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Fluorescence of Terbium Ion-Nucleic Acid Complexes: A Sensitive 
Specific Probe for Unpaired Residues in Nucleic Acids? 
Michael D. Topal and Jacques R. Fresco* 

ABSTRACT: The interaction of the lanthanide cation Tb3+ with 
the phosphate moieties of non-hydrogen-bonded residues of 
nucleic acids has been shown to result in substantial en- 
hancement of the fluorescence of this cation. The excitation 
spectrum for this fluorescence is characteristic of the base 
moiety of the residue to which the Tb3+ is bound, while the 
emission spectrum is characteristic of the cation itself. The 
intensity of the fluorescence enhancement, however, is de- 
pendent upon the base of the ligand moiety, with G inducing 
the strongest enhancement, C and T rather less, and A very 

%e rare-earth lanthanide Tb3+ (terbium ion) exhibits a low 
level of intrinsic fluorescence that is enhanced many-fold upon 
interaction with GMP (Formosa, 1973). This behavior is 
consistent with findings that there is general enhancement of 
the fluorescence of rare-earth cations by energy transfer from 
excited ligands chelating the ion (Weissman, 1942, 1950; 
Yuster & Weissman, 1949). The site of Tb3+ binding to 
nucleic acid monomers appears to be their negatively charged 
phosphate moiety, as has been shown for other lanthanide ions 
(Barry et al., 1971), which is to be expected in view of the 
generally observed strong affinity of trivalent cations for the 
nucleic acid backbone [e.g., Karpel et al. (1975, 1980)l. We 
have therefore explored the possibility that the concentration 
of charge in the nucleic acid backbone might result in greater 
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little. Base-paired residues of nucleic acids induce no such 
fluorescence enhancement, even though the cation is more 
tightly bound to double helical regions than to residues in single 
strands. The enhancement of Tb3+ fluorescence upon binding 
to non-hydrogen-bonded residues therefore provides a highly 
specific conformational probe for such residues. This probe 
has been exploited successfully for the purpose of analyzing 
the kinetics of reassociation of DNAs (Cat analysis) and as 
a specific stain for single-strand DNA bands on polyacrylamide 
gels. 

enhancement of the fluorescent emission of Tb3+. Since the 
nature of the base and its involvement in polynucleotide sec- 
ondary structure should influence the transfer of energy to the 
bound Tb3+, we also examined whether there is any secondary 
structural and/or base specificity to the enhanced Tb3+ 
fluorescence. In fact, all three effects were observed: Tb3+ 
bound to unpaired residues in nucleic acid chains exhibits much 
greater fluorescence than when bound to free nucleotides in 
solution; the amount of fluorescence enhancement depends on 
the identity of the residue; Tb3+ bound to base-paired residues 
shows no fluorescence enhancement. These properties enable 
the use of Tb3+ as a sensitive and specific stain for unpaired 
nucleic acid residues in solution and on gels. In this respect, 
the fluorescent behavior of Tb3+ on binding to nucleic acids 
complements that of ethidium bromide, which exhibits strong 
fluorescence on binding to double-stranded DNA but only 
weak fluorescence on binding to single strands (LePecq & 
Paoletti, 1967). A preliminary report of this work has been 
made (Topal & Fresco, 1979). 

Materials and Methods 
Materials. TbC13 (D. F .  Goldsmith Chemical and Metal 

Corp.) was used without further purification. Cacodylic acid 
was recrystallized from hot 50% ethanol. Guanosine and 
nucleotides (Sigma Chemical Co.) were used without further 
purification. 

0 1980 American Chemical Society 
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Poly(ribonuc1eotides) were synthesized from the appropriate 
nucleoside diphosphates by using polynucleotide phosphorylase 
(Grunberg-Manago et al., 1956). The polymers were freed 
of protein by repeated phenol extraction, dialyzed vs. 1 M 
NaCl + 0.1 M EDTA and then against four changes of doubly 
distilled water, and isolated as the sodium salt by lyophilization. 
Base composition of po1y(C75,G25) copolymer was determined 
by multicomponent spectral analysis (Guschlbauer et al., 1965) 
of neutralized alkaline hydrolysates (0.3 N KOH at 38 OC for 
36 h, followed by 2 h at  25 OC in 0.2 N HCl, and then neu- 
tralized to pH 7, 0.01 M cacodylate). The library spectra for 
these analyses were those for 2',3'-CMP and 2',3'-GMP. 

Deoxyhomopolymers (Miles Laboratories) were dialyzed 
as were the poly(ribonuc1eotides). All DNA samples, calf 
thymus DNA (Miles Laboratories), T-5 and T-7 bacteriophage 
DNAs (gifts from B. Alberts), chick embryo red cell total 
DNA (gift from H. Weintraub), and HueIII-digested PM2 
DNA (gift from B. Alberts), were first exhaustively dialyzed 
vs. 1 M NaCl + 0.1 M EDTA to remove any contaminants, 
which were sometimes present, that enhance Tb3+ fluorescence. 
Finally, they were equilibrated by dialysis with 0.01 M ca- 
codylate (pH 7), in which they could be stored in the native 
con forma tion. 

Fluorescence Measurements. Fluorescence emission and 
excitation spectra were measured with Perkin-Elmer spec- 
trofluorometers, Model MPF 4 at  Princeton University and 
Model MPF 2A at the University of North Carolina. In both 
instruments the light source was a high-pressure xenon lamp. 
Both instruments were calibrated before each use with a so- 
lution of lo-' M quinine sulfate in 0.1 M H2S04. So that the 
data obtained in both were fully comparable, spectral data 
were also normalized for other small instrument differences. 
A 390-nm filter was employed to eliminate scattered light. 
This filter eliminated a large emission peak centered near 360 
nm, which interfered with the major Tb3+ emission peak at 
545 nm. Both instruments were free of drift over a 4-h 
measuring period and relatively noise free at the sensitivities 
used. Excitation and emission slits of 20 and 10 nm, re- 
spectively, gave adequate resolution and good sensitivity. 

Tb3+ Fluorescence Enhancement Experiments. A fresh 
stock solution of Tb3+ in 0.01 M cacodylate (pH 7) was 
prepared for each experiment, and aliquots were added to 
nucleic acid solutions j u s t  prior to measurement. This was 
especially important with RNA samples since lanthanides 
slowly catalyze hydrolysis of their internucleotide bonds 
(Eichorn & Butzow, 1965). In all experiments, nucleotide 
residue concentration was M, the same level generally 
used for ultraviolet absorbance measurements of nucleic acids. 
The solutions were then titrated with Tb3+ to determine the 
fluorescence enhancement over that of Tb3+ alone in the same 
buffer at  the same concentration. Thus, fluorescence values 
are reported after subtracting the unenhanced fluorescence 
of the Tb3+ present, were it free. By titrating with Tb3+ at 
fixed nucleic acid concentration, rather than the reverse, as 
was done in other recent studies (Yonuschot & Mushrash, 
1975; Ringer et al., 1978), it was possible to determine the 
optimal levels of Tb3+ required to give readily measurable 
fluorescence at a convenient low nucleic acid concentration 
and also to directly compare, on a molar basis, the fluorescence 
enhancement of different nucleic acid samples. 

Results 
Fluorescence of Tb3+-Nucleotide Complexes. Terbium ion 

has a fluorescence (emission) spectrum consisting of two peaks, 
a smaller one centered at about 490 nm and a larger peak with 
A,,, at 545 nm (Figure 1). The excitation (absorption) 

T O P A L  A N D  F R E S C O  

400 7 

FIGURE 1: Emission spectra of free Tb3+ (1.5 X lo4 M) (- --), Tb" 
(1.5 X M) complexed to dGMP ( -e - ) ,  poly(dG) (e-), and de- 
natured calf thymus DNA (-); residue concentrations were l X lo-" 
M in all cases. Solvent: 0.01 M cacodylate, pH 7.8. Spectra were 
measured at 25 O C  except for Tb3+-denatured DNA, which was 
determined at  4 O C .  Spectra were not corrected for the inherent 
fluorescence of Tb" were it free in solution, but were corrected for 
base line variations. The uncorrected raw spectrum for Tb3+-denatured 
calf thymus DNA is shown in the inset. 
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FIGURE 2: Fluorescence excitation spectra of free Tb3' ( lo4 M) and 
of Tb3+ in the presence of poly(dA) (lo4 M) and poly(d1) ( lo4 M). 
Solvent. 0.01 M cacodylate, pH 7 8. 

spectrum of Tb3+ monitored from the fluorescence at 545 nm 
(Figure 2) consists of a peak with A,, at 222 nm and a broad 
band centered at  about 275 nm. The intensity of the 
fluorescence of free Tb3+ when excited at absorption A,,, is 
very small (Figures 1 and 2), while the standard (unmodified) 
nucleic acid residues, either as monomers or when in DNA 
or RNA polymers, display essentially no fluorescence at 25 
OC. However, complex formation between Tb3+ and certain 
ribo- and deoxynucleoside phosphates, particularly those of 
guanine, results in substantial enhancement of the fluorescence 
above that of Tb3+ alone (Figure 1). The spectrum of this 
fluorescence retains A,, at  545 nm, regardless of the base in 
the nucleotide, though the relative intensity of the fluorescence 
does vary with the base (Figure 1 and Table I, left side). On 
the other hand, A,,, of the excitation spectrum (Table I and 
Figures 2-4) does vary somewhat with the base. This is 
consistent with the idea that the observed fluorescence en- 
hancement is due to long-range energy transfer from particular 
electronic transitions in each base to the same electronic 
transition in Tb3+ (characterized by the 275-nm band of free 
Tb3+). Nevertheless, since uncharged guanosine and singly 
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Table I: Fluorescence of Tb3+-Nucleic Acid Comolexesa 
fluorescence 

emission,b A,, 
monomer excitation [Tb3+] = [Tb"] = polymerC 
( 1 0 - 4 ~ / ~ )  Amax (nm) 1.5 x 1 0 - 4 M  5 x 10-4M M residues/L) 
dAMP 0 0 PoMdA) 
AMP 284 1 5 poly(A) 
dCMP 0 0 poly(dC) 

- 
- 

CMP 285 4 7 OOh(C) . - .  , 
dTMP 265 2 2 poly(dT) 
lJMP 26 5 14 15 
IMP 
G 

0 
0 - 3',5'-cGMP 0 0 

dGMP 287 23 80 poly(dG) 
GMP 287 13 35 PoMG) 
GDP 287 73 85 
GTP 286 5 3  116 

nat. T-7 DNA 
den. T-7 DNA 
nat. T-5 DNA 
den. T-5 DNA 
nat. CT DNA 
den. CT DNA 

fluorescence 
emissioqb A,, 

[Tb"] = 1.5 X 10-4M 
excitatior; 
ha, (nm) 

276 18 
276 24 
283 5 3  
283 21 0 
280 113 

275 
274 

287 
287 

- 
287 

287 

287 

- 
- 

18 
13 

103 
224 (391)d 

0 
380 

0 
350 

0 
36 5 

a Solvent is 0.01 M cacodylate, pH 7. Value after subtracting the inherent fluorescence of the Tb3+ present, were it all free; i.e.,I, -I,. 
To convert these values to ( I ,  -IJ/Z, ,  the reader is referred to the dotted spectrum in Figure 2, which presents thel ,  values for [Tb"] = 1.0 
X nat. = native; den. = denatured; CT = calf thymus. M. Fluorescence emission for Tb3' is linear with concentration to 5 X M. 

Value in the presence of 1 M urea. 

0 250 270 290 310 330 
EXCITATION (nm) 

FIGURE 3: Fluorescence excitation spectra of Tb3+ in the presence 
of poly(dT) (lo4 M) and poly(dC) ( lo4  M). Solvent: 0.01 M 
cacodylate, pH 7 . 8 .  

charged cGMP exhibit no fluorescence enhancement whereas 
the enhancement progresses in direct proportion to the number 
of additional negative charges on the guanine nucleotide (Table 
I), chelation of the Tb3+ must occur by direct Coulombic 
interaction with the phosphate center of negative charge and 
not with the bases themselves. 

Fluorescence of Tb3+-Homopolynucleotide Complexes. As 
was found with Tb3+-nucleotide complexes, Tb3+-homopoly- 
nucleotide complexes exhibit essentially the same emission 
spectrum as free Tb3+ (Figure l ) ,  except that now the relative 
intensity of fluorescence is greatly enhanced, particularly for 
poly(c), poly(dC), poly(dT), poly(dG), and poly(G) (Table 
I, right side). Also following a trend seen with Tb3+-monomer 
complexes, polymers with ribose in the backbone enhance Tb3+ 
fluorescence much more than those with deoxyribose. The 
excitation spectra for several homopoly(deoxynuc1eotides) are 

200 220 240 260 280 300 320 340 
EXCITATION X (nm) 

FIGURE 4: Fluorescence excitation spectra of Tb3+ in the presence 
of 5'-GMP (lo4 M) and poly(G) ( lo4  M). Solvent: 0.01 M ca- 
codylate, pH 7.8, with 1 M urea for the poly(G) only. 

shown in Figures 2 and 3, while those for 5'-GMP and poly(G) 
in 1 M urea are presented in Figure 4. In general, these 
excitation spectra resemble those of the Tb3+-nucleotide 
complexes, though, as noted above, intensities are very much 
greater. However, the Tb3+-poly(dT) complex does not 
conform to this pattern, as its excitation A,, is located at 280 
nm, which is 15 nm to the red of its location for Tb3+-TMP. 
The excitation spectrum of Tb3+-TMP consists of three 
partially resolved peaks (not shown), whereas that of Tb3+- 
poly(dT) contains a shoulder on either side of the peak (Figure 
3) .  It is one of the minor peaks of Tb3+-TMP that seems to 
be preferentially enhanced in Tb3+-poly(dT). 

Table I shows that there is nearly a doubling of the 
fluorescence enhancement by poly(G) when 1 M urea is 
present. Poly(G) strands have a strong tendency to form 
four-stranded helixes (Fresco & Massoulie, 1963; Zimmerman 
et al., 1975) involving tetrads of hydrogen-bonded guanosine 
residues, and 1 M urea is a mild denaturant of hydrogen- 
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FIGURE 5 :  Titration of poly(C) (lo4 M) and po1y(C75,G2,) (lo4 M) 
with Tb3+, monitored from the fluorescence emission at  545 nm. 
Solvent: 0.01 M cacodylate, pH 7.8, and the indicated [Na']. 

bonded bases. Since urea alone had no effect on the intrinsic 
fluorescence intensity of free Tb3+ and only a very small effect 
on the fluorescence of Tb3+-GMP, its fluorescence enhancing 
effect can be associated with its ability to denature the poly(G) 
hydrogen-bonded helical structure. Hence, it would appear 
that the occurrence of the G residues in a helically stacked 
hydrogen-bonded conformation suppresses the fluorescence 
yield of Tb3+-poly(G). It should be noted also that the 
multistranded poly(G) helical structure is difficult to form 
perfectly without annealing, so that an even greater level of 
suppression would be expected if all the poly(G) residues were 
involved in hydrogen-bonded base-base interactions (see be- 
low). This implies that in the absence of urea, it is the non- 
hydrogen-bonded G residues of poly(G) that account for the 
enhancement of the Tb3+ fluorescence. This possibility is 
further explored below with polynucleotides that can be readily 
induced to form base-paired double helixes quantitatively. 

Stoichiometry and Strength of Binding of Tb3+ to Poly- 
nucleotides. These properties were determined by titrating 
poly(C) with Tb3+, using the fluorescence enhancement at 545 
nm to monitor the interaction. Poly(C) was selected for this 
quantitative study because it is single stranded in 0.01 M 
cacodylate (pH 7) and induces substantial fluorescence on 
binding the cation. Moreover, it is reasonable to assume that 
all the binding sites on a homopolymer are equivalent and that 
energy transfer from all its bases is the same, so that 
fluorescence enhancement should be linearly related to stoi- 
chiometry. We can, therefore, define K, the equilibrium as- 
sociation constant for nucleoside residue binding to Tb3+ 
binding sites, as 

[bound residues] 

[free residues](n[Tb3+] - [bound residues]) 
K =  

where [bound residues] and [free residues] are the concen- 
trations of nucleic acid residues bound and unbound to Tb3+, 
respectively, n is the number of binding sites per Tb3+, and 
[Tb3+] is the total concentration of Tb3+. By rearranging, a 
linear equation is obtained thus: 

1 + -  
[bound residues] nK[free residues] n 

Hence, a plot of [Tb3+]/[bound residues] vs. l/(free residues] 
should give a straight line. The reciprocal of the intercept of 
this line, i.e., n, then determines the number of poly(C) residues 
binding to one Tb", and the intercept divided by the slope 
of the line, i.e., K ,  gives the affinity of one residue for a Tb3+. 

Figure 5 shows how the fluorescence increases as poly(C) 
is titrated with Tb3+. Except for a very small lag at very low 
[Tb3+], the fluorescence dependence on [Tb3+] is hyperbolic. 

w3+1 - 1 - 

r0.2F , , , , , , , , , j - I 
0 8 16 24 32 4 0  48 

!/[UNBOUND po4] 

FIGURE 6: Plot of [Tb] / [bound PO4] vs. 1 /[unbound PO4] (see text) 
for poly(C) residue binding to Tb3+. Data are taken from Figure 5 .  

The reason for this small lag is not immediately obvious; it 
could be due to a small amount of cooperativity in Tb3+ 
binding, or to a low level of damaged residues in the poly(C), 
or to a low level of hemiprotonated poly(CC+), which can 
occur at pH 7 in 0.01 M Na+ at 25 OC (Guschlbauer, 1967). 
In any case, this lag is of no consequence for the analysis, since 
Figure 6 shows that the data conform well with the expected 
linear plot. From the intercept and slope, it is determined that 
1 Tb3+ binds to 3.7 polynucleotide residues with an affinity 
of 8.2 X lo5 M-'. A binding constant of this magnitude is not 
unreasonable for a trivalent cation binding to the negatively 
charged phosphates in the absence of stereochemically well- 
defined binding sites as would result from either the grooves 
in double-helical secondary structure (Karpel et al., 1980) or 
well formed pockets as in the tertiary structure of tRNA 
(Karpel et al., 1975). What is perhaps unexpected in view 
of the single negative charge associated with each phosphate 
of the polynucleotide backbone is the finding that it takes 3.7 
rather than 3 nucleic acid residues to bind 1 Tb3+. Perhaps, 
the additional 0.7 residue reflects the effect of Debye-Huckel 
shielding by the 0.01 M Na+ present, which reduces the ef- 
fectiveness of the Coulombic attraction of the polyelectrolyte 
anions for the free trivalent cations and also competes weakly 
with the Tb3+ for the anionic phosphate sites. That both effects 
play some role is indicated by the effect of increasing Na+ 
concentration on the titration of poly(C75,G25) (see Figure 5 
and below). 

Lack of Tb3+ Fluorescence Enhancement by Base-Paired 
Residues. If long-range energy transfer from bases is the 
mechanism of the enhancement of Tb3+ fluorescence on 
binding to nucleic acid residues, the perturbation of the 
electronic structure of bases that accompanies hydrogen- 
bonded base-base interaction ought to influence the efficiency 
of the process. In the case of poly(G), it was found (see above) 
that G-G interaction on helix formation suppresses the 
fluorescence enhancement of Tb3+. Additional experiments 
were performed to determine whether a lack of Tb3+ 
fluorescence enhancement is characteristic of base-paired 
residues. 

In one experiment a random copolymer of 75% C and 25% 
G residues was titrated with Tb3+, as was done for poly(C), 
but in this case in solvents containing two different Na" 
concentrations, 0.01 and 0.1 M. The 25 mol % of G residues 
of this random copolymer should be virtually all pairable to 
C residues by forming G-C helixes with looped-out C residues 
(Fresco et al., 1960; Fresco, 1963). Thus, 50% of the residues 
should be base paired, while the other half (all C residues) 
should be unpaired. The titration results plotted in Figure 5 
show that the plateau level of fluorescence of the Tb3+ CO- 
polymer complex is in fact just 50% that of Tb3+-poly(C) even 
though G residues, with their much larger fluorescence en- 
hancement of chelated Tb3+, can contribute much more to the 
overall fluorescence enhancement of Tb3+ by the entire CO- 
polymer than can the looped-out C residues. Furthermore, 
no fluorescence is manifest until approximately 0.17 mol of 
Tb3+ is added per mol of copolymer residues; thereafter, 
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A fluorescence rises very sharply to the palteau level (see insert, 
Figure 5). Since the affinity of small multivalent cations is 
generally much greater for residues in the duplex than in single 
strands [cf. Karpel et al. (1980)], it would appear that the 
substantial lag in appearance of fluorescence reflects the fact 
that Tb3+ bound to base-paired residues does not exhibit en- 
hanced fluorescence. 

The effect of increasing the Na+ concentration from 0.01 
to 0.1 M on the titration of poly(C,,,G,,) is also shown in 
Figure 5. The increase has no effect on the initial lag in 
fluorescence enhancement until 0.17 mol of Tb3+ per residue 
is added. Also, it has little effect on the maximum amount 
of fluorescence enhancement that can be attained. What is 
affected is the shape of the titration curve. At the higher Na+ 
concentration, the increase in fluorescence is much more 
gradual with increasing Tb3+, so that the fluorescence as- 
ymptotically approaches the maximum attained in 0.01 M 
Na+. Such behavior indicates weaker binding of Tb3+ to the 
unpaired C residues of the polymer in 0.1 M Na+ than in 0.01 
M Na+ and is consistent with Tb3+ binding to the phosphate 
moieties of the residues. 

Additional titration experiments were performed with DNA 
from calf thymus and from phages T-5 and T-7 in their 
double-strand native conformation and after thermal dena- 
turation (100 OC for 3 min, fast cooled to 0 "C to prevent 
annealing, and measured at 4 "C). No fluorescence en- 
hancement of Tb3+ by the native DNA samples was detected, 
whereas very large fluorescence enhancement by the denatured 
DNA was observed (Table I ) . '  The excitation spectra for 
all three denatured DNA-Tb3+ complexes were identical and 
indistinguishable from that observed for the poly(dG)-Tb3+ 
complex (Figure 4). However, since the excitation spectra 
observed in the presence of the different homopolymers are 
so similar, it is not possible to decide from these data alone 
which bases in denatured DNA contribute most of the 
fluorescence of its complex with Tb3+. The homopolymer 
studies do show, however, that G residues make the main 
contribution, with C and T making smaller but significant 
contributions (Table I). 

Tb3+ Fluorescence Enhancement as a Probe of Nucleic Acid 
Renaturation Kinetics. The foregoing results have shown that 
only unpaired residues contribute to the enhancement of Tb3+ 
fluorescence. This suggests this enhancement effect as a probe 
for unpaired regions of nucleic acids. It should be possible, 
therefore, to follow the kinetics of annealing of two comple- 
mentary DNA strands, using this probe to monitor the amount 
of single-stranded DNA remaining with increasing time. The 
results of such a determination for chick embryo red cell total 
DNA are shown in Figure 7, superimposed on the Cot curve 
measured by Weintraub & Groudine (1976) for the same 
annealing process. Their data were obtained by using a high 
concentration of unlabeled DNA to drive the annealing of a 
small amount of radioactively labeled DNA and SI nuclease 
digestion of single-strand DNA to measure the amount of 
double-helix formation with time. It can be seen that the 
fluorescence enhancement data fit the S, nuclease defined 
curve reasonably well. That is, the percent total hybridization 
agrees well and the log Cotllz, which could have been anywhere 
from approximately -6 [for poly(U) + poly(A)] to approxi- 
mately +4 for mammalian nonrepetitive DNA (Britten & 
Kohne, 1968), is about 2.75. The good correlation between 

~~ 

' This observation is in contrast to the report (Ringer et al., 1978) that 
native DNA shows a significant level of fluorescence in the presence of 
Tb3+, which is enhanced on denaturation. We attribute their result to 
damaged or contaminated DNA. 

EXCITATION A (nm) 

FIGURE 7: Monitoring of the kinetics of reassociation of chick red 
blood cell total DNA by Tb3+ fluorescence. Chick DNA (10 mg/mL) 
(Weintraub & Groudine, 1976) in 0.3 M NaCI, 50 mM Tris-HC1 
(pH 7.4), and 0.1% NaDodSOI was denatured at 100 OC and allowed 
to anneal at 65 OC in polypropylene tubes overlaid with paraffin oil. 
After 0, 1, 7, and 24 h of annealing, aliquots were taken, chilled to 
4 OC, and diluted to a final DNA concentration of lo4 M. TbCI, 
was added so that the [Tb3+]/[P04-] ratio was 0.65. The excitation 
spectrum was measured at  4 OC by monitoring the fluorescence 
emission at 545 nm. The inset shows a plot of the percent hybridization 
calculated from these measurements (assuming that the fluorescence 
measured just after denaturation represents 0% hybridization and that 
no fluorescence is present a t  100% hybridization) vs. the log of the 
initial concentration of DNA in moles per liter multiplied by the time 
in seconds at  which the aliquots were taken (0). Also shown in the 
inset is the percent hybridization of this DNA vs. log Cot in the region 
where single-copy sequences renature, as measured by Weintraub & 
Groudine (1976) using SI nuclease digestion of the unhybridized 
radioactive DNA (A). 

the SI nuclease derived Cot curve and the Tb3" fluorescence 
enhancement-derived data points confirms the finding that base 
pairing quenches the fluorescence of nucleic acid-Tb3+ com- 
plexes. Moreover, it suggests that the presence of Tb3+ does 
not substantially affect T, of the DNA under the high-salt 
conditions of reassociation (0.3 M Na+). For confirmation 
of this, the T,  of calf thymus DNA in 0.01 M cacodylate 
buffer (pH 7) was determined over a range of Tb3+ concen- 
tration from 0 to M; only a 2 "C increase, from 62.3 to 
64.1 O C ,  was observed. This experiment shows also that the 
Tb3+ probe has the advantage of not requiring radioactive 
nucleic acid strands for Cot analysis. 

Tb3+ Staining of Single-Strand DNA in Polyacrylamide 
Gels. The conformational specificity of enhancement of Tb3+ 
fluorescence by unpaired nucleic acid residues suggests that 
Tb3+ can be used to locate single-stranded nucleic acid bands 
after electrophoresis on polyacrylamide gels. Double-stranded 
DNA fragments produced by digestion of PM2 DNA with the 
restriction endonuclease HaeIII were electrophoresed in 5% 
acrylamide gels. The fragments were either prepared under 
native conditions and run into a native gel or else denatured 
by heating and run into an acrylamide gel prepared with 
formamide to maintain the DNA in a denatured state. The 
results of staining these gels with either ethidium bromide, 
which causes only double-stranded DNA to fluoresce strongly, 
or TbC13 are shown in Figure 8, in the form of photographs 
of five slab gels presented side by side. Actually, the figure 
contains photographs of three different slab gels, as two of the 
gels were photographed twice, first after staining with ethidium 
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FIGURE 8: Differential staining of native and denatured PM2 DNA 
bands on polyacrylamide gels with ethidium bromide and terbium 
chloride, respectively. PM2 DNA digested with Hoe111 was elec- 
trophoresed in 5% acrylamide gels. The fragments were either de- 
natured by heating to 100 “C for 3 min, quick cooled to 4 OC, and 
electrophoresed into 5% acrylamide gels prepared with formamide 
to maintain the DNA in the denatured state (gels I and 2) or kept 
native and electrophoresed into native 5% acrylamide gels (gels 3-5). 
Each series of three slots (a, b, and c) contained 0.5, 2.5, and 6.0 pg 
of Haelll-digested PM2 DNA, respectively. The formamide gel 
containing denatured PM2 DNA bands was stained with ethidium 
bromide by soaking the gel in a 2 pg/mL ethidium bromide solution 
for I5 min at rmm temperature and then photographed with shortwave 
UV light to give photograph I .  The ethidium bromide was then rinsed 
out of the gel by running distilled H,O over the gel for several hours, 
and the gel was soaked in 0.01 M TbCI, and 0.01 M cacodylate (pH 
7.0) for 15 min and photographed as above to give photograph 2. The 
native gel containing native PM2 DNA bands was also first stained 
with ethidium bromide and photographed as above (photograph 3). 
The ethidium bromide was again rinsed out and the gel was restained 
with TbCI, and photographed (photograph 4). A duplicate sample 
of native PM2 DNA was electrophoresed on a native gel, which was 
directly stained with TbCI, and photographed (photograph 5 ) .  7-s 
exposures were used for all photographs. 

bromide (no. I, denaturing gel; no. 3, native gel) and then after 
washing out the ethidium bromide and restaining with TbCI, 
(no. 2, denaturing gel; no. 4, native gel); gel no. 5 was a 
duplicate run of native gel no. 3, but stained only with TbCI,. 
Not unexpectedly, ethidium bromide shows only an uppermost 
band in denatured gel no. 1 that must correspond to native 
material that did not penetrate the gel. By contrast, staining 
of this gel with TbC1, (no. 2) reveals a series of single-strand 
DNA bands of varying size. 

Since there are faint bands evident which were visually 
judged to represent less than 1% of the total fluorescence due 
to the 6 pg of DNA in slot c of photo no. 2, it would appear 
that as little as 0.06 fig is readily discernible after TbCI, 
staining. An even lower estimate of 0.01 pg of DNA is made 
upon considering that a region of the smear in slot a in this 
photo (whic i contained only 0.5 pg of DNA) corresponding 
in si7e to a small band in slot c represents approximately 0.02 
of the total smear and should be discernible. 

The specificity of TbCI, stain for single-strand DNA is 
further seen from a comparison of the staining results with 
the native gels. Photo no. 3 shows a series of ethidium bromide 
stained bands. Efforts to wash out this stain and then restain 
with TbCI, revealed no new bands and only the one or two 
uppermost bands observed originally with ethidium bromide 

T O P A L  A N D  F R E S C O  

(photo no. 4). That no DNA was washed out during the effort 
to remove the ethidium bromide was shown when the bands 
seen in photo no. 3 were regained when TbCl, was removed 
and the gel restained with ethidium bromide (not shown). 
Further, since the native gel contained no fluorescent bands 
after staining directly with TbCI, (photo no. 5) .  it is demon- 
strated that the samples contained no denatured fragments 
and that the bands seen in photo no. 4 must have been due 
only to incomplete removal of the ethidium bromide stain. The 
high degree of specificity of TbCI, as a stain for only single- 
strand DNA is therefore confirmed. Thus, TbCI, provides a 
highly sensitive complement to ethidium bromide for staining 
nucleic acids. 

Discussion 
The conformational specificity of the Tb3+ fluorescence 

enhancement probe obviously has wider applications for nucleic 
acid investigations than the two described here. The effect 
has been shown to apply to either DNA or RNA residues. 
Moreover, measurements can be made quickly and without 
the need for first separating single- from double-stranded 
components. The fact that it can be applied on the same 
sample to identify single-stranded constituents not detectable 
by ethidium bromide makes the probe particularly useful. It 
also offers the possibility of detecting transient local melting 
in nucleic acid helixes or regions of helix defects. 

The explanation for the quenching of fluorescence by 
base-pair formation may lie in the perturbation of the elec- 
tronic structure of the bases upon hydrogen-bond formation 
as manifest, for example, by the red shift in the near-ultraviolet 
CD spectrum (Cantor et al., 1966; A d a m  et al., 1967). In- 
volvement in base pairing is known to quench the intrinsic 
fluorescence of m’G residues (Leng et al., 1968) and of 
fluorescent derivatives of adenosine (Ward et al., 1969). 

In our exploratory studies, the visible fluorescence produced 
as a consequence of the interaction of the lanthanides, Dy’+, 
Eu’+, Lu”, Sm”, and Tb3+, with the free nucleotides, AMP, 
GMP, CMP, and UMP, was determined. Only the Tb” 
cation exhibited significant fluorescent enhancement as a 
consequence of the interaction. The reason for this specificity 
among lanthanides must lie in the fact that T b  has the most 
appropriate electronic transition to serve as an acceptor for 
long-distance energy transfer from the near-ultraviolet-ab- 
sorbing nucleic acid bases. This is because T b  has several 
low-lying 5d electron levels separated from the next lowest 
energy level by a gap of appropriate size to generate strong 
fluorescence in the visible region of the spectrum (Dieke, 
1968). 
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Interactions of a New Antitumor Antibiotic BBM-928A with 
Deoxyribonucleic Acid. Bifunctional Intercalative Binding Studied by 
Fluorometry and Viscometry' 

Cheng-Hsiung Huang,* Seymour Mong, and Stanley T. Crooke 

ABSTRACT: A new actinoleukin-like antitumor antibiotic, 
BBM-928A, has been shown to interact with isolated DNA 
molecules. BBM-928A contains two substituted quinolines 
linked by a cyclic decapeptide. Quenching effects of the co- 
valently closed superhelical PM2 DNA on the BBM-928A 
fluorescence revealed a strong interaction with an apparent 
association constant of 1.93 X lo7  M-' and with 11 deoxy- 
ribonucleic acid (DNA) nucleotides per BBM-928A binding 
site. Viscometric studies indicated that BBM-928A induced 
an unwinding-rewinding process of the closed superhelical 

A new family of actinoleukin-like antibiotics, BBM-928, has 
recently been isolated from the fermentation broths of an 
aerobic strain of actinomycetes. The BBM-928 complex ex- 
hibits potent antitumor activity against P388 and L-1210 
leukemia, B- 16 melanoma, Lewis carcinoma, and sarcoma 180, 
with a potency about 300-700-fold that of mitomycin C 
(unpublished data). The biology and chemistry of BBM-928A 
complex will be published elsewhere. 

Figure 1 shows the structure BBM-928A of the BBM-928 
complex which contains two substituted quinoline chromo- 
phores linked by a cyclic decapeptide. Structurally, the 
BBM-928 complex is similar to echinomycin (also shown in 
Figure l ) ,  a quinoxaline antibiotic shown to be capable of 
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PM2 DNA typically observed for DNA intercalators. The 
unwinding angle (43') induced by BBM-928A was almost 
twice that of the ethidium bromide (26O), a monofunctional 
intercalator. The BBM-928A-induced increase of the helix 
length of sonicated rodlike calf thymus DNA was - 1.5-fold 
that induced by the ethidium bromide. On the basis of these 
observations, we concluded that BBM-928A bifunctionally 
intercalated with DNA in a manner similar to the bifunctional 
intercalation of echinomycin. 

bifunctionally intercalating with DNA at low ionic strength 
(Waring & Wakelin 1974; Wakelin & Waring 1976). 

BBM-928, like echinomycin, has a structure with an ap- 
parent twofold rotational symmetry (Keller-Schierlein et al., 
1959; Sobell et al., 1971) which, if BBM-928 reacts with 
DNA, would endow the molecule with an ability for bifunc- 
tional interactions involving the two chromophores (Wakelin 
& Waring, 1976). 

Data in this report resulted from the first stage of a series 
of studies designed to understand the mechanism of the an- 
titumor activity of BBM-928. The results indicated that 
BBM-928A, the most active member of the complex, interacts 
strongly with isolated DNA molecules through a bifunctional 
intercalation. 

Materials and Methods 
Chemicals. BBM-928A and echinomycin were obtained 

from Bristol Laboratories, Syracuse, NY. Superhelical, co- 
valently closed circular DNA of PM2 bacterial phages (ccc 
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