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ABSTRACT: The conformation of two hexanucleotides, d(GGATCC) and d(GGm6ATCC), has been studied 
by proton nuclear magnetic resonance. Nuclear Overhauser effect (NOE) measurements on d(GGATCC) 
are in agreement with a normal B form right-handed helical structure. The single- and double-strand 
resonances are  in fast exchange on a proton NMR time scale. The exchange is observed to be slow for 
d(GGm6ATCC); up to the T,, separate resonances are observed for each state, though above the T, exchange 
becomes more rapid. The preferred orientation of the adenosine methylamino group (methyl cis to N’) 
hinders base-pair formation. At 0 O C  irradiation of the m6A-T imino proton gives an NOE to AH2, showing 
that base pairing is Watson-Crick. Intra- and interresidue NOES show that the helix is right handed and 
in the B form. Comparing results on the two oligomers demonstrates that adenosine methylation induces 
little or no change in the conformation of the helix but reduces the T, from 45 to 32 OC. All of the amino 
proton resonances, as well as the imino resonances, have been assigned. From N O E  experiments on the 
unmethylated oligomer we have located the Watson-Crick and non-Watson-Crick adenosine amino protons. 
At 0 OC these resonances show broadening due to rotation of the amino group, and their rotation is slightly 
slower than for the adjacent guanosine amino group, though both these amino groups have lifetimes of less 
than 10 ms a t  0 O C .  The imino protons show normal behavior, disappearing from the spectra ca. 20 OC 
below the T,. The methylated oligomer shows restricted rotation from the adenosine methylamino group. 
The imino protons are observed up to the T,,, of the hexanucleotide. Not only is helix formation slow compared 
to the unmethylated oligomer but also individual base-pair opening is a t  least an order of magnitude slower 
a t  the same temperature. The different mechanisms contributing to the relaxation are discussed. 

T e  role of methylation of DNA bases has received consid- 
erable attention in recent years [for review see Trautner 
(1984)l. Two kinds of methylations are known to occur: either 
methylation of the Cs position of cytosine or methylation of 
the amino group of adenine. Both modifications have been 
found to be associated with restriction endonucleases in pro- 
karyotes (Modrich, 1982; Trautner, 1984). It also appears 
that methylation of both A and C plays the role of a regulatory 
signal in eukaryotic cells [for review see Doerfler (1981)l. 
5-Methylcytosine also favors the B-Z transition in poly(dG- 
dm?) (Behe & Felsenfeld, 1981). 

The role and mechanism of adenine methylation appears 
to be more complex. Lacks & Greenberg (1975, 1977) have 
isolated two restriction nucleases from Diplococcus pneumo- 
niae (DpnI and DpnII) which recognize the GATC sequence 
but which differ in an important aspect. While DpnII acts 
like most class I1 restriction nucleases, Le., it is inhibited by 
adenine methylation, DpnI cleaves only Gm6ATC sites (Lacks 
& Greenberg, 1975; 1977; Vovis & Lacks, 1975; Geier & 
Modrich, 1979). 

Apart from its role in the restriction-modification system 
(Modrich, 1982), a methylase specific for the sequence GATC 
(dam methylase) (Radman et al., 1978) has been studied. This 
enzyme appears to act with a certain lag period behind rep- 
lication on newly synthetized DNA daughter strands which 
are transiently unmethylated (Marinus & Morris, 1973). It 
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is probably also involved in the repair of replication errors, 
since dam methylase acts primarily on hemimethylated GATC 
sequences (Pukkila et al., 1983). It appears that adenine 
methylation of GATC sequences directs strand discrimination 
of the mismatch repair system of Escherichia coli (Marinus 
& Morris, 1973; Radman et al., 1978; Pukkila et al., 1983). 

The chemistry of N6-methyladenine is unusual in so far as 
the methylamino group is coplanar with the purine ring and 
its rotation is hindered (Sternglanz & Bugg, 1973). The cis 
form (i.e., cis in respect to N1 but trans to the C5-C6 bond) 
is the favored species (Sternglanz & Bugg, 1973; Engel & von 
Hippel, 1974). This form would be, however, unable to form 
a Watson-Crick base pair, although Hoogsteen pairing is 
possible. Thus, m6A has a strong destabilizing effect on the 
polynucleotide complex with poly(dT) compared with poly- 
(dA)ply(dT) (Engel & von Hippel, 1978a). The preference 
for the cis form also strongly decreases the rate of the pol1 
DNA polymerase reaction (Engel & von Hippel, 1978b). This 
has been attributed to a rate-limiting base-pairing step which 
is slowed down by the required isomerization of the methyl- 
amino group. 

From these remarks the question arises whether or not 
A-methylated sequences in DNA, and in particular the pal- 
indromic Gm6ATC sequence, are conformationally different 
from the canonic B-DNA. If the sequence assumes the 
standard B form, the recognition by an enzyme should be 
reduced to recognition of the two methyl groups which are one 
on top of the other. In the alternative case where the me- 
thylamino group would induce a conformational change in the 
helical structure, a relatively large perturbation including for 
the neighboring G-C pairs could be expected. This would favor 
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recognition by an interacting enzyme (von Hippel & McGhee, 
1972). 

Nuclear magnetic resonance (NMR) can be used to es- 
tablish the conformational state of a DNA, but also the factors 
governing the opening of a specific base pair or complete strand 
separation (Feigon et al., 1982). While in the helical state 
the imino protons are protected from exchange with solvent, 
under appropriate conditions exchange may take place each 
time a base pair opens. Depending upon the pH, the nature, 
and the concentration of the buffer, the same may be true for 
the amino protons. However, studies on the amino protons 
could lead to an understanding of processes in addition to that 
of helix opening, if these groups are involved in, or in the 
vicinity of, binding sites to antibiotics or proteins. In several 
reports exchangeable protons, which could only arise from 
amino groups, have been observed in the range 6-9 ppm and 
assigned to cytidine protons (Patel, 1976, 1977; Clore & 
Gronenborn, 1984). We have recently reported the assignment 
of all the exchangeable protons in d(CG), (Fazakerley et al., 
1984a). 

The amino group of cytidine differs from those of guanosine 
and adenosine in that it shows restricted rotation about the 
carbon-nitrogen bond (McConnell & Seawell, 1972, 1973; 
Raszka & Kaplan, 1972; Raszka, 1974; McConnell, 1984). 
As a result, exchange with solvent is the primary influence on 
the spectra of these protons. We have shown that the gua- 
nosine amino protons are in intermediate exchange in d(CG), 
(Fazakerley et al., 1984a) at 20 OC and as a consequence are 
not visible in the spectra. However, any interaction that would 
make the helix more or less rigid could push that exchange 
equilibrium into the slow or fast limit. Also the exchange with 
solvent of the amino protons as compared to the exchange of 
imino protons can differentiate between complete base-pair 
opening and a partial or scissor opening. 

With these objectives in mind we have embarked on an 
investigation of DNA oligomers containing the GATC and 
related sequences and their N6-methylated adenine analogues. 
In a previous communication (Fazakerley et al., 1984b) we 
reported that d(GGATCC) and d(GGm6ATCC) show very 
different behavior in one respect: the former shows the nor- 
mally observed fast exchange on an NMR time scale between 
the single- and double-stranded species, while the latter oli- 
gonucleotide shows slow exchange. We proposed that the 
preferred cis conformation of the adenine methylamino group 
was responsible for this unusual phenomenon. 

MATERIALS AND METHODS 
DNA Syntheses. d(GGATCC) and d(GGm6ATCC) were 

synthesized by a modified phosphate triester and phosphoam- 
idite method on silica gel support (A. Guy, L. Wagrez, D. 
Molko, and R. Tboule, unpublished results). The oligo- 
nucleotide was 3 mM in strand dissolved in 10 mM phosphate 
buffer (pH 7.2), 150 mM NaCl, and 0.5 mM ethylenedi- 
aminetetraacetic acid (EDTA)’ in D 2 0  or 90% H20/10% 
DzO. Chemical shifts were measured relative to tetra- 
methylammonium chloride and converted to the usual scale 
relative to sodium 4,4-dimethyl-4-silapentane- 1-sulfonate 
(DSS) by adding 3.18 ppm. 

NMR Spectroscopy. NMR spectra at 500 MHz were re- 
corded on a Bruker WM-500 spectrometer and for certain 
spectra at 400 MHz on a Bruker AM-400. The NOEs were 

Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; WC, Watson-Crick; nWC, non-Watson-Crick; 
EDTA, ethylenediaminetetraacetic acid; 1-D, one dimensional; 2-D, two 
dimensional. 
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observed by cycling 32 transients on-resonance, followed by 
32 transients off-response. Irradiation was applied for 100 
ms (above which spin diffusion effects were perceptible; see 
below) at a power level that gives 90% saturation of the ir- 
radiated resonance. The estimated error in NOE magnitudes 
is I 1  .O%. For the measurements of exchangeable protons the 
same buffer solution was used in 90% H 2 0 /  10% D20. A time 
shared pulse sequence, 8,-t-8-, (Plateau & Gubron, 1982), 
was used to suppress the water resonance. The carrier was 
placed on the water resonance, and the delay between the two 
pulses was 350 pus. In addition to the minimum at the water 
resonance this produces a null at ca. 5.6 ppm on either side 
of the water resonance. The imino protons are excited in the 
second envelope. Thus, an approximate 90’ pulse can be 
applied both over the aromatic protons and the imino protons 
which facilitates NOE measurements in particular. A pre- 
irradiation time of 100 or 500 ms was employed. The power 
level was just sufficient to saturate the resonance. 

RESULTS 
The 500-MHz spectra of the two hexanucleotides at 3 OC 

are shown in Figure 1. At this temperature both oligomers 
are 195% in the duplex state. 

The assignment of the base, HI<, H2!, and H2” proton res- 
onances was carried out according to the precedure that has 
been applied by using 1-D (Reid et al., 1983) or 2-D techniques 
(Hare et al., 1983; Scheek et al., 1983; Feigon et al., 1983; 
FrBchet et al., 1983). A base H8 or H6 proton will give rise 
to an NOE to its own H1! proton resonance and to the HI, 
resonance of the residue in the 5‘ direction for a right-handed 
helix. Thus, with the exception of the 5’-terminal residue, 
NOES to two H1, resonances will be observed. For a left- 
handed heiix the interresidue NOEs will be in the 3’ direction. 
In addition the same base protons will give NOES to the H1, 
and to a lesser extent to the H 2 ,  resonances of the same nu- 
cleoside, irrespective of the ribose conformation. However, 
the corresponding interresidue effects are very sensitive to the 
ribose conformation. For a B-form DNA the NOE between 
the H8 and H6 is much larger to Hz,, than to Hz,, whereas the 
order is reversed for an A-form DNA. 

As the aim of this study is to compare as accurately as 
possible the helix conformation of two oligonucleotides dif- 
fering only by methylation of the adenine, we carried out NOE 
measurements under conditions were effects of spin diffusion 
were rigorously absent (the sole exception being a small effect 
transmitted between H2, and H2”). The preirradiation time 
employed was 100 ms. 

For the fragment ApT in d(GGATCC) preirradiation of 
3AH8 gave an NOE to 4TCH3 as expected for a B form helix, 
but no NOE to 4TH6. At preirradiation times of L 150 ms an 
NOE was observed on 4TH6, which could only arise from spin 
diffusion, 

A summary of the observed interresidue NOEs for both 
hexanucleotides is presented in Table I. In only one case, 
5CH6-6CH5 is an NOE observed for one oligonucleotide and 
not the other. This NOE is, however, only ca. 2% in 
d(GGm6ATCC) and is perhaps not observed in d(GGATCC) 
because of greater mobility or fraying of the terminal base pair. 
The standard deviation between the interresidue NOES ob- 
served on the two hexanucleotides is 1.896, and the largest 
difference is 3%. As the experimental error is ca. 1%, we 
conclude that the helix conformation must be virtually un- 
altered by methylation of adenine. 

All of the interresidue NOES shown in Table I are consistent 
with a right-handed B form helix. While NOES from base 
H* or H6 protons to the H2, resonances of residues in the 5’ 
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FIGURE 1: NMR spectra of d(GGATCC) (a) and d(GGm6ATCC) (b) in D20. The numbering of the resonances is the same as in Table 
11. The expanded aromatic and anomeric regions are resolution enhanced. 

Table I: Summary of Interresidue NOEs Observed for d(GGATCC) 
(0) and d(GGm6ATCC) (0) 

5 '  3 '  ' G  ' G  'A 4T 'C 6 C  

C H ~ ,  C H ~  ( c H ~ )  0 1 A 1 1 - 4 

CH',, C H * ( C H ~ )  0 1 - A - 1 1 0 

C H I !  C H 3  .-----+ 

0 n n n n " " 0 

0 n n n n " - 0 

o-----o - 
o-----c CH8 C H 3  

CH3 C H 5  - C H 6  C H S  e----r - 
c-----c 

direction were observed, these were generally 3 times smaller 
than to the Hr resonances which excludes a major contribution 
from an A type conformation. The sugar pucker may also be 
obtained from the J1,2t and JIt2, ,  coupling constants (Guschl- 
bauer, 1980). For both hexanucleotides these coupling con- 
stants are 7-7.5 Hz and show no significant changes for in- 
dividual residues. From this the sugar pucker is ca. 75% 
2'-endo in agreement with a B conformation for both oligom- 
ers. 

Temperature Dependence of Nonexchangeable Protons. On 
raising the temperature the chemical shifts of the nonex- 
changeable protons of d(GGATCC) showed typical sigmoid 
C U N ~ S  (not shown) from which the T,,, of the hexanucleotide 
is found to be 45 OC. The resonances broadened by at most 
2 Hz during the melting process, showing that exchange is 
rapid on an NMR time scale. For d(GGm6ATCC) we ob- 
serve, what is to our knowledge, a unique case for oligo- 
nucleotides, in that on increasing the temperature the reso- 

nances of the duplex state decrease in intensity and new res- 
onances appear corresponding to the single-strand species 
(Figure 2). Up to 35 OC the melting process can be followed 
by integration of the corresponding resonances of the duplex 
and single-strand states, where these are well resolved and 
readily assigned, as, for example, the 4TCH3 (Figure 3). 
Above 30 OC, however, the system is no longer in the slow- 
exchange limit, and line broadening is observed on all reso- 
nances. The line width of 4TCH3 for duplex and single-strand 
states are shown in Figure 3. The broadening is such that 
above 35 OC accurate integration of resonances of the duplex 
state is no longer possible. Nevertheless, the T ,  is observed 
to be ca. 32 O C ,  or 1 3  "C below that of d(GGATCC). While 
line broadening has been observed during the melting process 
of oligonucleotides (Pardi et al., 198 l ) ,  indicating intermediate 
exchange, d(GGm6ATCC) is at  or near the slow-exchange 
limit below 25 "C. 

Finally, the connectivities may be established in the tem- 
perature region where both duplex and single strand are 
present. Preirradiation of a resonance for a short time will 
give rise not only to NOEs (in the case of irradiation of a 
resonance of the double strand) but also to transfer of satu- 
ration to the corresponding proton resonance of the single 
strand and vice versa. All the resonance assignments are shown 
in Table 11. 

Temperature Dependence of Exchangeable Protons of 
d(GGm6ATCC). At 0 OC eight exchangeable protons (peaks 
a-h) are clearly visible in the spectrum (Figure 4). The peaks 
labeled d,e and g,h each integrate for two protons and become 
resolved at higher temperature. In addition two much broader 
peaks, i and j, around 6.7 ppm are observed, each of which 
probably integrates for one proton. 
On raising the temperature to 3 OC all the resonances of 

exchangeable protons get narrower with the exception of peaks 
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FIGURE 2: Partially resolution enhanced NMR spectra of 
d(GGm6ATCC) in D20 as a function of temperature. Note the 
connectivities between pairs of resonances at 30 OC. The arrows 
indicate the resonances of the single-stranded species. 
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FIGURE 3:  (Top) Fraction of double-strand form (R) of 
d(GGm6ATCC) as a function of temperature. R was obtained by 
integration of the single- and double-stranded resonances of 4TCH,. 
(Bottom) Line width of 4TCH, in the double-stranded (v) and sin- 
gle-stranded species (@) of d(GGm6ATCC) as a function of tem- 
perature. 

i and j which broaden and disappear from the spectrum. In 
the temperature range 6-16 O C  one of the imino protons, peak 
b, broadens rapidly, and two of the amino resonances, peaks 
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FIGURE 4: NMR spectra in 90% H20/10% D 2 0  of d(GGm6ATCC) 
as a function of temperature. Only the exchangeable protons are 
labeled. 

e and g, broaden, but also move, the former upfield and the 
latter downfield. At 22 O C  a number of new resonances be- 
come visible: peaks k and l correspond to exchangeable protons 
(all other new resonances arise from nonexchangeable protons 
of the single-stranded species). At 28 O C  peaks k and 1 exhibit 
their narrowest line widths. Peak e must be very broad as the 
sharp resonance observed at  8.28 ppm corresponds to the 
3A(Hs) resonance of the single strand. In the range 32-35 
OC the two remaining imino protons and peak d broaden and 
disappear from the spectrum. It is not clear, however, whether 
peak f is still present. It would overlap with the GHs resonance 
of the single-stranded species, and in this temperature range 
the nonexchangeable proton resonances are broadened as the 
system is no longer in the slow-exchange limit. In the tem- 
perature range 35-38 O C  the four remaining resonances, peaks 
g, h, k, and 1 broaden and then disappear at 40 O C .  The effect 
of temperature on the chemical shifts of the amino protons 
is shown in Figure 5. The melting of the helix is still not 
complete at 40 O C  as shown by the line width of the nonex- 
changeable protons which become much narrower when the 
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Table 11: Proton Chemical Shifts of d(GGATCC) (Upper Line) and 
d(GGm6ATCC) (Lower Line) at 3 OC and Difference in Chemical 
Shift between Resonances of Single and Double Strands of 
d(GGm6ATCC) at 20 OC" 

CH5/TCH3/ 
base Ha or H6 H2 HI, H2, H y  
IG 7.94(3) 5.78(12) 2 .64(20) 2.42(22) 

7.91 5.78 2.76(68) 2.31(72) 

2G 7.91(4) 5.73(13) 2.89(17) 2.79(18) 
7.86 5.81 2.8 6(67) 2.7 4(78) 

8.35(') 7 .96(2) 6.3 9@) 2.77(19) 3.07(16) 
8.20 7.84b (54) 6.37b 2.7 3(68) 3.05 ( 6 6 )  

(+0.09)(52) (+0.012)(63) 

(-0.20)(53) (-0.47)(62) 

(+0.10)(51) 
4T 7.28(7) 1.44(26) 6.04(") 2.15(25) 2.59(20) 

7.29 1.40 6.02 2. 15(74) 2.62(69) 
(+0.07)(57) (+0.24)(75) (+0.05)(6') 

'C 7.59(5) 5.66(14) 6.08('") 2.1 9(24) 2.54(*]) 
7.60 5.63 6.08 2.18(73) 2.54(70) 

(+0.14)(55) (+0.37)(64) (+0.10)(60) 
6C 7.48(6) 5.34('5) 6.2 1 (9 )  2.34(23) 2.42c(22) 

7.55 5.48 6.21 2.31(72) 2.35'(7) 
(+0.24)(56) (+0.48)(65) (+0.06)(59) 

"A positive shift means to low field of the double-strand resonance. 
bToo small to be measured. 'The relative assignment of the 2' and 2" 
resonances is arbitrary. The resonances are numbered as in Figure 1. 

FIGURE 5: Effect of temperature on the chemical shifts of the amino 
protons of d(GGATCC) (A) and d(GGm6ATCC) (B). 

temperature is raised to 50 O C .  

Assignment of the Exchangeable Protons of 
d(GGm6ATCC). The three imino protons are readily assigned 
from their chemical shifts and the temperature dependence 
of their line width. The resonance at 13.66 ppm, peak a, is 
assigned to the m6A-T thymidine imino proton of base pair 
(3, 4), while peaks b and c are the guanosine imino protons. 
Peak b rapidly broadens and disappears on raising the tem- 
perature from 3 OC. This is due to fraying (Pate1 & Hilbers, 
1975; Kan et al., 1975) of the terminal base pair (1, 6); peak 
c is thus assigned to the guanosine imino proton of base pair 
(2, 5). 

After preirradiation, at 0 OC, of the thymidine imino proton, 
a, we observe (Figure 6) an interresidue NOE to the imino 
proton, peak c, which further confirms this as being from base 
pairs (2, 5). In addition we observe a large NOE to 3AH2 
(which further confirms Watson-Crick hydrogen bonding) and 
an equally large one to exchangeable proton f. The only 

.I AT, 3AH2 

d (G Gm'ATCC) d L N H W C  

I 
FIGURE 6: NOE difference spectra in 90% H20/10% D20 of 
d(GGm6ATCC) at  0 OC (except bottom spectrum which was recorded 
at 16 "C). Arrows indicate the resonances irradiated. The irradiation 
time was 0.5 s. 

exchangeable proton close enough to the thymidine imino 
proton is the amino proton of the adenosine methyamino group. 
For short preirradiation times (less than 100 ms) no other 
NOEs are observed although when the irradiation time is long 
(20.5 s) an NOE to the adenine methyl group (not shown) 
is observed via spin diffusion. In addition a small NOE is 
found to peaks d,e. 

Irradiation of the guanosine imino proton, peak c, of base 
pair (2, 5) gives the reverse interresidue NOE to the thymidine 
imino proton (Figure 6). Four NOEs are observed in the 
region 6-9 ppm, the largest of which is to peaks d,e, followed 
by those on peaks g,h. Smaller interresidue NOEs are ob- 
served on the adenosine H2 and amino resonance, peak f. 
These experiments were done with a relatively long preirra- 
diation time of 500 ms. When this is reduced to 100 ms, the 
NOE on peaks d,e is very much larger than on peaks g,h. The 
latter NOE arises, at least in part, from spin diffusion. Ir- 
radiation of the guanosine imino proton of base pair (1,6) gives 
an interresidue NOE to the adjacent imino proton and also 
to peaks d,e and g,h (Figure 6). 

Upon irradiation of peak d at 16 OC a large NOE is ob- 
served on peak h and a small one on peak c. Peaks d and h 
must be geminal protons of base pair (2, 5). We have pre- 
viously observed in d(C-G)3 (Fazakerley et al., 1984a) that 
at low temperature the cytidine amino proton resonances were 
quite narrow, but we observed only one of the guanosine amino 
protons. This was due to the fact that the cytidine amino 
groups do not rotate, whereas the guanosine amino groups do, 
except for probably the central base pair at 0 OC. Thus, the 
strong NOE coupled pairs of resonances d,h and e,g must 
correspond to the cytidine amino groups of base pairs (2, 5 )  
and (1, 6), respectively, with the first peaks, d and e, being 
the Watson-Crick hydrogen-bonded protons. Note that the 
hydrogen-bonded protons exchange more rapidly with solvent 
than the non-hydrogen-bonded protons of cytidine in the 
temperature range 27-38 OC. The same effect has been ob- 
served in d(C-G)2 by saturation transfer experiments 
(McConnell, 1984). 

In the 0 OC spectrum peaks i and j remain unassigned. They 
must be guanosine amino protons that are not yet completely 
in the limit of slow exchange. Irradiation of the two guanosine 
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FIGURE 7: NMR spectra in 90% H20/10% D20 of d(GGATCC) at 
different temperatures. Only the exchangeable protons are labeled. 

imino protons did not produce significant NOEs which could 
be attributed to guanosine amino protons. In addition, irra- 
diation of peaks i and j was unsuccessful in locating the cor- 
responding geminal protons. The difference spectra showed 
nonselective effects, presumably due to partial irradiation of 
the solvent resonance. The absence of an NOE on guanosine 
amino protons upon irradiation of the guanosine imino protons 
show that the amino proton relaxation is still dominated by 
the rotation around the Cz amino bond. 

Above 10 OC, first peak k and the peak 1 appear. Rotation 
of the amino group is probably facilitated for the terminal base 
pair (1, 6) relative to base pair (2, 5). Also, as observed on 
the imino protons and cytidine amino protons solvent exchange 
is faster for the terminal base pair. Peak k appears before peak 
1 and these protons, peak k, probably exchange slightly faster 
with solvent at 38 OC and can thus be tentatively assigned to 
base pair (1, 6). 

Spectra of d(GGm6ATCC) at  pH 8 and at  a variety of 
temperatures showed the same behavior as described above. 
The observed line widths were within 10% of those at  pH 7.2 
for the same temperature. 

VOL. 2 4 ,  NO. 17, 1 9 8 5  4545 
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nlGCls 
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FIGURE 8: NOE difference spectra in 90% H20/10% D20 of 
d(GGATCC) at 0 OC. Arrows indicate the resonances irradiated. 
The irradiation time was 0.5 s. 

Temperature Dependence of the Exchangeable Protons of 
d(GGATCC). Figure 7 shows the spectra of d(GGATCC) 
observed in 90% HzO as a function of temperature. In the 
slightly resolution-enhanced spectrum at 0 OC, 10 exchange- 
able protons can be distinguished (m to v) in which the res- 
onances at 8.45 and 6.95 ppm integrate for two protons. The 
resonance that we have assigned to the amino proton of 
adenosine in the methylated hexamer is absent, and a peak 
r at 7.66 ppm is observed. Peaks u and v are shifted ca. 0.15 
ppm upfield from their probable counterparts, peaks i and j 
in Figure 4. On raising the temperature to 7 OC the spectrum 
simplifies in that peaks r, u, and v broaden and disappear. 
Only above 20 OC do new resonances appear in the spectrum. 
First, a peak x at 6.8 ppm shifts rapidly to high field on further 
raising the temperature. At 35 "C peak x integrates for more 
than two protons, and at  42 "C a new resonance, peak y, 
appears, which is more clearly visible at 45 "C where peak 
z can also be seen. Spectra with different acquisition param- 
eters (delay between the two pulses etc.) always gave a broad 
resonance at  7.1 ppm which does not seem to be a base-line 
artifact, even though peak z is seen only over a very narrow 
temperature range. The remainder of the exchangeable pro- 
tons shows a behavior with respect to temperature similar to 
that observed for the methylated hexamer (Figure 4). Results 
on the temperature dependence of the imino protons are 
presented below. 

Assignment of the Exchangeable Resonances of 
d(GGATCC). The exchangeable protons were assigned in the 
same way as described above for d(GGm6ATCC). Preirra- 
dirradiation of peak 0, the imino resonance of base pair (2, 
5 ) ,  gives intraresidue NOEs to the cytidine amino protons p,q 
(WC) > s,t (nWC) and interesidue NOEs to the imino (peak 
m) and adenosine H2 resonances of base pair (3,4) (Figure 
8). The only major difference between the two oligo- 
nucleotides is observed upon preirradiation of the thymidine 
imino proton which gives an NOE on peak r which must arise 
from one or both of the protons of the adenosine amino group. 
At 0 OC its line width is ca. 60 Hz, and it is not possible to 
say whether it integrates for one or two protons. Saturation 
of peak r at 0 OC (Figure 8) gives three NOEs. As expected 
an NOE is observed to the thymidine imino proton, peak m, 
but a much larger one is observed to a resonance at  6.0 ppm. 
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HZI ' ' I  3A(Hs) is shown in Figure 9 for comparison. 

DISCUSSION 
The comparison between d(GGATCC) and 

d(GGm6ATCC) shows that at low temperature both hexa- 
nucleotides assume the same B-form geometry. Inter- and 
intraresidue NOES (Table I) clearly establish that both hex- 
anucleotides do not differ significantly from each other. Ir- 
radiation of H8 or H6 resonances give only small NOES to the 
corresponding HI(  protons which excludes syn conformations 
and makes a left-handed helix or Hoogsteen pairing unlikely. 
Also irradiation of the thymidine imino protons yields NOES 
on the H2 of adenosine which proves the Watson-Crick pairing 
even in the presence of the methylamino group. 

From the results presented above on the nonexchangeable 
protons the major difference between the methylated and 
unmethylated hexanucleotide is in the rate of helix formation 
or rupture which led us to examine the exchangeable proton 
resonances. The adenosine amino resonances have not pre- 
viously been assigned unambiguously in oligonucleotides. 

Amino Protons. The methylated oligomer d(GGm6ATCC) 
was chosen as a starting point in searching for the adenosine 
amino protons as the methylamino group would not be able 
to rotate in the way that the guanosine amino group has been 
observed to rotate in d(C-G)3 (Fazakerley et al., 1984a). 
Studies on monomers have shown that rotation of the cytidine 
amino group is slow on a NMR time scale (Raszka & Kaplan, 
1972; McConnell & Seawell, 1973; Raszka, 1974) while ro- 
tation of the amino group in guanosine and adenosine is rapid 
(McConnell & Seawell, 1972; Raszka & Kaplan, 1972; 
Raszka, 1974; McConnell, 1984). Between 6 and 11 "C the 
line width of the methylamino proton (peak f, Figure 4) is only 
18 Hz which is no greater than that of other exchangeable 
protons. Above 16 "C the resonances of the single-stranded 
species are clearly visible in the spectra. At 27 OC one of these, 
a G(H8) resonance, overlaps with peak f, and above 27 "C it 
is not clear if peak f is still present. Between 30 and 40 OC 
all the nonexchangeable protons are broadened as the signal- 
and double-stranded forms are no longer in the slow-exchange 
limit. 

The two Watson-Crick (WC) and similarly the two non- 
Watson-Crick (nWC) cytidine amino protons are coincident 
at 0 OC. Above 4 "C the resonances that we have assigned 
to the terminal base pair move toward each other and broaden, 
presumably due to fraying at the ends of the helix. 

The cytidine amino protons of base pair (2, 5 )  neither shift 
(Figure 5 )  nor broaden until the temperature is within 5 OC 
of the T,. The WC proton, peak d, then rapidly broadens and 
is lost from the spectrum at 35 OC. At 32 "C peak d is not 
only broadened but also reduced in intensity of about 50%. 
The intensity of peak d, like all the resonances of the nonex- 
changeable protons of the double helix, decreases as melting 
takes place. The same decrease in intensity is evident for the 
imino protons while for the remainder of the exchangeable 
protons accurate integration is impossible. Comparing the WC 
and nWC cytidine protons, we observe a significant preferential 
exchange of the WC protons. 

The major difference between the spectra of the two oli- 
gomers at 0 OC is, as expected, the chemical shift of the WC 
adenosine amino proton (peaks f and r). In addition, the line 
width of peak f is similar to that of the cytidine amino protons, 
whereas that of peak r is similar to that of the guanosine amino 
protons. The difference illustrates that at 0 OC exchange 
broadening from rotation is still observed for the adenosine 
and guanosine amino protons. The excess line width is 40-70 
Hz from which a lifetime of ca. 5 ms can be calculated for 

FIGURE 9: Line widths (in Hz) of imino proton resonances as a function 
of temperature: (0) G-C ( 1 ,  6 )  imino proton; (a) G-C (2, 5 )  imino 
proton; (0) A-T (3, 4) imino proton. (Broken lines) d(GGATCC); 
(solid lines) d(GGm6ATCC). The line width of 3A(H8) of 
d(GGm6ATCC) (A) is also shown. 
In addition a small NOE is observed to a guanosine imino 
proton of base pair (2, 5 ) ,  peak 0. Care was taken not to 
irradiate the cytidine H6 resonance just to high field of peak 
r. Totally specific irradiation of such a broad resonance, while 
maintaining an acceptable signal to noise level in the difference 
spectra, is difficult. The adenosine H2 was about 10% satu- 
rated during this experiment. Only geminal protons could be 
expected to yield such a large NOE as that observed at  6.0 
ppm; we thus conclude that peak r corresponds to the Wat- 
son-Crick adenosine amino proton and the resonance at 6.0 
ppm is the non-hydrogen-bonded one. 

As observed with the methylated hexamer, raising the pH 
of the solution to pH 8.0 did not change the observed line 
widths of the exchangeable protons. 

Effect of Temperature on the Imino Proton Resonances of 
d(GGm6ATCC) and d(GGATCC). We shall exclude dis- 
cussion of the terminal base pairs as the relaxation of their 
imino protons is dominated by fraying of the helix. The imino 
protons of d(GGATCC) show the narrowest line widths at 6-8 
OC (Figure 9). At lower temperatures broadening is observed 
due in part to the greater viscosity of the solution. Above 8 
OC the relaxation rates (as shown by the changes in line width) 
rise due to an increasing contribution from exchange with 
solvent. Above 20 OC the rates increase very rapidly, and at 
27 OC the imino resonances are no longer observed. The 
thymidine imino proton is less influenced than the adjacent 
guanosine imino proton by exchange, indicating that the 
fraying process may also contribute to the relaxation of the 
latter. That the imino protons disappear from the spectrum 
well below the T,,, of the helix is a generally observed phe- 
nomenon for an "open limited" case where proton exchange 
occurs each time a base pair opens. 

For the internal imino protons of d(GGm6ATCC) the 
narrowest line widths are observed at ca. 15 OC (Figure 9). 
Above this temperature the relaxation rates increase, but these 
protons are still observed up to the T ,  of oligonucleotide. We 
find these protons at  higher temperatures than for 
d(GGATCC), even though the T,,, of the methylated hexamer 
is 13 OC lower. In the range 27-32 OC we find not only 
broadening of the imino resonances but also a decrease in their 
intensities. The ratio of the intensity of each imino proton to 
a resonance of a nonexchangeable proton of the helix state 
remains unity. While above 20 OC line broadening is observed, 
a significant part of this is due to a shift in the exchange rate, 
helix * coil, from the slow-exchange limit at low temperature 
toward intermediate exchange. This broadening is observed 
on all resonances of the double strand, and the line width of 
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the adenosine (peak r) and internal guanosine (peak u) amino 
groups. The terminal guanosine amino group has a somewhat 
shorter lifetime. 

That both the adenosine and guanosine amino protons for 
base pairs (3, 4) and 2, 5) exhibit a similar line broadening 
due to rotation indicates a common mechanism for both. This 
is most probably a movement in the plane of the base pairs 
about the helix axis in which the amino proton hydrogen bonds 
lengthen and shorten. Transient weakening of the hydrogen 
bonds could allow the amino groups to rotate. 

Having located the nWC adenosine amino proton at 6.0 ppm 
at 0 OC, we would expect that at higher temperature we would 
observe a resonance at ca. 7 ppm, corresponding to the two 
adenosine amino protons, if the amino group rotates rapidly. 
In d(C-G)3 (Fazakerley et al., 1984a) we observed that the 
terminal guanosine amino group appeared at 18 "C and in 
d(GGm6ATCC) the first guanosine amino group resonance 
appeared at 16 OC (Figure 4). Via fraying the guanosine 
amino group of the terminal G-C base pairs will rotate more 
freely than those in the center of the helix, and this fraying 
will be largely independent of the T ,  of the oligomer. Note 
that there is a 50 OC difference in T, between d(GGm6ATCC) 
and d(C-G)3. If this argument can be generalized, then peak 
x can be assigned to the guanosine amino protons of the ter- 
minal base pairs of d(GGATCC). 

In d(GGATCC), peak z (Figure 7) is only observed over 
a narrow temperature range, 44-50 "C, and is a very broad 
resonance. In these experiments the base line slopes consid- 
erably toward the still intense residual water resonance. 
However, experiments with different acquisition parameters 
showed that peak z is not an artifact but a genuine resonance. 
From chemical shift considerations, we tentatively assign peak 
z to the adenosine amino group as it is about halfway between 
the WC and nWC resonances at 0 "C. This is, however, an 
extrapolation over 30 OC which may not be valid. With the 
exception of the adenosine amino (or methylamino) group all 
the other exchangeable resonances show very similar chemical 
shifts for the two hexamers, which would support the assign- 
ment of peak y as the guanosine amino group of base pair (2, 
5) and thus peak z as the adenosine amino protons. 

As observed for the methylated oligomer we find that the 
nWC cytidine amino protons of d(GGATCC) exchange more 
slowly with solvent than the corresponding WC amino protons. 
Between 15 and 28 "C only the nWC protons are visible in 
the spectrum. While base protonation would seem to be a 
prerequisite for amino proton exchange (McConnell & Sea- 
well, 1973; McConnell, 1974, 1984), it is not clear how this 
would preferentially weaken the N-H bond which is cis to the 
protonation site. 

Imino Protons. When a base pair in a helix opens, the imino 
protons may exchange with solvent protons, and this will 
shorten both the T ,  and T2 values for that imino proton 
(Hilbers, 1979). In the open limited case, exchange takes place 
each time a base pair opens. The absence of effect upon T2 
of the exchangeable protons on raising the pH shows that their 
exchange with solvent is open limited. The exchange con- 
tribution to the observed relaxation gives an approximate 
measure of the lifetime of a base pair in the closed state. Thus, 
when the average lifetime of a base pair drops below 3 ms, 
the imino protons of oligonucleotides will show line widths of 
greater than 100 Hz. 

The temperature dependence of the line widths of the imino 
protons of d(GGATCC) (Figure 9) is typical for the open 
limited case which has already been observed in many studies. 
Below 8 OC some broadening is observed due, at least in part, 
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to increased viscosity of the solution. Above 8 "C proton 
exchange with solvent decreases the T2 values. At 10 "C this 
exchange contribution is small, but at 23 OC the line widths 
have increased to ca. 70 Hz. The average lifetime of a base 
pair is ca. 6 ms at a temperature 22 OC below the T,  where 
the single-strand concentration is still quite small. 

The imino (and amino) proton resonances of 
d(GGm6ATCC) display a unique behavior with respect to their 
temperature dependence. Below 8 "C the observed line widths 
are very similar to those observed for the unmethylated hex- 
amer, a minimum is found at ca. 14 "C, and exchange only 
dominates relaxation above 25 "C or close to the T,  (32 "C). 

Above 14 OC three exchange processes are operating: (1) 
Even at 14 OC the concentration of single-stranded species is 
not negligible; the imino (and amino) protons of the single 
strand exchange very rapidly with solvent protons, but this 
exchange is not reflected in our spectra. The increasing 
concentration of single strand on raising the temperature is 
seen by a decrease in intensity of the exchangeable protons. 
(2) Exchange of imino protons may occur via transient 
base-pair opening, leading to a decreased T2 for these protons. 
(3) An exchange contribution will come from a shortened 
lifetime of the helix state as the system moves out of the slow 
exchange limit. This exchange will equally be observed on the 
line widths of the nonexchangeable protons. The line widths 
of the nonexchangeable protons increase above 20 OC (Figure 

The imino proton resonances will reflect the sum of ex- 
change processes 2 and 3. Between 8 and 23 "C the change 
in line width of the m6A-T imino proton resonance corresponds 
to that observed for the adenosine Hs resonance (Figure 9). 
The difference in their line widths is 6 f 1 Hz throughout this 
temperature range. Thus, proton exchange with solvent 
(process 2) must be very slow. Transient opening must be a 
rare event, and a lower limit of 200 ms can be calculated for 
the average life time of the base pair 9 OC below the T,  of 
the oligomer. Between 20 and 23 "C the adjacent G-C imino 
proton resonance shows a slightly faster decrease in relaxation 
rate, suggesting that transient opening or fraying contributes 
to its relaxation. 

When the two hexamers are compared at 23 "C, the con- 
tribution from exchange with solvent is small for the G-C base 
pair (2, 5) or neglibible for the m6A-T base pairs of 
d(GGm6ATCC), whereas it is very large for the unmethylated 
oligomer. This is the reverse order to that which could be 
expected from their relative thermal stabilities as measured 
by their T,  values. 

Above 23 OC the imino proton resonances of 
d(GGm6ATCC) broaden rapidly, more rapidly than does the 
adenosine HE resonance. Relaxation of the latter is dominated 
by the exchange helix coil. From our data it is not possible 
to separate quantitatively the contribution that this process 
makes to the imino proton relaxation from that of proton 
exchange with solvent. The total exchange contribution to the 
m6A-T imino proton line width is ca. 50 Hz at the T,  (32 "C). 
Thus, the lifetime of the base pair is 5-10 ms. This is at least 
an order of magnitude longer than that for the A-T base pair 
in d(GGATCC) at the same temperature. 

Conclusion. By comparing two oligonucleotides for which 
the sole difference in sequence is in the replacement of adenine 
by N6-methyladenine, we have studied the effect of this me- 
thylation upon the conformation of the duplex state. Any 
difference in conformation must be quite small. Both hexa- 
nucleotides adopt a right-handed B-form helix with Watson- 
Crick base pairing. We could therefore conclude that enzymes 

3). 
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recognize specifically the two methyl groups which are very 
close to each other. However, our results suggest another 
possibility. We have observed a unique feature in the study 
of these oligonucleotides, that of slow exchange between the 
duplex and single-strand states. We have proposed (Fazakerley 
et al., 1984b) that the formation of the m6A-T base pair is 
retarded by the unfavorable orientation of the adenine me- 
thylamino group which would inhibit base-pair formation when 
cis to N’. We do not know what the equilibrium ratio of cis 
to trans for the methyl group is in the oligonucleotide single 
strand. On the monomer level (Engel & von Hippel, 1974) 
a 20-fold preference for the cis conformation was found, and 
if the same were to hold for the hexanucleotide, this would 
mean that only in 1 out of 400 collisions would the two methyl 
groups be both in favorable position for duplex formation. 
Another possibility is that only one methyl group is trans, that 
partial duplex formation occurs, and that the second methyl 
group turns around and the helix closes. Either way, helix 
formation would be slowed down and lead to the observed 
decreased T,. The observation of slow exchange is not due 
to a significantly greater separation of the proton resonances 
for the two states. For the thymidine methyl group the sep- 
aration between the resonances of the single strand and duplex 
is 120 Hz in d(GGm6ATCC) and 110 Hz in d(GGATCC). 
Nor is this slow exchange due to a steric interaction between 
the two close adenosine methyl groups, as we observed the 
same phenomenon in the pseudohemimethylated octamer 
d(GGm6ATATCC) (G. V. Fazakerley et al., unpublished 
results). 
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