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Optical Rotatory Dispersion, Tryptophan Location, and Base 
Distribution in Tobacco Mosaic Virus" 

Ping-Yao Cheng 

ABSTRACT: The optical rotatory dispersion of tobacco 
mosaic virus in the region of 27C-320 mp shows a peak 
at 292.6 mp, followed by a trough at 288.8 mp and a 
lower peak at 286.3 mp, in contrast to the single 288-mp 
peak previously reported. Evidence has been presented 
that the novel feature of twin peaks and a trough rep- 
resents a combination of the Cotton effects from viral 
ribonucleic acid and from the aromatic side chain of 
viral protein, with the peaks at 286.3 and 292.6 mp be- 
longing to the former and the latter, respectively. The 
magnitudes of the aromatic Cotton effects of A protein 
(polymer of about six polypeptide chains), tobacco mo- 
saic virus like protein rods, and tobacco mosaic virus 
were found to be all different. In addition, the aromatic 
peak was continuously red shifted, accompanied by a 
reduction in magnitude, in a period of about 0.5 hr 
during the polymerization of A protein into tobacco 
mosaic virus like rods. The difference between the pro- 
tein rods and tobacco mosaic virus is attributed to the 
influence of the tobacco mosaic virus ribonucleic acid 
in situ on the aromatic Cotton effect. Thus, from these 
and other data, it is inferred that in tobacco mosaic 

F rom X-ray diffraction studies the RNA in TMV is 
known to exist as a single chain coiled between the turns 
of the 23-A-pitch helix of protein subunits. The coil di- 
ameter is 80 A and there are 49 nucleotides in one turn 
of the RNA helix (Klug and Caspar, 1960). Thus, TMV 
provides us with a unique model system for a single- 
stranded RNA helix; it has the best known structure 
and is free of base-pairing. Optical rotatory dispersion 
of TMV in the wavelength region of 240-320 mp has 
been reported (Simmons and Blout, 1960), but the study 
was carried out with a relatively insensitive manual spec- 
tropolarimeter. We have reinvestigated the optical ro- 
tatory dispersion of TMV with a more sensitive, auto- 
matic-scanning, recording spectropolarimeter. A new 
optical rotatory dispersion feature, tryptophan location, 
and deviation of base sequence from randomness of 
TMV are reported. In addition, the use of the first 
Cotton effect of an RNA as a probe for the base se- 
quence and base pairing is discussed. 

* From the Division of Biology and Medicine, Lawrence 
Radiation Laboratory, University of California, Livermore, 
California 94550. Receiaed May 2, 1968. This work was per- 
formed under the auspices of the U. S. Atomic Energy Com- 
mission. 

virus the residue tryptophan (52) of a polypeptide chain 
is situated near the ribonucleic acid and at or near the 
surface of the folded chain. The first Cotton effect of 
TMV-RNA in situ was obtained by subtracting the ro- 
tations of the protein rods and the residual aromatic 
Cotton effect from the dispersion curve of the intact 
virus. It has the peak, crossover, and trough at 286.3, 
271.9, and 260.5 mp, respectively. The difference be- 
tween the peak position and the calculated peak wave- 
length, 288 mp (by assuming nearest-neighbor interac- 
tion and random base sequence), is interpreted to in- 
dicate some deviation from randomness in the base se- 
quence of TMV-RNA. From optical rotatorydispersion 
data of dinucleotides it is further inferred that GA oc- 
curs more frequently than AG in the RNA. Both con- 
clusions on the base sequence are supported by the 
data, inconclusive by themselves, alone, on the small 
nucleotides present in the hydrolysates of pancreatic ri- 
bonuclease and of ribonuclease T1, The use of the first 
Cotton effect of RNA as a probe for the presence of 
base pairing and the deviation from randomness of base 
sequence is discussed. 

Materials and Methods 

A highly purified TMV preparation was kindly put 
at the author's disposal by Professor C. A. Knight of 
the Department of Molecular Biology and Virus Lab- 
oratory, University of California, Berkeley. The TMV 
protein, prepared by the procedure of Fraenkel-Conrat 
(1957), was also generously supplied by Professor 
Knight. All optical rotatory dispersion measurements 
were carried out at 26" with an automatic scanning Cary 
Model 60 recording spectropolarimeter, using a cell 
path of 1 cm, unless specified otherwise. Virus or pro- 
tein concentrations were 0.5 mg/ml or less. The A pro- 
tein was prepared for optical rotatory dispersion mea- 
surements by dissolving powdered TMV protein in 
water to a concentration slightly higher than 0.5 mg/ml 
and then adjusting the pH to 8.0 with NaOH. Ultra- 
centrifugal analysis showed the A protein solution to 
be essentially homogeneous with a sedimentation con- 
stant of 4 Svedberg units; this, according to Schramm 
and Zillig (1955), indicates that it contains mainly hex- 
amers of chemical subunits. This A protein was repolym- 
erized into TMV-like rods by maintaining the protein 
solution at 0.5 mg/ml and pH 5.9 at 26"; the pH 5.9 pro- 
tein solution was prepared by dialyzing the aforemen- 
tioned pH 8.0 A protein solution against 500 volumes 3367 
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TABLE I :  Rotatory Dispersion (270-320 mp) of TMV under Various Conditions. 

3368 

~ 

Major Peak Trough 

Position [CYP Position [.I]. 
Solvent (M) (mp) (deg) ( m ~ )  (deg) 

NaAc (0.03), pH 5.9b 292,6 332 288.8 244 
NaAc (0.03) + NaCl (l) ,  pH 5 .  9b 292.6 365 288.8 284 
Potassium phosphates (0 .  l) ,  pH 7 .  14b 292.6 388 288.8 308 
NaAc (0.03), pH 5 . 9 ~  292.6 346 288.8 248 

Minor Peak 

Position [a]" 

286.3 282 
286.3 364 
286.3 352 
286.3 286 

( w >  (de& 

0 Expressed as   CY]^ - [a]310mp. * Cell path, 1 cm; solution concentration, 0.5 mg/ml. c Cell path, 5 cm; solution 
concentration, 0.1 mg/ml. 

of 0.03 M sodium acetate buffer (pH 5.9) for 3 hr at 5". 
The optical rotatory dispersion spectrum of the TMV- 
like rods was taken after the protein solution had been 
maintained at 26" for 2.5 hr. The concentrations 
of TMV and TMV proteins were determined from the 
optical densities of the solutions, in potassium phos- 
phate buffer at 0.05 p ionic strength (pH 7.1) in cells 
of 1-cm path length. The optical density for a solution 
of 1 mg/ml was taken as 2.7 for the virus at 260 mp and 
as 1.2 for the protein at 280 mp. 

Results and Discussion 

Optical Rotatory Dispersion of TMV at 270-320 mp. 
As shown in Figure 1 ,  the optical rotatory dispersion of 
TMV at 0.03 M sodium acetate (pH 5.9) had a peak at 
292.6 mp followed by a trough at 288.8 mpr and then a 
lower peak at 286.3 mp. All of the other six RNA viruses 
studied (P.-Y. Cheng, manuscript in preparation) as 
well as ribosomes from various species (Blake and Pea- 
cocke, 1965; McPhie and Gratzer, 1966; Sarkar et al., 
1967) show a single peak in the wavelength region of 
27&295 mp. Thus, the question arises: Do the twin 

U 

- 200 

-400- 

- 6 O O r  
I I 

/ i 

Y - 2 0 0 0 [  i 1 
-2  2 0 0 L L p d - L  

250 260 270 280 290 300 310 

W A V E L E N G T H  ( m p l  - 
FIGURE 1 :  Rotatory dispersion (245-320 mb) of tobacco 
mosaic virus in 0.03 M sodium acetate (pH 5.9) at 26". Con- 
centration, 0.5 mg/ml; path length, 1 cm. 

peaks and a trough in Figure 1 represent genuine Cotton 
effects? As shown in Table I, all three extrema were 
distinctly observed in two other buffered media: (a) 
0.03 M sodium acetate and 1 M NaCl (pH 5.9) and (b) 
0.1 M potassium phosphates (pH 7.14). Moreover, the 
two peaks and the trough occupied the same positions 
in these three media. None of the three extrema can be 
artifacts arising from the use of too high absorbancy, 
since the products of solution absorbancy at 280 mp 
and cell thickness (in centimeters) were close to 1.2, i.e., 
far less than 2 (Urnes and Doty, 1961) in these measure- 
ments. The TMV solutions used did not appear notice- 
ably turbid, and the other RNA viruses gave a single 
RNA peak in the Same wavelength region even at solu- 
tions of much higher turbidities; thus the turbidity of 
TMV solutions is not expected to produce an anomaly 
resembling a Cotton effect. The possibility of an artifact 
simulating a Cotton effect, produced by aggregation of 
TMV particles, can be ruled out on the following 
grounds: (a) As indicated in Table I, in the pH 5.9 me- 
dium the specific rotation at each wavelength in the 
region was unchanged when the concentration was 
reduced fivefold. (b) TMV particles were found to exist 
as monomers in two ofthe media studied first, in the pH 
5.9 medium within the concentration range used for opti- 
cal rotatory dispersion studied (Figure 2); second, in the 
pH 7.14 medium even at a concentration six times that 
used for most of the optical rotatory dispersion mea- 
surements. Neither was the unusual dispersion curve in 
Figure 1 caused by instrumental difficulty; it was re- 
produced with the Cary Model 60 spectropolarimeter 
in the laboratory of Dr. J. T. Yang. Besides, it was not 
observed with any other materials that we measured 
immediately before or after the TMV samples. Based 
on the foregoing considerations, we conclude that the 
unusual rotatory feature of TMV represents genunine 
Cotton effects produced by TMV monomers. 

This finding of double Cotton effects is in sharp con- 
trast to the previous report of a single extremum in the 
270-320-mp region, at 288 mp (Simmons and Blout, 
1960). Their material was measured in distilled water, 
a medium not being used in the present study. However, 
judging from their published optical rotatory dispersion 
spectrum, it is most likely that the presence of double 
Cotton effects was undetected because no rotational 
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measurement was made at any wavelength between 280 
and 3011 mp. 

Structurul Bmir of tlrr Douhle Cotton Efecrs. The 
double Cotton etfects observed by us are believed to 
represent the combined contributions from the viral 
RNA and viral protein, with the peaks at 286.3 and 
292.6 mp assigned to the former and the latter, respec- 
tively. The belief i s  based on the following consider- 
ations: ( I )  The isolated TMV-RNA in water, which i s  
low in hase pairing and thus similar to the viral RNA 
in sits, shows a peak at 285.5 mp, but no second peak, 
in the wavelength region considered (Cantor et ul., 1966). 
(2) As shown in Figure 3 ,  the A protein of  T M V  (aggre- 
gates of  six polypeptide chains) showed a peak at 292.6 
mw and a trough at about 289 mp, hut no 286-mp peak. 
Besides, almost identical peak and trough positions 
have been reported for carbonic anhydrase by Myers 
and Edsall(1965), and similar Cotton effects have been 
observed with several other proteins. ( 3 )  Although a 
large red shift o f  the RNA peak to the vicinity o f  290 
mp has been observed with thermally or pH-denatured 
RNA, yet the shift was inevitably accompanied by a big 
drop in rotational magnitude in each case (Samejima 
and Yang, 1964). Should the 292.6-mp peak be assigned 
to TMV-RNA, it would have an u value of  1.9 X 
lo', considerably larger than the 3.5 X l o 5  observed 
for the RNA in water. On the other hand, the rotational 
magnitude i s  comparable with those observed for the 
aromatic Cotton effects of proteins. (4) The existence 
ofdouble R N A  peaks in the wavelength region is neither 
predicted by theory nor observed experimentally among 
the many cases studied with various R N A  preparations 
under various conditions. Therefore, the 292.6-mp peak 
is  considered to be due to T M V  protein. 

I t  is  well known now that such a protein Cotton effect 
arises from asymmetrical interactions of  the aromatic 
side chains with the other groups. Since there are three 
tryptophan, four tyrosine, and eight phenylalanine res- 
idues per polypeptide chain of T M V  protein, it i s  nat- 
ural to inquire into the relative contributions of these 
aromatic residues to the observed Cotton effect. Sim- 
mons et ul. (1960) suggested that an incipient Cotton 
effect around 290 m r  observed in their work with the A 

protein can possibly be assigned to tryptophan or 
phenylalanine residues. The knowledge accumulated 
since then Seems to indicate that the Cotton effect cen- 
tered at 291 mp i s  dominantly contributed by the ILb- 

'Atransition ofthe indole group (Zimmerman and Joop, 
1961) on tryptophan, although tyrosine residue can also 
make minor contributions. The number of  tryptophan 
residues involved cannot be decided from the optical 
rotatory dispersion data alone. 

Effect of Pril.vrnerizution of TMV Protrin inlo Rod on 
the Aromatic Colton Effect. We have obtained two lines 
of experimental evidence indicating the variation of  
aromatic Cotton effect with the polymerization. First, 
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FIGURE 3: Rotatory dispersion (250 350 mu) of A protein 01 
tobacco mosaic virus and the virus-like protein rods at 26 , 
( - )A  protein:concentration,0.5mg/ml(pH 8.2);path length. 
1 cm. (---) Protein rods: concentration, 0.5 mglml; 0.03 
M sodium acetate (pH 5.9); path length, I mm. 3369 

I ) P T I C A l  R O T A T O R Y  D I S P F R S I O N ,  T R V P T O P I I A N  I O < ' r \ ' I I O N ,  A N D  R A S F  S F Q l l E N C ' e  



R I O  C H E hl I S T It Y 

I I I I I I I 

WAVELENGTH (mpL)+ 

FIGURE 4: Change with time in the aromatic Cotton effect of 
tobacco mosaic virus protein at pH 5.9. A solution of 0.5 
mg/ml of protein at pH 8.2 and low ionic strength was 
brought to pH 5.9 by dialysis against 0.03 M sodium acetate 
(pH 5.9) for 3 hr at 5". The solution was then maintained at 
25" to polymerize the protein into rods. The time shown at 
each curve indicates the number of minutes the solution had 
been at 25" at the beginning of scanning the curve. Concen- 
tration at scanning, 0.247 mg/ml; path length, 5 mm. 

the Cotton effects for A protein, TMV-like protein rods, 
and intact TMV all differ in magnitude. At 292.6 mp 
the value of a for the Cotton effect was about 290" higher 
than the RNA curve for virons (Figure 5) ,  but only 
about 40" higher than the plain curve for A protein, and 
the protein rods did not exhibit a definite peak at 292 
mp (Figure 3). Secondly, during the process of protein 
rod formation at pH 5.9, the Cotton effect varied dras- 
tically with time within a period of about 0.5 hr; the 
peak was continuously shifted toward the red with a 
reduction in magnitude (Figure 4). Since the spectra in 
Figure 4 were obtained with a solution of 0.3 optical 
density at 280 mp in a 0.5-cm cell, any rotatory artifact 
arising from the use of too strong absorbance is unlikely. 
Moreover, time dependence of the aromatic Cotton ef- 
fect was not observed with either A protein or intact 
virus, even at higher concentrations, when no polymer- 
ization was in progress. Thus, the observed strong time 
dependence of the aromatic Cotton effect is taken to 
indicate also that the polymerization into TMV-like 
rod results in alteration of the aromatic Cotton effect. 
The alteration indicates that polymerization affects 
either the number, rigidity, and/or other local properties 
of the optically active structure, such as dielectric con- 
stant, presence of a charged group, etc. Evidence has 
been provided that during the polymerization the pro- 
tein takes up H+ ion (Fraenkel-Conrat and Ramachan- 
dran, 1959; Ansevin et al., 1964; Scheele and Lauffer, 
1967), releases water (Lauffer et al., 1958; Stevens and 
Lauffer, 1965; Khalil and Lauffer, 1967), and probably 
has a change in the dielectric constant around carboxyl 
groups (Ansevin et a[., 1964), though these previous 
studies do not determine whether such environmental 
changes occur at the vicinity of aromatic amino acids. 3370 
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FIGURE 5: Resolution of 250-320-mp Cotton effect system of 
tobacco mosaic virus into its components: 1, difference curve 
obtained by subtracting the rotations of protein rod 
(Figure 3) from that of the virus (Figure 1); 2, residual 
aromatic Cotton effect in the difference curve; 3, Cotton 
effect attributed to the RNA in the virus. Curves 2' and 3' 
are not considered probable, but are the limiting curves of 2 
and 3 where the residual aromatic Cotton effect is minimum 
and the rotation still increases with increasing wavelength at 
288.8 mp. 

Tryptophan Location in TMV. The protein rods look 
like TMV in the electron microscope. Besides, as is 
evident from X-ray diffraction patterns, they have the 
protein subunits arranged in a helix of the same pitch 
and with the same number of subunits per turn as the 
intact virus. Moreover, the configuration of the poly- 
peptide chains appear to be unchanged (Franklin, 1955, 
1956). Accordingly, the difference in aromatic Cotton 
effect between the rods and intact virus is attributed to 
the influence of the viral RNA on the aromatic Cotton 
effect. Also, one or more residues of tryptophan (much 
less likely tyrosine) are situated near the RNA. On the 
basis that the RNA coil has a diameter of 80 A and is 
sandwiched between two layers of protein subunits 
(Klug and Caspar, 1960), the tryptophanyl residue(s) 
is situated at or near the surface of a protein subunit 
and is separated from the helical axis of TMV rod at a 
distance not much different from 40 A. 

Tryptophanyl residue 52 on the TMV polypeptide 
chain is very probably the optically active aromatic 
amino acid influenced by the RNA. It can be brought 
to the vicinity of viral RNA through the bonding of 
lysine 53 with an RNA phosphate. Such a picture is 
also in line with two findings indicating that both lysine 
53 and the RNA bases are situated in an internal part 
of TMV. First, lysine 53 is readily acetylated in A pro- 
tein and only acetylated with difficulty in TMV (Fra- 
enkel-Conrat and Colloms, 1967). Second, the bases in 
TMV are not accessible to both propylmercuric chloride 
and mercuric acetate (P.-Y. Cheng, in preparation). 

The polymerization of A protein into rods brings 
some groups from nearby polypeptides into the vicinity 
of tryptophanyl residue 52 and provides the residue 

C H E N G  



V O L .  7, N O .  1 0 ,  O C T O B E R  1 9 6 8  

TABLE 11: First Cotton Effect of TMV-RNA under Various Conditions: 

A, ( m d  A c  (mp) A t  (mp) 

RNA in TMV 
Present study 286.3 271.9 260.5 
Previous study* 288 276 264 

RNA in HzO, pH 6.9.  285.5 271.5 258 
RNA in salt, pH 6.6. 282 264 252.5 
RNA (calcu1ated)c 288.5 276 261.5 

2 .7  
2 .4  
0.92 
0.85 
0.79 

a A,, A,, and A, refer to peak, crossover, and trough wavelengths, respectively. [a,,] and [at] are the specific rotations 
in degrees at A, and A,. b Simmons and Blout (1960). c Cantor et a f .  (1966). 

with a new environment distinct from that of an aqueous 
medium. As described in the preceding section, evi- 
dence for environmental changes accompanying the 
polymerization has been provided by Lauffer and his 
coworkers. Such environmental changes could be re- 
sponsible for the observed variation of aromatic Cotton 
effects during the process of polymerization in the ab- 
sence of viral RNA. 

Since each polypeptide chain having three tryptophan 
residues is attached to three nucleotide residues equally 
spaced on the RNA coil, it is natural to consider the 
possibility of one-to-one correspondence between tryp- 
tophan and nucleotide. All of the sugar moieties 
with the possible exception of those at the two ends of 
the TMV rod have the same distance from, and the same 
orientation with respect to, the helical axis of TMV par- 
ticles. The same is true of the phosphate groups. The 
planes of bases are essentially parallel to the helical axis. 
With such a structure for the RNA, the one-to-one cor- 
respondence concept would anticipate that the inter- 
actions among the three pairs of nucleotide-tryptophan 
are very similar, with three indole rings parallel to each 
other, whatever moiety on the RNA is responsible for 
the interaction. Such parallelism has recently been re- 
ported from a ultraviolet dichroism study (Schachter 
et al., 1966). However, this picture requires, in addition, 
that all three tryptophan residues (17, 52, and 152), 
widely separated on the polypeptide chain, be at the 
surface of a subunit and near the RNA coil. Besides 
being a very stringent constraint for the architecture of 
TMV particles, the requirement disagrees with the find- 
ing that the residues 138-158 are comparatively pe- 
ripheral on the virus particle (Anderer et al., 1965; 
Harris and Knight, 1952, 1955 ; Fraenkel-Conrat and 
Colloms, 1967 ; Fraenkel-Conrat and Sherwood, 1967). 
Therefore, we do not favor this possibility. 

First Cotton Effect of Nonbase-Fairing TMV-RNA. 
Figure 5 shows a difference dispersion spectrum ob- 
tained by subtracting the specific rotations of TMV-like 
protein rods (multiplied by 957J from those of intact 
virus, where the dispersion spectra of both virus and 
protein rods were measured in 0.03 M NaAc (pH 5.9) 
buffer. As already mentioned in the preceding section, 
the virus exhibits a greater aromatic Cotton effect than 

the rods. Consequently the difference spectrum, which 
would otherwise be attributed to the viral RNA in situ 
alone, contains in addition the residual aromatic Cotton 
effect. The first Cotton effect of TMV-RNA in situ has 
the peak, trough, and crossover at 286.3, 260.5, and 
271.9 mp, respectively. All of these three wavelengths 
differ from those of the previously reported difference 
spectrum obtained by subtracting the rotations of the 
rods in 0.03 M NaH2P04 from those of intact virus in 
water (Table 11). 

Base pairing is impossible for TMV-RNA in situ. 
Thus the present revised first Cotton effect can be com- 
pared with that of isolated TMV-RNA with little base 
pairing. It is expected that the pairing will be inhibited 
by the coulombic repulsion among phosphate groups 
and promoted by high ionic strength, which minimizes 
the repulsion. From Table 11, the revised positions of 
peak, crossover, and trough of the RNA in TMV par- 
ticles all agree fairly well with the corresponding wave- 
lengths of the RNA in water, and all deviate consider- 
ably more from those in the presence of salt. Since it is 
fair to anticipate that TMV-RNA still contains some 
residual base pairs even in water, the data support 
the conclusion that the first Cotton effect of nonbase- 
pairing TMV-RNA has its peak, trough, and crossing 
at 286.3, 260.5, and 271.9 mp, respectively. 

Distribution of Base Sequence in TMV-RNA. Table 
I1 shows that the first Cotton effect of TMV-RNA in 
the nonbase-pairing state deviates significantly from that 
calculated for the RNA by the equation of Cantor and 
Tinoco (1965). As discussed in the Appendix, the fact 
that the peak position so calculated (288 mp) is larger 
than the experimental wavelength (286.3 mp) suggests 
some deviation of base sequence from randomness, with 
GA probably occurring more frequently on the RNA 
than AG. Such an indication is supported by the data 
on the small nucleotides present in the hydrolysates of 
pancreatic ribonuclease (Rushizky and Knight, 1960) 
and of ribonuclease T1 (Rushizky et al., 1962). For 

'As  already suggested by Bush and Scheraga (1967), the 
smaller amplitudes observed with the TMV-RNA in water, in 
salt, and calculated in comparison with TMV-RNA in situ 
reflect partial base stacking of TMV-RNA in these three cases. 3371 
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example, the molar concentration ratio of AU/AC is 
1.13, which is significantly different from the value of 
1.34 (Knight, 1952) for the base ratio of U/C. The molar 
concentration ratio (GAU + GAC)/(AGU + AGC) 
was found to be 1.2 from the pancreatic ribonuclease 
hydrolysate. A similar ratio was estimated for the rela- 
tive frequencies of GA to AG from the hydrolysate of 
ribonuclease T1. Only about 61 and 3 0 x  of the RNA 
could be isolated in the form of “soluble” nucleotides 
after digestion with pancreatic ribonuclease and with 
ribonuclease T1, respectively; hence the deviation of 
base distribution from randomness in the hydrolysates 
could be interpreted as a result of incomplete digestion. 
However, this interpretation is no longer acceptable in 
view of the optical rotatory dispersion result obtained 
with total TMV-RNA. Therefore we conclude that the 
base sequence of TMV-RNA deviates from random- 
ness, with GA very probably occurring at a higher fre- 
quency than AG. 

Appendix 

A, as a Probe for the Randomness of Base Sequence 
and the Base Pairing.2 Cantor and Tinoco (1965) esti- 
mated [4], the molar rotation per residue of a single- 
stranded polynucleotide for a given wavelength, by the 
following equation 

4 4  4 

where [4] is the molar rotation of dinucleotide of IpJ, 
and xt  is the molar fraction of I. Only nearest-neighbor 
interactions are considered and the bases are assumed 
to be distributed randomly. To ascertain the validity of 
the calculation, it is helpful to compare the experimental 
and the calculated optical rotatory dispersion curves of 
an RNA with random base distribution and no base 
pairing. However, TMV-RNA in situ is the only RNA 
so far known definitely to be in the single-stranded state 
free of base pairing, and, as concluded above, the base 
sequence deviates from randomness. Nevertheless, we 
observe that the experimental first Cotton effects of the 
poly A, poly U, poly C (Cantor et al., 1966), and Esch- 
erichia coli rRNA (Bush and Scheraga, 1967) in mostly 
single-stranded state are identical with the dispersion 
curves so calculated in A,, but deviate from the calcu- 
lated curves in both A, and At in each case. Since the 
problem of base distribution does not exist with homo- 
polyribonucleotides, and the base sequence of the E. 
coli RNA is close to randomness, as indicated by the 
data on the mono-, di-, and trinucleotides present in 
the pancreatic ribonuclease hydrolysate of the RNA 
(Bautz and Hedding, 1964), we feel that the nearest- 
neighbor calculation is capable of predicting X,O ac- 
curately, if there is no deviation from the randomness. 
However, the same cannot be said for Xco and XtO. In 

2 A,, A,, and Xt designate the wavelengths of the peak, cross- 
over, and trough of first Cotton effect. The superscripts, 0, 
HzO, and c to X denote, respectively, a position in nonbase- 
pairing state, in water, and calculated by eq 1. 3372 

other words, the differences in geometric and electro- 
static constraints between dinucleotides and a nucleo- 
tide polymer already discussed by Cantor et al. (1966) 
evidently seriously affect the accuracy of calculation for 
A, or At but not A,. The recent optical rotatory disper- 
sion data for the ribonucleotide sequence A,A, in 
A,A/aA,C, (Inoue et al., 1968) lead to the same conclu- 
sion. Accordingly, we take XPo - APo as an indica- 
tion of the deviation of base sequence from random- 
ness. The converse is not true, however; as evident from 
the discussion in the next section, many types of the 
deviation do not affect A, by a measurable amount. 

To facilitate the evaluation of a deviation from the 
randomness, the data of Warshaw and Tinoco (1965, 
1966) on the A, and [4,] of 16 dinucleotides were ar- 
ranged in decreasing order of A, in Table 111. It is strik- 

n 

TABLE III: The Peak of First Cotton Effect of Dinucleo- 
tides at 25 ‘.a 

Dinucleotide 

ApGb 
GpC. 
CpG. 
UpGb 
GpU. 
CpCb 
CpUb 
UpCb 
ApCa 
CpAb 
UpUa 
ApAa 
ApUa 
UpAb 
GpAb 
GpGc 

291 
293 
293 
293 
290 
290 
288 
288 
287 
289 
283.5 
282.5 
278 
271 
277 
264 

0.32 
0.66 
0.66 
0.23 
0.21 
1 .07  
1 . 0  
0 .45  
1.05 
0.44 
0.81 
0 .88  
0.58 
0.11 
0.76 
6 .7  

= A, and [4,] refer to the peak position and the molar 
rotation at the peak respectively. The data were ob- 
tained by Warshaw and Tinoco: (a) 0.01 M phosphate 
buffer-0.08 M KC104 (pH 6.9) (1965); (b) the same 
buffer (pH 7.0) (1966), quoted by Bush and Tinoco 
(1967); (c) calculated assuming a rigid stacked model 
and could deviate significantly from the experimental 
value at room temperature (1966). 

ing that A,G and G,A separate in A, by as much as 17 
mp, whereas the separation between two sequence iso- 
mers amounts to only 0-3 mp for the rest of the dinu- 
cleotides. Thus, A, is shifted to red or blue, depending 
upon whether A,G or G,A is the predominant sequence. 
On the other hand, an uneven distribution between other 
sequence isomers usually affects A, by an undetectable 
amount. It can also be estimated from Table 111 that 
different combinations of four bases as dimers do not 

C H E N O  
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have great differences in A,. Considering that four bases 
are present at equal amounts, the peak positions of 
(AG) + (UC), (AU) + (GC), and AA + GG + CC + 
UU are all around 286 mp. Only the combination (AC) 
+ (GU) has a slightly different A,, 288-289 mp. Thus, 
a significant deviation of X,o - A,c from zero indicates a 
probable difference in the frequency of occurrence on 
the RNA chain between A,G and G,A. 

The X, of an RNA can also be used to ascertain the 
base pairing. As implied in the above discussion, an 
RNA contains base pairs when its A, and XPo differ. 
On the other hand, an agreement between A, and X,O 
indicates a balance between the effects of A-U and G-C 
pairing on A,; nonbase pairing is only a special situa- 
tion in this case. 

Application of the procedure to ascertain the ran- 
domness of base sequence and the presence of base pair- 
ing calls for a determination of X,o. Neither XpHzo nor 
X,. is always a good approximation for XPo. First, con- 
sider A p H g o .  For example, the base distribution of RNA 
of f2 virus was found to be very close to randomness 
(Bautz and Hedding, 1964), and yet the XpHao was blue 
shifted from X,o by as much as 4 mp (Cantor et al., 1966) 
indicating a large difference between ApHzo and X,o. 
Most RNA, if not all, still possesses a fair amount of 
base pairing even in water. Thus, XPHz0 - Xpa measures 
the combined effects on X, of base pairing and base se- 
quence. Optical rotatory dispersion alone at the pre- 
sent state of the art is still unable to resolve these two 
effects. Second, the use of A,o for X,o is shown to be 
similarly unreliable by the observed difference between 
these two quantities, as much as 1.7 mp, for one RNA 
(TMV). 
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