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Abstract.-The carbonyl stretching vibrations of G and C residues undergo
frequency changes when a helical complex is formed from nonordered G and C
components. We have prepared a series of two-stranded G:C helices having
chemical and isotopic (1'0) substitutions which lead to variation of the observed
vibrational frequencies. Infrared spectra of these helices clearly demonstrate
that vibrational coupling occurs between the guanine and cytosine residues in
the helix. As a result of this coupling through the hydrogen bonds, the two
carbonyl bands undergo frequency shifts of equal magnitude and opposite sign,
with mixing of G and C character in the observed interacted vibrations.

Helix formation between complementary polynucleotides leads to marked and
characteristic changes in frequency and intensity of infrared bands of the
polymers.'-5 These spectral changes have been observed principally in the
region of 1500 to 1800 cm-' which includes the vibrational stretching frequencies
of the carbonyl groups and heterocyclic rings. These chemical groupings are
directly involved in base pairing and stacking interactions in helices, and thus
are most likely to be sensitive to formation of helical secondary structures. The
carbonyl bonds of G and C, whose vibrations we observe in the infrared, are in-
directly linked by much weaker hydrogen bonds in a precise geometrical ar-
rangement. These G and C carbonyl bonds are vibrationally coupled in the
hydrogen-bonded base pairs, whereas other observed vibrations show no evidence
of coupling.

Materials and Methods.-The infrared spectra of D20 solutions were measured with a
Beckman IR-7 spectrophotometer using matched CaF2 cells of fixed path length.'-5

Poly C was purchased from Miles Chemical Co., and poly G from Schwartz Labora-
tories. Our synthesis and characterization of poly-5-bromocytidylic acid have been re-
ported,6 and those of poly-5-methylcytidylic acid will be described in a later paper. Syn-
theses of both of these polymers by somewhat different methods have been described
previously.7 8 We have also reported previously the synthesis and infrared spectrum'
of 5'-GMP-6-'80.
We have found that the conditions shown in the legends of Figures 1 to 3 lead to com-

plete formation of 1:1 complexes. From the infrared spectra we can conclude that other
molecular species (i.e., complexes having other than 1: 1 stoichiometry, self-structures of
the components, and uninteracted components) are not present in significant concen-
trations.3-5 10 The spectrum of the fully polymeric helix poly G:poly C (Fig. 4) closely
resembles that of GMP:poly C (Figs. 1 and 5), strongly suggesting similar origins of
changes in vibrational spectra upon interaction of the components.
Results.-Infrared spectra of the three pairs of chemically distinct G: C

helices are shown in Figures 1 to 3 and are summarized in Table 1. The second
spectrum of each pair is that of a helical G:C molecule differing from the first
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FIG. 1.-Infrared spectra in D20 solution of two-stranded helices formed between poly C
and 5'-GMP. 16O complex: ; 180 complex- . 160 complex: [GMP] = [poly C] =
0.134 M; [Na+] = 1.9 M; [H2PO4- + HPO4] = 0.089 M; pD = 8; temp. = -6. 180
complex: [GMP] = [poly C] = 0.128 M; [Na+] = 1.8M; [H2PO4 + HPOt] =0.085 M;
pD = 8; temp. = -7°. For both spectra scale expansion = 1.4-fold, and path length =
24.8 j. Ordinate index marks are 0.1 absorbance unit apart in this and all of the following
spectra. Pi and v2 are the coupled carbonyl vibrations of G and C. The bands designated
(G) or (C) are almost entirely due to vibrations of the indicated base' 5, 6 and show no de-
tectable intermolecular coupling. The small isotope shift in the G band at -1568 cm-' is
observed also in unassociated 5'-GMP.6 The band designations in this figure apply also to the
following spectra, though the (C) frequencies vary somewhat in different molecules.

5- GMP- 6 80 Poly BrC -
r--<T--- A,- n -no~~~~5'-GMP-6-160 Poly BrC -

1750 1700 1650 1600 1550 - 500
FREQUENCY IN CM-'

FIG. 2.-Infrared spectra in D20 solution of two-stranded helices formed between poly
BrC and 5'-GMP. 1IO complex : [GMP] = [poly C] = 0.089 AI; [Na+] =
1.9 M; [H2PO4- + HPO4] = 0.09 M; pD = 8; temp. = 00. 180 complex
[GMP] = [poly C] = 0.084 M; [Na+] = 1.8 M; [H2P04- + HPO1=]0.84 M; pD
= 8; temp. = 2. For both spectra scale expansion = 2.0-fold, and path length =
24.8u.4

only in having a G component specifically labelled with 180 in the 6-carbonyl
group. In each case there is an isotopic frequency shift in the highest frequency
carbonyl band, vl, and, more strikingly, a frequency decrease also in the band
next lower in frequency, V2. Since isotopic shifts occur in the bands of both G
and C whereas isotopic substitution occurs only in G, this mixing or distribution
of isotopic shift must result from interstrand vibrational coupling between the
hydrogen-bonded base pairs. A detailed statement of this relationship is given
in the discussion."
The frequency shifts upon helix formation of the two carbonyl bands in non-

isotopically substituted helices (increase of one and decrease of the other fre-
quency from uninteracted values) are themselves suggestive of vibrational
couplings and can be formally rationalized in these terms.'2 Other explanations
could be advanced to account for the observations, however, and the coupling
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FIG. 3.-Infrared spectra in D20 solution of two-stranded helices formed be-
tween poly MeC and 5'-GMP. 160 complex : [GMP] = [poly C] =

0.043 M; [Na+] = 1.8 M; [H2PO4- + HPO47] = 0.86 M; pD = 8; temp. =
-6°; scale expansion = 1.5 fold; path length = 57.8 As. 180 complex - :
[GMP] = [poly C] = 0.045 M; [Na+] = 1.9 M; [H2PO4- + HP04+] = 0.090 M;
pD = 8; temp. =-6°; scale expansion = 3.6 fold; path length = 24.9 A.

APoyC.O2M A0
-Poly C .02M l/\ l

1700 1650 1600 1550
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FIG. 4.-Infrared spectrum in D20 solution of two-stranded helix formed be-
tween poly G and poly C. The G: C complex did not form spontaneously upon
mixing but required an annealing procedure because of strong poly G self structure.
Ordinate scale expansion = 5.0-fold. Path length = 57.6 A. The spectrum
closely resembles that of Fig. 1 (160 complex) except that the frequency of 1, is
somewhat higher. Frequencies of bands are indicated in the figure.

interpretation would remain inconclusive. The isotopic experiments demon-
strate the phenomenon, though the nature of the coupling is obviously the same
in all the examples. It is important to observe that the frequencies of the five
bands below .1640 cm-' show no detectable isotopic shift in any of the systems
studied (Figs. 1-3). A slight qualification of this statement is appropriate for
the G vibration at -1568 cm-' (160-GMP), which does show a slight isotopic
shift. This change, however, is present in uninteracted 5'-GMP and is not ap-
preciably influenced by helix formation. We can show that the sum of the
isotopic frequency shifts in v, and v2 is equal to the isotopic shift in uninteracted
G alone: ('6v, - '8v,) + (16V2- 18V2) = (6VG--8vG).
We observe a slight deviation of this sum from constancy in the three helices

and attribute it to minor variation in the isotopic content of the GMP-180 used
in preparing them.'3 We have used this summation value in subsequent calcu-
lations.

Discussion.-180 substitution produces vibrational frequency shifts in the
carbonyl groups because of the mass change, the force constants being unaffected
by the substitution. Changes in chemical structure, as in the substitution of a
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TABLE, 1. Observed carbonyl absorption maxima and frequency shifts in G: C helices.*
Difference between Two
Carbonyl Frequenciesl, §

Observed Carbonyl Frequencies 160 180
in G: C Helicest, § Unasso- Unasso-

160 180 ciated Helix ciated Helix
Helixt P1 P2 p1 12 PG - PC P1-P2 'G - PC V1- P2

GMP:poly C 1682.4 1646.3 1675.0 1643.2 8.5 36.1 -4.0 31.8
GMP:poly BrC 1677.5 1640.6 1668.5 1638.5 21.5 36.9 9.0 30.0
GMP:poly MeC 1681.2 1653.0 1675.5 1646.5 4. 5 28.2 -8.0 29.0
poly G:poly C 1688.0 1647.0 ... ...

Isotope Shifts§, ** - Carbonyl Absorption Maxima of
16 - 16,2 - (16 PI - 18pi) + Nonassociated G and C
18 PI 18 P2 (16 2 - 18 P2) ' Components -

GMP:poly C 7.4 3.1 10.5 5'-GMP 1664.3 poly C 1656.0
GMP:poly BrC 9.0 2.1 11.1 5'-GMP- 1652.0 poly BrC 1643.0
GMP:poly MeC 5.7 6.5 12.2 180 poly MeC 1660.0

* All entries in the table are observed values or differences of observed values. Frequencies are
expressed in cm-', and are estimated to be accurate to 0.5 cm-'. The values for helical structures
were measured at temperatures which led to complete interaction, as indicated in legends of Figs.
1 to 3. The values for the nonassociated components were measured at 330 and in a few cases vary
slightly with temperature. The largest such variation occurs with poly C, which has vmax = 1656.0
cm-' at 330 and 1657.5 cm-' at +4°.

t These abbreviated notations signify two-stranded helices formed between 5'-GMP (either the
ordinary or 6-180 labeled molecule) and polycytidylic acids, as follows: GMP:poly C, GMP, and
polycytidylic acid; GMP: poly BrC, GMP, and poly-5-bromocytidylic acid; GMP:poly MeC,
GMP, and poly-5-methylcytidylic acid. Poly G:poly C is the two-stranded helix formed between
polyguanylic acid and polycytidylic acid.

$ The notation 180 indicates specific 180 substitution (-90 atom %) in the 6 position of the 5'-
GMP (cf. ref. 3) used to prepare the G: C helices. The notation 160 indicates that ordinary 5'-GMP
was used. Poly C and poly G were not labelled with 180 in any of the experiments.
§ PG signifies the vibration frequency of uninteracted GMP and 'c that of the polycytidylic acid

listed in the first column. Pi refers to the highest frequency band in the helical complexes (about
1680 cm-1) and P2 thatof the next highest frequency (about 1645 cm-1). There is mixing of G and C
character as a result of vibrational coupling (see text), the calculated amount of mixing being given
by a2 in Table 2.

** U8PI and 18,2 are the higher and lower carbonyl frequencies, respectively, of helices in which the
GMP component is labelled with 180. vu and 12 refer to frequencies of the corresponding bands of
helices in which the GMP component is unlabelled. Where it is desired for clarity, the superscript
16 may also be used to indicate that the frequency refers to an unlabeled molecule, as in 168,. The
differences 16;,I - "8pi and 1682 - i8s2 correspond to the separations of the vertical bars in Figs. 2
and 3. As we have indicated in the text, the summation of the first two columns of this entry, given
in the third column, is equal to the isotopic shift of the uninteracted GMP-1b0 used in the prepara-
tion of that particular complex. The value of 1652 cm 1 given in this Table for GMP-180 is that
of the material when it was originally prepared.

methyl group or bromine for hydrogen, on the other hand, cause frequency shifts
both as a result of mass differences and of changes in force constants.

In the G: C pair we may consider the observed interaction to be composed of
two parts, one of which is itself complex: The first part consists of hypothetical
association without coupling, in which the frequencies VG and vc assume new
values, VG0 and vc0. The elements which compose this hypothetical first part of
the interaction include hydrogen bonding, specific and nonspecific solvent effects,
dipole interactions, and other factors.14 15 These factors may influence vibra-
tional frequencies and force constants of any of the vibrations of the molecule
including, but not restricted to, the two higher frequency vibrations which under-
go coupling. Presumably, these environmental factors are responsible for the
changes of the lower frequency bands upon interaction (see Fig. 5).
The second part of the overall interaction is vibrational coupling. This purely
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FIG. 5.-Temperature dependence of infrared spectrum of two-stranded helix
formed between poly C and 5'-GMP. On cooling, the spectrum becomes es-
sentially constant by ,.°O. Tm = 260 under these conditions; ordinate scale ex-
pansion = 1.4fold; path length = 24.8 ,s.

mechanical interaction occurs with mixing of the two vibrations and without
change of force constants.
The coupling may be formulated in terms of standard first-order perturbation

theory (see, for example, Herzberg,'6 Eq. II, p. 291) as

E =E 1/2V/4Wf2+82, (1)

where the two values of E are the perturbed energies (in our case the observed
frequencies of the interacted pair v, and v2, E= '/,(E,0 + E20), the mean of the
two uncoupled energy levels (or equivalently the mean of the coupled frequencies
observed in the helix). W is a matrix element (given as Wni by Herzberg'6)
which measures the strength of the coupling interaction, and 8 - 1- E20 is
the difference between the uncoupled levels. Use of this equation would also
require that other vibrations be sufficiently distant not to be involved in the
intermolecular coupling, a condition which we assume to be satisfied in these
cases in view of the lack of detectable isotope effect in the other bands in the
helices (Figs. 1-3). From a knowledge of a and W it is possible to calculate the
coefficients a and b in the eigenfunctions of the coupled states.'17 The fractional
mixing (percentage of G or C character) is then expressed by a2 and bIA
We assume that the coupling constant W is not significantly affected by

isotopic substitution'8 and thus is the same in the 180 and 160 helices for a given
G:C pair. Since the factors which alter the G frequency on going to the as-
sociated but uncoupled state will be the same for G - 180 as for G - 180,
lv0= '6vG0 - ('8Pm - '8vG). Further, the associated but uncoupled C fre-

quency vc0 must be the same in both 160 and 180 helices, so that ('8vG0 - Pc) =
(16- Pc) - (16V -'8VG)6 .

We may now solve equation (1) for 8 and W using these isotopic relationships,
and from the values of 8 obtain VG0 and vc0 for the different helices. Alterna-
tively and equivalently, wre may re-express equation (1) in terms of the unknown
hypothetical associated frequencies as follows:

k 1/2 (kVGO + VC°) j 1/2 /V4W2 + (kVGo VC )
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FIG. 6.-Vibrational energy level diagrams for G: C helices. The 160 and 180

headings refer to complexes formed with 5'-GMP-6-O0 and 5'-GMP-6-10, re-

spectively. Ordinate is frequency in cm-'. Symbols and abbreviations are

given in footnotes to Tables 1 and 2.

where i = 1 or 2 designates the higher or lower frequency band and k = 16
or 18 designates the isotopic substitution. These four equations may then be
solved for the four unknowns W, 16VG0, 18VG0, and vc0. Values are given in
Table 2.

It is useful to define an association shift and a coupling shift corresponding to
the two parts of the overall interaction (see Fig. 6 and Table 2). The associa-
tion shifts of G and C are the frequency changes (VGO- VG) and (vc0 - vc), re-

spectively, on going from the uninteracted state to the hypothetical associated
but uncoupled state. These shifts are caused by various environmental factors,
as mentioned above, and are equal in both 160 and 180 members of a given G: C
pair. The coupling shift gives the increase or decrease on going from the hypo-
thetical associated frequencies VGO and vc0 to the observed coupled frequencies vi

and v2. The relatively small magnitudes of some of the association shifts
probably arise from the composite nature of this quantity. Thus, for example,
the frequency decrease upon hydrogen bonding is of opposite sign and appears in

0 Vi1/
VG

l/c i/c Z

1690-

1680-

1670-

1660-

1650-

1640-
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TABLE 2. Calculated spectroscopic quantities.*
CotiplIiig

Helix - Shift* Association Shift
P(;O V(:° ^ WJ a2 (PI V0,, ) (P0 PG) (AcP PC)

160

GMP: poly C 1673.9 1654.8 19.2 15.3 0.77 8.5 9.4 -1.2
GMP:poly BrC 1672.2 1645.9 26.3 12.9 0.86 5.3 7.7 2.9
GMP:polyMeC 1669.2 1665.0 4.2 13.9 0.58 12.0 4.7 5.0
180

GMP:poly C 1663.4 1654.8 8.7 15.3 0.64 11.6 9.4 -1.2
GMP: poly BrC 1661.1 1645.9 15.2 12.9 0.75 7.4 7.7 2.9
GMP:polyMeC 1657.0 1665.0 -8.0 13.9 0.36 18.5 4.7 5.0

* Quantities calculated from equation (1) or (2). Definitions: PGO and vc", hypothetical asso-
ciated but uncoupled frequencies of G and C, respectively. 5, separation of associated uncoupled
frequencies = PGO - Pc0. W, coupling constant in equations (1) and (2). a2, square of mixing
coefficient, a. a2 represents here fractional G character of Pi, and bV fractional C character of Pi =
1 - a2. Coupling shift, frequency shift up or down from vGO or vc0 to P or P2. It is equal to 1/2
[(- P2) - 611 and is the separation between associated and coupled frequencies (see Fig. 6). Asso-
ciation shift for G and C (PGO- PG) and (cc0 - Pc), respectively.

relevant examples to be roughly comparable in magnitude to the frequency in-
crease on going from more polar to less polar solvents.'°0 14, 15

The quantity W, which measures the strength of the coupling interaction, is of
chemical interest in that it probably depends primarily on the strength of hydro-
gen bonding of base pairs in a helical environment. While it is important to
recognize that the values of W do not show wide variation (implying that
differences in hydrogen bonding are not large), we suggest that they may be used
to order a series of chemically related molecules with respect to the strength of
their hydrogen bonds. The separation of interbase hydrogen bonding from
other energetic factors such as polymer solvation or random coil stability should
be valuable in studies of helix stability.6
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to thank them for their constructive criticism and suggestions.
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