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ABSTRACT .

The nonexchangeable base protons and the hydrogen bonding
N-H-N imino protons were used to study the conformations and the
helix-coil transitions in the following oligonucleotides: (1)

dCTSG + dCAgﬁg (11) PCUSG + rCALG, (II1) dCTSS + rCASGQ (1V)

5
f@USG + dCASGB The first three mixtures all form stable double
helical structures at 5°C, whereas IV forms a triple strand with a
ratio of 2:1 rCUSG:dCASGa The chemical shifts of the imino protons
in the double strands indicate that I, II, and III have different
conformations in solution. For example, the hydrogen bonded proton
‘@? one of the C-G base pairs is more shielded (a 0.4 ppm

upfield shift) in helix I than in helix II or III. This implies

a signficant change in helical parameters, such as the winding angle,
the distance between base pairs, or overlap of the bases. The
coupling constants of the H1' sugar protons show that helix I has
90% 2' endo sugar conformation, whereas helix I1I has greater than
85% 3' endo conformation for the observed sugar rings. The chemical
shift and sugar pucker data are consistent with helix I having B
form geometry, whereas 11 and III have A (or A') geometry. The
chemical shifts of the base protons in system [ were followed with
increasing temperature. The midpoints for the transitions, TmﬁsS

for all the base protons were 28-30°C; this indicates an all-or-none

transition.



Proton nuclear magnetic resonance studies of oligonucieotides
[T 2 biba gy rs e ey
hay the conformations and

properties of nucleic acids
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of the NH-N imino resonances, base proton resonances, and the H1'

&

se or deoxyribose resonances have been used separately or in

R

to deduce RNA A or A' (Arnott et al., 1975) type con-
formations for double helical ribo-oligonucleotides (Arter et al.,
1974; Heller et al., 1974; Borer et al., 1975; Hucghes et al., 1978).
Double stranded deoxyribo-oligonucleotides have shown spectra consis-
tent with a B form geometry in solution {Cross & Crothers, 1971;
Patel, 1974; Kallenbach et al., 1976; Early et al., 1977). These
conclusions are based mainly upon comparison of the experimental
chemical shifts with those computed from ving current effects for an
assumed geometry, as well as the sugar pucker deduced from the H1'
oroton coupling constants.

X-ray studies of RNA-DNA hybrid duplexes have shown them to

H NMR study of an RHA-DNA duplex shows the siructure of
id to be different than the DNA-DNA duplex of the same

nce, and consistent with an A form in solution (Selsing et

Triple stranded structures are not uncommon in polynucleotide

or oligonucleotide solutions (Bloomfield et al., 1974). Under

tions wheve triplexes were formed, Geerdes & Hilbers (1977)
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observed the low field imino proton vregion of [oligo A-(oligo U)gja
They saw separate resonances for the Watson-Crick and reverse Hooge
steen base pairs. Kallenbach et al. (1976) observed similar results
for other  triplexes including [AMP-{oligo U15>23°

In this work we report the ?H NMR of oligonuclieotides in a
DNA duplex, an RNA duplex, a DNA-RNA hybrid duplex, and a DNA-RNA
hybrid triplex, all of the same sequence, The molecules are (I)
dCT 6 + dCAG, (I1) rCUG + rCALG, (I11) dCT

G + rCA_G, and (1V)

5 5 5 5 5
FCUSG + dCASGB The first three molecules form duplexes which all
have different conformations in solution; IV forms a triple strand
which is much less stable than the other structures. These results
are consistent with optical studies previously reported on these
molecules, which pointed out the importance of the instability of
the DNA-RNA hybrid present at termination of transcription (Martin
& Tinoco, 1980).

The thermodynamics of oligonucleotides have been studied by
optical methods (Martin et al., 1971) as well as by proton NMR,
The ngg of the helix-to-coil transition from both methods have
agreed fairly well (Borer et al., 1975; Kallenbach et al., 1976;
?ataig 1979). Melting of the end base pairs before the rest of the
helix has been seen in several of the systems with A-U or A-T base
pairs on the ends of the helix (Borer et al., 1975; Patel, 1975:
Kallenbach et al., 1976). In helices with C-G base pairs on the
ends there seems to be no (Hughes et al., 1978) or Tittle (Patel,

1979) differential melting of the ends of the helix before the
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‘st of the oligonucleotide., However, most of the systems studied

thus far have been self-complementary oligonucleotides (except

t al., 1978)y this precludes measurement of the temperature

dependence of the single strands. Ignorance of the temperature
dependence of the single strand thrpughout the transition can lead

to ervors in the apparent Tﬂ*s; these errors will usually be larger
H

interior base pairs than for the tevminal ones. The oligo-

ytides studied here are not se2if-complementary, so the single

base proton is thus a move accurate vepresentation of the melting

of that part of the helix.
MATERIALS AND METHODS

The deoxyribo-oligonucleotides were synthesized by the diester
method of Khorana (Khorana, 1968). The ribo-oligonucleotides were
enzymatically prepared with polynucleotide phosphorylase (Martin

et al., 1971; Uhlenbeck et al., 1971). Separation and purification

=

of the oligomers were performed by RPC-5 column chromatography.

Rad}. A1l samples were run in 8.0 mM NaZHPGQS 20 mM NaH2904§ 0.18

M NaCl, 0.1 mM NaZEDTES pH = 7.0, unless otherwise noted. Concen-
trations of the oligonucleotides were calculated from the absorbance
of the solutions at 260 nm. The extinction coefficients were cal-
culated from extinction coefficients of dinculeoside monophosphates
and mononucleotides with the assumption of only nearest neighbor
interaction (Warshaw, 1965; Warshaw & Tinoco, 1966; Cantor & Warshaw,

1970). The values obtained in this way are 79 x 2@3§ 58 x ?Ogg
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79 x 107, and 66 x 10~ for dCASGQ dCTgag rﬁﬁgag and ?CUSGS respectively,

at 25°C.

Experimental NMR

NMR spectra were taken on the HXS-360 MHz instrument at Stanford
Magnetic Resonance Laboratory. Temperature was controled to £1°C by
a B-ST 100/700 Bruker temperature controller. Spectra of the non-
exchangeable protons were measured in DZO in the normal Fourier transform
mode using 5 mm NMR tubes (Wilmad). Spectra of the exchangeable
protons were measured in HZO using the Redfield 714 pulse sequence
‘(Redfield et al., 1975) to minimize the water signal. For these
samples 5Smm microtubes which hold 160 pl of solution (508 CP Wilmad)
were used. All solutions were measured at concentrations of either
1.0 mM or 0.5 mM per strand. Spectra measured in DZS were all refer-
enced to the internal standard TSP, wh%?e the spectra in HZG were
referenced to the HZD peak. The temperature dependence of the chemical
shift of HZD relative to TSP was calibrated for our buffer. The
chemical shifts obtained in this way are accurate to £0.005 ppm for
the @29 and x0.05 ppm for the HZD studies. A1l data were collected
with a Nicolet 1180 computer with 16K data points obtained for the
Dé@ work and 8K data points for the HZOE Spectra were taken every
10° from 35 to 65°C and every 5° from 5 to 35°C, for the spectra
in Ezﬁg In HZO measurements were made every 5° from 5 to 25°C or
until peaks were no longer observed.

DZQ samples were prepared by three lyophilizations against 99.8%
BZG‘(BiQwRad) and then dissolved in 100% D,0 (Bio-Rad). The internal

2
reference TSP was added to the sample after the addition of the 100%



0,0, since it had a tendency to remain insoluble after lyophilization
with the oligonucleotides. Samples of the component oligomers titrated
%éiﬁgﬁﬁz% were measured in DEG with no buffer added at pDh = 7.0.

The pb was calculated by adding 0.4 to the measured pH, with the pD

adjusted by the addition of aguecus NaOD or DCT.

Assignments of Nonexchangeable Protons

The assignments of the chemical shifts of the base protons were
accompl ished on the single strands. The method of incremental assign-
ment was used at 65°C where there is less stacking of the bases in
the single strands (Borer et al., 1975). The chemical shifts at other
temperatures were obtained from the change in peak position with
temperature. Chemical shifts of the single strand oligomers at 65°C
are given in Table I.

The aromatic region (6.6-8.5 ppm) of hﬁﬁgé was poorly resolved
due to the HE doublets on the uracil residues, so no assignments

were made in solutions which contained this oligomer. In the other
s@@ut%@ﬁsg the cytosine resonances were the only doublets in the
aromatic region and easily identified. The adenine H8 protons were
differentiated from the adenine HZ protons because of the Tonger Ty

of the H2 protons (T'so et al., 1973). The H8 on guanine was dis-
tinguished from H8 of adenine by the fact that it exchanges much

faster upon heating in DZO at 80°C. (In one hour at 80°C the guanine



H8 intensity was decreased over 50% while the adenine HZ2 was
decreased by about 10%.)

"In the oligonucleotide dCASG§ we unambiguously agsigﬁed all
the base protons on the cytosine, the guanine, and the #Z'édeﬂiﬁeg
Figure 1 shows the base proton spectrum of dCASG + dSTSG in the
single strands at 65°C, and also defines the numbering scheme, For
the other penultimate adenine (#6), we were able to specifically
assign the H2, but not the H8 proton. The four H3 adenine resonances
which belong to the three internal adenines (#3-5) &ﬂd}thé #6 adenine
were identified, but not assigned to specific bases. The HZ2 protons
on the three internal adenines all have very similar chemical shifts
and we were unable to assign resonances to particular adenines in
the sequence,

In order to make assignment of the penulitimate adenine resonances
(#2 and #6) it was necessary to study the smaller cgmpgneﬁts of
dﬁﬁsga The following compounds at 65°C were used for comparison with
dCA:G (dCpApApApApG): dCpA, dCpApA, dC(pA)gg dpAph, d(pA)Qi dphApG,
and dpApApG. The assignments on the dCpA and dpApG were made by
inspection. The assignment of the base protons in dpApA required
studying their Tinewidths when titrated with Mng% s
which preferentially binds to the terminal phosphate at pD = 7 and
thus broadens the 5' adenine protons relative to those of the 3'
adenine (Chiao & Krugh, 1977). This study enabled the assignments
of the dpApA to be made, with both H8 protons unambiguously assigned

and the two HZ protons only tentatively assigned; tentative assignment



he base protons on dApA has previously been made by Chang &

hese assignments helped in the assignments of the

LR
o

dCpApA and dplpApG. Only partial assignments of the oligomers
é@é@ﬁ}é and d(p&§4 were possible. The chemical shifts of these
component oligomers at 65°C are published elsewhere (Pardi, 1980).

The assiagnments of the base protons in dCTSE were made in a
manner similar to that for dCﬁSSa The components used were dCpT,
dCpTpT, dC{@T)gs and dpTpTpG. Unambiguous assingments of the cyto-
sine and guaﬂfﬂé base protons as well as the H6 protons on the pen-
uitimate thymines were made. The three internal thymine H6 protons
all had the same chemical shifts at 65°C. The assignments of the
thymine methyl peaks to specific bases in the sequemée were not
made at any temperature.

Assignments of PCASG were made by comparison with the series
f(ﬁp}ﬁﬂpé assigned by Shum (1977), as well as our analysis of the
oligomers rCpA, rCpApA, and rCpApApApA. From this work we were able
to assign the cytosine and guanine base protons as well as the H8
and the HZ on the penuitimate adenines. Again, the assignments of
the three internal H8 protons or the three internal HZ protons to
specific bases were not attempted.

The assignment of the base protons at other temperatures was

made by following each peak  shift with temperature; this is illus-

trated in Figures 2 and 3. Spectra were taken every ten degrees

at higher temperatures where there are small changes in chemical shifts
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with temperature, and every 5°C in the range from 5 to 35°, where

the peaks shift dramatically with temperature and exchange broadening
is evident. The assignment of the chemical shifts at 5°C for the double
strand dCA§E + dCTSG was aided by comparison of spectra taken before
and after the guanine H8 protons were exchanged in ﬁgs by heating at
75°C for one hour. Chemical shifts of this double strand are given

in Table II. A small four bond coupling of the thymine methyl protons
with the H6 protons helps in the identification of the H6 resonances.
Assignment of the adenine H2 protons was aided by the fact that these
peaks were sharper than the rest of the resonances in the double
‘strand, presumably because of their longer Tz compaved to the TZ of
the other protons. The base proton spectrum of dCTSG + dCA5§ in

the double strand at 5°C is shown in Figure 4.

The chemical shifts for the protons in the double strand hybrid
helix (dCT5E + rCASG) which could be unambiguously Followed are given
in Table II. In the complexes WCASG + rCUSE and ?CESG + dCASG the
spectra were so poorly resolved because of the uracil doublets that
we were unable to see individual peaks in the aromatic region at
temperatures lower than 35°C.

The H1' protons in deoxyribose and ribose sugars resonate at
5.5-6.5 ppm. The H1' proton in deoxyribose sugars is coupled to the
H2' and HZ2" protons while the ribose H1' is only coupled to the HZ'
proton. Thus the H1' protons on the two different vings are easily
differentiated. We were not able to assign the HI® protons to partic-
ular sugars in the sequence, but only to either degoxyribose or

ribose sugars.



Assignment of the Base Paired Imino Protons

The base paired imino protons for the duplex dQTSG + dCﬁga
are shown in Figure 5a. Partial assignment of these resonances was
made by the temperature dependences of the protons, as well as com-
parison with calculations of chemical shifts for the double strand.
The guanine Hl proton involved in a hypothetical isolated base pair

2

f

3
i

as been found to resonate 1 ppm upfield from the uracil or thymine

B

=F

ik

~
4

H3 in the isclated base pair (Kearns & Shulman, 1974; Robiliard &
Reid, 1979). The numbers for these isolated base pairs derived from
tRNA data are 14.4 ppm for the A-U base pair and 13.6 ppm for the C.G
base pair (Robillard & Reid, 19792). Since there is only a limited
amount of work available on the imino protons in deoxyribo-oligonu-
cleotides of known sequence (see Sarma, 1979, Chapters & & €), the
numbers for isolated base pairs derived fram the tRNA work have
been applied to the DNA helices.

For the dCASG + dCTSG helix the two resonances found at 12.93

and 13.55 ppm broaden before the other peaks. Figure 6 shows that

ﬂ»

at 20°C these two peaks are extremely broad relative to the rest of
the molecule, and by 25°C they have disappeared. The differential
broadening observed is due to the faster exchange of the terminal
base pair protons compared to those in the interior of the helix
{Kan et al., 1975; Patel, 1975). Calculated chemical shifts of

the two C-G resonances allow assignment of the resonance at 12.9
ppm to the G in the one position and the 13.55 ppm peak to the
C-G in the seven position (Arter & Schmidt, 1976) (see Table III).

The assignments of the A-T base pairs were made by comparison with



the calculated shifts for DNA B geometry. This enabled us to assign
the A-T TéSQﬁaﬁC@S at the 6 position to 14.56 ppm with the rest of
the A*T base pairs assigned to region 13.9-14.4 ppm.

In the rCUSG + rCASS system we were aided in the assignments
by comparison with the system rCAg + %CUSGQ (Data mot shown but
see Figure 5b for the ?CASG + ?CESG spectrum.) This gives unam-
biguous assignment of the C-G(1) base pair at 12.6 ppm, A-U(6)
at 14.6 ppm, and C-G(7) at 13.6 ppm. The other resonances in the
?Cﬁgg + rCASG were assigned to ihe region 13.6-13.9 ppm. A1l chemical
shifts at 5°C are given in Table III.

In the duplex FCASS + dCT5G9 assignments were made in an analo-
gous manner to the procedure usedlfaw the dCASS + éQTSS helix,
The C-G resonances again show very different temperature dependences
than the AT protons. The other peak assignments were then made
using an RNA A geometry to calculate ring current shifts for each

resonance., For this hybrid the calculated ring current shifts are

shown for RNA A and A’ as well as DNA B form geometry in Table III.

Temperature Dependence of the Nonexchangeable Protons in the Single Strands

The temperature dependence of the base protons of the single
strands dCAggg dCTség and PCASG has been studied. The cytosine H6
and'HS% the adenine HZ and H8, the guanine H8, and the thymine H6
and methyl proton resonances were observed. The chemical shifts
for all the base protons on dCTSG show 1ittle change with temperature
(<0.1 ppm from 5-65°C). The largest changes are on the adenine H2
protons in dCABG and the adenine H8 protons on fCAgﬁ as shown in

Figure 7. Most of the proton chemical shift changes observed are



not %%ﬁ@&?'wfﬁh temperature; this is important to note when analyzing
melting curves, as will be discussed in a later section. There are
large differences in chemical shift changes with temperature between
é@égg and ?CAEQS The temperature dependences of the chemical shift
for a particular proton are sometimes in opposite directions

for the two strands. For example, compare the H6 of Q(#?) and the

HE8 of A (#3, ég 5 or 6) on the two strands in Figure 7. These ob-
servations indicate different conformations for the deoxyribo- and
ribo- strands of CASEa

The best measures of base-base stacking from chemical shifts

£

are obtained from the H2 of adenine and the H5 of the pyrimidines

(Lee & Tinoco, 1980). The H8 of adenines and the H6 of pyrimidines
have significant factors besides ring currents, which affect their
chemical shifts (Ts'o et al., 1969; Lee & Tinoco, 1980), such as the
glycosidic torsion angle, the proximity of the sugar ring oxygens,

or phosphate groups., Therefore, in @rdér to get an idea of the
relative base-base stacking in the dCASG aﬂd'rﬁé56 strands, we com-
pared the chemical shifts of the adenine HZ protons. The adenine

H2 protons on the ribose strand are always downfield {less shielded)
from the same protons on the deoxyribose strand; this is indicative of

more base-base stacking in dCALG than in PCQSGQ

5

The Helix to Coil Transition of dCT.G + dCA.G and dCT.G + fCAGG as

Followed by the Chemical Shift of the Base Protons

The temperature dependence of the chemical shifts of the base

protons were studied in the oligonucleotides, dCTEC + dCA5G9 and



dCT 6 + rCALE. In the helix to coil transition of the dCA G +
dCTgég all the base proton chemical shifts were followed from 5-65°C.
In the intermediate states from 20-35°C, it is difficult to obtain
exact chemical shifts of some of the protons due to extensive broaden-
ing of the resonances undergoing chemical exchange. In the other
helix, dCTgﬁ + rCA5@9 the chemical exchange broadening over the
20-30°C temperature range prevented the assignment of many of the
resonances at lower temperatures. The chemical shift changes with
temperature for the deexyribgse'heiix is shown in Figure 3.

In order to monitor the helix to coil transitions in these
oligomers, base protons were chosen which show large changes upon
formation of the helical state (>0.1 ppm). The curves for many
of these protons have sigmoidal shapes and characteristics which are
very similar to absorbance versus temperature curves for these
oligomers. However, the NMR data allow one
to follow the properties of individual bases throughout the double
to single strand transition. Thus NMR is more useful than absorbance
studies for finding properties such as differential melting of the
helix (Borer et al., 1975; Kan et al., 1975; Patel, 1975).

Tﬁe melting temperaturess7};§9 of different bases were compared
G + dCALG

5 5
helix. The analysis was the same as that used in optical studies

to learn if there is any melting on the ends of the dCT

(Martin et al., 1971) which requires the melting behavior of the
single strands. The single strand molecule gives
the upper baseline in Figure 3 and the Tower baseline is the chemical

shift measured at 5°C. For most of the protons there are very small



chemical shift changes between 5 and 15°C so that the chemical
sﬁ%?t of the double strand was taken to be temperature independent.
The ?ﬁ values are all very similar for protons in different parts
of the helix, with an average value of 29+2°C at a concentration
of 1.0 mM per strand. Since all the base protons melt at approx-
imately the same temperature, the concentration of partially formed
helices is small.

Optical melting under identical conditions gives a Tm of 34+2°C.
The difference is probably due to assumptions about the temperature
dependence of the properties of the double strand and also errors
involved in assuming fast exchange, on the NMR time scale, through-
out the single to double strand transition. These effects will
be discussed in a later section.

| For the helix dCTSG + rCASG the temperature dependence of only

some of the base protons were followed, since exchange broadening
and overlap of too many protons hindered the identification of many
of the protons in the double strand. In this helix we were unable
to follow any of the guanine or cytosine protons throughout the
whole melting transition, so that‘it was not possible to tell if
there was significant melting of the ends of the helix, The average
?m for all the base pairs was 23.5°C at 0.5 mM per strand. The Tm
obtained under similar conditions from optical data extrapolated
to the same concentration was 25.7°C (Martin, unpublished).

The va?id%ig of Tm or enthalpy values extracted from melting

curves is often dependent upon the method of analysis. In order
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to get useful results from a melting curve, one must estimate the
temperature dependence of the measured property of the double and
giﬁgée stranded molecules (Martin et al., 1971). One major advantage
in using non-selfcomplementary oligonucleotides is that the properties
of the pure single strand can be studied separately from the double
to g%ﬁgie strand transition. The temperature dependence of the
chemical shifts in the single strands often show large deviations
from 1inearity (see Figure 7 and Shum, 1977). In self-complementary
m@?écu?eg one is forced to assume linearity which can lead to large
errors in the Tms For example, in the system dCASS + dSTSG the
analysis of the melting curves with and without the experimental
temperature dependence of the single strand gives Tm values which
differ by up to 5°C for some of the protons. This problem seems to
be much more ifmportant in NMR than in optical studies, and should

be taken into account when interpreting thermodynamic parameters
derived from NMR melting curves.

Difficulties involved in obtaining equilibrium constants from
chemical shift data have recently been discussed (Feeney et al., 1978).
One usually assumes that the system is always in fast exchange, on
the MMR time scale, and that the measured chemical shift is a weight
average of all the states. The validity of this approach breaks down
when the system is not in the fast exchange domain, which happens
during melting of most oligonucleotides. We have made calculations
of the Tineshapes of the resonances for any exchange rates between

two states, in order to estimate the errors made in extracting thermo-
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dynamic data with the assumption of fast exchange (Pardi, 1980).

For parameters which reasonably mimic the behavior of the dﬁggg +
iﬁfgé system, we found that the system clearly is not in fast exchange
throughout the helix-to-coil transition for many of the base protons.
The effect of assuming fast exchange in our model system was to change
the shape of the melting curve, especially below the ng The model
calculations show that the assumption of fast exchamge in analyzing
experimental melting curves will lead to errors in drawing of the lower
baseline, and can give Tm values which are in error by up to 4-6°C.

In the system dCASG + dCTgés the Tm found optically had a value
~5°C higher than the Tm obtained by NMR, which showed all the resonances
melting at 28-30°C. We think the reason for this difference is the
invalid assumption of fast exchange throughout the transition, which
causes an incorrect estimation of the lower baseline of the NMR meitiﬁg
curve. In these molecules, we took all the lower baselines to be flat,
so that the error is probably systematic and will be similar for all
the protons. Modeling this system gives thebsam@ conclusion, that the
errors due to assuming fast exchange are approximately the same for
all the protons. Therefore, we think that the terminal
and interior base pairs melt at the same temperature, within 2-3°C,
and that an all-or-none transition is a good approximation for this

duplex.

Temperature Dependence of the Exchangeable Imino Pratons

The t@mpé%atuwe dependence of the imino base protons in dCTSG

r

+ ﬂ@ggé are shown in Figure 6. As already discussed in the section



on the assignments of the imino protons, it is found that the base
pairs on the ends broaden and disappear before the rest of the base
pairs in the helix. Similar broadening is observed for the other

helices dCT.G + rCA569 and PCUSG + vCA.G (Pardi, 1980). The broaden-

5 5
ing phenomenon observed is due to chemical exchange (Gutowsky & Holm,
1956; Kaplan & Fraenkel, 1980), as will be discussed in a later section.
The C-G imiﬁé protons for the three systems broaden and disappear in

the ?éﬁge from 17-23°C. There is 1ittle chemical shift change with
temperature for any of these reéonaﬁces, Differences in the extent

of broadening for a particular proton at a given temperature are seen

in the three systems; this is due to different 1ifetimes for exchange
of the imino protons with HZOa We are investigating the 1ifetimes

of the imino protons in these systems by the saturation recovery method
used by Redfield (Johnston & Redfield, 1978). Preliminary results

on the dCASG + dCTSG nelix show that the 1ifetimes of the terminal

C-G base paired protons are between 15-50 msec and that the 1lifetimes

of the internal protons range from 150-250 msec at 5°C (Pardi, 1980).

Sugar Pucker of the Furanose Ring in the Double Strand

In two of the oligomer systems, the sugar pucker for some of the
ribose or deoxyribose rings were calculated. The conformation of the
ribose or deoxyribose ring has been described by Altona & Sundaralingam
(1973) as a two-state equilibrium between type N[CZ® exo, C3' endo]
and type S[C2' endo, C3' exol. The ribose ring conformation can then

be calculated from the fact that in N type conformation Ji = ~0 Hz

I2l

and the S type has J1,2e = ~10 Hz. For the deoxyribose ring the N



type é@nfé?maiigﬂ has the property of 3?32& + JEQZW = ~7 Hz while
the S type has a value of ~16 Hz for this sum (Altona & Sundaralingam,
1973).

The assignment of the H1' protons to particular sugars in the

oligomers was not possible, and coupling constants were obtained only

i)

for those resonances which were well separated from the main group
of H1' protons. For the dCA5G + éCTSG helix at 5°C, only two H1'

deoxyribose protons at 5.64 and 5.48 ppm were separated from the rest.

<

Both protons had coupling constants of J + dy L. = 1581 Hz,

‘E?ZI 192?8
which gives 90% S type (2' endo) conformation for these sugars.

[}

-The temperature dependence of these peaks, as well as comparison with
the single strands at 65°C, shows that both protons are from the
d@égﬁ strand. The chemical shifts of the Hl' protons in the components
of dﬁégé studied indicate that these two protons are due to deoxy-
adenosine resonances. The fact that these deoxyribose sugars are in
90% S type {2' endo) conformation is consistent with a B form type
geometry for this helix.

In the hybrid oligonuclieotides rCASG + dCTSES all saven ribose
H1' protons were resolved, and had coupling constants J?ggaixioé Hz.
The ribose ring sugar pucker is then calculated to be >85% N type
(3" endo) conformation. This 3' endo sugar pucker in the ribose
strand of the double helix is indicative of an A type geometry for

the helix.

Linewidths of the Base Protons and Chemical Exchange

For the dCASG + dCTgG system we see extensive broadening of some

of thne base protons during the melting transition. The fact that some



of the resonances broaden while others stay very sharp is clearly

seen in Figure 2. The reason for this broadening is the fact that

the éygiem is undergoing chemical exchange between the double stranded

helix (helix) and the single strands {coil). The rate of exchange,

the population difference, as well as the difference in chemical

shift beﬁwaeﬂ.the two states are the factors which lTead to broaden-

ing of the resonances (Gutowsky & Holm, 1956). Resanances such as

the guanine (#1) H8 at 7.95 ppm, the thymines (#3-5) H6 at ~7.6 ppm,

all shift Tittle, and therefore are sharp throughout the transtion.

The three interior adenine H2 protons (at 7.09, 7.08, and 6.98 ppm

at 5°C) have such large chemical shift differences for the two states

that their resonances are almost broadened into the baseline at 25°C.
The (#2) adenine H8 proton (8.32 ppm at 5°C) is well separated

from its neighbors and broadens to a moderate extent, which makes it

possible to extract rate constants for the helix-to-coil traﬁsitigﬁ

(Patel, 1979; Patel, 1975). Equation (1) applies when the systeﬁ

is close to the fast exchange limit (Kap?anv& Fraenkel, 1980),

and has been used to calculate rate constants for the helix-to-coil

transitions in other oligonucleotides (Patel, 1979 Patel, 1975).

P P

1 c . 2

. H 2 )20 b
(1) W, (obs) ~ M, c) () HAmPe P (o) (eytee)

?iWTg}Q and l/ﬂTzﬁﬂ are the measured Tinewidth of the helix and
coil states, respectively, while E/WTZ(obS) is the observed 1line-
width in the broadened spectrum. The Tinewidth of the helix state

for a particular proton is assumed to be independent of temperature



and s thus the measured linewidth of the helix at 5°C. The
Tinewidth of the coil was taken from the measured linewidth dur-
ing the melting of the single strand. vy and Ve are chemical shifts
of the protons in the helix and coil given in Hz, again Vy is assumed
to be the chemical shift of the helix at 5°C, while Ve is measured
from the melting of the single strand. PH and ?C are the populations
at a given temperature for the double and single stwands, respectively.
f%@ populations were obtained from analysis of the absorbance versus
i%ﬁ@@?%iﬁ?% melting curve. Ty and T 8re the 1ifetimes of the helix
and coil states; by the definitions, Pyt. = Pery. At 25°C for the
éﬁggﬁ + é@Tﬁs helix and the #2 adenine H8 proton, the following
parameters were obtained: T/ﬁTZ(H) = 6 Hz, }/WT2<CE = 2 Hz, ?H =

(.88, Pg = 0,12, 1/WT2(©bs) = 15 Hz, and { =72 Hz. Using

Ve
Equation (1) we calculate the lifetimes to be 1y = 14 msec and

e = 2 msec. Since the measurements of these lifetimes are fairly
indirect, the errors in the numbers are of the order of 30-40%.
These 1ifetimes and their rate constants are consistent with kinetic
resuits obtained on other oligonucleotides by tempevature jump

methods {Porschke et al., 1971; Ravetch et al., 1973).

DISCUSSION

&=

Comparison of the Structures of 0ligonucleotide Complexes in Solution

The Double Stranded Structures. Figures 5a, 5b and 5c show low

fieid spectra of the three double stranded helices at 5°C. There are

seven imino protons in each spectrum, one for each base pair in the
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double helix. From examining the chemical shifts of the imino
protons in the three double strands, one sees distinct differences
in the peak positions of many protons. This is indicative of dif-
ferent conformations for each system. The best fits for calculated
and experimental ?esglts are for the dC?SG + dCASQ in a DNA B type
geometry, while the dCTSG + wCASG and ?CUSG + rCASG are in an RNA
A or A" type geometry.

The fits of the DNA B form to the deoxyribose double helix is
excellent in the relative positions of the imino protons, but are
-not as good in their predictions of the exact positions. The pre-
dicted resonances are all about 0.3 ppm higher field than the ex-
perimental results. Since the conformations of RNA and DNA helices
are different, it is likely that the intrinsic positions of these
isolated base pairs are ailso different. As more proton NMR work is
done on deoxyribo-oligonucleotides, it may be possible to obtain
empirical results for the chemical shifts of the %égéateé A-T and
C<6 imino protons in deoxyribose systems.

RNA structures are found to be more rigid and Tess susceptible
to conformational changes than their DNA counterparts (Arnott et
al., 1975). We would then expect that the RNA helix in our study
would be close to an RNA A form geometry. As seen in Table 111,
there are large differences between the experimental results and
the calculations of the chemical shifts for an RNA A or A' gecmetry.
These differences can be due to several factors, such as inaccurate

values for the ring currents used in the calculations, incorrect
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geometries assumed in the calculations, sequence dependent geometries,
or other parameters besides ring currents having significant effects
on the chemical shifts of the imino protons (see Borer et al., 1975,

for discussion of these effects). Aggregation will alse directly

]

effect the chemical shifts of the terminal base pair protons. Optical

tudies on these oligonucleotides have shown that there is significant
agaregation at these concentrations, so the chemical shifts from the
terminal base pairs are more difficult to interpret.

The chemical shifts of the nonexchangeable base protons are
-compared with the calculated results for several of the oligonuclep-
tide double helices in Table II. One sees large discrepancies be-
itween the experimental and calculated chemical shifts for the
dﬁégﬁ + dCT5a system. We are investigating the discrepancies to
see if the differences are due to the oligonucleotide being in a
slightly different geometry than the classical DNA B form. Cal-

culations of the chemical shifts for other energy minimized geometries
are presently being performed to see how slight changes in helical
parameters, such as winding angle, twist, and tilt, effect the
chemical shifts of the base protons.

The coupling constants and chemical shifts of the ribose and
deoxyribose protons have been extensively used in the past to obtain
conformational information on oligonucleotides in solution (Lee et
al., 1976; Ezra et al., 1977). One of the most meaningful parameters
in the geometry of the nucleic acid is the conformation of the sugar
ring (Arnott & Hukins, 1973). In the dCT5@ + dCALG double helix,
two of the deoxyribose sugar rings in the dCASG strand were found
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to be 90% in a 2' endo conformation., The 2' endo sugar puckers
are found in B form geometries which is consistent with this helix
being in a B type conformation.

The hybrid dCTSG + dCASG was also well enough resolved in the
H1' proton region to obtain coupling constant data. The evidence
of a 3' endo conformation of the ribose strand is indicative of an
A type geometry. Knowing the sugar pucker of the helix greatly
restricts the range of COﬁfcrmaéigns for the sugar phosphate back-
bone, thereby ruling out many possible geometries for the helix.
This fact is especially useful in conjunction with the ring current
calculations, and may make it possible to define conformations more
exactly than the qualitative "A" type or "B" type geometries.

‘Tf%pie Strand. The system rCUSG + dCASG forms a triple strand

under our conditions. The Tow field imino proton spectrum of this
mixture is quite different than the other spectra shown in Figure 5.
For example, there is a broad resonance at véry low field around
15.0 ppm in Figure 5d, and the normal Watson-Crick imino protons
are not found to resonate higher than ~14.6 ppm. This resonance
as well as those centered at 74,51ppm are most 1ikely due to reverse
Hoogsteen base pairs involved in the triple strand.

 Geerdes & Hilbers (1977) have studied [oligo A -{oligo U)Zj
triplexes in solution by TH NMR. From the chemical shifts of the
imino protons they proposed ~14.3 ppm for the intrinsic position
of the Watson-Crick A-U pair in the triple strand and 14.8 ppm for
the reverse Hoogsteen pair. Robillard & Reid (1979) have recently

attempted calculations which empirically optimize the magnitudes of

the chemical shifts of the isolated base pairs by a method which
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assumes a étwaﬁg similarity between the crystal and solution struc-
ture of tRNA. They found the optimized intrinsic position of the
reversed Hoogsteen A-U to be at 14.9 ppm. Kallenbach et al.(1976)
have studied triple stranded structures in which oligo U35 and
rEMP showed two sets of imino resonances, presumably one for the
Watson-Crick and one for the reverse Hoogsteen base pairs. They
concluded that the most probable intrinsic chemical shift was 14.1
for the reverse Hoogsteen base-pair, but were unable to rule out
an alternate assignment in which the intrinsic chemical shift
w%‘ﬁkgpma

In our system we are unable to make unambiguous assignments
of the imino protons, but we think that the broad resonance at
~15.0 ppm is due to an A-U reverse Hoogsteen base pair. It seems
to resonate at too low field to be from a normal Watson-Crick type
A-U resonance, and the above studies on triplexes indicate that
the reverse Hoogsteen base pair's intrinsic shift may be in the
region of 15.0 ppm. This would indicate that the other resonances
at 14.2-14.5 ppm would also be mostly from Hoogsteen base pairs.
The resonances below 14.0 ppm are then due to Watson-Crick type
base pairs. The intrinsic shift of an rU.-dA-rU reverse Hoogsteen
pair would then be >15.0 ppm

The fact that there are so many types of resonances in the Tow
field region of the dCAgG + rCUSG system, many more than the seven
protons one sees in the double helical systems, indicates that the

oligomers are fully or partially in the triple strand conformation.



Fraying Yersus Melting of 0ligonucleotides

It is important to understand the distinction between fraying
of tﬁg ends and the d%ffe?Eﬁtia? melting of the ends of an oligo-
nucleotide. Here we define the melting of a base pair in the
oligomer with respect to the fraction of the base pair which is
formed, or involved in hydrogen bonding. An 80% melted base pair
w@uéd have an equilibrium concentration of oligonucleotides with
80% of that base pair broken and 20% of that base pair formed.
Melting thus reflects an equilibrium effect and is dependent only

upon the concentrations of the two states.

Fraying is defined as the rapid opening and closing of a base
pair (Patel & Hilbers, 1975; Hilbers, 1979). It is thus a kinetic
effect and the important parameters involved are the rate constants
Tinking the open and closed states. Fraying can manifest itself in
the H-bonding imino protons where the exchange rate of the proton
is reflected by the linewidth of the resonance (see Crothers et al.,
1974; Hilberts, 1979, for discussion of exchaﬁge of imino protons
with HZQ)e In our oligomer systems the C:G base-paired imino protons
broaden and disappear before the interior base pairs, which is indica-
tive of fraying of the ends of the helix. This does not mean the end
base pairs are melted at the point where the resonance has disappeared.
?@?‘@xampies in the helix dCTEG + dCALG at 25°C, the imino proton
region is extremely broad, and by 30°C the resonances have disappeared
“into the baseline (see Figure 6). This is not representative of the
equilibrium concentrations of these states, the oligomer is fraying

at this point, but it is not melted. 1In fact, the chemical shift



versus temperature data of protons on all bases, and optical studies
of this oligomer show that it is >50% in the double strand at 30°C,
where all the imino protons have disappeared. The temperature de-
pendence of the broadening of the imino protons is mainly a kinetic,
not an equilibrium, effect. Thus an end base pair can be fraying, but
not “melted" at the Séme time. In our system, although we see fraying
of the ends of the helix, i.e., the end bases are opening and closing
féstér than the interior base pairs, the ends do not melt appreciably
lower than the rest of the helix. It is worth noting that fraying

and melting reflect not only different processes, but there may also
be different states involved in the two processes. For example, in
order for an imino proton to exchange with water, the base pair must
open to some extent. This opened state most likely differs: from the
"melted" state in a molecule with differential melting on the ends

of the helix. Care should be taken in distinguishing between fraying

and melting, as well as the effects ascribed to them.

CONCLUSION

We have studied the following oligonucleotides separately,

and in their complementary mixtures by proton NMR: dCA.G, dCT.G,

5 5
fﬁﬁggg and rCUSGQ Results on the single strands show that the ribose
and deoxyribose strands of CASG have different conformations in
solution, and specifically that there is more base-base stacking in

the deoxyribose strand.
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Results on the mixtures indicate that ?Cﬁge + é@ASG at least
ga?tiaiiy forms a triple strand with a 2:1 rCUSG:dCQSG helix, while
rCU G + dCT.G, and dCT

5@ + ?CASGQ rCA G+ dCASG form double helical

5 5 5
structures. Comparison of the three double strands shows that they
all have different structures in solution. The chemical shifts of

the imino p?étans and the calculations of sugar ring pucker in these
systems indicate that the deoxyribose helix (dCA5§ + dCTSG) is in a

B type geometry, whereas the ribose (PCASG + ?CUSE} and hybrid (?Cﬁgg
+ dCTSG} helices are in an A or A' type geometry.

The melting of the helix dCASG + dCTSG as followed by the chemical
shift changes of the nonexchangeable base protons shows that base
pairs on the ends of the helix melt at approximately the same tempera-
ture as the interior base pairs. The temperature dependence of the
imino protons indicates there is fraying of the ends of the helix.
Thus this helix exhibits fraying of the ends, but very low concen-
trations of partially formed helices at the same time. These re-
sults indicate that a two-state model is a good approximation of
the helix-to-coil transition in this oligonucleotide, as often
assumed in optical studies., Some of the biological implications
dug to the differences in stability of these oligonucleotides have |
been discussed elsewhere (Martin & Tinoco, 1980). The differing
conformations for these DNA, RNA, and hybrid helices may also be
important in enzymatic recognition of different types of helices.

Studies on the kinetics of these oligonucleotide helices, as
well as the changes in the conformation and stability of double
he?éca? oligonucleotides when there is a mismatched base on one

strand, or when frameshift mutagens are bound, are presently being pursued.
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Table 1. Chemical Shifts of Single Strands at 65°C%

e B2A #3M #AA 45 #6A #76

AHZ  --  7.985 (7.752 7.725  7.696)  7.854 -

deAS - CHE 7.089 - - e - - -
Aor GH8 -~ 8.120 (8.081 8.052  8.016  8.012)  7.872

BH2 - 8.007 (7.982 7.971  7.953)  8.034 -

FEAGG CHg  7.632 . - - - - -
A or GHE - 8.265 (8.175 8.165  8.152)  8.190 7.878
#7C 46T 45T 4T 437 42T #6

CorTH6 7.770 7.532 7.627 7.627 7.627 7.645 e
dCTSG - TCH, - 1.878 1.878 1.878 1.878 1.878 -

(>

GHB - e o= - — e 7.993

Spectra were taken on samples containing 8.0 mM Na,HPO,, 20 mM

4?

MaH,PO,, 0.18 M NaCl, 0.1 mM Naz EDTA, pD = 7, at a concentration

2 4
of 1T mM per strand. The values in parentheses indicated that we
were unable to assign these peaks to particular bases in the

sequence,



Table II. Experimental and Calculated Chemical Shifts of the

rCA G
25
dCT .G

helix

Calculation
for DNA B
form.

Calculation
for RNA A
form.

Caleulation
for RNA A’
form.

or

or

or

or

or i

or

or

or

or

Nonexchangeable Base Protons in the Double Helix®

A HZ
T Hé
A H8

A H2
T H6
A HB

A H2
T H6
A H8

AH
T He
A H8

= e

.630
/.964

= o

.93
14

.13
.04

. 337
. 356
. 324

. 766
.860
163

.78
.83
.40

.89
.72
46

.80
va
A2

.229
676

.92
.32
12
.73
.89
. 06

.72
.79

#4

A
T

.082
617
.085

229
621

.99
.84
.29

.15
.72
.83

.82
71
.72

#5

A
T

.976)
.590)
.012

.876)
574}

.07
.85
.30

A7
77
.83

.89
.76
12

#6

A
T

590
. 760
.920)

2317

.502

73
.83
.30

.61

.80

.57

.76
.69

4

8.

910
870

o

.94
.96

10

.98

10
.45
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Table II. (continued)

a Spectra were taken on samples containing 8.0 mM NaZHPOA§VZD mM

NaH ?GQQ 0.18 M NaCl, 0.1 mM NaZEDTAg pD = 7.0, at a concentration

2
of 1 mM per strand of dCT5§ + dCA5@ and 0.5 mM per strand for

éCTSG + vCALG, The calculations were done using numbers derived

5
by Arter & Schmidt (1976), and we assumed thymine has the same

ring current as uracil. The values in parentheses indicate that
we were unable to assign these peaks to particular bases in the

sequence {(see text).

b The poor resolution of the spectrum made assignment of this

proton impossible at this temperature.



Table 111.

Protons in the Double Helix

gngﬁ
dCﬁSG
dCT.6
. 5
,?@ASG

?gﬁgg

FCQSG

DHA B Form
Caleculation

RNA A Form
Calculation

RNA A' Form
Calculation

3o+

+ &

12

12.

12,6

12.

.94

38

.52

(&3]
§ad

.72

(13.95

13.40

(13.60

13.50

13.46

13.27

a

14.30

(14,02

13.76

13.80

13.70

13.58

14.08

13.88

13.82

13.80

13.70

13.58

14.08)

13.80)

13.82)

13.85

13.70

13.6

36

14.56
14.53
14.60
?§515
14.10

14.11

a S@@gira were taken on solutions containing 8.0 mM NaZHPD49

20 mM NaH.,PO

tration of 1.0 mM per strand.

numbers derived by Arter & Schmidt (1978), and we assumed thymine

43

0.18 M NaCl, 0.1 mM EDTA, pH = 7.0, at a concen-

has the same ring current as uracil.

indicate that we were unable to assign these peaks to particular

bases in the sequence.

The calculations were done using

The values in parentheses

Experimental and Calculated Chemical Shifts of the Imino

(27

13.51

13.52

13.60

13.30

13.50

13.47



FIGURE LEGENDS

1

Figure 1. 'H NMR (360 MHz) spectrum of the nonexchangeable base proton

region of dCASG + dCT5@ in the single strands at 65°C. The

sample concentration was 1.0 mM per strand.

Figure 2. Temperature dependence of the nonexchangeable base protons

in dCASG + dCTgGQ Sample concentration was 1.0 mM per strand.

Figure 3. Melting curves (chemical shift versus temperature) for the
nonexchangeable base protons on dCASS + dCT%QQ The sample
concentration was 1.0 mM per strand. The single strand

melt {X~—X) and the double strand melt (8—8) are shown.

Figure 4. Assignments of the nonexchangeable base protons of dCASG
+ dCTSG in the double helix at 5°C. The sample concentration

was 1.0 mM per strand.

Figure 5. Comparison of the imino proton region of the four different

helices: (a) dCASG + dCT,G, (b)Y rCALG + rCU:G, (¢) vCA G + dCT,6,

5 5
and (d) dC&SG + fCUSG at 5°C, Spectra (&), (b) and (c)
were measured at concentrations of 1.0 mM per strand, whereas
(d) was measured for a mixture of 1.0 mM dC§5G plus 2.0 mM

rCU:G.
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Figure 6,

Figure 7.

38

Temperature dependence of the imino protons in the dCASG +
éST5$ double helix. The sample concentration was 1.0 mM

per strand.

Comparison of the temperature dependences of the nonexchange-

able base protons for r@ﬁSG‘(waw%) and dCA.G (6——8) in the

5
single strands.
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