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ABSTRACT: A series of bulge-containing and normal double-helical synthetic oligodeoxyribonucleotides, of 
sequence corresponding to a frame-shift mutational hot spot in the X CI gene, are compared by proton magnetic 
resonance spectroscopy at  500 MHz. The imino proton resonances of d(GATGGGCAG).d(CTGCCCATC), 
d(GATGGGCAG).d(CTGCCCCATC), and d(GATGGGCAG).d(CTGACCCATC) are assigned by 
one-dimensional nuclear Overhauser effect spectroscopy. Nonselective T ,  inversion-recovery experiments 
are  used to determine exchangeable proton lifetimes and to compare helix stability and dynamics of the 
three duplexes. An extra adenosine flanking the internal G-C base pairs has a strongly localized effect on 
helix stability, but the destabilizing effect of an extra cytidine in a C tract is delocalized over the entire 
G C  run. These data  lead to the conclusion that the position of the bulge migrates along the run in the 
fast-exchange limit on the N M R  time scale. Rapid migration of the bulge defect in homopolymeric sequences 
may help rationalize both frame-shift mutagenesis and translational frame shifting. W e  estimate that the 
unfavorable free energy of a localized bulge defect is 2.9-3.2 kcal/mol, in good agreement with earlier 
estimates for R N A  helices. 

Frame-sh i f t  mutations are known to occur predominantly 
in monotonous runs of base pairs, which can slip one or two 
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positions and still maintain base pairing (Okada et al., 1972; 
Ames et al., 1973), but the precise role of local DNA structure 
in mutational events is not yet well understood. Early studies 
(Lerman, 1963, 1964; Drake, 1964) of mutation genetics led 
Streisinger to propose a bulged base model for frame-shift 
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mutation (Streisinger et al., 1966; Okada et al., 1966). Ac- 
cording to the model, slippage of one strand of DNA causes 
one or more bases to loop out. Drug binding stabilizes the 
lesion, allowing repair processes to seal in the bulge, resulting 
in either +1 or -1 frame shifts after replication (Mizusawa 
et al., 1981). 

Both DNA sequence and specific drug-DNA interactions 
play important roles. Calos and Miller (1981) found that in 
the lac i gene, most frame-shift mutations occurred in se- 
quences containing a run of three G C  base pairs flanked by 
a C-G, with -CGGGG.GCCCC- having the highest frequency. 
Intercalating drugs may stack with one strand opposite a bulge 
to stabilize the extra base (Young & Kallenbach, 1981; Lee 
& Tinoco, 1978), but clearly the geometry is important since 
some intercalators, such as ethidium bromide, do not cause 
frame-shift mutations. Nelson and Tinoco (1985) have re- 
cently shown that ethidium has an increased affinity for an 
oligonucleotide containing a bulged cytidine. 

Current physical techniques and the availability of synthetic 
DNA sequences have made it possible to address these 
questions in a much more defined way. 'H NMR' has already 
been used to study the structure of oligonucleotides containing 
bulged bases and loops (Patel et al., 1982, 1983; Pardi et al., 
1982; Haasnoot et al., 1980), as well as drug binding (Patel 
& Shapiro, 1985; Patel, 1974; Pardi et al., 1983) and base 
modifications (Patel et al., 1985; Quignard et al., 1985). We 
have examined a series of DNA oligomers containing bulges 
by IH N M R  in order to better understand how local DNA 
structure can accommodate or even promote helix perturba- 
tions that could lead to mutation events. 

Our model system is a sequence derived from the "hot spot" 
for frame-shift mutagenesis in the X CI gene (Skopek & 
Hutchinson, 1984). The sequences 

V O L .  2 6 ,  N O .  3 ,  1 9 8 7  905 

5'dGATGGGCAG 5'dGATGGG-CAG 5'dGATGGG-CAG 
CTACCCGTC CTACCCCGTC CTACCCAGTC 

were synthesized by the phosphoramidite method. Imino 
proton resonances were assigned by one-dimensional NOE 
difference spectroscopy, and complete assignment of the 
nonexchangeable protons is under way by two-dimensional 
nuclear Overhauser effect spectroscopy (NOESY) and cor- 
related spectroscopy (COSY) experiments. Lifetimes of the 
imino protons were measured by T ,  inversion-recovery ex- 
periments. Comparison of these sequences demonstrates 
distinct differences between bulges in homogeneous and het- 
erogeneous sequences. 

MATERIALS AND METHODS 
Oligonucleotides were synthesized on a 10-pmol scale in an 

Applied Biosystems 380B DNA synthesizer. Reagents for 
DNA synthesis were supplied by Applied Biosystems (Foster 
City, CA). Purification was on a Waters HPLC system with 
a semipreparative Vydac C4 peptide column or a Macherey- 
Nagel Nucleogen C8 column at 30 or 35 OC. Purity was 
checked by analytical reverse-phase chromatography and 20% 
denaturing polyacrylamide gel electrophoresis. Overall yield 
was 35% for G-rich sequences and 50% for C-rich sequences. 

Samples containing 100-150 A260 units of duplex were 
dialyzed extensively against 1 M NaC1, 10 mM phosphate, 
pH 7.0, and 0.1 mM EDTA, followed by 83.9 mM NaC104, 

I Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; FID, free induction decay; EDTA, ethylenediamine- 
tetraacetic acid; EGTA, [ethylenebis(oxyethylenenitrilo)]tetraacetic acid; 
DSS, 3-(trimethylsilyl)- 1 -propanesulfonic acid; HPLC, high-performance 
liquid chromatography; Tris, tris(hydroxymethyl)aminomethane. 

I 1 I I I 
15.0 14.0 13.0 12.0 11.0 

FIGURE 1: Imino proton spectra of perfect 9-mer 5'-d- 
(GATGGGCAG).d(CTGCCCATC), at 490 MHz in 10 mM phos- 
phate, pH 7.0, and 100 mM Na'. Chemical shifts are referenced 
to internal dioxane at 3.741 ppm relative to DSS. Assignments are 
shown in Table I. 

10 mM phosphate, and 0.1 mM EDTA, and dissolved in 400 
pL of the same, with 10% D 2 0 .  Tris samples were dialyzed 
against water and then dissolved in 20 mM perdeutero-Tris- 
HC1, pH 7.0,O.l mM EDTA, 80 mM NaClO,, and 10% D,O. 
Final sample concentration was 2.0-2.5 mM duplex. For 3'P 
spectra, samples were dialyzed extensively against 1 M NaC1, 
10 mM phosphate, pH 7.0, 10 mM EDTA, and 10 mM 
EGTA and then against 10 mM phosphate, 50 mM NaCl, 10 
mM EDTA, and 10 mM EGTA. 

'H NMR spectra were acquired on the Yale 490 and Bruker 
WM-500 spectrometers, with the use of twin-pulse observation 
(Kime & Moore, 1983) and ADA data acquisition (Roth et 
al., 1980) to suppress the water resonance. Chemical shifts 
were referenced to internal dioxane set at 3.471 ppm relative 
to 3-(trimethylsily1)- 1 -propanesulfonic acid. One-dimensional 
NOE difference spectra were acquired in a similar manner, 
with a 0.3-s irradiation time and 50% saturation of the desired 
resonance. A Lorentzian-to-Gaussian multiplication was ap- 
plied to difference FIDs to enhance resolution. Inversion- 
recovery experiments used a 90-D,-90-s-45-D2-45 pulse 
sequence with the carrier frequency in the center of the imino 
region and ADA acquisition with a 1.2-s relaxation delay. 
FIDs were weighted with an exponential function (3-5 Hz) 
to improve the signal-to-noise ratio. TI values were determined 
by a linear least-squares program. Error in the relaxation rates 
was generally within 10%. 

Optical melting curves were recorded on a Cary 219 UV-vis 
spectrometer. Samples were in the same buffer as that for 
proton N M R  experiments, with total strand concentrations 
ranging from 5 to 100 pM. Data were fit to a two-state model 
by use of a nonlinear least-squares program. Extinction 
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Chart I 
P e r f e c t  9-mer 1 2 3 4 5 6 7 8 9  

" d  G A T  G G G C A G  
C T A C C C G T C  
. . . . . . . * .  

W O O D S O N  A N D  C R O T H E R S  

C B u l g e  9-mer 1 2 3 4 5 6  7 8 9  
' ' d  G A T  G G G - C A G  

C T A C C C C G T C  
. . . . .  . . . .  

A B u l g e  9-mer 1 2 3 4 5 6  7 8 9  
" d  G A T  G G G - C A G 

C T A C C C A G T C  
I . . . .  9 . . .  

Table I: Chemical Shifts and Assignments of Imino Protons 
chemical shift (ppm) 

resonance base pair 9-mer C bulge A bulge 
A A*T 7 13.966 14.156 14.229 
B A*T 2 13.739 13.738 13.767 
C T-A 3 13.557 13.562 13.632 
D G*C 9 13.156 13.144 13.128 
E G C  5 13.002 13.038 13.016 
F G C  6 12.912 13.011 13.040 
G C G  7 12.818 12.926 12.907 
H G.C 4 12.735 12.775 12.771 
I G*C 1 12.569 12.599 12.640 

coefficients were calculated from values given by Janik (1 971). 

RESULTS 
Perfect 9-mer. The imino region of the proton spectrum 

of the perfect 9-mer at  490 MHz is shown in Figure 1. At 
283 K, all nine resonances are clearly resolved, corresponding 
to three A.T base pairs between 14.0 and 13.5 ppm and six 
G-C base pairs between 13.2 and 12.5 ppm. At 293 K, two 
G-C resonances begin to broaden, and at 303 K, two A-T 
resonances also broaden and disappear as the temperature is 
increased. The other G.C resonances finally begin to broaden 
simultaneously at  323 K. This corresponds exactly to what 
one would expect for this sequence (Chart I) with a gradual 
fraying of the helix ends, as previously observed (Pardi et al., 
1982). 

Hydrogen-bonded imino protons on adjacent base pairs in 
a DNA duplex are near enough for NOE effects between them 
to be observed. This fact can be used to assign the imino 
resonances in a ladderlike fashion, as demonstrated by Roy 
and Redfield (1981). Some of the NOE difference spectra 
for the perfect 9-mer are shown along with the reference 
spectrum in Figure 2. Resonance C is an A-T base pair that 
broadens at higher temperatures than those at which A and 
B broaden, so it is assigned to T.A 3. B and C give NOEs 
to each other, and C and H give NOEs to each other. The 
other A.T resonance A gives an NOE to G. Continuing in 
this fashion, one arrives at the assignment shown in Table I. 
It was not possible to observe NOEs to the terminal G.C 
resonances even at low temperature, but in several experiments 
where the signal-to-noise ratio was very high, irradiation of 
I gave a weak NOE peak at resonance B, so I is assigned to 
G C  1 and D to G-C 9. This conclusion remains consistent 
with later data. Irradition of A.T resonances A, B, and C gave 
sharp NOE peaks in the aromatic region corresponding to the 
H-2 protons. A weaker effect was seen to the neighboring A 
H-2. The spectrum of the analogous 8-mer d- 
(GATGGCAG)-d(CTGCCATC) is very similar, except that 
resonance E is absent (data not shown). An independent 
assignment of this compound confirms the assignment given 
for the 9-mer. 

G 

1 I I J 

FIGURE 2 :  500-MHz NOE difference spectra of perfect 9-mer at  283 
K. Labeling of resonances is the same as in Figure 1. Off- and 
on-resonance FIDs were differenced and weighted with a Gaussian 
function before transformation. 

15.0 14.0 13.0 12.0 1 I .o 

The T I  values for the perfect 9-mer in phosphate and Tris 
buffers are given in Table 11. Each measurement was based 
on 20 T values, which were fit to the equation 

I ,  = Z, + e-kr+b 

where Z, is the observed intensity at time 7, Z, is the equilibrium 
intensity at long T, and k is the relaxation rate, or l/T,&. The 
observed relaxation of exchangeable protons has both magnetic 
and exchange components, where 

Magnetic contributions to relaxation predominate at low 
temperatures, but exchange becomes more important at higher 
temperatures as the helix begins to melt. 

The theory of imino proton exchange of oligonucleotides has 
been described elsewhere (Pardi & Tinoco, 1982; Crothers et 
al., 1974). The rate-limiting factor for proton exchange de- 
pends on the relative rates of helix opening and closing and 
on the rate of the proton-transfer reaction in which an exposed 
imino proton is transferred to a base catalyst, generally buffer 
or OH- (Crothers et al., 1974). Determination of the rate of 
helix opening requires extrapolation to high buffer concen- 
tration to remove proton transfer as a potential rate-deter- 
mining factor (Leroy et al., 1985). Since our interest in proton 
exchange rates lies in comparison of the perfect duplex with 
bulge-containing molecules in order to identify regions of the 
molecule destabilized by the bulge, we have not attempted to 
determine actual helix-opening rates. Instead, we rely on 
comparison of proton exchange rates at analogous sites in the 
set of molecules. 

Exchange rates for the perfect 9-mer are similar to those 
previously observed (Pardi et al., 1982; Pardi & Tinoco, 1982). 
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Table 11: T ,  Relaxation Times for Perfect 9-mer (ms) 
base pair 

buffer temp (K) 1 2 3 4 5 6 7 8 9 
IO mM phosphate, pH 7.0 278 37 202 317 262 240 247 252 177 32 

283 40 230 388 407 377 362 380 182 29 
288 21 116 314 318 322 302 317 96 11  
29 3 11 66 235 335 326 299 315 54 16 
298 6 37 164 338 328 292 319 29 14 
303 17 76 324 349 277 270 15  
308 7 36 264 284 188 176 7 
313 14 82 88 78 68 
318 22 25 24 21 

20 mM Tris-HCI, pH 7.0 278 27 116 173 163 174 163 163 79 32 
283 16 77 194 194 193 199 198 52 18 
288 7 46 171 230 232 237 229 31 7 
29 3 25 103 258 258 257 26 1 18 
298 17 62 269 275 252 268 11 
303 4 25 260 264 236 226 4 
308 11 166 224 179 146 

The terminal G-C resonances have very short T ,  values of 
roughly 30-40 ms at 278 and 283 K, decreasing rapidly to 10 
ms or less by 298 K. The penultimate A.T resonance proton 
lifetimes are 230 and 182 ms in 10 mM phosphate at 283 K. 
They are less subject to end fraying and reach a lifetime of 
7 ms at 308 K. In phosphate buffer, the lifetimes of the 
internal resonances are long, between 300 and 400 ms, and 
increase slightly with temperature until 303 K. Above 303 
K, exchange mechanisms begin to predominate over dipolar 
relaxation, and the apparent T I  values decrease rapidly to 25 
ms at 318 K. 

In 20 mM Tris-HC1, pH 7.0, the observed relaxation rates 
are somewhat shorter, although the overall pattern of tem- 
perature dependence remains the same. The terminal reso- 
nances are particularly affected, reaching a lower limit of 7 
ms at  288 K instead of 298 K in phosphate. The core G-C 
resonances have lifetimes of 250-275 ms at 293 K. 

An Arrhenius plot of the relaxation rates vs. inverse tem- 
perature yields an estimate of the activation energy AEa for 
the overall process leading to proton exchange, where 

kobsd = l/Tl,,, + kex 

and at high temperature 
kobsd k,, = Ae-AEaIRT 

Only data points at higher temperature that had a logarithmic 
temperature dependence were used to determine the nearest 
fit. In some cases, the contribution of several mechanisms to 
the observed relaxation rate produced a multiple exponential 
curve which was difficult to analyze. In these cases, the highest 
temperature points were fit to a single exponential as nearly 
as possible. While these activation energies measure the sum 
of pathways leading to proton exchange, it is useful to compare 
the values obtained for analogous base pairs in the three duplex 
molecules. 

The activation energies are listed in Table V. For the perfect 
9-mer they range from 50 kcal/mol for internal base pairs to 
22 kcal/mol for terminal base pairs, which correspond to the 
limits previously reported for cooperative transitions and single 
base pair opening (Pardi et al., 1982). Arrhenius plots for base 
pairs A.T 3, G C  4, and G-C 7 are shown in Figure 7. All data 
points are plotted; however, the lines shown were only fitted 
to the points at high temperature. Semilogarithmic plots are 
shown for ease of visual comparison, but exponential plots gave 
better results and were used to obtain the values in Table V. 

C-Bulge 9-mer. The imino region of the spectrum of the 
C bulge containing oligonucleotide d(GATGGGCAG).d- 
(CTGCCCCATC) is shown in Figure 3. All nine imino 

15.0 14.0 13.0 12.0 11.0 

FIGURE 3: Imino proton spectra of C-bulge %mer, 5'-d- 
(GATGGGCAG).d(CTGCCCCATC), at  490 M H z  in 10 m M  
phosphate. Assignments are shown in Table I. 

resonances are accounted for and are still adequately resolved. 
One-dimensional NOE difference spectra show that the order 
of assignment has not changed from the perfect 9-mer (see 
Table 11). The largest changes in chemical shift occur in base 
pairs 6-8. Resonance A (A-T 8) shifts from 14.00 to 14.16 
ppm. F ( G C  6) and G ( G C  7) also more downfield by about 
0.1 ppm. The other resonances change only slightly. E ( G C  
5) is unaffected, and H ( G C  4) moves upfield 0.03 ppm. Since 
the base sequence has changed very little, the chemical shift 
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Table 111: T ,  Relaxation Times of C-Bulge 9-mer (ms) in 10 mM Phosphate, pH 7.0 
base pair 

temp ( K )  1 2 3 4 5 6 7 8 9 
278 25 66 60 225 255 26 1 219 123 28 
283 14 34 32 243 230 236 249 71 24 
288 I O  22 17 224 176 187 240 39 
293 6 7 7 130 159 132 140 18 
298 84 105 100 86 17 
303 32 5 5  47 41 
308 14 16 15 13 

Chart 11 

' GAT-GGGCAG ' GATG-GCFAG ' GATGG-GCAF; ' GATGGG-CAG 
CTACCCCGTC CTACCCCGTC CTACCCCCTC CTACCCCGTC 
. . .  * . . . . .  . . . . . .  . . .  

differences in base pairs 6-8 could indicate a local change in 
conformation. 

The overall stability of the helix is lowered substantially by 
the presence of the bulge. The terminal G-C base pairs begin 
to broaden a t  283 K, and the internal base pairs broaden by 
308 K, compared to 323 K for the perfect helix. The most 
striking change is in resonances B (A.T 2 )  and C (T-A 3), 
which already begin to broaden at 283 K, while resonance A 
(A-T 8) is exchanging with the solvent much more slowly and 
does not disappear until 308 K. Note that C, which is the third 
base pair from the end, broadens much earlier than A, a 
penultimate base pair. This seems to indicate that the de- 
stabilizing effect of the bulge is felt most strongly by the two 
A.T base pairs on the left flank of the central G.C run. 

This change is reflected even more clearly by the proton 
relaxation times. The T I  relaxation times were measured 
between 278 and 308 K in 10 mM phosphate (Table 111) and 
20 mM Tris (not shown). As expected, the lifetimes of all the 
exchangeable protons are shorter than in the perfect 9-mer, 
due to a shortening of the overall helix lifetime. Again, the 
core G.C base pairs have roughly equivalent lifetimes until 
298 K, where the adjacent base pairs (T-A 3 and A-T 8) are 
exchanging rapidly. At this point, the outer two imino protons 
( G C  4 and C-G 7) seem to be affected by the end fraying and 
have slightly shorter T ,  values. 

The destabilization of A.T 2 and T-A 3 is reflected in their 
relative T ,  values. While the lifetime of A.T 8 has only slightly 
decreased from the perfect 9-mer, the lifetimes of the other 
two A-T resonances (B  and C) have sharply decreased and 
show a much stronger temperature dependence. Moreover, 
they are nearly equal to each other, despite the fact that one 
normally expects the imino protons nearer to the ends of the 
molecule to undergo more rapid exchange. 

It is clear that in this molecule the bulge increases imino 
exchange rates on one end of the helix relative to the other. 
Besides helix-to-coil transitions and end fraying, one might 
expect opening of the internal region caused by the bulge to 
contribute to the observed lifetimes. In addition, these opening 
pathways may combine, especially at the more A-T-rich left 
end of the molecule, to produce fraying that runs as far as the 
bulge defect, exposing base pairs 1-3 to solvent exchange. This 
effect probably accounts for the more rapid exchange rates 
a t  the left end of the molecule compared to the right end. 

The strongly increased exchange rates a t  the left boundary 
of the G.C tract suggest superficially that the bulge may be 
localized there. However, the nearly uniform increase in 
proton exchange rates within the G-C tract argues to the 
contrary, as discussed in detail below. 

As one might expect, the temperature dependences of the 
relaxation rates are not straightforward in the case of the 
C-bulge 9-mer and are difficult to analyze quantitatively. In 

I I I I I I I 

15.0 14.0 13.0 12.0 11.0 

FIGURE 4: Imino proton spectra of A-bulge 9-mer, 5'-d- 
(GATGGGCAG).d(CTGACCCATC), at  490 MHz in 10 mM 
phosphate. Assignments are shown in Table I. 

general, the apparent AEa of proton exchange is lower for the 
bulged molecule (see Table V and Figure 7). For G-C 5-7, 
AEa is about 35 kcal/mol, higher than the value reported by 
Early et al. (1977) for terminal base pairs but slightly lower 
than the value usually given for internal base pairs, about 
45-47 kcal/mol. G-C 4 has a much lower activation energy, 
26 kcal/mol, which is equal to that of T.A 3. If one considers 
the left end of the molecule to be fraying more rapidly, it is 
reasonable that G-C 4 would also be affected. 

A-Bulge 9-mer. In the C-bulge oligonucleotide, the position 
of the cytidine is not fixed but could be anywhere along the 
G-C run and still allow maximum base pairing (see Chart 11). 
In order to compare these results with a molecule in which 
the position of the bulge is known, we prepared a third duplex 
containing an extra adenosine instead of an extra cytidine on 
the C-tract strand. 

The imino spectrum shown in Figure 4 is similar to that of 
the C-bulge 9-mer. The order of assignment is unchanged 
except that resonance E is now G-C 6 and F is assigned to G-C 
5. Similar to the C-bulge 9-mer, base pairs 6-8 are most 
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Table IV: T ,  Relaxation Times of A-Bulge 9-mer (ms) in 10 mM Phosphate, pH 7.0 
base pair 

temp (K) 1 2 3 4 5 6 7 8 9 

278 49 208 220 224 183 124 160 117 62 
283 21 162 210 287 168 69 125 82 
288 20 100 148 293 87 40 86 49 
293 11 52 79 297 88 32 61 24 
298 9 25 43 196 81 32 38 14 
303 12 21 63 56 25 7 
308 2 15 16 16 15 

Table V: Estimated Activation Energies for Proton Exchange (kcal/mol) in IO mM Phosphate, pH 7.0, 100 mM Na’, and 83.9 mM C104- 
base uair 

~~~ 

1 2 3 4 5 6 I 8 9 

perfect 22 28 30 50 50 43 44 26 
C bulge 15 28 26 26 36 35 34 23 
A bulge 16 24 23 49 20 12 16 22 

strongly shifted, which is not surprising in this case since one 
might expect those base pairs surrounding the bulge site to 
change the most. Resonance A (A-T 8) moves from 14.0 to 
14.23 ppm, an even larger shift than in the C-bulge 9-mer. 
E (G-C 6) and G (G-C 7) both shift downfield by about 0.1 
ppm, while again F ( G C  5) and H ( G C  4) do not change 
much. 

The series of spectra in Figure 4 tells a much different story 
than that of either of the previous two oligonucleotides. At 
278 K, the nine imino resonances are all present, although E 
and F nearly coincide. As the temperature increases, the 
terminal and penultimate base pairs broaden as expected but 
two of the four resonances assigned to the central G-C pairs, 
E and G, also begin to broaden and disappear, while the other 
two remain reasonably sharp. Checking the assignment, we 
see that these indeed correspond to the two base pairs flanking 
the bulged A. Further examination shows that, between the 
two penultimate A-T pairs, A-T 8, which is nearer the bulge, 
broadens earlier than A-T 2, and the terminal base pair G C  
9 seems to broaden before G-C 1, although it unfortunately 
merges with E. From this simple experiment alone it can be 
seen that in this case the bulged base does have a localized 
effect on helix stability. 

T ,  relaxation times were measured between 278 and 308 
K and are listed in Table IV. It was not possible to get good 
data on resonance D beyond 278 K, and it was difficult to 
obtain good data on resonances E and F by these methods due 
to poor chemical shift resolution. Again, all the lifetimes are 
somewhat shorter than in the perfect 9-mer. The most stable 
base pair H ( G C  4), however, has longer lifetimes (290 ms 
at 283-293 K) than the core resonances have in the C-bulge 
molecule. On the other hand, E (G-C 6 )  and G (C-G 7) ,  which 
flank the bulged adenosine, have comparatively short lifetimes, 
69 and 125 ms, respectively, a t  283 K. F (G-C 5) is inter- 
mediate between E and H. 

The activation energies were determined as before. Base 
pairs 1 and 9 have AE, of 16 and 22 kcal/mol, in the range 
for single base pair opening. Base pairs 2 and 3 have activation 
energies that are somewhat higher. As one might expect, G C  
6 and C-G 7, which flank the bulged A, have very low acti- 
vation energies (1 2 and 16 kcal/mol) for internal resonances. 
G C  5 activation energy is somewhat higher (about 20 
kcal/mol), and that for G-C 4 is 49 kcal/mol, in the range 
usually seen for internal base pairs of oligonucleotides. This 
conforms to the expectation that the base pairs will melt more 
easily around a bulge defect. In Figure 7B,C, the relaxation 
rates for G C  4 and 7 in each duplex are compared. Note that 
the slope of G-C 4 is nearly the same in the A-bulge 9-mer 

~~~ 

I .o 0.0 - 1.0 - 2 .0  

FIGURE 5: Phosphorus spectra at 200 MHz of A-bulge %mer (top), 
C-bulge 9-mer (middle), and perfect 9-mer (bottom). Samples were 
in 10 mM phosphate, 83.9 m M  NaCIO,, 10 m M  EDTA, and 10 mM 
EGTA at 293 K. Chemical shifts are relative to 85% phosphoric acid. 

as in the perfect 9-mer, whereas the slope of G C  7 is much 
less in the A-bulge duplex than in either of the other two. 

31P NMR Spectroscopy. 31P spectra at 200 MHz are shown 
in Figure 5. The spectra were acquired at 293 K in 10 mM 
phosphate, 50 mM NaCl, 10 mM EDTA, and 10 mM EGTA. 
Although the resonances are not well resolved, it is evident 
that the phosphorus chemical shifts change substantially from 
one oligonucleotide to the next, which suggests that the 
backbone conformation is altered significantly to accommodate 
the extra nucleotide. In the spectrum of the A-bulge 9-mer 
(top), one resonance has shifted upfield away from the others 
and may correspond to the bulged adenosine phosphate. It 
is interesting to note however, that the C-bulge spectrum 
(middle) does not have a similarly shifted resonance. 

Optical Melting Data. The apparent thermodynamic pa- 
rameters and T,  values for helix melting were obtained from 
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Table VI: Apparent Thermodynamic Parameters from Optical 
Melting Data 

I O  In 
288 K 

8 t 
6 

TI bulge 
TI duplex 

2 

1 2 3 4 5 6 7 8 9  
G A T G G G C A G  

9 
G 

C T A C C C G T C  C T A C C C G T C  
I I 

288 K 

TI b u l g e '  
TI duplex 

I; * * *  2 

0 
1 2 3 4 5 6 7 8 9  1 2 3 4 5 6 7 8 9  
G A T G G G C A G  G A T G G G C A G  
C T A C C C G T C  C T A C C C G T C  

FIGURE 6:  Ratios of T I  values for bulge-containing duplexes to T ,  
for the perfect 9-mer a t  288 and 298 K, in 10 mM phosphate. The 
sequence of the perfect duplex is indicated beneath each graph. 
Asterisks denote resonances where TI values are very short. Hatched 
bars correspond to the G C  run. (A) A-bulge 9-mer. (V) denotes 
the position of the bulged adenosine. (B) C-bulge 9-mer. The 
horizontal bar denotes the range of positions occupied by the bulged 
cytosine. 

optical melting curves for each of the three duplexes. Data 
were fit to a simple two-state model (Petersheim & Turner, 
1983). Values obtained for T,, AHo,  and AS' are shown in 
Table VI; corrections to the two-state model (Gralla & 
Crothers, 1973) are likely to be substantial for the bulge- 
containing molecules due to enhanced fraying, so the apparent 
AHo and ASo values are certainly smaller than the total 
enthalpy and entropy of helix formation. 

concn (pM) T,,, ("C) AH0 (kcal) ASo (cal/deg) 
perfect 4.16 38.05 -69.96 -197 

11.52 41.53 -68.04 -191 
22.80 43.27 -70.32 -198 

100.20 46.25 -65.79 -1 85 
-69.43 -196 

C bulge 4.62 27.37 -55.64 -1 58 
10.14 29.21 -60.39 -174 
23.00 31.70 -58.60 -168 

-57.67 -165 

A bulge 4.18 21.53 -54.19 -157 
7.20 23.15 -51.07 -1 46 

13.90 25.81 -53.78 -155 
-53.02 -153 

f 1.23" f 3" 

i 1.9" * I" 

f 1.40 f 6" 
"Mean f SD. 

The T,  of the perfect 9-mer is 41 'C a t  10 pM strand 
concentration, with an average enthalpy of helix formation of 
69 kcal/mol and an average entropy of 195 cal/(deg.mol). 
The enthalpy agrees roughly with base stacking energies re- 
ported by Freier et al. (1983). As expected, a bulge nucleotide 
destabilizes the helix considerably; however, the T ,  of the 
A-bulge 9-mer at 23 'C is much lower than that of the C-bulge 
9-mer. which is 29 OC. 

DISCUSSION 
Bulge Migration? A key question in the interpretation of 

our results is the location of the extra nucleotide in the C-bulge 
9-mer. In a homogeneous run an extra base can fit in any- 
where, so that all of the conformations in Chart I1 are possible. 
The extra base could also migrate along the run and occupy 
all of the positions with some frequency. Since the imino 
resonances are narrow and stoichiometric, the molecule must 
either be in one stable conformation or be in the fast-exchange 
limit for bulge migration. 

The data from the A-bulge 9-mer indicate that one can 
expect a bulge to exert a local destabilizing effect. As shown 
in Figure 6A, the ratio of T ,  relaxation times for the bulge- 
containing and normal duplex molecules shows a pronounced 

* .  
A A  

I 
- t  
* t  

\ 

\ T 
0 

0 .  

A 

. 
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rate of 100-1000 s-', about an order of magnitude faster than 
solvent exchange at  temperatures less than 308 K. 

Moreover, neither rapid migration of the bulge nor imino 
proton exchange can be accounted for by a mechanism in- 
volving an accelerated helix-coil or melting transition in the 
less stable bulged duplex. An estimate of helix-opening rates 
can be obtained from the optical data. For a non-self-com- 
plementary duplex DS consisting of strands A and B 

k 
A + B & D S  

kl l  

Assuming a value of - lo6 M-I s-I for k12 (Porschke & Eigen, 
1971; Craig et al., 1971) and a sample concentration of 2 mM, 
at T ,  

kZ1 = ( lo6 M-' s-l )(A,/2) = 1.0 x 103 s-1 

We assume that AEt2, i= AHhellx (Porschke & Eigen, 1971; 
Craig et al., 1971) and use the relationship 

peak for the base pairs immediately 3' and 5' to the bulged 
nucleotide, with a somewhat greater fractional effect on TI 
for the 3' base pair. Base pair 4, located at the far end of the 
G.C tract from the bulge between base pairs 6 and 7, shows 
only a small change in relaxation time due to the bulge, 
supporting the view that the perturbation effect of the bulge 
is localized. 

In contrast, the C bulge shows a marked absence of a 
localized perturbation within the G.C tract. The similarity 
of the relative lifetimes of the four core G-C imino protons 
(Figure 6B) argues strongly that the observed resonances 
represent an average of all the positions shown in Chart 11. 
Moreover, the destabilization of the left end of the sequence 
is readily understood if one takes into account the fact that 
the A-T base pairs are less able to overcome the destabilizing 
effect of the bulge and maintain base pairing, whereas the C-G 
base pair a t  the right end "contains" the effect of the bulge. 
The intermediate values for AEa support the idea that the 
observed resonances are averages (in or near the fast-exchange 
limit) of conformers with the bulge in different locations. 
Moreover, the nonlinearity of the temperature dependence 
suggests that several mechanisms, including bulge migration, 
are contributing to the observed relaxation times. 

Free Energy of the Bulge Defect. The optical melting 
transitions measured on our series of bulge-containing com- 
pounds allow us to estimate the destabilizing free energy of 
the bulge defect, a parameter analogous to that determined 
for RNA duplexes some years ago (Fink & Crothers, 1972). 
We estimate the T,  shift to be 6Tm = -16.5 "C for the A bulge 
and -10.8 OC for the C bulge. The corresponding free energy 
change is obtained from 

&(AGO) = -ASo6T,,, 

in which ASo, assumed to be independent of temperature, is 
set equal to -196 cal K-', obtained from analysis of the optical 
melting curves for the perfect duplex (Table VI). The result 
is an estimated destabilizing free energy of 3.2 kcal/mol for 
the A bulge, in close agreement with the estimate of 2.8 
kcal/mol for bulged A residues in RNA double helices (Fink 
& Crothers, 1972). 

The C bulge, a t  2.1 kcal/mol, is found to be less destabi- 
lizing than the A bulge, but one can rationalize most of the 
difference on the basis of the positional degeneracy of the bulge 
within the C tract, which increases the entropy and therefore 
the stability of the bulged helix. Specifically, if the positional 
degeneracy is 4, the total destabilizing free energy is given by 

A(AG0) = 6(AGo)[isolated bulge] - RT In 4 

from which we conclude that the free energy of an isolated 
C bulge is 2.9 kcal/mol, in close agreement with the result 
obtained for the isolated A bulge. 

CONCLUSIONS 
From these experiments it is not possible to speculate on 

the detailed mechanism of the postulated migration of the 
bulge defect; however, it is interesting to note that the rate 
of migration is rapid on the NMR time scale and faster than 
the rate of solvent exchange of the protons involved, even in 
the presence of Tris buffer. Unfortunately, we cannot directly 
measure the rate of bulge migration by these experiments, but 
the fact that no additional broadening of the imino resonances 
is observed in the C-bulge oligomer places a lower limit on 
this exchange process. (Imino resonances are already con- 
siderably broadened by solvent exchange.) In the fast-ex- 
change limit, the line width iz: Au2/u,,. Even for a small 
chemical-shift difference (10-25 Hz) this implies an exchange 

For the C-bulge 9-mer, AH = Utzl = 57.7 kcal/mol and the 
T,  is 47 OC at 2.0 mM, so at 288 K, kz l  = 0.04 s-l, and at 
278 K, kZ1 = 0.001 s-l. These helix-opening rates are far too 
slow to account for the observed changes in relaxation rates 
or the averaging of resonances at lower temperatures. Fur- 
thermore, the high activation energy implied by this mecha- 
nism would predict a much stronger temperature dependence 
than observed. 

If the rate of bulge migration is faster than solvent exchange, 
then the imino protons must be protected from attack by 
solvent molecules during the rapid breaking and reforming of 
the hydrogen bonds. One can imagine arrangements where 
one strand is stretched a little and the other is compressed 
slightly to accommodate the extra base, which remains stacked 
in the helix. The two strands could shift rapidly with respect 
to each other, forming and reforming base pairs in different 
combinations. Two-dimensional NMR studies on the non- 
exchangeable protons are in progress and should help resolve 
these questions. 

These studies demonstrate that an extra bulged base behaves 
much differently in a heterogeneous sequence than in a ho- 
mogeneous G-C run. Rapid isomerization of the bulge site 
delocalizes its destabilizing effect so that four or more base 
pairs are weakened, but none are completely disrupted. 
Furthermore, rapid migration of the bulge in a homopolymer 
run allows it to be formed at one position and to rapidly exert 
its frame-shifting influence some distance away, for example, 
at the site of copying by RNA or DNA polymerase. It is also 
possible that the bulge defect could migrate rapidly across a 
codon-anticodon double helix in a homopolymeric mRNA 
sequence, thus promoting both negative and positive transla- 
tional frame shifting. 

On the other hand, a fixed bulge appears to have a strongly 
localized effect, at least in these sequences, which is severe 
at  the site of the bulge but is rather abruptly attenuated. 
Certainly, in molecules of this size, delocalization of the bulge 
results in less overall helix destabilization. Clearly the 
idiosyncrasies of local DNA sequences cannot be ignored if 
phenomena such as frame-shift mutagenesis are to be un- 
derstood on a molecular level. It is our hope that a continu- 
ation of these studies will contribute to the basis of this un- 
derstanding. 
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