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ABSTRACT: Structural constraints derived from proton N M R  relaxation measurements on poly(dA).poly(dT) 
in the form of interproton separations and orientation have been combined with molecular mechanics and 
annealed molecular dynamics calculations to derive a model for the solution-state structure of this molecule. 
Three different possible starting configurations, including the standard A and B forms of Arnott and Hukins 
[Arnott, S., & Hukins, D. W. L. (1972) Biochem. Biophys. Res.  Commun. 47, 1506-15091 and the het- 
eronomous (H) structure [Arnott, S., Chandrasekaran, R., Hall, I. H., & Puigjaner, L. C.  (1983) Nucleic 
Acids Res. 11, 4141-41551, were examined. Both the B- and H-DNA structures converged to the same 
B-like structure (approximately C2'-endo conformation on both the A and T sugars, glycosidic bond torsional 
angle of 63-73') with the same energies and average helical parameters that gave good fits of the N M R  
relaxation rates. This model also accounts for the experimental observation [Behling, R .  W., & Kearns, 
D. R. (1986) Biochemistry 25, 3335-33461 that the AH2 proton interacts more strongly with the HI' sugar 
proton on the T strand than on the A strand. Although the helix repeat angle (39') is larger than that 
for standard B-DNA (36'), this does not result in a significantly smaller minor groove, as monitored by 
the interstrand P-P separation. Calculations starting with the A-DNA structure lead to a very high energy 
structure that gave a poorer fit of the N M R  data. 

P!dy(dA).poly(dT) is a particularly interesting simple se- 
quence DNA because A,.T, stretches occur commonly in 

natural DNA and they appear to have unusual properties 
(Trifonov & Sussman, 1980). A-T-rich DNAs are known to 
have low melting points (Sober & Harte, 1970), but stretches 

I1 (Drew & Travers, 1984, 1985). It has been suggested 

gestion is because the minor groove in poly(dA).poly(dT) is 
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especially narrow, which correlates with the substantially lower 
average base pair per helical turn in poly(dA).poly(dT) com- 
pared to most DNAs (Klug et al., 1980; Pack & Wang, 1981). 
A,.T, stretches appear to be the loci of bending in trypanosome 
kinetoplast DNA (Marini et al., 1982; Wu & Crothers, 1984). 
The behavior of poly(dA).poly(dT) is also unusual and dif- 
ferent from the sequence isomer poly(dA-dT) and other DNAs 
with respect to thermodynamics and kinetics of drug binding 
(Wilson et al., 1985). To account for their observations, 
Wilson et al. (1985) suggest that water molecules tightly bound 
to the minor groove might be responsible for the unusual 
behavior of poly(dA)-poly(dT). This receives some support 
from the observation (Dickerson et al., 1982; Kopka et al., 
1983) that in DNA crystals the water in the minor groove is 
more structured around A-T than G.C base pairs. If Wilson’s 
suggestion is true, then hydration differences might also have 
a pronounced affect on the interaction of (dA),.(dT), se- 
quences with proteins (including nucleases). The possibility 
that the unusual solution-state physical and biochemical 
properties of poly(dA).poly(dT) might instead be due to an 
unusual conformation is suggested by the work of Arnott et 
al. (1983). On the basis of their analysis of the fiber X-ray 
diffraction studies, they propose that poly(dA).poly(dT) can 
adopt a heteronomous structure (H-DNA) where all nucleo- 
tides in the A strand adopt a C3‘-endo conformation, whereas 
in the thymine strands they remain CY-endo (Arnott et al., 
1983). Rao and Kollman (1985) suggest, in contrast, that any 
sugar repuckering of poly(dA).poly(dT) corresponds to a 
substantial population of dT(C3’-endo).dA(C2’-endo) rather 
than the dT(C2’-endo).dA(C3’-endo) conformation of Arnott 
et al. (1983). That conformations with significant C3’-endo 
population might persist in solution is suggested by Raman 
measurements that have been interpreted to indicate that at  
low temperatures poly(dA).poly(dT) contains a substantial 
C3’-endo sugar conformation in contrast with B-form DNA, 
where the sugar conformation is pure C2’-endo (Thomas & 
Peticolas, 1983). Room temperature Raman measurements 
indicate a C2’-endo/C3’-endo ratio of -80/20 (Wartell & 
Harrell, 1986), and resonance Raman measurements suggest 
that the stacking of the bases in the adenine strand is more 
“RNA-like” (Jolles et al., 1985). It has recently been sug- 
gested (Pattabiraman, 1986) that poly(dA).poly(dT) might 
adopt a parallel right-handed double-helical structure with 
reverse Watson-Crick pairing, but this possibility has been 
eliminated by our two-dimensional nuclear Overhauser effect 
(2D NOE) studies (Behling & Kearns, 1986). X-ray dif- 
fraction studies indicate that poly(dA).poly(dT) is also unusual 
in that it cannot be converted to an A form in the fibers under 
conditions where many other DNA polymers do (Leslie et al., 
1980). 

We recently performed one- and two-dimensional (1D and 
2D) N M R  relaxation measurements on 60 base pair (bp) 
fragments of poly(dA)-poly(dT) (Behling & Kearns, 1985a,b, 
1986) to establish some of the qualitative structural features 
and to provide a set of N M R  relaxation rates that could be 
used to quantitatively evaluate the structure of this molecule. 
In that study we established that the poly(dA).poly(dT) strands 
are structurally equivalent, or nearly so, and that the average 
conformations of the sugar groups in both strands were close 
to C2’-endo. From these studies we generated a set of con- 
straints on various interproton distances that might be used 
in a structure search. Sarma et al. (1985a,b) independently 
arrived at  similar conclusions on the basis of 1D NOE studies 
on 200 f 50 bp DNA samples, and they too convincingly 
demonstrated that the sugar groups were not C3’-endo. 
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In this study, we develop a model for the poly(dA)-poly(dT) 
structure by combining the structural constraints derived from 
our N M R  measurements with molecular mechanics and an- 
nealed molecular dynamics based on the AMBER program. 
Three different starting structures were used in the calcula- 
tions: the B form and A form derived from X-ray diffraction 
measurements on DNA fibers (Arnott & Hukins, 1972) and 
the heteronomous structure proposed by Arnott et al. (1983). 
The latter structure was included because it gave the best 
account of the X-ray fiber diffraction data of the poly- 
(dA).poly(dT) fibers. The B-DNA structure was examined 
because we found that it gave a good account of the qualitative 
aspects of the N M R  relaxation data (Behling & Kearns, 
1985a, 1986), and the A-form structure was included to see 
how the incorporation of the NMR-derived structural con- 
straints would be accommodated with a starting structure that 
gave a poor fit of the N M R  data. We find that starting with 
either the heteronomous model (Arnott et al., 1983) or the 
standard B-type helix (Arnott & Hukins, 1972), energy 
minimization with annealed molecular dynamics (both in- 
cluding NMR constraints), leads to the same B-type structure. 
Analogous calculations starting with the A-form DNA resulted 
in a highly perturbed A-like structure (both A and T sugars 
in approximately CY-endo conformation), with an unac- 
ceptably high energy. 

MATERIALS AND METHODS 

Proton relaxation measurements reported previously 
(Behling & Kearns, 1985a,b, 1986) provide information about 
both interproton distances and orientation of the interproton 
vectors relative to the DNA helix axis in -60 base pair (bp) 
fragments of poly(dA)-poly(dT). This arises from the fact that 
when a molecule, such as 60-bp DNA, undergoes anisotropic 
rotational diffusion, the cross-relaxation rates depend both on 
the interproton separation and on the orientation of the in- 
terproton vector relative to the axis (Woessner, 1962; Woessner 
et al., 1969; Mirau et al., 1985; Behling & Kearns, 1986). For 
a given relaxation rate, there are many possible combinations 
of internuclear separation and orientation that would be ac- 
ceptable, and therefore from our N M R  measurements, we 
constructed contour maps of allowed combinations of distance 
and orentation (Behling & Kearns, 1986), and two examples 
are shown in Figure 1. In this study, these constraints on the 
interproton geometries have been included in molecular me- 
chanics and annealed molecular dynamics calculations to 
generate structures that are compatable with NMR data and 
at  the same time satisfy energetic constraints introduced by 
the molecular mechanics calculations. 

Since it was impractical to do calculations on a 60 base pair 
fragment of DNA, the calculations were carried out on the 
decamer (dA),o.(dT),o with the molecular mechanics program 
AMBER,’ Version 3.0. All energy minimization and dynamics 
calculations were done on the CRAY X-MP/48 computer at 
the UCSD Supercomputer Center. 

The calculations started with coordinates for A-, B-, or H- 
(heteronomous) DNA derived from the X-ray diffraction 
studies of Arnott et al. (1972, 1983). Protons were added to 
the X-ray structures by using standard bond lengths and an- 
gles. The force-field parameters used in the calculations were 
those reported previously (Weiner et al., 1986), and all DNA 

I AMBER 2.0 and 3.0 UCSF has been largely developed by U. C. 
Singh, with contributions by Scott Weiner, Jim Caldwell, D. Case, and 
G .  Seibel. 
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FIGURE 1: Contour plots showing the allowed combinations of in- 
ternuclear distances and angles to the helix for the AHS-AH2’ and 
the TH6-TH2’ interactions in poly(dA).poly(dT). The allowed ge- 
ometries, those which fall between the two contour lines on the plot, 
fit the cross-relaxation rate u between the two interacting protons. 

protons were explicitly included in the calculations. The energy 
function is given by (Weiner et al., 1984) 

&TAL = K,(r - req)2 + KdB - Beq)’ + 
bonds angles 

/ 

The dielectric constant (t) was set equal to Rij, the interatomic 
distance (Weiner et al., 1984). The hydrogen bonds in the 
Watson-Crick base pairs were given a 10-12 hydrogen bond 
potential with a well depth of 0.5 kcal/mol. No counterions 
or solvent water molecules were included in the calculations, 
and all atoms were included in nonbonded interactions (Le., 
no nonbonded cutoff). The net charge per base, -1, is dis- 
tributed over the phosphate group and the sugar residues. The 
structures were energy-minimized with steepest-descent and 
conjugate gradient algorithms in Cartesian coordinate space 
until the rms energy gradient was less than 0.09 kcal mol-’ 
A-1 (Weiner & Kollman, 1981; Kollman et al., 1982; Weiner 
et al., 1984). 

The calculations proceeded by first energy minimizing the 
starting X-ray structures to obtain minimized structures based 
on the all-atom potentials. These structures provided starting 
structures for the next energy minimization calculations in 
which the distance constraints determined from the N M R  
measurements on poly(dA).poly(dT) were incorporated. The 
distance constraints were included as harmonic potentials with 
target equilibrium distances, rq, chosen to fit the NMR data, 
and the constrained distances were treated as pseudobonds in 
the potential energy function (eq 1). The force constant for 
this harmonic potential was chosen to be 25 kcal/mol. While 
this is small compared to the -300 kcal/mol force constant 
for a C-C bond, it was found adequate to ensure that the 
resulting structures were consistent with the NMR measure- 

ments. Nine proton-proton interactions per base pair obtained 
from N M R  measurements on poly(dA)-poly(dT) were in- 
cluded as constrained distances in the energy minimizations 
(Behling & Kearns, 1986). These are the AH2-AH2, 

TH2’, TH6-TH2”, AHl’-AH2”, and THl’-TH2” interac- 
tions. 

Because of the anisotropic rotational diffusion of 60-bp 
DNA, the cross-relaxation rate calculated for a given pro- 
ton-proton dipolar interaction depends on both the interproton 
distance and the orientation of the interproton vector with 
respect to the helix axis (Woessner et al., 1969; Behling & 
Kearns, 1985a, 1986), and therefore, it is necessary to con- 
tinually readjust the target equilibrium distance, rqr for each 
pair of interacting protons (interproton constraint) as the 
orientation of the interproton vector relative to the helix axis 
changed during the refinement process (see Figure 1). The 
AMBER program was accordingly modified to adjust the target 
equilibrium interproton distance according to the angle of the 
interproton vector with respect to the helix axis. After each 
cycle of the energy minimization procedure, the helix axis was 
determined, and the orientation of the interproton vector 
relative to the helix axis was calculated. The target equilibrium 
distance, rq, was then redetermined from the calculated de- 
pendence of the relaxation rate on orientation (Woessner, 1962; 
Woessner et al., 1969; Behling & Kearns, 1986). The min- 
imization then proceeded with the new rq values. In some 
instances, the value of rq changed by as much as 0.5 A as the 
orientation of the interproton vector relative to the helix axis 
changed during the energy minimization. However, in most 
cases, the change in the target rq values was 0.2-0.3 A. 
Because the A or T residues on each strand in poly(dA). 
poly(dT) are all equivalent, there is some ambiguity in the 
calculation as to the target intermolecular separation that 
should be used. For example, the observed AH8-AH1’ in- 
teraction could be due to an intra- or internucleotide inter- 
action. When such ambiguities arose, we assumed that the 
observed relaxation rate is due to only one of the two possible 
interactions and choose that one to be the one with the shorter 
interproton separation in the starting structure (e.g., in B-DNA 
the AH8-AH 1’ internucleotide separation is shorter than the 
intranucleotide separation). At the end of the calculation the 
initial assumption could be checked to confirm that it was still 
valid. 

After a structure was energy minimized with the NMR 
distance constraints in place, the distance constraints were 
removed, and the structure was reminimized. This “relaxed” 
structure could then be compared with the structure obtained 
from the unconstrained energy minimization of the starting 
X-ray structure and the structure obtained with N M R  con- 
straints. 

The nine energy-minimized structures generated above also 
provided the starting coordinates for annealed molecular dy- 
namics calculations (McCammon et al., 1977). In these 
calculations the molecule is heated and allowed to equilibrate 
a t  some higher temperature and then slowly cooled to avoid 
trapping in some local minimums. In our calculations, the 
energy-minimized structures were heated to 100 K and held 
at this temperature for 0.5 ps. The temperature was then 
lowered from 100 to 5 K over a time period of 5 ps. Following 
the annealing, the resulting structure was again energy min- 
imized to confirm that it was the lowest energy structure 
possible in this potential well. As expected, the minimization 
took only a few steps because the structures were already close 
to their minimum energies at the end of the cooling step. 

AH8-AHl’, AH8-AH2’, AH8-AH2”, TH6-THl’, TH6- 
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Table I: Comparison of Total Energies of Structures Obtained by Carrying Out Molecular Mechanics and Annealed Molecular Mechanics 
Calculations on A-DNA (Arnott & Hukins, 1972), B-DNA (Arnott & Hukins, 1972), and H-DNA (Arnott et al., 1983) Models for 
(dA)iddT)in 

structure" 

BNC BNMR BRE ANC ANMR ARE HNC HNMR HRE 

energy of structure after annealed molecular dynamics -578 -544 (-534)b -576 -567 -448 (-429)b -574 -561 -546 (-537)b -577 
energy (kcal/mol) after molecular mechanics -575 -527 (-489)b -575 -561 -338 (-322)* -571 -557 -530 (-506)b -573 

"For a discussion of the various structures, see text. bThe values in parentheses are the energies of structures including the potentials added to 
introduce the NMR constraints. 

Table 11: Analysis of B-Form Structures for (dA)lo.(dT)lo Obtained by Combined Molecular Mechanics and Annealed Molecular Dynamics 
Calculations 

minimized, no relaxed from 
constraints minimized, 25-kcal 25-kcal constraints 

structure/parameter starting X-ray (BXRAY) (BNC/a) constraints (BNMRja) (BRE/a) 

energy (kcal/mol) -578 -544 (-534)" -576 
rms structure differenceb 1.44 1.85 0.0 (ref) 1.65 (0.48)c 
sugar Q' 

A 0.35 0.38 f 0.04 0.38 f 0.01 0.38 f 0.03 
T 0.35 0.37 f 0.03 0.38 f 0.01 0.37 f 0.02 

A 191 144 f 27 168 f 3 144 f 26 
T 191 107 f 33 153 f 5 112 f 26 

sugar \kc 

helix repeat angld 35.6 35 f 3 39 f 0.4 36 f 3 
glycosidic bond torsion angle 

A 82 59 74 f 4 56 f 13 
T 82 46 f 9 63 f 4 46 f 8 

interbase twist8 4.2 18 f 7 16 f 8 18 f 5 
base tilth 

A 5.9 f 0.3 8 f 3  6 f 3  7 f 2  
T 6.0 * 0.3 12 f 4 10 f 4 1 2 f 4  

" Total energy without distance constraints. Values in parentheses are with distance constraints included. Root mean square difference between 
the given structure and the BNMRla structure. 'rms difference between BREI, and BNC/, structures. dOut-of-plane amplitude of the sugar ring, as 
described by Cremer and Pople (1975). CPseudorotation phase of the sugar ring, as described by Cremer and Pople (1975). fAverage angle between 
successive bases, determined by the angles between the C1'-N glycosidic bonds on successive bases. 8Defined as the angle between vectors normal 
to the planes of the paired bases. hAnale between the vector normal to the base and the helix axis. 

Table 111: Analysis of A-Form Structures for (dA),o-(dT)lo Obtained from Combined Molecular Mechanics and Annealed Molecular Dynamics 
Calculations 

minimized, no relaxed from 
constraints minimized, 25-kcal 25-kcal constraints 

structure/parameter starting X-ray (AXRAY) (ANC/a) constraints (ANMR/a) (ARE/a) 
energy (kcal/mol) -567 -448 (-429)" -574 
rms structure differenceb 3.26 2.48 0.0 2.24 (1.04)' 
sugar Q' 

A 0.38 0.39 f 0.01 0.36 f 0.05 0.40 f 0.02 
T 0.38 0.40 f 0.01 0.40 f 0.02 0.38 f 0.01 

A 12 110 f 20 167 f 15 124 f 15 
T 12 52 f 54 152 f 8 104 f 20 

sugar W 

helix repeat angld 28.5 29 f 3 33 f 2 30 f 1 
glycosidic bond torsion angle 

A 26 41 f 4  81 f 9  50f 15 
T 26 33 f 12 62 f 6 45 f 7 

interbase twist8 11.7 7 f 3  1 1  f 3  8 f 4  
base tilt* 

A 16 f 8 1 1  f 5 13 f 7 14 f 9 
T 16 f 8 13 f 4 8 f 3  1 1  f 7  

'Total energy without distance constraints. Values in parentheses are for distance constraints included. bRoot mean square difference between the 
given structure and the ANMR/a structure. difference between ARE/a and ANC/, structures. dOut-of-plane amplitude of the sugar ring, as 
described by Cremer and Pople (1975). CPseudorotation phase of the sugar ring, as described by Cremer and Pople (1975). fAverage angle between 
successive bases, determined by the angles between the C1'-N glycosidic bonds on successive bases. EDefined as the angle between vectors normal 
to the planes of the paired bases. Angle between the vector normal to the base and the helix axis. 

Typically, the time required to minimize the energy of one 
structure was 5 min. In the molecular dynamics calculations, 
2.5 ps required -12 min (step size 1 fs). 

RESULTS 
The results of the molecular mechanics calculations and the 

annealed molecular dynamics calculations are summarized in 
Tables I-IV. Coordinates for the starting structures (AXRAY, 
BmY, HxRAy) were obtained from Arnott et al. (1972, 1983). 

For each structure the following set of calculations were carried 
out: (i) unconstrained energy minimization of the starting 
structure (yielding structures denoted ANc, BNC, and HNc), 
(ii) energy minimization with NMR constraints (yielding 
structures denoted A N M R ,  BNMR, and HNMR), and (iii) a second 
unconstrained energy minimization (yielding the relaxed 
structures denoted A R E ,  B R E ,  B R E ,  and H R E ) .  In each calcu- 
lation, the starting structure was the final structure from the 
preceding calculation. The set of nine structures obtained in 
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Table IV: Analysis of Heteronomous Form Structures of (dA),o.(dT),o Obtained from Combined Molecular Mechanics and Annealed Dynamics 
Calculations 

minimized, no relaxed from 
constraints minimized, 25-kcal 25-kcal constraints 

structure/parameter starting X-ray (HXRAY) (HNC/a) constraints (HNMRIa)’ (HRE/a) 

rms structure differenceb 1.84 (1.43)‘‘ 0.0 2.09 (0.95)‘ 
sugar Q 

A 0.45 0.37 f 0.01 0.38 f 0.01 0.38 f 0.03 
T 0.42 0.37 f 0.02 0.38 f 0.01 0.37 f 0.01 

A 7 65 f 75 168 f 5 140 f 32 
T 169 125 f 25 i52 f 3 115 f 35 

energy (kcal/mol) -561 -546 (-537) -577 

sugar .I.’ 

helix repeat angle8 35.6 35 f 3 3 9 f  1 34 f 3 
glycosidic bond torsion angle 

A 26.5 40 f 23 73 f 5 57 f 14 
T 88 48 f 8 56 f 3 4 6 f  11 

A 
T 29 21 f 4  16 f 7 17 f 7 

A 16 12 f 6 6 f 2  8 f 3  
T 18 10 f 6 11  1 4  12 f 6 

interbase twisth 

base tilt’ 

“Total energy without distance constraints in place. The value in parentheses is with the distance constraints included. bRoot mean square 
difference between the given structure and the HNMRla structure. rms difference between 
HxRAy and HNc. eOut-of-plane amplitude of the sugar ring, as described by Cremer and Pople (1975). /Pseudorotation phase of the sugar ring, as 
described by Cremer and Pople (1975). gAverage angle between successive bases, determined by the angles between the CI’-N glycosidic bonds on 
successive bases. hDefined as the angle between vectors normal to the planes of the paired bases. ‘Angle between the vector normal to the base and 
the helix axis. 

rms difference between HREja and HNC/, structures. 

Table V: Summary of rms Deviation of Observed Relaxation Rates 
and Those Calculated for Various Models of (dA)tn.(dT)ln“ 

structure rms, N M R  (s-’)~ structure rms, NMR (s-’)~ 

ANMR 13 BNMR/a 4.1 

BNMa 7.6 H ~ u a  i n  5.3 
A N M R / ~  12.1 HNMR 7.3 

“These represent averages, for each structure, for the nine interac- 
tions calculated for the six central base pairs in the helix. brms = 
[C9 , = I  (Rcalcd I - Rpbsd)2/9]‘/Z, where Rpbd = observed relaxation rate 
for interaction i and RFld is the corresponding rate calculated for the 
structure. 

Table VI: Interproton Distances between AH2 and HI’ Sugar 
Protons in (dA) ,ddT) , ,  ( in  A) 

structure 

sugar residue” BXRAY ANMR/a BNMR/a (HNMR/a) 
A-I 6.7 6.8 6.8 
A0 4.7 4.6 4.6 
AI 5.5 4.9 4.9 
T-I 7.3 4.3 4.3 
TO 6.3 5.2 5.2 
TI 7.4 1.7 7.8 

Table VII: Summary of Minimum Internuclear Separation between 
Phosphate Atoms on Opposite Strands for A-, B-, and H-DNA and 
for the Corresponding ANMR,~, BNMR/~, and HNMR/~ Structures 

minimum P-P minimum P-P 
structure separation (A) structure separation (A) 
AXRAY 17.0 BNMR/a 10.9 

BXRAY 11.7 HNMR/a 10.6 
ANMR;, 12.9 HXRAY 11.0 

the above series of calculations were then subjected to annealed 
molecular dynamics calculations, and these resulting structures 
are all denoted by the subscript a. Thus, BNMRIa represents 
the structure obtained by carrying out a minimization of the 
B form, including NMR constraints, and then subjected to 
annealing (with the NMR constraints in place). This sequence 
of calculations is shown schematically for B-DNA as 

no with NMR no 
constraints constraints constraints 

BNC - B~~~ - ERE 

1 1 1 

molecular 

caiculat ions 

J molecular dynamics \ 
calcuiations I 1 1 

‘NC/a ‘ N M R / a  ‘REla 

Information about the structural features of all the annealed 
structures is presented in Tables 11-IV, and a comparison of 
the rms deviation between the observed NMR relaxation rates 
and those calculated for the various structures are presented 
in Table V. [For details of the rate calculations, please see 
Mirau et al. (1985) and Behling and Kearns (1986).] In Table 
VI we present distances between the AH2 protons and 
neighboring H1’ sugar protons and in Table VI1 the minimum 
interatomic separation between phosphorus atoms on opposite 
strands (minor groove width). Finally, in Table VI11 we 
summarize the backbone torsional angles obtained for the 
BNMR/a structure. 

DISCUSSION 
Before discussing the results of these calculations in terms 

of structural implications and relationship to the N M R  
measurements, we briefly consider other aspects of the cal- 

Table VIII: Summary of Backbone Dihedral Angles” for the BNMR/~  Structure of Pob(dA)*Pob(dT) 
dihedral angle (deg) 

nucleotide ic v d’ w’ w 4 
178 f 2 
176f  1 

242 f 4 
250 f 4 

290 f 2 
292 f 2 

A 58 f 1 146 f 2 185 f 2 
T 61 f 1 137 f 4 182 f 2 

a $  = 0 5 , - ~ 5 / - ~ 4 ’ - ~ 3 t ;  = c5’-~4/-C3’-03!; 4’ = C4’-C3’-03’-P; w’ = C3’-03’-P-05’; w = 03’-P-O5’-C5’; 4 = P-o5’-C5’-C4’. 
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BXRAY HXRAY 

B N M R J ~ >  H N M R J ~  

FIGURE 2: Comparison of the BNMR and HNMRIa structures showing 
that the energy minimization and annealed molecular dynamics 
calculations, including NMR constraints, cause the starting BXRAy 
and HXRAY structures to converge to a common structure. 

culation. With the exception of the ANMR structure, the an- 
nealed molecular dynamics calculations had relatively little 
effect on the energies of the various structures obtained from 
molecular mechanics calculations (see Table I). In the case 
of ANMR the annealing process significantly lowered the energy, 
but even after annealing the resulting ANMRja structure was 
still over 100 kcal higher in energy than the BNMRIa and 
HNMRIa structures. Inclusion of the N M R  constraints in the 
energy minimization had the least affect in altering B-DNA, 
somewhat larger affects on H-DNA, and very pronounced 
affects on A-DNA. The resulting ANMR and ARE structures 
remain globally A form, but locally they are greatly altered. 
When the N M R  constraints are removed, the final annealed 
structures (BREI,, HREIa, and ARE/a) all have energies within 
3 kcal of each other, but examination of the structural features 
given in Tables 11-IV reveals that relative to the starting X-ray 
structures there have been major changes in the local structures 
of the A form, somewhat fewer changes in the H form, and 
little change in the B form. In all cases the conformation of 
the adenine sugars is CY-endo or C1’-exo, whereas the thymine 
sugars all convert to C1’-exo. 

The BNMR and H N M R  structures have converged to nearly 
identical B-type structures (as have BNMRIa and HNMRja) (see 
Figures 2 and 3), but the A structure remains trapped in a 
structure that is globally A type. Ideally, molecular mechanics 
energy minimization with the NMR distance constraints would 
result in a structure that is independent of the starting DNA 
conformation. The results of these and other calculations 
(Kollman et al., 1982; Nilsson et al., 1986) show, unfortu- 
nately, that the resulting structures do depend on starting 
conformation. However, Nilsson et al. (1986) have shown that, 
using molecular dynamics with appropriate idealized con- 
straints, A-DNA converts to B-form DNA and vice versa 
(Nilsson et al., 1986). In our case the NMR constraints with 
moderate annealed molecular dynamics was adequate to cause 
the starting H-DNA structure to convert to a B-type structure. 
It is likely that we would find the same result if we had run 
molecular dynamics over a longer time period on the A-DNA 
structure as did Nilsson et al. (1986). We now examine the 
results of the molecular mechanics and molecular dynamics 
calculations in light of the NMR measurements and structural 
implications. 

FIGURE 3: Comparison of the BXMy and HxRAy starting structures 
illustrating the difference in the two structures. 

The energy minimization and annealed molecular dynamics 
calculations that include the NMR constraints are expected 
to generate structures that give the best possible fits of the 
N M R  data and, at the same time, are the best possible ones 
energetically. Because they give better fits of the N M R  data 
and are energetically superior, we discuss only the structures 
arising from annealed molecular dynamics calculations that 
included the N M R  constraints (Le., ANMRIa, BNMRIa, and 
HNMRIa). A summary of the rms deviation between the NMR 
relaxation rates calculated for the different structures and the 
observed rates in (Table V) demonstrates that the refinement 
procedure did lead to substantial improvements in all cases. 
Since, as noted above, the H N M R j a  and BNMRIa structures are 
for all practical purposes the same, we only need to compare 
the BNMRja and ANMRIa structures. 

From Tables 11-IV we see that all structures arising from 
annealed molecular dynamics calculations with NMR con- 
straints have very similar backbone structures, nearly identical 
sugar puckers, albeit different global structures. All sugars 
are in the C2’-endo range, and glycosyl torsional angles are 
-75’ for adenine and -62’ for thymine. The helix repeat 
angle is 39’ for B but 33’ for the A form. 

There are a number of important grounds for ruling out the 
ANMRIa structure relative to BNMRIa (HNMRla): (i) to satisfy 
the NMR constraints the ANMRIa structure is about 100 kcal 
higher in energy compared with the BNMRIa structure; (ii) the 
rms deviation between the observed and calculated relaxation 
rates is smaller by a factor of >2 for the BNMRIa structure than 
for the ANMRIa (see Table V); (iii) the observation (Behling 
& Kearns, 1986) that in the 2D NMR spectra of poly- 
(dA)-poly(dT) the adenine H2 protons exhibit stronger (- 
2-fold) cross peaks with the thymine H1’ sugar protons on the 
opposite strand than with the adenine H1’ sugar protons on 
the same strand. The relevant interproton separations between 
the sugar H1’ and the AH2 proton are summarized in Table 
VI for the different structures obtained from the annealed 
molecular dynamics calculations. From these results we es- 
timate that the predicted cross-peak intensity ratios, (AH2- 
THl’)/(AH2-AHl’), would be 1.2 for both BNMRIa and 
HNMRIa and 0.18 for ANMRIa compared with an observed ratio 
of -2. The cross-peak intensity ratio predicted for the ANMR/~ 
structure is almost an order of magnitude smaller than the 
experimental value. The value calculated for the BNMR,~ 
structure is not in perfect agreement with the observed results, 
but all that should be concluded from the experimental ob- 
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servations (due to the use of the 2D accordian technique) is 
that the interaction with the TH1’ sugar protons and AH2 is 
stronger than with the AH1’. Furthermore, the value calcu- 
lated for the BNMRIa structure is very sensitive to the AH2- 
TH1’ separation, and a relatively small change (- 10%) would 
bring the calculated value into agreement with the observed 
value. 

It is clear from the above considerations that the ANMRIa 
structure can be rejected and that the results of the present 
calculation strongly point to a room temperature solution-state 
structure for poly(dA).poly(dT) that is not very different from 
B-form DNA. Although the helix repeat angle is large (39O 
compared with 36O), this does not appear to have resulted in 
the unusually small minor groove that Drew and Travers 
proposed (1984, 1985). They noted that the minor groove 
width could range from 9 to 17 A, depending upon the DNA 
conformation, and a comparison of the shortest interstrand 
phosphate-phosphate separation for the structures we exam- 
ined is given in Table VII. The P-P separation is 11.7 A in 
BxRAy and 11 .O in HXRAY, but in both H N M R / a  and BNMR/a 
it has contracted only slightly to - 10.7 A. This is a relatively 
small reduction in the minor groove width relative to standard 
B-DNA, and therefore our results do not provide much support 
for the Drew-Travers proposal. Perhaps unusual hydration 
in the minor groove of (dA),.(dT), sequences is responsible 
for some of their special properties, including resistance to 
nucleases and to drug binding as proposed by Wilson et al. 
(1985). 

The nature of the sugar puckering in poly(dA).poly(dT) 
appears from our experiments to be mainly C2’-endo on both 
strands, although the thymine strand has a somewhat smaller 
average phase angle (152O) in HNMRIa and BNMRIa structures. 
Thus, it is clear that the structure suggested by Rao and 
Kollman, A(C2’-endo).T(C3’-endo), as “competing” with 
standard B-DNA, A(C2’-endo).T(C2’-endo), is closer to reality 
than the Arnott heteronomous structure, A(C3’-endo).T- 
(C2’-endo). When the constraints are removed (HREIa and 
BREIa), the structure looks more like that proposed by Rao and 
Kollman (1  985), not surprisingly, because the same molecular 
mechanics model was used. 

Given the low barrier to sugar puckering in DNA, one can 
imagine equilibria of the sort A(C2’).T(C2’) F? A(C2’).T(C3’) 
going on, but the results from H N M R l a  and BNMR/a suggest the 
equilibrium is reasonably far to the left (90%:10%). Raman 
measurements on poly(dA)-poly(dT) gels indicate that this, 
as well as other DNAs, exist in an -80%:20% mixture of 
C2’-endo and C3’-endo sugar conformation (Wartell & 
Harrell, 1986). It is hard to critically assess the accuracy of 
the various constraint distances and how well they would be 
fit by assuming equilibria of this sort, but it would be surprising 
if the percent C3’-endo found in this sequence turned out to 
be much larger than -20%. 

In considering the above results there are several points to 
remember. In addition to the intrinsic limitations of the 
current theoretical procedures, we note that the N M R  data 
are limited in that they mainly include local interactions be- 
tween the base and sugar protons and between sugar protons. 
These interactions are effective in establishing sugar puckers 
and glycosidic bond angles, but they are less effective in de- 
fining the positions of the bases relative to one another. In 
this study there is only one interaction between bases, the 
AH2-AH2 interaction, and this single interaction is not 
sufficient to drive the A-DNA structure over to the energet- 
ically more favorable B-DNA during the course of a molecular 
mechanics calculation. Inclusion of data on the relative 

strength of the AH2-H1’ interactions might have accom- 
plished this. We also note that it will be difficult by N M R  
to detect the small amount of bending (-4-5O per A.T base 
pair) that is responsible for the unusual electrophoretic and 
hydrodynamic behavior of DNA containing in-phase A5-T5 
sequences (Wu & Crothers, 1984; Levene et al., 1986). 

Determination of a DNA structure using N M R  distance 
constraints in molecular mechanics calculations is further 
complicated because the minimum energy structure gives a 
static picture of a low-temperature DNA structure, while 
DNA in solution at room temperature experiences large am- 
plitude motions (Bolton & James, 1979; Hogan & Jardetzky, 
1980; Levy et ai., 1981; Mirau et al., 1985; Behling & Kearns, 
1986). The N M R  measurements are influenced by these 
motions, and a distance measured by N M R  is a weighted 
average of the fluctuating interproton distance during the 
magnetic relaxation time of the proton. Using the distances 
determined from N M R  relaxation rates as constraints in any 
molecular mechanics energy minimization or distance-geom- 
etry algorithm to determine a static structure may therefore 
give misleading results. It has been shown that the errors in 
the measured distance may be relatively small (Keepers & 
James, 1984; Clore & Gronenborn, 1985) and the error in 
resulting structure is probably minimized in the energy min- 
imization calculation as compared to the distance-geometry 
approach because of other factors besides distances that are 
used in the calculation, but this difficulty must be remembered. 

In view of the large amplitude motions present in solu- 
tion-state DNA, and even in solid DNA (Shindo et al., 1980; 
Nall et al., 1981; Opella et al., 1981; Mai et al., 1983; Hol- 
brook & Kim, 1984; Vold et al., 1986), it is perhaps unrealistic 
to talk about the structure of DNA. It is certainly reasonable 
to discuss the average structure, but we do not know a t  this 
point that our energy-minimized structure is the same as the 
time-average structure that would be obtained from a long- 
time molecular dynamics calculation. These calculations are 
currently in progress. 

It is of interest to compare the results of our present study 
on poly(dA).poly(dT) with the results of extensive restrained 
molecular mechanics and dynamics calculations on the hex- 
amer d(CGTACG), recently reported by Nilsson et al. (1986). 
In their work they used the CHARM program, which has an 
origin similar to the AMBER program. They too introduced 
constraints derived from N M R  measurements with force 
constants that ranged from -120 to 7.5 kcal, depending upon 
the error estimates in the N M R  measurements. In our cal- 
culation we used a force constant of 25 kcal/mol for all in- 
teractions. Starting with either A-form DNA and using the 
molecular dynamics calculations, but with distance constraints 
for B-DNA (and vice versa), they found that A-DNA could 
be converted to B-DNA (and conversely) in less than 10 ps. 
This is reassuring since it shows that with sufficiently strong 
restraints the barrier to interconverting A- and B-DNA can 
be surmounted during a room temperature molecular dynamics 
simulation. However, in our work and that reported by Nilsscn 
et al. (1986) using just molecular mechanics, the A - B DNA 
conversion does not occur. The structures obtained appears 
globally to be of the A type, but locally, they have sugar 
puckers and other structural features usually associated with 
B-DNA. Thus, with just the N M R  constraints, the A-B 
interconversion does not occur during a molecular mechanics 
calculation. 

ADDED IN PROOF 

Alexeev et al. (1987) have recently reanalyzed the original 
data of Arnott et al. (1983) and concluded that it is better fit 
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by a structure that is much closer to B form than originally 
proposed. 
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