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The hexapositivc comples cation ruthenium red wry effectively stabilizes DNA and RN.4 double helices against thermal 

denaturation. In rhc presence of nucleic acid heliccs. this symmetric cation acquires an estrinsic CD spectrum near the 

wavelcn$h of the dye’s maximum absorbmoe. Comperition crperimcnx with single-stmndcd polyd(T) show this induced 
CD to be the result of selective binding to helical sites. The prcfcrcntial affinity of ruthenium red for double helical bindin: 

sites is so great that it brings about biphasic absorbance-tclnpcraturc profiles of polyd(A-T) af low [cation] : [ polynucleo- 

tide phosphate].Il~e visible CD si_enal and fraction of helix melting at the upper transition incrcascs with ruthenium red 

concentration until approximate chargx neutrality is reached. These interactions. which have been studied in detail with 
the poly(U-U) helix as well as polyd(A-T), are likely larrcly clcctrostaric. since suf!icicnt [NaCI] climinatcs the biphasic 
melting of polyd(A-T), renders the ultraviolet absorbance of poly(U) inscnsitivc to ruthenium red, and abolishes the in- 
duccd CD cffccrs. The biphasic mcltin~ of polyd(A-‘T) at intermediate [dye] is attributed to saturation of remainins double 
helical scgnents by cation migration from newly mcltcd re$ons. Furthermore. virtually no change was ob.scrxcd in the in- 
duced CD upon melting through the first transition. mhcreas the effect is dcstroycd upon meltins through rhc second rransi- 
tion. A quantitative treatment of rhc data is used 10 obtain bindins site size and association constant for the complcs. The 
induced effect may prove useful in the exploration of exposed nucleic acid hclicai structwc in such complex particles as 
nucleosomes or ribosomcs. 

I _ Introduction 

Nucleic acids interact with a variety of molecules: 
enzymes, binding proteins, and many types of small 
molecules_ Among the latter class are cations, such as 
K+. Mg’+ and spermine (4+). These ions play a role 
in stabilizing the secondary, tertiary, and quaternary 
structures of nucleic acids by neutralizing phosphate- 
phosphate repulsion [ I:?] _ They are also being in- 
creasingly recognized as important mediators of 
protein-nucleic acid interactions [3,4]_ In this respect, 
the binding of RNA polymerase and of lac repressor 
to double-stranded DNA were shown to be strongly 
dependent on [Na+] and [hlg’+] [4] _ The action of 
helix-destabilizing proteins, which depress T, by selec- 
tively binding to nucleic acid single strands, is also 
very much affected by cations. The affinity of these 
proteins for single-stranded DNA and RNA is signifi- 
cantly reduced with increasing [Na+] [4,5]) and ca- 

tions of higher charge, e.g. Mg’+, are even more effec- 
tive inhibitors of activity. 

Given the importance of small cations in mediating 
the action of helix-destabilizing and other proteins. 
the interaction of these ions with nucleic acids and 
their behavior during heat-induced helix denaturation 
is of some interest_ In particular, cations of high (22-t) 
charge which have a preferential affinity for helices. 
can produce extremely broad and even biphasic ab- 
sorbance-temperature (melting) profiles of homogen- 
eous and heterogeneous double-stranded nucleic 
acids when present at less than saturating concentra- 
tions [6-S]. This behavior has been interpreted as the 
result of a migration of cations from newly denatured 
to remaining helical regions [7,S] _ Prior to melting, 
the cations are assumed to be distributed either rand- 
omly (non-cooperatively) or evenly (anti-cooperatively, 
resulting from positive charge repulsions) along the 
helix lattice- Upon melting, cations bound to helical 



regions which become denatured migrate fo the remain- 
ing helis. At some temperature, sufficient melting has 
occurred so that the remaining helical regions are 
saturated with cations. and are thus 11wre resistant to 
heat denaturation than the previous non-saturated 
states of the helix The saturated regions eventually 
melt at higher temperatures, producing a second transi- 
tion. and thus a biphasic profile. 

In order to directly monitor the cation during 
nucleid acid denaturation. as well as to better under- 
stand the binding between cation and helix, we have 
studied rhe interaction of ruthenium red. Ru,O,- 
(NH3)tG_ with double-stranded DNA (polyd(A-T)) and 
FWA (poly(U - U)). Along with its extremely high 
charge. ruthenium red has the advantage of being very 
highly colored (~~3~ H-0 = 6.15 X IO4 P mole-* -* cm . 

[9] )_ For a number of years it has been used as a 
microscopic stain for mucopolysaccharides [ IO.11 ] _ 
Ruthenium red appears to be a linear trinuclear ion. 
with oxygen bridges between the [octahedral) metal 
centers. [(NH3)jRu-O-Ru(NH,),-O-Ru(NH,)S]6f 
112 J _ An X-ray crystallographic study of an ethylene- 
diamine analog of ruthenium red was shown to have 
this type of structure [ 13]. 

Although ruthenium red itself is not an asymme- 
tric molecule. we show that when bound to helical 
nucleic acids. an induced visible circular dichroism 
(CD) spectrum resulrs. This suggests that these non- 

intercalating dye cations are positioned at asymmetric 
sites on the helices. Similar induced effects have prev- 
iously been observed when other dyes were interacted 
with asymmetric macromolecules [ I4]_ The induced 
15sible CD effect is destroyed upon helix denaturation. 
and is not seen when the dye is interacted with poly- 
nucleotides devoid of secondary structure. e-g. 
polyd(T). Thus. the induced CD is a probe for the 
csistence of secondary structure. and this result has 
been exploited for understanding the behavior of the 
dye cations during heat-induced helix denaturation. 
Biphasic absorbance-temperature profiles are observed 
when nucleic acid helices are melted in the presence 
of sub-saturating levels of ruthenium red. As predicted. 
the induced CD effect (and thus, cation-helix inter- 
action) is virtually unaffected when the temperature is 
raised to a point between the two transitions, but is 
largely destroyed upon meiting through the second 
transition_ 

3. Materials and methods 

Commercial ruthenium red chloride samples frcm 
Matthey-Bishop or Sigma, on the basis of the magni- 
tude of their absorbance ail the dye’s masimum (532 
nm), were found to be only IO-30% pure. These 
samples were subjected to the recrystallization proce- 
dure of Fletcher et al. [9] _ The dye was dissolved in 
hot (60°C) OS hl NH,OH and centrifuged_ The super- 
natant was cooled. and the resulting crystals were 
separated by centrifugation. washed sequentially with 
ice cold HzO, 95% ethanol. diethyl ether, dried, and 
then subjected to at least two more rounds of recrys- 
tallization. The finai product had an absorbance spec- 
trum (determined on a Cary 219 spectrophotometer) 
identical to that found in the literature, with the 
apparent aqueous es3-, determined to be 99% of the 
published value of 6.15 X IO4 P nioie-3 cm-*. cor- 
responding fo & = 2.05 X lo4 P mole- cm --I 191. 
Stock aqueous soIutions of this material stored.frozen 
under nitrogen at -20°C showed no signs of degrada- 
tion, even after a year of storage_ SoIutions prepared 
from the purified, dried material which had been 
stored dessicated at -2@“C occasionally showed’some 
precipitate. but the supernatants displayed the charac- 
teristic absorbance spectrum and A .&A 740 (10.8 
2 0.5. [ IOj). showed only one paper chromatographic 
spot [IO]. and. when interacted wivlth nucleic acids. 
yielded results identical to those obtained with the 
previously frozen stock solutions. 

Polyd(A-T) and poly(U)were obtained from PL Bio- 
chemicals and used wiithout further purification. Stock 
solutions were prepared in the standard IO mhl phos- 
phate (K”), 0.10 mM Na2EDTA, pH 7.0 buffer. Con- 
centrations were determined using, for polyd(A-T), 
eZGo (= eZ6?) = 6.65 X IO3 P mole-’ cm-* 
for poly(u), C56] = 9.4 X 1 O3 [ 16]_ These n%kand 

acids were of a size range where T, is essentially in- 
dependent of helix length, and no variation was observ- 
ed among the several samples utilized_ All other chem- 
icals used were of reagent or comparable grade. 



2.3. Samples for absorbame-temperature profiles 

In preliminary experiments, samples of ruthenium 
red and polynucleotides were prepared in glass culture 
tubes from stock solutions_ However, adsorption of 
the dye to glass resulted in a loss of A53, over several 
days: henceforth all ruthenium red solutions were pre- 
pared in plastic tube: Fresh stock solutions of ruthe- 
nium red in the standard phosphate/EDTA buffer at 
a concentration of l--2 X 10e3 M were prepared week- 
ly and frozen when not in use. The concentrations of 
these solutions were checked (at IOO--200 fold 
aqueous dilution) spectrophotometrically at 532 nm 
before sample preparation. Test samples were prepared 
in the standard phosphate/EDTA buffer, with NaCl 
added, as indicated_ in the INa’] dependence experi- 
ments. These solutions were kept in the dark at 4°C: 
and all measurements were taken within 2448 hrs of 
preparation. Na2EDTA was present to sequester any 
heavy metal impurities, which mi&t affect T, _ Poly- 
nucleotide-ruthenium red samples differing only in 
[Na?EDTA] , 0.10 and 0.010 mM, gave superimposable 
absorbance-temperature profiles. and the magnitudes 
of induced circular dichroism effects were virtually 
unchanged ((2%) by a IOO-fold variation in [Na2- 
EDTA], 0.010 to 1 .O r&I. 

2.4. Absorbawe-temperatwe profiles 

Teflon-stoppered semi-micro quartz cuvettes con- 
taining 400 111 of test solutions were placed in a 
Gilford 2400-2 recording spectrophotometer designed 
to raise the temperature from 0-95°C at a constant 
rate, which was generally 25”C/hr in these experiments. 
Generally, three polynucleotide-rutheniilm red samples 
were melted simultaneously with a reference cuvette 
containing the standard buffer. Temperature was con- 
tinually monitored by means of a calibrated thermistor 
(Yellow Springs Instruments) inserted through a 
narrow hole in the stopper of the reference cuvette. 
Absorbance was measured at the wavelength of maxi- 
mum hyperchromic change, 260 nm for polyd(A-T) 
and 261 nm for poly(U). To assure that equilibrium 
melting profiles were obtained, identical samples were 
occasionally subjected to two different rates of tem- 
perature increase and found to possess the same (21 “C) 
T, _ In addition, it was observed that if during a (steep) 
melting transition the temperature was repeatedly held 

constant and then decreased or increased, the rcsult- 
ing absorbance changes followed the temperature 
change with less than a 1°C lag. T, values are defined 
as the inflection points of the transitions as determin- 
ed by differentiating the measured absorbance-tem- 
perature profiles [S] _ The reproducibility of the T,, 

values was -tl”C, except when profiles were very broad. 
where it was 9°C. 

2.i Circular diclzroisnz espenkzeiz ts 

hleasurements of circular dichroism spectra were 
taken with a JASCO J40 spectropolarimeter. The 
cuvette holder of the instrument was adapted to hold 
rectangular semi-micro quartz cuvettes containing as 
little as 400 ~1 of sample, and was connected to an es- 
ternal circulating water bath. Unless otherwise indicat- 
ed, the cuvette temperature was 25°C for polyd(A-T) 
samples and 10°C for poly(U) samples. These values 
corresponded to the initial temperatures of their re- 
spective melting profile experiments. Cuvette tempera- 
ture was determined via a calibrated thermistor probe 
(Yellow Springs Instruments). Wavelength and CD 
scale calibration were periodically checked according 
to the J-40 manual using, respectively, holmium oxide 
and neodynium @ass, and 0.14~7% (6.10 X IO--’ M) 
recrystallized d-IO-camphorsulfonic acid as standards_ 

3. Results 

Two synthetic nucleic acids. polyd(A-Tj and 
poly(U -U), were chosen for estensive study with the 
ruthenium red cation. The induced CD effects described 
below were also observed with a wide variety of syn- 
thetic and natural nucleic acid helices, includfnp calf 
thymus DNA, yeast transfer RNA_ and poly(A). We 
have concentrated on the two synthetic double helices 
because they e.xhibit especially low Tm*s_ Given the 
heat sensitivity of ruthenium red (see below), polgd- 
(A-T’) and poly(‘J -U), which denature at relatively low 
temperatures, are especially well suited for study. Fur- 
thermore, these helices werd used in a study of the ef- 
fect of tripositive metal complexes, such as Co(NH& 
on nucleic acid melting characteristics, and showed bi- 
phasic melting behavior at sub-saturating cation con- 
centrations [S] _ Ruthenium red, which is a multi- 
centered metal ammine complex, would be expected 
tn chn... .xm.~l,,e..c -r,.n~r+;ac 
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Fig_ 1. Effect of ruthenium red on thermal densturation of 
polyd(A-T) (7.1 X lO-5 M(p)). 0.010 M phosphate (K’). 0.10 
mM N+EDTA, pH 7.0. [Dye] : [polyd(A-T)lp (=R): (a) 0: 
(b) 0.022; Cc) 0.067;(d) 0.101; (e) 0.133. 

3_ 1. Po!rd(A-Tj 

In the absence of ruthenium red. polyd(A-T) dis- 
plays a monophasic melting profile with a T,, of 
41 i- 1°C in the low ionic strength buffer employed. 
When ruthenium red is added to polyd(A-T) (7.1 
X 10e5 M(p)), a second, higher melting transition ap- 
pears in the absorbance temperature profile (fig_ 1). 
At the lowest [cation] : [polynucleotide]p ratios 
(sR)_ only a small amount of helix melts at this 
hi$er temperature. As more ruthenium red is added. 
there is an increase in the amount of helix melting in 
this upper transition and the melting profile becomes 
markedly biphasic. until at R = 0.1 S the protile again 
becomes monophasic with all the helix melting in the 
upper transition, with a T, of 67°C (fig. 1 e). Al- 
though above an R value of 0.13 all of the polyd(A-T) 
melts at the higher T,,,: the transition breadth is 
greater than that of polyd(A-T) in the absence of the 
dye_ The fraction of helix melting at the higher transi- 
tion is seen to linearly increase with increasing R up 

to 0.134, stqgesting that ruthenium red binds suffi- 
ciently tin$tly to double helices so that, below satura- 
tion, any increase in [dye] is an increase in [bound 
dye] (fig. 2). Likewise, the fraction of helix melting 
at the lower transition is shown in fig. 2 to decrease 
linearly with increasing R. These results are consistent 
with the assumed model for cation interaction, which 
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R I [ruthenium rti]/[polyd CA-T)]~ I 

Fir. 2. Variation of hypcrchromicity of lowa (-o-) and 
u&ax (-A-) biphasic meiting transitions of polyd(A-T) with 
increasing R. Otherwise, conditions 8s in fig. I_ 

predicts biphasic melting between R = 0 and the R 

value corresponding to saturation of the helis by the 
cations [S] _ The linear increase (and decrease) in the 
fraction melting at the higher (and lower) T, would 
thus reflect the increase in the proportion of helix 
protected against thermal denaturation by the dye 
molecules. 

The T, values for ruthenium red-polyd(A-Tj mix- 
tures are plotted versus log [ruthenium red] in fig. 3. 
The apparent linear dependence of T, on log [cation] 
was also cbserved with the tripositive complexes [S] . 
The higher transition shows a strong dependence on 
log [ruthenium red] (dT,/d log [cation] = 2l”C), but 
the lower transition shows virtually no effect of 
[ruthenium red] (dT,/d log [cation] = 4OC). Since 
the lower T, reflects helix which is presumably un- 
protected by the dye cations, these results are consis- 
tent with the model presented above. 

A very striking property of ruthenium red is the 
large induced circular dichroism spectrum observed 
when this symmetric molecuie is interacted with the 
asymmetric nucleic acid helices. Non-interacted ruthe- 
nium red and polyd(A-T) possess no visible CD spec- 
trum, but when mixed together a significant induced 
Cotton effect is seen, with a large positive peak at 562 
nm and a relatively small negative peak at 523 nm 



I’if. 3. Variation of polyd(.4-T) T,,, with increasing jruthcnium 
red]. Lo\\‘cr twnsition: -a--; upper trxeitionr -D--. Other- 
uisc. conditions 3s in f&z. I_ 

(fig_ 4). As R increases, there is a monotonic increase 
in [@lSG2 (calculated with respect to [polyd(A-T)]P) 
and a monotonic decrease in ;@I523 up to a [dye] : 
[polyd(A-T)]P of 0.17, roughly corresponding to the 
charge neutraIization ratio (fig. 5). At higher ruthenium 
red concentrations <R > O-17), the ellipticity at 562 
mn decreases somewhat. This is probably the result of 
precipitation, which began to be apparent when R es- 
ceeded 0.17. Such precipitation may be indicative of 
DNA ccndensation to a compact toroidal conforma- 

tion. which has been observed to occur near the charge 
neutralization point in the presence of polyamines or 
Co(NH&+ 1171. 

A different plot results if the molar ellipticity at 
562 nm is calculated witit respect to [ruthenium 
red] toti instead of the concentration of nucleotide 
residues. As seen in the inset of fig. 5, the [O] 562 with 
respect to [dye] initially increases rapidly with increas- 
ing [dye] up to R = 0.04. at which point the slope 
decreases, and the plot is linear at 0.04 < R < 0.17. 

The affinity of ruthenium red for polyd(A-T) is suffi- 
ciently high (see below) so that [@lSG2 with respect 
to [dye] (at R < 0_17),when cor;:ected for the variation 
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I-is. 4. Circular dichroism spcctrrt of ruthenium rcd-polyd- 
(A-T) miuturcs 31 15°C. R = 0 : Al, Bl: R = 0.034 : AZ. 112: 

R = 0.090 I A3. H3: R = 0.134 : Al. WI. Othcr\\isc. conditions 
asin fi:. I. 

in molar ellipticity with respect to [dye]. is probably 
reflective of the density of cation binding to the poly- 
nucleotide lattice (see Discussion). 

In contrast to the large changes seen in the visible 
CD. the UV portion of the CD spectrum of polyd(A-Tj 
is affected to a smaller extent by the binding of 
ruthenium red (figs. 4 and 5). Polyd(A-T) alone at 
25OC shows a Cotton effect with a relatively broad po- 
sitive peak at 362 nm ([O] = 1 .O X IO4 deg cm2 
dmole-’ ) d an a negative peak at 347 nm. As ruthen- 
ium red is added this broad positive peak is sharpened 
and the magnitude increased up to a maximum value 
of 2-4 X 104. In addition, at R = O-056 a small shoulder 
appears on the positive peak at 294 nm and increases 
as more ruthenium red is added. The negative peak of 
polyd(A-T) remains unaltered in shape but the absolute 
value of its molar ellipticity decreases from 1.9 X 1 O4 
for polyd(A-T) alone to 0.61 X IO4 at R = 0.224. 

The effect of the cationic dye on T, would indi- 
cate a strong preference for helices. This was demon- 
strated directly by competition experiments using 
polyd(T), a structureless single-stranded DNA lacking 
base stacking [ 18]_ Ruthenium red when added to 
8 X 1 O-’ M(p) polyd(T) shows no visible CD effect 
at R = 0.06 and 0.1, and has only a small effect on the 
positive and negative UV CD peaks of this polynucleo- 
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tide (<20%, not shown)_ A 5.6 fold excess of polyd(T) 
over polyd(A-T) reduced the magnitude of the induced 
visible CD peak of the polyd(A-T&ruthenium red com- 
plex at R = 0.067 by only 12%, and in a 1 : 1 dilution 
of this mixture, the proportion of polyd(A-T) melting 
at the lower T,,, increased only slightly (50% to 56%). 
These results indicate that ruthenium red binds much 
more tightly to double helical structures than to single- 
stranded nucleic acid coils. 

Lie the tripositive metal compIexes, the interaction 
of the ruthenium red cation with nucleic acids is 
strongly dependent on ionic strength. This is observed 
by the effect of increasing [NaCI] on the induced CD 
spectra as well as on melting behavior. At R = 0.1 12. 

where about 60% of maximum induced ellipticity 
occurs, it is seen that [O]562 is invariant up to 0.1 M 
Na+ (fig. 6). Between 0.1 and 0.2 M Na+, [a],,, is 
sigmoidally reduced to 0, with half the induced effect 
remaining at 0.165 M Na’. Similar results were obtain- 
ed at R = 0.056. A parallel result was obtained for the 
effect of salt on T, _ At R = 0.073, where the biphasic 
melting profile is about evenly divided between lower 
and upper transitions in the absence of added salt, a 
purely monophasic transition is seen in 0.2 M NaCl 
(not shown)_ These results contrast somewhat with 
those of the trivalent complex-nucleic acid helix study, 
where 0.1 M Na+ was sufficient to eliminate the inter- 
action [S] _ 

The behavior of cations during biphasic helix de- 
naturation, as presented in the Introduction, predicts 
no net change in cation binding during the first tran- 
ition, but a complete loss of cations bound to nucleic 
acid across the second transition_ The induced CD 
effect is a direct probe of cation-helix interaction, 
and thus can be used to test this hypothesis_ A 
polyd(A-T) (7.1 X 10-~5 M(p))-ruthenium red solution 
at R = 0.067 was chosen, so that about half the helix 
would melt at the lower, half at the higher 7’, (fig. 2). 
A CD spectrum was taken at 2S°C (well below the 
onset of melting, fig. lc), then at 47°C (in between ?he 
two transitions), again at 25”C, then at 73°C (where 
the helix is completely melted), and finally again at 
3S°C_ Spectra were recorded only after the system 
had attained equilibrium, as judged by constant elIiF- 
ticity in the ultraviolet. Upon heating to 47°C: the in- 
duced CD peak rose by IO%, and the ultraviolet masi- 
mum fell by 26%. When cooled to 25”C, the [O] 560 
was within 3% of its original value at that tempera- 

ture. and [O] 262 within 4 %, indicating reversibility. 
These results are consistent with the prediction that 
there is no net change in cation binding. hence no 
change in the induced effect upon melting through 
the first transition. The small increase in ellipticiry 
in the visible can be explained in terms of the variation 
in [O] with respect to [dye] (and hence. with respect 
to R at constant [nucleic acid], fig 5. inset). .4t 47OC. 
the effective R is really twice the starting value. or 
0.134. since half the helix has denatured and. as we 
have shown above. there is little interaction between 
dye and single strands. Between R = 0.067 and 0.134. 
101 562 with respect fo [ruthenium red] increases b> 
8% at 25”C, close to the increase observed upon melt- 
ing through the first transition_ Upon heating to 73°C. 
no visible circular dichroism was observed. and the 
ultraviolet CD spectrum resembled that of heat-denatur- 
ed polyd(A-T), with a [O] m;L\: at 27 1 nm and :I [O] ,nin 
at 248 nni [5.19] _ Upon cooling again to 25°C. the 
visible peak was largely unrestored (7%). and the ultra- 
violet CD spectrum was similar to that obtained ior 
polyd(A-T) in the absence of added ruthenium red 
(fig. 4). 

With total helis denaturation, the induced elliptici- 
ty should be destroyed upon melting through the 
second transition, which is what occurs: however upon 
cooling_ the rcnaturation of the helix should be ac- 
companied by restoration of the induced effect. 
which does not occur with polyd(A-T). In this regard. 
we also observed that the visible absorbance of ruthen- 
ium red is irreversibly bleached upon heating above 
60°C. This characteristic thermal dcnaturarion of 
ruthenium red was seen in a number of different 
buffers. as well as water. The prescncc of polyd(A-T) 
had little effect on the rate and extent of bleaching 
at 60°C. When a polyd-(A-T)-ruthenium red solution 
(R = 0.067) is melred at the standard heating rate of 
25°C/llr_ the differential visible absorbance-tempcra- 
ture profile (~L4~~~/ATversus T) lags behind the COI- 
responding ultraviolet profile (&J&AT versus ir: 
fig. 7). The higher T, in these experiments is thus 
lihely indicative of the helix-stabilizing activity of 
ruthenium red rather than of the heat sensitivity of 
the dye. However. since some bleaching (hence decom- 
position) has occurred prior to the second UV transi- 
tion (65OC. fig. 7). the higher T, values are probably 
not totally reflective of the cation’s heat-stabilizing 
activity_ A result analogous to the CD data was obtain- 
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Fig. 7. Differential ~bsorbancc-tempcrarurc profile of B ruthenium red-polyd(A-T) mixture CR = 0.067). 4A2,&4Tz -a--; 4A53z/ 
AT: --.A---_ Otherwise, condirions as in fis. 1. 

ed when a ruthenium red-polyd(A-Tj solution (R = 
0.056) was melted through its first transition, then 
cooled_ and remelted throu@ both transitions_ The Tr,, 
and absorbance change (about half the total hyper- 

chromicity) of the lower transition were reproduced 
upon remelting, and the hisher 7’,,, was equivalent to 
previous results (fig,. 3). However, upon cooling and 
remelting again, all of the material denatured at the 
lower Tn, (with a hyperchromicity that was 85%. of 
the original, biphasic absorbance change), suggesting 
that the ruthenium red was destroyed or otherwise 
alrered when the solution was heated through the 
second transition e60°C). An unambiguous observa- 
tion of reversible melting across the upper transition 
of a biphasic profile was observed in the ruthenium 
red-poly(U -U) system, where helix denaturation is 
complete at temperatures below the onset of dye 
bleaching. 

At low or moderate ionic strengths, poly(U) exists 
as a random-coiled polymer with no secondary struc- 
ture 1201 . In the presence of low concentrations of 
spermine (4-k) or orher highly charged ions, or molar 
levels of alkali metal ions, this polynucleotide takes 
on a helical structure at low temperatures [21,22] _ It 

has been shown, via X-ray crystallographic techniques, 
to be an anti-parallel double helix consistent with a 
U-U pairing arrangement [23) _ 

In the 0.01 M phosphate--l0-4 M EDTA buffer used 
in these studies, poly(LJ) exhibits no evidence for heli- 
cal structure, since the ultraviolet absorbance and ellip- 
ticity were invariant with temperature. In the presence 
of ruthenium red, however, the poly(U - U) helix appar- 
ently formed since monophasic absorbance tempera- 
ture profiles were observed. The magnitude of the 
hyperchromic change increases linearly with [ruthen- 
ium red] up to R = 0.08; beyond this point some preci- 
pitation occurred and there was a gradual fall-off in the 
the absorbance change (fig. 8). The actual amount of 
maximum absorbance change was found to vary slightly 
from one preparation of poly(U) to another and was 
25-3570 lower than the maximum hyperchromicity 
found with spermine (at 2.8 X 10m5 M,R = 0.34). The 
R value at which the maximum hyperchromic change 
occurred, 0.08, was the same for all preparations, how- 
ever. and when normalized against this maximum 
change the increas\: in absorbance on melting of all 
samples was found to depend on [ruthenium red] in 
the same manner_ 

Variation of Tr,, with log [ruthenium red] is approx- 
imately linear, with dT,/d log [dye] = 15°C (fig. 9). 

Although no biphasic profiles were seen. the ob- 



I-if. 8. Dependence of poly(L! _ U) hyperchromic chanpc 3s II 
function of R. The uz6t vz~lucs arc plotted relative to the 
maximum AA261 at R = 0.08. (poly(U)] p = 8.2 X low5 M. 
Othcrwisc, coinditions as in fir. 1. 

served absorbance-temperature profiles in reality rep- 
resent tJte higher transitions of a melting process 
where the lower T,‘s occur below 0°C. (The T,, for 
poly(U _ U) in 1 M Nat is -I~~C. and is <O°C in 0.15 
M Na+ 124). Since the ionic strength is even lower in 
these experiments, the T, in the absence of ruthenium 
red is likely well below 0°C.) In this light. the hyper- 
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I’is. 9. Variation of poly(U - U) T,,, u?th incnxsinp [ruthenium 
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chrornicity and T,, data parallel the results seen with 
poIyd(A-T). 

As with polyd(A-T). interaction of the dye with 
poly(U) induces a visible circular dichroic effect (fig. 
IO). The induced effect increases with increasing R. 

with a concomitant 3-fold increase in [O] ze5 at 10°C 

(fig 10). The dependence of the visible molrlr ellipticity 

Fig. 10. Circular dichroism spectra of ruthenium red-polg(U) mixtures at 10°C. R = 0 : Al. Bl: R = 0.024 

83; R= 0.110 I A4. B4. Othcnvise, conditions as in tia. 8. 
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(calculated with respect to [poly(U)lp) on [ruthenium 

red] however, is different from that observed in the 
polyd(A-T) system (fig. 11). The ellipticity at 557 nm 
increases in t:vo linear steps up to a maximum value 
at R = 0.11 with a sharp change of slope at R = 0.065. 
For R > 0.1 1 the magnitude of the induced CD de- 
creases, and precipitation is observed. The molar elhp- 
ticity expressed with respect to total added [ruthen- 
ium red] shows the change of slope at R = 0.07 even 
more dramatically_ The W circular dichroism spec- 
trum of poly(U) is dramatically affected by the dye, 
which reflects the formation of the poly(U - U) helix. 
The positive W peak increases linearly from a value of 
2.2 X IO4 deg cm3 dmole-’ at R = 0 to 5.8 X IO4 at 
R = 0.07, at which point it is about 90% of its maxi- 
mum value, 6.5 X lo4 at R = 0-l I_ In contrast, [O] 557 
(with respect to [poly(U)] R) at R = 0.07 is 35% of its 

value at R = O-11_ It would thus appear that the 
poly(U - U) helix can nearly fully form at less than 
saturating levels of dye. This is clearly shown in fig. 12, 
where, for all R values, the ratio of IO) 265 (relative 
to R = 0) to IO] 265 at R = 0.11 (reIative to R = 0) is 
plotted vs. the ratio of [O] 557 to [O] 557 at R = 0.1 ! _ 

Two straight lines result, with a point of discontinuity 
at R = 0.07. The large increase in the visible CD at 
R > 0.07, where there is only a small increase in the 
ultraviolet peak, might reflect a change in the mode of 
dye binding. Conceivably, the asymmetric environ- 
ment of the bound ruthenium red at R < 0.07 could 
be different from that at R > 0.07, with different 
modes of binding to the helix (see Discussion). 

Unlike polyd(A-T) -dye mixtures, poly(U>-ruthen- 
ium red solutions could be melted, cooled, and re- 
melted with virtually no change in accompanying physi- 



Fig. 12. Dependence of increase in [e] 26s relative to maximal 
(0]2~5 (at R = 0.1 IO) on increase in [o] ss7 relative to masi- 
ma1 [ 0]557 (at R = 0.110) for poly(U) at 10°C. Otherwise, 
conditions as in fig. 8. 

cal properties. Thus, when a mixture at R = 0.08 is 
heated from 10°C to 50°C, (where poly(U -U) is fully 
denatured), the [O] z6S is reduced to 24% of its initial 

value, and the [O] 557 virtually disappears (-7 X IO’ 
deg cm2 dmole-I)_ This is as predicted, since upon 
melting through the higher transition. the cations no 
longer remain bound to the nucleic acid. Upon cooling 
to 10°C the moIar ehipticities at 265 nm and 557 nm 
are restored to, respectively, 96% and 93% of their 
original values. Likewise, the hyperchromicity of re- 
melted solutions was observed to be about 90% of 
the original AJ26t _ Thus, the interaction of ruthenium 
red with nucleic acid helices is in principle fully rc- 
versible, as long as the temperature is not raised to a 
point where the dye decomposes. The reversible dis, 
appearance of the induced CD effect across what is ef- 
fectively the higher portion of a biphasic transition is 
consistent with the removal of the cations from the 
asymmetric helical binding sites. 

The [Na’] dependence of ruthenium red-poly(U -U) 
interaction, as exhibited by changes in induced and 
ultraviolet ellipticity, is shown in fig. 6 for R = 0.010, 

10°C. Unlike the polyd(A-T) system, in which helix 
is always fully formed. a simple sigmoidal de: lence 
on [NaCI] is not seen. The elljpticity at 265 run is re- 

duced over a broad range of [Na’] _ reflecting the 
breakup of the poly(U - U) helis. The dependence of 
[O] SST on [Na+] has an inflection point at 0.12 hl 
Na+, but the effect does not fully disappear until 1.4 
M Na*. At this point, the maximum UV ellipticity 
(3.42 X I O4 deg cm2 dmole- ’ ) is slightly higher than 
the maximum value for the poly(U) coil (2.20 X 104), 
suggesting that some small amount of helis remains. 
(In 1 M Na+, the poly(U -U) helix is not completely 
(-90%) melted at 10°C [24] )_ In all probability. the 
relatively broad dependence of [O] 765 on [Na’] at 
X.24 M Na+ is reflective of the opposing effects of 
decreasing ruthenium red-poly(U -U) interaction and 
stabilization of the helix by high [salt] _ The relatively 
abrupt reduction in [O] 557 (to -50% of its initial 
value) but invariant ]@] 265 when [Na+} is raised to 
0.24 M indicates that the dye need not be saturating in 
crder to fully stabilize the helix, analogous to the titra- 
tion results of figs. 10 and I 1. 

4. Discussion 

Ruthenium red. a symmetric dye cation which dis- 
plays no circular dichroism when free in solution. 
shows a very large induced CD effect near its visible 
absorbance masimum when interacted with DNA or 
RhA helices. This induced effect must result from an 
asymmetric environment of the dye chromophore at 
the helis. and likely reflects direct binding of the dye 
to (asymmetric) sites on the macromolecule. The bind- 
ing to helices of certain dyes. such as acridine orange. 
and the resultant induced effects are strongly influenced 
by dye self association [ 14]_ The induced effects of 
other dyes, such as methylene blue. are reflectF:e of 
macromolecular helical structure [ 14]_ There is no 
evidence that ruthenium red self-associates, which 
wouId be unlikely since it is a highly charged (6+), non- 
aromatic cation. It seems reasonable, therefore, to view 
the induced CD effects seen with this dye as a direct 
indication of binding at asymmetric sites on helices. 
There may be more than one mode of binding. The dis- 
continuity at R = 0.07 in the induced ellipticity max- 
imum versus R plot for poly(U - U) (fig. 11) near the 
point of maximai hehx formation may indicate a change 
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in the nature of the binding that is dependent on the 
extent of saturation of this helix by the cations_ 

A strong argument has been made for a delocalized 
model of mono- and divalent cation binding to helices 
(counterion condensation) [25] _ The immediate en- 
vironment of a bound cation is essentially the same as 
that esisting free in solution. The bound cation is 
completely hydrated and possesses free translational 
and rotational mobility_ This model was also consider- 
ed for cations of higher c!tCrge and more complex struc- 
ture. such as polpamines and basic oligopeptides, 
where a conformational change could be induced in 
the cation upon binding to the nucleic acid. Such a 
change in ruthenium red could bring about the observ- 
ed induced CD effects. This is, however, unlikely since 
the dye has a rigid, oxygen-bridged linear structure 
[ 12.13] _ It is conceivable that the induced effects 
reflect a preferred average orientation of ruthenium 
red within an asymmetric electrostatic groove formed 
by the helical array of phosphates. We note also that 
each cation could bind adjacent DNA segments. as has 
been suggested for Co(NH&-induced DNA conden- 
sation [ 17]_ This likely occurs near the dye-phosphate 
charge neutralization point, where some precipitation 
was observed_ 

Within their asymmetric environment, the ruthen- 
ium red cations are mobile. The invariance of the in- 
duced CD effect across the lower transition of a bi- 
phasic melting profile (seen at sub-saturating levels of 
dye) indicates that there is a migration of cations from 
newly denatured to remaining helical regions, with no 
net change in binding. Upon melting through the 
upper transition. with the total denaturation of the 
nucleic acid. the effect is destroyed. since the cations 
are no longer bound to helical sites. The melting 
temperatures and magnitudes of the hyperchromic 
changes of the biphasic profiles can be used to estimate 
binding site size and association constant for the inter- 
action of the dye with double helices. 

1.3. Estimation of birrdirlg parameters 

The data in fig. 2 clearly indicate that the portion 
of polyd(A-T) helix melting in the upper transition is 
a !inear function of [dye], suggesting that the hyper- 
chromic change of that transition reflects the availabili- 
ty of cations for binding to helical regions. If the afti- 
nity of the cations for the helices is sufficiently high, 

then up to the point of saturation, effectively all of 
the dye molecules are bound prior to denaturation. 
The fraction of helix melting at the higher transition 
(sfi is proportional to R, allowing us to calculate the 
average number of helical residues apparently occluded 
by each dye molecule, II,,. 

IQ, =flR, 

where 

0) 

f = AA$$~/4Ag;;d)_ (2) 

&I\~0 and &I~~$‘t) are the hyperchromic changes of 
the !&her and total transition_ respectively. II,, was cal- 
culated from the data displayed in fig. 2 (where 53°C 
was taken as the dividing point between lower and 
higher transitions)_ With the exception of the data at 
the two lowest R values. where there may be greater 
error in detemrining f, q, was found to be 7.2 + 0.5 
residues, or 3.6 base pairs. 

Another parameter which is easily obtained from 
the ruthenium red---polyd(A-T) melting data, and is 
illustrative of the very high affinity of the dye for 
double helicest is Refly the effective ratio of ruthenium 
red to nucleotide of remaining helis upon completion 
of the lower transition (W’C). If we make the assump 
tion that. at subsaturating levels, all dye molecules are 
bound to the helix, then we may define Reff as 

R en = R/f- (3) 

Comparison with eq. (1) shows that Reff is equivalent 
to l/izh, and the data of fig. 2 yield (at R > 0.023) 

R eff = 0.14 + 0.01. The very small variation in R,, and 
q, suggests that the remaining double-stranded regions 
are saturated at 52°C and the affinity of the cations 
for the helix is sufficiently high so that essentially all 
the dye molecules in solution are bound at this point_ 

A similar calculation cannot be performed for the 
ruthenium red-poly(U) melting data, since, as we have 
shown, maximum hyperchromicity in the “higher’- 
transition is reached at an R significantly below the 
point of satilration indicated by the Tn,-enhancement 
and visible CD data (figs. 8-I I). However. the linear 
rise in hyperchromicity at 0 <R < 0.07 seen in fig. 8 
indicates a high affinity of the dye molecules for the 
poly(U - U) helix. 

An estimate of the association constant of ruthen- 
ium red for polyd(A-T) in the low salt buffer employed 
in these studies can be obtained using the relationship 



of McGhee (171. eq. (6) of that paper; see also Crothers 

[Xl), 

where Tz is the melting temperature of the helis in 

the absence of added dye, T,, is the melting value at 

a given R value high enough to produce monopliasic 

melting,% is the gas constant, 3H is the entlialpy 

change upon helix denaturation, taken to be S kcal/ 

base pair. A’,, and K, are the association constants of 

the dye for helix apd coil binding sites, L. is the free 
ligand (dye) concentration upon helix melting, and nt, 
and 11~ are the occluded binding site sizes of helix and 
coil in base pairs and bases. respectively. If WC ignore 
any significant dye-coil binding (which. based on the 
polyd(T) competition experiments. is certainly very 
minor compared to the dye-helix interaction). eq. 
(4) rearranges to 

Using the T,,, data at R = 0.134 with IZ,, = 3.6 base 
pairs we calculate Kt, - 1 X IO7 W’. Eq. (5) does 
not take into account the effect of overlapping, binding 

sites at ?I,, > 1) which leads to an overestimation of 

Kt, [7] 

_ The calculated value 

of K1, is more likely a lower limit since the T,, observ- 
ed in the presence of saturating levels of dye would 
likely be somewhat higher were ruthenium red heat- 
insensitive. 

In eq. (5), any uncertainty in IQ, is increased expo- 
nentially as uncertainty in A’,,. Although we saw no 
direct evidence foi more than one mode of binding to 
polyd(A-T), it is conceivable that the cations migllt 
initially occlude more than 3.6 base pairs (giving a 
larger value of K,). but upon partial helix denaturation. 
the site size is reduced to this figure. Certainly_ it is 
clear that the dye molecules can fully stabilize the 
poly(U - U) helix at less than saturating levels. The 
mode of binding and occluded site size under these 
conditions may be different from that occurring at 
R 2 0.07, where the helix is fully formed. This is espli- 
citly seen in the poly(U) system as a change in [OljS7 
calculated with respect to [ruthenium red] (fig. 11, 

inset). The inconstancy of [O]561 calculated with 
respect to [dye], in the presence of polyd(A-T). ma! 

also be indicative of more than one bindins mode for 
this system as well (fig_ 5. inset). 

The near-linear dependence of the induced CD 
effects for both polyd(A-T) and pol\;(.U) (figs. 5 and 
11) also suggests that tlic association constants arc 
sufficiently high so that virtually all added ruthenium 
red up to the point of saturation is bound to hclis. 
The estended Scatchard approach of McGhee and 
VOJI Hippel [37]. which yields association constants and 
site sizes cannot be applied to this CD data since the 
concentration of free dye. which is required for the 
calculation. is -0 up to the saturation point. 

The small deviation from linearity seen with polyd- 
(A-T) ([@IS62 with respect to [polyd(A-T)]p versus 
R. fig. 5) at low R probably does not reflect lower 
than expected dye bindinS. since the variation of 
liyperclironiicity of lower and upper transitions with 
increasing R is linear (fig. 2). and a lower than espect- 
cd affinity would produce curvature of sign opposite 

to that observed. This deviation thus likely represents 

a non-linearity in the physical effect rather than in the 

cstent of binding. The variation of [O] 562 with respect 

to [dye] (fig. 5. inset) ca11 be used to calculate corrcc- 

tion factors for 0 < R < 0.17. so rhat when mu!tiplicd 
by [O]562 with respect to [polyd(A-T)lP. a linear [O] 
versus R plot results (not shown). 

In order to determine the number of ion pairs in- 

volved in the dye --nucleic acid interaction. the [Xa’] 

dependence of the induced CD of the rutheniunl red- 

polyd(A-T) mixture at R = 0.1 12 (fig. 6) was analyzed 

by the nlethod of Record et al. [S] _ Since the molar 
ellipticity with respect to dye concentration is variable 
with R. the reduction in c!lipticity (calculated with 

respect to [nucleic acid] p) upon increase in [Na’] can- 

not be used as a direct indicator of the degree of dye 

binding. However. if it is assumed that the molar ellip- 

ticity with respect to rutheniuni red is solely a function 

of [bound dye] : [polynucleotide]p_ and is not affected 

by changes in [Na’] _ we can apply the correction fac- 

tors calculated from fis. 5 (inset) to the calculation of 

the [ruthenium redlbound: [nucleic acidlP at points 011 
the [Na’] dependence curve. We assume that at low 
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[Na’] all ruthenium red is bound to the nucleic acid, 
since [O] 567 is invariant between -0 and 0.10 M Na+. 
Furthermore, no dye is bound at [Na+] > 0.22 M, 
since [@I,,2 = 0 beyond this point. The intermediate 
IO] 562 values (with respect to [polyd(A-T)] ,), when 
adjusted for variations in [@I calculated with respect 
to [dye], yield [ruthenium red]bo,rr,d. Knowing [ruthen- 
ium red] roti, [ruthenium red] free can then be calculat- 
ed_ Assuming no binding cooperativlty, and a site size 
of 7.2 nucleotides, the association constant, K,,, can be 
calculated using eq. (10) of McGhee and von Hippel 
1271. As Record, et al., have shown [3] 

-a log Iq, 

~3 Iog[M+] 
= x_ -I- m’$/ (6) 

where k is the number of counterions released from 
the ligand upon binding, m’ is the number of ion-pairs 
resulting, and $ is a binding parameter equal to 0.88 
for native DNA (and presumably the same or very 
similar for polyd(A-T)). With the uncertainty in rzh of 
+0.5 nucleotides, we find a linear dependence (99% 
correlation coefficient) of log Kh on log[Na+] , with 
a slope of 9.4 + 0.6 (data not shown)_ (In 0.165 M 
NaC1, about the mid-point of the sigmoidal portion of 
the polyd(A-T) data in fig. 6, K, = 2.5 X lo4 M-l). If 
the correction factors are not used in the calculation, 
the slope is somewhat higher (10.6), but there is more 
deviation from linearity in the plot (96% correlation 
coefficient)_ 

The stepwise association constant of small anions 
to ruthenium red are not known and thus no experi- 
mentally derived value of li can be used to determine 
nz’. X- must be at least 3 if we make the reasonable as- 
sumption that m’ d rzh_ The association constants of 
trivalent metal complexes with simple monovalent an- 
ions to form (1 : 1) ion pairs are in the order of 10 at 
an ionic strength of -0.1 [28] _ The ruthenium red 
cation, which formally consists of three positive Ru 
centers, would thus be expected to exhibit even higher 
association constants under the low (-0.01) ionic 
strength conditions employed in this study. Thus, it is 
likely that at least some counterion binding (and release) 
occurs. Alternatively, the method of Record et al. may 
not be strictly applicable to a cation with several posi- 
tive centers, and a complicated ion pairing arrangement_ 

4.4. Rutheuium red as a probe of xrrcleic acid helical 

stnLcr.ure 

The induced circular dichroism effect resulting when 
ruthenium red is interacted with nucleic acid helices 
might find useful application in the quantitation of ex- 
posed helical structure in complex particles such as 
nucleosomes or ribosomes. In a preliminary experi- 
ment with ruthenium red and erythrocyte monosomes 
(R = O-067), an induced visible CD peak at 565 nm 
was observed to have - l/4 the magnitude expected 
from naked, double-stranded DNA (Karpel, Shirley 
and McGhee, unpublished observations). When protein- 
ase K was added to the cuvette (in the presence of dye), 
the size of the induced peak more than doubled in two 
hours. This suggests that as histones are degraded, 
more nucleic acid is exposed, and in turn, more dye is 
bound. Likewise, monosomes which had been pre- 
digested with proteinase K for 2 l-us showed an in- 
duced CD peak that was 3 -4 times higher than that 
seen with undigested material. Although the high 
charge of the ruthenium red cation could conceivably 
dislodge tightly bound proteins from the nucleic acid, 
the strong inhibition of the induced effect by histones 
suggests that this is minimal. Thus, in addition to its 
utility as a microscopic stain [ lo,1 11, ruthenium red 
might prove useful as a probe for the molecular aspects 
of protein-nucleic acid interactions. 
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