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Homopolymers of etheno CMP h2ve been prepared by the action of polyribonucleotide phosphorylase upon erheno 
CDF. At alkaline pH the optical properties are consistent with a structure consisting of parrially helical single-stranded 
chains whose helical regions are stabilized by base stackin g_ At acid pH the degree of helicity increases markedly. The 
degree of cooperativity displayed by the helix - coil transitions induced by pH or temperature is less than for the case 
of polyribocytidylic acid. In the presence of acridine orange the alkaline form develops a strong extrinsic CD spectrum. 

1. Introduction 

The preparation of fluorescent etheno derivatives 
of adenosine, cytidine, and several of their nucleotide 
derivatives has stimulated studies upon the biological 
activity of these derivatives, as well as upon the phys- 
ical properties of their polymers [l-S]. The etheno 
derivatives of AMP, ADP, and ATP have been shown 
to be capable of replacing their naturally occurring 
analogs as substrates or modifiers of several enzymes 
[2,5]. In particular, EADP and ECDP have been found 
to function as substrates of polyribonucleotide phos- 
phorylase thereby making possible the biosynthesis of 
homopolymers of eAMP and ECMP [4]. This paper is 
concerned with the properties of homopolymers of 
the etheno derivative of CMP (poly EC). 

Poly C itself has been found to exist in at least two 
distinct helical forms. At neutral pH it exists as a sin- 
gle-stranded structure containing alternating random- 
ly coiled regions and helical regions stabilized by base 
stacking [6,7] _ At acid pH it forms a double-stranded, 
parallel helical structure with a shared proton between 
the two N(3) nitrogens of the bases [6,7]. The base 
pair is further stabilized by two hydrogen bonds be- 
tween the carbony and amino groups of the cytosine 

bases \6,71_ The acid form of poly C is ionic strength 
dependent and may be disrupted by either the bind- 
ing or dissociation of a proton, depending upon sol- 
vent conditions [6,7]_ 

Since formation of 3,N4-ethenocytidine involves 
modification of the exocyclic amino group and the 
N(3) ring nitrogen, both of which are involved in the 
interstrand hydrogen bonding occurring in the two- 
stranded helical acid form of poly C, it is of particular 
interest to compare the properties of poly EC with 
those of poiy C as a function of pH and temperature. 
The major issues include the extent to which poly EC 
can adopt helical forms and their relation to those 
formed by poly C. Previously we have described the 
structural effects of exocyclic modification of poly 

G ISI- 

2. Experimental 

2. I. MaferiiIs 

The etheno derivative of CDP was prepared by the 
reaction of chlosoacetaldehyde with CDP, as described 
by Barrio et al. [2] _ The product, etheno CDP, was pu- 
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rifled on a DEAE cellulose column and used for the 
preparation of poly eC. Polymerization of ECDP to 
form poly eC was achieved by the action of polyribo- 
nucleotide phosphorylase (PGBiochemicals, type 15). 
The polymerization, isolation and purification condi- 
tions were similar to those described for O6-aIIcyIgua- 
nylic acid hamopolymers [9]_ PoIymetization was car- 
ried out in 0.15 M W&--K* cacodylate, 0.08 M M&I,, 
30°C and foliowed by measuring viscosity as a func- 
tion of time. The polymer was removed when viscosit; 
attained a plateau in about 4 to $ hours. The mixture 
was then deptoteinized by CHC1, emulsification, frac- 
tionated on G-200 Sephadex, dialyzed, and lyophilized. 
The sediment&on coefficient of the preparation used 
here was 3.5 s 3t pW 8-S. 

The sampIe of acridine orange used in these studies 
was purchased from Aldrich and recrystallized twice 
From ethanol prior to use. All other reagents were ana- 
lyrical grade. Glass redistilled water was used for the 
preparation of all solutions. 

2.2. Methods 

Determinations of absorption spectra were made 
using a Gary spectrophotometer. Measurements of ab- 
sorbance at a single wavelength were made with a 
Gilford spectrophotometer. 

Determinations of circular dichroism (CD) were 

made using the JASCO 3-40 apparatus. This was 
equipped with a thermostatted cell holder permitting 
the circulation of water from a constant temperature 
bath. The molecular ellipticity at a particular wave- 
length, [Blh, was computed using the equation: 

WI, =1008&7. 0) 

where 8, is the observed ellipticity in degrees at wave- 
length X, C is the molar concentration of mononucleo- 
tide units, and I is the path length. 

Molecular weight determinations by light scattering 

were made using a Phoenix light scattering phofome- 

ter. Calibration in terms of reduced intensities was 
made using a Ludox suspension whose turbidity was 
determined by transmission measurements with the 
Gary spectrophotometer, using 10 cm cells. Scattering 
measurements over a range of angles &ere made using 
a cylindrical cell, whose angular calibration was 
checked using an aqueous fluorescein solution.. 

Concentrations of polymer were computed from 

the absorbance at 272 nm, assuming a molar extinc- 
tion coefficient of 1.00 X 104 at pH7,25” [41_ 

The majority of measurements were made using a 
buffer consisting of0.005 IV* Nai cacodylate @a Cat), 
0.005 M Na* acetate (Na oAcj, 0.001 M EDTA. In 
this buffer the polymer was soluble over the entire pH 
range studied- At an ionic strength of 0.1 precipitation 
occurred upon standing at #i’s below 5. 

3. Results 

3.1. Properties of eCMP 

The CD spectrum of eCMP at pH 5.5 is shown in 
fig. I _ The spectrum in the region of the principal ab- 
sorption bands between 330 and 240 nm consists of a 
weak positive band with little indication of structure. 
No major change in the spectrum occurred upon altera- 
tion of the pH to 4.5. 
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Fie. I. CD spectra ofpoly CC (2.6 X 10T5 h0 in 0.005 M Na 
Cat, 0.005 $1 NaoAc, 0.001 M EDTA, 23”. at a series OF pH’s 
within the region of the acid transition Inset: CD ~ectnrm of 
ECMP at pH 6.5. The other conditions are the same as above- 
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3.2. Tke alk&ke four of poZy EC 

&MP and poly EC both combine with one equiva- 
lent of hydrogen ion per nucleotide unit upon titra- 
tion from alkaline pH to pH 3 [4]. The hydrogen ion 
titration curve of poly LC has been reported to have 
a midpoint close to 5.4 [4J - In the present study, the 
properties of poly EC were found to be independent 
of pH from $5 6.2 to pH 8.0, the highest pH to 
which measurements were extended. It is plausible 
therefore to consider the properties of the polymer in 
this pH range as corresponding to those of the alka- 
line, or unprotonated form of poly EC. 

The CD spectrum of alkaline poly eC shows a con- 
siderable intensification over that of the monomer. 
The spectrum at long wavelengths 0260 nm) shows 
at least two positive bands: a main peak at 283 nm 
with a shoulder at 296 urn. At lower wavelengths 
there are weak positive bands at 240 and 223 nm and 
a negative trough at 212 run (fig. 1). 

The theimal profile at pH 7 of molecular ellipticity 
at 283 nm showed only a gradual decrease over the en- 
tire tempkrature range observed, with no indication of 
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Fii 3, Temperature dependence of molecular etipticity for 
poiy EC (3 x 10-s Ml in 0.005 hI Ns&z, 0.005 NWAC, 0.00~ 
2.1 EDTA. p pH 7.0 (right ordinatej. b pH 5.7 (left ordinate). 
o pH 4.9 <left ordinate). 
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Fig. 3, Upper: Temperature dependence of relative absorbance 
at 272 nm for paly eC(2 X IO+ 811 in 0.005 M NaCac, 0.005 
M NaoAc,O.OOL M EDTA. o p&i 7.0, - pH 5.3. Lower: Ultra- 
violet absorption spectra forpoly EC in 0.005 M NaCac. 0.005 
M NaaAc, 0.001 Sf EDT& 23O, o p&i 7.0, - pH 5.5, - pi s.5_ 

any hyper-sharpening suggestive of a cooperative tran- 
sition (fig. 2). A tenfold increase in ionic strength, 
from 0.00 1 to 0. I produced no significant change in 
either the magnitude of the molecular ellipticity at 
23O or the shape of the thermal profde. The thermal 
behavior of the alkaline form of poiy EC is thus quali- 
tatively similar to those of poly C and polyriboadenylic 
acid [lo]. 

The ultraviolet absorption spectrum at long wave- 
Iengths of alkaline poly EC consists of a principal baud 
0 maX = 272 nm) with shoulders at 280 nm and 295 
nm (tie;. 3). At least two of the corresponding electron- 
ic transitions appear to contribute to the CD spectrum 
(fig. 1). The tkmperature dependence of the absorbance 
at 272 run, lie the molecuiar ellipticity, shows only a 
gradual transition, reflecting a progressive 1%~ of hypo- 
ctaomism with increasing temperature (fig. 3). 

in summary, the optical properties of alkaline poly 
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EC, including the insensitivity to ionic strength and 
the noncooperative thermal transition, are generally 
typical of those of partially helical single-stranded 
polynucleotide coils, whose helical regions are stabi- 
lized by base stacking. The non-conservative nature 
of the CD spectrum at long wavelengths represents a 
difference in behavior from some other polynucleo- 
tides of this cIass. However, in the present case the ob- 
served spectrum reflects the summed contributions of 
several electronic transitions, which may mask a spec- 
&rum of the quasi-conservative type arising from a par- 
ticula* transition. 

The CD spectra of poly C [ 111 and poly EC differ 
substantially. The positive band displayed by the for- 
mer at 275 nm is symmetrical, in contrast to that 
shown by poly EC, while the positive bands observed 
at 240 and 223 nm for poly EC are absent for poly C. 

3.3. l7ze acid form of poI’ EC 

A reduction in pH produces major changes in the 
CD spectrum of poly EC (figs. 1 and 4). The positive 

Fig. 4. pH dependence of molecular ellipticity (IS?) at 283 
nm (0) and at 219 nm (-) and of absorbance at 272 nm (A) 
for poty rC in 0.005 hl NaCac. 0.005 NaoAc. 00.01 M EDTA. 

23”. Inset: pH dependence of [S J 283 in buffer (No EDTA) 
plus 0.01 M hIg2* (c) and buffer plus 5.9 M urea (0). 

bands at 295 and 283 nm are greatly intensified and 
an additional positive band appears at 305 rrm. The 
positive bands at 240 and 223 nm are lost, while nega- 
tive bands appear at 260 and 218 nm (fig. 1). 

The pH profdes of molecular ellipticity at 283 m-n 
and at 218 nm do not show the pronounced hyper- 
sharpening characteristic of a fug&y cooperative coil 
-+ helix transition, such as that occurring in :he case 
of polyriboadenylic acid [ 101, but rather a pregres- 
sive change below pH 6 (fig. 4). However there is indi- 
cation of some degree of cooperativity. A logarithmic 
(Will-type”) plot ofx/(l - x) versus pH, where x, the 
apparent fractional conversion to the acid form, is 

equa1 to ([81283,pH3.8 - [@I 283)/(@283+,8 3.8 - 
[O] 283,pu 6.5), showed significant curvature, the slope 
or Hill coefficient, decreasing from a value of 2 to 3 at 
high pH to a vaIue of 1.2 below pH 5.6. 

However a simplified interpretation of the pH pro- 
file in terms of a transition between only two species 
is probably unjustified. A comparison of the CD spec- 
tra at a series of pH’s within the transition region re- 
veals no well-defined isoelliptic point, as would be ex- 
pected for a transition between only two distinct spe- 
cies (fig. 1). 

ParalleI measurements of the ultraviolet absorption 
spectra at a series of pXs likewise revealed a cxsider- 
able dependence upon pH. Between pH 7 and pH 6 
the spectrum at long wavelengths e250 nm) consists 
of a principal band fJ max = 272 nm) with shoulders 
at 280 nm and 295 nm (fig. 3). At lower pH’s a signi- 
ficant additional hypochromism is developed at the 
wavelength of maximum absorbance, whose position 
shifts to 280 nm (fig. 3), while a new band arises at 
3lJ6 nm. The pH profile of absorbance at 272 nm 
shows some indication of sharpening in the initial re- 
gion of the transition between pH 6 and pi3 5.6, fol- 
lowed by a more gradual decrease at lower pRs (fig. 

4). 
The presence of 5.9 M urea did not appear to alter 

quaIitativeIy the shape of the pH profile of molecular 
ellipticity (fig. 4), although the increase in elli@city 
between pH 6 and pH 4.7 became somewhat more 
gradual. The presence of 0.0 I M Mgzf greatly reduced 
the magnitude of the increase in molecular ellipticity 
at 283 nm between pH 6 and pH 5 (fig. 4), the region 
of steepest change being displaced to lower pH :ralues. 
The binding of Mgz+ thus appears to interfere -.vith 
the acid transition. 
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The CD spectrum of poly EC at pWs below the 
transition region can probably be attributed to an or- 
dered, presumably helical, structure. Its quasi-conser- 
vative character at long wavelengths is reminiscent of 
the behavior of other highly helical polynucleotides 
[I 11, although the spectrum is, in the present case, 
complicated by the presence 3f multiple electronic 
transitions. The alteration in CD spectrum probably 
reflects the summed effects of the structural transi- 
tion and the spectral changes accompanying protona- 
tion of the base. 

Qualitatively, many features of the pH dependence. 
of absorbancy and molecular eXpticity could be ac- 
counted for in terms of an initial sign%icantly coopp_r- 
ative structural transition of the partially protonated 
polynucleotide, which is subsequently protonated 
further at lower pL%‘s. The exM~~e of the ordered 
form in a range of ionization states would account for 
the absence of an isae\Iiptic point. 

The thermal profile at acid pH of molecular ellipti- 
city at 283 nm (frg. 2) showed a relatively broad tran- 
sition, whose re@on of steepest change is displaced to 
bigber temperatures with decreasing pH. The thermal 
profile of absarbance showed qualitatively similar be- 
havior (fig. 3) in agreement with an eartier report 141. 

The properties af the acid form of poly eC differ 
from those of the doubly stranded acid form of poly 
C in several significant respects. Both the pH-induced 
and the thermat transitions have a Lower degree of co- 
operative character [6,7,LOl. The ordered form of 
poly EC is not disrupted by complete protonation at 
pH 4. 

An attempt was made to compare the molecular 
weights of the alkaline and acid Forms of poly EC by 
Light scattering measurements. While an apparent in- 
crease in molecular weight by a factor of three oc- 
curred at pH 4.5 as compared withpH 7, the apparent 
moleculat weights at the former pH were time-depen- 
dent and suggestive of a slow aaregation with time. 
lttwas thus not possible to dissociate the effects of a 
possibLe formation of a multistranded structure From 
those of non-specific aggregation. 

3.4. Iuteruction ofpolv I&VP ~irh actidine orurlge 

The alkaline form of poly &ME’, in the presence 
of the metachromatic dye acridine orange, in a I : 0.5 

mole ratio, develops a strong extrinsic CD spectrum at 

visibIe wavelengths, with a positive band centered 
close to 44% nm and negative troughs at 480 and 420 
nm (fig. 5). The dependence of molecular elhpticity 
at 444 nm upon the dye: polynhcfeotide (D/P) mole 
ratio (fig. 5) is sigmoidal for values of f?/p < 1_ This 
is the case whether the moLecular ellipticity is com- 
puted per nucleotide unit or per dye molecule. fn the 
fcimer case the variatiqn of [e 1 444 with (D/P)2 is lin- 
ear. 

The dependence upon D/P of [8],, computed per 
dye molecule (fig. 5) indicates that the induced CD 
spectrum cannot arise from isolated and independent- 
ly bound dye molecules. If this were the case, the mo- 
LecuLar ellipticity would be constant, or decrease 
slowly with increasing D/p- 

An increase in molecular ellipticity with increasing 
values of D/P has been reported for the interaction of 
several dyes with DNA [ 12- 15 ]_ This has been inter- 
preted as indicating that dye-dye interactions are re- 
sponsible for the induced dichroism. However, for 
the DNA-dye systems a maximum vahre of induced cir- 
cular dicbroism is attained at much Lower degrees of 
saturation tharr ti the present case where it occurs for 
values of Q/P close to unity ]12-15]_ 

As discussed earlier, the most plausible mode1 for 
the alkaline form of poly ECMP at 23” is that of a par- 
Gaily helical single strand, whose Limited heLLcaL re- 
gions are stabilized by base stacking interactions. In 
all probability the observed dependence of ellipticity 
upon D/P reflects both the increasing importance of 
pair interactions of bound dye with increasing DJP 
and also the cooperative induction of increased helici- 
ty of the polynucleotide upon increasing saturation 
with bound dye. 

At DIP values close to unity, where the induced 
e\Liplicity attains its maximum value, the visible ab- 
sorption spectrum is characteristic of that expected 
for externally stacked dye 1161, with h,, at about 
460 nm (fig. 5). From a comparison of the valua of 
absorbance at 492 nm with the value for free dye un- 
der these conditions it is estimated that the dye is 
over 90% bound for a D/P of 0.9 1. 

In addition to the visible CD band at 400-500 nm, 
a set of strong bands also arises in the ultraviolet CD 
spectrum (fig. 6) with a positive peak at 257 nm and 
negative peaks at 330,295, and 275 nm. The values 
of molecular ellipticity attained at values of D/P close 

to 1 _O are remarkably hi&, [01275 being close to 



344 D.B. Ludlunr et aL/Plysical properties of poly (3.e.ethenocyridylir ucid) 

40 - 

30- 

z-0 - 

lo- 

o- 

-1.0 - 

-2.0 - 
7‘ 

-3.c -0 
I 

-4.0 ._: 

-5.0 - 9 

D/P- Q75 T =f_ 

D/P I I I . 

urn 45c 5m ssc 

IYAVELENCTY ( Nhl I 

Fig. 5. Visible CD spectra shown by complexes of poly CC (3.0 X IO -s hf) with acridine orange_ The buffer is 0.005 M NaCac. 
O_O’Il M EDTA. pH 7.0, 23O. Left inset: Dependence of molecular ellipticity upon dye/polymer (D/P) moIe ratio. Molecular ellip- 
ticities computed with respect to nucleoZide concentration: -. hkdecdar ellipticities computed with respect to dye concentra- 
tion: ---. Right inset: Variation of molecular ellipticity with (D/P)‘. Molecualr eilipticities computed with respect to nucleotide 
concentration: -c-. Molecular eUipticities computed with respect to dye concentration: -a-. 
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Fig. 6. Ultraviolet CD spectrum under above conditions for 
D/P = 1.5. Inset: Visible absorption spectrum under above 
conditions for D/P = 0.91. 

Since the conformation and CDspectrum of the 

poIynucIeotide alone are unknown for these conditions, 
it is not possible to isolate the CD spectrum arising sole- 
ly from bound dye. l?owever, from the magnitude of 
the observed ellipticities it is likely thaf base-dye inter- 
actions are making a significant contribution. Since 
poly EC and a&dint orange show extensive overlap of 
their ultraviolet absorption spectra, it is plausible that 
interactions of this kind could be of importance in de; 
termining the CD spectrum [ 17,181. 

It is of interest to compare the extrinsic CD spectra 

developed by a&dine orange with poly EC and with 

polyribouridylic acid. The latter spectrum shows quali- 

tative differences from the former (fig. 7). A positive 
band appears at 425 nm and a negative trough occurs 
at 460 nm; the second negative trough found in the 
poly EC-spectrum is absent. The siguoidal variation of 
molecular ellipticity with D/P is present, as in the case 
of poly EC. 

One can ouIy speculate as to the nature of the heli- 
cal structure formed by poIy EC saturated with bound 
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Fig 7. Visible CD spectrum for a complex of acridine orange 
(D/P = 0.7 1) with poly U (6.22 X lo4 %I) in 0.005 MNaCac. 
0.005 M NaoAc, 0.001 ht EDTA, pH 7.0. 23”. Inset: Varia- 
tion of the molecular eIIipticity with D/P for the above con- 
ditions. 

acridine orange. An obvious possibility is a single 

stranded helii stabilized by both dye-dye and base- 

base stacking interactions, possibly with significant 
overlap of the planar bases and bound dye. 

3.5. Inferactiotz of poly EC with tnercuric iott 

polyribonucleotide systems possessing a partially helical 
structure stabilized by base stacking, such as poly C 

and polyriboadenylic acid [lo]. The points of resem- 
blance include the presence of significant temperature- 
dependent hypochromism, the enhanced magnitude 
of molecular ellipticity relative to that of the monomer, 
the noncooperative thermal transition, and the insensi- 
tivity to ionic strength. It appears reasonable to assign 
provisionally to the alkaline form of poly eC a struc- 
ture of this kind. This model corresponds to a single 
stranded polymer in which randomly coiled regions 
alternate with heIica1 segments of limited extent. The 
latter are progressively melted out with increasing 
temperature by a noncooperative mechanism_ 

Fig. 8 shows the effects of the addition of Hg** to The structure of the helical species formed at acid 
alkaline poly EC. The structure of the positive CD pH remains uncertain. The 3,N4 ethenocytosine 
band at long wavelengths is progressively lost, while groups cannot participate in the normal base pairing 
the maximum is shifted to longer wavelengths. The interactions of cytosine and stabilization of the helical 
negative trough at 2 12 nm is intensified and shifted to structure must occur by some other mechanism. The 
longer wavelengths. The-formation of the etheno blocking of the acid transition by MgZ+ suggests that 
bridge does not appear to block the interaction of electrostatic interactions may make a significant con- 
poly EC with mercuric ion. tribution to the free energy of stabilization. 

4. Diiussion 

The optical properties of the alkaline form of poly 
EC which prevails at pIi’s above 6, are somewhat simi- 
lar to those of several well-characterized single-strand 

Fig_ 8. CD spectra for poly EC (2.74 10es the pres- 
ence of varyins Ievels of HgCll_ The buffer is 0.005 XC NaCac 
0.005 NaoAc, pH 7.0, 23O. -o- 0 Hg’+, -w- 2.4 x low5 hl 
Wf, l a) 9.5 x 1O-5 XI Hg2*. 

The noncooperative nature of the thermal melting 
curve makes it udikely that the acid form of poly EC 
consists of doubly stranded helices of considerable ex- 
tent. The possibilities include a bihelical form with 
numerous interruptions, so that a series of short bi- 
heliczl regions are present, as well as single stranded 

helices, which undergo lateral aggregation. 
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The strong negative trough at 218 nm appears to 

be in juxtaposition to 2 strong positive band at lower 
wavelengths (fig. I), which was not completely re- 
solvable with the available instrumentation. A conser- 

vative spectrum in this wavelength region has been ob- 
served for several helical polynucleotides [P] and has 
been attriiuted to H -f ?I* transitions corresponding 
to absorption bands related to the El, band of ben- 
zene [ I9 ] _ An alternative explanation [P] is in terms 
of an v-+ n* transition invoIving :he nonbonding elec- 
tron pairs of the N and 0 atoms. 

The strong extrinsic CD spectrum developed by the 
alkaline form of poly EC in the presence t>f acridine 
orange is clearly suggestive of an induced helical cyn- 
formation. The stabilizing factors include the charge 
neutralization of the polynucleotide strand resuIting 
from the binding of the cationic dye, the base stacking 
interactions of the ethenocytosine groups, and perhaps 
the stacking interactions of externally bound dye. 
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