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ABSTRACT: The kinetics of the interaction of daunomycin with calf thymus DNA are described. Stopped-flow 
and temperature-jump relaxation methods, using absorption detection, were used to study the binding reaction. 
Three relaxation times were observed, all of which are concentration dependent, although the two slower 
relaxations approach constant values a t  high reactant concentrations. Relaxation times over a wide range 
of concentrations were gathered, and the data were fit by a minimal mechanism in which a rapid bimolecular 
association step is followed by two sequential isomerization steps. The six rate constants for this mechanism 
were extracted from our data by relaxation analysis. The values determined for the six rate constants may 
be combined to calculate an overall equilibrium constant that is in excellent agreement with that obtained 
by independent equilibrium measurements. Additional stopped-flow experiments, using first sodium dodecyl 
sulfate to dissociate bound drug and second pseudo-first-order conditions to study the fast bimolecular step, 
provide independent verification of three of the six rate constants. The temperature dependence of four 
of the six rate constants was measured, allowing estimates of the activation energy of some of the steps to 
be made. We speculate that the three steps in the proposed mechanism may correspond to a rapid “outside” 
binding of daunomycin to DNA, followed by intercalation of the drug, followed by either conformational 
adjustment of the drug or DNA binding site or redistribution of bound drug to preferred sites. 

x e  anthracycline antibiotics daunomycin and adriamycin 
are widely used in cancer chemotherapy. The effects of these 
drugs on the cell are pleiotropic and may involve interaction 
of the drugs with receptors on the cell membrane, with pro- 
teins, and with nucleic acids (Gianni et al., 1982). This latter 
interaction may be of particular importance, since daunomycin 
and adriamycin are potent inhibitors of both DNA replication 
and RNA synthesis (Ward et al., 1965; Hartmann et al., 1964; 
DiMarco et al., 1971; Goodman et al., 1977; Schellinx et al., 
1979; Barthelemy-Clavey, 1976) and indications are that the 
inhibition requires a direct interaction of the drugs with DNA. 

Accordingly, numerous studies have focused on the details 
of the daunomycin-DNA interaction [Graves & Krugh, 1983; 
for extensive reviews of earlier literature, see Arcamone (1981) 
and Gianni et al. (1982)l. Work from our laboratories has 
examined equilibrium aspects of the daunomycin-DNA in- 
teraction (Chaires et al., 1982; Chaires, 1983a, 1984), the 
geometry of the daunomycin-DNA complex (Fritzsche et al., 
1982), the binding of the drug to nucleosomes (Chaires et al., 
1983), the sequence specificity of the daunomycin-DNA in- 
teraction (Chaires, 1983a), and the effects of the drug on the 
B Z transition in poly(dG-dC) (Chaires, 1983b). A com- 
plete understanding of the daunomycin-DNA interaction 
requires, in addition to such equilibrium information, 
knowledge of the kinetics of the binding reaction. Kinetic 
studies provide information necessary for the formulation of 
a plausible reaction mechanism, which is essential for un- 
derstanding the binding process in molecular detail. In ad- 
dition, the biological and pharmacological activity of drugs 
may often be more readily correlated with kinetic rather than 
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equilibrium properties of the drug-DNA complex (Mueller 
& Crothers, 1968; Crothers, 1971). Finally, kinetic infor- 
mation is required to completely understand the influence of 
drugs on molecular transformations of nucleic acids, such as 
the B + Z transition (Mirau & Kearns, 1983). 

The kinetics of the interaction of daunomycin with DNA 
are described here. Our primary goal is to establish a plausible 
reaction mechanism for the binding of daunomycin to DNA. 
Changes in the absorbance of daunomycin at 480 nm that 
occur with binding were used to monitor the binding process 
in stopped-flow and temperature-jump relaxation kinetic ex- 
periments. A minimal mechanism in which the drug binds 
to DNA in a rapid bimolecular step, followed by two sequential 
isomerizations, is consistent with our experimental data. The 
six rate constants for this mechanism extracted from our data 
may be used to calculate an overall equilibrium constant that 
is in excellent agreement with the binding constant obtained 
from independent equilibrium measurements. More conven- 
tional stopped-flow experiments monitoring dissociation steps 
by the sodium dodecyl sulfate (SDS) dissociation method 
(Mueller & Crothers, 1968), and the bimolecular step by 
mixing experiments under pseudo-first-order conditions, pro- 
vide independent verification of three of the six rate constants. 
While the molecular events corresponding to each kinetic step 
are at this point unknown, we speculate that the three steps 
may correspond to the rapid formation of an “outside” com- 
plex, followed by drug intercalation, followed by either con- 
formational adjustments of the drug-DNA complex or re- 
distribution of bound drug to preferred sites by internal 
transfer. 

MATERIALS AND METHODS 
DNA Preparation. High molecular weight calf thymus 

DNA was purchased from Boehringer-Mannheim (Indian- 
apolis, IN) and sonicated, digested with RNase and proteinase 
K, phenol extracted, and fractionated as previously described 
(Chaires et al., 1982b). DNA samples-were dialyzed exten- 
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sively against BPES buffer [6 mM Na,HPO,, 2 mM Na- 
HzPO4, 1 mM disodium ethylenediaminetetraacetate 
(NazEDTA), and 0.185 M NaCl, pH 7.01 prior to binding 
or kinetic experiments. An extinction coefficient of 12 824 M-' 
(bp) was used to calculate DNA concentrations from absor- 
bance measurements at 260 nm. 

Equilibrium Binding Studies. Spectrophotometric titration 
was used to determine the binding isotherm for the dauno- 
mycin-DNA interaction as previously described (Chaires et 
al., 1982b; Chaires, 1983). Drug was added to a DNA solution 
in BPES, and the absorbance at the isosbestic point, 540 nm, 
and at 480 nm was recorded following each addition. The 
concentration of total drug was calculated from 

CT = A540/5100 M-' cm-' 

and the concentration of bound drug estimated from 

Cb = (c~€4,0 - A4goobsd)/A€ 

where €480 = 11 500 M-' cm-', A480°bsd is the measured ab- 
sorbance at 480 nm, and A€ has been previously determined 
to be 4500 M-' cm-' (Chaires et al., 1982b). The concen- 
tration of free drug was then obtained by difference: 

cf = CT - cb 
Binding data were cast into the form of a Scatchard plot 

(Scatchard, 1949) and fit to the neighbor-exclusion model 
(McGhee & von Hippel, 1974; Crothers, 1968): 

r / C f  = K(l - nr)((l  - n r ) / [ l  - (n  - l)r]]"' (1) 

where r is the ratio of bound drug to total DNA base pairs, 
K is the binding constant to an isolated site, and n is the 
exclusion parameter. Fitting was performed with a nonlinear 
least-squares fitting routine available on the NIH PROPHET 
computer resource. 

Stopped-Flow Studies. Stopped-flow studies were made 
on a Dionex D-110 stopped-flow spectrophotometer using 
absorption detection at 480 nm, a 1:l mixing ratio, and a 
20-mm path-length cuvette. The dead time of the instrument 
is less than 2 ms, as judged by the reaction of Fe(NO,), in 
HzS04 with NaCNS. Data were recorded photographically 
from a Tektronix 5 1 1 1A storage oscilloscope. Photographs 
were digitized by using a Tektronix 4953 graphics tablet and 
analyzed as described below. 

Mixing experiments were initiated by mixing DNA solution 
in BPES buffer with an equal volume of dialysate buffer 
containing daunomycin. The concentration of potential DNA 
binding sites was maintained in excess of the perturbation of 
site concentration resulting from drug binding. This allows 
for the data to be treated by the methods of relaxation kinetics 
(Hiromi, 1979). For each mixing experiment, reactants were 
mixed in a 1:l ratio manually, allowed to equilibrate, and 
analyzed spectrophotometrically as described above to de- 
termine the final concentration of free and bound drug, and 
unoccupied DNA sites. 

Digitized photographic traces were analyzed individually 
by least-squares fits of semilog plots of In ( A ,  - A, )  vs. time 
where A,,is the infinite time base line. Alternatively, indi- 
vidual traces were combined to form a composite time course 
of the binding process, as a plot of A ,  - A, vs. time. Typically, 
12 traces, each covering a discrete time range, were combined 
to produce the composite time course. The data were then 
fit to multiple exponentials by using a least-squares fitting 
routine based on the Marquardt-Levenberg algorithm 
available through the NIH PROPHET computer resource. Initial 
estimates were generated by a "peeling" process in which the 
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FIGURE 1: Binding isotherm for the daunomycin-calf thymus DNA 
interaction. Solution conditions were 6 mM Na,HPO,, 2 mM 
NaH2P04, 1 rnM Na2EDTA, and 0.185 M NaC1, pH 7.0, 20 OC. 
The distribution of free and bound drug was determined spectro- 
photometrically as described in the text. The line is the nonlinear 
least-squares fit of the experimental data to the neighbor-exclusion 
model (eq 1) for n = 3.6 * 0.1 bp and K = (7.0 i 0.25) X lo5 M-*. 

tail of a semilog plot of the time course was fit by a line which 
was then subtracted from the remaining points. Remaining 
points were then treated by the same procedure until estimates 
for the desired number of exponentials had been obtained. 
These initial guesses provided the starting values for the 
least-squares fitting routine. The analysis of individual traces 
and the composite time course yielded similar results, although 
the latter approach was used primarily since the method 
provided more statistically reliable and consistent results. 

Dissociation rates were measured by the SDS method of 
Mueller & Crothers (1968). Preformed daunomycin-DNA 
complexes were mixed with an equal volume of SDS in BPES 
buffer to give a final detergent concentration of 1% (w/v). 
Data were recorded, digitized, and analyzed as described 
above. 

Temperature-Jump Relaxation Kinetics. The tempera- 
ture-jump apparatus and the overall methodology used in these 
studies have been described (Crothers, 1971; Bresloff & 
Crothers, 1975). 

Solutions for temperature-jump experiments were prepared 
by equilibrium dialysis. A DNA solution in BPES at high 
concentration [OS-1.0 mM (bp)] was dialyzed against a 
daunomycin-BPES solution until equilibrium was reached. 
The free and bound drug concentrations were then determined 
spectrophotometrically (Chaires et al., 1982b). A series of 
solutions of varying DNA concentration were then prepared 
by dilution of the concentrated complex with the dialysate, 
ensuring a constant value of r (the amount of drug bound per 
base pair) over the concentration range used. 

Data were recorded photographically and relaxation times 
obtained from a semilog plot of amplitude vs. time using 15-20 
points from each photograph. In some cases, kinetic curves 
were fed directly into a PDP-11 computer, via a Biomation 
Model 805 transient recorder, and relaxation times were ob- 
tained by least-squares regression. The results were indis- 
tinguishable from the manual analysis results. 

RESULTS 
Equilibrium Results. Figure 1 shows the binding isotherm, 

as a Scatchard plot, for the daunomycin-DNA interaction. 
For data above rb = 0.05, the data are best fit by the neigh- 
bor-exclusion model, yielding K = 7.0 X lo5 M-' and n = 3.6 
base pairs (bp). 

Stopped-Flow Relaxation Studies. Figure 2 shows exam- 
ples of the primary data obtained from stopped-flow mixing 
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Table I Analysis of the Stopped-Row Data of Figure 3' 

lit multiple R' S D  (V) I/r, (s) I l r z  (d Ill, (s) 
one exponential 0.9700 0.0618 44.7 i 1.0 
two exponentials 0.9957 0.0233 148.5 * 4.0 13.9 i 0.5 
three exponentials 0.9966 0.0207 226.9 * 15.0 46.2 i 5.2 4.0 i 1.0 

'Data were fit to single or multiple exponentials as described in the text. The total optical signal was 1.0 V. 

Table II: Summary of Estimated Rate Constants' 
k,, (M-' 3.') kz, K O ,  (M-') kn (5.') k n  (s-') Kn k* (5.') k a  W') K x  comments 

3.0 (i0.4) X IO6 168 i 21 1.8 X IO' 92.5 i 13 11.2 i 5.5 8.3 4.2 i 0.5 1.0 i 0.5 4.0 stopped-flow, relaxation analysis. 21 OC 
2.8 X IOb 5.5 i 1.2 1.2 i 0.2 stopped-flaw. conventional analysis. 21 OC 
7.0 (11.2) X IO6 342 i 29 2.0 X IO' T jump. 33 OC 
'Rate constants were obtained from the experimental data of Figures 4-6 by assuming the mechanism of Scheme 1. Solution conditions in all 

cases were 6 mM Na,HPO.. 2 mM NaH,PO.. 1 mM Na,EDTA. and 0.185 M NaCI. DH 7.0. 

Scheme I 
4 2  823 '3. 

DM + DNA + DM-DNA + OM-DNA? e W.I-DNAI"' 
ha 1 1 2  1.. 

experiments. Such data were used to construct a composite 
time course for the binding process, an example of which is 
shown in Figure 3A. A semilog plot of this time course is 
nonlinear (not shown), indicating that multiple exponentials 
are required to describe the binding kinetics. Three expo- 
nentials are, in fact, necessary to fit the time course, as judged 
by two criteria. First, residual plots for fits of the experimental 
data to one and two exponentials show nonrandom deviations, 
whereas the residuals for the three-exponential fit appear 
randomly distributed (Figure 3B-D). Second, the statistics 
of the fit steadily improve up to the inclusion of three expo- 
nentials (Table I). Addition of a fourth exponential results 
in no improvement of the fit and nonsensical negative values 
for the fourth rate constant and was therefore unwarranted. 

The concentration dependence of the three relaxation times 
was studied over a wide range of DNA and drug concentra- 
tions, with the results shown in Figure 4. The fastest observed 
reciprocal relaxation time increases linearly over the concen- 
tration range studied, while the two slower reciprocal relaxation 
times increase at low concentrations but tend toward constant 
values a t  high concentrations. 

A minimal mechanism to account for these observations is 
shown in Scheme I where daunomycin (DM) interacts with 
DNA in a rapid bimolecular step, which is followed by two 
sequential isomerizations. This mechanism predicts three 
relaxation times, defined by 

(2) l / r l  = klz[DNA sites + free drug] + kzl 

+ k n  (3) 
[DNA sites + free drug] 

KZI + [DNA sites + free drug] 

l/r, = 

+ k43 (4) 
K,,K,,[DNA sites + free drug] 

'I4( 1 + K,,[DNA sites + free drugl(1 + K,,) 

where K I z  = l/Kzl = klz/k2,, K,, = k,,/k,,, and the rapid 
equilibration of the preceding step has been assumed in each 
case. 

Because of the site-exclusion effects shown by daunomycin 
(Chaires et al.. 1982b; Figure I) ,  the concentration terms in 
eq 2-4 must be specified as described by Jovin & Stricker 
(1977): 

[DNA sites + free drug] =Ar)Co -y(r)C, 

FIGURE 2 Samples of primary data from stopped-flow mixing ex- 
periments. D N A  in BPES was mired with an equal volume of 
daunomycin dissolved in dialysate solution to yield a final D N A  
concentration of 79.5 pM (bp) and a final daunomycin concentration 
of IO pM at 21 "C. The association of drug was monitored by changes 
in transmittance at 480 nm. For all the oscilloscope tram. the ordinate 
scale is 0.2 V per division. The abscissa scale is (A) 2 ms per division, 
(B) 5 ms per division, or (C) SO ms per division. 

where Co is the total concentration of DNA binding sites, C, 
is the concentration of free drug, and 

(1 - nr)" 

[ I  - (n - I)r]"' Ai) = 

[nr(n - 1) - 2n + 1](1 - nr)"' 
[ I  - (n- l)r]" f'(r) = 

where r is the ratio of bound drug to the total number of DNA 
binding sites and n is the exclusion parameter. 

The data of Figure 4 were fit to eq 2-4 by the PROPHET 
nonlinear least-squares fitting routine, using the following 
protocol. First, the data of Figure 4A were fit to eq 2 to obtain 
klz. kzl, and K I 2  by calculation. The estimate of KI2 was used 
with eq 3 to fit the data of Figure 4 8  to obtain k,,, k,,, and 
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FIGURE 3: Sample composite time course of the association of daunomycin with calf thymus DNA. The change in transmittance at 480 nm 
(relative to an infinite-time base line) with time is shown. Solution conditions and final concentrations are described in Figure 2. (A) The 
composite time course was obtained by digitizing and combining 12 photographic traces obtained over a range of time scans, as described in 
the text. The number of points comprising the composite curve is 51 1. The data were fit to one-, two-, and three-exponential terms, with 
the results shown in Table I. The three-exponential fit is indicated by the solid line. Also shown are the residual plots for the (B) one-exponential, 
(C) two-exponential, and (D) three-exponential fits. 

K23. The estimates for K12 and KZ3 were used with eq 4 to 
obtain k3, and k43 from the data of Figure 4C. The solid lines 
in Figure 4 indicate the least-squares fits, and the rate con- 
stants obtained are summarized in the first row of Table 11. 

The overall equilibrium constant for Scheme I is given by 

Kcq = Kl2(1 + K23 + K23K34) 

From the kinetic data of Table 11, we calculate an overall 
equilibrium constant of 7.6 X lo5 M-I (21 "C), a value in 
excellent agreement with the binding constant of 7.0 X lo5 
M-' (20 "C) measured in Figure 1 by the spectrophotometric 
titration. The excellent agreement of these values lends 
considerable confidence to our estimates of the rate constants 
and to the validity of Scheme I as a plausible reaction 
mechanism. 

Temperature-Jump Relaxation Experiments. Tempera- 
turejump experiments in which changes in the absorbance of 
daunomycin at 480 nm were monitored following a jump from 
25 to 33 "C revealed two well-resolved relaxation times of 
about 2 and 25 ms, corresponding to the fast and intermediate 
relaxation times, respectively, seen in stopped-flow experiments. 
The slowest relaxation time seen in the stopped-flow experi- 
ments (about 200 ms) might be obscured by the cooling of the 
T-jump apparatus, and therefore invisible, or the amplitude 
might be zero in a thermally induced process. The fast tem- 
perature-jump relaxation, identified with the bimolecular 
binding step, was linearly dependent on concentration as shown 
in Figure 4A. Fit of the experimental data to eq 2 provides 
estimates for k12 and kzl at 33 "C, as shown in the bottom 
row of Table 11. Data for the second relaxation observed in 
T-jump experiments were obtained only over a narrow con- 

Table 111: Summary of Daunomycin Dissociation Rates As 
Determined by the SDS Method" 

T k32 k,, 
("C) ( s - 9  ( s - 9  
21.0 5.5 f 1.2 1.25 f 0.25 
26.0 9.0 f 1.3 2.0 f 0.2 
33.0 27.0 & 9.0 7.7 f 0.5 
48.5 43.2 f 8.0 12.5 f 3.5 

a Solution conditions were BPES buffer. 

centration range [f(r)Co - f ' ( r )Cf  = 20-40 pM] and were 
essentially constant with 1 / ~  = 37.4 f 4.4 s. 

These observations confirm the existence of two of the three 
relaxations seen in stopped-flow experiments and provide es- 
timates for two of the six rate constants describing Scheme 
I. 

Conventional Stopped-Flow Studies. Two additional 
stopped-flow studies provide independent estimates of three 
of the six rate constants for Scheme I. First, the SDS disso- 
ciation procedure of Mueller & Crothers (1968), in which drug 
is dissociated from a preformed drug-DNA complex by mixing 
with SDS, provides access to dissociation steps. 

Figure 5A shows the results of such a dissociation experi- 
ment. Two exponentials are required to fit the dissociation 
curve, as judged by the residual plots of Figure 5B,C and by 
the improvement of the statistics of the fit. We identify the 
slower rate with k43 and the faster rate with k32. Results over 
a range of temperatures are shown in Table 111. Both of the 
rates observed by this method were independent of the initial 
binding ratio, over the range rb = 0.05-0.2. Identical results 
were obtained for final SDS concentrations of 0.5% (w/v) or 
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F~GURE 4: Reciprocal relaxation times as a function of concentration. 
Experimentally determined relaxation times obtained from composite 
time course curves are shown as a function of the free concentration 
of reactants. (A) Fast relaxation obtained from stopped-flow mea- 
surements at 21 OC (0) or T jump at 33 OC (0). Data were fit to 
eq 2 by using a linear least-squares fit. (B) Intermediate relaxation 
time obtained from stopped-flow measurements at 21 OC. The line 
is the nonlinear least-squares fit of the data to eq 3. (C) Slowest 
relaxation time obtained from stopped-flow measurements at 21 OC. 
The line is the least-squares fit of the data to eq 4. 

1% (w/v). The results from this method are in good agreement 
with the values for k43 and k32 estimated from relaxation 
analysis (Table 11), providing independent confirmation of 
these rate constants. 

Figure 6 shows the results of a mixing experiment in which 
the bimolecular binding step was monitored under pseudo- 
first-order conditions as a function of total DNA binding site 
concentration. (The experimental conditions are thus similar 
to those in the relaxation experiments described above, but 
the analysis is more conventional.) The apparent first-order 
rate constant for the fastest step following mixing was obtained 
by the fitting procedure described above and plotted against 
the total DNA binding site concentration, as shown in Figure 
6 .  The slope of the line in Figure 6 is klz ,  and the value of 
2.8 X lo6 M-' s-' is in excellent agreement with the value of 
3.0 X lo6 M-' s-I obtained from relaxation analysis of the data 
of Figure 4. 
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FIGURE 6:  Plot of the pseudo-fmt-order rate constant k(app) vs. DNA 
concentration. The apparent first-order rate for the binding of 
daunomycin to DNA was measured as a function of DNA concen- 
tration at a constant total daunomycin concentration of 10 pM, in 
BPES buffer, 21 OC. The slope of the plot is the bimolecular rate 
constant kI2  and was found by least-squares analysis to be 2.8 X lo6 
M-1 s-l 

+14.3 kcal/mol and Ead3 = +16.2 kcal/mol. 

DISCUSSION 
The results described here are consistent with a reaction 

mechanism for the binding of daunomycin to DNA that in- 
cludes three steps: 

D + S + Cl + C2 + C3 

where D represents drug, S potential DNA binding site, and 
Ci conformers of the drug-DNA complex. The six rate con- 
stants for this mechanism as defined by Scheme I and sum- 
marized in Table I1 may be used to calculate an overall 
equilibrium constant in excellent agreement with that obtained 
from independent equilibrium measurements. 

Interpretation. Our interpretation of this kinetic mechanism 
in terms of molecular events is as follows. The fast bimolecular 
step probably represents the formation of a weakly bound, 
”outside” drug-DNA complex. The small positive enthalpy 
associated with step 1 (AHoI2 = +2.1 kcal/mol) would be 
consistent with the formation of a weak ionic complex (Ross 
& Subramanian, 1981). Further, formation of an interme- 
diate, nonintercalated complex such as proposed seems nec- 
essary to hold the drug in the vicinity of DNA to allow time 
for structural alterations needed for intercalation (e.g., un- 
stacking or opening of base pairs) to occur. The second step 
in the proposed model would then represent the intercalation 
of the drug into the DNA helix. The equilibrium constant for 
this step, K23, is of the same magnitude as reported for similar 
steps in the binding of proflavin (Li & Crothers, 1969) and 
tilorone (Sturm, 1982) to calf thymus DNA. The final step 
in Scheme I may represent a conformational rearrangement 
of either the intercalated drug molecule or the DNA molecule. 
Rates of the same magnitude as reported here for this step 
were reported for some of the isomerizations of the actino- 
mycin-DNA complex (Muller & Crothers, 1968). 

Possible Alternate Mechanisms. Scheme I provides the 
simplest possible mechanism to account for our data and 
provides excellent quantitative agreement with existing 
equilibrium data. Scheme I certainly is one valid model for 
the reaction mechanism. We wish, however, to explore ad- 
ditional models that introduce subtleties. In particular, we 
first recognize that daunomycin was previously found to show 
a slight preference for G-C-rich DNA as a binding site 
(Chaires et al., 1982b) and shows a more dramatic preference 
toward alternating purine-pyrimidine sequences over nonal- 
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Scheme I1 
c 2  

Scheme I11 
c7 

ternating sequences (Chaires, 1983). How might such se- 
quence specificity manifest itself in our kinetic experiments? 
Ryan & Crothers (1984) have recently put forth several kinetic 
models that incorporate transfer steps of bound drug between 
unique DNA sites. Since we observe clear plateau regions at 
high concentrations for the slow relaxation times, we omit from 
discussion models that include bimolecular transfer steps, 
which are characterized by multiple relaxations that all in- 
crease linearly with reactant concentration. Two possible 
models incorporating sequence specificity remain. First, the 
“no transfer” model 

S + D * C I  

S + D + C z  

is one in which the ligand D binds to DNA sites ( S )  to form 
two different complexes, C1 and C2. The “internal transfer” 
model 

D t S e C i  

D t S e C 2  

allows for the unimolecular interconversion of the two types 
of complexes. C l  and C2 could represent drug bound at G-C 
and A-T sites, at  alternating purine-pyrimidine or nonalter- 
nating sequences, or at the major or minor groove, for example. 
Both of these mechanisms predict two relaxation times, one 
of which plateaus at  high concentrations. If we extend these 
models to include a nonintercalated intermediate, two mech- 
anisms result as seen in Schemes I1 and 111. Both of these 
predict three relaxation times. Assuming the rapid equili- 
bration of the first step and that the rate of the C,  + C2 
conversion is greater than that of the C1 + C3 conversion, these 
models predict two slow relaxations that plateau at  high 
concentrations, in qualitative agreement with what we observe 
in Figure 4. These schemes thus remain viable, albeit more 
complex, alternate mechanisms to the sequential model we 
have selected. To distinguish between these models and the 
sequential model, the kinetics of drug binding as a function 
of base composition and sequence need to be studied. Such 
studies are under way, but the data currently available are 
insufficient to decide if consideration of the more complex 
Schemes I1 and I11 is warranted. Scheme I remains sufficient 
to explain our current kinetic observations, satisfies the data 
on hand, and certainly represents one possible reaction 
mechanism. 

One additional complexity requires discussion. Graves & 
Krugh (1983) found daunomycin binding to calf thymus DNA 
to be cooperative and found that their data could be fit by 
either of two models, a “two-site” model that includes a co- 
operativity parameter for each site or the allosteric model of 
Dattagupta et al. (1980). In the latter model, drug binding 
is coupled to a conformational change in the DNA binding 
site. A mechanism incorporating this behavior would be 
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ranging from a simple single-step bimolecular reaction 
mechanism that describes the irehdiamine A-DNA interaction 
to a complex, six-step branched mechanism required to account 
for the actinomycin-DNA kinetics. One striking feature to 
emerge from comparison is that the rates of the isomerization 
and dissociation steps for the daunomycin-DNA interaction 
(Table 11) are orders of magnitude slower than those reported 
for the "simple" intercalators ethidium, proflavin, and tilorone, 
although not as slow as some of the comparable steps reported 
for the actinomycin-DNA interaction. The interesting and 
important observation is that the clinically useful compounds 
actinomycin and daunomycin both have slow isomerization 
steps along their dissociation pathway, and consequently will 
be bound to DNA for a longer lifetime relative to the less 
clinically useful simple intercalators. Very fast dissociation 
rates, on the order of lo3 S I ,  characterize the nonintercalating 
2,7-di-tert-butylproflavin and irehdiamine A, in contrast to 
the intercalating compounds. 

Daunomycin shares with other intercalators a bimolecular 
rate constant of 106-107 M-' s-I. This is slightly less than what 
might be anticipated for a diffusion-controlled encounter, as 
probably represented by the values of about lo8 M-' s-l found 
for the nonintercalating compounds. 

Finally, the variety of both mechanisms and rates among 
intercalating compounds is noteworthy. Even though these 
compounds all intercalate, and produce similar structural 
alterations in DNA, there is apparently no common mecha- 
nism or pathway leading to the final intercalation complex. 

ADDED IN PROOF 

After this work was completed and submitted for publica- 
tion, an article appeared describing temperature-jump kinetic 
studies on the interaction of anthracycline antibiotics with calf 
thymus DNA (Forster & Stutter, 1984). For daunomycin, 
two relaxation times are reported, which correspond to the two 
faster relaxation times we observe in our stopped-flow ex- 
periments and which agree with our temperature-jump ob- 
servations. 

nD t S + Sx t n D  

dr Jr 
( n  - 1D t DS <---->- DS* t ( n  - OD 

.lr 
etc. 

JP 
etc. 

in which D is free drug, S and S* are DNA conformers, and 
DS and DS* are drug-DNA complexes. This mechanism is 
analogous to that proposed for the binding of substrate to 
allosteric enzymes (Eigen, 1968). The model predicts a slow 
reciprocal relaxation associated with the conformational 
transition of the DNA that (i) decreases with increasing ligand 
concentration and (ii) is constant with increasing site con- 
centration. We do not observe such behavior. We note that 
if we allow intraconversion of the complexes (dashed arrows), 
pathways identical with our sequential model are available. 
Thus, while our data neither prove nor disprove cooperative 
binding, they suggest that if cooperativity does exist, the 
conformational change in the nucleic acid is not rate limiting 
and that the preferred binding path follows a sequential scheme 
more analogous to the "induced-fit" model proposed for al- 
losteric enzymes. We note in connection with this general topic 
that Sturm (1982) has observed a relaxation step in the binding 
of tilorone to poly(dA).poly(dT) that is invariant with ligand 
concentration which has been assigned to a rate-limiting 
conformational change in the polynucleotide. 

Thermodynamics. We previously have found that dauno- 
mycin binding to DNA is characterized by negative enthalpy 
(Chaires et al., 1982b; Chaires, 1984). Hydrogen bond for- 
mation at the intercalation site and coupled conformational 
changes in the DNA were proposed as the most likely source 
of this negative enthalpy. Since we find here a small, positive 
enthalpy for the first step (AHoI2 = +2.1 kcal/mol), the 
subsequent steps must be characterized by negative enthalpies. 
This would be consistent with our interpretation that the actual 
intercalation event follows the first bimolecular interaction. 

Comparison with Previous Work. Kinetic studies on the 
interaction of daunomycin with DNA are sparse, and we have 
little to compare our data with. Gabbay et al. (1976) have, 
using the SDS dissociation method, reported a first-order rate 
constant of 0.68 s-l for the dissociation of daunomycin from 
salmon sperm DNA, at 100 mM NaCl, 15 "C. We identify 
this with our rate constant kd3, which we estimate by ex- 
trapolation to be 0.78 s-l at 15 "C, in substantial agreement 
with that obtained by Gabbay et al. Recent 31P NMR mea- 
surements indicate an exchange rate of about l s-l for the 
interaction of daunomycin with calf thymus DNA at 20 "C 
(Jones et al., 1984), a rate in agreement with our estimate for 
kd3. Stutter & Forster (1979) report a single relaxation time 
of 0.77 ms using temperature-jump methods. Using a first- 
order Ising chain model and assuming a single-step binding 
mechanism to interpret their data, they estimate a dissociation 
constant of about 15 s-' and an association constant of 9.3 X 
lo6 M-I s-l a t 30 OC. This latter value is in substantial 
agreement with our estimate of k I 2  at 33 OC (Table 11). 

A comparison of the kinetics of daunomycin with the 
mechanism and rates for other DNA binding drugs is of in- 
terest. We have for comparison kinetic studies for the in- 
tercalators actinomycin (Mueller & Crothers, 1968), ethidium 
(Bresloff & Crothers, 1975; Ryan & Crothers, 1984), proflavin 
(Li & Crothers, 1969; Ramestein et al., 1980), and tilorone 
(Sturm, 1982) and the nonintercalating compounds 2,7-di- 
terf-butylproflavin (Mueller et al., 1973) and irehdiamine A 
(Dattagupta et al., 1978). A wide variety of reaction mech- 
anisms describe the interaction of these compounds with DNA, 
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ABSTRACT: T4 R N A  ligase catalyzes the adenylation of donor oligonucleotide substrates. These activated 
intermediates react with an acceptor oligonucleotide which results in phosphodiester bond formation and 
the concomitant release of AMP. Adenylation of the four common nucleoside 3’,5’-bisphosphates as catalyzed 
by T4 R N A  ligase in the absence of an acceptor oligonucleotide has been examined. The extents of product 
formation indicate that pCp is the best substrate in the reaction and pGp is the poorest. Kinetic parameters 
for the joining reaction between the preadenylated nucleoside 3’,5’-bisphosphates, A( 5’)pp( 5’)Cp or A- 
(5’)pp(5’)Gp, and a good acceptor substrate (ApApA) or a poor acceptor substrate (UpUpU) have been 
determined. The apparent K, values for both preadenylated donors in the joining reaction are similar, and 
the reaction velocity is much faster than observed in the overall joining reaction. The nonnucleotide adenylated 
substrate P1-(5’-adenosyl) P2-(0-nitrobenzyl) diphosphate also exhibits a similar apparent K,,, but reacts 
with a velocity 80-fold slower than the adenylated nucleoside 3‘,5’-bisphosphates. By use of preadenylated 
donors, oligonucleotide substrates can be elongated more efficiently than occurs with the nucleoside 
3’,5’-bisphosphates. 

w h i l e  T4 RNA ligase is useful in catalyzing the formation 
of a phosphodiester bond between an acceptor oligonucleotide 
and a corresponding donor (Gumport & Uhlenbeck, 1981; 
Uhlenbeck & Gumport, 1982) and can be used with some 
success with similar 2’-deoxyoligonucleotides (Hinton et al., 
1978; Hinton & Gumport, 1979; McCoy & Gumport, 1980), 
its effectiveness is limited in that it does not work equally well 
with all oligonucleotide sequences (England & Uhlenbeck, 
1978; Romaniuk et al., 1982). Generally acceptors with a high 
purine content and pyrimidine-containing donors result in the 
highest yields of joined product. However, acceptor molecules 
of the same nucleoside composition but differing sequence can 
nevertheless react with a common donor and result in vastly 
different product yields (Romaniuk et al., 1982). 

The mechanism of phosphodiester bond formation as cat- 
alyzed by the enzyme is similar to that which has been elu- 
cidated for DNA ligase (Modrich & Lehman, 1973; Lehman, 
1974) although the substrate specificities are different. DNA 
ligase requires a double-stranded substrate and RNA ligase 
is more active with single-stranded substrate. Three distinct 
and reversible steps are involved (Uhlenbeck & Cameron, 
1977; Sugino et al., 1977). In the first step the enzyme reacts 
with ATP to form an adenylated enzyme intermediate and 
pyrophosphate. In the second step the enzyme binds a donor 
molecule containing a 5’-terminal phosphate and catalyzes the 
formation of the adenylated donor: A(S’)pp(S’)Np .... Sub- 
sequently, the formation of a phosphodiester bond occurs 
between the acceptor and activated donor with concomitant 
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