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ABSTRACT: Thermodynamic parameters for ethidium intercalation were determined for the double helices 
formed by the oligonucleotides dCA6G + dCT6G, which form a normal helix, and dCA3CA3G + dCT6G, 
which form a double helix with the middle cytosine bulged outside of the helix. Ethidium intercalation 
was measured by monitoring the absorbance at  260 and 283 nm as a function of temperature for a number 
of concentrations of ethidium. The binding to the normal helix occurs equally a t  all the intercalation sites, 
with an enthalpy of binding of -8 kcal mol-', an entropy of binding of -6 eu, and an equilibrium constant 
a t  25 "C of 2.2 X lo4 M-'. The binding to the bulged double helix was considerably stronger and is consistent 
with a model in which the intercalation sites on either side of the bulged base bind 10 times stronger than 
the other sites. Thus, there are two strong binding sites on the perturbed helix with equilibrium constants 
for binding of 2 X lo5 M-' a t  25 "C in addition to five normal sites. Several other binding models were 
tested but did not fit the data satisfactorily. 

Frameshift mutagenesis requires the formation of a structure 
in which there is an extra nucleotide on one strand of a DNA 
double helix. This intermediate in the mechanism of mutation 
is called a bulge. The probability of a frameshift mutation 
depends on the incorporation of an extra nucleotide into a 
newly synthesized strand (a plus one mutation) or on the 
omission of a nucleotide from the new strand (a minus one 
mutation). Repair of the bulged structure before replication 
is also important to the mutation process. The stability and 
conformation of the bulge affect all of these reactions. The 
role of intercalators in the process of frameshift mutagenesis 
has been hypothesized for many years (Streisinger et al., 1966). 
Intercalating molecules are thought to promote frameshift 
mutagenesis by binding preferentially to bulged structures, 
thereby stabilizing them and increasing the likelihood that the 
bulge will become incorporated into the DNA. 

Ethidium ion intercalates into a complex consisting of the 
trinucleoside diphosphate rGpUpG and the dinucleoside 
phosphate rCpC, forming a mini double helix with the ethi- 
dium sandwiched between the two C-G base pairs with the 
bulged U outside the helix (Lee & Tinoco, 1978). It is also 
known that ethidium bromide binds more strongly into syn- 
thetic RNA polynucleotides that contain a small amount of 
A-I mismatches (Helfgott & Kallenbach, 1979). These 
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mismatches probably form nonstandard base pairs, and al- 
though they are not bulges, the situation is relevant to the 
bulges. No direct measurement has been done on the mag- 
nitude or mechanism of the stabilization of a bulge by ethidium 
bromide. We previously studied the intercalation of ethidium 
bromide into the ribooligonucleotides rCA,G + rCU5G and 
the corresponding deoxyribooligonucleotides dCA5G + dCT5G 
(Nelson & Tinoco, 1984). Here, we discuss the extension of 
the work to the intercalation of ethidium ion into the deoxy- 
ribooligonucleotides dCA6G + dCT6G, which form a normal 
double helix, and dCA3CA3G + dCT6G, which form a double 
helix with a bulged cytosine in the middle of the helix. 

The structure of these normal and bulged double helices has 
been characterized by NMR,' and the thermodynamic sta- 
bilities have been studied by optical melting curves (Morden 
et al., 1983). It was found that the bulged cytosine is out of 
the helix and the two A-T base pairs on either side of the bulge 
stack on each other similar to the normal helix. The desta- 
bilization caused by the bulge was also determined to be due 
to a less favorable enthalpy of double-strand formation, with 
an increase in the standard free energy at 25 OC of approx- 
imately 2.9 kcal mol-'. 

MATERIALS AND METHODS 
The synthesis of the oligonucleotides is discussed in Morden 

et al. (1983). The extinction coefficients per mole of strand 
at 260 nm and 25 OC were estimated from the coefficients for 

' Abbreviations: NMR, nuclear magnetic resonance; EDTA, ethyl- 
enediaminetetraacetic acid. 
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mononucleotides and dinucleoside phosphates (Fasman, 1975). 
The values for dC&G, dCA3CA3G, and dCT6G are 9.1 X 1 04, 
9.8 X lo4, and 6.6 X lo4 M-' cm-' , respectively. Ethidium 
bromide was purchased from Sigma; to remove any ethanol 
present, the ethidium bromide was lyophilized twice with 
double-distilled water prior to use. 

The buffer used throughout this study consisted of 0.2 M 
NaCl, 0.01 M sodium phosphate buffer, pH 7.0, and 0.1 mM 
EDTA. Samples were prepared by adding small amounts of 
concentrated stock solutions of the oligonucleotides and 
ethidium bromide to the buffer. The buffer was degassed by 
purging with helium for 3 min prior to preparing the samples. 

Samples of the dCA6G + dCT6G + ethidium were made 
up with a nominal strand concentration of 65 pM, with 
ethidiumstrand ratios of approximately 0, 0.6, 0.8, 1.0, and 
1.6. Eppendorf 0.5-mL polypropylene microcentrifuge tubes 
were used to prepare the samples. Tubes were pretreated by 
rinsing with an ethidium bromide solution to avoid adsorption 
of ethidium from the samples (Nelson et al., 1984). The actual 
concentrations were determined from the absorbances at 50 
OC, where the oligonucleotides are single stranded and the 
ethidium is unbound. When the melting process was not 
finished by 50 OC, the absorbances of single strands and free 
ethidium at 50 OC were determined by extrapolating the ab- 
sorbances at higher temperatures. Samples of dCA3CA3G + 
dCT6G + ethidium were made at a nominal strand concen- 
tration of 60 pM, with ethidiumxtrand ratios of approximately 
0, 0.6, 0.9, 1.0, 1.5, and 2.1. 

Melting curves were obtained on a Gilford Model 250 
UV-vis spectrophotometer, with a Gilford Model 2527 ther- 
moprogrammer. The cuvettes were Teflon stoppered with a 
path length of 0.1 cm. Data were obtained concurrently at 
260 and 283 nm on a Gilford Model 2530 wavelength scanner. 
The data were collected by an Apple 2e microcomputer in- 
terfaced to the instrument and were later transmitted to a 
VAX 111780 computer for the data analysis. The temperature 
range was generally 0-75 OC. The samples were returned to 
0 "C after attaining the high temperature to check for evap- 
oration. Changes in absorbance were always less than 2%. 

The data analysis was done essentially as described earlier 
(Nelson & Tinoco, 1984). The same procedure was used to 
determine the fraction of double strands and the fraction of 
intercalated ethidium from the absorbances with the extinction 
coefficients for the single strands, double strands, and free and 
intercalated ethidium at 260 and 283 nm. The statistical 
theory presented earlier was used for analyzing the fraction 
ethidium bound in terms of the equilibrium constant for 
double-strand formation and the equilibrium constant for in- 
tercalation (Kd) .  A value for the difference in binding between 
normal and strong sites was chosen, and the best fit to the 
thermodynamics was determined by a least-squares analysis 
of the In Kd vs. 1 1 T plot obtained by fitting the experimental 
points of several melting curves. Values of the fraction of 
ethidium bound between 0.15 and 0.85 were used in the 
analysis. The reduced x2 was then calculated for these data 
from the best fit parameters. The goodness of fit can be 
determined from either the linear correlation coefficient from 
the In Kd vs. 1 / T  plot or the reduced x2, and both criteria 
consistently gave the same results. 

THEORY 
The statistical theory of ethidium intercalation into oligo- 

nucleotide double helices is described in detail in Nelson & 
Tin- (1984). The model assumes that ethidium intercalates 
only between base pairs of the double strands, with nearest- 
neighbor exclusion. Here, we briefly describe the differences 

required when bulged double helices are studied. 

the equilibrium constant Kh: 
The single-strand to double-helix transition is described by 

CA6G -k CT& & CA&.CT& 

with a similar expression for the bulged double helix. The 
intercalation of ethidium to the normal helix is described by 
the equilibrium constant Kd to any of the intercalation sites. 
It was found earlier that ethidium intercalates into all sites 
about equally (Nelson & Tinoco, 1984): 

C-n-n-n-A-n-n-G K,, c-n-n-n-A-n-n-G 
I I I I I I I I  ' 1  1 I 111 I I I I 
G-T-1-1-1-T-1-C 6-T-1-T-1-1-1-C 

With the bulged double helices, we can define three other 
equilibrium constants, associated with intercalation at the bulge 
site, the intercalation sites on either side of the bulge, and 
binding to the bulge outside the helix. All three can be de- 
scribed as a ratio between binding at a normal site and the 
perturbed site. For the model assuming a strong site at the 
bulge, we have, for example 

L L 

C-A-A-A/ \R-A-R-G V c - R - n - d  \n-n-R-G 
11111 I I I I  T--- I 1 1 1 1 1 1 I I  

whereas for the model assuming two strong sites surrounding 
the bulge, we have, for example 

c - n - A - d  \A-n-n-G Y c-A-n-d in-n-n-6 

G-T-1-1---1-1-1-C G-T-1-T---1-1-T-C 

C C 

11111 I l l 1  I1111 I I I I  
G-T-1-1---T-1-1-C G-T-1-1---T-T-T-C 

C C 
c-n-n-d \n-n-n-G Y c - w d  \n-n-n-ci 
1 1 1 1 1  I l l 1  I I I I  1111I 
G-T-T-1---T-T-T-C G-T-T-T---1-1-1-C 

and for the model assuming binding to the bulge on the outside 
of the helix, we have 

C C I  
c-n-n-d \A-A-A-G 0 C-A-A-A' 'A-A-A-G 
11111 I l l 1  I I I I  I l l 1  

The partition function, Q, for the double-stranded species is 
then the sum of the statistical weights of the species with 0, 
1, 2, ..., n ethidium ions bound, as described in Nelson & 
Tinoco (1984): 

6-1-1-1---1-1-1-C G-T-T-T---T-T-T-C 

n 
Q = c g i K h S i  

i=O 

where s = Kd (free ethidium concentration) and gi values 
describe all the arrangements of binding i ethidium ions, taking 
into account the different affinities of the various sites. For 
example, assuming the model with two strong sites (y > 1, 
v = 1, u = 0), there are five ways to bind one ethidium into 
a site with unperturbed binding strength and two ways to bind 
to a strong site, so g, = 2y + 5. Similarly, we determine go 
= l , g l  = 2y + 5, g2 = y2 + 67 + 8, g3 = 2y2 + 47 + 4, and 
g4 = y2, with n = 4. Otherwise, the treatment is identical with 
that of Nelson & Tinoco (1984). 

RESULTS 
Ethidium Binding to dCA6G + dCT6G. The melting curves 

at  260 and 283 nm for dCA6G + dCT6G with ratios of 
ethidiumstrand between 0 and 1.6 are shown in Figure 1, all 
at approximately 65 pM strand concentration. The actual 
concentrations are given in the figure caption. The melting 
curves are all normalized to 1 .O at 50 OC in order to display 
them together. The stabilization of the helix is clearly seen 
from the shifts of the curves to higher temperatures as the 
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Table I: Extinction Coefficients (M-I cm-') at 260 and 283 nm' 
ethidium bromide* 

dCAsG + dCT6G single strands 

dCA6G + dCT6G double strands 

ethidium bromide bound to dCA6G + dCT6G 

dCA3CA3G + dCT6G single strands 

dCA3CA3G + dCT6G double strands 

ethidium bromide bound to dCA3CA3G + dCT6G 

€260 = (1.7 X lo4) - 25.5(T- 50) 
€283 = (5.1 X 10') - 74(T- 90) + [0.25(~oncn)'/~ + (4.4 X 10-4)](T- 90)' 
€260 = (1.63 X lo') 
€283 = (6.12 X lo4) + 44(T- 50) 
€260 
€283 = (5.82 X lo4) + 35T 
€260 = (1.25 x lo4) - 15T 
€283 = (2.3 X lo4) + 75T 
c260 = (1.69 X lo') + 180 ( T -  50) 
e283 = (6.57 X lo4) + 31(T- 50) 
cZMl = (1.40 X 10') + 240T 

€260 = (1.32 X lo4) - 15T 
c , ~ ~  = (2.1 X lo4) + 75T 

240(T - 50) 

(1.34 X lo') 4- 270T 

c283 = (6.37 x 104) - 5~ 

~~ 

'In 0.2 M NaC13.01 M phosphate buffer, pH 7.0, and 0.1 mM EDTA. Temperature are in degrees Celsius. *Data taken from Nelson & Tinoco 
(1984). 
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FIGURE 1: (a) Melting curves at 260 nm of dCA6G + dCT6G + 
ethidium, for roughly equal concentrations of strands and increasing 
ratios of ethidiumstrands. The data are all normalized to 1.0 at 50 
OC. The concentrations of ethidiumstrands were (pM) 0:66, 36:64, 
52:68, 64:68, and 107:67. (b) Melting curves at 283 nm. 

ethidium concentration increases. 
In order to convert the melting curves to fractions of dou- 

ble-helix formation and ethidium binding, the knowledge of 
eight extinction coefficients, at 260 and 283 nm for the single 
strands, double helices, free ethidium, and intercalated ethi- 
dium, is required. The extinction coefficients depend on 
temperature. The procedure for determining these is described 
in Nelson & Tinoco (1984), and they are included in Table 
I. The extinction coefficients for bound ethidium in the case 
of dC&G + dCT6G are nearly the same as those determined 
for dCASG + dCTSG. In the case of dCAsG + dCTSG, the 
single strands and the double strands absorbed nearly the same 

c w  1 h e l i a  in  m i a t u r e / o D  oo *, P 

L t LL 

0.0 

0 2 0  4 0  60 

Temperature ("C) 
FIGURE 2: Fraction of double strands formed by dCA6G + dCT,G + ethidium alone (O), fraction of double strands in a mixture of strands 
and ethidium (O), and fraction of ethidium bound in the mixture (0). 
The concentration of the strands alone was 66 pM. The concentration 
of the strands in the mixture was 68 pM; ethidium concentration in 
the mixture was 64 pM. 

at 283 nm. However, with dCAsG + dCT6G, there is a small 
decrease in absorbance upon double-helix formation. This 
causes a slight complication in determining the fraction of 
ethidium bound, since ethidium binding is not the only con- 
tribution to the curve at  283 nm. However, the problem is 
minimal because of the relatively small change in oligo- 
nucleotide absorbance compared to that of the ethidium. 

A plot of the fraction of double-strand formation, in the 
absence and the presence of approximately a ratio of ethidi- 
um:strand of 1 ,  is shown in Figure 2, along with the fraction 
ethidium bound. The ethidium clearly shifts the melting curve 
of the strands to higher temperature, whereas the curve of the 
fraction of ethidium bound is shifted to an even higher tem- 
perature and is sharper than the double-helix curve. 

The thermodynamics of double-helix formation for the 
dCA6G + dCT6G in 1 M NaCl were determined by Morden 
et al. (1983). Since the stability of the double helices is lower 
in the 0.2 M NaCl buffer used in these studies, the entropy 
had to be adjusted. The enthalpy does not change significantly 
with ionic strength (Nelson et al., 1981). The values used were 

The ethidium binding data were fit to the statistical model, 
assuming all of the binding sites were equivalent. The resulting 
thermodynamic values were Mod = -8 kcal mol-', A& = -6 
eu, and Kd = 2.2 X lo4 M-' at 25 OC. These agree well with 
the values determined for ethidium binding to dCASG + 
dCTSG, -9 kcal mol-', -10 eu, and 2.5 X lo4 M-', respectively 
(Nelson & Tinoco, 1984). 

AHoh = -59 kcal mol-' and u o h  = -175 ell. 
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Table 11: Thermodynamics of Ethidium Binding to Normal and 
Bulged Oligonucleotides" 

AHQ Kat  25 
binding (kcal OC (X10-4 

oligomers sitesb mol-') ASo (eu) M-I) 
dCASG + dCTSGc all sites -9 3 -10 f 7 2.5 0.4 
dCA6G + dCT6G all sites -8 * 3 -6 f 7 2.2 * 0.4 
dCA,CA,G + normal sites -11  * 5 -16 f 10 1.9 f 0.5 

dCT6G strong sites -4 * 3 12 f 8 19 * 4 
"In 0.2 M NaCI. *For the normal helices a model with all sites 

equal is used; a model with two binding sites on either side of the bulge 
that are 10 times stronger is used for the bulged helix. 'Data taken 
from Nelson & Tinoco (1984). 

The errors in the thermodynamic parameters for ethidium 
binding arise from at least four sources: errors in the ther- 
modynamics of double-helix formation, errors in extinction 
coefficients and, hence, fraction ethidium bound, random errors 
in the data, and errors in the model used for fitting the data. 
The contributions of the first two are directly estimated by 
reanalyzing the data with different values for the thermody- 
namics or the extinction coefficients. Using AHOh = -56 kcal 
mol-' instead of -59 kcal mol-' and adjusting the entropy 
accordingly changed the enthalpy, entropy, and equilibrium 
constant for intercalation by -1.0 kcal mol-', -3.3 eu, and 0.08 
X lo4 M-I, respectively. Decreasing the extinction coefficient 
for the bound ethidium at 283 nm by 5% changed the values 
by 1.2 kcal mol-', 3.9 eu, and 0.31 X lo4 M-', respectively. 

The contribution of the random errors and the error in the 
model are manifested in the reduced x2 or the correlation 
coefficient of the fit. The validity of the model can only be 
evaluated by comparing fits using different models, using the 
reduced x2 and correlation coefficient as criteria. Models were 
tested that assumed cooperativity between adjacent interca- 
lation sites, two terminal binding sites with different binding 
constants, and a stronger pyrimidinepurine binding site. None 
of the alternative models fit the data as well. The reduced 
x2 for a fit should be equal to approximately the square of the 
estimated experimental error. We estimate the error in t.he 
measured fraction ethidium bound to be approximately 0.01, 
and thus, we expect a reduced xz of about 1 X lo-", compared 
to the observed 1.9 X 

From the above considerations, we estimated the errors in 
the thermodynamic parameters to be f 3  kcal mol-' for the 
enthalpy, f 7  eu, for the entropy, and f0.4 X lo4 M-' for the 
equilibrium constant. The results are shown in Table 11, along 
with the bulge results discussed later. The results found for 
ethidium binding to dCA5G + dCT5G are also shown in Table 
I1 for comparison. 

Binding to dCA3CA3G + dCT6G. The melting curves for 
dCA3CA3G + dCT6G at ratios of ethidiumxtrand between 
0 and 2.1 are shown in Figure 3, all at approximately 60 pM 
strand concentration. The extinction coefficients were de- 
termined as before and are shown in Table I.  The extinction 
coefficients for bound ethidium at both 260 and 283 nm were 
approximately 10% lower in the bulged helix compared to the 
normal helix. This is presumably due to differences in the 
structure of the intercalation complex or the distribution of 
the binding. 

The fraction double helix and fraction ethidium bound in 
the absence and presence of ethidium are shown in Figure 4. 
By comparing Figures 2 and 4, it is clear that the stabilization 
of the double strands is greater in the case of the bulged double 
helix. 

The thermodynamics of double-strand formation for the 
bulged oligonucleotide were obtained from Morden et al. 
(1984) in a similar manner as described above. The values 
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FIGW 4: Fraction of double strands formed by dCA3CA3G + dCT6G + ethidium alone (O),  fraction of double strands in a mixture of strands 
and ethidium (O), and fraction of ethidium b u n d  in the mixture (0). 
The concentration of the strands alone was 61 pM. The concentration 
of the strands in the mixture was 63 pM; ethidium concentration in 
the mixture was 61 fiM. 

used were w h  = -53 kcal mol-' and u o h  = -165 eu. The 
data can be fit by assuming that all of the binding sites are 
equivalent, as was done above, with a resulting equilibrium 
constant for ethidium binding at 25 OC of 5.7 X lo4 M-I, which 
is 2.6 times larger than that for the normal helix. This un- 
derestimates the increased binding to bulges and corresponds 



6420 B I O C  H E M I S  T R Y N E L S O N  A N D  T I N O C O  

to the result expected if binding studies were carried out on 
the appropriate polymers containing a comparable population 
of bulges. 

Refinement of the binding mechanism was attempted with 
several different models. Three models were tested that as- 
sumed (1) that the intercalation site at the bulge was v times 
stronger than the others, (2) that either one or two ethidium 
ions could bind to the bulge in solution (external to the helix) 
with a binding constant of u times that to the normal site with 
no effect on the intercalation into the helix, or (3) that the 
intercalation sites on either side of the bulge are y times 
stronger than the others. 

The only model that gave a better fit than all sites equal 
was the one assuming that there are two binding sites y times 
stronger on either side of the bulge. In fact, it was the only 
model in which the reduced x2 reached a minimum as y was 
increased. Assuming that y is independent of temperature, 
and hence all entropic, the best fit occurred with y = 10 and 
AS", = 4.6 eu, with the resulting parameters M o d  = -6 kcal 
mol-', Mod = -2 eu, and Kd(25 "C) = 1.9 X lo4 M-'. Here 
the subscript d refers to the parameters for the normal binding 
sites and the subscript y refers to the incremental values for 
the special sites. The reduced x2 was 0.5 X lo4. The fit was 
very sensitive to the value of y. For example, changing y by 
a factor of 2 increased the x2 by 60%. 

The fit could be made slightly better, if it is assumed that 
y is composed of both entropic and enthalpic contributions. 
The best fit in this case was AH", = 7 kcal mol-' and AS", 
= 28 eu, with y = 10 at 25 "C. The values obtained for the 
normal sites was M o d  = -1 1 kcal mol-', S o d  = -16 eu, and 
Kd at 25 "C = 1.9 X lo4 M-l, with a reduced x2 of 0.4 X lo4. 
The fit was much less sensitive to the enthalpy of y than it 
was to the magnitude of y itself. The binding constant ob- 
tained for the normal sites in the bulged helix are within 15% 
of the values obtained above for the normal helix, which is very 
reassuring. The fact that the reduced x2 for the bulged helix 
is smaller than that for the normal helix is interesting and is 
probably due to the stronger binding to the bulged oligo- 
nucleotides. The values for the enthalpy, entropy, and equi- 
librium constant at 25 "C for binding to the strong sites can 
be obtained by combining the values for Kd and y and are -4 
kcal mol-', 12 eu, and 19 X lo4 M-I, respectively. 

When the model that the binding site located at the bulge 
is v times stronger than the others was tested, the reduced x2 
was found to increase continuously as v increased. The only 
way to determine a value for v was to require that the binding 
constant and enthalpy for the normal sites were the same as 
found for the normal helix. When this was done, the value 
for v was 40, with AH", = 4 kcal mol-'. The reduced x2 was 
3.7 X or 9 times greater than that with the previous 
model. 

The model with the ethidium bound to the bulged base 
exposed to solution behaved similarly. The reduced x2 did not 
reach a minimum, so the constraint that the normal binding 
sites have the same values as in the normal helix had to be 
imposed. The best value was with u = 10, with AH", = 3 kcal 
mol-'. The reduced x2 was 2.2 X lo4, about 5 times greater 
than that with the first model. One possible mechanism by 
which ethidium can stabilize a bulge is the binding of ethidium 
directly to the base bulged out into the solution. Although 
our data cannot directly rule out such a mechanism, the poor 
fit of such a model suggests that it is not significant for 
ethidium binding to these oligonucleotides. 

The errors in the binding constants for the model assuming 
two strong binding sites on either side of the bulge was esti- 
mated in the same way as described above. The errors for 
binding to the strong sites (yKd) were smaller than those for 
the normal sites (Kd), since the product yKd and the sums 
AHo, + m o d  and &so, + s o d  varied less than the values 
for the normal sites. The thermodynamic parameters and 
errors are shown in Table 11. 

DISCUSSION 
The results indicate very clearly that the ethidium binds 

much more strongly to the bulged oligonucleotide double helix 
than to the normal double helix. We were expecting to see 
stronger binding at the bulge site, with little effect at the 
adjacent sites. Instead, what we observed was most consistent 
with strong binding at two sites, presumably the two inter- 
calation sites on either side of the bulge. These sites have 
equilibrium constants for binding ethidium that are 10 times 
stronger at 25 "C than the other sites. 

Although the binding at two sites appears to be stronger 
than the others, we cannot unambiguously determine the 
positions of these stronger sites. However, they cannot be 
within the nearest-neighbor exclusion limit of each other; 
namely, binding at one cannot prohibit binding to the other. 
Thus, we proposed that the two strong sites are at the binding 
sites on either side of the bulge. Although it is possible that 
the bulge site and the second intercalation site are the strong 
sites, the fit to the data was significantly worse. 

Evidence supporting our proposal was obtained recently by 
Kean et al. (1985). They studied intercalation into 16s rRNA 
using (methidiumpropyl-EDTA)-Fe(II), which induces strand 
cleavage at intercalation sites (Hertzberg & Dervan, 1982, 
1984). They found enhanced intercalation on one side of 
A-746, which is a single-base bulge. This site corresponds to 
one of our strong sites. It is interesting that they observe 
stronger binding on only one side of the bulge. The reason 
for this is not known. 

The bulged cytosine was shown by NMR to be outside of 
the helix (Morden et al., 1983). We were expecting the bulge 
site to be a strong site since putting an ethidium there would 
presumably stretch the helix by a distance equal to one base 
pair, and thus the backbone at the bulge would be extended 
as in a normal helix. Instead, it seems that the strain is relieved 
by strong intercalation into the two adjacent sites; in fact, the 
model fits equally well if it is assumed that there is no binding 
at the bulge site. It is possible that the extension at the bulge 
constrains the bulged base to move inside the helix, and in 
particular, it would be interesting to know whether the bulged 
base moves inside the helix upon dye intercalation. 

It is interesting to consider how the bulge destabilizes the 
double helix and how the intercalation partially counteracts 
the destabilization. Morden et al. (1983) found that the bulge 
destabilization is associated with a 6 kcal mol-' reduction in 
the enthalpic stabilization of the double helix. Whereas the 
enthalpy associated with intercalation of ethidium into the 
double helix is on the order of -8 kcal mol-', the enthalpy for 
binding to the strong sites near the bulge is about half as much. 
Thus, the stabilization of the bulge is associated with a much 
more favorable entropy of ethidium binding. This is surprising, 
since any reduction of strain in the backbone would be ex- 
pected to lead to a more favorable enthalpy of ethidium 
binding. Perhaps the backbone around the bulge (and at the 
bulge itself) is very constrained, and intercalation nearby re- 
sults in a more flexible backbone. Other effects might also 
be important. For example, the electrostatic effects of the 
extra phosphate near the bulge site might cause increased 
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binding near the bulge. Additional counterion release upon 
intercalation near the bulge might also contribute to the en- 
tropy of intercalation. 

We can look at the extent of stabilization of the bulged 
double helix by comparing the products of the equilibrium 
constant for double-helix formation and the ethidium binding 
constant for the normal helix with the corresponding equi- 
librium constant for formation of the bulged double helix and 
the binding constant to the strong site. For the normal helix 
at 25 OC, we calculate KhKd = (1.0 X 105)(2.2 X lo4) = 2.2 
X lo9, whereas for the bulged helix we obtain (6.2 X 
102)(10)(2.2 X 104) = 1.4 X lo8. The difference in free energy 
between the bulged and normal helices is -RT In [(6.2 X 
102)/(1.0 X lo5)] = 3.0 kcal mol-' at 25 "C, whereas for the 
double helices with one ethidium ion bound the difference is 
-RTln [(1.4 X lOS)/(2.2 X lo9)] = 1.6 kcal mol-'. Thus, the 
binding of an ethidium ion to one strong site near a bulge cuts 
the destabilization of the bulge in half. Binding an ethidium 
to both strong sites makes the difference almost zero. From 
the thermodynamic results, it is clear that the intercalation 
of ethidium significantly stabilizes a bulge. 

It would be very instructive to study the binding of ethidium 
into oligonucleotides containing other types of bulged or 
mismatched bases. For example, in the double helix formed 
by the self-complementary deoxyoligonucleotide dCGCA- 
GAATTCGCG, the extra adenine base is stacked into the 
helix (Patel et al., 1982). The extent of ethidium binding to 
such an extra base could be very different than to the bulged 
base studied here. Also, in the case of mismatched bases, 
where there is a base on both strands that presumably forms 
a nonstandard base pair, it is known that ethidium binding 
is enhanced (Helfgott & Kallenbach, 1979). One could 

speculate that the effect should be similar to that observed in 
the case of the bulged cytosine. 
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ABSTRACT: The proteins of M, 100000-1 10000 present in the protein coat of coated vesicles have been 
shown to facilitate formation of a homogeneous small-size basket (coat) when added to clathrin [Zaremba, 
S . ,  & Keen, J. H. (1983) J. Cell Biol. 97, 13391. We have prepared this fraction of coat proteins by two 
different methods and shown that they are very important for the binding of clathrin to uncoated vesicles 
to form coated vesicles. By labeling the three components (clathrin, 100000-1 10000 proteins, and uncoated 
vesicles) with different fluorescent markers and analyzing their distribution on sucrose gradients, we have 
been able to determine the composition of the products formed. In the presence of the 100000-110000 
fraction of coat proteins, not only does the size distribution of the clathrin basket become uniform but also 
the rate of polymerization is strongly increased. 

C o a t e d  pits and coated vesicles are specific structures in the 
plasma membrane and cytoplasm, respectively, responsible for 
numerous transport processes either across or between mem- 
branes, Le., receptor-mediated endocytosis (Brown et al., 1983; 
Ciechanover et al., 1983; Fine & Ockleford, 1984; Gex-Fabry 
& DeLisi, 1984), secretion (Rothman & Fine, 1980), mem- 
brane retrieval (Heuser & Reese, 1973), and transcytosis 

(Herzog, 1983). The coat surrounding the pits and vesicles 
is composed of protein, principally clathrin (Pearse, 1975). 
Clathrin has the shape of a triskelion and forms the framework 
of the network of polygons (largely pentagons and hexagons) 
constituting the coat structure (Ungewickell & Branton, 1981). 

We have reported (Nandi et al., 1982b) that the coat pro- 
teins, dissociated from CVs' at pH 8.5 (0.01 M Tris), can be 
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