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Nucleic acids are the repository of 
genetic information and hence play a 
central role in the development and 
expression of living cells. Proteins are 
bound to nucleic acids when the DNA is 
packaged in the cell and during the repli- 
cation and expression of the genetic mes- 
sage. Research is hence being directed at 
probing the conformational complemen- 
tarity between proteins and nucleic acids 
at the molecular level. A vast amount of 
knowledge has been accumulated on the 
structure, dynamics, and function of pro- 
teins. Parallel information on DNA con- 
formation and dynamics is lacking, but 
recent research suggests that this gap is 
closing fast. Thus the stage is set for 
rapid advances in our understanding of 
the dynamic interplay between nucleic 
acids and the metabolic apparatus made 
up of proteins and enzymes. 

This article outlines our efforts to elu- 
cidate the conformation and dynamics of 
DNA fragments in solution. The re- 
search has focused on information at the 
level of individual base pairs and on the 
consequences of imperfections in the 
double helix. We also present results on 
the conformation and dynamics of antibi- 
otic-DNA complexes obtained as a pre- 
lude to investigations of protein-nucleic 
acid interactions in solution. 

Our knowledge of nucleic acid struc- 
ture has been based primarily on the 
analysis of x-ray fiber diffraction pat- 
terns of natural and synthetic DNA's as 
a function of relative humidity and coun- 
terions (1-3). The recent availability of 
chemically synthesized DNA fragments 
of specific sequence (4, 5) has permitted 
single-crystal x-ray investigations in the 
solid state (6-8) and high-resolution nu- 
clear magnetic resonance (NMR) studies 
in solution (9-11) to probe the details of 
the structure and dynamics. 

The dodecanucleotide duplex formed 
by the d(CGCGAATTCGCG) self-com- 
plementary sequence (1) contains alter- 
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nating pyrimidine-purine d(CGCG) seg- 
ments flanking a nonalternating d(AATT) 
tetranucleotide core (12). Thus the dinu- 
cleotide repeat left-handed Z-DNA con- 
formation observed previously for 
d(CGCG) duplexes (7, 8) and the mono- 
nucleotide repeat right-handed A-DNA 
and B-DNA conformations (1-3) were 
potential candidates for the dodecanu- 
cleotide duplex in the solid and solution 
states. 

A series of dodecanucleotide analogs 
containing defined base additions and 
substitutions at specific sites in the oligo- 
nucleotide sequence have been synthe- 
sized in an attempt to understand the 
effects of mismatches and bulges on the 
structure, stability, and dynamics of 

lution. One can readily monitor the intro- 
duction of specific mismatches in the 
duplex and investigate the associated 
conformational and dynamic changes at 
and adjacent to the modification site. It 
is possible to independently monitor the 
NMR parameters of the antibiotic and 
the nucleic acid to deduce new informa- 
tion about the specificity and intermolec- 
ular interactions associated with com- 
plex formation. We set out to deduce the 
effect of antibiotic binding on adjacent 
ligand-free duplex regions and to investi- 
gate the mutual interaction between ad- 
jacent intercalation and groove binding 
antibiotic complexation sites. 

Nuclear Magnetic Resonance Parameters 

We briefly describe below the NMR 
parameters used to probe the conforma- 
tion and dynamics of the dodecanucleo- 
tide duplex, its analogs, and its antibiotic 
complexes in solution. 

Chemical shifts. The chemical shift (in 
parts per million) of a nucleus is a sensi- 
tive function of its structural and elec- 
tronic environment. The most important 
contribution to proton chemical shifts in 
nucleic acids originates in the secondary 

Summary. The conformation and dynamics of the d(CGCGAATTCGCG) duplex, its 
analogs containing mismatched base pairs and helix interruptions, and its complexes 
with actinomycin and Netropsin, bound separately and simultaneously, have been 
investigated by nuclear magnetic resonance spectroscopy in aqueous solution. 
Structural information has been deduced from chemical shift and nuclear Overhauser 
effect parameters, while the kinetics have been probed from line width and saturation 
recovery experiments on proton and phosphorus markers at the individual base pair 
level. These studies lead to an improved understanding of the role of nucleic acid 
sequence on the structure, flexibility, and conformational interconversions in the 
duplex state. The nuclear magnetic resonance measurements readily identify helix 
modification and antibiotic binding sites on the nucleic acid and estimate the extent to 
which the observed conformational and dynamic perturbations are transmitted to 
adjacent base pair regions. 

DNA duplexes. The d(CGCGAATTC- 
GCG) self-complementary duplex con- 
tains more than one turn of helix, so that 
it is sufficiently long to bind dG.dC spe- 
cific and dA.dT specific antibiotics sepa- 
rately and simultaneously at adjacent 
sites along the helix. 

Nuclear magnetic resonance is the 
most powerful spectroscopic method 
currently available for probing the con- 
formation and dynamics of nucleic acid 
duplexes in aqueous solution (13-19). Its 
inherent resolution permits the identifi- 
cation of several markers distributed 
throughout each base pair in a DNA 
fragment and provides information on 
hydrogen bonding, base pair overlaps, 
and the phosphodiester backbone in so- 

magnetic fields generated from the pu- 
rine and pyrimidine aromatic rings and 
their associated heteroatom groupings. 
Proton chemical shift changes are mark- 
ers of conformational transitions. They 
include the upfield shifts of CH protons 
associated with the conversion from un- 
stacked strands to a stacked duplex and 
the downfield shifts of NH and OH pro- 
tons on hydrogen bond formation in nu- 
cleic acid duplexes. In addition, it has 
been postulated that phosphorus chemi- 
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cal shift changes are an indication of 
variations in the 0-P-0 bond angle or 
torsion angles along the nucleic acid 
phosphodiester backbone. 

Nuclear Overhauser effect (17, 18). 
The proton nuclear Overhauser effect 
(NOE) is a distance-measuring probe of 
conformation and corresponds to a 
change in the resonance intensity of a 
given proton spin on saturation of a 
nearby dipolar coupled proton spin. (Sat- 
uration corresponds to the application of 
an on-resonance radio-frequency pulse 
that equalizes the spin population be- 
tween states, resulting in loss of the 
resonance signal.) The magnitude and 
sign of NOE effects between proton 
spins depend on the inverse sixth power 
of the distance between the protons and 
on the frequency of motions of the spins. 
NOE effects are negative for nucleic 
acids at the dodecanucleotide duplex 
level, corresponding to a decrease in 
intensity ranging from a few percent at 
interproton distances of 3.5 angstroms to 
much larger perturbations at shorter dis- 
tances. NOE effects are best represented 
as the difference between on- and off- 
resonance spectra, in which the intensity 
perturbations can be readily detected 
along with the strong signal of the satu- 
rated resonance. 

Line widths. The width of a nucleic 

Table 1. Watson-Crick iminc proton chemical 
shifts in the dodecamer, tridecamer, and do- 
decamer GT duplexes at -5'C.* 

Chemical shift (ppm) 

As- 
Reso- sign- DO- Tsi- 
nance merit deca- deca- deca- 

mer mer 
GT 

*Buffer: 0.1M phosphate, 2 .5  mM EDTA, 4 :  1 
H20:2H20, pH 7.5 1 0 . 2 .  ?The T(H-3) proton 
resonates at 11.78 ppm in the dG.dT pair. 

acid NMR resonance reflects the mag- 
netic spin-spin interactions with nearby 
protons and nitrogen and phosphorus 
nuclei and the contribution from chemi- 
cal kinetic processes. For CH protons, 
which do not exchange with solvent wa- 
ter, increases in line width are observed 
when the conformational interconver- 
sion rate between duplex and strands is 
on the order of the chemical shift separa- 
tion between corresponding proton reso- 
nances in each state. For exchangeable 
NH and OH protons, the excess line 
width contributions reflect exchange 
rates with solvent water and are a mea- 

Temperature ( O C )  

Fig. 1 .  (A)  The 360-MHz correlation proton N M R  spectra (12 to 14 ppm) of the dodecamer 
duplex in O.lM phosphate, 2.5 mM EDTA, 4 :  1 H , 0 : 2 H 2 0 ,  pH 7.50, between -5°C and + 6 3 T  
The signal-to-noise ratios of the spectra were improved by applying a 5-Hz exponential line- 
broadening contribution. The imino proton assignments are designated over the resonances. (B) 
Temperature dependence of the chemical shifts of the five nonterminal imino protons of the 
dodecamer duplex in the buffer solution described above. 

sure of the relative stability of the local 
duplex structure. The exchangeable res- 
onances broaden out when their ex- 
change rates with solvent water ap- 
proach 200 per second. 

Saturation recovery (17, 18). The re- 
covery of magnetization following satu- 
ration of an exchangeable resonance can 
be monitored by incorporating a variable 
time delay between the saturation and 
observation pulses in a Fourier trans- 
form NMR experiment. [The Redfield 
214-pulse sequence (17, 18) is used to 
null the strong H 2 0  resonance of the 
solvent.] The magnetization recovers by 
spin lattice relaxation and by chemical 
exchange with unperturbed solvent wa- 
ter. The former process predominates at 
low temperatures and has a small activa- 
tion energy. By contrast, solvent ex- 
change rates have a large temperature 
dependence and generally predominate 
above room temperature for oligonucleo- 
tide duplexes. The saturation recovery 
method is useful for evaluating exchange 
rates greater than 5 sec-' and measures 
rate changes over two orders of magni- 
tude. 

The power of the NOE and saturation 
transfer methodology was elegantly 
demonstrated by Redfield and co-work- 
ers (17, 18) in their seminal NMR investi- 
gation of the structure and dynamics of 
transfer RNA in solution. 

d(CGCGAATTCGCG) Dodecamer 

Duplex 

The d(CGCGAATTCGCG) sequence 
(1) is the first oligonucleotide duplex 
containing at least one turn of helix for 
which x-ray (20, 21) and NMR (22) infor- 
mation is available. This permits a de- 
tailed comparison of the structure and 
dynamics of a dodecanucleotide in 
heavily hydrated crystals at atomic reso- 
lution and during the premelting and 
melting transitions in aqueous solution. 

Symmetry. The Watson-Crick imino 
protons (guanosine H-1 in a dG.dC pair 
and thymidine H-3 in a dA.dT pair) reso- 
nate between 12 and 15 parts per million 
(ppm) in H 2 0  solution (23) and have 
been extensively used to estimate the 
number and stability of base pairs in 
nucleic acid duplexes (16). We observe 
six imino protons in the spectrum of the 
dodecamer at -5°C (Fig. lA), consistent 
with formation of a 12-base pair self- 
complementary duplex with a twofold 
element of symmetry. In contrast, exact 
twofold symmetry is not observed in the 
dodecamer crystal (20, 21), presumably 
due to contributions from packing forces 
in the solid state. 
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Fraying. The resonances of the imino 
protons of the four dGdC base pairs 
between 12.7 and 13.3 ppm broaden out 
in a sequential manner with increasing 

Table 2. Lifetimes (milliseconds) of imino 
protons in the dodecamer, tridecamer, and 
dodecamer GT duplexes in 0.1M phosphate, 
pH 6 ,  35°C. 

the exchange contribution to these life- 
times dominates the high-temperature 
data (27-29). 

Exchange of imino protons in nucleic 
acid duplexes with solvent water (30, 31) 
can be schematically represented by 

Base pair 
Duplex 

3 4 5 6  

temperature in the dodecamer spectrum 
in 0.1 molar phosphate solution at p H  7.5 
(Fig. 1A). The decrease in lifetime of kopen kexc  

Duplex @ strand + solvent 
kclose 

Dodecamer 130 170 140 230 
Tridecamer 62 100 160 
Dodecamer GT 11,l l  90 135 230 

these exchangeable imino protons re- 
flects the rapid opening and closing of 
base pairs at the ends of the duplex in the where k,,, is the exchange rate constant. 

The exchange occurs from the strand 
state in this model, and the specific 
mechanism depends on the competition 

-- 

*The lifetime is too short to observe at t h ~ s  tempera- 
ture. premelting transition region. The se- 

quential broadening of the resonances of 
the dGdC imino protons from the ends 

pair propeller twists and minor groove 
widths in the central d(AATT) segment. 
Thus the NMR and x-ray studies inde- 
pendently demonstrate that the premelt- 
ing transition is localized at the internal 
dA.dT-rich segment of the duplex. 

Duplex opening rates. Johnston and 
Redfield (27, 28) developed a saturation 
recovery method for measuring the ex- 
change rates of individual imino protons 
in nucleic acid duplexes with solvent 
water. The recovery rate following satu- 
ration of the imino protons is the sum of 
the magnetic cross-relakation rate with 
adjacent proton spins and the exchange 
rate with solvent. The temperature de- 
pendence of the lifetimes of the thymi- 
dine imino protons of base pairs 5 and 6 
in the dodecamer duplex in 0.1M phos- 
phate at pH 6 is plotted in Fig. 2A, and 

between kclo,, and k,,,. When k,,, 
>>kCl,,,,  exchange with solvent occurs 
every time the duplex opens and the 
exchange process is a measure of the 
helix opening rates (25, 30, 31). 

The lifetimes for opening individual 
imino protons in their respective internal 

of the duplex readily permits their identi- 
fication in the dodecamer sequence. The 
exchange of imino protons through a 
fraying process (24) is catalyzed by base 
(25), and we observe the predicted in- 
crease in line widths at higher pH values 
at a fixed temperature. 

base pairs for the dodecamer duplex at 
35°C are summarized in Table 2. We note 
that under these conditions the lifetime 

It should be noted that the imino pro- 
tons of base pairs 1, 2, and 3 in the 
dodecanucleotide duvlex exhibit ex- 
change rates greater than 200 sec-' be- 
low 60°C, and the resultant broadening 
(Fig. 1A) occurs below the temperature 
of 72°C at the midpoint of the duplex- 
to-strand transition in 0.1M buffer solu- 

increases from 130 milliseconds at base 
pair 3 to 230 milliseconds at base pair 6, 
which is farther into the interior of the 
duplex. The pH independence of the 
exchange lifetimes listed in Table 2 is 
consistent with the idea that the ex- tion. 

The imino protons of dA.dT base pairs 
5 and 6 (spectral region 13.8 to 14.0 ppm) 
were differentiated by the observation of 
a small negative NOE (17, 18) between 
the downfield resonance in the pair and 

change rates provide a measure of the 
helix lifetime in the interior of the du- 
plex. 

Individual base pair opening. The 
temperature dependence of the exchange 
contribution to the transfer rates at the 
thymidine imino protons of base pairs 5 

the known imino proton of dGdC base 
pair 4 at 12.75 ppm. The ability to ob- 
serve and assign (Fig. 1A and Table 1) all and 6 in the central core of the dodec- 

amer duplex is given in an Arrhenius plot 
in Fig. 2B. The high-temperature rates 
are dominated by exchange and yield 
activation energies of 14 i 2 kilocalories 
at each position. This demonstrates that 

six imino protons provides unique mark- 
ers distributed throughout the length of 
the dodecamer duplex in solution. 

Premelting conformational transition. 
The temperature-dependent chemical 
shifts of the five nonterminal imino pro- imino proton exchange in the interior of 

duplexes occurs by transient opening of 
individual dA.dT base pairs without dis- 

tons of the dodecamer are plotted in Fig. 
1B and show striking differences be- 
tween the dA.dT and dGdC base pairs. 
Both thymidine imino protons located in 
the center of the duplex exhibit a large 
linear temperature-dependent upfield 
shift, which is not observed at the guano- 
sine imino protons of the flanking dGdC 
base pairs (Fig. 1B). The observed tem- 
perature-dependent premelting confor- 
mational transition at the central dA.dT 
tetranucleotide segment may reflect 
changes in the winding of the duplex or 

Temperature (OC) 

3.0 1 1 B 
0 .  5 

ruption of adjacent base pair regions. 
The measured activation energy is in 
excellent agreement with corresponding 
values for opening barriers deduced from 
hydrogen-deuterium stopped-flow mea- 
surements of poly(A).poly(U) (32) and 
NMR relaxation measurements on dA.dT 
base pairs in DNA restriction fragments 
(33). 

Nonexchangeable base protons. We 
observe well-resolved nonexchangeable 
protons in the resolution-enhanced 500- 

Fig. 2.  (A) Temperature dependence of the 
observed lifetimes for the two thymidine imi- 
no protons of base pairs 5 and 6 on the 
dodecamer duplex in 0.1M phosphate, 2.5 
mM EDTA, 4 : l  H,0:2H,0, pH 6.0. The 
thymidine imino protons of base pails 5 and 6 
are represented by (e) and (O), respectively. 
(B) Arrhenius plot for the observed lifetimes 
of the thymidine imino protons of the dodec- 
amer, from which the activation energies de 
scribed in the text were obtained. Conditions 
and symbols are the same as those given in 
(A). 

changes in the extent of propeller-twist- 
ing of the base pairs in the core of the 
duplex. 

megahertz spectrum of the aromatic re- 
gion (7.0 to 8.1 ppm) of the dodecamer 
duplex at ambient temperature (Fig. 3A). The x-ray investigations show that the 

d(CGCGAATTCGCG) duplex can adopt 
different right-handed conformations, 

The resonances have been assigned to - 
specific positions on the purine and py- 
rimidine rings on the basis of their split- 
ting patterns (pyrimidine H-6 and H-5 
are doublets; thymidine H-6 singlets are 
broad due to long-range coupling to CH3- 

depending on the temperature and on the 
alcohol concentration of the crystalliza- 
tion medium (26). These dodecanucleo- 
tide structures differ in the extent of base 
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5 resonances), susceptibility to deutera- 
tion at high temperature (guanosine H-8 
is more readily deuterated than adeno- 
sine H-8), and differential spin lattice 
relaxation times (adenosine H-2 is dis- 
tant from the sugar protons and exhibits 
long relaxation times). The assignment 
of a particular type of resonance to a 
specific base pair in the dodecamer se- 
quence was achieved by chemical modi- 
fication and NOE experiments (34). The 
chemical shift assignments of the dodec- 
amer nonexchangeable protons at ambi- 
ent temperature are listed in Table 3 

Cooperative melting transition. The 
nonexchangeable base proton reso- 
nances shift as  average peaks during the 
dodecamer helix-coil transition with the 
experimental data for the four dG.dC 
base pairs plotted in Fig. 3B. The nonex- 
changeable protons distributed through- 
out base pairs 2, 3, 4, 5, and 6 exhib- 
it a common transition midpoint of 
72" i 2°C in 0.1M phosphate solution 
(Table 3). This result demonstrates that 
at least of ten nonterminal base pairs in 
the dodecamer duplex melt in a coopera- 
tive manner during the helix-coil transi- 
tion. 

Stacking in the crystalline and solu- 
tion states. We observe upfield shifts at 
all the dodecanucleotide base protons on 
duplex formation with magnitudes that 
vary widely with position in the dodec- 
amer sequence (Table 3). Sarma and co- 
workers (35) computed the upfield chem- 
ical shifts for these protons on the basis 
of ring current and magnetic anisotropy 
contributions (36) for the overlap geome- 
try observed in the dodecanucleotide 

crystal (21). These calculated shifts are 
listed in Table 3, and one observes a 
good correlation with the experimental 
shifts a t  base pairs 3, 4, 5, and 6 in the 
dodecamer sequence. This suggests that 
the overlap geometry of the central oc- 
tanucleotide segment observed in the 
crystal structure of the d(CGCGAATTC- 
GCG) duplex (21) is retained in solution. 

The discrepancies between the experi- 
mental and calculated shifts at base pairs 
1 and 2 at  either end of the dodecamer 
duplex may reflect contributions from 
crystal packing forces involving the mu- 
tual interaction of trinucleotide ends of 
adjacent molecules in the crystalline 
state (20, 21), which do not occur in 
solution (22). 

Phosphodiester backbone. We ob- 
serve partially resolved phosphodiester 
resonances in the 3 ' ~  NMR spectra of 
the dodecamer duplex in the absence and 
presence of 5M NaCl solution at - 43°C 
(Fig. 4A). The 0.45 ppm chemical shift 
dispersion in the absence of salt (top 
spectrum in Fig. 4A) increases to  a 0.8 
ppm dispersion on the addition of a high 
salt concentration (bottom spectrum in 
Fig. 4A). The dispersion decreases to  
0.25 ppm in the dodecamer strand state 
at a high temperature. These results are 
indicative of sequence-dependent varia- 
tions in either the 0-P torsion angles or 
the 0-P-0 bond angles in the duplex 
state (37-39). We are unable to assign 
individual resonances to specific phos- 
phodiesters in the dodecanucleotide du- 
plex at this time. 

Right-handed duplex. We previously 
observed phosphorus resonances of 

equal area at - 3.0 and - 4.4 ppm on 
formation of a left-handed dinucleotide 
repeat conformation of the (dG-dC), du- 
plex in high-salt solution (40). The ab- 
sence of any phosphodiester resonance 
at - 3.0 ppm in the 3'P NMR spectra of 
the dodecamer as  a function of salt con- 
centration (Fig. 4A) is consistent with 
the formation of a right-handed dodeca- 
nucleotide duplex in low- and high-salt 
solution. 

Thus the d(CGCG) alternating purine- 
pyrimidine ends of the d(CGCGA- 
ATTCGCG) duplex are unable to switch 
to the left-handed dinucleotide repeat 
conformation in the crystalline (20) and 
solution (22) states due to the presence of 
an intervening nonalternating d(AATT) 
segment. Future efforts should be direct- 
ed toward the d(CGCGTATACGCG) du- 
plex and its 2-aminoadenosine analogs in 
an attempt to determine whether the 
alternating dG-dC tetranucleotide blocks 
can switch the alternating dA.dT tetranu- 
cleotide block to a left-handed Z-DNA 
helix. 

d(CGCAGAATTCGCG) Tridecamer 

Duplex 

The reading frame of the triplet genetic 
code can be dramatically altered by the 
insertion or deletion of a single base in 
one strand of the DNA duplex. It is 
imperative that such helix interruptions 
be readily recognized by repair enzymes, 
and we were interested in deducing the 
conformational features of such helix 
imperfections in the double helix. 

Temperature ( O C )  

Fig. 3. (A) The 500-MHz Fourier transform proton NMR spectra (7.0 to 8.1 ppm) of the dodecamer duplex in 0. IM phosphate, 2.5 mM EDTA. 
'H,O, pH 7.70, at ambient temperature. The resolution of the spectrum was improved by applying an exponential line-narrowing contribution. 
(B) Temperature-dependent 360-MHz chemical shifts of the guanosine H-8 and cytidine H-6 and H-5 resonances of the dodecamer duplex in the 
buffer solution described above. 
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Our NMR studies on the dodecamer 
were extended to a d(CGCAGAAT- 
TCGCG) tridecamer analog (2) contain- 
ing an internal adenosine that lacks a 
hydrogen bonding complement on the 

C G C A G A A T T C  - G C G  
1 2 3  4 5 6 6 5 4  3 2 1  
G C G - C T T A A G A C G C  - 

2 
partner strands (41). A comparison of the 
NMR Darameters for the dodecamer and 
tridecamer duplexes should provide 
structural information on the helix inter- 
ruption site and the extent of propaga- 
tion of the conformational change associ- 
ated with the extra adenosine between 
positions 3 and 4 in the tridecamer du- 
plex. 

Hydrogen bonding. We observe six 
imino protons in the spectrum of the 
tridecamer in 0.1M phosphate at  -5°C 
(Fig. 5A). This demonstrates intact base 
pairing at positions 3 and 4 adjacent to  
the helix interruption site in the tridec- 
amer duplex at lower temperature. The 
guanosine imino proton resonances of 
the tridecamer duplex broaden out in a 
sequential manner with increasing tem- 
perature, permitting the assignments 
summarized in Fig. 5A. We observe a 
specific upfield shift a t  the imino proton 
of base pair 4 on proceeding from dodec- 
amer duplex (Fig. 1A) to  its tridecamer 
analog (Fig. 5A) containing the extra 
adenosine between positions 3 and 4 in 
the sequence (Table 1). 

Helix opening rates. The lifetimes of 
the imino protons of base pairs 4, 5, and 
6 in the tridecamer duplex have been 
measured by the saturation recovery 
method (27, 28) and are summarized in 
Table 2. For the case of the exchange 
rates, which provide a measure of the 
helix lifetime, one observes that the life- 
times decrease by a factor of 3 at  posi- 
tion 4 and by a factor of 1.5 at  positions 5 
and 6 in the tridecamer duplex relative to  
the dodecamer duplex in 0.1M phos- 
phate, p H  6, a t  35°C (Table 2). This 
demonstrates that the structural pertur- 
bation at  the helix interruption site in the 
tridecamer duplex influences the helix 
opening rates in the central dA.dT core 
of the duplex. 

Extra adenosine stacks into helix. The 
temperature-dependent chemical shifts 
of the adenosine H-8 and H-2 markers in 
the dodecamer and tridecamer duplexes 
are compared in Fig. 5B. The duplexes 
contain a common d(GAATTC) hexanu- 
cleotide core, and we  expect the adeno- 
sines at positions 5 and 6 to exhibit 
similar NMR parameters through the he- 
lix-coil transition. By contrast, the extra 
adenosine has distinct chemical shifts in 
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the duplex and strand states, with the H- 
8 and H-2 markers shifting by 0.21 and 
0.51 ppm to high field on duplex forma- 
tion. The upfield shifts demonstrate that 
the extra adenosine stacks into the helix 
between base pairs 3 and 4 rather than 
looping out into the solution. 

Melting transition. We observe a tran- 
sition midpoint of 57" ? 2'C for base 
pairs 2, 3, 4, 5, and 6 and the extra 
adenosine residue in the tridecamer du- 
plex in 0.1M phosphate solution. This 
demonstrates that the nonterminal base 
pairs in the tridecamer duplex melt in a 
cooperative transition and rules out the 

independent melting of the trinucleotide 
ends and the hexanucleotide core, which 
are separated by the stacked adenosine 
residue. 

Phosphodiester backbone. The phos- 
phorus NMR spectrum of the tridecamer 
duplex at 15°C exhibits one resolved 
phosphodiester resonance at  3.53 ppm, 
downfield from the cluster a t  3.9 to  4.4 
ppm (Fig. 4B). This phosphodiester reso- 
nance is tentatively assigned to the ex- 
tended dC4(3'-5')dG3 phosphodiester 
linkage on the partner strand opposite 
the stacked dA residue. Similar down- 
field shifts have been reported at the 

Fig. 4. Proton noise-decoupled 81-MHz Fourier transform phosphorus NMR spectra (2 to 5 
ppm upfield from standard trimethylphosphate) of the dodecanucleotide and its analogs in 20 
rnM phosphate, 0.5 mM EDTA, 'HzO. The signal-to-noise ratios of the spectra were improved 
by applying a 0.5-Hz exponential line-broadening contribution. (A) Phosphorus spectrum of the 
dodecamer duplex in the absence (top) and presence (bottom) of 5M NaCl at 40" and 46"C, 
respectively. (B) Phosphorus spectrum of the tridecamer duplex at 1 5 T .  (C) Phosphorus 
spectrum of the dodecamer GT duplex at 15OC. Asterisks designate resonances shifted from the 
central cluster at 4.0 to 4.45 ppm in (B) and (C). Chemical shifts are corrected for the salt and 
temperature dependence of internal trimethylphosphate and are relative to the standard at 2TC. 

Table 3. Comparison of the experimental and calculated upfield chemical shifts for base pair 
protons on d(CGCGAATTCGCG) duplex formation in O.1M phosphate solution. 

Chemical Mid- Upfield shift, A6 (ppm) 
shift, point --- 

Position Base 6 at 50°C 
Tm Experi- Cal- 

( P P ~ )  w )  mental* culated? 

*The experimental upfield shift reflects the chemical shift difference between dodecanucleotide duplex at O°C 
and high-temperature mononucleotide controls. :The calculated upfield shift (35) is based on ring current 
and atomic magnetic anisotrophy contributions (36) in the d(CGCGAATTCGCG1 crystal structure (20, 21). 
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extended phosphodiester linkages at the 
DNA binding sites of intercalating agents 
(15, 42). 

Extension of these studies to the 
d(CGCTGAATTCGCG) duplex, which 
contains an extra thymidine between po- 
sitions 3 and 4, should reveal whether 
the extra pyrimidine base stacks into the 
helix or loops out into the solution. 

d(CGTGAATTCGCG) Dodecamer 

GT Duplex 

Spontaneous substitution mutations 
during DNA replication can result in 
noncomplementary base pair formation. 
Topal and Fresco (43) considered alter- 
nate pairing modes by invoking imino or 
en01 base tautomers including protonat- 
ed species, as well as syn isomers about 
the glycosidic bond. NMR is ideally suit- 
ed to probe the formation of these unfa- 
vored base-pairing interactions and de- 
duce the extent of conformational 
change that would have to be recognized 
by the DNA polymerase during the 
proofreading process. 

Crick (44) originally introduced the 
wobble hypothesis to account for the 
interaction between messenger RNA co- 
don and transfer RNA anticodon. He 
noted that standard Watson-Crick base 
pairs are mandatory at the first two posi- 
tions in the triplet but that there could be 

more than one type of pairing at the third 
position. This results in a certain amount 
of play or wobble, so that the formation 
of G-A, G-U, C-U, and U.U wobble pairs 
can explain the general nature of the 
degeneracy of the genetic code. 

We initiated a study of the structure 
and dynamics of noncomplementary 
base-base interactions in the interior of 
nucleic acid duplexes. Our early efforts 
were focused on the dG.dT interaction, 
since this type of mismatch is a common 
feature in the stem regions of transfer 
and ribosomal RNA structures (17). 
Crick (44) proposed that dG.dT or G-U 
forms a wobble base pair in which the 
purine and pyrimidine rings are dis- 
placed relative to each other to form two 
imino-carbonyl hydrogen bonds. We re- 
port below on the d(CGTGAATTCGCG) 
dodecamer GT duplex (3), which con- 

C G T G A A T T C G C G  
1 2 3 4 5 6 6 5 4 3 2 1  
G C G C T T A A G T G C  
e 

tains two non-Watson-Crick dG.dT in- 
teractions at position 3 from each end of 
the duplex (45). The NMR research fo- 
cuses on the conformational and dynam- 
ic features at and adjacent to the mispair- 
ing site in the dodecamer GT duplex in 
solution. 

Wobble pair formation. The exchange- 
able proton NMR spectrum of the dodec- 

Fig. 5 .  (A) The 360-MHz correlation proton NMR spectrum 
(12.0 to 14.5 ppm) of the tridecamer duplex in 0.lM phosphate, 
2.5 mM EDTA, 4: 1 H ~ O : ~ H ~ O ,  p H  7.40, at -5°C. The signal- 
to-noise ratio of the spectrum was improved by applying a 5-Hz 
exponential line-broadening contribution. The imino proton 
assignments are designated over the resonances. (B) Tempera- 
ture dependence of the adenosine H-8 and H-2 resonances in 
the dodecamer duplex and the tridecamer duplex in 0.1M 
phosphate, 2.5 mM EDTA, 'H20. The adenosine resonances at 
positions 5 and 6 in the dodecamer and tridecamer duplexes are 
represented by (0), while the extra adenosine in the tridecamer 
duplex is represented by (e). 

amer GT duplex shows the imino pro- 
tons of dA.dT base pairs 5 and 6 at 13.7 
ppm; dG.dC base pairs 1, 2, and 4 be- 
tween 12.9 and 13.2 ppm; and two new 
resonances at 10.55 and 11.65 ppm at 5°C 
(top spectrum in Fig. 6A). The latter 
resonances are assigned to the guanosine 
and thymidine imino protons in the 
dG.dT interaction, and their upfield shift 
relative to the remaining imino protons 
reflects formation of intramolecular hy- 
drogen bonds with carbonyl groups in 
the wobble pair (4) rather than with ring 
nitrogens in the Watson-Crick pair. 

4 
The NOE difference spectrum follow- 

ing saturation of the 10.55-ppm dG.dT 
imino proton at position 3 in the dodec- 
amer GT duplex at 5°C is shown at the 
bottom in Fig. 6A. We observe a 36 
percent negative NOE at the 11.65-ppm 
dG.dT imino proton at position 3, con- 
sistent with the close proximity of the 
guanosine and thymidine imino protons 
in the wobble pair (4). In addition, small- 

Temperature (OC) 
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er negative NOE's of 16 and 15 percent 
are observed at the imino protons of 
dG.dC Watson-Crick base pairs 2 and 4 ,  
which are on either side of the wobble 
base pair at position 3 in the dodecamer 
GT duplex (bottom spectrum in Fig. 6A). 
These results and earlier investigations 
of transfer RNA by Roy and Redfield 
(46) show that it is possible to observe 
NOE's between imino protons on adja- 
cent base pairs separated by - 3.4 A and 
introduce a powerful new approach to 
resonance assignments (46, 47). 

Exchange characteristics. The reso- 
nances of both imino protons in the 
wobble pair in the dodecamer GT duplex 
broaden to the same extent when the 
temperature is raised to 3S°C, demon- 
strating that exchange of the dG.dT gua- 
nosine and thymidine imino protons oc- 
curs by a common pathway. This sup- 
ports an earlier suggestion that base pair 
opening is a prerequisite for the ex- 
change of imino protons in oligonucleo- 
tide duplexes in solution (32). 

The exchange of both imino protons in 
the dG.dT wobble pair at position 3 ex- 
hibits lifetimes of 11 msec each in the 
dodecamer GT duplex at 3 5 T ,  com- 
pared to 130 msec for the dG.dC Watson- 
Crick base pair at position 3 in the 
dodecamer duplex at the same tempera- 
ture (Table 2). The order of magnitude 
difference in opening rates reflects the 
destabilization of a dG.dT base pair rela- 
tive to a dG.dC base pair in the interior of 
the duplex. 

Stacking at the wobble site. The non- 
exchangeable thymidine H-6 and CH3-5 

protons in the wobble pair can be distin- 
guished from the thymidines at positions 
5 and 6 in the dodecanucleotide duplex 
by comparing the temperature-depen- 
dent thymidine chemical shifts in the 
dodecamer and dodecamer GT duplexes 
(Fig. 6B). The thymidine H-6 proton in 
the wobble pair can be readily identified 
from its unique chemical shifts in the 
duplex and strand states. 

The magnitude of the pyrimidine H-6 
upfield shift is smaller for the thymidine 
at position 3 (0.24 ppm) in the dodecamer 
GT duplex than for the cytidine at posi- 
tion 3 (0.4 ppm) in the dodecamer du- 
plex. These results indicate that the thy- 
midine is displaced on formation of the 
wobble base pair so that it stacks to a 
lesser degree with adjacent base pairs in 
the dodecamer GT duplex compared to 
a Watson-Crick base-paired cytidine at 
the same position in the dodecamer du- 
plex. 

We measure a common transition mid- 
point of 52" 2 2°C at the base protons of 
dG.dC base pairs 2 and 4, wobble base 
pair 3, and dA.dT base pairs 5 and 6 in 
the dodecamer GT duplex, indicating a 
20°C destabilization when the two Wat- 
son-Crick dG.dC base pairs are replaced 
by two wobble dG.dT base pairs at the 
dodecanucleotide duplex level. 

Localization of wobble conformation- 
a1 change. The imino protons of dG.dC 
base pairs 2 and 4 are readily observable 
between 12.9 and 13.2 ppm in the dodec- 
amer GT spectrum at 5°C (Fig. 6A), 
indicating intact base pairing adjacent to 
the wobble mispairing site at low tem- 

perature. The lifetimes for opening of 
base pairs 4, 5, and 6 in the dodecamer 
and dodecamer GT duplexes in 0.1M 
phosphate, pH 6, at 3S°C are summa- 
rized in Table 2. Replacement of a dG.dC 
Watson-Crick pair at position 3 by a 
dG.dT wobble pair results in a twofold 
decrease in the helix opening lifetime at 
adjacent position 4 but no change at 
dA.dT base pairs 5 and 6. The NMR 
results demonstrate that the introduction 
of wobble pairs at position 3 results in a 
conformational perturbation that is local- 
ized at adjacent dG.dC base pairs and 
does not extend into the interior of the 
dodecanucleotide duplex. 

Phosphodiester linkage at wobble site. 
The phosphodiester resonances are re- 
solved over an 0.84-ppm chemical shift 
dispersion in the dodecamer GT duplex 
at 15°C in aqueous solution (Fig. 4C). A 
comparison of the phosphorus spectra of 
the dodecamer duplex in the absence of 
added salt (top spectrum in Fig. 4A) and 
the dodecamer GT duplex (Fig. 4C) sug- 
gests that the resolved phosphates down- 
field (at 3.80 ppm) and upfield (at 4.64 
ppm) of the main cluster should be tenta- 
tively assigned to the phosphodiesters at 
the wobble site in the dodecamer GT 
duplex in solution. 

Extension of these investigations to 
the d(CGCGTGTGCGCG) sequence, 
which has four dG.dT interactions in the 
center of the duplex, is of interest. It is 
conceivable that this dodecanucleotide 
may undergo a biphasic melting transi- 
tion with the middle opening before the 
ends of the duplex. 

il I 
4  3 7.0  

I 

7.2 

7.4 

2  4  

7 .6  
3 

- 7.0 - 
- 
- 
- 7.2 
- T(H-6)  - 
- 
- 7.4 - 
- 
- 
- 7.6 

I I I I I I  

- 
- 
- 
- 
- 
- 
- 

I I I I I I  

Saturate '. 
2 0  6 0  1 0 0  2 0  6 0  100  

Temperature (OC) 

Fig. 6. (A, top) The 498-MHz proton Fourier transform (Redfield 
214-pulse sequence) spectrum (10 to 15 ppm) of the dodecamer GT 
duplex in O.1M phosphate, 1 mM EDTA, 4: 1 H20 :2H20 ,  pH 6.4, at 

I I I - 5°C. The imino proton assignments to specific base pairs are 
14 13  12 1 1  10  designated over the resonances. The signal-to-noise ratio was im- 

proved by applying a 10-Hz line-broadening contribution. (A, bot- 
tom) Difference spectrum following saturation of the 10.55 ppm imino proton of wobble pair 3 in the dodecamer GT duplex. Negative NOE's are 
observed at the other imino proton of wobble pair 3 at 11.65 pprn (36 percent) and the imino protons of Watson-Crick base pair 2 at 13.13 ppm (16 
percent) and base pair 4 at 12.89 ppm (15 percent) In the dodecamer GT duplex. (B) Temperature dependence of the thymidine H-6 resonances in 
the dodecamer duplex and the dodecamer GT duplex In O.1M phosphate, 2.5 mM EDTA, 'H20. The thymidine resonances at positions 5 and 6 in 
the dodecamer and dodecamer GT duplexes are represented by (01, and the thymidine at position 3 in the dodecamer GT duplex is represented 
by (@). 
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T e m p e r a t u r e  ( O C )  

Fig. 7. The 360-MHz correlation proton NMR spectra (12 to 14.5 ppm) of (A) the dodecamer 
duplex, pH 6.80, (B) the two actinomycins per dodecamer complex, pH 6.75, (C) the one 
Netropsin per dodecamer complex, pH 6.89, and (D) the two actinomycins plus one Netropsin 
per dodecamer complex, pH 6.75, in O.lM phosphate, 2.5 mM EDTA, 4: 1 H20:2H20,  at 27°C. 
The signal-to-noise ratios of the spectra were improved by applying a 5-Hz exponential line- 
broadening contribution. The upfield shifts of two guanosine H-1 imino protons on actinomycin 
bindlng are designated by an asterisk. The downfield shift at one thymidine H-3 imino proton on 
Netropsin binding is designated by an arrow. (E) Temperature dependence of the thymidine H-3 
proton chemical shifts at base pairs 5 and 6 in (0) the one Netropsin per dodecamer duplex, pH 
6.89, and (@) the two actinomycins plus one Netropsin per dodecamer complex in 0.1M 
phosphate, 2.5 mM EDTA, 4: 1 H,0:2H20 solution 

Antibiotic-d (CGCGAATTCGCG) 

Complexes 

The mode of action of a large group of 
antibiotics, mutagens, and carcinogens 
involves complex formation with cellular 
DNA and inhibition of nucleic acid repli- 
cation and expression (48, 49). The anti- 
biotics in this series which do not bind 
covalently are sensitive probes of DNA 
conformation, and many of them have 
pronounced antitumor activity. Modern 
cancer chemotherapy treatments employ 
a combination of antitumor agents which 
act synergistically, and our efforts are 
addressed toward understanding this 
synergism at the molecular level. 

Actinomycin (5) is an intercalating 
agent that exhibits a specificity for 
dG(3'-5')dC sites on duplex DNA (50, 
51). The pentapeptide lactone rings of 
the antibiotic extend on either side of the 
phenoxazone chromophore, with the re- 
sult that the antibiotic covers four to six 
base pairs centered about its intercala- 
tion site (52, 53). 

Netropsin (6 )  is a groove binding pep- 
tide antibiotic which complexes prefer- 
entially in the minor groove of dA.dT- 
rich regions of duplex DNA (54-56). The 
complex is stabilized by hydrophobic, 
hydrogen bonding, and electrostatic in- 
teractions, with the antibiotic covering 
about three base pairs at its binding site 
(571. 

There is one Netropsin binding site in 
the dA.dT tetranucleotide core and there 
are actinomycin binding sites at the 
flanking dG.dC tetranucleotide blocks at 
either end of the d(CGCGAATTCGCG) 
duplex. We have investigated the sepa- 
rate and simultaneous binding of the 
intercalating and groove binding antibi- 
otics at adjacent sites on the dodecanu- 
cleotide duplex (58) to probe the degree 
of delocalization of the conformational 
changes associated with antibiotic bind- 
ing and to search for mutual interactions 
between neighboring antibiotic binding 
sites. 

Actinomycin complex. The imino pro- 
ton spectrum of the five nonterminal 
base pairs of the dodecamer duplex at 
27°C and their assignments are shown in 
Fig. 7A. We observe upfield shifts in the 
guanosine imino protons of the dodec- 
amer on addition of two equivalents of 
actinomycin (designated by asterisks in 
Fig. 7B) along with removal of the two- 
fold element of symmetry in the com- 
plex. The upfield-shifted resonances at 
12.3 to 12.5 ppm correspond to the gua- 
nosine imino protons of base pairs 2 and 
3 adjacent to the dG2(3'-5')dC3, interca- 
lation site (24, 59), while the slightly 
perturbed resonance at - 12.8 ppm cor- 
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responds to the guanosine proton of base 
pair 4. The thymidine im;no protons of 
dA.dT base pairs 5 and 6 in the dodec- 
amer duplex (Fig. 7A) undergo small 
upfield shifts on complex formation with 
actinomycin (Fig. 7B), demonstrating 
that addition of the intercalating antibiot- 
ics at the ends of the duplex perturbs 
the conformation at the center of the 
duplex. 

Saturation recovery experiments on 
the actinomycin dodecamer complex 
show that the lifetimes of the thymidine 
imino protons decrease in the complex 
compared to the dodecamer duplex 
alone at 55°C (Table 4). This indicates 
that binding of actinomycin at the dG.dC 
sites slightly destabilizes the dA.dT base 
pairs in the dodecanucleotide duplex. 
Spectral titration and thermal denatura- 
tion studies had shown that actinomycin 
influenced the properties of the dG-dC 
binding region, as well as the dA.dT 
nonbinding region in the (dCl5dAI5). 
(dTI5dGl5) complementary block copol- 
ymer (60). 

Netropsin complex. The addition of 
one equivalent of Netropsin to the do- 
decamer duplex results in a large down- 
field shift of the thymidine imino proton 
of dA-dT base pair 5 (61) to 14.25 ppm 
(designated by arrow in Fig. 7C) while 
the thymidine imino proton of dA-dT 
base pair 6 shifts slightly to 13.6 ppm 
(Fig. 7C). There is a redistribution in the 
chemical shifts of the guanosine imino 
protons between 12.8 and 13.2 ppm on 
addition of Netropsin to the dodecamer 
duplex (compare Fig. 7, A and C) along 
with the removal of the twofold symme- 
try of the complex. The imino proton 
NMR data demonstrate that Netropsin 
binds at the dA-dT core of the dodec- 
amer duplex and results in chemical shift 
perturbations at adjacent dG-dC regions. 
NMR (62) and electric field dichroism 
(63) measurements had shown that Ne- 
tropsin induces a conformational change 
at its binding site on synthetic and natu- 
ral DNA's which is propagated to adja- 
cent antibiotic-free base pair regions. 

Saturation recovery experiments on 
the Netropsin dodecamer complex indi- 
cate an increase in the duplex opening 
lifetimes of the thymidine imino protons 
of base pairs 5 and 6 by more than a 
factor of 3 on addition of Netropsin at 
55°C (Table 4). These kinetic studies 
demonstrate that Netropsin binds to and 
stabilizes the dA.dT tetranucleotide core 
of the dodecamer duplex. 

Actinomycin and Netropsin complex. 
The imino proton NMR spectrum of the 
dodecamer complex with two equiva- 
lents of actinomycin and one equivalent 
of Netropsin at 27°C is shown in Fig. 7D. 

Table 4. Lifetimes (milliseconds) of the thymi- 
dine imino protons in the dodecamer duplex 
in the absence and presence of the antibiotics 
actinomycin and Netropsin in 0.1M phos- 
phate, pH 7, 55°C. 

Base Base 
Antibiotic pair pair 

5 6 

None 3 3 56 
Two actinomycins 28" 
One Netropsin 190 165 
Two actinomycins 140 130 

plus one Netropsin 

*Resonances for base pairs 5 and 6 were superposi- 
tioned and hence only an average value could be 
estimated. 

It exhibits the upfield shift of two guano- 
sine imino protons characteristic of acti- 
nomycin intercalation at dG(3'-5')dC 
sites (24, 59) and the downfield shift of 
one thymidine imino proton characteris- 
tic of groove binding of Netropsin at 
dA.dT sites (61) on the dodecanucleotide 
duplex. These NMR results demonstrate 
that actinomycin and Netropsin can bind 
at adjacent dG.dC and dA-dT tetranu- 
cleotide blocks on the dodecamer duplex 
and support similar conclusions based on 
optical and hydrodynamic measure- 
ments of the simultaneous binding of 
these two antibiotics on block copoly- 
mers, natural and superhelical DNA's in 
solution (64). 

The chemical shift difference between 
the thymidine imino proton of dA.dT 
base pair 5 in the Netropsin-dodecamer 
complex in the absence (Fig. 7C) and the 
presence (Fig. 7D) of actinomycin is 
maintained over a wide temperature 
range in the premelting transition region 
(Fig. 7E). This observed mutual interac- 
tion between adjacent intercalating and 
groove binding sites on the dodecanu- 
cleotide duplex receives support from 
the kinetic data obtained from saturation 
recovery measurements. We measure a 
slight decrease in the lifetimes of both 
thymidine imino protons in the Netrop- 
sin-dodecamer complex on addition of 
two equivalents of actinomycin D at 
55°C (Table 4). Thus, the opening rates 
at the groove binding antibiotic site are 
perturbed by the presence of an interca- 
lating agent at adjacent sites on the du- 
plex. 

Phosphodiester markers. The separate 
and simultaneous binding of actinomycin 
and Netropsin to the dodecamer duplex 
can also be monitored at the phospho- 
diester backbone of the duplex. This is 
based on the observed downfield phos- 
phorus shifts on intercalation of actino- 
mycin (24) and the upfield phosphorus 
shifts on groove binding of Netropsin 
(61) to the dodecamer duplex. The phos- 

phorus NMR spectrum of the dodecamer 
complex with two equivalents of actino- 
mycin and one equivalent of Netropsin 
exhibits the shifts characteristic of the 
simultaneous binding of the intercalating 
and groove binding antibiotics adjacent 
to each other along the duplex (58). 

Future Prospects 

Our increased knowledge of DNA 
conformation represents a first step to- 
ward understanding the complementary 
structural surfaces and interactions in- 
volved in protein-DNA complexes. A 
second step toward this goal is to eluci- 
date the interactions between smaller 
ligands such as antibiotics and DNA. 
This problem, which is of fundamental 
importance in its own right, has been 
addressed in this article and sets the 
stage for future investigations of the 
complex between the Eco R1 restriction 
enzyme and methylase with its 
d(GAATTC) recognition site on the 
dodecanucleotide duplex in solution. 
NMR studies of this enzyme-DNA com- 
plex in solution should complement x- 
ray investigations of the complex in the 
solid state (65, 66). 
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Energy and the Oil-Importing 
Developing Countries 

Joy Dunkerley and William Ramsay 

The oil-importing developing coun- 
tries are a critical segment of the global 
energy, economic, and environmental 
scene (1, 2). Their oil imports currently 
represent some 5.5 million barrels per 
day (MBD) or 20 percent of the total oil 
exports of the Organization of Petroleum 
Exporting Countries (OPEC), but within 
10 years their share is estimated to attain 
more than one-quarter of the total (3, 4). 
Indeed, from now to 1990, the oil-im- 
porting developing countries could ac- 
count for all of the increase in demand 
for OPEC oil exports (5) .  What happens 
in these countries will therefore have a 
major impact on the course of oil prices, 
in which all importing countries, whether 
rich or poor, have a vital interest. 

The ways in which the oil-importing 
developing nations finance these rising 

oil imports also has an impact on the rest 
of the world. High levels of debt, made 
necessary to finance increasing import 
bills, threaten the stability of the interna- 
tional financial system. Alternatively, if 
the oil-importing developing countries 
are unable to afford more oil, their 
growth rate will suffer, threatening major 
export markets for the industrial coun- 
tries and, ultimately, regional and global 
peace. 

The linkage between the developing 
and the industrial world also extends to 
the developing countries' use of tradi- 
tional fuels. Overuse of traditional fuels 
such as wood and crop and animal 
wastes can result in lowered agricultural 
productivity; loss of virgin tropical forest 
leads to extinction of plant and animal 
species; carbon dioxide emissions from 
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clearing of large areas of tropical forests 
could contribute to a global climate 
change. 

Generalizations about the energy 
problems of developing countries and 
the solutions to them are difficult. These 
countries form a spectrum ranging from 
stagnating, abysmally poor countries to 
rapidly growing middle-income coun- 
tries, like Korea and Brazil, with annual 
per capita incomes of $1500 or more. The 
latter countries have such large and dy- 
namic manufacturing sectors that they 
are close to being industrialized nations. 
At the other end of the spectrum are 
countries like Burundi and Upper Volta 
with per capita incomes of under $200 a 
year. This wide variation in standards of 
living is reflected in the amounts of ener- 
gy consumed. Per capita consumption of 
commercial energy in Korea, for exam- 
ple, is 60 to 80 times higher than it is in 
the above-mentioned African countries. 
So, although these countries share a 
common set of energy problems stem- 
ming mainly from their dependence on 
imported oil, they are affected by higher 
oil prices to different degrees, have dif- 
ferent possibilities for solving their prob- 
lems, and require different types of help. 
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