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ABSTRACT
Closed circular DNA containing polypurine-polypyrimidine

sequences can adopt a triple helical stem-loop structure under
supercoiling pressure. We describe an automated procedure for
building model loops and its application to the investigation of
the polypyrimidine loop at the end of such a triple helical stem.
All possible combinations of 3'-stacked and 5'-stacked structures
have been examined for loops containing three, four, five, and
six nucleotides. The lowest ener:gy conformation is a four-
membered loop with all bases stacked on the strand at the 3' end
of the loop. The model predicts that sequences (GA) n (GGGA)n
and (GAAA)n should form the stem-loop structure more easily than
(GGA)n and (GAA)n. It is also predicted that when a polypurine-
polypyrimidine sequence converts from a double stranded structure
to a triple stranded stem-loop, the most favorable conditions are
those where an even number of basepairs makes the transition.
Experimental tests of these predictions are also described.

INTRODUCTION

Stretches of DNA containing long sequences of purines on one
strand and pyrimidines on the other (pur-pyr sequences) occur in
both procaryotes and eucaryotes. Their biological function is
not known for certain, but they are found at frequencies substan-

tially above that which would be expected on a random basis in

several human genes and eucaryotic viruses (1,2), and they are

often associated with S1 nuclease hypersensitive sites upstream
of eucaryotic genes (3-5). S1 sensitivity is only one of several
attributes indicating that pur-pyr sequences have unusual

structures; a recent review (6) discusses the various probes used
to investigate these structures and lists about thirty naturally

occurring pur-pyr sequences that have been examined.
Two broad classes of models for the structure of pur-pyr

sequences have been put forward. First are the double stranded
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Figure 1: Schematic representations of the model structure of
the pur-pyr stem and loop (6,12,16). The heavy lines represent
the polypurine strand, while the light lines indicate the poly-
pyrimidine strand. The lefthand side of the figure shows the
secondary structure, with solid crossbars for Watson-Crick
hydrogen bonds and broken crossbars for Hoogsteen hydrogen bonds.
The righthand side of the diagram shows the three dimensional
structure. The double helix coming up from the lower right is
continued into the triple helix, with the extra polypyrimidine
strand lying in the major groove of that double helix.

models, where it has been proposed that the two backbones have

different conformations (7) or that Watson-Crick basepairs
alternate with Hoogsteen basepairs (8).

Second are three stranded models (9-17). These are based

on early studies of nucleic acid polymers that showed the ability
of two polypyrimidine strands to associate with one polypurine
strand (18,19). X-ray fiber diffraction studies revealed that

the three stranded structure consists of a duplex of the A family
with the third strand lying in the major groove of the duplex and

oriented parallel to the polypurine strand (20). The anti-

parallel polypyrimidine strand is associated with the polypurine
strand through Watson-Crick hydrogen bonding, while the third
strand is held to the polypurine strand by Hoogsteen hydrogen

bonds. In Figure 1 the secondary and tertiary structures of the

triple stranded model pur-pyr stem and loop are shown

schematically.
There is growing support for the three stranded model.

Indirect evidence for it is found in the fact that, for sequences
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containing deoxycytidine, the unusual structure is generally

favored by low pH. This is significant because cytosine must be

protonated to form the required Hoogsteen basepair with guanine

(10-20). Stronger support comes from the observation that the

ability of supercoiling to induce the unusual pur-pyr structure

in a sequence with a mirror repeat is substantially reduced if

that repeat is disrupted by only one nucleotide out of 32 (13).

The most compelling evidence, however, is the pattern in chemical

reactivity when the mirror repeat is altered. Changing one base

in the stem causes a change in the reactivity of a pyrimidine
that is several nucleotides away in the primary sequence, as

would be predicted by the triplex model (16).

In principle, two isomers are possible for structures like

those in Figure 1, depending on which half of the polypurine

strand forms part of the triple helical stem. Chemical modifi-

cation studies have recently shown unambiguously that the 3' end

of the polypurine strand is part of the stem, while the 5' half

is single stranded (14-17). Consequently, the 5' half of the

polypyrimidine strand forms Watson-Crick basepairs and the 3'

half forms Hoogsteen basepairs with the polypurine strand.

While a detailed model structure is available for the three

stranded stem of pur-pyr structures (20), no such model is

available for the polypyrimidine loop at the end of the stem.

Here we describe the development of an automated procedure for

building model loops and its application to the investigation of

the pur-pyr stem-loop structure. The experimental implications
of the model are also discussed.

METHODa
Our method for loop building begins with an idea first

proposed by Haasnoot et al. (21), that an ideal stem-loop struc-

ture will have optimum base stacking interactions if the regular
helical structure of one strand of the stem is propagated into

the loop. For a double helical stem, the analysis of distances
from a given phosphorus atom in one strand to all phosphorus

atoms in the other strand can be used to identify the shortest

interphosphorus distance. One or two nucleotides can be used to

close that gap, giving a predicted geometry for the loop. This

11797



Nucleic Acids Research

3'

Figure 2: Initial model for pur-pyr stem and 642 loop. The
polypyrimidine loop contains six nucleotides, with four of these
on the 5' side of the loop (left side) and two on the 3' side
(right side). The bottom two residues of each strand are part of
the triple helix and are not allowed to move during refinement.
The base stacking in the loop is the same as in the stem, but one
05'-C5' bond length is about 10 A (heavy line) and must be
corrected during refinement.

idea can be shown to correctly predict loop sizes and stacking
patterns for A-RNA, B-DNA and transfer RNA (21).

This approach is especially useful for manually building
loop structures using either physical models or computer

graphics. It allows one to reduce the complexity of the problem
by choosing an overall loop architecture in advance, for the

Haasnoot plot tells whether the loop should be 3'-stacked or 5'-

stacked and how large the stack should be.

We designate the loop size by N arid use the indices L and M

to represent the number of stacked bases on the 5' and 3' sides
of the initial loop structure, respectively. Loop geometries are

identified by the notation NLM, where N=L+M. The Ilaasnoot

procedure identifies a likely value of L (or M) and an estimate
*of the.number of bases needed to close the loop, M (or L).

We have modified the Haasnoot approach by beginning with an

initial loop structure in which the ideal helix from the stem is

extended into the loop on LQth the 5' and 3' sides. As an

example, consider a six membered loop with four nucleotides on
the 5' side and two on the 3' side, which we designate a 642 loop

(Figure 2). Although the structure has very favorable base

11798



Nucleic Acids Research

stacking, it is outrageous in terms of covalent structure,

because one covalent bond required for loop closure would have to

be over 20 A long (the 05'-C5' bond shown by the heavy line in
Figure 2). A structure like this could be refined by molecular

mechanics or molecular dynamics (22), using a package such as

AMBER (23), for example. However, extremely large forces would

act on the atoms at either end of the very long bond, and those

forces would largely determine the path followed through confor-

mational space as the structure is refined.

Instead of conventional molecular mechanics, we have chosen

to refine the initial structures with JUMNA (Junction Minimiza-

tion of Nucleic Acids), a program designed especially for build-

ing and manipulating nucleic acid structures (24). Whereas

molecular mechanics will attempt to correct the very long 05'-C5'

distance in Figure 2 by treating it as a badly distorted bond,
JUMNA treats this linkage as an unsatisfied mathematical con-

straint (25), which does not lead to large energy derivatives.
Further, rather than working in Cartesian coordinate space, as

does molecular mechanics, JUMNA makes all structural changes in a

coordinate space defined by the natural variables of the molecule

(26). These include single bond torsions and, in the sugar

rings, valence angles. Because of this mathematical sophistica-

tion, JUMNA is able to optimize the initial structure of Figure 2

by bringing the 05'-C5' distance back to its optimal value while
maintaining reasonable base stacking and backbone conformation

throughout the loop. This is shown in Figure 3, the final loop

structure created by JUMNA from the starting structure of Figure
2. To maintain the structure of the triple stranded stem, we use

an option in JUMNA that allows one to lock the helical parameters

of the bases and the relative positions of different strands.

We have used this procedure to build and refine model loop

structures for all values of N from three to six. For a given
value of N, there are N+1 structures to be examined,

corresponding to L=0,1, ... ,N. We have chosen the sequence

poly(dA)-poly(dT) for simplicity; differences in loop

conformation arising from sequence differences have not been

examined.
Since we are interested in the relative stabilities of

different loop sizes and, for a given size, of different loop
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Figure 3: Energy minimized 642 loop structure produced by JUMNA
when given the starting structure of Figure 2 and following the
procedure described in the text.

conformations, the critical parameter that we need to estimate is

the relative energies of the various model loops. The energy of

the double stranded structure is not of any consequence in this

study, since we are not examining the transition from the double

stranded to the triple stranded state; it is the relative

probabilities of forming alternative loop structures once the

transition has been made that interests us.

Energies are calculated using the standard JUMNA potential
function (24-27), which includes electrostatic and van der Waals

interactions, an explicit hydrogen bonding term, and terms for

rotations about bonds (torsions) and distortions of valence

angles. Bond lengths are fixed, but as mentioned above, this is

done without the introduction of energy penalties. The dielec-
tric function D(r) is roughly sigmoidal, rising from a D=1 at r=0

to a plateau value of D=78 for intercharge distances greater than

about 20 A.
Rough estimates of solvation energy are obtained on the

final optimized structures by calculating the total solvent-

accessible surface area using the algorithm of Lee and Richards

(28) with a probe radius of 1.4 A and multiplying that area by 25

cal/A2.

RESULTS AND S USSION

A Haasnoot plot (21) for interphosphate distances between

the polypyrimidine strands of a triple helical pur-pyr structure
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Figure 4: Haasnoot plot (20) of distances between phosphorus
atoms of pyrimidine strands in a regular pur-pyr triple helix.
Distances are measured from a given phosphorus atom on one strand
(P*) and the phosphorus atoms on the other strand. The numbering
in the second strand proceeds in the 5' to 3' direction, as
indicated in the schematic representation at the top of the
figure. As an example, the distance between P* and P4 (dashed
line) is 23.1 A.

is shown in Figure 4; the atomic coordinates for the triple helix

are those provided by x-ray fiber diffraction (20). Figure 4

would predict that the optimum size for the polypyrimidine loop

would be about five nucleotides. With four bases on the 3' side

of the loop stacked in an extension of the stem structure, the

interphosphate gap of 8.9 A might be closed by one nucleotide,
especially if the backbone of the helical extension were allowed

to move slightly to shorten the gap; this would give a 514 loop.
Alternative structures would have three bases stacked on the 3'

side, with one or two bases to close the 11.0 A gap, giving a 413

or a 523 loop.
The results of the automated loop building procedure are

given in Tables 1-4, which present the calculated energies for
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TABLE 1
Energetics of Three-Membered Loops

(all energies in kcal/mol)

Structure EC ESA EC + ESA

303 -120.4 48.0 -72.4

312 -108.4 49.0 -59.4

321 -123.0* 46.7 -76.3*

330 -120.9 46.4 -74.5

EC= Conformational energy
ESA = Solvation energy, based on solvent-accessible surface

areas multiplied by 25 cal/A2.
* Denotes lowest energy structure.

loops containing from three to six nucleotides, and in Figures 5-

8, which show the lowest energy structures for each size of loop.
With the exception of the three membered loop, the lowest energy

structures are all found to be 3' stacked (404, 514, and 615), in

agreement with the prediction of Figure 4. The lowest energy
three membered loop (321) is essentially 5' stacked, although the

base at the top of the loop partly bridges the 5' and 3' stacks

(Figure 5).

TABLE 2
Energetics of Four-Membered Loops

(all energies in kcal/mol)

Structure EC ESA EC + ESA

404 -148.5* 49.9 -98.6*

413 -141.0 51.5 -89.5

422 -135.1 52.0 -83.1

431 -129.5 53.5 -76.0

440 -132.5 51.3 -81.2

See Table I for nomenclature
* Denotes lowest energy structure.
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TABLE 3
Energetics of Five-Membered Loops

(all energies in kcal/mol)

Structure EC ESA Ec + ESA

505 -156.4 58.7 -97.7

514 -157.7* 54.7 -103.0*

523 -142.0 53.4 -88.6

532 -148.7 55.7 -93.0

541 -146.2 56.6 -89.6

550 -138.0 60.0 -78.0

See Table I for nomenclature
* Denotes lowest energy structure.

Although the range of solvation energies can be substantial

for a given loop size (it is over 6 kcal/mol for five and six
membered loops), the corrections for solvation energy do not

affect the rank ordering of any of the structures within a given
loop size. This is because loops with good base stacking and

relatively unstrained backbone conformations are generally more

compact and consequently have low solvent accessible surface

areas.

TABLE 4
Energetics of Six-Membered Loops

(all energies in kcal/mol)

Structure EC ESA EC + ESA

606 -156.2 65.8 -90.4

615 -170.5* 62.0 -108.5*

624 -161.2 62.3 -98.9

633 -145.1 64.6 -80.5

642 -156.7 63.4 -93.3

651 -162.1 61.4 -100.7

660 -134.7 67.6 -67.1

See Table I for nomenclature.
* Denotes lowest energy structure.
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Figure 5: The 321 loop structure, the lowest energy three
membered loop conformation. In this and the following figures,
the 5' end of the molecule is at the lower left.

Figure 6: The 404 loop structure, the lowest energy four
membered loop conformation.

Figure 7: The 514 loop structure, the lowest energy five
membered loop conformation.

Figure 8: The 615 loop structure, the lowest energy six membered
loop conformation.
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TABLZ 5
Energetics of Loops of Various Sizes

Loop Size Lowest Energy Ess EC+ESA-ESS
N Structure

3 321 -22.9 -53.4

4 404 -34.5 -64.1*

5 514 -46.1 -56.9

6 615 -57.7 -50.8

ESS = Correction term for difference between single strand in
loop va. single strand incorporated into triplex.
See Table I for further nomenclature.

Again, it should be emphasized that it is the relative
energies that are of interest here, because we want to know the

relative probabilities of the various loop conformations once the

transition from the double stranded structure to the triple
stranded stem-loop has taken place. We have not attempted to

compare these energies with that of the double stranded
structure, because we are not examining the transition itself,
only the final state.

In comparing the energies of loops of different sizes to

determine the global minimum energy structure, it is necessary to

correct for loop size. The lower energies associated with larger

loops in Tables 1-4 arise from increased base stacking, so that

larger loops always appear to be favored. But the critical issue
is the energy difference between that of a given N-membered loop
and that of the same number of nucleotides stacked in the

triplex. The latter is calculated by subtracting the single
strand conformational energy (calculated by JUMNA) and the

solvation energy difference, along with the energy of the

Hoogsteen hydrogen bonds. When this correction is made (Table

5), we find that the lowest energy structure is the 404 loop,
followed by the 514 and 321 loops.

It is seen that the Haasnoot plot does correctly identify
the basic loop size and stacking pattern (3'-stacked or 5'-
stacked). But it does not provide a method of examining the

steric problems that must be resolved in building loops, so
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detailed molecular models are necessary. We believe that our

procedure provides a relatively unbiased method of building,

refining, and comparing models of alternative structures.

The structural details of the 404 loop are given in Table 6.

The changes in backbone conformation from the standard A-DNA

conformation are surprisingly small. With only four exceptions,

none of the backbone torsion angles has changed dramatically, and

the changes are at the boundaries between the stem and loop,

rather than in the loop itself. Three of the large changes are
in the endocyclic torsion angle 8 (C5'-C4'-C3'-03'), which has

gone from the gauche+ configuration to trans in thymidines 1 and

7 and from gauche+ to an eclipsed configuration in thymidine 8.

The fourth change occurs in a (03'-P-05'-C5') for T3, which has

changed from gauche- to trans.

Four sugars have repuckered. The changes in S mentioned

above represent repuckering of three deoxyriboses from the

northern (N) quadrant (C3'-endo and C2'-exo) to the southern (S)

quadrant (Cl'-exo, C2'-endo, and C3'-exo). In addition, deoxy-

ribose 2 has adopted 04'-endo puckering. While this conformation
is of higher energy (29,30) than either the N or S conformation,
it is observed in crystal structures of both riboses and deoxy-

riboses (30-32) and occurs spontaneously in molecular dynamics
simulations on both RNA and DNA (29,33).

Finally, let us consider two predictions arising from this
study. First, because a four-membered loop is indicated as being
much more stable than a three-membered loop (Table 5), our model

would predict that it will be more difficult to cause the forma-

tion of the unusual pur-pyr structure if the sequence is a repeat
of the form (XYZ)n. Thus, the sequences (GA)nr (GGGA)n and

(GAAA)n should form the triple stranded stem-loop structure more

easily than (GGA)n and (GAA)n. These differences should manifest

themselves in the levels of supercoiling pressure that are

necessary to induce the transition in different sequences. Both

in vivo and in vitro studies might shed light on this issue.

Second, we note that the stem of the triplex always contains

an even number of pyrimidines. Since a loop with an even number

or pyrimidines (four) is favored, our model would also predict
that the length of the polypurine-polypyrimidine sequence that is
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actually converted into the unusual pur-pyr structure should

contain an even number of residues. This feature should be

detectable in patterns of chemical reactivity and enzyme

susceptibility, using standard probes for pur-pyr sequences (6).
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