
Biophysinl Chemistry 6 61977) 31-4s 
0 North-LiaUand Publishing Company 

OPTICAL STUDIES ON COMPLEXES BETWEEN DNA AND PSEUDOISOCYANINE 

Bengt NORDeN 
Qivtin of Inorganic Chemisrry 1. University of Lund. Chemical Center. 
S-220 07 Lund, Sweden 

and 

Foike TJERNELD 

Received 17 hfay 1976 
Revised manuscript received 21 JuIy 1976 

Lineru dichroism (LD) results when pseudoisocyanine = PIG ( f , ldiethyl-2,2’-cyanine iodide) binds to flow-oriented 
DNA. LD may be used to follow the complexation both stoichiometrically tind structurzdly. since when specified to unit 
complex concentration LD provides a measure of the average ofientation of the absorbing transition dipole. 

Two different types of complexes can be zfistinguished: I. One stron,, a ionic-strength insensitive complex with mono- 
meric PiC with an orientation indicating interczxlation. II. Several weaker complexes of electrostatic nature (only observed 
at I < 0.2 &f NaCl) among which those with dimeric (IIa) and with polymeric (IIb) PIC are concluded both from LD and 
from circular dichroism (CD). The dimes is probably formed by employing one intercalated PIC as B second site. The ~-~ly- 
mer compIex is characterized by a very sharp absorption band at 553 nm polarized paralkL to the DNA-z& (with positive 
LD and positive CD). Its structure, a right-handed heIiui array of PLC moiecules. is discussed in terms of exciton theory in 
relation to that of palymedc free PIC C’Scheiie polymer”) which is also shown to in:errct with DNA WC) yield& a large 
aggcgate which is degraded at a distinct fLow force fieLd. For L a stabiiity constant KL = (9 5 3) X LO5 &f-t and mL = 
0.26 + 0_03 sites per nucleotide residue (formally ORZ site at every second base pair) was obtained; for Ltb KLL = 
(2 t 1) x LO4 W-r *frLL = 0.1 f 0.5. 

1_ introduction 

Linear dichroism spectroscopy was recently em- 
ployed to study the interaction between oriented 
DNA and chromophoric small molecules both from 
stoichiometrical (stability) and stprctural points of 

view f I] _ We here report that ~eudoisocy~~ne = 
PIC (I, 1 ~iethy~-2,Z’~yan~ne) forms complexes with 
DNA as judged from flow linear dichroism (LD) and 
circular dichroism (CD). Besides this, results are ob- 
tained which are interesting at the background of a 
number of recent discussions 12-71 on PIG aggregates 
in relation to photosensitive systems. PIG salts are 

known to form a thread-like polymer (below referred 
to as the Scheibe polymer [3,8]) in aqueous solutions 
at concentrations above 10m3 M which is characterized 

by the appearance of a very sharp absorption band at 
573 nm which is polarized parallel to the fibre axis 
(the J-band 181). When PIC binds to poly-L-glutamic 
acid [9l or when being polymerized in an optically 
active medium IlO] this band becomes circularly di- 
chroic which has been ascribed to a heelical arrange- 
ment of the dye moiecxdes. It is thus often more or 
less taken for granted (at Ieast for cyanine dyes like 
FIG) that awegation is a necessary condition for ob- 
taining induced optical activity. This is understandabie 
if a planar molecule is surmised with little potentiality 
of gaining rotatory strength in the monomer, but 
where any ch.iraI arrangement of two or more units 
can give strong CD by dipole coupling between the in- 
tense electric dipole &owed z--n* transitions in the 
different units. However, the role of PIG in the litera- 
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ture is ambiguous, many discussions refer to it as a 
planar dye though both its behaviour as a PhOtQSenSi- 
tizer and the sterical hindrance seen in molecular mod- 
els sumest it be twisted, which has also recently been 
found to be the case in crystals [ 11= 121 (“dihedral” 
angle rp appr. 50’). A twist can also be expected in so- 
iution, the absolute configuration of the enantiomer 1 
wilt betow be referreiJ to as P(C2)_ 

With this background and in the light of recent claims 
against [2] and for [6] helical models explaining the 
optical activity of PIG polymers, we found it vaIuable 
to investigate (a) whether CD can be induced in 
monomeric PIG when complexed to DNA, and (b) 
whether the Scheibe polymer has any correspondence 
in a complex. With LD as a sensitive meter of the for- 
mation of complexes with non-random orientation, 
it was further our hope to be able to differentiate be- 
tween differently structured complexes, of notorious 
interest in connection with discussions about inter- 
calation and external binding models [13]. 

2. Experimental method 

The LD method is based on a sensitive detection, 
obtained by the instrumental combination of a 
Legrand-Grosjean circular dichroism spectrometer 
(Jasco J-41) and an achromatic quarter-wave accessory, 
of the differential absorbance [ 141 LD = A II -A, 
(typical resolution power + IOV6 absorbance units). 
The polynucleotide solution is in a Couette cell sub- 
jected to a constant flow gradient of a magnitude en- 
suring optimal and time-stable orientation [ 1 ] . In the 
wavelength region characteristic of an added chromo- 
phoric molecule a zero LD is observed unless the dye 
molecule by interaction with the oriented po!ymer is 
indirectly given a certain degree of orientation, 

If a complex is formed, S(QL, between a site SQ 
on the polynucleotide and the Iigand L the observed 

LD is given by a specific 4~~ = et - el characteristic 
for the compIex and the degree of orientation, 
F@,P) I1 I, eqs. (l)-(3), and by the complex concen- 
tration and the optical pathlength (d). If only one 
compIex need to be considered at a time (if ali Aei = 0, 
i Zi or in a certain concentration range) eq. (3) may 
reduce to (4). (A is the absorbance and E the decadic 
extinction coefficient, !&I-’ cm-t). In eq. (2) the to- 
tal site concentration CscQ, the totai nucfcotide con- 
centration C, (interrelated by the site density num- 
ber I$) and the total figand ~oncent~tion C’, are re- 
lated to stability constants Ki_ 

lD= CAc@(i)L]d, (1) 
i 

@aI 

(=I 
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From the observed LD signal eq. (I) may provide in- 
formation about the complex concentration. Eq. (3) 
can be used to evaluate the “optical factor”, 
((cos2B) - %), yielding the average orientation of the 
active transition dipole moment with respect to the 
orientation axis of the polynucleotide (= helix axis 

of DNA), or if this is known, to extract hydrodynamic 
information (stiffness of DNA, chain conformatidn) 
by theoretical correlation of F(rr.fl) to the velocity 
gradient, G, for a model molecule [I]. in the present 
study we have evidence for that the existence range 
of S(l)Lis essentially separated from those of S(i)L, 



i 2 2 and canstant ei and &zi may be assumed at very 
low CL. Actually a certain spectral change suggests the 
formation of a DNA complex with dimer i+. Since 
we have no possibility to distinguish this complex 
stoichiometricaliy, both monomer and dimer wilt be 
included in the notation S(1) L. The site manifold 
S(1) appears to be completely occupied at about 
CL = C,/2 where LD shows saturation and a primitive 
ligand number Ei may be assumed according to eq. (S), 
which also defines our site concept: 

* LDfh;llLD($I,~ t OGZj<‘r _ (5) 
K1 is estimated from eq. (6), straightforwardly derived 
from eqs. (2), (5). 

By plotting l/(1 --EL) versus CL/EL a straight line 
should be obtained when the last term ofeq. (6) can 
be neglected, that is when [S(Z) L] is negligible, with 
K, as the slope and fztCN as the intercept at 
L/(1 -zL) = cl. 

A Scatchard plot was aho empioyed according to 
e+(7) [IS],Fvherer=rrtLD/LD,, and [I_] = 
CL - qCNLD/LD,,. 

r/it] = “tKt - rK, 1 (7) 

Confidence limits when given are subjective estimates 
from apparent uncertainty rather than statistical 
standard deviations, since the latter appeared through- 
out. negligible at the side of the possible systematic 
errors due to model assumptions. Typical noise levels 
have been represented by vertical bars in some specrra. 
No correction for optics or electronics was made (for 
absolute LD accuracy see [I 43 )- 

Calf thymus DNA (Sigma type I) was used. The 
commercizd pseudo-isocyanineiodide (Koch-Light, 
No. 33047) was used without purification_ An absorp- 
tion coefficient of PIC at 520 nm, E = 6.0 X 104M-1cm- 
was determined for the IO-* M concentration range 
in aqueous solution. The DNA concentration (C,) was 
determined by the absorption at 260 nm using E = 
6600 hl-1 cm-L. 

Circular dichroism is given in absorbance units, ob- 
served as CD = AI-A, = (et -er) Cd, where cl -er is in 
M-t cm-t _ Ionic strength 0.01 111 NaCl has been used. 

,’ 

300 Loo 9x1 nm 

<aI 00 (c) 

Fig. 1. d, LD and CD for C#N = 0.005 (a. 6.4 X IO4 M) CdcN = 0.09 (6,s.L X 10” 51) and C&q = 0.55 (e, 2.5 X iOG &Cl- 
DNA concentrations <CN) within parentheses. PathIengths: @, CD) da = 3 cm, db = 0.5 cm, de = 0. I cm. LD 0.1 cm. Xanic strength 
0.01 M Na0. 
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3. aesults 

Fig. 1 gives A, LD and CD spectra For DNA/PIG 
solutions at some selecred representative ratios CL/CN 
in 0.01 M NaCl as an ionic medium. A first important 
observation is a nonzer’o LD and a non-zero CD at very 
low c, (C&N = 0.005) indicating the presence of 
monomerically bound PIC (dimer influence was ex- 
cluded from the typically monomeric property of the 
CD spectrum and from an estimate of the dimerisa- 
tion constant [4]) and the fact that PIC can exhibit 
optica activity as a monomer, respectively. The nega- 
tive LD is in qualitative agreement with an intercala- 
tion concept, LD/A at 500 nm is -0.18, which value 
is almost the same as that obtained for the DNA- 
ethidiumbromide complex [l] and of the same mag- 
nitude as was observed for the DNA purine-pyrimi- 
dine ?T + R* transitions. 

As the next representative we have chosen 
CL/CN = 0.09 and here a new (positive) CD band at 
485 nm indicates the presence of a complex with di- 
merit PK. A decrease of the 525 nm absorption 
band by almost one half and a well defined high in- 
tensity band at 483 nm (observed in 4 X IO-4 hi 
PIG water solution) have been ascribed as characteris- 
tics of the dirner [16]. 

In fig. 2 a values of LD/A = (eg - EJ/E~~~,~ 
(because free L can be neglected) and CD/A = 

(9 - fJ&oInplex at about 540 nm have been plotted 
versus CLICN_ This graph further visualizes the appear- 
ance of at least a second species (the dimer) which is 
characterized by a lower linear dichroism to absorp- 
tion ratio and a higher dissymmetry ratio than of the 
monomer complex. This behaviour is consistent with 
the increased possibility, in the dimer, of gaining ro- 
tary strength by dipole-dipole coupling and a de- 
creased average order, respectively, when intercalation 
sites are no longer exclusively employed. Fig. 2b com- 
pares the dimeric CD band (appearing above CLICN 
= O-04) with a CD band at 325 nm belonging to the 
monomer, but which is probabIy also present in the 
dimer. 

In the next representative in fig. 1 CL/CN = 0.55 
and here a new band, visible both in LD and CD, has 
arisen at 553 nm. This wavelength does not agree with 
that known for the Scheibe Polymer (J-band 573 nm), 
which we take as evidence for that we have a specific 
polymer PICN-DNA complex. This conclusion is sup- 

ported when LD versus flow gmdient is studied 
(fig. 6a): the 553 nm and 528 nm LD band curves by 
following each other closely, strongly indicate that 
they originate from a single hydrodynamical species. 

In fig. 3 LD versus C, was plotted for the dye 
bands (a) as well as for the intrinsic DNA chromophore 

band (b), PIG has zero absorption at 257 nm. The 
constancy of the latter observable indicates that the 
helix is not severely perturbed by the intercalation. 
At higher CL(CL/CN > 1) a certain decrease can be 
seen in [LDf at 257 nm, which is the effect to be ex- 

pected at an expansion of the heIix, yietding a de- 
creased f3 in eq. (4)_ However, LD is very sensitive to 
changes in f3 and a decrease in LD/A from -0.12 to 
-O.LO, corresponds formally only to the change from 
59O to 5g0, if a constant F(cu,p) = 0.43 is assumed 
(vide infra). LD of the dye bands increases linearly 
with CL which may suggest a large stability of the 

:DjZS x IO4 

20 GO CLXl( 

(b) 
%- 2. (a) (CD/A)S.WJ (0) and (LD/A)535 (0) vossus Cr/cN at 
low CL- @) CD at 325 nm (0) and at 485 (c) YC~SUS CL at CN 
= 6.52 X lo4 hi. 



Pig. 3. (a) LD at 500 nm (0) and at 553 nm (0) versm CL. 
cw = 1.86 x LO-4 &I. 

complex. Unfortunately PIG, like many other dyes 
“‘disobeying Beer’s law” due to aggregation, is very 
sensitive to the nearest neighbour distance a;,,! a con- 

stant cl for S(I) L cannot be expected when new 
mofecufes approach. This effect may be she reason 
for why the 500 nm band after reaching a maximum 

then decreases simultaneously with the appearance of 
the 553 nm band. However, a more plausible explana- 

tion is a positive AE at 5110 nm e~ibited by the poiy- 
mer. The position of the maximum, at CL{CN = 
0.53 *_ 0.05 is nat changed if C, is changed between 

0.186 mM and 0.091 mM (fig. 3c) which supports the 
concIusion of a high stability of the first PIC-DNA 
complex. fn fig. 3c it is seen that similar titration 
cmves are obtained when based on either the 485 nm 
CD band (belonging to the dimer) or on the 500 nm 
LD band (covering monomer as well as dimeric PIG).. 
The 553 nm LD and CD curves are also similar to 
each other. 

Fig. 4 illustrates an attempt to estimate a stability 

(b) 

Fig. 4. <a) Plot according :o eqr 15) and (6) for the 500 nm 
LD band, yielding no = 0.26 and &TX = 7 X *OS ST* - 

6b) Hot of r&L1 vetsus r. eq. f7) yieldinS q = 0.23 and 

K[=9X 10sM-‘. 
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Fig. 5. Effects of ionic medium. 
(a) In the existence range of the PIG-DNA and PtCz- 

DNA complexes. CdcN = 0.09 (CN f 5.1 X lOA hi). CD 
spectrum at I = 0.01 M N&l ( -) and at f = 0.21 hf N&I 
(.--.). 

(b) In the existence range of the (PIC)N-DNA polymer. 
CdCN = 0.55 (Q = 2.5 x HI-” i+f). tv spectrum at I = 0.01 
ICI NaCl(---- ) and at I = 0.21 M Nail fm---j. 

(c) CD at 573 nm (0) and at 553 nm (0) versus ionic strength 
(ht N&X). C@Z& = 1.4 (CN = 0.85 X LW4 Mj. 

constant of the first complex from the 500 nm LD at 
tow CL by means of eqs. (6) and (7). under assump- 
tion according to eq. (5). ICE = (9 + 5) X 10s ~-1 
and n f = 026 i 0.03 was obtained_ The latter num- 
ber shoutd mean that every second base-pair slot can 
be occupied. As will be seen (Discussion) the observed 
circular dichroism for the 530 nm band system fnega- 
tive) as well as shorter wavelength CD bands (positive 
at 330 nm, negative at 390 nm) is consistent with a 
monomer PIG with P(Q) configuration (I), which is 
also the conformation expected to be preferred SW% 
caily by the ribs-handed helical strands (fig. 7a). The 
idea of an intercalated monomer and a weak dimer- 
DNA complex is in agreement with the disappearance 
of the 490 nm “dimeric” CD band in 0.2 M NaCl, 
fig. Sa. At higher CL a corresponding extinction by 
increased ionic strength of the 553 nm CD band, as- 
signed to the PICN-DNA complex, shows that also this 
complex is of a weak (electrostatic) nature. In LD 
(fig- Sb) the mentioned effect by ionic strength is aIso 
clearly visibfe and here also a certain formation of the 
Scheibe polymer occurs recognized by the J-band at 
573 nm (f = 0.2 M). Only a small fraction (ca. 0.8% at 
I-32 X 10e4 M PIG) of the total C,. however, is em- 
ployed by this polymer and the J-band is therefore in 
practice only visible in LD and CD due to its opposite 
sign contra the surrounding monomeric contributions, 
while in the absorption spectrum it is completely 
drowned. In fig- SC the increasing and decreasing 
Scheibe polymer and PICN--DNA concentrations, 
respectively, by ionic strength are visualized. 

With the aim of estimating to which extent the 
Scheibe polymer is in contact with DNA (an electro- 
static attraction can be expected), LD versus flow 
gradient curves [ 11 were traced for transitions specific 
for DNA (257 run), for the rno~orne~c~y bound 
PIG (500 nm) and for the Scheibe poIymer (573 nm), 
respectively. Absence of binding forces should be re- 
veahi by different curves due to then uncoupled 
hydrodynamic properties of DNA and Scheibe poly- 
mer. A most amazing result was however obtained 
(fig. fib). For the 257 nm LD bands a monotonic 
growth curve was obtained closely resembling that of 
free DNA in consistency with a DNA molecule only 
slightly perturbed by complex&on. A s&n&r shape 
for the 500 nm band cute was an independent proof 
of the monomer PIC-DNA compIex. As expected no 
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Fig. 6. (a) LD at 528 nm (0) and at 5.53 nm (0) versus flow 
~ZU%S,t ?,t CdcN = 0-47 (CN = 1.09 x 1O-4 %f). I= 0.01 kf 
M&l. 

(b) LD versus flow gradient st 257 nm (a). 500 nm (0) 
and 573 nm (0) for the Scheibe MC,--‘DNA ampie at 
CdcN = 0.91 (CN = 1.6 X t0-4 kf). f = 0.21 hf N&L 

effect on the stability of the complex by the velocity 
gradient could be detected. However, judging from 
the 553 run LD, the Scheibe polymer has apparently 
required a small amount of DNA to form extremely 
large pa.rticIes with a remarkable force-field dependent 
stability: At low gradients (G < 900 s-I) these par- 
ticles are oriented to give a strong negative LD which, 

if the DNA axis is still the orientating axis, implies 
that the fibre axis of the Scheibe polymer is almost 
perpendicular to the DNA axis. Such an arrangement 
CLtn be realized in a PIC “super-coil” with low pitch 
(cf. Discussion, table 1) coaxiaily surrounding the 
DNA fibre or in some extended net-work a=regate. 
If the ffow is interrupted a slow relaxation (rllZ = 20 s) 
proves a very large particle. At a gradient G = 990 s-1 
(well reproducible at differenr. DNA and PIG propor- 
tions) a strikingly distinct transition Cakes piace, 
probably Ieading to a disruption of the particle into 
free DNA and Scheibe polymer, as judged from the 
positive LD at 573 nm and the now instantaneous 
relaxation to zero orientation. Furthermore, the relax- 
ation, when the flow gradient is rapidly changed 
downwards just across the transition limit, Ieads im- 
mediately to the negative stationary LD value cb- 
served for the “macro-partic’te” which shows that the 
latter is readily formed. The possibility that the tran- 
sition field defines the particular binding force seems 
very interesting and not unreasonable in view of the 
large dimensions of the participating molecules and 
their ability of acting as levers. However, to our best 

knowledge this is the first example of a reversible 
m&ecu&r disruption by a mechanical force exerted 
on the macrosystem. 

4. Diseussian 

It is known that the Iang-wavetength (4‘400-550 nm) 
absorption in PIG is essentially x-polarized (I) [ 16,171, 
the 525 nm band is the O-O band and the other bands 
are members in a progression (O-1 at 500 nm) with 
successively decreasing intensities, characteristic of 
the symmetric stretching vibration of the conjugated 
C=C, C=N bonds. Nence the negative LD proves that 
the molecular tong axis is forming a large angle to the 
helix axis, in the monomeric PIG-DNA complex. 
A& = -0.18 yields a formal tZ? = 57” if F(q3) = 1, 
but taking into account the possibly uncompiete DNA 
orientation and elongation, s larger value (6X”) may 
be estimated, fig. 7a, in perfect agreement with an 
intercalation structure, when referred to the base pair 
orientation judged from the LD OF the intririsic DNA 
chromophore [I]. From the observation of A& = 
+I .3 for the 553 nm polymer band expected to have 



completely parallel polarization we get F&p) = 0.43 
from eq. (4) with B = 0”. 

Since any z-palarized component in PIC should be 

Fig. 7. (a) ~~on~rneri~ PIG-DNA complex, and (b), 6~) 
sketched structures for PEN--DNA, (d) arrangement at low 
pitch and r = 11 A. 

very expressive in the rotational strength in a stewed 
conformation it is of interest to more closely analyse 
the LDIA spectrum (fig. 8). A variation in LDIA im- 
mediately tells that B is not constant so components 
with different polarizations must be present. A positive 
tendency is pronounced at the 320 nm absorption 

IO 400 500 nm 

Pig. 8. Anatysis of the LDlA spectrum. LD/A ~1 cf&J = 
0.005 {a) and 0.@9 (0) (CN = 6.4 X IO* M aad 
5.1 x It+ N). 



band where LDfA is almost nil. if no licpolarized com- 
ponent is interfering here and the configuration ac- 
cording to fig. 7a is considered, i.e., the PIG x-axis 

perpendicular to helix axis, a zero Ll?/A should be ex- 
plained by a z-polarized (in the quinoiine ring planes 
1181) transition in the monomeric PIG skewed to a 
dihedral angle p = 2(90* - 54.7’) = ‘7 lo (68O if LDl.4 
= -0.05 is used). From fig. 73 (or by molecular mod- 
eYs) it is obvious that the helical strands imply sterical 
restrictions (at least in the case of “partial intercala- 

tion’“) leading to that the can~g~~ation above denoted 
P(C,) wiil be preferred, With this configuration and a 
y <90” a z-polarized component is expected to give 
rise to an exciton couplet with a positive CD band at 
the high-energy side of the original transition and a 
negative on :he low-energy side. Thus the 330 nm pos- 
itive CD band and the negative 390 nm band may be 
the result of exciton coupfing among z-polarized com- 
ponents connected with the 360 nm absorption_ The 
high dissymmetry factor observed for the 390 nm 
band (5 X 1O-3 for the resolved band) is in harmony 
with this type of origin of optical activity. A similar, 
strongly dissymmetric, CD band was reported in 
DNA-eth~di~mbramide at 378 run and was ascribed 
to an R-Z* transition J 19]_ However, regarding the 
ethylenes on the nitrogens this cannot be the explana- 
tion here. 

Also in the long-wav&ength region variations in 
LD/A (fig. 8) indicate the presence of z-polarized vi- 
bronic components. However, the main oscillator 

strength is here x-polarized which, either by exciton 

theory or by the rule formulated for cisoid dienes 

[ZOJ, implies an overah negative CD in the P(C2) con- 
figuration, in agreement with the observed 400-580 
nm CD spectrum. 

The positive CD band at 490 nm observed at inter- 
mediate CL and iow ionic strength may be assigned 
either to a high-energy x-polarized exciton component 
in the dimer, being ailowed by the presence (in a first 
approximation) of an inversion center J.3) or to the 
higbenergy monomeric exciton band from a rein- 
forced (in the dimer) vibronic z-pofarized transition, 
which shotrId exptain the strong and positive CD_ On 
the basis of crystal studies ] 11,121 we suggest the ar- 
rangement II in the dimor, which can probably also re- 
present the linking in the polymers as well (vide infra). 

The perhaps most interesting observation in the pres- 
ent study is the J-hand-like sharp and strongly aniso- 
tropic band at 553 nm @D/A = 1.3 f OS, CD/A = 
0.02 a 0.01 when corrected for the background ab- 
sorption). The different position as compared with the 
I-band is evidence for a (PLC),--DNA complex with 
a specific structure. in the Light of the large number 
of different theories about the structure of the Scheibe 
po&mer and about the origin of its optical activity it 
seems important to discuss the structure of the present 
polymer which is probably closely related to the 
Scheibe polymer. Hence, the first observation is that 
the positive circufar dichroism can be connected with 
a right-handed helix (this has been an open question 
for the Scheibe polymer). To this conclusion one may 
arrive by tentatively considering the array of polar- 
izabie PIC units as an infinite helical conductor. Ac- 
cording to Czikkeiy, Fiirsterhng and Kuhn ES J, actual- 
ly a oue~imeus~onai electron gas mode1 should be 
preferable to exciton theory since there is evidencd 
for that the fatter should break down in the point di- 
pole approximation for molecules in van der Waals 
contact [21]. First let us however scrutinize the case 
in terms of an exciton formalism. 

According to the cychc exciton theory of Moffitt 
13-21 (considering a helix of a number of amide resi- 
dues) only two allowed transition combinations are 
observed, one with transition moment directed aIo*ig 
the helix axis (with a rotational strength Ru) and one 
doubly degenerate with a moment perpendicular to 
the helix (R,). ff the monomer transition moments 
have zero radial components, as in fig. 7b and 7c the 
rotational strength of the parailei 553 nm band can 
be related to the radius, r, of the helix and to the in- 
clination angle, 7. of each unit, in III defined with 
sign for the case of a tight-handed helix, eq. (8): 

@b) 
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(V is the frequency, cm-l, p is the electric transition 
dipole moment in the monomer). In the case of non- 
zero radial component, i.e., when the “chromophoric 
pla;re” forms an angle u with the tangential plane, 

eq. (3a) should be multiplied by cos 7 cos u. By the 
approximation of the dissymmetry factor (8b) CD/A 
may be used to estimate one of y and r if the other is 
known. Assuming a helix diameter of 20 A, our CD/A 
= 0.02 f 0.01 implies 26” G 7 G 90” by eq. (8) which 
may tit either model b or c in fig. 7. 

According to exciton tneory by Tinoco et al. for heli-- 
cal oligomers [23] the energy shift from the mono- 
merical energy is essentially equal to the dipole- 
dipole coupling energy between adiacent units, mod- 
ified by a factor containing the unit number, fV, ac- 
cording to: 

“4, N - Ymonomer = G 

3(ut l ‘t2)t&*‘t2) - 
32 ) 

2 cos&_ 9) 

Here f12(lrt21 =1-t2) denotes the vector connecting 
the two adjacent PIC transition dipoles pt and P2 
(I pt I = 1~~ I = p). By simple geometry eq. (9) is trans- 
formed to eq. (10) introducing the coordinates accord- 
ing to Ii1 [7 = inclination a&e of the transition mo- 
ment p in the chromophoric plane which has an angle 
of tilt (I to the tangential plane, p = pitch angle of 
helix, pitch is (360/$)rt2 sinpif~isindegrees,r= 
radius of helix,r,, = inter-dye distance, obviously 

swJI/2) = ‘12 (cos P)/W - 

A=v - Vmonomer 
Y2 

U.N = - {cos20[sin2y cos $ 
ftc332 

+ cos2y-3(cos p cos $f2 sin y t sin p cos T)~]} 

+ sin20(cos $ f 3 cos2p sin2 9/2)}2cos[1~/(rv+1)] . 

(10) 

With five independent structural parameters 6, u, p, 
r. f12) and only two observables, eqs. (9) and (IO), 
there is no hope of getting any explicit structure_ The 
most reasonable relaxation of the starting condition 
is to assume u be pofarized in a tangential plane 
(u = O’), which assumption is justified for two rea- 
sons: Firstly, the effect on R, by a not too large u of 
any sign is negligible regarding the uncertainty of the 
determined CD. Secondly, the existence of a polariza- 
tion component parallel to the helix axis eliminates 
the possibility of the ideal ‘$card peak” structure (or 
structures B, B’ in ref. [S]) and any alternative poly- 
mer structure must then almost certainly rely on 
joints of the type II, that is by engaging both quino- 
line rings. Hence the x-axis of each PIC unit in a heli- 
cal array is approximately tangenring the helix cylii- 
der at the internuclear carbon, i-e_, at the presumed 
center of gravity of the point dipole (see for instance 

fig. 7d)_ 
The dipole strength p2 was estimated to about 

3.4 X lo-35 es& cm2 from the absorption spectrum. 
for the J-band of the Scheibe polymer. We have used 
this couplet dipole strength instead of the monomeric 
value with the idea of thereby better accounting for 
the effective coupling. In table 1 we have used eq. (10) 
to calculate A to be expected by exciton theory for 
some possible combinations of the structural param- 
eters 7, p, r and rL2. These values should be compared 
with the experimental A. which is 930 cm-l for the 
PICN--DNA polymer and 1559 cm-l for the PICN 
Scheibe polymer. 

Obviously LI is insensitive to modest variations of 
tire helix radius_ Also the N-dependence must be con- 
sidered “ineffective” and we found it very unliiely 
that the difference irt A between the Scheibe and 
DNA cases shotid be due to a change in only r or N. 
The distinct band position which remained at 553 nm 
during the course of the titration also apparently 

rules out N as any important modulating factor in 4. 
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Actually this tow uncertainty in the experimental 
A (A Q-2 nm) Formally implies N > IO2 as a conse- 
quence of the correspinding maximation of uncertain- 
ty of cos[n/(Nc1)1 with the reasonable assumption 
that the J-band properties are exhibited at least during 
a ten-fold increase in molecular weight of the polymer 
(i.e., cos[nl(IOrVmjn f I)l-=+lWa-$in + 1)l 
<4 X IW4)_ For the Scheibe polymer it has been 
suggested that N> 106 [81. Examples are given in the 
table in which the stacking can account for the energy 
shift between the Scheibe and PICN-DNA polymers, 
It may also be noted that a small change in the inter- 
nuclear distance r, z (e.g.? from 7.5 to 8.9 a) is suffi- 
cient to explain this shift- 

Regarding the reported failures of the exciton the- 
ory for molecules in contact ES,21 ] we might expect 
a large systematic error in A obtained by means of eq. 
(10). It is therefore interesting to approach the struc- 
tural problem from another side: From the estimated 
stability constant (vide infra) of the PIG,--DNA com- 
plex it is possible make a rough estimate of Aeje at 
500 nm of this complex, being about +O.OS9 which 
result is also quaIitatively obtained from fig, 3. This 
is not in disagreement with the extremely large LD/A 
observed at 553 nm, since the latter band has, by se- 
lection rules within the exciton concept, a purely 
Parallel polarization. On the other hand, far the 500 
run band we have reason to believe that the transition 
has essentially monomeric polarization, that is along 
the x-axis, which means that -y = 0. By eq. (4) we then 
get r = 5~4~. From this value r = 11. & 6 8, is obtained 
by eq_ (8). Any reasonable PIG,-DNA model must 
adopt the pitch of DNA, that is 34 a per turn and p = 
3Sp. Of the two models in fig. 7 we are now closer to 
b than to c and it lies near at hand to imagine a struc- 
ture based on dimeric units like II, and in the point- 
dipole approximation we therefore put r,2 = 8.5 A. 
Feeding these data into eq. (10) a A somewhat above 
the experimenta is obtained (table I )_ Aiter scaling 
by I .68 (the observed ratio between the shifts of the 
Scheibe and complex polymers) this A may be used to 
characterize the Scheibe polymer in the language of 
eq. (IQ_ In this way the effect OF systematic errors in 
A is thought to be minimized. From the different 
structural alternatives tried in table I it may be con- 
cluded that the larger energy shift of the Scheibe poly- 
mer may either be due to steeper pitch or to a de- 
creased inter-dye distance (rt& A pitch change has 

probably minor importance since with a larger p of 
the Scheibe polymer a larger 7 should be expected- 
No such effect is manifested in the linear dichroism 
of the O-O band, on the contrary ( LD/A)sOO = -0.026 
and W.039 for the Scheibe and PIG,,,--DNA polymers 
indicate y = 55” and 54O, respectively. 

Recently a reversal of cixular dichroism with time 
was reported for the Scheibe polymer in tartrate solu- 
tion [6l and it has furthermore been claimed [7] that 
the sign of accidental optical activity,when PIG is 
polymerized in absence of an optically active medium, 
can be correiated to if the sense of stirring is clockwise 
or anti-clockwise *. A reversed helicity was suggested 
as the explanation for sign reversal. However, we feel 
that this should First require the complete dissociation 
of the polymer and we suggest as a simpIer mechanism 
a changed sign of-y instead. By symmetry reasons it is 
realized that the equivalent effect is acquired by ex- 
ceeding 90”, and the reversal may readily occur at 
minimum activation energy from very small as well as 
from very large (close to W”) y. 

The present discussion within the exciton model 
should be taken for what it is worth. It may thus be 
noted that Nolte 1241 recently also obtained reason- 
able values both for shift and rotational strength for 
the Scheibe polymer by applying the one dimensional 
electron gas model of Czikkely et al. f5l to scewed 
PIC molecules in a brickwork arrangement. According 
to their model the PIG polymer shouldconstitute a 
helical band with a pitch directly determined by the 
dihedral angle, 9, between the quinoline planes. 9 
coufd vary between 10” -50” and the result be still in 
qualitative agreement with experiment. 

it is interesting to compare the calcuIated rotation- 
al strength for the lon~~3velength transition of the 
scewed PIG with the here for the first time available 
optical activity of monomeric PK. The CD presented 
in fig. I a for the region 430-580 nm yields a value 
R = -5.8 X 1O-39 esu2 cm2 with respect to mono- 
meric PIC bound to DHA. This result is indeed compa- 

* The propoul by these authors may seem absurd since the 
sense of stirri~ cannot be dissymmetric. However, it may 
define a diss~mmetric system a%- cogpting with some spc 

cific property of the surrounding vessel or due to the gco- 

rotational Corioiis effect - in the latter case anticorrelation 
to that reported should be obtained on the northern hemi- 
sphere_ 
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I 11 (r/L 1 .r0-3 

c * %.02 I 
0.04 0.06 

Fig. 9. Estimate of a stability constant for the (PIC)N-DNA 
complex by means of a Se&char< plot: KII = (2 f 1) X lo4 hI-’ , 
“11 = 0.1 + 0.05. 

tible with the rotational ctrength R = -3.2 X 1O-33 
esu2 cm2 predicted :>y NJlte for a dihedral angle cp = 
25’ [24!_ 

Finally, a Scatchard plot (fig. 9, eq. (7)) was ap- 
plied to obtain an approximate value of the stability 
constant for the PICN -DNA complex from the 553 nm 
L-D band (fig_ 3a)_ AE = 2 X 104 M-’ cm-t was used, 
on the basis of the observed A& and an estimate of E 
being about 2 X 104 M-1 cm-1 (which is probably 
rather too low than too high in view of a maximum 
value 10s noted for the J-band).K - 

0 I _ 0.05 w~~~b%ed) X 104 M-t andnIt = . + 
Attempts to obtain the stability of the first 

PIG-DNA complex at 0.2 M ionic strength (with the 
aim of suppressing the formation of the dimer) faiied 
due to a pronounced formation of Scheibe poiymer 
above c&N = 0.5. :iowever, with its clear spectros- 
copic manifestation there is no reason to doubt about 
a complex with a dimer, which phenomenon is not 
unique for PIC but has been described for instance in 
the case of acridine orange [25] with a similar ionic 
strength sensitivity. 

5. Concluding remark 

The present results ieave the impression of two dis- 
tinctly different types of complexes between PIC and 
DNA. The first one fulfills the criteria for an inter- 
calated molecule, with a iarge apparently ionic- 
strength independent stability and a large angIe be- 
tween the PIC long-axis and the helix axis_ This angle 

(60”) as well as that obtained from linear dichroism 
for the purine-pyrimidine plane (59”) is in contra- 

diction [ 1 ] with the Watson-Crick model for solid 
DNA (0 = 90”) and suggests that the base-pairs have 
considerabIe tilt. The second type ofcomplexes have 
lower binding affinities and their ionic-strength depen- 
dency suggests predominantly electrostatic bonding. 
The space demanding properties of polymeric PIC as 
well as the spectral observations indicate that the 
PICIV-DNA complex is not formed by employing al- 
ready intercalated PIC but involves a separate peri- 
pheral right-handed helix with 8-12 PIG units per 
turn (fig. 7d) probabiy on the negatively charged sur- 
face of a strand. 

For the first complex holds that every slot between 

two successive base-pairs constitutes a site for one 
intercalated PIC molecule, if the two slots immediate- 
ly adjacent to one already occupied are excluded. 
Further, every intercalated PIG appears to be a possi- 
ble binding site for an additional, nonintercalated 
molecule, the pair so formed being revealed by the 
spectroscopic properties of dimeric PK. 
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