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ABSTRACT 

The lifetimes' for exchange of j,mino protons from individual base pairs 

were measured in: (I) a perfect helix, dC-G-C~G-A-A-T-T-C-G-C-G; (II) this 

helix with a G-C base pair replaced with a G-T base pair, dC-G-T-G-A-A-T-T-C

G-C-G, and (III) the perfect helix with an extra adenine base in a mismatch, 

dC-G-C-A-G-A-A-T-T-C-G-C-G. The lifetimes were measured by saturation recov

ery proton nuclear magnetic resonance experiments performed on the imino 

protons of these duplexes. The measured lifetimes of the imino protons were 

shown to correspond to chemical exchange life,times at higher temperatures, and 

spin-lattice relaxation times at lower temperatures. Comparison of the life

times in these duplexes showed that the destabilizing effect of the G-T base 

pair in II affected the opening rate of' only the nearest-neighbor base 

pairs. For helix III the extra adenine affected the opening rates of all the 

base pairs in the helix, and thus was a larger perturbation for opening of the 

base pairs than the G-T base pair. Temperature dependence of the exchange 

rates of the imino proton in the perfect helix gives values of 14-15 kcallmol 

for activation energies of A·T imino protons, and -10 kcal/mol for the G·e 

imino protons. These exchange rates were shown to corres'pond to individual 

'. base-pair-opening in this helix,which means that one base pair can exchange 

independent of the others. For the other two helices which contain perturba

tions, much larger activation energies for exchange of the imino protons were 

found, indicating that a cooperative transition involving exchange of at least 

several base pairs was the exchange mechanism of the imino protons. The 

effects of a perturbation in a helix on the exchange rates and the mechanisms 

for exchange of imino protons from oligonucleotide helices are discussed. 
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INTRODUCTION 

Exchange rates of the base-pa:l,red imino protons have been measured by 

proton nuclear magnetic resonance (NMR) experiments in several nucleic acid 

systems (Crothers et al., 1974; Johnston & Reid, 1977, 1978; Hurd & Reid, 

1980; Early et a1., 1981a,b). We recently studied the kinetics for exchange 

of imino protons in a, DNA, RNA, and hybrid oligonucleotide helix (Pardi & 

Tinoco, 1982) • The.- saturation- recovery technique' developed· by Redfield 

(Johnston & Redfie1d-, 197-7) was~·used.i'n thesei· studles~, and, the theory' for 

interpretation of the exchange behavior of imino protons measured byNMR has 

been discussed by Johnston & Redfield (1981) and Pardi & Tinoco (1982). 

The three helices used in this work, the 12-mer (helix I = dC-~-C-G-A-A

T-T-C-G-C-G), the 12-mer G$T (helix II == dC-G-T-G-A-A-T-T-C-G-C-C), - and the 

13-mer (helix III == dC-G-C-A-G-A~A-T-T-C-G-C-G) have been studied using 1H and 

31 p NMR (Patel et a1., 1982a, b,c) • The conformation and dynamics of these 

.duplexes were observed by measuring the chemical shifts and nuclear Overhauser 

effects on the imino, base and sugar protons. These studies demonstrated the 

existence of a wobble G·T base pair in helix II and showed that the extra 

adenine base in helix III was stacked in the, helix (Patelet a1., 1982b,c). 

The destabilizing influence of a G·T base pair or an extra adenine is 

reflected in the melting temperatures of these helices which are approximately 

S7°C and S2°C in 0.1 M phosphate for the 13-mer and 12-mer G·T helices, 

compared to the .... 72° C found for the 12-mer helix, under the same conditions. 

The NMR of these three helices, including preliminary reports of some of the 

work presented here, has recently been reviewed (Patel et a1., 1982d). 

In this paper we have measured the exchange rates of the imino protons in 

the 12-mer, 12-mer G·T and the 13-mer using saturation recovery experiments. 

Ac-tivation energies for exchange of the imino protons were determined by 
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measu:ring the temperature dependence of the lifetimes. The pH· dependence of 

the exchange rates of the imino protons in the· 12-mer and 12-mer G·T was also 

measured. The lifetimes for exchange, the pH dependence of the lifetimes, and 

,. the activation energies for exchange of the imino protons allow the dynamics 

of these duplexes to be interpreted in terms of specific mechanisms for ex-

change of the imino protons. The results on the 12-mer G·T and 13-mer show 

that helix opening is important in exchange of these imino protons.· The 

helix-opening pathway 1s shown to be the dominant exchange mechanism in the 

DNA duplex, dCA5G + dCTSG (Pardi & Tinoco, 1982). For the 12-mer duplex the 

exchange of the imino protons takes place by an individual base-pair-opening 

mechanism. The effects of a G·T wobble base pair, and an extra adenine, on 

the opening rates of individual base pairs in the three helices are discussed'; 

along with .the general dynamics of base-pair-opening in double helical oligo

nucleotides. 

MATERIALS AND METHODS 

The oligonucleotides were prepared by a modified triester method followed 

by deprotection and purification (Hirose et ale, 1975; Patel et ale, 

1982a, b,c). The NMR experiments were performed on the HXS-360 MHz instrument 

at the Stanford Magnetic Resonance Laboratory, with the experimental methods 

described previously (Pardi & Tinoco, 1982). The NMR spectra were all run in 

0.1 M phosphate buffer, 2.5 roM EDTA with the chemical shifts referenced to the 

internal standard sodium 2,2-dimethyl 2-silapentane-5-sulfonate (DSS). The 

lifetimes were calculated, as previously discussed (Pardi & Tin,?co, 1982), 

with no significant double exponential behavior seen in a,ny of the data. 'lYp

ically, 10-15 different delay times were taken with 200-250 scans for each 

point. 
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RESULTS 

12-mer: dC-G-C-G-A-A-T-T-C-G-C-G 

Figure 1 shows a saturation recovery experiment performed on the 12""'11ler 

at 15°C, pH = 8. As discussed by Patel et a1. (1982a), the til terminal GeC 

base-paired imino proton was observed only at very low temperatures and so was 

not seen in the temperature range used in this study. The measured lifetimes 

of the-other five imino resonances' for the . 12""'11ler at pH =,'6 are given as a 

function of temperature i.n"Table Ie Arrhenius- plots for the lifetimes of- base 

pairs 3, 4, 5, and 6 are shown in Figure 2. 

The pH dependence of the lifetimes of the imino protons in the 12-mer was 

also measured . to test for open-limited behavior in these protons. The mea

sured lifetimes of the imino protons in the 12-mer are given at pH = 6 and 

pH = 8 for several temperatures in Table II. 

12-mer G·T: dC-G-T-G-A-A-T"":'T-C-G-C-G 

Figure 3 shows an example of a saturation recovery experiment on the 12-

mer GeT at 15°C, pH = 8e The measured lifetimes of the imino prOtons on base 

pairs 2-6 at pH = 6 are given as a function of temperature in Table III. 

Arrhenius plots for the lifetimes of base pairs 4-6 are shown in Figure 4. 

The pH dependence of the lifetimes of the' imino protons in the 12""'11ler G· T for 

several temperatures is shown in Table IV. 

13""'11ler: dC-G-C-A-G-A-A-T-T-C-G-C-G 

Figure 5 shows a saturation recovery experiment on the 13""'11ler at 15° C, 

pH = 8. The measured lifetimes of the imino protons at pH = 8 are given as a 

function of temperature in Table V. Arrhenius plots for the lifetimes of base 

pairs 4-6 are shown in Figure 6. 

,., 
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DISCUSSION· 

Tl vs. Chemical Exchange 

By measuring the lifetimes for exchange while varying tempe.rature and pH, 

. we can begin to. understand the mechanism for exchange. There are two pro-

cesses which contribute to the exchange lifetimes: spin-lattice relaxation 

and chemical exchange. At temperatures well below the melting temperature the 

lifetimes measured by NMR are dominated by the spin-lattice relaxation time, 

T1, of the imino protons. As the temperature approaches the melting tempera

ture, . or ~, chemical exchange with water dominates the observed lifetimes 

(Johnston & Redfield, 1978; Early et al., 1981a,b ; Pardi & Tinoco, 1982). 

In the 12-mer the T1 becomes important below 30°C. This can .be seen in 

Table I where the lifetimes of all the imino protons increase sharply when the 

temperature changes from 55° C to 25-30° C. For base pairs 4, 5 and 6 the 

lifetimes then level off until SoC where they decrease again. The contribu-

tian of T1 at low temperatures becomes more apparent in the Arrhenius plots 

for the lifetimes of these protons (Figure 2). The dominant contribution to 

the observed lifetimes for temperatures above 30°C is chemical exchange of the 

imino protons with water, which is consistent with studies on other systems 

(Johnston & Redfield, 1978; Early et al., 1981a,b ; Pardi & Tinoco, 1982). 

Similar behavior can be seen for the imino protons on the 12-mer G·T and 13-

mer. This is illustrated for the 12-mer G·T in Table III and Figure 4 and for 

the 13-merin Table V and Figure 6. Therefore we will concentrate on the 

lifetimes above 30°C, which measure the chemical exchange of the imino protons 

in all three helices. 

'Are These Imino Protons in the Open-Limited Region for Exchange? 

The exchange rates are easily interpreted in terms of base-pair-opening 

rates if exchange is open-limited. The exchange of the imino protons has been 

". ,i. .. ~~ .... :'" 
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found to be in the open-limited region in tRNA (Hurd & Reid, 1980) and also 

for the interior base pairs in the double helix dCASG + dCTSG (Pardi & Tinoco, 

1982). 10 determine if exchange is open-limited we vary the concentration of 

catalyst and observe any changes in the measured lifetimes. If the system is 

open-limited the lifetimes will be independent of catalyst. concentration. In 

these studies the catalysts are OH- and phosphate and the concentrations of 

these,catalysts>are changed by varying the.pH. 

The measured lifetimes for. the imino protons in· the 12-mer at pH = 6 and 

pH = 8 are given in Table II. The lifetimes should decrease as the concentra

tion of base increases if the exchange is not in the open-limited region 

(Crothers et al., 1974; Hilbers, 1979; Pardi & Tinoco, 1982). At 35°C and 

45° C only the imino proton from base pair 2 has a lifetime that shows this 

decrease on going from pH = 6 to pH = 8. The measured lifetimes for base 

pairs 3-6 above 30° C therefore measure the rates for opening of these base 

pairs. The measured lifetimes for base p~ir 2 represent only an upper limit 

·for the lifetime for base-pair-opening. This is the same result found for the 

terminal and penultimate base pairs in the double helix dCASG + dCTSG (Pardi & 

Tinoco, 1982). In the 12-mer GoT we again find chemical exchange to be pre

dominant for the lifetimes above 30°C in base pairs 4, 5 and 6 (Table II). 

The pH dependence of the imino protons in the 12-mer G·T is given in 

Table IV. For base pairs 4-6 exchange is independent of pH and therefore is 

in the open-limited region. At 20° C the lifetimes of the imino protons on 

base pairs 2 and 3 decrease by a factor of two or more on going from pH = 6 to 

pH = 8. The dependence of these protons on pH indicates that opening the base 

pair is not the rate-limiting step in the exchange of these imino protons. 

In the 13-mer we will again consider only points above 30°C and will thus 

only be measuring chemical exchange (Table· V). The pH dependence of the 

v 
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lifetimes of the 13-mer was not measured; We will assume that base pairs 4-6 

are analogous to those base pairs in the 12-mer 'and 12-mer GeT and thus are in 

the open-limited region. 

Effects of Perturbations on the Lifetimes of Exchange 

By comparing exchange lifetimes of our three oligonucleotides we can 

determine th.e effects of a GeT base pair or an extra nucleotide on a double-

stranded helix. For the 12-mer at 35° e and pH = 6 the lifetimes for base 

pairs 4, 5 and 6 are 170, 140 and 235 msec, respectively {Table 1)8 

In the 12-mer GeT at '35°e and pH = 6 the lifetimes are 85, 135 and 225 

msec for base pairs 4, 5 and 6, respectively (Table III). Lifetimes of base 

pairs 5 and 6 are comparable to those in the 12-mer, but base pair 4 which is 

next to the GeT base pair has decreased by a factor of two. Although the G-T 

containing helix is destabilized relative to the 12-mer (a decrease in Tm of 

-20 0 e) these lifetimes show that the perturbation does not affect the life-

times of the interior· A-T base pairs and therefore is a very local effect. 

The lifetimes of both the G and T imino protons in the GeT base pair are the 

same at all temperatures which means that when this base pair opens both 

protons exchange at the same rate. At 35°e the G·T base pair (113), has a 

lifetime of 12 msec compared to 130 msec for the analogous G·e base pair in 

the 12-mer. 

For the 13-mer at 35°e and pH = 8, lifetimes for base pairs 4, 5 and 6 

are 60, 85 and 165 msec, respectively (Table V), compared to 280, 180 and 235 

msec in the 12-mer at pH = 8 (Table II). Thus all of the lifetimes have 

decreased in the 13-mer. The perturbation due to the extra adenine is not 

'localized as in the GeT case but affects the whole molecule. 
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Activation Energies and Exchange Mechanisms 

By investigating the temperature. dependence of the exchange rates of the 

imino protons it is possible to obtain activation energies for the exchange 

process. The magnitudes of these activation energies can give information on 

the mechanisms by which exchange takes place (Pardi & Tinoco, 1982). 

The activation energies for exchange of the imino protons of base pairs 

3-6 of the 12-mer are· shown in Table VI and were calculated from .the plots in 

Figure 2. Points from 3S-55°C· were used to calculate.< these activation ener

gies. As discussed in a previous paper (Pardi & Tinoco, 1982) there may be 

several mechanisms for chemical exchange of the imino protons in these mole

cules, including single base-pair-opening and whole helix-opening. We would 

expect activation energy for helix-opening. of a duplex the size of the . 12-mer 

to be approximately the enthalpy for double-strand formation, 102 kcal/mol, as 

determined by calorimetry (Patel et a1., 1982a). The· values measured for the 

exchange of the imino protons itl the 12-mer range from 9-15 kcal/mol. These 

low values indicate that helix-opening is not a dominaI1t process in the ex

change of these protons and suggests that single base-pair-opening may be the 

important pathway for exchange. Other evidence for single base-pair-opening 

comes from the lifetimes of the individual base pairs. At 45°C exchange 

lifetimes of base pairs 4, 5 and 6 are 150,90 and 130 msec, respectively 

(Table I). Because the lifetime of base pair 5 is much shorter than either of 

its neighbors this imiIlO proton must, to some extent, exchange independent of 

the other two,; Our results are in agreemeIlt with Early et ale (1981a, b) who 

found activation energies of around 15 kcal/mol for the A·T imino protons in 

another dodecamer. The difference in lifetimes (or rates) of the two A·T base 

pairs could be due to small differences in their activation energies or dif-

v 
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ferences in the pre-exponential factor,. A, for each base pair as given in· the 

Arrhenius equation: 

-6E /RT 
k • Ae a (1) 

A difference in the activation entropies for the two A-T imino protons in the 

12-mer might reflect differences in the flexibility of the base pairs. The 

activation energies for two of the G-C base pairs (base pairs 3 and 4) were 

also measured and were found to be 12 and 9 kcal/mol, respectively 

(Table VI) e Again the low values for the activation energies and the large 

differences in the lifetimes for exchange indicates that base-pair-opening is 

the dominant process for exchange of these imino protons. 

For the 12-mer G -T the imino protons broaden and disappear at a lower 

temperature than in the 12-mer. Therefore we could only take measurements at 

3 or 4 temperatures above 30°C to use for calculation of the activation ener-

gies, and thus these values are less reliable than the values obtained for the 

12-mer. Table VI gives the activation energies for the 12-mer GeT. The 

Arrhenius plot is shown in Figure 4. It is clear that the activation energies 

for exchange of the imino protons in the 12-mer GeT are much larger than those 

in the 12-mere This indicates single base-pair-opening is no longer the 

dominant pathway for exchange in the 12-mer GeT and that helix-opening is 

probably contributing to the exchange. The activation energies for base pairs 

4, 5 and 6 in the 12-mer GeT are 30, 37 and 48 kcal/mol, respectively 

(Table VI). If exchange were taking place by helix-opening we would expect 

the activation energies and lifetimes to be the same for all the imino pro-

tons. This result was found in the heptamer dCASG + dCTSG (Pardi & Tinoco, 

1982). Thus the measured activation energies for the 12-mer GeT are probably 

due to contributions from both base-pair-opening and helix-opening. 

.. ..,~ 

': ,.'! 

1 ~; 



- 10 -

'Ihe activation energies for the imino protons of, base pairs 4-6 of the 

13-mer are given in Table VI and were calculated from the Arrhenius plots in 

Figure 6. Again only points above 30°C were used. 'Ihe activation energies 

for base pairs 4, 5 and 6 are 27, 35 and 39 kcal/mol, respectively. This is 

very similar to the 12-mer G·T in that the high activation energies probably 

indicate contributions from both base-pair-opening and helix-opening. 

In order to better unders.tand how contributions from both' base-pair-

opening. and helix~opening will affect ,the rates of. exchange and the·activation 

energies, we have calculated rates for the system at different temperatures 

using the model developed in a previous paper (Pardi & Tinoco, 1982). For a 

system where two pathways contribute to the exchange of an imino proton, the 

observed activation energy, AEobs ' is given by: 

AE 
obs = 1 + 

In this equation k~p and k~~ are rate constants and AE~p and AE~~ are the 

activation energies for: (I) the base-pair-opening· and (II) the helix-

opening processes, respectively. We can obtain values for AEII and kII by op op 

measuring the kinetics of the helix-coil transition using temperature-jump 

techniques (Porschke & Eigen, 1971). Values were measured for the 12-mer G·T 

and the 13-mer in the same buffer as the NMR experiments. The activation 

energies for dissociation of the double helix (AE11) were 68 and 74 kcal/mol 

for the 12-mer G·T and 13-mer, respectively. The pre~exponential factor, A, 

for .this process was found to be 1.2 x 1048 and 2.6 x 1052 sec-1 for the 12-

mer G·T and 13-mer, respectively (Y. G. Olu & Ie Tinoco, Jr., in prepa-

'ration). We used the data from base pair 6 of the 12-mer to get approximate 

values for base-pair opening: AEI = 14 kcal/mol, A =8 x 1010 sec-I. Using op 

these numbers and the Arrhenius equation (Eqn. 1) we can calculate the ob-

-, 
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served rate cons tant for this two-pathway process at any temperature. The 

observed rate will be the sum of the individual rates for each pathway. 

Figure 7 shows an Arrhenius plot calculated for the 12-mer GeT using this 

," model. At high temperature the steeper slope indicates a larger activation 

energy· (68 kcal/mol) which is the- activation energy for helix-opening. At 

lower temperature base-pair-opening becomes dominant and we see a smaller 

activation energy (14 kcal/mol). This mOdel predicts that the helix-opening 

pathway becomes dominant above 40°C, that below 30°C, base-pair-opening is the 

main exchange pathway, and between 30-40°C both pathways are important. This 

is consistent with our interpretation of the measured activation energies for 

the 12-mer G·T and the 13-mer. It is clear from these results that NMR exper-

iments alone will not always give enough information to explain the kinetics 

of exchange in oligonucleotides, and may actually be misleading by them-

selves. Thus complementing the NMR kinetic measurements with temperature-jump 

kinetics will lead to a much better understanding of the dypamics of the 

helices in solution. 

Low Temperature Relaxation Rates 

So far we have only discussed the chemical exchange process of relaxation 

for these imino protons, and have ignored the low temperature data which are 

dominated by spin-lattice rea1xation, T1 • Early et a1. (1981a) have recently 

described a model for calculation of spin-lattice relaxation rates of imino 

protons in a dodecanuc1eotide duplex 

dC-C-G-C-A-C-T-G-A-T-G-G-C 
I I I I I I I I I I I I I 
G-G-C-G-T-G-A-C-T-A-G-C-C 

, assuming dipole-dipole contributions to the relaxation rates. Our experiments 

were done under very similar conditions on a similar dodecanuc1eotide. Their 

model predicts that spin-lattice relaxation rates in both helices should be 
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approximately the same. At low temperature, the relaxation rates in both 

helices are due only to spin-lattice relaxation. Early et al. measured life

times at SoC of -12Smsec for the A-T imino protons, whereas in the 12-mer 

studied here, at the same temperature, the lifetimes were -260 msec. The T1 

values calculated by Early et ale are in good agreement with their measure.d 

values from 21° - 24°C, however, the difference in our two measured values at 

SoC suggests that the results of Early et al. are not . necessarily applicable 

to similar systems. One explanation of this discrepancy may be conformational 

differences in the AoT base pairs in the two helices, thus changing distances 

for dipolar relaxation. It is probably not practical to attempt a more quan

titative interpretation of the observed spin-lattice relaxation times. 

CONCLUSIONS 

This paper describes experiments which probe the lifetimes for exchange 

of imino protons of base pairs in different environments. The effects of· 

destabilizing perturbations in a helix on the exchange rates have been stud

ied. The saturation recovery NMR experiments performed here allow the life..,. 

times for opening of individual base pairs in a sequence to be determined. We 

were thus able to study the stability of each base pair in a helix, instead of 

just the overall stability of the whole helix. The three molecules used in 

this paper, the 12-mer dC-G-C-G-A-A-T-T-C-G-C-G, the 12-mer G·T dC-G-T-G-A-A

T-T-C-G-C-G, and the. 13-mer dC-G-C-A-G-A-A-T-T-C-G-C-G represent excellent 

models for probing the effects of a perturbation (a G-T base pair and an 

unpaired adenine) on the stability of individual base pairs in the helix. 

Patel et ale (1982a, b, c) have reported on the temperature dependence of the 

, chemical shifts of the imino protons in these molecules and obtained informa

tion on the conformations and the relative stabilities of these molecules. 
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The observed lifetimes· measured in the three helices studied in this 

paper were shown to correspond to lifetimes for chemical exchange of the imino 

protons for temperatures above 30°C_ These lifetimes were ·also shown to be in 

the open-limited region (every time the base pair opens the imino proton 

exchanges with solvent water) for base pairs 3-6 in the 12-mer and for base 

pairs 4-6 in the 12-mer G-T and the 13-mer_ 

Comparison of the lifetimes in these helices shows that the G-T base pair 

in the 12-mer G -T causes over an order of magnitude decrease in the lifetime 

for exchange of its imino protons relative to the G-C base pair in the 

12-mer_ The destabilization of the G-T base. pair also has a large effect on 

the neighboring base pair (#4) but does not affect the lifetime of the next

nearest-neighbor A-T base pair in the helix. Thus the effect of the G·T base 

pair is very localized in the helix. The destabilization due to the mispaired 

adenine in the 13-mer has a larger effect on the helix, with the lifetimes of 

all the imino protons decreasing, relative to the 12-mer. 

Activation energies for exchange of the imino protons were obtained by 

observation of the temperature dependencies of the exchange rates. .In the 

12-mer both the A -T imino protons have activation enegies of 14-15 kcal/mol 

and two of the G·C imino protons have activation energies of .... 10 kcal/mol 

each. The values were shown to correspond to exchange of the imino protons by 

an individual base-pair-opening mechanism. Early et al. (l981b) found the 

• same results for the activation energy for exchange of A·T imino protons in 

other oligonucleotide helices. The activation energies for the imino protons 

in the 12-mer G·T and 13-mer are much larger in magnitude than those in the 

12-mer indicating a helix-opening mechanism is involved in the exchange of the 

imino protons in these two helices. The helix-opening pathway was shown to be 

the dominant exchange process of the double strand dCASG. + dCTSG studied in a 

previous paper. (Pardi & Tinoco, 1982). 
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It is clear from these studies that the lifetimes for exchange of an 

imino proton in a double helix are dependent "upon many factors. Whether the 

imino proton is in an A-T or G-e base pair will affect its lifetime, as will 

the sequence of its neighboring base pairs. A very important factor in the 

exchange of an imino proton in a double helix is its distance from a terminal 

base pair. Terminal base pairs are known to kinetically fray (Patel &. 

H!lbers, 1975; Pardi & Tinoco;- 1982), which means that they open and close at 

verI' fast rates. This kinetic rraying'·-of-the-. ends of -a· helix wi11--affect the"' 

rates of exchange for the penultimate base pairs on ends of a helix, and 

possibly the third base pair in from the end, depending upon the sequence and 

the temperature. A perturbation in a helix will also have a large effect upon 

the exchange lifetimes of the imino protons in a double helix. These per

turbations could be destabilizing factors such as internal loops, bulges, or 

non-standard base pairs such as the G·T base pair studied in this work. Many 

drugs are known to bind to nucleic acids and to stabilize the double helix: 

these drugs would be expected to have a large effect on the exchange rates of 

the imino protons in the helix (see Patel et a!., 1982d for a preliminary 

report of such studies). Knowledge of the lifetime for exchange of imino 

protons of individual base pairs in a helix will give extremely valuable 

information on the extent of such perturbations throughout the helix. 
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tABLE Ie . Lifetimes (msec) of Imino Protons in 12-mer at pH = 6 

123 4 5 6 6 5 4 3 2 1 
dC-G-C-G-A-A-T-T-C-G-C-G 
I I I I I I I I I I I I 
G-C-G-C-T-T-A-A-G-C-G-Cd 

~ .... jo 

Proton 

Temperature 112 83 84 115 116 

( °C) 

5 150 260 230 250 270 

15 140 205 255 360 320 

25 100 140 190 310 . 350 

30 90 175 240 230 280 

35 40 130 170 140 235 

40 30 80 160 125 200 

45 18 60 150 90 130 

50 50 80 65 90 

. 55 35 80 35 55 
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'a Too fast to measure, <5 msec. 
b Lifetime isdifficul t to measure' due to overlapping peaks at this 

temperature. 
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tABLE: III. Lifetimes. (msec) of. Imino Protons'in 12-:-mer GeT at pH = 6 

il2 

Temperature 

5 

15 

20 40 

25 30 

30 

35 9 

40 

45 

50 

1 234 5 6 6 543 2 1 
dC-G-T-G-A-A-T-T-C-G-C-G 
I I I I I I I I I I I I 
G-C-G-C-T-T-A-A-G-T-G-Cd 

Proton· 

113 

G T 

210 210 

170 150 

90 110 

55 55 

35 35 

12 12 

114 115 

160 225 

185 200 

150 235 

90 205 

85 135 

40 75 

15 20 

9 

116 

255 

260 . 

250 

255 

225 

95 

19 
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TABLE IV. pH Dependence of Lifetimes (msec) of Imino Protons in 12-mer G-T 

1 234 5 6 6 543 2 1 
dC-G-T-G-A-A-T-T-C-G-C-G 
I I I I I I I I I I I I 
G~C-G-C-T-T-A-A-G-T-G-Cd 

Proton 
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IABLE V. Lifetimes (msec) of Imino Protons in 13-mer at pH = 8 

Temperature 

5 

10 

15 

20 

. 25 

30 

35 

40 

45 

123 4 5 6 654 321 
dC-G-C-A-G-A-A-T-T-C---G-C-G 
I I I I I I I I I I I I 
G-C-G---C-T-T-A-A-G-A-C-G-Cd 

Proton 

#2 #3 #4 

68 175 

150 

32 45 160 

195 

155 

100 

60 

32 

15 

#5 #6 

230 280 

240 260 

250 290 

300 270 

220 265 

150 225 

85 165 

45 60 

14 22 
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TABLE VI. Activation Energies (kcal/mol) for Exchange of Imino Protons 

Proton 

Molecule 113 114 115 116 

12-mer 12 -:I:: 2 9 % 3 14 -:I:: 2 15 % 2 (pH=6) 

12-mer G·T 30 % 5 37 % 8 48 % 9 (pH=6) 

13-mer 27 ± 5 35 -:I:: 8 39 ± 8 (pH=8) 

" 
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FIGURE LEGENDS 

1. A saturation recovery experiment (only partial data shown) on the imino 

protons in the 12-mer double strand at 15°C and pH = 8. The peaks at 

13.15, 12'.98 and 12.78 ppm, corresponding to imino protons on base pairs 

2, 3 and 4, respectively, were 

correspond to the delay times 

saturated. The times in milliseconds 

between saturation and the detection 

pulses. The spectr~'at infinit·e.time was taken under the same conditions 

with no power in the saturation pulse. 

2e Arrhenius plots for the observed lifetimes of the 12-mer double helix for 

a) the G-C base pairs and 

b) the A-T base pairs. 

The line used to determine the activation energies was calculated from the 

first five points (temperatures of 35°C and above.) 

3. A saturation recovery experiment (only partial data shown) on the imino 

protons in the 12-mer G-T helix at 15°C and pH = 8. The peaks at 13.16, 

11.65 and 10.6 ppm, corresponding to base pairs 2 and the imino protons 

from the G-T base pair, respectively, were saturated. Assignment of the 

low field resonance to the T and the high field resonance to the G in the 

GoT base pair was made by Patel et a1. (1982 c) • The times in milliseconds 

correspond to the delay times between saturation and the detection 

pulses. The spectrum at infinite time was taken under the same conditions 

with no power in the saturation pulse. The curvature of the baseline in 

these spectra is due to the use of Redfield 214 pulse. 

',.-
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4. Arrhenius plots for the observed lifetimes of the 12~er G·T helix for 

a) the G-C base pairs and 

b) the A-T base pairs. 

The activation energy was calculated from the first four points in (a) and 

the first three points in (b) (temperatures of 35°C and above). 

s. A saturation recovery experiment (only partial data shown) on the imino 

protons in the 13-mer helix at 15°C and pH == 8. '!he. peaks at 13.14, 

12.93, and 12.34 ppm, corresponding to base pairs 2, 3· and 4, respec

tively, were saturated. The times in milliseconds correspond to the delay 

times between saturation and the detection pulses. The spectrum at infi

nite time was taken under the same conditions with no power in the satura

tion pulse. 

6. Arrhenius plots for the observed lifetimes of the 13-mer helix for 

a) the GeC base pairs and 

b) the A·T base pairs. 

The activation energy was calculated from the first three points 

(temperatures of 35°C and above). 

7. An Arrhenius plot calculated for the f/6 A·T base pair of the 12-mer G·T 

helix, assuming only helix-opening and base-pair-opening for· exchange of 

the imino proton. Discussion of these exchange mechanisms and values for. 

the rates are given in the text. 
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I 2 3 '4 5 6 6 5 4 3 2 I 

d~~~-~-~-~-~-!-!-~-~-~-~ 
G-C~G-C-T-T-A-A-G-C-G-Cd 

5 6 23 4 

infinity 

250 msec 

80 msec 

PPM 
XBL 825-10188 
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I 2 3 4 S 6 6 S '4 3 2 I 
dC-G-C-G-A-A-T-T-C-G-C-G 

5.00 a 

4.00 

3.00 

2.00 

1.00 

3.00 

5.00 b 

4.00 

3.00 

2.00 

1.00 

3.00 

3.20 3.40 

v 
c c 

v 

3.60 

O-bo .. pair .S, Eo. 14 kcol/mol 

A-bal.' pair.6, Eo· IS kcal/·mol 

3.20 3.40 

.6 
o 

3.60 

XBL 825-10191 
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I a 34561·5432 I 
dC-G-T-G-A-A-T-T~C-G-C-G 

G-C-G-C-T-T-A~A-G-T-G-Cd 

2 
4 

, I ' 
/3.0 

, " ,.," 
/2.5 12.0 

PPM 

, ,., 
11.0 

3 

, , ' 
10.5 

infinity 

80 msec 

30msec 

0.1 msec 

XBL 825-10187 



5.00 

4.00 

• ... 
0 3.00 "" c 
I 

2.00 

1.00 
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1234!566!54321 
dC-G-T-G-A-A-T-T-C~G-C-G 

G-C-G-C-T-T~A-A-G-T-G-Cd 

a-bo .. pair. 4. Ea· 30 kcollmol 

c 

c c co 

3.00 3.20 3.40 3.60 

5.00 b 

4.00 

i 3.00 
"" C 

I 

2.00 

1.00 

3.00 

0- bo .. pair • !5. Ea· 37 kcoll mol 

3.20 

o 
~ 

3.40 

o 
~ 

3.60 

XBL 825-10192 
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I 2:5 4 S 6 8 S 4 3. 2 I 
d C-G-C-A-G-A-A -T-T-C .- G-C-G 

e •• ••• • • • • 

G-C-G - C-T-T-A-A-G-A-C-G-C d 

2 

.. , 
w 

infinity 

200 mse~ 

80 msec 

12 msec 

-~-r~~~~~'·'·I-r.'-~-r~~~~-r~~,-~-r~~-r~-r'-~~ 0.2msec iii i "I iii. i I " I I' iii iii iii 

14.0 13.8 13.6 13.4 13.2 13.0 12.8 12.6 12.4 12.2 

PPM 
XBL 825-10190 



5.00 

4.00 

• ... 
0 3.00 ... 

1: 
I 

2.00 

1.00 

5.00 

4.00 

• 3.00 ... 
0 ... 

£ 
I 

2.00 

1.00 
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123 4e6.6·e4 321 
d C-G- C-A-G-A-A-T-T-C -G-C-G 

G-C-G - c-r-r -A-A-G-A-C -ii-Cd 

a 

a-ba .. pair #4, Eo ·27 kcal/mol 

D D 
D a 

3.00 3.20 3.40 3.60 

b 

3.00 

O-ba .. pair #:5, Eo' 3e keall mal 

6-bose pair#6,Eo'39kcol/mol 

o 
6 6 

o 
o 
6 

o 
6 

3.20 3.40 3.60 

XBL 825-10189 



-30~ 

8.0 

6.0 

"0 
Q) - 4.0 c 
:l 
U -C 
(J 

~ 

c: 2.0 
-

3.20 3.40 3.60 

XBL 825-10186 

I~ 
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