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THE INFLUENCE OF NONCOMPLEMENTARY BASES ON THE
STABILITY OF ORDERED POLYNUCLEOTIDES*

BY E. K. F. BAUTZ AND F. A. BAUTZt

INSTITUTE OF MICROBIOLOGY, RUTGERS UNIVERSITY

Communicated by E. L. Tatum, October 22, 1964

It has been shown that the nearest neighbor frequencies in DNA from several
species are distinctly different from a random distribution.' Subsequently, a cer-
tain relationship was recognized between the G + C content in DNA and some of
the dinucleotide frequencies. When it was observed in this laboratory that, in
phage T4, the dinucleotide frequencies in DNA are faithfully transcribed into
mRNA,3 we became interested to learn whether this species specific distribution of
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nucleotides might be in some way related to structural or functional requirements
of mRNA, or whether it reflects the result of a nonrandom mutation or selection of
nucleotides in DNA. For either one of these possibilities to apply, the stability of a
given helical region must depend not only upon the composition, but also upon the
sequence of nucleotides.
Taking into consideration the forces responsible for the helical structure of DNA,

it appears that the stacking of bases along the helix is greatly stabilized by Van der
Waals forces, hydrophobic interactions, and others, their energy exceeding that of
the hydrogen bonds between the base pairs.4 5 It is very likely that this stacking
energy is not identical for any two of the 16 possible combinations of dinucleotides.
Indirect evidence obtained by DeVoe and Tinoco4 from a calculation of molecular
orbitals in derivatives of purines and pyrimidines support such a conclusion.

In order to obtain more direct information on base interactions at the polynucleo-
tide level, we have investigated what influence those bases, which are unable to form
hydrogen bonds with U in the Watson-Crick fashion, exert upon the pairing of
neighboring adenylic acid residues with poly U.

Materials and Methods.-The four nucleoside 5' diphosphates, ADP, CDP, GDP, and UDP
were purchased from Schwarz BioResearch, Inc. IDP was obtained from Calbiochem. Poly U
and poly A were purchased from Miles Chemical Corp. Pancreatic ribonuclease A, lyophilized,
phosphate-free, bacterial alkaline phosphatase, chromatographically purified, and Micrococcal
nuclease were all obtained from Worthington Biochemicals.
T1 ribonuclease was isolated from "Sanzyme R" powder of Sankyo Ltd., Tokyo, according to

Takahashi6 modified such that the heat-treated extract was neutralized, filtered, and directly ap-
plied to a DEAE-cellulose column, repeating the chromatography four times.

Polynucleotide phosphorylase was prepared from spray-dried M. lysodeikticus cells (from Miles
Corp.) according to Steiner and Beers6a through the acetone step. The extract was frozen in
aliquots and kept at -20°C.
The oligonucleotides (Ap)nCp and (Ap).Up were prepared as follows: ADP + CDP and ADP +

UDP at a molar ratio of 4 A's to one C or U were polymerized with polynucleotide phosphorylase,
and the resulting copolymers were degraded with pancreatic ribonuclease, followed by column
chromatography on DEAE cellulose with a linear gradient from 0.01 to 0.8 M ammonium bi-
carbonate pH 8.4. The peak fractions were desalted, and the base compositions of the oligonucleo-
tides were determined as described elsewhere.3

Oligonucleotides of the series (Ap)nGp were prepared by digestion of an AG copolymer with T1
ribonuclease followed by separation of the oligonucleotides. The oligonucleotides terminating
in a free 3' hydroxyl end were prepared by treatment of the ribonuclease digests with alkaline
phosphatase at pH 8.0, followed by DEAE column chromatography as described above. In
addition, the purity of each oligonucleotide was checked by electrophoresis at 40 V/cm for 90
min in 0.05 N ammonium formate pH 3.5.
ApApA and ApApApA were prepared by a limited digest of poly A with micrococcal nuclease ac-

cording to Lipsett et al. ;7 the digest was terminated by shaking the incubation mixture with an equal
volume of buffered phenol. The aqueous layer was extracted with ether to remove residual phenol,
followed by treatment with alkaline phosphatase and subsequent fractionation on DEAE cellulose.
The four sets of copolymers of the formula AnXm (X being either C, G, I, or U) were prepared

as follows: each set was synthesized with the same aliquot of polynucleotide phosphorylase under
identical conditions, except for varying the input ratio of the nucleoside diphosphates. On all
polymers base ratio analyses were performed in duplicate, and on two copolymers of each set the
random distribution of nucleotides was ascertained by oligonucleotide frequency analysis of di-
gests with pancreatic ribonuclease or with Tl ribonuclease.8 End group analysis showed for all
polymers a minimal chain length of 40 nucleotides, setting a lower limit for the average molecular
weight of 12,000.9
The extinction coefficients of the oligo and polynucleotides were determined as described by

Stanley9 and will be given elsewhere.8
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1.0. The equipment used for the recording of temperature
profiles was as described previously.'0

Results.-Oligomer-poly U interactions: The in-
09- A

I
teraction between poly A and poly U to form dou-

I I I \ ble- or triple-stranded structures can be observed,
if the poly A has a chain length of only a few nu-
cleotides.7 The oligo A-poly U complexes disso-

0I8I ciate over a narrow temperature range showing a

characteristic Tm for an oligo A of a given chain
length at a given salt concentration. Whereas this

0.7V interaction has been investigated by others7 under
the assumption that it takes several hours to go
to completion, we have observed that under the

Temperotwe 20C) conditions used here, the oligo A-poly U interac-
FIG. 1.-Cooling profiles of tion occurs almost instantly, and that it can be

ApApA (-x-) and of ApApApA followed most conveniently by measuring the de-
(-O-) in the presence of equi- crease in absorption at 260 mu during cooling of
molar amounts of poly U; I: in
0.1 M MgCl2, II: in 0.5 M NaCl, the sample. Figure 1 shows the cooling profiles
both containing 0.01 M Tris, pH of two oligo A + poly U samples at two different
7.5. The relative absorbance at
260 mjA (A260) was plotted versus salt concentrations. Similar cooling profiles are
temperature. observed with the oligomers (Ap)3C, (Ap)3G, and

(Ap)3U plus poly U in 0.1 M MgCl2 (Fig. 2). The
temperature midpoint of the helix-coil transition (Tm) is several degrees higher for
(Ap)3C compared to the Tm of the other two. The mixing curves show a minimum in
absorption of 260 my at a molar concentration of A to poly U of 1:2 for (Ap)3C,
whereas (Ap)3G and (Ap)3U show a minimum at a ratio of oligomer to poly U closer
to 1:1. Therefore, (Ap)3C seems to establish preferentially a triple-stranded struc-

0 \\ 0 20 40 60 80 100
0. /Z~~~~~~~~~

\\\4 ~~~~~~~~~~~Molepercent (Ap)9 X

0.7 -FIG. 3.-Mixing curves for
(Ap)9X with poly U. Samples were
mixed in the proportions given on403020 10 0 ~~the abscissa, transferred to cuvettes

Temperature (°C) equilibrated for 10 mmn in the heating

FIG. 2.-Cooling profiles of block precooled to 1000, and read

(-0), and ApApApU (-x-) Na+, (Ap)3C, (Ap)4C, (Ap)4G,

amounts of poly U in 0.1 M MgCl2. (Ap)3C, (Apo)3G, (Ap)3U,' (Ap)4G,
(Ap),U in 0.1 MM
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ture together with two strands of poly U, whereas (Ap)3G and (Ap)3U appear to
favor a double-stranded configuration involving only one strand of poly U (Fig. 3).
The three oligomers of the structure (Ap)4X, containing one more adenylic acid res-
idue, all assume a triple-stranded configuration with poly U. In all three cases, the
minimum in A260 is at approximately 40 mole per cent of oligomer, indicating that the
base which is not complementary to U does not contribute to hypochromicity."
Table 1 summarizes the Tm values obtained with the oligomers tested: in 0.1 M
Mg++ the oligomers with three adenylic acid residues show the biggest differences;
increasing chain length diminishes the differences between C, G, and U. Addition
of a phosphate resulting in oligomers of the series (Ap)nXp also reduces the differ-
ential influence of the noncomplementary bases.

TABLE 1
Tm (IN 'C) OF EQUIMOLAR MIXTURES OF (AP).X AND POLY U, AND OF

(AP).Xp AND POLY U
In 0.5 M In 0.1 M In 0.5 M In 0.1 M
Na+ Mg++ Na+ Mg++

(Ap)3C 12 26 (Ap)3Cp 5 17
(Ap)3G 8 19 (Ap)3Gp 4 13
(Ap)3U 19
(Ap)4C 22 36 (Ap)4Cp 15 30
(Ap)4G 18 34 (Ap)4Gp 14 28
(Ap)4U 16 32 (Ap)4Up 13

Copolymer-poly U interactions: Using different input ratios of ADP versus either
CDP, GDP, IDP, or UDP, four series of copolymers have been synthesized with
polynucleotide phosphorylase. Each polymer was allowed to complex with poly U
at a salt concentration of 0.5 M NaCl, and the T. for each complex was determined
by recording its heating profile. The Tm values thus obtained were plotted against
mole per cent A of the polymers. As shown in Figure 4, poly AG and poly AI show

80 -
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50

70 80 90 100
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FIG. 4.-Dependence of Tm upon A content of poly AX + U + U. For each copolymer
the heating profile in 0.5 M NaCl + 0.01 M Tris, pH 7.5, was determined at a molar ratio
of copolymer to poly U of 1:2. Tm values were plotted versus the percentage of adenylic
acid residues in the copolymers. + : poly AG; A: poly AI; x: poly AU; 0: poly AC.
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slightly higher melting temperatures with poly U than the corresponding poly AU
polymers, which in turn melt out higher than poly AC. Thus the presence of cyti-
dylic acid residues in poly A seems to weaken the stability of the poly A-poly U
complex most strongly, a result which seems to contradict the data obtained from
the oligonucleotides, where (Ap)nC showed the highest Tm. The mixing curves in
0.5 M NaCl shown in Figure 5 are similar to those obtained with (Ap)4 X (X = C,

G, or U) in 0.1 M M\IgCl2 (Fig. 3), suggesting that
1.0 again three-stranded complexes are preferred, and

that the noncomplementary base does not titrate
0.9 any notable quantity of poly U.

Discussion.-From the mixing experiments one
can deduce that the noncomplementary base does

0.8 not contribute to the hypochromicity of the com-

£oA// plex. Thus, apart from the rather unlikely possi-
0.7. tbility that the noncomplementary base interacts

._____________ _. with poly U under exclusion of the neighboring
0 20 40 60 80 @° adenylic acid residue from the complex, there is noMole percent poly AX indication that the differences in meltings are due

FIG. 5.-Mixing curves of poly to specific interactions between C, G, or U and
U with: poly AC (82% A), -x-;
poly AG (77%), -0--; poly AU poly U.
(79% A), -A-. The mixtures A possible explanation for the data obtained
had been allowed to equilibrate for
1 hr before reading. with the oligonucleotides is the difference in the

pK values for C, G, and U. Thus the net charge
difference of the oligonucleotides might have been responsible for the observed dif-
ferences in Tm. However, all pK values possibly involved are too far from the
pH of 7.5 employed to warrant the strong differences observed for (Ap)3C and
(Ap)3G,U; in addition, according to this interpretation, the differences are not ex-
pected to diminish as rapidly with increasing chain length of the oligomers; and
finally, this interpretation is compatible neither with the Tm values observed for the
AG and Al copolymers, nor with the low Tm values obtained for poly AC.
The only interpretation we could conceive to fit both the oligomer and the poly-

mer data involves the assumption that the differences observed are due to variations
in interactions between the complementary bases and their neighboring A residues.
In that case, on the oligomer level, the melting temperature of an (Ap)3X-poly U
complex should be little or not affected, if the noncomplementary base X does not
interact with the neighboring A, but swings out freely, and it should be more af-
fected, if the extra base interacts strongly with the neighboring A, pulling it out of
the helix and thereby weakening its hydrogen bonding with the opposite uridylic acid
residue. In this latter case, the Tm of (Ap)3X should be reduced markedly. Ac-
cording to this argument we propose that, in a sequence of nucleotides, U and G in-
teract more strongly with a preceding A than does C. This assumption would then
account for the low Tm values observed for (Ap)3G and (Ap)3U compared to (Ap)3C.
On the polymer level, an extra base interacting strongly with the preceding as well

as the following A is likely to participate in stabilizing the helix and should therefore
lower the Tm not as much as a base which swings out freely and which thereby in a
way interrupts the continuity of the poly A strand.
These assumptions imply that an occasional solitary guanylic acid residue would

be held in its place in the helix by the neighboring adenylic acid residues in spite of
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its inability to undergo hydrogen bonding with U. The failure of a single guanylic
acid residue to loop out of the helix is expected to affect the structure of a poly A-
poly U complex in one of the two following ways [Fig. 6 (1) ]: the U residue opposite
a single G is either forced to loop out of the
poly U strand, leading to structure a, or it is la ib 2
pushed one place further in the helix to pair P.U A P,,U l
with the next A residue, leading to structure b. pU.A> AJ -.U-As
The two neighboring G residues in the bottom u`P GP P, Gs P-A,PC
half of the complexes la and lb are depicted as P,>- ,A;P PU ANp P'U--APIC
looping out according to the "helix with loop" '- -P --AP-G >--A-P-Clooping to ~~~~~~~~~~~~~U>-A-P--G~ AJ--A-P--G- )t.---A-P-C.
model by Fresco and Alberts."' In the poly P,,AU---< U(--A>Po PU--- P-
AC-poly U complex [Fig. 6 (2) ], all C residues
are expected to loop out in accord with Fres-
co's model. While a model of the type lb in oFIG. 6.- Hpothetical structure

ofa: (1) poly AG-poly U, (2)
Figure 6 is favored through the data obtained poly AC-poly U complex.
from the mixing experiments (Fig. 5), an ob-
stacle to such a model is the question whether the helix is flexible enough to
counterbalance the distortion of the angles brought about by the stretching of one
strand but not the other. Although this question does not appear to lead to too ser-
ious complications as far as the building of molecular models is concerned, it cannot
be entirely ruled out.

In case the interpretations offered here will prove to be correct, and if it turned out
to be valid to infer from three-stranded complexes of the ribose series to the double-
stranded complexes of DNA, then we could expect helix stability to play a predict-
able role in mutational alterations of DNA as well as in the function of messenger
RNA. These more hypothetical assumptions are discussed in more detail else-
where. 12
Summary.-Model experiments with synthetic polynucleotides have shown the

helix-coil transition of an (Ap).X-poly U or a poly AX-poly U complex to be differ-
ent for X = C, G, and U. This finding was interpreted as due to differences in
stacking energy for different dinucleotides.

Abbreviations used throughout are as follows: A, adenylic acid; C, cytidylic acid; G, guanylic
acid, I, inosinic acid, U, uridylic acid; and mRNA, messenger RNA.
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