranded copolymer 
d(A-T)n appears to  convert completely into complex I1 
(Figure 4D). The magnitude of the optical change 
representing the initial complex is slightly greater than 
that observed with native DNA. In d(A-T)n there are 
no “runs” of adenine but rather perfect alternation of 
adenine with thymine in each strand. It seems, there- 
fore, that binding of antibiotic t o  single adenine 
residues, if this occurs with dAT, does not prevent 
conversion into complex 11. 

In all cases, kanchanomycin does not form a complex 
with the polynucleotides unless Mg2+ is present. 
Previous studies indicate a requirement for Mg2+ con- 
centration equivalent t o  kanchanomycin concentration 
for complete interaction (Friedman et al., 1969), thus, 
the 80 p~ Mg2+ used in the above studies was more 1548 

than enough to  allow all antibiotic present to  interact 
with polynucleotide. 

Preference of the Antibiotic f o r  Poly A .  Since complex 
I formed with poly A is stable, it was of interest t o  
determine if this stability would be reflected by a 
tendency of the antibiotic to bind to  poly A in a solution 
containing poly A and a second polynucleotide. 
Kanchanomycin (33 mpmoles/ml) was added to  3-ml 
samples containing 440 mpmoles/ml (as phosphate) 
each of poly A and either native calf thymus DNA or  
poly G in 0.01 M Tris (pH 7.5). Mg2+ was added last to 
a final concentration of 8 X 10-5 M. In both cases the 
observed optical rotatory dispersion spectrum of kan- 
chanomycin was identical with that obtained under 
similar conditions but with only poly A present in 
solution. There was no alteration of the optical rotatory 
dispersion pattern with incubation indicating that all 
the antibiotic was bound to  poly A. Further, if the 
antibiotic is first exposed to  either poly G or calf thymus 
DNA in the presence of Mg2f and a complex I optical 
rotatory dispersion pattern is obtained, immediate 
addition of an equivalent amount of poly A to the 
solution results in a new optical rotatory dispersion 
pattern identical with that for interaction of kanchano- 
mycin with poly A (Figure 5 ) .  Here too there is no 
change in the spectrum with incubation indicating that 
there has been a quantitative shift of all the antibiotic 
molecules to  poly A. However, if complex I1 with 
either poly G or calf thymus DNA is first allowed to  
form and then poly A is added, the antibiotic remains 
complexed to  the initial polynucleotide as demonstrated 
by retention of the typical complex I1 optical rotatory 
dispersion pattern seen immediately after poly A addi- 
tion and with subsequent incubation. These data in- 
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FIGURE 6:  Reversibility of complex I and complex I1 by EDTA (optical rotatory dispersion). (A) (-) 33 p~ kanchanomycin; 
(---) 33 p~ kanchanomycin, 440 p~ native calf thymus DNA, and 80 p~ Mgz +, no incubation; EDTA was then added to a 
final concentration of 8 mM and an immediate spectrum recorded (-). (B) (-) 33 p~ kanchanomycin, 440 MM native calf thymus 
DNA, and 80 p~ Mg* +, 4-hr incubation. EDTA was added to a final concentration of 8 mM and spectra were recorded immedi- 
ately (---) and after 2 (--) hr incubation. 

dicate that some structural element of the poly A 
molecule allows the antibiotic special access to  its 
binding sites and imparts to  it a degree of stability such 
that even if kanchanomycin has formed a complex with 
native calf thymus DNA or poly G it will abandon that 
molecule to  complex with poly A. Complex 11, however, 
once formed between the antibiotic and that poly- 
nucleotide, is stable in the presence of poly A. 

Recersibility of' Complex I and I I .  The effects of a 
100-fold molar excess of EDTA over Mg2+ on com- 
plexes I and I1 are shown in Figure 6. Addition of 
EDTA to complex I leads to immediate dissociation of 
the complex and return of the optical rotatory dis- 
persion spectrum to that of free kanchanomycin 
(Figure 6A). Addition of the chelating agent to  complex 
I1 results in a much slower dissociation which becomes 

complete after 2-hr incubation at 37" (Figure 6B). Thus, 
it is evident that neither complex is the result of an 
irreversible reaction, though complex I1 is of such a 
nature that Mg2+ is more tenaciously retained. 

Titration of Poly A with Kanchanornycin. In an effort 
to  determine the number of binding sites available for 
kanchanomycin on a polynucleotide molecule a titra- 
tion was performed in which the poly A concentration 
was kept constant at 66 mpmoles phosphate/ml while 
the antibiotic concentration was varied over a range 
from one-tenth to  one-half the concentration of the 
phosphate in the polymer (Figure 7). Poly A was the 
polynucleotide of choice for this study since only one 
type of complex (I) forms with kanchanomycin. Pre- 
cipitation of the complex prevented accurate measure- 
ments above a ratio of 1 :2. At ratios of 1 :2 and 1 :3.3, 1549 
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FIGURE 7: Titration of kanchanomycin us. poly A. Optical rotatory dispersion spectra of individual 3-ml solutions containing 
66 ,UM poly A and 80 ,UM Mga + with varying concentrations of kanchanornycin (6.6, 13.2, 19.8, and 33 ,UM, respectively). The 
insert shows the ACU 3 7 5  (observed a 3 7 5  of each of the above solutions of kanchanomycin minus the (Y 3 7 5  of free kanchanomycin 
at each of these concentrations) plotted us. the ratio of kanchanomycin to poly A-phosphate. *These samples showed evidence 
of slight precipitation at the time the spectra were run. 

precipitation also became evident a t  the end of the 
spectral measurements. The data suggest that kanchano- 
mycin is fully bound at  a ratio of antibiotic/nucleotide 
as high as 1 :2 (Figure 7) and it is likely that for com- 
plex I formation there are as many binding sites per 
polymer as there are nucleotides. 

It has been reported that the extrinsic Cotton effect 
of proflavine bound to  calf thymus DNA is abolished 
by decreasing the ratio of dye to  nucleotide (Blake and 
Peacocke, 1965). Such a result can be accounted for by 
dye-dye interactions. T o  see if dilution of kanchano- 
mycin in the presence of a constant concentration of 
calf thymus DNA would affect the optical rotatory 
dispersion of the complex, the spectrum of a 1-ml 
solution containing 33 mpmoles of kanchanomycin 
complexed to  440 mpmoles of DNA-P (a ratio of 1 : 13) 
measured in a 1-cm path-length cell was compared with 
that of a 10-ml solution containing 3.3 mpmoles/ml of 
kanchanomycin complexed to  440 mpmoles/ml of 
DNA-P (a ratio of 1 :130) in a 10-cm path-length cell. 
N o  difference in the optical rotatory dispersion pattern 
was observed. These results indicate that either dye-dye 
interactions d o  not contribute to  the complex Cotton 
effect that bound kanchanomycin exhibits or such 
interactions occur t o  the same extent even at  the lower 
ratio of antibiotic t o  DNA. 

Interaction of Kanchanomycin with Brominated Poly U 
and with Polyelectrolytes. In an attempt t o  clarify 
further the nature of the binding of kanchanomycin t o  1550 

polynucleotides, the interaction of the antibiotic with a 
number of other macromolecules was studied. A com- 
parison was made between the complex formed with 
poly U and that formed with brominated poly U, in 
which the pyrimidine moiety has been saturated a t  the 
C5, 6 position but which retains intact the phosphate- 
ribose backbone (Figure 8). It is apparent that the 
antibiotic can still form complex I with brominated 
poly U, but there is virtually no conversion into com- 
plex 11. Only a slight spectral shift is observed which is 
attributable to  unbrominated residues in the polymer 
with which the antibiotic may bind and still convert into 
complex 11. Thus, by abolishing the aromaticity of the 
pyrimidine rings of poly U, conversion into complex I1 
is prevented. It is not known, however, what prevents 
the formation of complex I1 with poly A. 

Since complex I forms with brominated poly U, it 
was of interest to  see if kanchanomycin would interact 
with other polyanions. Sodium polyphosphate and 
sodium polyglutamate in the presence of Mg2+ cause a 
shift in the kanchanomycin optical rotatory dispersion 
spectrum similar to  that caused by the ribohomo- 
polymers (Figure 9A). N o  shift of the spectrum occurs 
with incubation. In addition, the circular dichroism 
spectra demonstrate that high ionic strength (2 M NaCl) 
partially diminishes the interaction with polyphosphate 
(Figure 9B). It was necessary t o  use a higher Mg2+ 
concentration t o  obtain binding in all studies involving 
polyphosphate since this polymer competes with the 
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FIGURE 8: Optical rotatory dispersion of the interaction of kanchanomycin with brominated poly U. (-) 33 p~ kanchanomycin, 
440 p~ poly U, and 80 p~ Mg2 +, no incubation; (---) same solution after 20-hr incubation; (-.-.) 33 p~ kanchanomycin, 440 p~ 
brominated poly U. and 80 p~ Mg2 +, no incubation; (....) same solution after 20-hr incubation. 

antibiotic for the cation. As with poly U, a M g 2 +  con- 
centration of 1 mM may prevent the formation of a 
second complex; however, the stability of complex I 
between kanchanomycin and brominated poly U at  a 
Mg2f  concentration of 80 p~ suggests that this is 
highly unlikely. 

Large excesses (500 pg/ml) of neither bovine serum 
albumin nor polylysine with or without M g 2 +  give any 
evidence of interaction with kanchanomycin (33 p ~ ) .  
The former is negatively charged at  p H  7.5 while the 
latter is a polycation. The addition of kanchanomycin 
and M g 2 +  to A M P  or ADP results in immediate 
precipitation thus precluding optical rotatory dispersion 
measurements. 

Discussion 

The amino acridines, of which proflavine and acridine 
orange have been most extensively studied, are optically 
inactive molecules which become optically active when 
bound to  nucleic acids possessing ordered structures 
(Neville and Bradley, 1961; Mason and McCaffery, 
1964; Blake and Peacocke, l966,1967a,b; Gardner and 
Mason, 1967). Unlike these dyes, free kanchanomycin 
itself has optical activity which may arise in one of two 
manners: first, there may be an inherent dissymmetry in 
the molecule, as is the case for the glutarimide anti- 
biotics (Johnson et a/., 1968) which are optically active. 
Second, polymerization of inherently symmetric dye 
molecules could lead to  a species devoid of a rotation- 
reflection symmetry axis (CrabbC, 1965). For example, 
the monomer of pseudoisocyanine (1 ,If-diethyl-2,2'- 
cyanine) is optically inactive but polymerizes in aqueous 
solution to  form an optically active helix (Mason, 1964). 
Moreover, a molecule may possess optical activity both 
in monomeric and aggregated states, e.g. ,  actinomycin 
(T. K .  Li, 1967, unpublished data; Ziffer et a/., 1968; 
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FIGURE 9:  Top: (A) optical rotatory dispersion of the inter- 
action of kanchanomycin with polyelectrolytes. (-..) 33 p~ 
kanchanomycin, sodium polyglutamate (500  pg/ml), and 
80 p~ Mg2+ after 0- and 20-hr incubation; (---) 33 p~ 
kanchanomycin, sodium polyphosphate (500  pg/ml), and 
1 mM Mg2+ after 0- and 20-hr incubation. Bottom: (B) 
circular dichroism of the interaction of kanchanomycin 
with polyphosphate in high salt. (---) 33 p~ kanchanomycin, 
sodium polyphosphate (500  pg/ml), and 1 mM Mg2+,  no 
incubation; (-) similar solution also containing 2 M NaCl; 
the 1 mM Mg2+ was added last. 

Crothers et a/., 1968). Since the structure of kanchano- 
mycin is currently unknown, it is difficult to  ascertain 
from which source its dissymmetry derives. However, 
the large magnitude of the optical activity of free 
kanchanomycin suggests that it has inherent asym- 1551 
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metry since the molar rotation and ellipticity values for 
inherently dissymmetric molecules are generally higher 
when compared with inhermtly symmetric but asym- 
metrically perturbed chromophores (CrabbC, 1965). 
Further, the optical rotatory dispersion properties of 
kanchanomycin remain unchanged in 8 M urea, 2 M 
NaC1, or in 1 0 0 ~ o  dimethylformamide suggesting that 
the antibiotic does not polymerize in aqueous solution 
at  the concentrations employed in these studies. 
Finally, since Mg2+ must be present in a concentration 
equal to kanchanomycin for interaction with poly- 
nucleotides to  be complete, it is likely that the optically 
active monomer forms a complex with Mg2+ which 
subsequently interacts with the polynucleotide. 

Cooperative binding of dyes to  macromolecules has 
been reported for acridine orange, proflavine, and 
methylene blue (Beers and Armilei, 1965; Blake and 
Peacocke, 1965; Stone, 1965). Optical activity de- 
creases and disappears as the ratio of binding sites to  
dye increases causing decreasing aggregation of dye 
molecules. It has been calculated that the dimer of 
acridine orange (Gardner and Mason, 1967) is itself 
the repeat unit responsible for optical activity and that 
for proflavine aggregates as small as the dimer can 
yield optical activity (Cox and Peacocke, 1967). While 
cooperative binding of kanchanomycin to  polynu- 
cleotides appears to  occur (Friedman et al., 1969), a 
tenfold increase in the ratio of phosphate to  kanchano- 
mycin causes no change in optical activity. Thus, it is 
likely that dye-dye interaction does not contribute in a 
major manner to  spectral changes occurring when 
kanchanomycin binds to  polynucleotides. 

Recent optical rotatory dispersion and circular di- 
chroism studies on the binding of amino acridines t o  
nucleic acids support the concept that there are two 
types of binding: one, a t  high nucleotide/dye ratio, in 
which the acridine can interact both with the nucleotide 
bases and electrostatically with the negative phosphate 
groups on the polynucleotide chain; and a second, a t  
low nucleotidejdye ratio, in which the acridine binds 
primarily to  the negative phosphate groups and which 
is further stabilized by dye-dye interaction (Blake and 
Peacocke, 1966,1967a; Pritchard et al., 1966). For other 
compounds known to form complexes with DNA in- 
cluding Miracil D (Hirschberg et al., 1968), quinacrine 
(O’Brien et al., 1966), and chloroquine (Cohen and Yield- 
ing, 1965), it has been suggested that they bind by the 
first mechanism. Basic antibiotics of the amino glycoside 
type, however, appear to  form complexes with DNA 
purely by electrostatic interaction (Zimmer et al., 1967). 

The rapidly formed initial complex between kan- 
chanomycin and nucleic acids in the presence of M g 2 +  
(complex I) appears to  be in large measure electrostatic 
in nature involving the negatively charged phosphate 
groups. This conclusion is founded on the observations 
that kanchanomycin interacts with polyphosphate and 
polyglutamate yielding optical rotatory dispersion and 
circular dichroism spectra that are very similar to  those 
of complex I formed with poly A and other polynu- 
cleotides as well as with denatured DNA. These are 
unlike the initial complex formed with nucleic acids by 
the hepatotoxin, luteoskyrine, which requires purine 1552 

bases and denatured regions in the polynucleotide 
(Ohba and Fromageot, 1967). I t  is proposed that the 
kanchanomycin-Mg2 + complex is a positively charged 
species which interacts electrostatically with the phos- 
phates of the polynucleotide backbone like the afore- 
mentioned basic antibiotics. However, the smaller 
magnitude of the optical rotatory dispersion and 
circular dichroism spectra that are observed with native 
DNA, poly G ,  and d(A-T)n suggest that there is a 
dependence of optical activity upon the conformation 
of the polymer. Since native DNA and d(A-T), are 
helical structures and since poly G has a very stable 
secondary structure a t  neutral pH, this would imply that 
the change in optical activity of kanchanomycin induced 
by these polynucleotides as compared with others may 
reside in the differences in orientation of the individual 
dye molecules to the polynucleotide as well as to  each 
other. Despite the likely inherent dissymmetry of 
kanchanomycin, as a ligand it is still subject to  en- 
vironmental influences, and one must conclude that the 
smaller magnitude of optical activity (and, thus molec- 
ular dissymmetry) displayed by kanchanomycin bound 
t o  the above species reflects these environmental 
differences. 

The tendency of kanchanomycin when added to  a 
solution containing equivalent amounts of poly A and 
either native calf thymus DNA or poly G ,  to  bind to  
poly A indicates that more than electrostatic inter- 
action with phosphate is involved in complex I forma- 
tion, when polynucleotides are involved. In addition, 
with poly A complex I is stable in contrast to  those 
with other polynucleotides. A binding preference for 
poly A has also been noted for acridine orange (Beers 
and Armilei, 1965). The reason for the high affinity and 
stability is unclear. All of the double-stranded and 
other single-stranded polynucleotides examined form 
complex 11. At neutral pH, about two-thirds of the 
bases in poly A are in a single-stranded helical con- 
formation stabilized by base stacking (Brahms et ai., 
1966; Van Holde et ai., 1965). A similar conformation 
has been described for poly C (Fasman et ai., 1964; 
Michelson et al. ,  1967), but its complex I is also un- 
stable. Hence, strandedness and helicity are not ade- 
quate explanations. In this regard, it is of interest that 
poly (A,G) converts only partially into complex 11, 
and d(A-T),, converts completely into complex 11. In 
the former, there are “runs” of poly A and poly G ,  
while in the latter, adenine alternates with thymine. 
Hence, unless kanchanomycin exhibits even greater 
affinity for thymine than for adenine, these data suggest 
that the cooperative interaction of adjacent adenines 
with kanchanomycin-Mg2 + stabilizes complex 1. 

On the other hand, complex I1 formation clearly 
implicates an interaction of the antibiotic with the poly- 
nucleotide bases. Bromination of poly U, which 
abolishes the aromaticity of the pyrimidine ring, pre- 
vents the formation of complex 11. Polyphosphates and 
poly-L-glutamate, lacking the aromatic bases, do not 
form complex 11. Since complex I1 of kanchanomycin- 
Mg2f  with DNA can be dissociated by the chelating 
agent EDTA, covalent bonds are not involved, dis- 
tinguishing this complex from those in which irrever- 
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sible chemical bonds are formed between dye and 
nucleic acid. 

Another factor to be considered underlying the 
spectral changes in the conversion of complex I into 
complex I1 is a time-dependent change in polynucleotide 
conformation induced by the bound kanchanomycin. 
Kanchanomycin, interacting with native calf thymus 
DNA in the presence of a Mg'+ concentration equiv- 
alent to the nucleotide concentration, induces a time- 
dependent increase in viscosity of the solution (Fried- 
man et al., 1969). Such an effect is not observed under 
the conditions employed for these spectral studies. 
Further, measurements in the 260-m,u range reveal no 
differences in optical rotatory dispersion between solu- 
tions of complexes I and I1 of kanchanomycin-Mg2+ 
with DNA. However, since kanchanomycin itself also 
exhibits optical activity in this wavelength region, it 
cannot be completely ruled out that changes in optical 
rotation resulting from alternation of polynucleotide 
conformation may be masked by equal and opposite 
changes in optical activity of bound kanchanomycin. 

Other studies with kanchanomycin have shown that 
the antibiotic inhibits DNA-dependent RNA and DNA 
polymerases (P. B. Joel, P. A. Friedman, and I.  H. 
Goldberg, in preparation), uncouples oxidative phos- 
phorylation by mitochondria (P. A. Friedman and I. 
H.  Goldberg, 1967, unpublished results), and interacts 
with polynucleotides in the presence of Mg2+  (Fried- 
man et al., 1969). The present study confirms and 
examines in greater detail the binding of kanchano- 
mycin to polynucleotides, and shows, in addition that its 
interaction is not restricted to nucleic acids and poly- 
nucleotides. It also binds to other polyanionic mole- 
cules, such as polyphosphates and polyglutamic acid, 
indicating that it can interact with a variety of nega- 
tively charged molecules. It appears, therefore, that this 
highly cytotoxic antibiotic may interfere directly not 
only with nucleic acid synthesis, but also with other 
pathways of cellular metabolism. That its action in 
cell-free systems has some specificity, however, is in- 
dicated by experiments in which polypeptide synthesis 
by extracts from E. coli was not affected by high levels 
of the antibiotic (I. H.  Goldberg, 1967, unpublished 
results). 
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