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ABSTRACT: A study of the exchangeable ring nitrogen pro-
tons in aqueous solutions of oligonucleotide complexes in-
volving Watson-Crick base pairs as well as Hoogsteen pairs
and other nonclassical hydrogen bonding schemes shows
that resolvable resonances in the low-field (=10 to —16
ppm from sodium 4,4-dimethyl-4-silapentanesulfonate) re-
gion can be detected in a variety of structures other than
double stranded helices. Ring nitrogen proton resonances
arising from the following hydrogen-bonding situations are
reported: (1) AT and GC Watson-Crick base pairs in a
self-complementary octanucleotide, dApApApGpCpTpT-
pT; (2) U-A.U base triples in complexes between oligo-U; s
and AMP; (3) C-G-C* base triples in complexes between
oligo-C17 and GMP at acid pH; (4) s*U-A-s*U base triples
in complexes between oligo-s*U s and AMP, all of which

At low temperatures, both the ring nitrogen protons and
exocyclic amino protons of bases participating in helical nu-
cleic acid structures can be observed to exchange slowly
with solvent water protons (Englander et al., 1972). Slow
exchange of the ring N;-H of guanine and N3-H of uracil
or thymine, when involved in the hydrogen bonds of base
pairs, has been shown to produce characteristic low-field
resonances (10 to 15 ppm downfield from a DSS' standard)
in the proton NMR spectra of tRNA (Kearns and Shul-
man, 1974), as well as a number of model helical oligonu-
cleotide duplexes (Crothers et al., 1973; Patel and Tonelli,
1974) in H;0. Provided the molecules are capable of suffi-
ciently rapid rotational tumbling, high resolution proton
NMR can be used to assess both the nature and stability of
hydrogen-bonded nucleic acids in aqueous solution (Croth-
ers et al., 1974; Patel and Hilbers, 1975; Hilbers and Patel,
1975). The frequency of the resonance of the ring nitrogen
proton in a particular base pair of a helix has been account-
ed for in terms of shielding exerted by the ring currents of
nearest neighbor bases in the helix (Shulman et al., 1973;
Patel and Tonelli, 1974). For simple double helical struc-
tures, the chemical shifts of the ring nitrogen protons reflect
the sequence of base pairs present.

Recent models of the three-dimensional structure of crys-
talline yeast tRNAPP include three base triples among the
tertiary interactions in this molecule (Robertus et al., 1974;
Kim et al., 1974). It appears from solution studies of the
proton NMR of spin-labeled E. coli tRNApM® that these
triples may be common to all class I tRNA’s (Daniel and
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involve both Watson-Crick and Hoogsteen base pairing to
form triplexes; (5) C-C* base pairing between protonated
and unprotonated C residues in oligo-C;7 at acid pH; and
(6) 14 base quadruples in the four strand association among
oligo-I at high salt. The behavior of the dA3;G-CTj3 helix is
consistent with both fraying of the terminal base pairs and
presence of intermediate states as the helix opens. In the
monomer-oligomer complexes, under the conditions used
here, the exchange appears to be governed by the dissocia-
tion rate of monomer from the complex. These findings
suggest that those tertiary structure hydrogen bonds in
tRNA involving ring nitrogen protons should have repre-
sentative resonances in the low-field (11-16 ppm) proton
NMR region in H,O.

Cohn, 1975, and unpublished results). This feature has
prompted us to investigate the proton NMR spectra of non-
classical base pairs and higher associations in aqueous solu-
tion to determine if they can in fact give rise to resonances
in the low-field region. We report here the low-field proton
NMR spectra of a self-complementary octanucleotide dA-
pApApGpCpTpTpT, capable only of Watson-Crick pair-
ing, as a reference for the behavior of these standard base
pairs. We then present spectra of synthetic oligoribonucleo-
tide complexes involving nonstandard associations: (1) the
base triple U-A.U; (2) the triple C-G-C™; (3) the triple s*U-
A-s*U; (4) the acid C.C* hemiprotonated pair; and (5) the
I4 base quadruple. The first three of these are formed by
mixing purine monomers, AMP or GMP, with pyrimidine
oligomers, Uy, Cy, or s*Uy of mean chain length V about
15 residues. The A.U, triple involves both a standard Wat-
son-Crick pair between adenine and one of the uracil
strands, and a Hoogsteen (1959) type of pair linking the
second uracil to adenine (Arnott and Bond, 1973; Figure
1A) Protonation of one of the C residues permits formation
of a similar triple involving one Watson-Crick G-C pair
with a second protonated C connected by means of a
Hoogsteen pair as illustrated in Figure 1B. Fiber diffraction
studies of this complex have not been reported, although
Arnott and Bond (1973) present a structure isomorphic to
the U-A-U model for this triple, and infrared spectroscopy
of the monomer-polymer complex is consistent with such a
model (Howard et al.,, 1964). The acid oligo-C helical
structure (Figure 1C) determined by fiber diffraction anal-
ysis on poly(C) (Langridge and Rich, 1963) involves two
parallel strands, with one base protonated in each pair. Fi-
nally the high salt oligo-I structure involving three (Davies
and Rich, 1958) or, more likely, four I strands as shown in
Figure 1D (Zimmerman et al., 1975; Arnott et al., 1974)
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FIGURE 1: Structures determined or proposed for the non-Watson-
Crick hydrogen-bonded complexes reported here. (A) The U-A-U trip-
let determined from fiber diffraction of poly U-poly U (Arnott and
Bond, 1973). (B) Proposed C-G+C™ triplet isomorphic to the poly(U-
poly(A)-poly(U) helix (Arnott and Bond, 1973). (C) The C.C* hemi-
protonated pairing in acid poly(C) (Langridge and Rich, 1963). (D)
Proposed four-helix structure for poly(I) in high salt isomorphic with
the GMP or poly(G) helix (Arnott et al. 1974; Zimmerman et al,,
1975).

(the fiber diffraction pattern of poly(I) is similar to that of
four stranded poly(G)) was prepared by limited alkaline hy-
drolysis of the polymer. In each case, low-field resonances
of the ring protons involved in these nonclassical associa-
tions have been detected.

It is thus likely that certain of the nonstandard tertiary
hydrogen-bonding interactions should have representative
resonances in the low-field (11-15 ppm) proton NMR spec-
tra of tRNA, and that the earlier estimates from NMR of
the total number of base pairs present in tRNA should be
revised upward from the original values of 19 + 1 pairs per
molecule to 26 or so, in agreement with the figures original-
ly estimated from tritium exchange experiments on tRNA
(Englander et al., 1972; Goldstein et al., 1972) and with the
estimates from more recent NMR work (Reid et al., 1975;
Daniel and Cohn, 1975).

The monomer-oligomer complexes described here repre-
sent useful experimental systems for NMR investigation
both because the tendency of simple oligomers to aggregate
at high concentration is avoided and because the free mono-
mer concentration can be independently varied to control
the dissociation rate of the complex. These systems should
permit detailed tests of current models for exchange pro-
cesses in helices.

Materials and Methods

The  self-complementary  octanucleotide, dApA-
pApGpCpTpTpT (dA3GCTs), was prepared by Collabora-
tive Research, Inc., Waltham, Mass., under contract with
the National Institutes of Health and was made available to
us by Dr. F. Bergmann of NIGMS. Characterization of this
material by uv spectroscopy (€260 4.5 X 104, pH 7), chroma-
tography, enzymatic digestion, and thermal denaturation
has been reported by Dr. A. Taunton-Rigby, Collaborative
Research. The T, in 0.01 M Mes buffer, pH 6, with 0.1 M
MgCl; and 0.15 M NaCl present, was determined to be 29
°C for a solution of 11 uM. Denaturation of the sample
used for the NMR studies in a buffer containing 1.5 M
NaCl, 0.1 M Tris, and 10~ M EDTA was carried out at
301 nm giving an apparent T, near 50 °C.
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FIGURE 2: Low-field NMR spectrum of the self-complementary deox-
yoctanucleotide dA3GCT3; (9 mM) in 1.5 M NaCl, 0.01 M Tris-HC], 5
X 107* M EDTA, pH 7, at indicated values of the temperatures.

Monomer-oligomer complexes were prepared by mixing
the components and heating to 60 °C for several minutes.
Oligo-U and oligo-C were prepared by limited alkaline hy-
drolysis of poly(U) and poly(C) (PL Biochemicals) accord-
ing to the procedure of Bock (1967), followed by chroma-
tography of the hydrolysate on RPC-5 using modification of
the conditions described by Egan and Kelmers (1974).
Oligo-C fractions of chain length 12-20, mean 17, were ob-
tained from Collaborative Research. Oligo-I was prepared
by hydrolysis of the poly(rI) (PL Biochemicals), at pH 10
and 100 °C, and was used without further fractionation.
Oligo-s*U was prepared from fractionated oligo-rC by the
amino-thiol exchange reaction (Ueda et al., 1971), carried
out in pyridine solution in the presence of H,S as described
by Favre and Fourrey (1974). A reference sample of pol-
y(s*U) was kindly provided by Professor Y. Lapidot of the
Hebrew University of Jerusalem. Monomers AMP and
GMP were obtained from Boehringer, N®-methyladenosine
was from Cyclo Chemical, and tubercidin was from Sigma.

NMR spectra were taken on a Varian HR 220-MHz
spectrometer operating in the CW mode. Signals were aver-
aged to improve spectral signal-to-noise ratios with a Var-
ian 620i computer. The sample temperature was controlled
to £0.4 °C with a Varian variable-temperature accessory.
Chemical shifts reported are with respect to the standard
DSS (sodium 4,4-dimethyl-4-silapentanesulfonate).

Results

1. Watson-Crick Base Pairs in dA3GCT3. The low-field
spectrum of the self-complementary octanucleotide dApA-
pApGpCpTpTpT in aqueous solution is shown in Figure 2
for various values of the temperature. The dimeric form of
this molecule

forms a palindromic helix of eight residues so that, in prin-
ciple, four distinct ring proton resonances should be present,
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FIGURE 3: Low-field NMR spectrum of a mixture of AMP (100 mM)
and oligo-U;s (20 mM in U) in 1.5 M NaCl, 0.01 Tris-HCI, 5 X 10—4
M EDTA, pH 7, at indicated values of the temperature.

corresponding to the three T-Nj protons of the AT Watson-
Crick base pairs and the single G-N; proton of the G-C
Watson-Crick pair. The spectrum in panel A (0 °C) con-
sists of three distinct resonances, at 12.9, 13.7, and 14.2
ppm downfield from an internal DSS standard. From the
progression with increasing temperature and the antici-
pated opening of the helix from the ends, the resonance at
13.7 ppm corresponds to the N3 proton of T in the terminal
A-T pairs of the helix. The initial intensity of the 14.2 ppm
peak is twice that of the 12.9 ppm resonance, and this ratio
diminishes with increasing temperature. Hence we can as-
sign the 14.2 ppm resonance to the N3 proton of T in the in-
ternal A-T base pairs of the helix, while the stable 12.9 ppm
resonance then corresponds to the N proton of G in the in-
ternal G-C base pairs. It should be noted that the sequential
opening of the helix from the ends is predicted by the stan-
dard treatments of helix-coil transitions and favored addi-
tionally by the greater thermodynamic stability of the core
G-C pairs (Kallenbach, 1968). If we accept the reference
positions of 13.6 = 1 ppm for the N;-H of T in an isolated
A-T pair, the positions for the four resonances in the Aj
G-CT helix can be estimated from the set of ring current
shifts for the DNA *“B” helix (Patel and Tonelli, 1974)
based on the magnetic isoshielding contours predicted ac-
cording to Giessner-Prettre and Pullman (1970):

T:N3H (A-T) terminal (position) 14.31 ppm
T:N3H (A-T) position 2 14.12 ppm
T:N3H (A-T) position 3 14.18 ppm
G:NiH (G-C) position 4 13.08 ppm

The positions of the internal A-T and G-C resonances ac-
cord reasonably well with their calculated values, while the
terminal A-T resonances do not. Patel and Hilbers (1975)
have ascribed this anomaly to fraying of the terminal base
pair of the helix, as is discussed more fully below.

2. Watson-Crick and Hoogsteen Base Pairs in the U-A-U
Complex. At sufficiently high monomer concentrations,
mixtures of monomer adenosine or AMP with poly(U) lead
to formation of a fairly stable triple helical complex (How-
ard et al., 1966). This complex exhibits infrared adsorbtion
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bands characteristic of the analogous three-stranded helix
poly(U-A-U), formed by mixing poly(A) with excess
poly(U) at high salt concentration (Miles and Frazier,
1964; Stevens and Felsenfeld, 1964). Moreover both uv and
ir mixing experiments indicate that the triple helix U-A-U is
the only stable species, even in the presence of excess mono-
mer (Howard et al., 1966; Scruggs and Ross, 1970).

The stability of a monomer-polymer or monomer-oligom-
er complex is a function of the monomer concentration.
Theoretical considerations (Magee et al., 1963; Damle,
1970) dictate a logarithmic relationship between the Ty, of
such structures and the concentration of monomer. Accord-
ing to Damle (1970), for a mixture of monomers of concen-
tration Cp, and oligomer of concentration C,, the Tp, is
given by:

I _As° R
Tm(Cim,Co)  AH®  AHP

where T, is the midpoint of the dissociation profile, AS® is
the standard entropy, AH® is the enthalpy of formation of
the complex, and x is a nucleation constant. Since AH® <
0, this relation predicts increasing stabilization of the com-
plex as Cp, is increased; providing disproportionation does
not occur, it is thus advantageous to work with excess mo-
nomer. The low-field NMR spectrum of a mixture of heter-
ogeneous Uy oligomers of chain length between 10 and 20
with monomer AMP is shown in Figure 3 for different tem-
perature values. Two resonances of approximately equal in-
tensity are observed, one at 13.8 ppm and the other at 13.2
ppm downfield from DSS. These broaden to similar extents
as the temperature increases, finally disappearing at 20 °C,
as expected in view of the greatly diminished T, of mono-
mer-oligomer helices with respect to helices of exclusively
polymeric strands (Scruggs and Ross, 1970).

Assuming the complex between AMP and oligo-Uys? has
the 12-fold helical structure of the poly(U)-poly(A)-
poly(U) helix determined by x-ray diffraction analysis of fi-
bers (Arnott and Bond, 1973), we can estimate the relative
ring current shielding exerted by vicinal bases in the helix
on the uracil N proton situated in the Watson-Crick pair
and the uracil Nj proton in the Hoogsteen pair (see Figure
1A). Using the approximate shielding contours of Giessner-
Prettre and Pullman (1970), and the projection of the helix
down the axis given by Arnott and Bond (1973), we calcu-
late similar extents of shielding from ring currents of the A
and U nearest neighbors of the Watson-Crick ring proton
(+0.88 ppm) and the U and A nearest neighbors of the
Hoogsteen ring proton (+0.94 ppm). Thus there is no ob-
vious major shielding effect to distinguish these two pro-
tons. However, if we accept an intrinsic shift of 14.6 + 0.2
ppm for the U N;3H resonance in an A-U Watson-Crick
pair, the above should lead to a resonance at 13.7 ppm, in
reasonable agreement with the position of the lower field
resonance observed, 13.8 ppm from DSS. If we assign this
to the Watson-Crick proton, the resonance upfield at 13.2
ppm is that of the U N3H, Hoogsteen pair; the intrinsic po-
sition for a Hoogsteen pair would therefore be approximate-
ly 14.1 ppm from DSS.

We have made several attempts to verify this assignment
experimentally, without notable success. In one case, we
added the analogue of adenosine, tubercidin, to the mixture.
This nucleoside contains a ring C», instead of the normal

Inx (Co = 5 Co)

2 The subscript to the oligomer represents the average number of
residues in the oligomer.
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FIGURE 4: Low-field NMR spectrum of (A) oligo-C;7 (154 mM in C)
in 0.15 M NaCl, 0.01 M Tris-HCl, 5 X 10~* M EDTA, pH 4.8; (B-E)
mixture of GMP (23.5 mM) with oligo-Ci7 (154 mM in C) in 1.5 M
NaCl, 0.01 M Tris-HCl, 5 X 107 M EDTA, pH 5.8, at indicated
values of the temperature.

N+, and cannot participate in Hoogsteen pairing. No rela-
tive change in intensity of the two resonances in Figure 3
resulted. Secondly, we prepared a mixture of oligo-Uys with
NS-methyladenosine, which is known to form double helical
complexes with oligomers as well as polymers of U (Hoff-
man and Pérschke, 1973). No low-field resonances could be
detected from this mixture, in accord with the rapid disso-
ciation constant of 3 X 10° s~! for this helix determined by
relaxation methods (Hoffman and Pérschke, 1973).

3. Watson-Crick and Hoogsteen Base Pairs in the C-G-
C* Complex. In the case of G and C, two different stable
complexes have been identified in monomer-polymer mix-
tures (Howard et al., 1964): (1) a 1:1 helical complex be-
tween GMP and poly(C) stable at neutral pH; and (2) a 1:2
complex between GMP and two poly(C) strands favored at
acid pH. This latter structure requires one protonated C
base in each triple, permitting formation of a Hoogsteen
pair between the protonated C and G as illustrated in Fig-
ure 1B. No low-field resonances corresponding to the 1:1
double helix at neutral pH were observed. However, the
mixture of GMP with oligo-C;7 at pH 5.8 reveals two low-
field resonances of different line widths: one at 12.8 ppm,
the other at 15.6 ppm downfield from DSS (Figure 4B-E).
The 12.8 ppm resonance is clearly sharper than that at 15.6
ppm, and the two do not broaden out at the same tempera-
ture.

A crude ring current calculation based on the 12-fold he-
lical structure analogous to the U-A-U helix which has been
proposed for the C-G-C helix (Arnott and Bond, 1973) indi-
cates a nearest neighbor contribution of +0.75 ppm at the
position of the G N1H of the Watson-Crick pair (see Fig-
ure 1B), and a +0.65 ppm shift at the position C N3H pro-
ton of the Hoogsteen pair if it is assumed that the ring cur-
rent in C* is approximately similar to that in C. Thus the
predicted resonance for a Watson-Crick pair in this struc-
ture is about 13 ppm downfield from DSS, in fair agree-
ment with the observed peak at 12.8 ppm. It seems reason-
able to assign the 15.6 ppm resonance to the protonated
G-C* Hoogsteen pair, the estimated intrinsic position of

45°
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FIGURE 5: Low-field NMR spectrum of an alkaline hydrolysate ef
poly(D) (186 mM in I) in 1.5 M NaCl, 0.0 M Tris-HCI, 5 X 107* M
EDTA, pH 6.7, at 45 °C.

which would be roughly 16.7 ppm from DSS. The differ-
ence in line widths of the two resonances is discussed below.

4. The C-C?* Base Pair in Acid Oligo-C. Omission of the
GMP from the oligo-C;s solution at pH 4 reveals a single
broad low-field resonance at 15.5 ppm (Figure 4A), similar
in both position and line width to the 15.6 ppm peak in C:
G-C*. Both adsorbance and CD measurements on oligo-C
at this pH (Brahms et al,, 1967) are consistent with helix
formation, the presumptive structure of which is similar to
the acid poly-C helix determined by Langridge and Rich
(1963), shown in Figure 1C. This result thus tends to sup-
port assignment of the low-field resonance to the C* N3H
proton of the Hoogsteen pair in C-G-C*.

5. The I, Base Quadruple in Oligo-I. At high salt con-
centration, poly(I) forms a helical complex (Davies and
Rich, 1958), the structure of which is either a three- or
four-stranded helix. The similarity of the fiber x-ray dif-
fraction of poly(I) in high salt or in the presence of Mg2* to
that of the GMP gel or poly(G) has led to a reinterpretation
of the original three-stranded model to one isomorphic with
the four-stranded G helix (Zimmerman et al., 1975; Arnott
et al., 1974); this is the structure shown in Figure 1D. Since
this structure contains a nonstandard N—H- O==C hydro-
gen bond involving a ring N;-H proton and a carbonyl
group, we investigated the low-field spectrum of an alkaline
hydrolysate of poly(I) in H;O. The unfractionated mixture,
roughly of chain lengths 20 or so, but very heterogeneous,
yielded the spectrum shown in Figure 5, with a single strong
low-field resonance at 11.8 ppm from DSS. Thus even in
cases where the helical structure is maintained (remark-
ably) by single interconnecting hydrogen bonds, the ex-
change of the Ny proton is sufficiently slow to permit it to
be observed by NMR.

6. Ring Protons in s*U-A-s*U Complex. The lowest
downfield resonance (14.9 ppm from DSS) in the spectrum
of tRNA’s of E. coli containing the modified base 4-
thiouracil (s*U) at position 8 in the chain has been found to
correspond to the s*U N3H proton of a tertiary pair Al4
s*U8 (Wong et al, 1975; Reid et al., 1975; Daniel and
Cohn, 1975). We prepared oligo-s*U of chain lengths 10-20
by amino-thiol exchange of a mixture of oligo-C in the
presence of H,S and pyridine for 3 weeks. The product ex-
hibited the spectral properties of poly(s*U) as was verified
using a sample obtained from Y. Lapidot. A roughly equi-
molar mixture of this material with AMP in high salt was
found to give resonances that broadened out below those of
the corresponding U-A-U complex (Figure 3). We therefore
added 15% (v/v) methanol (Patel and Tonelli, 1974) to pre-
vent freezing and obtained the low-field spectra shown in
Figure 6. Two peaks are observed, of roughly equal magni-
tude, one at 13.2 ppm, the other at 13.4 ppm. These broad-
1976 1221
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FIGURE 6: Low-field NMR spectrum of a mixture of AMP (100 mM)
and oligo-s*U;s (140 mM in s*U) in 1.5 M NaCl, 0.01 M Tris-HCl, 5
X 107*M EDTA, pH 6.8.

en to similar extents without appreciable shifting, as 7T in-
creases so that the exchange again appears to be opening-
limited. The corresponding poly(s*U)poly(A)-poly(s*U)
complex has been studied by Simuth et al. (1970), who re-
port two distinct Tp, values for this system, as well as a lack
of stabilization by Mg?* of the ordered form. Thus we have
no way of knowing that the hydrogen-bonded structure
present is analogous to U-A-U, although optical mixing ex-
periments indicate a stable structure of 2:1 stoichiometry
s*U-A (Simuth et al.,, 1970). What is interesting in the
spectra of Figure 6 is the lack of any appreciable resonances
further downfield than those in U.A-U for instance. This re-
sult clearly does not imply that the intrinsic position of the
s*U-A Watson-Crick and/or Hoogsten base pairs is not
downfield from those of the analogous U-A pairs. It is possi-
ble, for example, that the ring current shielding exerted by
s*U bases may be much stronger than by U, hence leading
to the observed positions of the N3H proton resonances
slightly upfield from those in U.A.U. The similarity of the
resonances in Figures 3 and 6 suggests that these two com-
plexes may indeed have similar three-helical structures, al-
though assignment of the downfield resonance to a Watson-
Crick s*U-A proton would be premature in view of the un-
known shielding properties of s*U and structural details of
the s*U-A-s*U helix. The resonance at 11.2 ppm in panel A
of Figure 6 is of presently unknown origin. It seemed possi-
ble that it represents the terminal resonances of the helix,
by analogy to the situation in dA3GCT; described above.
However, our preliminary indication that it shifts downfield
with increasing T below —4 °C makes this uncertain.

Discussion

These spectra show that resolvable resonances due to
slow exchange of the ring protons—N;H of guanine or hy-
poxanthine, N3H of U, T or protonated C—involved in
Watson-Crick as well as Hoogsteen and other nonclassical
base pairings can be detected in aqueous solutions of syn-
thetic oligonucleotides or mixtures of monomers with oli-
gomers. The nonstandard associations we have investigated
include a double helix, C-C*, triple helices (U-A.U, C.G-
C*, and s*U-As*U) as well as the possible four-stranded
structure, I5. As in all the double helical structures so far
reported, the onset of “broadening out” of the low-field ring
proton resonances in hydrogen-bonded nucleic acids ap-
pears to occur at temperatures below the actual dissociation
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temperature (Tp,) of the structure present, determined by
uv or ir spectroscopy for example.

The exchange of protons involved in hydrogen bonds has
been interpreted in terms of a kinetic scheme applied first to
hydrogen-tritium exchange by Linderstrom-Leng (see Tei-
telbaum and Englander, 1975a,b, for references). In this
scheme, three states are presumed available to protons: (1)
within a hydrogen-bonded "structure, designated a closed
state; (2) associated with a transiently parted hydrogen-
bonded structure so as to be available for exchange, desig-
nated an open state; and (3) transferred via the chemical
exchange pathway(s) to the acceptor molecules, designated
the exchanged state. Thus, the simplest kinetic formulation
leads to a three-state process with three associated rate con-
stants:

kop ke
closed = open — exchanged (1)
kel

the equilibrium constant for the conformational opening
process being Kqq = kop/kel.

The characteristics of this exchange process are by now
well-known (Teitelbaum and Englander, 1975a; Crothers et
al., 1974) so that it suffices for this discussion to observe
that there exist two simple extreme possibilities for the
overall exchange rate of eq 1. If the chemical process is fast,
and k¢ <« kcp, the exchange follows the open limited path-
way:

kex = kop (2a)

on the other hand, if k¢ > k.p, the exchange proceeds by
the preequilibrium pathway:

kex = Kechh (2b)

Exchange of base protons in nucleic acids is subject to gen-
eral acid or base catalysis, and for ring sites the maximum
value of k. can be estimated from Eigen’s expression:

loApK
1 + 104pK

with ApK = pK(acceptor) — pK(donor).

Since k.p, estimated by eq 3 is 10° s~! in the presence of
10 mM Tris buffer at neutral pH for either NJH of G or
N3;H of U or T, the exchange of the G-C ring protons
(right-hand peak of Figure 2) is open-limited, and the open-
ing rate is likely to be (Patel and Hilbers, 1975) the strand
dissociation step (Reisner and Romer, 1973). Inspection of
Figure 2 shows also that steps beyond strand association
exert a major role in the exchange of the T N3H resonances
of dA; G-C Ts: (1) the position of the T N3H resonance at
13.7 ppm shifts appreciably prior to broadening out near 10
°C; and (2) the ratio of the amplitudes of the internal of
A-T to G-C resonances diminishes with increasing tempera-
ture (Figure 2A-E). Exchange of protons in base pairs in-
volved in short-lived intermediate states that arise by open-
ing and reclosing base pairs in a nucleated helix can lead to
exchange approximating the preequilibrium pathway (eq
2b). As in the case of the dATGCAT helix (Hilbers and
Patel, 1975), the spectra in Figure 2 can be reconciled
quantitatively with a model in which the G N(H resonances
correspond to the open-limited case, and the internal T
N3H resonances to the preequilibrium case. There still re-
main quantitative discrepancies in accounting for the posi-
tion and line width of the terminal A.T pairs in dA;GCTj,
presumably due to some aggregation process involving the
ends of the helix.

ken = 10'%(C) (3)



NMR OF H-BONDED RING PROTONS IN OLIGONUCLEOTIDES

For the case of monomer-oligomer complexes, it is rea-
sonable to equate the conformational process to dissociation
of monomer from helix to free monomer in solution since
release of monomers from double or triple helices can occur
at any site of the chain, although still preferentially at the
ends rather than from the interior (Hoffman and Porschke,
1973). Given the condition of neutral pH and the presence
of Tris buffer as catalyst, the dissociation constant kqp can
be estimated from the increase in line widths in Figures 3,
4, and 6. In these complexes there is substantial contribu-
tion to T, from the dispersion of oligomer sizes present. For
the U.A-U structure, line widths of the resonances assigned
to the Watson-Crick and Hoogsteen U N3-H increase in
parallel as temperature rises. This suggests a common ex-
change mechanism for the two protons; in the case of the G
N;H and C*N;H peaks (Figure 4), this may not necessari-
ly be so.

Comparison of the predicted and observed line widths for
the C N3H and G N H resonances provides a direct argu-
ment favoring the opening-limited mechanism for the C-G-
C* complex. Using eq 3, we find that the anticipated proton
transfer rates for the C proton exceed that for the G by a
factor of 20. Clearly, the difference in line width between
the 13 and 15.6 ppm resonances is far below this. Hence the
preequilibrium dominated pathway (eq 2b) can be eliminat-
ed since the exchange rate in this pathway is directly pro-
portional to k.h. Any difference between the conformation-
al opening equilibrium constants would serve to enhance
this factor, not diminish it, because the Watson-Crick G-C
pair is likely to be more stable than the Hoogsteen G-C*
one, as seen by the fact that at neutral pH a stable double
helix involving only the former can be detected (Howard et
al., 1964). Apparently then exchange from C-G-C* is open-
ing-limited. In no case have we been able to detect reso-
nances from a double helical monomer-oligomer complex,
presumably as a result of the correspondingly elevated kqp
values (Hoffman and Pérschke, 1973).

Finally, the relevance of these results to structural studies
of tRNA molecules in solution should be underscored. In
each case so far examined of a complex involving base
triples, we have detected low-field resonances of both the
ring N protons. It is thus highly likely that the base pairs
and triples involved in the tertiary structure of tRNA in so-
lution should give rise to resonances in this low-field (10~16
ppm) region. A number of current estimates of the total
number of slowly exchanging ring protons in tRNA in solu-
tion (Kearns and Shulman, 1974) repeatedly give values in-
dicative of only the secondary structural base pairs. Most
recently, careful measurements of the total number of slow
protons in tRNA lead to substantially higher values, 26-27
(Reid et al., 1974; Daniel and Cohn, 1975), in accord with
the excess number of slowly exchanging protons originally
reported from earlier tritium-hydrogen exchange measure-
ments (Englander et al., 1972; Goldstein et al., 1972). It
should be emphasized that the base triples postulated in the
tertiary structure of tRNA involve association of two pur-
ines with one pyrimidine, in contrast to the synthetic triple
helices of two pyrimidines and one purine strand or compo-
nent. Since the pairing within the two types of complex are
similar (Hoogsteen, Watson-Crick, or their reverses), there
is every reason to anticipate low-field resonances from these
structures in view of our results.
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Hydrogen-Bonded Complexes of the Ribodinucleoside
Monophosphates in Aqueous Solution. Proton

Magnetic Resonance Studies’

Thomas R. Krugh,* Jean Wilcox Laing,’ and Michael A. Young

ABSTRACT: A proton magnetic resonance study of the
chemical shifts of a series of ribodinucleoside monophos-
phates in neutral H>O solution has been recorded in the
1-100 mM concentration range. The self-complementary
dinucleoside monophosphates CpG and GpC and the com-
plementary mixture GpU + ApC form intermolecular hy-
drogen-bonded complexes at low temperatures. The amino
proton chemical shifts in the CpG and GpC spectra are con-
sistent with the formation of a miniature double helical

The use of oligonucleotides of defined length and se-
quence as models for the corresponding regions in nucleic
acids has provided valuable information on the properties of
the nucleic acids (e.g., Jaskunas et al., 1968; Gennis and
Cantor, 1970; Martin et al.,, 1971; Day et al., 1973; Uhlen-
beck et al., 1973 Gralla and Crothers, 1973a,b; Borer et al.,
1974, 1975; Ts'o, 1974a,b; and references therein; D’Albis
et al.,, 1975; Hingerty et al., 1975). Optical spectroscopies
have generally been used to investigate the properties of
oligonucleotides. However, in the past few years nuclear
magnetic resonance spectra of nucleic acids and proteins
dissolved in an H,O solvent have provided useful geometri-
cal, kinetic, and thermodynamic information (e.g., Glickson
et al., 1969; Kearns et al., 1971; Crothers et al., 1973; Patel
and Tonelli, 1974; Arter et al., 1974; Krugh and Young,
1975; Young and Krugh, 1975; Borer et al., 1975). The NH
resonance from G-C and A-T base pairs is a convenient
probe for studying small double helical nucleic acids be-
cause this resonance is 5-9 ppm downfield from the large
solvent resonance. However, the NH resonances broaden
into the baseline at a temperature far below the T, of the
double helix and, thus, the extraction of thermodynamic pa-
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dimer in neutral aqueous solution at low temperatures (~2
°C). The complementary mixture of dinucleosides GpU +
ApC formed much less stable complexes than either GpC or
CpG, while UpA did not show any indication of the forma-
tion of intermolecular hydrogen-bonded complexes. This re-
sult is consistent with the well-known observation that the
stability of a double helix is proportional to the percent of
G-C base pairs present.

rameters is not straightforward (e.g., Crothers et al., 1973,
Borer et al.,, 1975). Mooberry and Krugh (1975) have
shown that it is relatively easy to obtain pulsed Fourier
transform proton magnetic resonance spectra in H,O solu-
tions. We have used these techniques to monitor the amino
resonances of several deoxydinucleotides and have shown
that complementary deoxydinucleotides interact by the for-
mation of hydrogen-bonded dimers (Krugh and Young,
1975; Young and Krugh, 1975; see these papers for a more
complete introduction to this area). An analysis of the con-
centration dependence of the amino resonances illustrated
the effect of nucleotide sequence on the stability of the min-
iature double helices formed by two complementary deoxy-
dinucleotides. In this paper we will investigate the interac-
tion of several of the ribodinucleoside monophosphates in
neutral aqueous solution and show that, at temperatures
near 0 °C, both CpG and GpC self-associate by the forma-
tion of intermolecular hydrogen-bonded complexes.

Experimental Methods

The dinucleoside monophosphates used in this study were
purchased from either Sigma Chemical Co., or P-L. Bio-
chemicals, Inc., and were used without further purification.
Aqueous solutions of the ribodinucleoside monophosphates
were initially made as concentrated as possible within the
limits of solubility (or availability) of the compounds. Ap-
proximately 5 ul of 1072 M disodium ethylenediaminete-



