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Nuclear Magnetic Resonance Study on the Exchange Behavior of the 
NH-N Protons of a Ribonucleic Acid Miniduplex? 
Hartmut Fritzsche,t Lou-Sing Kan,* and Paul 0. P. Ts’o 

ABSTRACT: The exchange behavior of the guanine N(  1) and 
uracil N(  3) protons in the self-complementary hexanucleotide 
r(ApApGpCpUpU) has been studied at 5 “C in 80% HzO/ 
20% DzO by proton NMR. Under these conditions, the 
hexanucleotide forms a stable miniduplex. The exchange rate 
of all Watson-Crick N H  protons is unaffected by addition of 
trifluoroethylamine up to 0.07 M. On the other hand, addition 
of phosphate buffer, pH 6.9, enhances the exchange rate of 
the uracil N(3) protons of both terminal and internal A.U base 
pairs but does not influence the exchange rate of the guanine 
N ( l )  protons of the central G C  base pairs. Catalysis by 
increased phosphate concentrations results in an open-limited 

T e  double-stranded, helical structure of DNA is known to 
exhibit thermally induced local fluctuations, the so-called 
“breathing” modes (Printz & von Hippel, 1968; McConnell 
& von Hippel, 1970a,b). Conformational fluctuations may 
be involved in biologically significant processes, including 
recognition of DNA base sequences by regulatory proteins in 
the course of DNA recombination, RNA transcription, and 
other processes of gene expression, as well as intercalation of 
drugs, mutagens, and carcinogens. 

A number of techniques have been introduced to study the 
transient opening of double-helical DNA and RNA since the 
pioneering studies by Printz & von Hippel (1965) and En- 
glander & Englander (1965). Among them, nuclear magnetic 
resonance (NMR) is a powerful method to obtain information 
not only on proton exchange rates but also simultaneously on 
the conformation and environment of the nucleic acids. 

In a previous paper we presented a study of the proton 
exchange of uridine as a function of pH, temperature, and 
catalyst concentration (Fritzsche et al., 1981) completing the 
proton-exchange studies on monomeric units of nucleic acids 
done by McConnell and co-workers as well as other groups 
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rate of the internal A-U base pairs with k,, = 233 s-I, 
equivalent to a lifetime of 4.3 ms. The proton exchange of 
the central G C  is regulated by the opening rate of the central 
core of the miniduplex. On the other hand, the sensitivity of 
the exchange rate of internal as well as of terminal A-U base 
pairs can be explained by their reduced lifetime due to end 
“fraying” and a subsequent catalysis of the exchange process 
from the opened state. These results suggest that it may be 
possible to probe labilized parts of RNAs such as tRNA by 
gradual addition of the exchange catalyst phosphate and to 
monitor their exchange rates by proton NMR. 

(McConnell & Seawell, 1972; McConnell et al., 1972; Cross, 
1975; McConnell, 1978; Mandal et al., 1979). In this paper, 
we present ‘H NMR results on the proton-exchange behavior 
of a self-complementary hexaribonucleotide helix, r(ApAp- 
G ~ C P U ~ U ) ~ .  The response of the NH-N resonances toward 
the addition of the potential catalysts phosphate and tri- 
fluoroethylamine (TFEA) demonstrates the existence of dif- 
ferent mechanisms of the proton exchange for the three dif- 
ferent base pairs of this RNA miniduplex. The results are 
discussed in terms of conformational fluctuations and end 
“fraying”. 

Materials and Methods 
The hexanucleotide r(ApApGpCpUpU) was synthesized as 

described previously (Borer et al., 1975). The lyophilized 
sample was dissolved in phosphate buffer, pH 6.9. The final 
oligonucleotide concentration in 80% H20/20% D 2 0  was 1 
mM (double strand). The starting concentration for the 
phosphate experiments was 10 mM phosphate. Additional 
phosphate buffer was added in lyophilized form. 2,2,2-Tri- 
fluoroethylamine hydrochloride (TFEA) was obtained from 
Aldrich Chemical Co. Small aliquots of a 0.16 M TFEA stock 
solution were added to the hexanucleotide solution containing 
0.75 M NaC1, and the pH was adjusted to pH 7.3 after each 
addition. 

The ‘H NMR spectra were recorded on two spectrometers, 
a Bruker WH-360 spectrometer located at the Mid-Atlantic 
NMR Facility Center, University of Pennsylvania, Philadel- 
phia, PA, and a Bruker WM-500 spectrometer located at the 
Southern New England NMR Center, Yale University, New 
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Table I: 
Pair Proton Exchange Rate k,, of the NH-N Protons in the 
Miniduplex r(ApApGpCpUpU), 

NMR Line Width A u l n ,  Base Pair Lifetime r ,  and Base 

F R I T Z S C H E ,  K A N ,  A N D  T S ' O  

a At 5 "C in 80% H20/20'% D,O and 0.01 M phosphate at  pH 
6.9. 

Haven, CT. The spectra were recorded at 5 "C ( f l  "C) by 
operating in the continuous wave mode ("correlation spectra") 
correcting the distortion of the spectra as a consequence of 
fast sweeping through a small frequency range by a special 
software program (Dadok & Sprecher, 1974). 

Results 

The assignment and the line width of the NH-N resonances 
of this self-complementary helix, r(AlpA2pG3pC4pUSpU6)2, 
have been studied by Kan et al. (1 975) upon thermally induced 
helix-coil transition. The three 'H NMR lines at 13-14 ppm 
(referenced to DSS) were assigned to the three different base 
pairs, in the order of the resonance position from downfield 
to upfield, A2.US internal pair, G3C4  center pair, and Al'U6 
terminal pair. We detected these N H  lines at 14.2 (A2*U5 
internal), 13.5 (G3.C4), and 13.2 ppm (AI-U6 terminal) in the 
360-MHz spectrum of the hexanucleotide at 5 OC (1 mM 
duplex concentration, pH 6.9). Under these conditions and 
in the presence of 0.01 M phosphate, the line widths of the 
three resonances were 48, 33, and 165 Hz, respectively, from 
downfield to upfield (Table I).  We studied the influence of 
phosphate as well as of TFEA as potential exchange catalysts 
on the line widths of these miniduplex NH-N resonances at 
5 OC and pH 6.9 (phosphate) and pH 7.3 (TFEA), respec- 
tively. 

Phosphate Addition. Addition of phosphate at pH 6.9 did 
not influence the line width of the central G3C4  base pairs 
but broadened the line of the internal A2*U5 base pairs (Figure 
1). The line corresponding at terminal Al'U6 base pairs 
disappeared by extensive broadening, following the first ad- 
dition of phosphate. Consequently, phosphate at pH 6.9 is not 
effective in broadening NH-N lines of the central G3C4 but 
lines of both the internal and terminal A-U base pairs. 

TFEA Addition. Up to 0.066 M TFEA, the line widths of 
all three NH resonances of the hexamer duplex did not respond 
to the addition of the catalyst TFEA (Figure 2). Under the 
condition of these experiments with 0.75 M NaCl at pH 7.3, 
the linewidth of the internal A2.U5 base pairs is similar to that 
of the central G 3 C 4  base pairs, and the NH-N line of the 
terminal Al.U6 can still be observed throughout the whole 
experiment up to the highest TFEA concentration. 

As found in preliminary experiments, the duplex formation 
of the hexanucleotide is prevented in the presence of high 
TFEA concentrations. Therefore, the experiments were limited 
to TFEA concentrations well below 0.1 M TFEA. The in- 
tactness of the duplex in the presence of TFEA up to 0.07 M 
at 5 OC is indicated by the absence of any changes of intensity, 
chemical shift. and line width of all three N H  resonances. 

Discussion 
Three-State Model of Hydrogen Exchange, Proton- 

Transfer Mechanism, and Exchange Catalysis. Before dis- 
cussing our results, the underlying models and theories should 
be briefly outlined. 
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FIGURE 1: Line widths and overall proton exchange rate k,, 
of the ring NH-N protons of the RNA miniduplex, r(ApAp- 
G P C ~ U ~ U ) ~ ,  a t  5 OC and pH 6.9 as a function of added phosphate 
as an exchange catalyst measured at 360 MHz with correlation spectra. 
Duplex concentration 1 mM, dissolved in 80% H20/20% D 2 0  con- 
taining 10 mM phosphate buffer. (0) U N(3)-H of the internal A2U5 
base pairs. Dashed line: Initial slope of the catalytic enhancement 
of k,, by phosphate. (0) G N (  1)-H of the central GyC, base pairs. 
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FIGURE 2: Line widths and overall proton exchange rate k,, 
of the ring NH-N protons of the miniduplex, r(ApApGpCpUpU)2, 
a t  5 OC and pH 7.3 as a function of added TFEA as a potential 
exchange catalyst (measured at 500 MHz, correlation spectra). Duplex 
concentration 1 mM, dissolved in 80% H20/20% D 2 0  containing 0.75 
M NaCI. (0 )  G N(1)-H of the central G 3 C 4  base pairs. (0) U 
N(3)-H of the internal A2*U5 base pairs. (X)  U N(3)-H of the 
terminal Aleus base pairs. 

According to von Hippel & Printz (1969, the NH exchange 
of ordered nucleic acids can be adequately described by a 
three-state model based upon the well-known Linderstrom- 
Lang mechanism (Linderstrom-Lang, 1955). The overall 
exchange rate k,, of this model is given by 

kop kch 

kex = kcl + kch[A] 
where k,,, kcl, and bh are the opening, reclosing, and chemical 
exchange rate constants, respectively, and [A] is the concen- 
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tration of the exchange catalyst A. The underlying assump- 
tions and limitations of this three-state model were discussed 
by Hanson (1971). 

The line width of the N H  NMR resonances reflect the 
exchange rate k,,, Under the assumption that the excess line 
broadening is induced merely by proton-proton exchange, the 
excess line width is related to the exchange rate by 

+1/2 = kex (2) 

where AulJ2 is the additional (excess) line width of the N H  
resonance line in the 'H NMR spectrum. A more detailed 
discussion is presented in our previous paper (Fritzsche et al., 
1981). 

The effect of exchange catalysts can be described in terms 
of Eigen's theory of proton-transfer mechanism (Eigen, 1964). 
Again the reader is referred to our previous paper (Fritzsche 
et al., 1981). By use of PKAS of -9.5 for the protonation of 
both G N( l )  and U N(3) at  5 O C  (Ts'o, 1974) as well as 6.8 
and 5.6 for phosphate and TFEA, respectively, the corre- 
sponding calculated kexs (eq 6 of our previous paper) are 

k,, = ( 1 O'O)  ( 1 06~.8-9.5) [A] = 1 07.3 [A] 

for phosphate and 
k,, = (10'0)(105.6-9.5)[A] = 1O6.'[A] 

for TFEA where [A] is the concentration of the catalyzing 
species. 

The Exchange Rate of the Central G3C4 Base Pairs Is 
Limited by the Helix-Coil Interconversion Rate. A lack of 
response of the observed exchange rate to the addition of 
catalyst would favor mechanisms with kcl << kch, i.e., eq 1 
results in 

kex = ko, (3)  

Thus, for G3 N(1)-H, the limiting rate is the helix-coil in- 
terconversion rate k,, according to eq 3. We can conclude 
that the line width of the G N(  1)-H resonance of the mini- 
duplex will be determined predominantly by the helix lifetime 
7 = l/kop which we find in the range of 10 ms (Table I). 
According to the three-state model, there is no reason to expect 
the G3 N(  1)-H line width to respond to exchange catalyst, if 
the kop is unaffected by the catalyst. This is supported by our 
findings that both phosphate and TFEA (<0.07 M) do not 
affect the G N(1)-H line width (Figures 1 and 2). Mandal 
et al. (1979) found neither a denaturing effect nor an increase 
of the U N(3)-H exchange rate of poly(rA)-poly(rU) even at 
2.5 M TFEA. 

Extensive Catalysis of the A 4  Base Pair Exchange Rate 
Is Limited by Their Opening Rate. On the other hand, both 
terminal and internal A-U base pairs respond to phosphate as 
exchange catalyst but not to low concentrations of TFEA 
which is a weaker catalyst due to its lower pK,' value. In this 
case, the results favor mechanisms with k,, >> kch of the simple 
three-state model, resulting in 

(4) 

Further enhancement in exchange by addition of catalyst 
increases k,, to a value limited by the helix opening rate ko, 
at  infinite catalyst concentration. In support of this notion, 
the observed exchange rate k, of the internal A2sU5 base pairs 
increases hyperbolically with increasing phosphate concen- 
tration; in a l/k,, vs. 1/[A] plot, the data result in the pre- 
dicted straight line (Mandal et al., 1979) with a limiting 
pseudo-monomolecular opening rate of 232 s-I (Figure 3). 
This value corresponds to a lifetime 7 of 4.3 ms. The catalytic 
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FIGURE 3: Plot of the lifetime T of the internal A-U base pairs in the 
duplex of r(ApApGpCpUpU)2 vs. 1/C where Cis the concentration 
of the phosphate buffer, pH 6.9, at 5 OC under the assumption T = 
( A A V I J J l .  

effect of phosphate on the A2*U5 exchange rate is given by the 
quantity of 386[A] s-I as obtained from the initial slope of the 
hyperbolic curve in Figure 1. [A] is the concentration of the 
active species HP0,2- which amounts to 50% of the total 
phosphate concentration at pH N pkA' (6.8). This en- 
hancement of the proton exchange rate is 4-5 orders of 
magnitude less than expected by Eigen's theory which would 
result in 107.3[A] s-I as shown above. Similarly, Hilbers & 
Patel (1975) found the effect of phosphate on the exchange 
rate of A-T base pairs of the miniduplex of d(ApTpGpCpApT) 
much lower than expected. They discuss the possibility of 
repulsion between the negatively charged nucleic acid back- 
bone and the double negative charge of the phosphate ion. 
Their argument is supported by earlier findings of McConnell 
& von Hippel (1 970a) that negatively charged catalysts are 
less effective than neutral ones. 

The expected response of k,, of the internal as well as the 
terminal A.U base ring N H  protons to the catalyst TFEA may 
be unobservable under our conditions. By Eigen's theory, one 
would expect an exchange rate of 106.1[TFEA] s-l as shown 
above. This is more than 1 order of magnitude lower than the 
phosphate value. Inspection of Figure 1 shows that the en- 
hancement effect of 0.066 M at least on the internal A2eU5 
base pairs would be small and comparable to the experimental 
error of the line-width measurement if the catalytic efficiency 
of the TFEA value is decreased similarly as the phosphate 
value. Generally, the catalytic effect decreases when the base 
is incorporated in double-helical oligonucleotides or poly- 
nucleotides. Mandal et al. (1979) found the catalytic rate 
dropped by more than 2 orders of magnitude going from the 
free base AMP to poly(rA).poly(rU). 

A.U Base Pair Exchange Involves Fraying Intermediates. 
We can interpret the sensitivity of the A-U exchange rate to 
catalyst as follows. It is clear from the melting behavior of 
this and similar miniduplexes (Patel & Hilbers, 1975; Hilbers 
& Patel, 1975; Kan et al., 1975; Kallenbach et al., 1976) that 
fraying intermediates are significant in the exchange. The 
opening rates of the terminal AI.U6 as well as the internal 
A2.U5 base pairs are higher than the exchange rate of the 
opened state to the water as well as the rate of a complete 
strand dissociation (Patel, 1974; Crothers et al., 1973, 1974; 
Patel & Hilbers, 1975; Porschke et al., 1973; Ravetch et al., 
1974). Thus, a rapid preequilibrium takes place, such that 
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the overall exchange rate k,, follows the pathway described 
by eq 4, where K denotes the equilibrium constant for opening 
and closing of the internal A2-U5 base pairs. In this limit, the 
overall exchange rate should be catalyzed by phosphate buffer 
which enhances k,, as described by eq 7 in our previous paper 
(Fritzsche et al., 1981). Thus, in the absence of the desta- 
bilization of the duplex, the exchange of the N(3)-H of U at 
the second position from the end cannot be rate limited by an 
"all or nonen dissociation of the duplex. Intermediate states 
must intervene. 

Lifetime of the Duplex. Mandal et al. (1979) found an 
opening rate kq of - 1.1 for poly(rA)-poly(rU). The overall 
opening rates of the individual base pairs of our miniduplex 
are approximately 100-500 s-' (Table I). They differ by 2 
orders of magnitude from the corresponding poly(rA)-poly(rU) 
value. Thus, the difference in the exchange behavior of 
double-stranded polynucleotides and that of the short mini- 
duplexes reflects the lability of the latter due to fraying of the 
ends. This holds only for miniduplexes with terminal A-U or 
A.T base pairs. Fraying is additionally indicated by the 
lifetime differences of the terminal A,.U6 and the internal 
A24J5 base pairs respectively (Table I ) .  The lifetime of the 
central G3C4 base pairs (9.6 ms at 5 OC, Table I) agrees well 
with the lifetime of 17 ms (at 20 "C) of the miniduplex d- 
(ApTpGpCpApT) studied by Hilbers & Patel (1975). 

Strikingly, the lifetime of G3C4 base pairs (9.6 ms) is not 
significantly lowered even at 0.5 M phosphate (Figure 1). The 
question arises whether this result reflects merely the well- 
known higher stability of G.C compared with A-U base pairs 
or that G3C4 base pairs are protected against catalyzing agents 
simply by their central position which suppresses the influence 
of end fraying. This observation raises the possibility that 
catalysts such as phosphate can be employed as a probe of the 
terminal base pairs in molecules such as tRNA which has 
many short helical segments. 
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