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ABSTRACT

The lifetimes for exchange of ‘the imino protons in the dodecanucleotide
d( C-G~C-G~A~A-T-T~C~G~C-G) upon binding of netropsin and/or actinomycin have
been measured by proton nuclear magnetic resonance experiments. At high
temperature these lifetimes were found to measure the lifetimes for opening of
the base pairs in the double helix. Comparison of the opening rates in the
dodecamer with those in the éomplex with netropsin (which binds at the -A-A-T-
T—éequence) -shows that there 1s not only a large kinetic stabilization of the
A°T base pairs at the binding site, but also a significant stabilization of
the G°C base pairs adjacent to the netropsin binding site. For the complex
with actinomycin, which.intvercalates at the G-C sites 1in the double strand,
‘the lifetimes of the biase pairs at the binding site increase upon binding of
actinouiycin, but the AT base pairs in the central core are slightly
‘k.i'neticallvy destabilized by the actinomycin binding. The activation energies
for exchange of v-the. imino protons were also measured in the complexes and
indicate that the mechanism  for exchange of the imino protons. is indiVidual
base-pair-opening, where oné base pair opens independently of the others. The
effects of drug binding on the dynamics of individual base pairs in a double-

stranded helix are discussed.



Nuclear magnetic resonance (NMR) experiments have been used t§ probe the
conformation of drug-oligonucleotide complexes in the past mainly by obser-
vation of the chemi;al shift changes of the drug and/or nucleotide upon com-
plex formation (Krugh & Nuss, 1979; Patel, 1979; Patel, 1980). The kinetic
behavior of drug-nucleic acid interactions hés been studied on oligonucleo~
tides, or polynucleotides by temperature—jump experiments (Bresloff &
Crothers, 1975; Davanloo & Crothers, 1976) and hydrogen—deuterium exchaﬁge
method (Priesler et al., 1981). In this work we present results on the
kinetics of opening of individual base pairs in drug-oligonucleotide complexes
‘as studied by proton NMR.

| Actinomycin D is an antibiotic drug which has been shown to intercalate
in double-stranded DNA specifically at G(3'-5')C sites (Meienhofer & Atherton,
- 1977; Sobell, 1973; Krugh et al., 1977). Netropsin is a peptide antibiotic
which binds in thé minor groove of DNA duplexes specifically at A*T rich
regions (Zimmer, 1975; Wartell et al., 1974). The structure of the
dodecanucleoﬁide d(C-G-C—G—A-A—T—T-C—G—C—G), referred to as the. 12—mer,_has
been solved:by X-ray crystallographic techniques (Wing et al., 1980; D&ew &
Dickerson, 1981). Ihe-conformation of tﬁis molecule in solution has been
studied by NMR experiments (Patel et al., 1982). The conformation of the 12-
mer in complexes with netropsin and actinomycin bound> separately, -and
simultaneously, has recently been studied by observation of the 15 and 31? NMR
chemical shifts in these complexes (Patel et al., 1981).

In this work we probe the dynamics of the 12-mer-antibiotic complexes by
studying the kinetics of exchange of the imino protons of the double strand in
the complexes. The theory for interpretation of the exchange behavior of
imino protons measured by NMR has been discussgd by Johnston and Redfield

(1981) and Pardi and Tinoco (1982). We have recently studied the kinetics for



exchange of the imino protons in the 12-mer and two related. double heliées,
one with a G*T base pair and one with an extra adenine ‘Base (Pardi et al.,
1_982). The NMR of these three helices and. also the NMR of the 12-mer-
antibiotic complexes, including preliminary reports of some of the kinetic
experiments performed here, have recently been reviewed (Patel, . Pardi, &
Itakura, 1982). The kinetics for exchange in the free 12-mer are compared
here with the l2-mer—antibiotic complexes to study the effect of drug binding
on the dynamics of basé-pair—opening. The studies confirm results obtained
from chemical shifts indicating perturbations at the binding sites and give
~additional information on 'changes.vin the dynamics of base pairs adjacent to
the binding site. Comparing the lifetimes of exchange in the 12-mer and 12-
mer—-antibiotic complexes givés a more quantitative measure of the location and
exteﬁt of perturbations induced by drug binding. The activation energiles for
exchange of the imino protons in .the‘12~mer—antibiot1c complexes were deter-
mined and compared with those found in the 12-mer. The mechanism for éxchange

of the imino protons in the 12-mer-drug complexes is discussed.

MATERIALS AND METHODS .

The 12-mer was synthesizéd by a modified triester method followed by
deprotection and purificatidn (Patel et al., i982)s The actinomycin and
netropsin were obtained from Merck and Famitalia (Milan, 1Italy), respec-
tively. The MR samples contained 12.5 mg/ml of d(C-G-C-G-A=A=T~T-C-G=C~G).
Samples were made up in 0.2 ml of buffer containing 0.1 M phosphate ‘and 2..5 oM
EDTA with chemical shifts referenced to the 1ntérnal standard 3-(trimethyl-
silyl)-l-propanesulfonate (DSS). Samples containing antibiotics had 2 equiva-
lents of ﬁctinomycin or. 1 equivalent of netropsin or both. The NMR experi-
ments  were performed on the HXS-360 MHz instrmﬁént: artv the Stanford Magnetic

Resonance Laboratory. Temperature was controlled to %1°C and was calibrated



by placing a thermocouple in an NMR tube (containing only DZO) while it was in
the probe. Data were collected on a Nicolet 1180 computer with 8K data points
and a sweep width of £5000 Hz. The large water signal was attenuated by the
Redfield 214 pulse (Redfield et al., 1975) and the use of a tuﬁable notch
filter (Marshall et al., 1979). - Saturation recovery experiments were per=
formed as previously.described (Pardi & Tinoco, 1982). Inversion recovery
experiments were performed using methods similar to the long pulse inversion
recovery technique described by Eafly et al., (1980). Lifetimes of the satura-
tion recovery experiments were analyzed as previously described (Pardi &
. Tinoco, 1982) and the inversion recovery analysis was done using a 3 parameter
nonlinear least squares fit to the inversion reéovery function. Errors in the
lifetimes are not more than *20%Z. No sigﬁificant differences were found in
the lifetimes measured by the two techniques. Typically 10-15 different delay

times were taken with 200-250 scans for each point.

RESULTS
| Figure 1 shows the 360 MHz spectra of tﬂ;vlow field resonances of the 12-
mer, the l2-mer-actinomycin complex, the l12-mer-netropsin complex and the 12-
mer-netropsin-actinomycin complex. The assignment of the imino protons in
these complexes has been previously discussed (Patel et al., 1981} Patel,
Pardi, & Itakura,‘1982). ~In this paper we will be discussing only imino pro-
tons from bése pairs 3-6 as the.protons from base pairs 1 and 2 exchange too
rapidly to allow sufficient data ﬁo be obtained in the preseﬁce 6r absence of
bound antibiotics. The chemical shifts versus temperature for the imino
'protons in G+C base pairs in all the complexes is shown in Figure 2.
For the l2-mer—actinomycin complex the resonances for the AT base pairs
5 and 6 overlap at all temperatures, except 15°C where two peaks are observed

which have equal lifetimes for exchange. The‘temperature dependence of the



lifetimes for the imino protons in the l2-mer—actinomycin complex arevgiven
for baée pairs 3-6 from 15-60°C in Table I. Arrhenius plots for the imino
protons in this complex are given in Figure 3. The activation energies for
exchange of imino protons 5 and 6 are given 1ﬁ Table IV and are calculated to
be 17 kcal/mol.

The lifetimes of  the imino protons in the l2-mer-netropsin complex.from
15-80°C are in given in Table II. Arrhenius plots for these protons are given
in Figure 4. The activation energies determinéd from these plots are given in
Table IV and range from 12-18 kcal/mol.

- For the 12-mer-netropsin—actinomycin complex‘the lifetimes of the imino -
protons from 20-80°C are given in Table III. Arrhenius plots for the imino
protons in base palrs 4-6 are given in Figure 5; the corresponding activation
energlies for exchange of imino protons are given in Thbie v and_rangg'from

17-18 kcal/mol.

DISCUSSION

We will use the chemical shifts of thefimino protons of ;hé 12-mer ﬁpon
complex formation with actinomycin ahd/or-netropsin to obtain information on
the extent of binding of these drugs to the 12-mer duplex. The temperature
dependence of the chemical shifﬁs.of the G'C»imind protons in the 12-mer alone
and the l2-mer in a complex with actinomycin are shown in Figurés 2a and Zb,
respectivelﬁ. As seen in Figure 2b the imino protons oﬁ base pairs 2 and 3
shift upfield by at least 0.4 ppm upon complex formation with 2 actinomycins
per 12-mer. If the free l2-mer and the 12-mer in the complex were in fast
exchange onvthe MMR time scale, then we would expect to observe a weight
average chemical shift for the imino protons. Because of the large shift upon
binding we conclude that if the free and bound 12-mer are in fast exchange,

theﬁ, even at high temperature (60°C), the concentration of the free l2-mer is



very small. If there is slow exchange on the NMR time scale between frée and
bound iZ-mer, then one ﬁould observe two separate peaks for the imino protons
in these two sﬁates. We see no such behavior in the l12-mer-actinomycin com—
plex and can thus still counclude that the coucentraﬁion of free 12-mer must be
small (<10%Z). Intermediate exchange is ruled out by the absence of broadeniﬁg
of the resonances except at the highest temperature where the imino protons do
broaden due to chemical exchange of the imino protons with water, as will be
discussed later. Thus for the l2-mer-actinomycin complex we_obserQevthat over
the whole temperature range used in this study the concentration of free 12-
. mer is small (<10Z) and that the‘lz-mer is essentially totally bound in the
complex at all temperatures.

For the netropsin complex one AT imino profon resonance shifts downfield
at le#st 0.5 ppm from its position‘in the free 12-mer at all temperatures
observed (see Figure 2 in Patel et al., 1981). We can again use this large
difference in chemical shifts upon complex formation to conclude that the
concentration of free 12-mer is very small.., A similar conclusion is reached
for the 12-mer-netropsin—actinomycin complex as revealed by the chemical shift
changes of the G'C imino protons in Figure 2‘and the AT imino proton in
Figure 2 of Patel et al. (1981). Thus in all the 12-mer-drug complexes
studied here the concentration of thé free 12-mer is less than 10%Z of the
total and therefore the observed NMR parameters arise essentially from the 12-

mer in the complex.

Spin-Lattice Relaxation versus Chemical Exchange

In previous studies on the 12-mer we found that at high temperature,
chemical exchange with water was the dominant relaxation mechanism for the
imino protons in the duplex (Pardi et al., 1982). The spin-lattice

relaxation, Tl’ is dominant in the 12-mer only at temperatures lower than



30°C. Similar results are observed in the l12-mer-antibiotic complexesvstudied
here. For the 12-mer-netropsin complex the observed lifetimes increase
sharply with decreasing temperature from 80°C down to around 45°C where they
level off (see Table II). This is more cleérly séen in the Arrhenius plots in
Figure 4. We will concentrate on the high temperature range where exchange is
the dominant relaxation mechanism and so will use temperatures from 45-80°C
for analysis of exchange in the 12-mer-netropsin complex. Table I and Figure
3 show that similar behavior is observed for the less stable 12-mer-
actinomycin complex and we will use temperatures from 35-60°C for analysis of
chemical exchange 1lifetimes of the imino protons. The behavior of the
observed lifetimes in the 12-mef-netropsin—actinomycin complex, as seen 1in

Table III  and Figufe 5, 1indicates that chemical exchange 1is the dominant

relaxation pathway for the imino protons from 55-80°C.

Exchange Lifetimes in the l2-mer Antibiotic Complexes

We have recently shown ;hat the imino protons of base pairs 3-6 in the
12-mer duplex were in the open-limited region (Pardi et al., 1982), which
means that every time the base pair opens the imino protons exchange with
water. The longer lifetimes for the 12-mer-antibiotic complexes compared to
those found in the free l2-mer indicates that exchange of the imino protomns in
these complexes will aiso bg in the open=limited region. Thus thé lifetimes
for exchange studied here will measure the kinetics of base-pair—opening in
these complexes.

Patel et al. (1981) have shown that two actinomycins bind per duplex in
the 12-mer-actin6mycin complex. Table I gives the lifetimes for exchange of
the imino protons in this complex; they can be compared with the lifetimes for
the free 12-mer (Pardi et al., 1982). The lifetimes for fhe overlapping A-T

base pairs 5 and 6 are 30'msec in the complex at 55°C; this is shorter than



the 35 msec and 55 msec found for A+T base pairs 5 and 6 in the free 12-mer.
The 1lifetime for G+C base pair 4 1is essentially unchanged by actinomycin
binding; at 55°C it is 75 msec in the complex and 80 msec in the free 12-
mer. However, the lifetime of G*C base pair 3 is strongly increased; at 55°C
it 1s 85 msec in the complex, but only 35 méec in the free 12-mer. Thus,
binding_actinomycin between G¢C base pairs 2 and 3 decreases the rate of
opening of G°C base pair 3 by over a factor of two. It leaves G*C base pair 4
unchanged, and it slightly increases the rate of opening of A*T base pairs 5
and 6. Actinomycin kinetically stabilizes G+C base pair 3 at the binding
site; it has little effect on base pair 4, but it destabilizes the two A-T
base pairs 5 and 6. The effect of binding ‘actinomycin at each G(3'-5')C site
is propagated into the helix, perhaps inducing some conformational changes in
- the AT base pairs.

Netropsin is known to bind with a specificit_y for A-T regions'_in the
minor groove of DNA duplexes (Zimmer, 1975; Wartelbl et al., 1974). T1It has
been shown that in the‘cbmplex ‘only one netropsin is bound per 12-mer duplex
(Patel et al., 1981). Netropsin, which lacks a center of symmetry, removes
the 2-fold symmetry of the l2-mer as revealed by up to a 0.02 ppm.chémical
shift differé_nce for base pairs 3-6 on difvfe‘rent ends of the helix (Patel et
al., 1981). However, no measurable difference in the exchange lifetimes for
individual base pﬁirs on different ends of the 12-mer helix in the. netfopsin
complex was ob‘servevd.

The lifetimes for the l2-mer netropsin complex are given in Table 1II.
First consider the AT base pairs; the netropsin increases the lifetime for
exchange of base pair 5 by over a factor of five from 35 msec in the free 12-
mer to 190 msec i.n the l12-mer-netropsin complex at 55°C. Base pair 6 is

kinetically stabilized by a factor of three at 55°C: the lifetimes for



exchange of the free 12-mer is 55 msec while that of the 12-mer-netropsin
complex is 165 msec. Thus base pair 5 has the largest change in kinetics of
the A*T base pairs upon netropsin binding. Base pair 5 has also been foun& to
have a very large downfield shift of the imino proton resonance upon netropsin
binding (Patel et al., 1981). What is the effect on base pairs adjacent to
the binding site? - The lifetime for exchange of G+C base pair 3 in the free
12-mer at 55°C is 35 msec; éomparing this with a lifetime of 50 msec in the
12-mer-netropsin complex shows an increase of about 50% upon drug binding.
However, the lifetime for exchange of G*C base pair 4 is increased by almost a
factor of three upon netropsin binding: from 80 msec for the free 12-mer to
225 msec in the l2-mer-netropsin complex. Thus we see that binding of netrop-
.sin at the central core of the 12-mer duplex affects the dynamics of the G+ C
base pairs which are distant from.the binding site. The bindiﬁg of netropsin
is khown to span 2-4 base péirs, therefore its binding presuﬁably includes all
four A°T base pairs. It 1s interesting to note that upon complex formation
the relative .increase in the lifetime for opening of the G*C base pair at
position 4 is as large as that found at the netropsin binding site at A+T base
pair 6. This result could be due to netropsin directly interacting with the
G*C 4 site or could be aﬁ effect propagated down the helix from netropsin
binding at the A+T sites.

The 12-mer has been shown to form a complex having two actinomycins and
one netropsin simultaneously bound at adjacent G+C and AT blocks (Patel et
al., 1981). The lifetime in the l2-mer-netropsin-actinomycin complex at 55°C
for G*C base pair 4 is 130 mséc compared to 80 msec in the free 12-mer; for
A*T base pair S_the lifetime is 130 msec in the complex compared to 35 msec in
the free 12—mer,.ana A*T base pair 6 has a lifetime of .135 msec in the complex

and 55 msec in the free 12-mer. Thus we observe that the lifetimes for ex~



change of all the imino protons have increased in the complex relative to the
free 12-mer.

In comparing the lifetimes of the l2-mer-actinomycin complex with those
in the lz-mer-netropsin-actinomycin complex we see that the complex with both
drugs bound has lifetimes for all the imino protons which are significantly
larger than the corresponding lifetimes when only actinomycin is bound in the
complexv(130 msec, 130 msec,_l35 msec compared to 75 msec, 30 msec, 30 msec;
Tables 1 and III). Thus netropsin kinetically stabilizes base pairs 4-6 of
the double helix when it binds to the 12-mer-actinoﬁycin complex. Just the
opposite is true for the l2-mer-netropsin complex; the lifetimes of the imino
protons on base pairs 4-6 are greater in‘the 12-mer-netropsin complex than in
‘the 12-mer—-netropsin~actinomycin complex (225 msec, 190 mséc, 165 wmsec
compared to 130 msec, 130 msec, 135 msec; Tables II and III). Thus the
actiﬁomycin kinetiéally deétabilizes these base pairs in the double helix when
it binds to the 12-mer-netropsin complex. Notice that the increase or
decrease in the lifetimes of fhe 12-mer—netropsin—actinomjcin complex compared
to the 12-mer with only. actinomycin or netropsin bound extends beyond the
binding site of the second antibiotic.

Table III shows that the lifetimes of base pairs 4~6 are apprbximately
the same at a given temperature in thev12-mer-netropsin—actinomycin complex.
This result could be explained by a cooperative mechanism where all the imino
protons exchange togéther. As will be discussed in the following section, the
activation energies for exchange of the imino protons rule out .a cooperative
mechanism for exchange. Base. pairs 4-6 in the 12—mér-netropsin—actinomycin
complex thus exchange independently of one another, but have similar rates for

exchange. -
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Activation Energies for the l12-mer—Antibiotic Complexes

Activation energies for the imino'protohs in the 12-mer were previously
measured and it was shown that exchange takes place by an individual base-
pair-opening mechanism (Pardi et al., 1982). The activation energies for the
imino protons on base pairs 3-6 for the l2-mer-netropsin complex range from

12-18 kcal/mol (Table IV), and are similar to those found in the 12-mer under

‘similar conditions. The activation energies for the A*T base pairs remained

essgntialiy the same; a 2-3 kcal/mol decrease from the . free 12-mer was
observed. The low values for activation energies indicate that an individual
base-pair—opening mechanism 1is the dominant exchange process in this complex
(Pardi et al., 1982).

The activation energiés for base pairs 5 and 6 for the l2-mer-actinomycin
complex are given in Table IV. Activation energies for G<C base pairs 3 and 4
wére' not calculated as 1t is difficult to determine from the data where
chemical exchange becomes dominant. An Artheniué plot of the data is shown‘in.
figure 3a. The activation energies for base pairs. 4—6 for the 12-mer-
netropsin—actinomycin complexes "are givenb in Table 1IV. The aétivation
energiés for both of these complexes are again similar to those fodnd_iﬁ the .
free 12-mer and Iladicate that exchange ip béth complexes takes place bj an
individual base-pair-opening mechanism. Thus a process 1involving a
cooperative exchange of several base pairs does not seem to be an important

mechanism in the kinetic¢s for exchange of the imino protons for any of the 12-

mer—antibiotic complekes studied here.

The high temperature points used to determine the activation energies

will have some coatribution due to magnetic spin-lattice relaxation. Any

" contribution from T; would result in a lifetime for chemical exchange which 1is

‘greater than the observed lifetime. It is difficult to determine the effect



of T accurately because the low-tempe_rature data, where T, is dominant, are
limited to temperatures above 0°cC. However, we estimate that T, will increase
both the lifetimes for chemical exchange and the activation energies by at
most 50%. This does not change our qualitative éonclusions that exchange
takes place by an individual base-pair-opening mechanism, that actinomycin
kinetically stabilizes base pairs at the binding site with 1little effect
elsewhere and that netropsin kinetically étabilizes base pairs at the binding

site and affects base pairs adjacent to the binding site.

SUMMARY AND ("JONCLUSIONS

The lifetimes for exchange of the imino protons have»béen inirestigated in
complexes of a dodecanucleotide double strand_ with the antibiotics netropsin
and/or. actinomycin. These lifetimes of base~pairing protoﬁs in the double
strand upon drug binding give information omn the changes in the kinetic
stability of base pairs at the binding site and at different distances from
the binding site. The 1lifetimes were measured by saturation recovery
experiments or inversion recovery experiments and were shown to co.rrespond at
high temperatures to .lifetimes of c.hemicai exchange of the protons.
Comparison with previous work on the 12-mer shows that .the exchange of each
imino proton 1is a measufe of the rate of opening of each base pair in the
complex. That {is, ‘every time the base pair is broken; the imino proton
exéhanges with water. |

Actinomycin intercalates at the G(3'-5')C site between base pair 2 and 3
~in the 12-mer (Patel et al., 1981). G-C base pair 3 at the binding site was
significantly stabilized by actinomycin binding, but the lifetimg ova°C base.
pair 4 was ﬁnaffegted. The binding kinetically destabilized the A*T base
pairs at the central core. of the 12-mer slightly. However, in the 12-mer- |

netropsin complex the 1lifetimes of all the base pairs increase upon drug



binding. The netropsin is known to bind in the minor groove at A*T rich sites
in DNA and binds 1in the ceantral A+T core of the'12—mer. There 15 a large
increase in the lifetime for exchange of G*C base pair 4 next to the A-T
netropsin binding site, indicating that the netropsin may interact with this
G+C residue, or at least induces a perturbation in the helix which stabilizes
this base pair. Comparing the lifetimes of the imino.protons in the complex
when both drugs are bound with those when only one drug 1is bound, one sees
that the binding of netropsin stabilizes the AT base pairs as well as G°C
base pair 4 relative to the 12-mer-actinomyc1n complex, whereas the binding of
- actinomycin to a 12-mer-netropsin complex destabilizes all of these base
éairs, It is clear that the effects of binding of a drug at a specific site
in the helix can be propagated along the double strand and alter the dYnamics'
for opeﬁing of base pairs beyond the neafest-neighboring residues.

The activation energies for exchange of the imino protons in the 12-mer
complexes were studied by measuring the temperature dependence of the exchange
rates. The activation energies are not dramatically different from those
found in the free 12-mer, with values ranging froﬁ>12-18 kcal/mol. These
‘relatively small values for exchange of imino protons in the three 12-mer-
antibiotic complexes studied here show that exchange takes place by an indivi-
dual base-pair-opening mechanism. The activation energies change only
slightly'wi;h and without bound drugs, indicating that the open states may
have quite similar structure.

Studies on the kinetics of binding of the antibiotics ne:;epsin and/or
actinomycin to the 12-mer would be exﬁremely useful in probing the'dynemics of
these complexes in solution. G(orrelations between base-pair-opening and drug-
dissociation in the complexes could then be studied to try to understand the

general dynamics of drug-nucleic acid interactions.



ACKNOWLEDGEMENTS
The authors would like to thank Dr. Keiichi Itakura and Mr. Chris Broka

for synthesizing the oligonucleotide used in these studies.

This work was supported by the Division of Biomedical and Environmental
Research of the U.S. Department of Energy under Contract Nﬁ. DE—ACO3—76$F00098;
and by NIH Grant GM 10840, NIEHS Training Grant ES 07075, and Stanford Magnetic
Resonance Laboratory (supported by NSF Grant GP 26633 and NIH Grant RR 00711)

for the use of the HXS-360 MHx facilities.



REFERENCES

Bresloff, J. L. , & Crothers, D. M. (1975) J. Mol. Biol 95, 103.

Davanloo, P., & Crothers, D. M. (1976) Biochemistry 15, 5299.

Drew, H., & Dickerson, R. E. (1981) J. Mol. Biol. 151, 535.

Early, T. A., Feigon, J., & Kearns, D. R. (1980) J. Magn. Reson. 41, 343.

Johnston, P. D., & Redfield, A. G. (1981) Biochemistry 20, 3996.

Krugh, T. R., Mooberry, E. S., & Chia, Y. C. (1977) Biochemistry 16, 740.

Krugh, T. R., & MNuss, M. E. (1979) in Biological Applications of Magnetic

Resonance (Shulman, R. G., Ed.) pp. 113~176, Academic Press, NY.

Marshall, A. G., Marcus, T., & Sallos, J. (1979) J. Magn. Reson. 41, 343.

Meienhofer, J., & Atherton, E. (1977) Structure Activity Relationships Amongst

the Semisynthetic Antibiotics, (D. Perlman, Ed.) pp. 427-529;
Academic Press, NY.

Pardi, A., & Tinoco, I., Jr. (1982) Biochemistry, in press.

Patel, D. J. (1979) Acc. of Chem. Res. 12, 118.

Patel, D. J. (1980) in Nucleic Acid Geometry and Dynamics (Sarma, R. H., Ed.)

pp. 185-231, Pergamon Press, NY.
Patel, D. J., Kozlowski, S. A., Rice, J. A., Broka, C. , & Itakura, K. (1981)

Proc. Nat. Acad. Sci. 78, 7281.

. Patel, D. J., Kozlowski, S. A., Marky, L. A., Broka, C., Rice, J. A., Itakura,

K., & Breslauer, K. J. (1982) Blochemistry 21, 428.
Patel, D. J., Pardi, A., & Itakura, K. (1982) Science 216, 581.
Priesler, R. S., Mandal, C., Englander, S. W., Kallenbach, N. R., Howard,

F. B., Frazier, J., & Miles, H. T. (1981) in Biomolecular Stereo-

dynamics (Sarma, R. H., Ed.) Vol. I, pp. 405-416, Adenine Press, NY.

Redfield, A. G., Kunz, S..D., & Ralph, E. K. (1975) J. Magn. Reson. 19, 114.

Sobell, H. M. (1973) Prog. Nucleic Acids Res. Mol. Biol. 13, 153.




Wartell, R. M., Larson, J. E., & Wells, R. D. (1974) J. Biol. Chem. 249, 6719.

Wing, R., Drew, H. Takano, T., Broka, C., Tanaka, S., Itakura, K., &
Dickerson, R. E. (1980) Nature 287, 755.

Zimmer, C. (1975) Prog. Nucleic Acids Res. Mol. Biol. 15, 285.




TABLE I. Lifetimes (msec) of Imino Protons in 12-mer-Actinomycin Complex

12 34566543 21°
dC-G N C-G-A~-A-T-=-T-C~G § C-G
I lgl LT IR
G~CNG=-C-T-T=A-A-G-CNNG~-C
Proton
Temperature : : '

(°C) B # (#5 #6)
15 - (190 185)
25 | 160
30 , 185
35 | | - 150
40 ' 170 135 100
45 | | 105 140 70
50 | —_ 135 50
55 85 75 30

60 | , 70 40 17
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TABLE II. Lifetimes (msec) of Imino Protons in 12-mer-Netropsin Complex

123456654321

d C~G~C~G~A~A~-T-T-C-G-C-G

bbbt L L

CzzzzZA
| Proton
‘Temberature v

(°c) # #3 #4 #5 #6
15 | | 320 325
20 | 340 375
25 | '. 305 370
30 | 420 335
35 45 240 400 405 360
40 - -— - 415 310
45 13 95 — 515 zéo
50 . 315 - 280 230
55 ‘ 50 225 190 165
60 | 35 210 235 130
65 | 17 150 135 105
70 - | 100 120 85
75 ’ 60 75 65

80 | 35 60 40
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TABLE III. Lifetimes (msec) of Imino Protons in
12-mer-Netropsin—~Actinomycin Complex

12 34 6543 21

dC~G [y C-G-A-A-T-T-C-G[§ C-G

IIIIIIIIIIII

G~CN G~ C-T-T-A-A-G-CNG~Cd

ESSISNY
Proton
Temperature ' -

(°C) 3 #4 #5 #6
20 160
25 | . 180
35 . 180
45 ’ 155 175 160
55 - | 130 130 135
60 | 85 75 75
65 - 55 65 . .55 55
70 ‘ o - 35 50 45

75 ' 35 25 25

80 ' 12 18 19 19
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TABLE IV.

Activation Energies (kcal/mol) for Exchange of Imino Protons in
12-mer Antibiotic—-Complexes

Proton
#3 #4 #5 #6

Complex

12-mer alone? (pH = 6) , v 14 £ 2 15+ 2
12-mer—actinomycin 4 17 £ 3b 17 ¢ 3b
12-mer-netropsin 18 £ 3 16 £ 2 12 £ 2 12 + 2
12-mer-netropsin- —— 17 £ 3 18 £ 3 i7 £ 3

actinomycin ’

8pata taken from
esonances from base pairs 5 and 6 overlap in this complex (see text).
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Figure

Figure

Figure

Figure

Figure

l.

The 360 MHz NMR spectra, low field region, of: (a) ﬁﬂe 12-mer
duplex, 20°C, pH = 6.8; (b) the complex with the 12-mer duplex
and two equivalents of actinomycin, 15°C, pH = 7; (c) the complex
with the 12-mer duplex and one equivalent of netropsin, 20°C, pH =
7; and (d) the complex with the 12-mér'dup1ex with both‘two"
equivalents of actinomycin and one equivalent of netropsin, 20°c¢,
pH = 7.

The temperature dependence of the G:C imino protons on base pairs
2, 3, and 4 in: (a) the 12-mer§ (b) the 12-mer—actinomycin
complex; (c) the 12-mer-netropsin complex; and (d) the 12-mer-
netfopéin-actinomycin complex.

Arrhenius plots for the observed lifetimes of the 12-mer-
actinomydin complex for: (a) the G*C base pairs; and (b) the A-T

base pairs. The activation energy was calculated for temperatures

.. of 35°C and above.

Arrhenius plots for the observed lifetimes of the l2-mer-netropsin
complex for: (a) the G-C base pairs; and (b) the A:T base
pairs. The activation energy wasvcalculated_for temperatures of

45°C and above.. -

‘Arrhenius plots for the observed lifetimes of the 12-mer-

‘netropsin—actinomycin complex for: (a) the G:C base pair; and

(b) the A-T base pairs. The activation energy was calculated for

temperatures of 55°C and above.
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