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ABSTRACT: Six polynucleotide duplexes containing polydeoxyadenylic acid,
polyadenylic acid or poly-2'-deoxy-2'-fluoro-adenylic acid in one strand, and
polydeoxyuridylic acid or polydeoxythymidylic acid in the other strand have
been studied by circular dichroism, ionic strength dependence of melting
temperatures and binding of the DNA specific antibiotic netropsin. Circular
dichroisM spectra of (dA)n*(dT)n and (dA)n*(dU)n indicated the presence of the
B-form of DNA, while those of (dAfl) *(dT)n and (rA)n(dT)n (and the

corresponding (dU)n hybrids) indicated the presence of the A-form.
(dAfl)n(dT)n and (dAfl) n(dU)n bound netropsin only slightly less than the

(dA)n containing duplexes, while replacement by (rA) n decreased netropsin
binding to a large degree. Since netropsin requires B-DNA for binding, it is
concluded that the A to B transition is facilitated in the case of fluorine
substitution in the sugar moiety, while the 2'-OH group greatly limits this
conformational change.

The conformation of DNA-RNA hybrids is important for the understanding

of transcription. While RNA always exists in the A-form, characterized by the

3'-endo puckering of the ribose (1), DNA is normally in the B-form, which is

2'-endo puckered, but may assume the A-form under certain conditions of low

water activity, e.g. by dehydration of fibres (1-3) or in ethanolic solutions

(4,5). The transition between the B- and A-forms of DNA are accomplished by a

change of sugar puckering (1,6,7). RNA-DNA hybrids are believed to be in the

A-form, as concluded from x-ray fibre diffraction studies (1,8,9). Solution

studies on DNA-RNA hybrid polynucleotides (10-12) have established their

differences in thermal stability. CD studies of synthetic hybrids in solution

(13,14) indicated that certain sequences may adopt a B-like conformation.

Recently, Zimerman and Pheiffer (15) showed that (rA)n (dT)n is able to adopt

a B-type helical structure under conditions of high humidity.
The DNA binding antibiotic netropsin (fig. 1) has an absolute

requirement for the B-form. This was established in studies with DNA's and

polynucleotides (16-19). Netropsin binds specifically to A-T and I-C pairs of
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Figure 1: Chemical structure of netropsin.

B-DNA through electrostatic interactions of the guanidiniun groups with the

phosphates and via hydrogen bonds between the peptide NH groups and the o2 of
the pyrimidines (16-24). Netropsin may therefore be used as a probe for B-

like conformations in polynucleotide duplexes. In the present wrk we have

used this conformational specificity of netropsin to monitor the presence or

induction of B-like structures in solution of duplexes containing (dWA) n (rA)n
or (dAfl)n in one strand, and (dU)n or (dT)n in the other strand.

MATERIAL AND METHODS

(dA)n, (dU)n and (dT)n were purchased from P.L. Biochemicals Inc.

(Milwaukee, WI), ( rA)n from Choay (Paris). Poly-2'-deoxy-2'-fluoro-adenylic
acid (dAfl) was synthesized as previously described (25). Extinction

coefficients from the literature were used (11,12,25). Netropsin hydrochloride

was a gift of H. Trum (Jena); £296 21500 L. MH (26,27).

CD spectra were recorded on a Jobin-Yvon dichrographe III, absorption
spectra on a Zeiss DMR 10 spectrophotometer; melting curves were recorded on

an X-Y recorder branched to the Zeiss spectrophotometer (14). Netropsin

binding was followed by measuring the induced Cotton effect at 315 ru as a

function of r' = [netropsin] / [phosphate].

RESULTS

CD spectra: The CD spectra of the six duplexes studied were measured at three

temperatures, 50, 250 and 500C (fig. 2). There are apparent similarities

between some of the spectra. Those of (dAfl)n(dU)n and (rA)n(dU)n (but not

of (dA) n(dU)n) resmble each other and are very similar to that of

(rA)n (rU)n (28), which is in the A-form. CD spectra of (dAfl)n(dT)n and

(rA)n(dT)n (but not (dA) n(dT)n) are again very similar to that of

(rA)n*(rT) (not shown), which is very probably again in the A-form; these
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Figure 2: CD spectra of the six homopolymer duplexes studied in 0.1 M NaCl,

0.01 M sodium cacodylate. (.) 5C, ( 25°, (---) 50°C.

spectra are, however, different from those of the (dU)n hybrids, especially in

the higher wavelength range, which can be accounted for by the different

electronic properties of U and T. On the other hand, the CD spectra of

(dA)n1 (dU)n and (dA)n (dT)n show similarities, particularly in the intensity

and position of the negative peak at 248 am and the positive band at 212 nm.

The two latter duplexes show also relatively large premelting changes,
particularly in the higher wavelength region (29). The four other duplexes -

of the A-form kind - show similar small premelting changes among each other,

(except (rA) (dU)n, which, however, begins to melt at 55°C (see fig. 3)).

All premelting changes were fully reversible and are Indicative of a certain,

although variable dynamics of the duplex structures, the to (dWA)n containing

duplexes in the B-form apparently being the most flexible ones.
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Melting profiles: In fig. 3 are summarized the T values of the six

duplexes studied over the ionic strength range 0.01 M to 1.0 M Na*.

Transitions involving triple stranded helices (11,12) have been omitted for

clarity's sake. The rather anall differences between the various duplexes in

both groups are striking. The order (dAfl) n(dU) > (rA) *(dU) > (dA) *n(dU)n n n n n n
is similar to the analogous (dI) n(dC)n series (14). The increasing

electronegativity of the 2'-substituent in the purine strand has a stabilizing

effect (6, 14,25,30).

The two duplexes (dAfl) *(dT)n and (dA) n(dT)n have the same thermal stability

over the whole ionic strange range studied, while (rA)n'dT)n has Tm's about

6° lower. This inversion had been noted before (11). In view of the CD

spectra (fig. 2) this result is less surprising, since (dA) nodT)n is quite

certainly in the B-form, while the two other dT)n containing hybrids are

probably an A-like form (see Discussion).

Netropsin binding: The interaction of the DNA binding ligand netropsin with

B-DNA in solution is conveniently monitored by the extrinsic Cotton effect at

315 nm (16,18-21). Figure 4 shows the CD spectra of the duplexes

(dAfl) nCdT)n and (rA)n(dT)n at increasing netropsin concentrations. The

corresponding (d)n hybrids showed similar, but lower changes (not shown) on

netropsin binding and resembled those observed with the DNA duplexes

I@ I6 z I80-
Tm,
70

'C
60-

50

40 l

-2 -1 0 -2 -1 0
log [Na']

Figure 3: Melting temperatures (T ) of the six duplexes studied as a function

of ionic strength. Left: dU)n duplexes (open symbols); right: (dT)n duplexes
(closed symbols). Squares: (dAfl) duplexes; triangles: (rA)n duplexes;

circles: (dA)n duplexes.
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Figure 4: CD spectra of (dAfl) *(dT) (top) and (rA) *(dT) (bottom)
- n n n n

and in presence of netropsin: (- - -) r'-0.05; (. ) r'-0.1; (-)
r'-0.2. All measurements were made in 0.1 M NaCl, 0.01 M sodium cacodylate.

(dA) *(dT) (18,20) and (dA) *(dU) (not shown), demonstrating netropsin
n n 'n n

binding to all six duplexes. Only one set of clear-cut isodichroic points was

observed over the entire range of titration.

This shows that the isohelical binding of netropsin to a B-conformation takes

place in the same way over the whole range of concentrations. The similarity

of the shape of the difference spectra (fig. 5) for the six duplexes confirms

this interpretation, although a variation in difference spectra may also

reflect some conformational changes, particularly below 300 r (27).
In fig. 6 the titration curves of the six duplexes are compared: the

two DNA duplexes show the largest signals, approaching saturation at r' = 0.1,

while the hybrid sequences show smaller and different binding curves. Although

(dAfl)n(dT)n and (dAfl)n(dU)n how lower binding signals at saturation, the
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Figure 5:
( r'I0. 2).
duplexes;

Interaction difference CD spectra of the six duplexes with netropsin
Top: (dT)n duplexes; bottom: (dU)n duplexes. (- * -) (dAfl) n
(- - -) (rA) duplexes; (-W--)(dA) duplexes.

initial slope of the binding curve is nearly as steep as that of the two DNA

duplexes. (The slope -a= e315/ar' was determined as the average of the

points below r'-0.05). In contrast the two (rA)n containing duplexes show much

lower slopes and saturation is reached at much higher r' values (fig. 6). The

binding tendency in both series decreased in the order

(dA)n > (dAfl)n > (rA)n , but binding to the (dT)n duplexes was always stronger

than to the (dU)n duplexes.

Although the neat isodichroic points indicate a similar geometry of

chromophore binding and the similarity of the difference spectra is strong

support for the existence of this geometry in all six duplexes, these data do

not furnish any precision on the mechanism of binding. The precision of the CD

measurements at very low r' values precludes, however, a detailed quantitative

analysis of netropsin binding to these duplexes at present. Although the

elucidation of the binding mechanim - and possible differences between the

netropsin-duplex complexes - may otter valuable information on the details of
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Figure 6: Binding curves for the six duplexes as a function of increasing
mounts of netropsin. Top: (dT)n duplexes; bottom: (dU) n duplexes. Symbols as
in fig. 3. Insert: Initial slope of binding curves E = (OAh315/3r') as a

function of the increase in T, at r' - 0.2 (AT.). Symbols as in fig. 3.

the A to B transition, its lack does not interfere with the observation of

this transition, nor the interpretation.
It is wrth mentioning that weak binding of netropsin to (rA)n-(dT)n

was observed previously (17), but no evident explanation could be offered.

Netropsin binding stabilizes DNA structure (16-22). The increase in Tm
is most pronounced for the two DNA duplexes, similar to A-T rich DNA's (16-
20). In both series, the T at saturation (r' x 0.2) followed the CD signalm
(fig. 6, insert). Neither thermal stabilization, nor CD effects by netropsin

were observed with (rA)n(rU)n (17-20).

DISCUSSION

In discussing the results of this work two aspects of polynucleotide
structure have to be considered: the thermodynamic stability and

conformational preference of the duplexes for a given conformation is

reflected in the tw families of CD spectra (fig. 2) and the thermal stability

1727



Nucleic Acids Research

of the duplexes as a function of ionic strength (fig. 3); the kinetic

flexibility of the duplexes is indicated by the premelting changes (fig. 2)

and, particularly, by the modulation of their geometry on interaction with

netropsin (figs. 4 to 6). The latter data clearly demonstrate the capacity of

all duplexes to adopt a B-like conformation upon binding with netropsin,

although to a different degree.

The importance of the sugar conformation on the stability of the

duplexes has been demonstrated before (6,14,25,30) and is corroborated here

(fig. 3). The strong preference of the 2'-fluorinated nucleosides for the

3'.-endo conformation in solution (31,32) is apparently maintained in oligo-

and polymers (33). This conformational preference does not preclude a certain

flexibility, especially under constraint. dIfl (34) and dUfl (35) can assume

the intermediate conformations 3'-endo-4'-exo and 4 '-exo-0'-endo,

respectively, in solid state, suggesting that the energy barrier between the

canonical forms 3'-endo and 2'-endo may be much smaller in 2'-fluorinated

nucleosides than in ribosides. Recent potential energy calculations appear to

agree with this observation (36).
The conformational preference ci the (dAfl)n strand is demonstrated in

the CD spectra of the two hybrids: the CD spectrum of (dAfl)n(dU)n is very

similar to that of (rA)n(dU)n and that of (rA)n(rU)n (28), which is a

typical A-helix, but distinctly different from (dA) n(dU)n. Similarly, the

corresponding spectra in the (dT)n hybrids indicate an A-form, while

(dA) n (dT)n is a B-helix (3).

Binding of netropsin in the two (dAfl)n duplexes is, however, much

closer to that of the (dA)n duplexes (fig. 6). This is direct indication that

the (dAfl) hybrids can adopt a B-like conformation more easily than the (rA)

duplexes. This again points to the higher conformational flexibility of these

duplexes compared with the ribo-hybrids. Also, these results strengthen our

previously expressed view (14) that the conformational preference of the

pyrimidine carrying strand delimits that of the duplex, while the purine

carrying strand has a modulating role. Netropsin - which binds to the

pyrimidines - accentuates this conformational preference and thus induces a A

to B transition, as had also been shown to take place in ethanolic solutions

of DNA (37). Binding of netropsin and distamycines to (dI)n(dC)n and

(dIfl) *(dC) (38) is in good agreement with the present findings. The
n n

importance of the conformational flexibility of A-T clusters in the binding of
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netropsin to DNA also follows from recent viscosity data (39).

The (rA)n containing duplexes may adopt a B-like conformation upon

netropsin binding, but much higher concentrations of netropsin are needed and

much flatter and lower binding curves are observed (fig. 6). Without going

into the details of the binding mechanism, the binding of the drug is in these

cases not complete and binding constants are much lower. The difference with

the other duplexes can be viewed either as an expression of a different degree

of binding and/or as a difference in the geometry of the minor groove. The

recent observation (15) that (rA) n(dT)n may adopt a B-like form with a 10-

fold helix in highly hydrated fibers favours the second hypothesis. Because of

the 2'-exo puckering of the (rA)n strand (15), this helix is different from

the canonical B-form: the base pairs are shifted away from the helix axis and

the backbone conformation is naturally changed too. Besides, a hydrogen bond

between the 2'-OH and the neighbouring °1* has been postulated for the

stabilization of the helix in the minor groove. One expects that the

recognition of the bases by netropsin in the small, but more shallow groove in

such a model of the ribo-hybrid would be altered in comparison with binding to

the canonical B-helix with a much deeper minor groove. A looser binding of

netropsin, more on the surface of the shallow minor groove of (rA)n-(dT)n
should result in a lower degree of isohelical orientation of the drug, giving
rise to smaller CD amplitudes, as observed. The interpretation of our

netropsin binding data thus accords well with the conclusions of Zimmerman and

Pheiffer (15).
The recent work of Drew et al. (40) evidenced the existence of various

intermediate conformations, including 1 '-exo and O'-endo in a DNA dodecamer

duplex. The suggestion of anticorrelation of sugar conformations in paired

nucleotides, i.e. that 3 (the mean of the conformational angle 6 around the

3'-4' bond) is 1230 in B-DNA (with spreads of 6=750 to 6=1550) may well apply
to the present duplexes. For instance, a conformational change from a 3'-

endo:3'-endo A-form (6A=83, 6T830) (41) through the (rA) -(dT) B-form (15)AT ~~~~~~n, n

(2'-exo:3'-exo, 6A=97, 6T=1580, 1=127.50) to an O'-endo:2'-endo pair (6A=97?0

T=1440, '=120.50) would be feasible. Probably, this would be sufficient to

accommodate the (dAfl)n*(dT)n and (dAfl)n*(dU) duplexes into a form to

account for better netropsin binding than the (rA) * (dT)n helix, with the

(rA)n strand apparently blocked in the 2'-exo pucker.

The marked differences between the (dU) and (dT)n containing duplexes
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is worth considering. The presence of the additional 5-methyl group in the

pyrimidine strand has been shown to increase the thermal stability of various

polynucleotide duplexes (11,12,42) and is further confirmed here for three

pairs of different hybrids. It also gives a rationale for the considerably

higher T I's of (dA)n (dT)n (fig. 3). The more pronounced binding of netropsin

to (dT) containing duplexes (fig. 6) shows also that the formation of B-like

structures is favoured by the presence of the 5-methyl group which is

stabilized to a greater extent by the greater overlap of this group with the

neighbouring base (6). The absence of this methyl group in (dU)n favours the

A-form (fig. 2), which will change less readily into a B-like structure.

Our data are in favour of the recent conclusions of Zimerman and

Pheiffer (15) that (rA)n(dT)n has the potential to undergo a transition from

the A-form to a B-like structure. This phenomenon could to be more generally

true for hybrids, the pyrimidine carrying strand of which is the deoxypolymer

(14,38). Netropsin binding tests the possibility of RNAoDNA hybrids to adopt

the B-type structure and suggests a possible modulation between A and B-forms

under the influence of an effector (here netropsin) . The conformational

variations expected during transcription may well be modulated in a similar

manner.

The role of sugar puckering and the energy barriers between the

extreme puckerings have been correlated to motions between the internucleotide

phosphodiester and bases and have been suggested to be responsible for the

transmission of conformational changes (43). One would expect that such a

conformational flexibility could be dependent on the nucleotide sequence and

the geometry of the sugar-phosphate backbone. The findings on sequential

hybrids by Gray and Ratliff (13) corroborate these considerations.
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