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ABSTRACT -

The 1lifetimes for opening of 1ndiv1dua1 base p‘airs in a DNA (dCASG +
dCJ.‘SG), an RNA (rCAgG + r.CUSG), and a hybrid DNA-RNA(rCASG + dCTSG) helix have
been measured by proton nuclear magnetic resonance. The 1lifetimes were
obtained by saturation recdvery experiments performed on the hydrogen bonding
imino protons of the Watson—~Crick base pairs. In these oligonucleotide
ﬁelices the observed relaxation rates were dominated by exchange with water,
with the magnetic spin-lattice relaxation time of the imino protons possibly
being important only at the loweet temperatures in the DNA helix. It was
shown that the three interior base pairs in the DNA heptamer dCA5G + dCTgG
were in the open-limited region, which means that these imino protoans _e#change
every time the base pair opens. The lifetimes of the tefminal G*C base pairs
1nv the DNA helix were much shorter. thaﬁ_ the interior A°'T base vpairs. The pH
dependence of' the termiﬁal base pairs indicated that .the ends of the ﬁelix
open and close many times before exchange of the imino protonsv with water
takes place.

The .temperature dependence of the lifetimes of the iptefior A°T dimino
protons in the DﬁA helix showed that these protons exchange only when the
double he]l.ix‘ has dissociated into single strands. Thus, tﬁese lifetimes
measure the rate for dissociation of the double helix. The activetion energy
for this pfocess was found to be 47 keal/mo/l'.

Comparison of the lifetimes of the interior protonsiﬁ the DNA, RNA, and
.Ahybrid helices showed f:hat the rate of dissociation of the RNA and hybrid
helices are very similar at 5°C, whereas _the rate for the DNA helix was ap-

proximately an order of magnitude smaller than the other two helices. = The



reasons for the differences in the kinetics of the three helices are dis-

cussed, as are the general dynamics of oligonucleotide helices in solution.

INTRODUCTION

In doﬁble helical nucleic écids the base-paired imino protons exchange
slowly enough with water to be observed in nuclear magnetic resonance (NMR)1
experiments. These protons were first studied in solution studies of tRNA,
and also‘in double helical oligonﬁcleotides (see Kearns, 1977; and Robillard &
Reid, 1979, for reviews). The chemical shift of an imino proton in a base
pair.depends upon 1its intrinsic shift and an intéraction term which arises
mainly from the ring currents of the neighboring base pairs in the sequeﬁce.
As the interaction term is dependent upon conformétion, moét of the informa-
tion obtained from the NMR of the imino prbtons of.tRNAs and oligonucleotides
has been used to sfudy‘the confdrmation of these molecules in solution (Robil-
lard & Reid, 1979; Kearns, 1977). | |

CrothersA et al. (1974) ' used 'NMR to étudy' the dynamics of E. coii
t-rNaflet ﬁf watching the broadening of the imino protons with temperature.
Kinetic measurements obtained by this method are very limited in the range of
lifetiﬁes which can be obsérved. Johnston & Redfield (1977) Applied satura-
tion reéovery experiments to ﬁhe imino protons to determine the exchange rate§<
with water of the individual imino protons in. tRNA. Other Qbrkers-ﬁsed this
technique to study thevheiix-coil dynamics of tRNA (Hurd & Reid,19805. Early
et al. (1981 a,b) have recently used a long pulse inversion recovery experi-
ment to study the relaxation behavior of several DNA restriction fragments,
and in a followlng paper we have used saturation recovery techniques to study

the dynamics of several related- DNA oligonucleotides in solution (Pardi et
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‘al+;—1982)~ Thus— 'proton—mm;i's—n'ow_b'egi'nni'ng“to—sh'ow—i*ts*u'se'f ulness —in—

obtainiﬁg information on the dynamics, as well as the conformations, of
nucleic acids in solution.

The kinetics of helix~coil transitions in oligonucleotides has mainly
been studied using relaxation techmniques, such as temperature—jump experiments
(Porschké & Eigen, 1971; Raavetch et al., 1973). We decided to study the
dynamic:; of oiigonuéleotides in solutién by the use of NMR saturation recovery
experiments on the hydrogen—bonding imino protons in double sfrands. The
advantage of NMR over other relaxation techniques 1is 1its ability to resolve
the kinetics of'indivi‘dual. base pairs in a helix. The differences in the
dynamics for many parts of thé doui)le helix can be monitored.

lThe exchange rates . of 1ndividual imino protons with water in thg
following sfstems were studied: 1) a DNA helix: dCA5¢ + dCT5G, 2) an RNA
helix: rCAsG + rCUsG, and 3) a DNA-RNA hybrid helix: rCAgG + dCTsG. We use
the temperature dependence .and pH dependence of ,these rates to obtain the

dynamics of these helices in solutionm. _The lifetimes for exchange of the

imino protons on the interior of these helices were shown to reflect the

lifetimes for dissociation of the double strands into single strands. Thus we
are able to compare the dissociation rateé of a DNA, RNA, and hybrid helix of
the same sequence. |

In a following‘ paper we examine the exchange rates of individual imino
protons in a dodecamer, dCGCGAATTCGCG, and two less stable analogs, one with .a
G°T base pair and one with an extra adenine base on one strand of thg double

helix. With the results presented in that work, as well as these studies on

the DNA, RNA, and hybrid helices, we are able to obtain a detailed picture of

1



the dydamics of base pair opening in double helical oligonucleotides in

solution.

THEORY

We will outline the theory needed fof understanding the NMR experiments
described 'here; it follows ci;sely the recent discussion of Johnston and
Redfield (1981) on the theory for the exchange rates of imino protons measured
by proton NMR. |

For the saturation recovery experiments on the imino protons of nucléic
acids the saturated peaks recover dﬁe‘to exchange with unperturbed water and
by other relaxation processes such as the spin—lattice relaxation of the imino
proton in the helix. The intensity of a peak varies as a function of time

accoiding to the equation:

t/

I(t) = I%(1-e obs) o B

where I° is the equilibrium intensity and T

obs is the observed lifetime of the

~proton.
Protdn exchange from hydrogen bonded states in nucleic acids has been
described by the following- scheme: (Teitelbaum-& Eriglander; 1975; Crothers.et
al., 1974;.Kallenbach et al., 1976’:

op 5  k [eat]
open ~————=> golvent (2)

closéd» <

kcl v

‘Here closed represents protons in a base-paired state, open represents,a non-



base-pairé&'state, and k, is the rate constant for the basevcataiyzed“exchange"-“*h¥-——
of the imino proton with solvent water. We will assume thaj: there 1is no
direct_exchange of the imino proton with solvent water from the closed state.
The Bloch equations for exchange betweeﬁ three diffefent environments
have been described by Cfothers~ et al. (1974), which was an extension of
McConnell's two state derivation (McConnell, 1958). The three state scheme 1is
simplified under certain conditions which have been described elsewhere
(Hilbers, 1979; Crothers et al., 1974; Pardi, 1980). One important simpli-
fication under our conditions is that k_ [cat]>> I/Tl(open) where Tl(opén) is
the spin-lattice relaxation time of the imino proton in the open state. This
means there is essentially no relaxation due to the T, of the open state. A
second assumption, which will be discussed later, is that kx [cat]>> kcl’
which implies that every time a base pair goes from the closed to the open
state the imino proton exchanges with water. This has been referred to as the
open—limited region (Hilbers, 1979; Kallenbach et al., 1976; Crothers et al.,
1974). .Thése.two assumptions -allow a two state analysis of the system (Pardi,

1980); for the saturation recovery experiments this leads to:

I/TObs = 1/'r°p + 1/'1'1 _ (3)

is the relaxation time in equation (1), Top is the lifetime for

opening of the base pair (l/kop), and T; is the spin~lattice relaxation time

where Tobs

of the imino proton in the base-paired state.



We will now describe the kinetics for the system when the exchange of the
imino proton 1is in the open-limited region. For opeﬂing of a single, or
several, base péir(s) in a double strand, the open-limited region is where k,
[cat] > kzl (Crothers et al., 1974; Hilbers, 1979). Here kgl is the rate
constant for closing of an individual base pair in a double’ﬁelix and is a
unimolecular rate constant. The pathway for exchange of individual base pairs
" in a double helix is illustrated in Figure 1 and will be referred to as.
pfocesva. Most of the studies to date on the rates of base pair opening in
doubleAheliées have dealt with helices where exchange of the imino protons
went through this pathway (Englander et al, 1972; Kallenbach et al., 1976).
However, 1n dealing with oligonucleotides it is possible that the open state, .
ffom which the exchange of the imiﬁo proton takes place, 1is the single
straqd. Proéess 1T in Figure I shows. this pathway for proton exchange, where
the double helix dissociates inpo single strands before exchange takes
piace’.' The kinetics of the dbuble to single straﬁd then enters into the
exchange of the imino proton. If ghis is s0, then‘tﬁe open-limitéd region
occurs when kg [cat]>> k%{ [single strand]. - Here kz{ is the aésociation rate
constant for the formation of a double strand frqm'pwo single strands and is a
bimoiecular rate constant.,,

For either of the abové'cases it is possible to.téll-ifiexchange of the
imino proton 1is open-limited by changing the concentration ofvcatalyst,and
measuring amy change in the observed rate in the saturation recovery exper=
iment. If the.observed rate depends only on kop then it will not change with
the concentration of catalyst. Proton exchange of the imino protons ﬁas been
found to be open?limited in tRNA studies (Hurd & Reid, 1980; Johnston & Red-

field, 1981).



In process I, in addition to the open-limited region, it is possible for
the kinetics to produce another 1limiting case called the pre—equilibrium
region where kg [ecat] <K kgl. Crothers et al. (1974) and Hilbers (1979) have

described the behavior of systems in this region and showed that Kobs =

Rbpen kxv[cat] where,kobs is the observed rate constant for exchange of the
proton, and Rbpen is the equilibrium constant between the open and closed

states. This region has been described as fast exchange between the open and
" closed state with exchange taking place by a "bleeding off" from the open
state_(Crothers et al., 1974). 1f the systems fall in this region the equili-
brium constants between the open and élosed state can be calculated from the

observed rate of exchange, if estimates for kx and [cat] are known.

Kinetic Fraying Versus Equilibrium Melting

The end base pairs ofqoligonucleotideé are known to have different prop-
erties from base pairs vin'vthe middle of a double helix (Patel & Hilbei;;
1975).. It has been observed that the imino protons of the terminal base pairs
brbaden'at'temperatures well below those of base pairs in the interior of a
helix, and this effect has_béen used ﬁo help assign terminal base pairs in a

helix. The broadening of a resonance accompanies rapid opening and clpsing of

the base pair. We will use the term kinetic fraying to describe this behav-
ior, in order to emphasize that the rapid opening and éiosing of the base pair
is a kineﬁic phenomenon which depends upbn the rates of conversion betﬁeen the
open and closed states. By contrast, the relative poﬁulation of the two
states is an equilibrium phenomenon. To describe the equilibrium behavior of

a closed base pair opening we will use the term equilibrium melting of the

base pair. This equilibrium melting depends only on (which was defined

K'open



above) ;nd is equivalent to the term "melting” of a double strand used in
describing the thermodynamics of nucleic acids (Bloomfield et al., 1974). The
kinetics and equilibrium of base pair opening are of course related by the
equation Kbpen = kbp/kcl' One can clearly see that there can bg a large
- change in the kinetic fraying of the ﬁase pair, such as both the opening and
closing rates increasing by an order of magnitude, with no change in the
equilibrium melting of the base pair. We notevthat under most circumstances
the proton NMR of the imino protons of nucleic acids monitor the kinetic

behavior of the molecule.

/

The Imino Protons can Exchange by Several Different Processes

An important point to note is that even if exchange of the proton 1is in
the open-limited region, this information is not enough to define the process
from which exéhange takes place. If there are several mechanisms for imino
protons exchanging with Hy0, then the observed rate is the sum of the rates
for the individual mechanisms.

- We will assume that the exchange of an imino proton with H)0 requires the_
opening of the base pair as a primary step. This breaking of the Watson-Crick
hydrogen bond may involve only a single base pair or may be-a cooperative
transition of part or all of the helix. By comparing the rates of exchange of
individual base pairs in-a'helix; as well as the temperature dependence ofv
these rates, it-is possible to deduce the extent of cooperativity for exchange
of the imino protons in a double helix. In the example discussed hefé we will
assume that all protons are in the open-limited region. "Let us consider two
processes for exchange of the imino protons. The first involves exchange of

individual base:. pairs, with each base pair being independent of the others,



and will—be referred to as base=pair=opening,—or—process—I:

The—second — ———
process‘ is for exchange of the imino protons only from the single stranded
species with no exchange from the d-oubAle strand, or partially formed double
strbands, and will be referred to as helix-oi;eniné, or process II..
In process I the observed exchange rate will reflect the opening vof
1ndividua1 base pairs and may be quite different ft»r particular itlino prt»tons
in a given sequence. Process II measures the rate of dissociation of the
double strand into two single strands with the rates of all the imino protons
being the same. In generai the ‘observed rate constant for exchange will be
the 5um ofv the rate constants for proceSs I and process II. In the open-
limited region the observed rate of exchange would be k .. = kgp + k(]):g' - ﬁSing _ S
this fact and the Eyring equation it is possible to derive the obsérved aéti-—
vation energy for exchange, which will be

1 D S 11 . II

E 2 emmmmm———— (k~ AET + k7T AET )
- obs kI 4 kII op op “op op
op op

I and AEII are the activation

QR 4 ' .
where K and kop are the rate constants and AEop op

op
energies for opening in prote-ss I and II respectively. This‘ equation shbws :
that the observed activation energy should be temperature dependent in the
range where kCIn', and kgg are of the same order of magnitude. In th‘e two pro-
cesses described above the activation energy of the ::helix-opening would be
much larger than that for opening of an individual-ba#e—pair, which means that
as the temperatur.e is increased, at’ some- point, the he_lix-opening. path will '
become more important. By studying the lifetimes and teméerature dependencies

of the imino protons in oligonucleotides, it should be possible to detect

whether exchange takes place by base-pair-opening or helix—opehing.- We note



that many other processes, such as cooperative opening of a particularly low
melting region of a double helix could also take place and the overall kine-

tics of exchange will involve all these paths.

METHODS AND MATERIALS

The deoxyribo-oligonucleotides.Qere synthesized by the diester method of
Khorana (Khorana, 1968). The ribo-oligonucleotides were enzymatically pre-
pared with polynucleotide phosphorylase (Martin et al., 1971).. Separation and
pufification 6f the oligomers: were done ﬁy RPC-5 column chromatography. De-
saltihg of the samples was done‘using Biogel P-2 columms. All samples were
measured in 8.0 M Na,HPO,, 20 mM NaHyPO, 0.18 M NaCl, 0.1 mM Na,EDTA,
pH = 7.0, unless otherwise.ﬁoted.

NMR spectra were taken on the HXS-360 MHz instrument aﬁ Stanford Magnetic
Resonance Laboratory, and the 270 MHz instrument -at the Laboratory of_Chemicalv
Biodynamics. Temperatﬁfe on both instruments Qas controlled to #1°C and was
calibrated with methanol or by placing‘a thermocouple in an NMR tube while it-.
was Iin the probe, Five millimeter microtubes whiéh hold 130-160 ul (Wilmad
#508Cp) ﬁere used in the experiments. Data.were collected on ; Nico1ét 1180
computér with 8K déta points and a swéep width of +5000 Hz ﬁith the  trans=-
mitter: frequency set between 2300-2800'Hzad0wnf1e1d from water. The large
water signal was attenuatéd-by the Redfield 214 pulse (Redfield et al., 1975)
and the use of either a. low pass or tunable notch audfo - -filter set on the
water signal (Marshall et al., 1979), with tﬁe notch 'filter giving far
superior results.

Saturation of the imino protons was accomplished by a 100-200.msec pulse

applied to the peak  of interest, followed by a variable delay time before
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application of the Redfield probe pulse. Saturation of several peaks in the
same region was accomplished by use of noise modulation of the phase of the
saturation pulse to broaden the width of the affected region.

Analysis of the lifetimes was done using a nonlinear least squares fit to

equation (1). Typically 10-15 different delay times were taken, with 500-800

- scans for each point.

RESULTS

The relaxation rates of the low field Watson-Crick imino protons in the
following double helices were studied: 1I) dCAgG + dCTSG, II) rCAsG + rCUsG,
111) rCASG + dCTSG which will be referred to as the DNA, RNA, and hybrid
helices, respectively. The assignments of the imino protons as well as ‘the
temperature dependence of the chemicél shifts has been previously reported
(Pardi,-1980;.Pardi et -al., 1981). Satﬁratioﬁ<recovery experiments were used »
to measure exchange rates of the imino.protons'as well as the temperature
dependence of these rates. An example of the data for dCASG + dCTsG is shown
in Figure 2. 'An.example of the fit of the saturation recovery experiment to

equation (1) is shqwh in Figure 3.

TﬁevRates of Exchange of the Imino Protons in the DNA Double Helix

‘Figure 4a shows the lifetimes of the imino protons of dCAgG +-dCT5G,at
5°C. Most of the numbers given were taken at 360 MHz, but others at 270 MHz
showed no difference in the observed lifetimes. Ihé peak at 14.1'ppm is due
to two interior A°T imino protons and was analyzed as one peak which recovered

with one -lifetime; no biphasic behavior was observed in the fit of the life-

" time of this peak. The terminal G°C base pairs (peaks 1 and 7 in Figure 4a)
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have much shorter lifetimes than the interior A°T resonances, and as the
tetminal imino protons are not in fhe open-limited region under our condi-
tions, the observed lifetimes represent an upper limit on the lifetime for
opening of the terminal base pairs. The observed lifefimes for the two
terﬁinal G°C base pairs differ by a factor of 3 at 5°C as seen in Figure 4a.

and Table I.

Temperature Dependence of the Lifetimes of the Imino Protons in dCA.G + dCT:G

The temperature dependence of thevlifetimes of the imino protons in the
dCASG + dCTG double helix is giveﬁ from 5-20°C in Table I. For the interior
A°T protons the observed lifetimes increase from 20°C to 10°C where they level
off; As will be digcussed'later,;above 10°C the lifetimes are measuring only
the exchange of the imino proton, whereas below 10°C ;hé spin-lattice relaxa-
tion time (TI) may also contribute to the observed lifetime. This behdvior of
the lifetimes of the imiﬁo protons has also been observed in longer, more .
’stable,vmolecules where at lower temperatuies the T; of the imino protons in
the helix dominates the measured rate, and thg exéhange contribution is very
small (Johnstmnv& Redfield, 1978; Early et al., 1981 a,b ; fardi et al.,

1982).

The Lifetimes of the Imino Protons in the RNA and Hybrid Helices at 5°C

Figure 4 shows the lifetimes of the imino protons in the .three double
helices at 5°C. For the RNA and hybrid helices at this temperature the liéec
times are dominated by chemical exchange of the imino protons with HZO’
whereas the measured lifetimes for the DNA helix are at least partially due to

the T of the imino pfoton in the helix. The numbers in parenthesis in



Figure 4a represent the lifetimes’for éxchange of the imino protoms extrapo-
'latéd from the high temperaturé data.

For the RNA double helix the resonaﬁce at 13.8 ppm contains the three
inﬁerior A°U imino protons (#3-5) and was analyzed as one peak which fif well
to a single eXponenfial. The resonance at 13.6 ppm contains‘two imiﬁo pro-
tons, one from G*C #7 and one from A'ﬁ #2. The given lifetime is for the fit
of this peak to a single exponential, because at the signal~to-noise available

'we were not able to fit this peakvto'a'double exponential with any confi-
deﬁce.' In the hybrid helixlthe two interior A°T re;oﬁances at 13.8 and 13.85

 ppm recovered with the same lifetime and were analyzed as one peak.
DISCUSSION

Are These Helices in the Open Limited Region?

An assumption that exchange of imino pfotdns was.open—limited was made in
the derivation used for the analysis of the saturatiqn recovery experiments.
The validity of that assumption 1is baséd on our experiments in which ﬁhe
concéntration of the base was varied in the Base-catalyéed exchange of tﬁe
imino protons with H,0, and on cher.exchange studies of imino prdtoné under
‘gimilar cdnditions (Hilbers &’Patel,'1975); As‘described eérlier the open-
limited assumption requires that 1/‘r’x > lftél (éee edﬁation:Z). ﬁere l/rx =
kx [cat] where exchange is a bése-catalyzed reaction, with tﬁe catalyst in our
buffer being HPOE' and Oﬁ_; If changing the cohcenﬁration of phosphate buffer
or hydroxyl ions does not affect the observed rate, then the.opeﬁing of the'
base pair is the rate iimiting step.' Table II shoﬁs the life;imes for the

imino protons in the DNA helix at 28 mM phosphate pH = 7 and 100 mM phosphate



.pH = 8 at 5 and 15°C. One sees that there is a large effect on the lifetimes
of the terminal G°C imino protons when the concentration of base is increased,
but there are much smaller changes in the lifetimes of the A°T base pairs with
a change in the base concentration. The two A°T resonances at 13.95 and 14.3
ppm'in the DNA helix show no measurable change in their lifetimes by increas-
ing the concentration of base (see Table II). The lifetime of the penultimate
A°T bage pair #6 at 14.6 ppm changés from 45 to 30 msec in going from the
buffer at pH = 7 to pH = 8 at 15°C. This indicates that this base pa;r is not
in the open-limited region at this temperature. We were not able to assign
the other penultimate A'T imino proton in this helix to a specific resonance
in the spectrum (Pardi, 1980), so one of the other four. A°T peaks represents. .
this pfoton. The peak at 14.1 contains two A°T protons and the lifetimes of
this peak change from 70 to 50 msec in going from the buffer at pH = 7 to pH =
8. It 1is possible that the two.'peaks at l4.1 ppm recover with slightly
different lifetimes, but at the signal-tq-noise of these daté we observed no
ﬁeasurable biphasic behavior. The penultiméte A°T base pair #6 1s not in the
open-limited region, and it is poésible that the other pennltimaté'base pair
has similar behavior. Thus the lowering of the lifetime of the two resonénces
at 14.1 ppm upén changing.thewconcentration of base may be due to one of these
peaks. not being in the open-limited-region, with this peak assigned to the.
penultimate A°T base pair #2.

The  terminal G°C base pairs are not in the open-limited tegibn, thus -
their observed lifetimes represent only an upper limit to opening and_fheée
base pairs may open and close many times (kinetically fra}) before their imino

protons exchange with water.
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Activation~Ene;giesffor—?peningvof—thé—Imin0mProtons—in*the~DNA~He1iX””

Figure 5 shows an Arrhenius plot of the interior A°T proton at 14.3 ppm
of dCASG + dCT5G. The high temperature behavior of the lifetime reflects
changes in the rate of exchange of the imino proton with temperature, as will
be discussed in a later section. A straight line can be drawn through the

points from 13 to 20°C, indicative of a constant activation energy. The acti-

vation energy for this process is 47 kcal/mol. The same activation energy is

obtained for all three interior A°T imino protons, within the experimental
error of *15%.
The fact that two or more adjacent. protons have the same <activation

energies for exchange could be due to several possibilities: 1) The protons

exchange together and the measured activation energy is for a cooperative pro-

cess. 2) They exchange independently but have the same kinetics for opening
of a single base pair. 3) They exchénge independently and have different
rates fof a given témperature but the same.activation energy for exchange. 1In
the DNA helix thevinterior A°T base pairs have the same rates for exchange and

the same activation energy, which puts this helix in case 1 or 2.

The activation energy of an individual A°T base palr opening has been

measured in a twelve base pair restriction fragment (Early et al., 1981 a,b)
and the double helix dOGCGAATTCGCG (Pardi et al.; 1982) to be 14-16
kcal/mol. The 47 kcal activation energy for the DNA helix measured here indi-

cates a higher energy process than opening of an individual base pair. This

makes the cooperative process the most likely explanation for exchange of the

interior A°T imino protons in the DNA helix. In this case the cooperative

process 1is the helix-coil transition. Further evidence to Support this con-



clusion comes from temperature-jump measurements of the kineﬁics of the helix-
coii transition 1in the dCASG + dCT5G double helix. The 1lifetime for
dissociation of the helix at 1 M NaCl (instead of the 0.18 M NaCl used in this
wbrk) has been measured by temperature-jump kinetics to be 160 msec at 10°C
with an activation energy of 42 kcal/mol (Jeffrey W. Nelson and I. Tinoco,
Jr., unpublished results). These results are in good agreement with those
found in this studﬁ'- and- support the notion that the lifetimes of the interior
A°T protons represent the lifetimes for dissociation of the double strand to

. single strands as outlined in process II, the helix-opening mechanism.

The Contribution of Chemical Exchange Versus Spin—Lattice Relaxation to the
Llfetimes of the Imino Protons . . :

The relaxation rates of the “imino pfotons have been studied in tRNA
(Johnston & Redfield, 1977, 1978, 1981) and also in several DNA o'ligonucleo;
tides (Early et al., 1981 a,b ; Pardi et al., 1982). ‘There may be many pro-
cesses. invoived in the relaxation 6f_these protons. For e#ample, spin-lattice
relaxation can contribute to. the rate as well as chemical exchange.
Saturation recovery or inversion recovery experiment=s cannot distinguish
between these relaxation mechanisms. vJohnston & Redfield (1977) were the
firsf: to study the relaxation.of the.imino protons in tRNA -and saw two types:
of behaviorg at higher temperature the relaxation seemed ’tov' be exchange= -
‘dominated, whereas spin-lattice relaxation was the important. méchanism‘ at.
lower temperatures.

For the interior A°T imino protons of the DNA vhelix, the four high
temperature points are in the reglon where exchange of the imino protons by

helix—opening is the main relaxation mechanism, but by 5°C some other



mechanism with a different activatidn energy has become important (see
Figure 5). Spin-lattice relaxation or ﬁrocess I, base-pair opening, are the
most likely relaxation processes at this temperature. Extrapolation of the
high temperature behavior gives the lifetime for dissociation of the double
hélix at 5°C to be 1.3 £ .3 sec. The contribution ‘due to T, can then be
calculated from the observed lifetime of 220 msec and' would be 260 msec,
assuming that process I 1is not impbrtant. This number represents a lower
limit on the T; of thé helix at this temperature since process I could be
contributing to the exchange behavior at this temperature and thereby causing
the lifetime for exchange to be lower than the 1.3 sec calculated éboﬁe.
Modeling the behavior of the system, ignoring the spin-létticev relaxation
tiﬁe, indicates that base-pair oﬁening (process I) would be the dominant ex-
change process in the DNA helix below 1°C, assuming that the rates of opening
of an individuél A°T base palr in the interior of this helix are the same as
thosé'observéd innlongervde0xyoligonucleotide_helices (Pardi et al.,1982). So
the oﬁserVed lifetime of 220 msec at 5°C for this helix may be partially due
to process I as well as the contribution from the Ti of the helix, but above
10°C it 1s clear that the observed lifetime monitors omly the dissociation

lifetime of the DNA helix.

Comparison of the Lifetimes in the Three Helices

‘The lifetimes of the interior A°U or A'T‘imino protons in thé RNA and
hybrid helices are much shorte;vthan the lifetimes observed for the bNA helix
aﬁ the same temperature. The equilibrium dissociatién_constants for thevﬁNA
an& hybrid‘helices have been shown to-be less than that found iﬁ the DNA helix

(Nelson et al., 1982), so it is likely that the lifetimes for dissociation of
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tﬁe_two less stable helices are shorter than that of the DNA helix. Since the
observed lifetime of the DNA helix was shown fo measure the helix-coil transi-
tion (process II), we expect that this path would be even more impoftant for
the less stable RNA and hybrid helices. Therefore the lifetimes for exchange
of the interior imino protons reflect the kinetics of.the double~to-single
strand transition in all three helices and can be used to compare the rates of
dissociation of DNA , RNA, and hybrid helices of the same .sequence.

The lifetimes of the interior A°U or A°'T imino protons (positions 3-5) in
‘the RNA and hybrid helices are very close at 5°C, indicating that the rates of
dissociation of these helices are similar. The lifetimes for dissociation of
the DNA helix was extrapolated from the high temperature data to be 1.3 sec at
5°C.  This means that the rate of dissociation of the DNA helix is an order of
magnitude less than that in the RNA or hybrid helix of the same sequence. The
reason for this large difference is not known, but the dissociation constant
for the DNA helix dA8 + dT8 has been found to be over a factor of two smaller
than that for the RNA helix rAg + rUg (Drobmies, 1979). In comparing other
DNA and RNA oligonucleotide helices, the dissociation rates were SOmetimes
larger for the DNA helix (Drobmnies, 1979); further studies on the kinetics of
RNA- and DNA helixes may help explain the sequence. dependence of their rates of
dissociation. ‘ : v -

The pH dependence of the observed lifetimes of the terminal base pairs in’
the. DNA helix (Table 1II) shows that these base pairs are not in the open-
limited region. The lifetimes of the terminal base pairs on the RNA and
hybrid helices are similar to those in the DNA helix (see Figure 4) and there-

fore they are most likely not in the open-limited region. This means that



b

- 2] =

' these base pairs open and close many times before their imino protons exchange

with water. In the limit of k. ; >> kg [cat], as discussed in the theory
section, the observed over-all rate fdr éxchange of the imino protons would be
kobs =jK;pen kx_[cat] (Hilbers, 1979). The rate constant for catalysis by
HPO%‘ has been measured by Hilbers and Patel (1975) in the bligonucleotide
dATGCAT to be approximately 5 x 104 M1 gec! at 5°C, pH = 7, so for the same
conditions in our buffer, ke [cat] =5 x 102 sec™!. From the observed life-
tiﬁes of 16 msec and 47 msec for the G*C #1 and #7 imino protons, respec~—

tively, in the DNA helix at pH‘= 7 (see Figure 4a), K, for these base pairs

pen
is calculated to be on the order of 10-1 —.10'2, if we assume the pre-equili-
brium condition. These base pairs are therefore all in the closed state with
little equilibrium melting at this temperature. This 1is consistent with

melting curves of chemical shifts versus temperature found for the terminal

base,pairs of these molecules (Pardi et al., 1981).

SUMMARY AND CONCLUSIONS .
The terminal base pairs in oligonucleotide double helices were found to
have very different dynamics from base pairs in the interior of a helix. The

terminal base pairs uﬁdergo kinetic fraying, which means there is very rapid

"opening and closing of the base pair. The rates of thisvkinetic fraying are

dépendent upon sequence as well as temperature.

| The exchange rétes of the imino protons'of the intgrio; base.pairs were.
‘Qeaéured in thevfollqwing double helices, dCAsG + dCTSG;vrCASG + rCUgG, and
rCA5G + dCTSG; and fouﬁd_té be in thé open-limited region. "This means that

every time the base pair opené,-the imino proton exchanges:with water, and so

- the exchange rates measure opening of these base pairs. Opening of these base
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pairs was found to take place only when the double -strands dissociated into
single strands. The dissociation rate constants of the RNA (rCASG + rCUSG)
and hybrid (rCASG + dCTSG) were very similar at 5°C, and much larger than the
rate constant for the more stable DNA helix. |
By measuring the temperature dependence of the opening rates of the in-
terior base pairs we obtained the activation energy of 47 kcal/mol for helix
oﬁening in the DNA doublévstrand.. This energy can be very useful in defining
the mechanism by which exchange of an: imino proton takes place. The activa-
tion energy for individual base pair opening has been measured by NMR on DNA
reétrictionvfragments by Early et al. (1981 a,b ) and on a DNA dodecamer by
?ardi et al. (1982) to be 14-~16 kcal/mol. The value of 47 kcal/mol measured
in the dCA5G + dCTSG helix thus corresponds to a much higher energy process
than individual base pair opening, and was shown to represent helix—opening.
Hurd and Reid (1980) have measured the opening rates of Sase pairs in the
amino acid acceptor stem of pértially uﬁfolded E. coli tRNAPhe, They were
limited in their studies of the temperature dependence of these rates because
the spin-lattice relaxafion raﬁes of the imino protons also contributed to the
obsgrved rates at lower temperatures. Thus they had only limited data with
which to ébtain activation energies-ofAbase pair-opening in the. amino acid
acceptor stem. This stem consists of five G*C base pairs and one A°U base
pair. They found an approximate value of 49 kcal/mol for one'of.the‘intérior.
G°C base pair§ in the stem, and a qualitative trend to higher activatioq
energies toward the interior of the helix. Thg approximate value of 49
kcal/mol can then be intefpreted as measuring é cooperative opening of all or

part of this helical stem. If this activation energy were found to be con-
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stant over a reasoﬁéble temperature range then it would most likely arise from
a single process and the magnitude of this energy would help define that
pfocess.

Johnston and Redfield (1981) have also recently made an extensiﬁe study
of the unfolding of several tRNA by observation of the exchange rates of the
imino protons. 1In yeast tRNAPDE 15 zero-M’g2+ they were able to measure the
exchange rateé of several imino protons which had large activation energies.
These activation energies were qualitatively interpreted as monitoring ter-
tiary structural melting. The activation energies of other imino protons were
used to help define the thermal unfolding of this tRNA. Clearly the study of
activation energies measured by exchange of imino protons can be extremely
useful in understanding the dynamics of nucleic acids in solution. .

The study of the exchange rates of imino protons can beAused in model
nucleic acid systems to study the effect of a perturbétion,in a helix on the
- rest of the base pairs in the double strand. We have probed the effect and
extent of SeVerél perﬁurbations (avG'T base pair and an extra adenine base on
one strand) on the lifetimes for openiﬁg of the other base pairs in the double
strand (Pardi et al., 1982).

Exchange raﬁe measurements can also be used in studies of drug-nucleic.
acid interactions. Examples where this technique would be useful include
studies which try to define the site, or sequence dependence, of'dfug binding
as well as-éhanges in the dynamics of.bése pair opening due to drug binding.
Such studies are underway in our laboratory and show pfomise as new probes of

drug-nucleic acid interactions.
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Table I

Lifetimes (mseé) of the Imino Protons of
dCA5G + dCT5G in 28 mM Phosphate Buffer

0.18 M NaCl, pH = 7.2

C-A-A-A-A-A=G
G-T-T-T~T~T-C
1-2-3-4=5-6-7
Base Pair 1 ( 2 3 4 5) 6 7
Chemical Shift 12.93  (13.9 14.1  14.1  14.3) 14.6  13.6
Temperature (°C)
5 163 220 220 220 220 160 4045
10 | 8 180 150 150 210 120 1947
13- 100 90 90 130 60 -
15 <5 80 70 70 ' 80 45 1243
17 b g6 46 46 58 20 + b
20 b 15 15 15 15 <8 b

N

2 The errors in these lifetimes are on the order of 15-25Z with the larger
errors observed for the shorter lifetimes (<25 msec).

b The lifetime of this proton is too fast to measure at this temperature.
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Table II

Comparison of the Lifetimes of the Imino Protomns of dCAgG + dCTsG

in 0.1 M NaCl and 28 mM Phosphate, pH = 7.0
or 100 mM Phosphate, pH = 8.02

Lifetimes of Terminal C°G Base Pair

at 5°C (msec)

Position 1 7
- Chemical Shift 12.9 13.5
pH =7 16 40
pH = 8 <5 18
Lifetimes of A°T Base Pairs at 15° C
?osition ( 2 3 4 5 ) 6
Chemical Shift 13.9 14.1 14.1 14.3 14.6
pH = 7 80 70 70 80 45
pH =8 76 50 50 75 ~30

2 [Nat] =.0.22 M in the pH 7 buffer and [Na'] = 0.3 M in the pH 8 buffer.



FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

“solid line is the best fit of a lifetime (T

A schematic representation of the exéhénge of imino protons with

solvent water. Process I shows exchange by base-pair-opening.
Process II shows exchange by helix opening.

Spectra from -the saturation recovery measurement for the DNA
double ‘helix (dCASG + dCT4G) taken at 5°C, pH 7. The arrow indi-
cates the center df the saturation pulse. The saturation pulse
was broadened by use of noise modulation (at 50 Hz) of the phase
of the saturation pulée.- |

Saturation recovery experiment-oﬁ an interior A°T resonance (basé
pair 2) at 13.95 ppm. The ;riangles are experimental data and the

obs) O the data using

.eqn. (1).

The observed lifetimes of the imino protons at 5°C, pH = 7 for the

~ (a) DNA, - (b) RNA and (c) hybrid helixes. For comparison two

values are given in pérenthesis-which were obtained by extrapo-
lating to 5°C from higher temperature data where the main relax-
ation mechanism is exchange by helix—bpening..

An A:rhénius-plot of anfinterior’A'T proto# (base pair 3, 4 or 5)

at 14.3 ppm of the DNA helix. . T is the observed lifetime as

obs

defined in the text. - Extrapolation of this line to 5°C will give

the lifetimes in parentheses 1in Figure 4.
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Process I
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SATURATION RECOVERY EXPERIMENT. US.ING

REDFIELD 214 PULSE SEQUENCE

5

270MHz SPECTRA OF dCAsG +dCT.G AT 5°C IN HZO

500 msec delay .

ISO msec

SATURATION PULSE " Imsec

¢

ITIITI'IIll'rl['Tflllrr‘TllIlllry'll[*rll‘l_l'llll
CM.Bb maq 142 1.0 138 13.6 13.4 13.2 13.9 12.8 12.6

PPM
© . XBL 805-9523
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'a.ea 1 LI 1 I | ] LI l 1 1 1 ' .l I i

7.50

S.e9

5' dg--A-A-A-A-G 3 7
] 1 ] H ?
3 6-|T|/-T-T-T-T-Cd &' i
5°C, Resonance at 13.95 PPM i
2.50 Tobs = 220 msec -
a.aa _ L 1 I I I T | l v.‘l 1 1 .
8.88 2.20 0.40 8.60 9.80
Time (sec)

XBL 822-7794
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Lifetimes of the imino protons in the

double helices at 5°C(in msec)

- 123456 7
- | § C-Af-A-A-A-G 3
(1.3 sec) © 3G-T-T-T-T-T-C &
220 o : LWL LYW
j/ . - ‘_
(1.3 sec) 4CAG
220 |} 5

ha)

b)

)

15.0 14.5 14.0 19.5 13.0 12.5 12

XBL 822-7792
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5 dc-A-{aA-A-A]-A-G 3’
[} ] 1

[ | ! '
3 6-T-{T-T-T|-T-Cd 5'

Resonance at 14.3 PPM

Eg= 47 Kcal/mole

A
1 1 1 1 1 —L-
3.40 3.59 3.60

/1 (%1073 °K) XBL 822-7793
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