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Single-Stranded Base-'Stacking' without Affecting
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1. On the basis of studies with model compounds it was concluded that in 8M-
urea-M-potassium chloride (or 4M-guanidinium chloride) in 001 M-potassium
phosphate buffer, pH 7-0, multi-helical structures have about the same stability as

in 0- 1 M-potassium phosphate buffer, pH 7-0, whereas the tendency of base residues
to 'stack' along a single polynucleotide chain is much decreased. 2. Base-pairing
was eliminated whereas base-'stacking' persisted after RNA in 1% formaldehyde-
0- lM-potassium phosphate buffer, pH 7-0, was heated to 95°. 3. From a study of
the thermal denaturation ofunfractionated transfer RNA from E8cherichia coli and
of RNA from the fractionated sub-units of rabbit reticulocyte ribosomes in 8M-
urea-M-potassium chloride (or 4m-guanidinium chloride) in 0.1M-potassium
phosphate buffer, pH 7-0, it was inferred that 'stacked' residues may account for up
to 25% of the increase in E260 found on heating RNA in solvents such as O-M-
potassium phosphate buffer, pH7-0. 4. Changes in the spectrum with temperature
were analysed on the basis of the assumptions that (a) the polynucleotide chain is
amorphous on denaturation (which is probable in 8M-urea-M-potassium chloride-
0-01M-potassium phosphate buffer, pH7.0) and that (b) the polynucleotide chain
adopts a single-stranded 'stacked' conformation on denaturation (which is probable
when ordinary solvents such as 0 1 M-potassium phosphate buffer, pH 7-0, are used).

The elucidation of the primary sequence ofseveral
t-RNA* molecules (Holley et al. 1965; Zachau,
Dutting& Feldman, 1966;Madison, Everett& Kung,
1966; Bayev et al. 1966) has revealed the inadequacy
of methods for studying their secondary structure.
The main difficulties arise because the changes in the
secondary structure of t-RNA (and other single-
stranded polynucleotides) appear to take place over
the same wide temperature range as single-stranded
structures. The difference in the spectrum oft-RNA
below 300m,.t observed on heating to 950 (the
denaturation spectrum) has been analysed in terms
of the base pairs denaturing over a particular range

* Abbreviations: t-RNA, transfer RNA; A, C, G and U,
adenine, cytosine, guanine and uracil respectively; A--U
etc., base residues indicated paired in authentic double-
helical structure in which the base residues are located on
separate segments of either the same or different poly-
nucleotide chains; oligoA etc., polymer 6-8 residues in
length of AMP etc.; polyA etc., polymer of AMP etc.;
poly(A+ U), double-helical complex formed between polyA
and polyU; poly(A+2U), triple-stranded complex formed
between polyA and polyU (AMP/UMP ratio 1: 2); polyAU
etc., co-polymer ofAMP and UMP etc.

(Felsenfeld & Cantoni, 1964; Fresco, Klotz &
Richards, 1963). It has now been established that
base-'stacking' along a single polynucleotide chain
is sufficient to give rise to hypochromism (Fasman,
Lindblow & Grossman, 1964; Holcomb & Tinoco,
1965; Van Holde, Brahms & Michelson, 1965;
Brahms, Michelson & Van Holde, 1966; Leng &
Felsenfeld, 1966; Vournakis, Scheraga, Rushizky &
Sober, 1966; Poland, Vournakis & Scheraga, 1966).
Analysis is further complicated because the
denaturation spectra ofboth oligoA and poly(A+ U)
have the same form, and because the denaturation
spectra of both oligoG and oligoC have the main
features of the various difference spectra reported
for polyGC (Fresco et al. 1963; Pochon & Michelson,
1965). The denaturation spectrum of a mixture of
approximately equal amounts of oligoA and oligoG
was found (Cox & Kanagalingam, 1967) to be
hardly distinguishable from the denaturation spec-
trum for 40% of G--C and 60% of A--U base
pairs given by Fresco et al. (1963).

It is possible to provide evidence for the presence
of double-helical structures by studying the
denaturation spectrum of a polynucleotide at
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differentpH values and ionic strengths (Cox, 1966a).
These methods exploit the knowledge that the pH
range over which a base residue ionizes is substan-
tially different for double-helical and single-
stranded conformations (Cox, 1966b), and that the
thermal stability of double-helical structures is
dependent on the concentration ofadded electrolyte
(Dove & Davidson, 1962; Schildkraut & Lifson,
1965) to a greater extent than that found for single-
stranded 'stacked' structures (Cantor, Jaskunas &
Tinoco, 1966; Cox& Kanagalingam, 1967). Repul-
sion between negatively charged phosphate residues
located on opposite strands of the double helix
appears to account for the greater effect of electro-
lyte concentration on the stability of double-
stranded compared with single-stranded structures
(Schildkraut & Lifson, 1965).

Quantitative analysis of the denaturation spec-
trum is still further complicated if, as appears
probable, a double-helical segment reverts to a
single-stranded 'stacked' structure on denaturation.
t-RNA may exist in a single-stranded 'stacked'
structure (Fasman, Lindblow & Seaman, 1965) after
treatment with formaldehyde. Partial degradation
of reticulocyte ribosomal RNA leads to small
fragments that have properties consistent with

single-stranded 'stacked' structures (Cox &
Kanagalingam, 1967). The copolymer polyAU
reverts also to a form comparable with the alkaline
form of polyA on denaturation (Cox, 1963b), and
polyA isnowknown to be a single-stranded 'stacked'
structure (e.g. Brahms et al. 1966; Leng &
Felsenfeld, 1966).

It is implicit in the analysis made by Fresco et al.
(1963) and Felsenfeld & Sandeen (1962) that
denaturation leads to a transition from a double-
helical to an amorphous form of the polynucleotide
chain. This treatment is illustrated in Fig. 1(a),
where the amorphous form has an extinction, 0,
that does not depend on temperature; the extinction
of the double-helical structure, a, is also
independent of temperature (e.g. e(p) of DNA is
unchanged until denaturation begins) and o0 is
independent of temperature. The observed extinc-
tion will be proportional to the fraction, fm, of the
residues that are in double-helical segments:

E = afdhe(a)+ a(l-fdh)e(& (1)

where a is the concentration (molesQ.), E(p) is the
extinction/g.atom of P, and the subscripts and
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Fig. 1. (a) Analysis of the denaturation proffle of double-helical secondary structure according to the method of
Fresco et al. (1963). Curve I shows that the E(p) ofthe polynucleotide form is independent oftemperature; curve II
is the observed dependence of 6(p) on temperature; curve III is the dependence of E(p) on temperature for the high-
molecular-weight double-helical form ofRNA having the same average nucleotide composition as the secondary
structure giving rise to curve II. The fraction,fdh, ofresidues in double-helical structures is given by OB/OC, and
Afdh/AT= (BB'/OC)/AT. (b) Analysis ofthe denaturation profile ofdouble-helical secondary structure taking into
account the melting profile ofthe single-stranded form ofRNA (curve I); curves II and III and C and C1 have the
same significance as in (a): now fd&=AB/AC, and Af,5JAT=[(A'B'/A'C')-(AB/AC)]/AT. (c) Denaturation of
unfractionated reticulocyte ribosomal RNA in 1% formaldehyde-01Il-potassium phosphate buffer, pH7-0;
curvePQ was followed when the solution was first heated to 950, but curve QR was followed on subsequent heating
cycles.
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SECONDARY STRUCTURE OF RNA
superscripts dh and am refer respectively to double-
helical and amphorous structures. Hence:

=(ac -E) OB
f

_ (ae)-a4E) = (2)

and:

Af=
AE BB'Afdh <.,,. =dh (3)

The plot of e:t- e against wavelength is the
denaturation spectrum (per g.atom of P) that is
assumedbyFresco et al. (1963) to be the same as that
found for the double-helical form ofhigh-molecular-
weight RNA having the same nucleotide com-
position as the species being studied.

It is more likely that the polynucleotide forms a
single-stranded 'stacked' structure on denaturation.
Curve I in Fig. 1(b) illustrates the dependence ofE
ofa single-stranded 'stacked' form ofa typicalRNA
molecule on temperature; curve II in Fig. 1(b) refers
to the observed extinction and curve m in Fig.
1(b) to the extinction of the homologous high.
molecular-weight double-helical form. If the same
nomenclature as before is used, and the superscript s
refers to the single-stranded 'stacked' structure, and
T1 and T2 are different temperatures (T2 > TI),
then:

E = (a-afd) e(I)+ afd6(p) (4)

Hence:
go = (ae()-E) = AB (5)(ae6p -a e p)) =AC (5

A'B' AB OB
IVAdh = A 09AC.OC

_(c(T) -((p)) (aeP) E) (4j)(P)- (aP)-ETr)6
a(e(82'1-6(p)) (6p) -6(p))(

(6)

If the double-helical segment reverts to a single-
stranded 'stacked' structure (curve I in Fig. lb) on
denaturation but this effect is neglected, then fa
will be overestimated but Afa/AT will be under-
estimated (Fig. 2a), and an analysis ofthe difference
inthe spectrum found on increasing the temperature
from Ti to T2 (AE/AT) in terms of the nucleotide
composition of the double-helical segments dena-
turing over the range T1-T2 Will not be valid
because eqn. (6) and not eqn. (3) will apply. The
nucleotide composition of the double-helical seg-
ments may be deduced bymeans ofeqn. (6) ifcurves
I andm in Fig. 1(b) are known for each wavelength.
Curve I in Fig. 1(b) may be observed afterRNA is

hydrolysed to fragments about 20 residues long on
average (Cox & Kanagalingam, 1967). This limited
hydrolysis is sufficient to destroy most ofthe double-
helical secondary structure without appreciably
affecting 'stacking', which is hardly chain-length-
dependent (Brahms et al. 1966).
A more direct measure of curve I in Fig. 1(b) was

obtained by heating RNA (0-05g./l.) in 1% formal-
dehyde-0-lx-potassiumphosphatebuffer,pH7-0,to
950. This treatment has been shown to be sufficient
to prevent the separated strands of 'phage DNA'
from recombining (e.g. Stollar & Grosmnan, 1962;
Thomas & Berns, 1962; but for review see Kit,

1.0
(a) ~~~~~~~~~~~(b)

1-AB/AC

1-AB/AA
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Fig. 2. (a) Values of(-fdh) as a function oftemperature. Curve I, (1-fd) calculated from curve II in Fig. 1 as in
Fig. l(a) (fdh=OB/OC); curve II, (1-fdh) calculated from curve II in Fig. 1 as in Fig. l(b) (fda=ABIAC). (b)
Possible errors in (1-fdh) due to imprecision in curve III in Fig. 1 ;fdhwas calculated fromABIACandfromABIACI
as indicated in the Figure.
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1963). When, for example, unfractionated reti-
culocyte ribosomal RNA was heated to 950 in 1%
formaldehyde-O- lM-potassium phosphate buffer,
pH 7-0, E260 increased by 35% (curvePQ in Fig. lc)
due partly to the reaction of formaldehyde with the
base residues but principally to the loss ofsecondary
structure. When the solution was cooled to 25°,
E2so decreased by about 14% (curve QR in Fig. lc).
The dependence of E260 on temperature was then
reversible, since curve RQ in Fig. 1(c) was followed
on subsequent heating cycles. In contrast, when the
equivalent mixture of nucleotides, obtained by
hydrolysis of RNA with alkali, was heated to 950
in 1% formaldehyde-0- 1m-potassium phosphate
buffer, pH7.0, E260 increased by about 6%. Cooling
the solution led to a further increase in E260 ofabout
3%, which was reversed when the solution was
subsequently brought to 95°. Neither reaction with
formaldehyde (Fasman et al. 1964) nor hydroxy-
ethylation (Van Holde et al. 1965) prevent
'stacking'. Hence we equate curve QR in Fig. l(c)
with curve I in Fig. 1(b). It may be calculated from
the data of Stanley & Bock (1965) that a mixture of
di- and tri-nucleotides equivalent to the nucleotide
composition of reticulocyte ribosomal RNA will be
hypochromic to an extent approaching curve QR in
Fig. 1(c).
Although curve I in Fig. 1(b) may be determined,

quantitative analysis of the difference spectrum is
still not possible unless e(,) (curve III in Fig. lb) is
known. It seems likely that "(p) is dependent on the
number ofbase pairs, N, per double-helical segment
(e.g. Rich & Tinoco, 1960; Applequist & Damle,
1965), particularly when N is small (N< 20). The
imprecision in E(p) is indicated in Figs. 1(a) and 1(b)
as CC,. The consequent imprecision in (1 -fd,) calcu-
lated from (1- AB/AC) is given in Fig. 2(b). If cdh

is not known precisely it is not possible to determine
with any certainty the form of the denaturation
spectrum because eqn. (6) applies. However, if
'stacking' can be eliminated so that the transition
from a partly double-helical form to an amorphous
form is observed (Fig. la), then the form of the
denaturation spectrum (i.e. BB' in Fig. la) can be
evaluated even though the absolute change in
helical content may not be accurate. Suitable
conditions for studying the transition from a double-
helical to an amorphous form of the polynucleotide
chain were therefore sought.
The E(p) ofpolyA is increased when the solution is

made 8M with respect to urea (Fresco & Klemperer,
1959), which also decreases the thermal stability of
double-helical structure by about 200. However,
the effect ofurea can be countered by increasing the
ionic strength tenfold in the case of a double-helical
conformation but not ifthe conformation is a single-
stranded 'stacked' structure. Thus 8m-urea-M-
potassium chloride and 4m-guanidinium chloride

1000
Temperature

Fig. 3. (a) Dependence of c(p) of oligoA on ionic strength and
temperature. o, 0O01x-Potassium phosphate buffer, pH7.0;
0, m-NaCl-0*01 M-potassium phosphate buffer, pH7.0; *,
4M-guanidinium chloride-0 01m-potassium phosphate
buffer, pH7-0, or 8M-urea-M-KCl-0 OlM-potassium phos-
phate buffer, pH7-0. (b) Dependence of E260 of oligoA in
0. Im-potassium phosphate buffer, pH7.0, on urea concen-
tration.

are solvents in which the transition from a double-
helical to an amorphous structure might be ob-
served.
The E(p) of oligoA (about 6-8 residues long) is

hardly dependent on ionic strength (Fig. 3a), since
increasing the electrolyte concentration from 0 01 M-
potassium phosphate buffer, pH7-0, to m-sodium
chloride had little effect on e(p) above about 500 (cf.
Barszcz & Shugar, 1964).

OligoA was dissolved in O lM-potassium phos-
phate buffer, pH7-0, containing different amounts
of urea. When the concentration of urea was
increased to 8-3M, E260 increased from 0-74 to 0 95
at 25° (Fig. 3b). A similar increase in E2s0 was
noticed (Fig. 3a) when the solvent was 8M-urea-
M-potassium chloride-OOl M-potassium phosphate
buffer, pH7.0, or 4m-guanidinium chloride-OOlM-
potassium phosphate buffer, pH7-0. A small in-
crement in E260 was found when the temperature
was raised to 95B.
Both oligoG and oligoC (6-8 residues long)

exhibit hypochromism (Michelson, 1959; see also
Pochon & Michelson, 1965; Fasman et at. 1964) that
is hardly affected by ionic strength (Cox &
Kanagalingam, 1967). 'Stacking' is diminished in
4m-guanidinium chloride-OOlM-potassium phos-
phate buffer, pH 7.0, since the values E260 0-955 and
E280 0 600 were observed compared with the values
E260 0-850 and E280 0 470 found in 0-01-0-lx-
potassium phosphate buffer, pH 7-0. Both E280 and
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Fig. 4. Effect of guanidinium chloride on the spectra of oligoG and oligoC. (a) OligoG in 001-0.1 M-potassium
phosphate buffer, pH7.0; (b) oligoG in 4M-guanidinium chloride-OOlM-potassium phosphate buffer, pH7-0;
(c) oligoC in 001-0. M-potassium phosphate buffer, pH7.1; (d) oligoC in 4M-guanidinium chloride-0O01 M-potas-
sium phosphate buffer, pH7*1. 0, AE260 (E260 1.0 at 25° in each case); *, AE280.

E280 increased by about 0-04unit (E260 1 0 at 250)
when oligoG in 4M-guanidinium chloride-001lM-
potassium phosphate buffer, pH 70, was heated to
80° (Fig. 4b), whereas the increments were 0l18unit
(E260 1 0 at 250) at both 260 and 280m,u when 0 1M-
potassium phosphate buffer, pH 7 0, was the solvent
(Fig. 4a). Similarly, it was found for oligoC (Figs.
4c and 4d) that E260 and E280 were higher at 250 in
4M-guanidinium chloride-0 01M-potassium phos-
phate buffer, pH 7'1, than in phosphate buffer alone
and that the dependence ofE on temperature was
considerably diminished when the first-named
solvent was used (Figs. 4c and 4d).
Poly(A+ U) was formed by mixing equal volumes

of polyA (E260 1.018) and polyU (E260 1.058) in
0OlM-potassium phosphate buffer, pH7-0. The
extinction of polyU is the same over the range
25-95° (Richards, Flessel & Fresco, 1963) and the
melting ofpolyA is well known; so that the depend-
ence of E260 on temperature was calculated, on the
basis of the assumption that no complexes are
formed, for this mixture of polyA and polyU (curve
Iin Fig. 5).
When poly(A+U) was heated in 0*01 M-potasium

phosphate buffer, pH7.0, E260 increased abruptly
by 0-22 over the range 35-40° and increased by a
further 0-12 on heating from 450 to 95° according to
curve I in Fig. 5. The difference spectrum was
essentially the same over the whole range. In-
creasing the buffer concentration to 0*1M led to a
shift of about 160 in the transition temperature.
When the buffer concentration was increased to
0-5M, the transition range over which the complex
dissociated to polyA plus polyU was found to be
65-75°. In contrast with the behaviour noticed at
lower ionic strengths E280 decreased before the
principal transition range and then increased
between 650 and 750 to a value slightly above that
noticed at 25°. It appears, from the work of Stevens
& Felsenfeld (1964), that the decrease in E280
signifies that poly(A + U) rearranges to poly(A+ 2U)
plus polyA, and that poly(A + 2U) subsequently
denatures over the range 65-75°. It is evident that
heating leads to a transition from a multi-stranded
helical form to a single-stranded 'stacked' structure
that 'melts' according to curve I in Fig. 5.
When poly(A + U) was added to a solution of

8M-urea-M-potassium chloride or 4M-guanidinium
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Fig. 5. Effect of ionic strength and temperature on the
spectrum of poly(A+U). Equal volumes of polyA (E250
1.018) and polyU (E260 1058) were mixed to form poly
(A+U). Curve I, calculated for a 1:1 mixture of polyA
plus polyU assuming no complex-formation; curves II (0),
poly(A+U) in OOlM-potassium phosphate buffer, pH7-0;
curves III (e), poly(A+U) in OlM-potassium phosphate
buffer, pH7*0; curves IV (A), poly(A+U) in 05m-potas-
sium phosphate buffer, pH7.0. (a) E260; (b) E2go.

Temperature

Fig. 6. Effect of guanidinium chloride and urea on the spec-
trum of poly(A+2U). PolyA (E2e0 1-018) and polyU (E260
1-058) were mixed in the volume ratio 1:1 to form poly-
(A+ 2U) plus polyA. Curve I, calculated for a 1:1 mixture
of polyA plus polyU assuming no complex-formation;
curves V (0), poly(A+2U) plus polyA in 8m-urea-M-
KCl-O-OlM-potassium phosphate buffer, pH7-0; curves
VI (-), poly(A+2U) plus polyA in 4M-guanidinium
chloride-0'01-mpotassium phosphate buffer, pH7-0. (a)
E260; (b) E280-

chloride in 0*OlM-potassium phosphate buffer,
pH7-0, the transition was more clearly defined
(Fig. 6). However, the dependence of E280 on
temperature shows that the system was probably in
the form poly(A+ 2U) plus polyA at 250. This
change in the composition of the complex is
attributed to the effect ofionic strength (see Stevens
& Felsenfeld, 1964). This change in the nature ofthe
complex is sufficient to account for the value E260
0-79 at 250, compared with 0*72 at 250 found in
0.IM-potassium phosphate buffer, pH7-0. Equi-
molar mixtures of polyA and polyU in the more
usual solvents, e.g. 0-1 M-sodium chloride-mM-
magnesium chloride, have identical extinctions
whether or not the complex is poly(A+U) or is
poly(A+ 2U) plus polyA (Stevens & Felsenfeld,
1964). The extinction of the mixture poly(A+ 2U)
plus polyA will be higher in 8m-urea-M-potassium

chloride or 4M-guanidinium chloride-0*O1-l
potassium phosphate buffer, pH7-0, because the
extinction of the free polyA is increased (see Fig. 3),
owing to a decrease in 'stacking': since half the
polyA is free we would expect an increment of
0'08unit, as observed.
The double-helical form of DNA isolated from

rat liver was not affected when the solution was
made 4M with respect to guanidinium chloride, and
the mid-point ofthe thermal transition was found to
be 85°, which is close to the value found in standard
saline citrate solution (Marmur, Schildkraut &
Doty, 1962).
The changes in E260 and E280 found on heating

unfractionated t-RNA in 0- lM-potassium phos-
phate buffer, pH 7-0, are given in Fig. 7(a): the
extinction increased over the range 25-95' from
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Fig. 7. Denaturation ofunfractionated t-RNA from E. coli in different solvents. (a) Unfractionated E. coli t-RNA
in 0*1M-potassium phosphate buffer, pH7*0. (b) Unfractionated E. coli t-RNA in 1% formaldehyde-01M-potas-
sium phosphate buffer, pH7.0; curvePQ was followed when the solution was first heated to 950, but curve QR was
followed on subsequent heating cycles. (c) Unfractionated E. coli t-RNA in 8m-urea-M-KCl-001sm-potassium
phosphate buffer, pH7*0. (d) Unfractionated E. coli t-RNA in 4m-guanidinium chloride-001m-potassium
phosphate buffer, pH7-0. In (a), (c) and (d): 0, AE260 (E260 1.0 at 250 in each case); *, AE2so.

1.00 to 1*30 at 260mu and from 0-45 to 0*67 at
280m,u. When the solvent was 8m-urea-i-
potassium chloride-OOlM-potassium phosphate
buffer, pH7-0, E260 and E280 respectively were
about 8% and 16% greater at 250 than in 01i-
potassium phosphate buffer, pH 7*0; and when the
solution was heated the total increments in E were
decreased to about 22% for E260 and about 40%
for E280 (Fig. 7c), although the temperature at the
mid-point of the transition was close (550) to that

found (590) in 0O1M-potassium phosphate buffer,
pH 7-0. Similar changes in the spectrum were
found (Fig. 7d) in 4M-guanidinium chloride-001Ml-
potassium phosphate buffer, pH7-0, as in 8M-urea-
i-potassiuim chloride-OOlM-potassium phosphate
buffer, pH7*0 (Fig. 7c). It appears that single-
stranded 'stacked' residues make a substantial
contribution to the secondary structure of E. coli
t-RNA in 0 1 M-potassium phosphate buffer, pH 7 0,
at 250 [cf. poly(A + 2U) plus polyA], as suggested
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previously (Fasman et al. 1965; Cantor et al. 1966;
Michelson, Ulbricht, Emerson & Swan, 1966; Kay
& Oikawa, 1966). [The extent of 'stacking' after
RNA was treated with formaldehyde is apparent
from Fig. 7(b).] Adenine and guanine residues may
contribute to 'stacking' since both E260 and E280 are
affected by the addition of urea. It is inferred that
the fraction of residues in double-helical segments is
considerably less than earlier values derived from
the denaturation spectrum (Felsenfeld & Cantoni,
1964; Fresco et al. 1963). The ratio AE2so/AE260
measures the fraction of guanine and cytosine
residues in double-helical segments (Felsenfeld &
Sandeen, 1962; Fresco et al. 1963; Cox, 1966a,b).
When 4m-guanidinium chloride-0-01M-potassium
phosphate buffer, pH7.0, or 8M-urea-M-potassium,
chloride-0 01 M-potassium phosphate buffer, pH 7 0,
was the solvent AE28o/AE260 was about 0-90,
showing that the double-helical segments are rich in
guanine and cytosine residues. The lower value of
AE28o/AE260, namely 0 74, found in 0-1 M-potassium
phosphate buffer, pH7-0, is attributed to the
presence of 'stacked' adenine residues that 'melt'
over the same temperature range as the double-
helical segments. Although 'stacking' might
contribute to the stability of the double-helical
segments this effect is apparently not large since
Tm (i.e. the temperature at which 50% of the
increase in E is obtained on heating oligo- or poly-
nucleotides) is not markedly affected by introducing

urea (cf. Figs. 7a and 7b). The double-helical seg-
ments must be short (about 5 base pairs) or grossly
imperfect, because high-molecular-weight RNA in
the double-helical form 'melts' at about 100° (e.g.
Gomatos & Tamm, 1963). Studies of model systems
(Doty, 1961; Lipsett, Heppel & Bradley, 1961;
Lipsett, 1964) have shown that Tm is inversely
proportional to the number of base pairs, N, of the
double-helical segment. It was suggested (Cox,
1966a) that this relation may be generally appli-
cable to RNA. It is only when N is small that T. is
appreciably less than that of the high-molecular-
weight molecule.
Thus the changes in the spectrum of t-RNA

found on heating in 8M-urea-m-potassium chloride
or 4M-guanidinium chloride in 001m-potassium
phosphate buffer, pH 7-0, fit more closely the models
for the secondary structure based on a knowledge of
the nucleotide sequence [i.e. approx. 50% of
residues form base pairs, which principally involve
guanine and cytosine residues, and the helical
segments are about 5 base pairs in length (Holley
et al. 1965; Vournakis & Scheraga, 1966; Cantor
et al. 1966)] than the conclusions of Felsenfeld &
Cantoni (1964), Fresco et al. (1963) and Englander &
Englander (1965).

It has been shown that in solutions of high ionic
strength or in the presence of Mg2+ the 'melting'
profile of t-RNA is sharpened (for review see
Brown, 1963). This is to be expected if the partly

UL /Tf

0 5 0°5 102010

R

0

0 50 1000 50 1000 50 1000,
Temperature

Fig. 8. Denaturation of RNA from the smaller ribosomal sub-unit isolated from rabbit reticulocytes. (a) RNA
from the smaller ribosomal sub-unit from rabbit reticulocytes in 01IM-potassium phosphate buffer, pH7-0. (b)
RNA from the smaller ribosomal sub-unit from rabbit reticulocytes in 1% formaldehyde-0- M-potassium phos-
phate buffer, pH7.0; curve PQ was observed on first heating to 950, but curve QR was followed on subsequent
heating cycles. (c) RNA from the smallerribosomal sub-unitfrom rabbit reticulocytes in4M-guanidinium chloride-
0.01 M-Dotassium phosphate buffer, pH7*0. In (a) and (c):O, AE260; 0, AE28o; in (b), the curves are for AE260. In
each case E260= 1.0 at 250.
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Fig. 9. Denaturation ofRNA from the larger ribosomal sub-unit isolated from rabbit recitulocytes. (a) RNA from
the larger ribosomal sub-unit from rabbit reticulocytes in 0-1 M-potassium phosphate buffer, pH7-0. (b) RNA from
the larger ribosomal sub-unit from rabbit reticulocytes in 1% formaldehyde-10M-potassium phosphate buffer,
pH7-0; curvePQ was observed when the solution was first heated to 950, but curve QR was followed on subsequent
heating cycles. (c) RNA from the larger ribosomal sub-unit from rabbit reticulocytes in 4m-guanidinium chloride-
O-01M-potassium phosphate buffer, pH7-0. In (a) and (c): o, AE260; *, AE2so; in (b), the curvesareforAE260. In
each case E260 = 1-0 at 250.

double-helical structure reverts to a single-stranded
'stacked' structure on denaturation. Since 'stack-
ing' is likely to be decreased at higher temperatures,
increasing Tm by increasing the ionic strength will
lead to a closer approach to the transition to an
amorphous form of the polynucleotide.
The spectrum ofRNA from the smaller ribosomal

sub-unit isolated from rabbit reticulocytes was
examined in different solvents (Figs. 8a, 8b and 8c).
A broad transition was noted in 0-1M-potassium
phosphate buffer, pH7-0, and AE2so/AE260 was
found to be 0-65. In 1% formaldehyde-0- M-
potassium phosphate buffer, pH 7-0, curve PQ in
Fig. 8(b) was followed on heating to 95°. The curve
QR in Fig. 8(b), which was followed on subsequent
heating cycles, corresponds to curve I in Fig. l(b).
The total increment in E260 decreased from 27%
(Fig. 8a) to 21% and AE28o/AE260 increased from
0-655 to 0-81 when the solvent was 4M-guanidinium
chloride-0- 01 M-potassium phosphate buffer, pH 7-0
(Fig. 8c). The transition range was more clearly
defined in the latter solvent and 'melting' was
complete by 800. It is concluded that 'stacking' is
appreciable at 250 in 0-1M-potassium phosphate
buffer, pH7-0, and that N is small (cf. Cox, 1966a;
Cox & Kanagalingam, 1967).
RNA from the larger ribosomal sub-unit isolated

from rabbit reticulocytes was less affected by
guanidinium chloride, although AE2so/AE260 in-
creased from 0-81 in O-lM-potassium phosphate
buffer, pH 7-0, to 1-05 in 4M-guanidinium chloride-
0-OlM-potassium phosphate buffer, pH7-0. The
increment in E260 was decreased from 0-235
(Fig. 9a} to 0-195 (Fig. 9c). The increments in both
E260 and E28o noted above 75° in O-1M-potassium
phosphate buffer, pH7-0, persisted in guanidinium
chloride, showing that relatively stable double-
helical structure rich in guanine and cytosine
residues is present in this species of RNA. A similar
conclusion was reached on the basis of the effect of
pH on the denaturation spectrum (Cox, 1966a) of
unfractionated reticulocyte ribosomal RNA, which
principally reflects the properties of the 30s
component. The tendency in 0-IM-potassium
phosphate buffer, pH7-0, of the residues to 'stack'
was revealed (curve QR in Fig. 9b) after RNA had
reacted with formaldehyde (curve PQ in Fig. 9b).
In conclusion, we believe that 'stacking' may

contribute to the secondary structure ofboth t-RNA
and ribosomal RNA at 250, and may affect the
denaturation spectrum of RNA unless precautions
are taken to observe the transition from the partly
double-helical to the amorphous form of the
polynucleotide.
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EXPERIMENTAL
Materials. OligoA, oligoC and oligoG (8-10 residues long)

were given by Dr A. Michelson. Rat-liverDNA was given by
Dr C. Gonzales. PolyA and polyU were purchased from
Miles Chemical Corp., Elkhart, Ind., U.S.A., and were used
without further purification.

Unfractionated E. coli t-RNA (given by Dr E. M. Martin)
was isolated by the method ofMartin, Yegian & Stent (1963)
and purified by chromatography on DEAE-cellulose as
described by Cannon (1966).

Reticulocyte ribosomal RNA (given by Dr Hannah
Gould) was isolated by the method of Cox (1966c) from
ribosomal sub-units fractionated by zone centrifugation
(Klucis & Gould, 1966). Guanidinium chloride was prepared
from A.R. guanidinium carbonate by neutralization with
conc. HCI. The solution was treated with Norit and freed
from both C02 and u.v.-absorbing impurities by heating to
900.
Urea was recrystallized from aqueous ethanol.
A.R. formaldehyde was used without further purification.
Measurement of E(p). OligoA wa hydrolysed with alkali,

pH 13, and the concentration of adenine residues was
calculated by relating the observed extinction to a value of
15400/E(p) of AMP.

Spectrophotometry. A Unicam SP. 700 spectrophotometer
was used for all measurements. The sample-cell holder was
replaced by an electrically heated copper block (described
by Cox, 1963a).
We thank Dr Hannah Gould, Dr E. M. Martin and Dr

A. Michelson for generous gifts of nucleic acids and Miss E.
Berkai and Miss S. F. Sharpe for technical assistance.

REFERENCES

Applequist, J. & Damle, V. (1965). J. Amer. chem. Soc. 87,
1450.

Barszcz, D. & Shugar, D. (1964). Acta biochim. pol. 11, 481.
Bayev, A., Venkstern, T., Mirzabekov, A., Krutilina, A.,

Axelrod, V., Li, L. & Engelhardt, V. (1966). Abstr. Meet.
3rd Fed. Europ. biochem. Soc., Warsaw, p. 13.

Brahms, J., Michelson, A. & Van Holde, K. E. (1966).
J. molec. Biol. 15, 467.

Brown, G. L. (1963). Progr. Nucleic AcidRe8. 2,260.
Cannon, M. (1966). Biochim. biophys. Acta, 129,221.
Cantor, C., Jaskunas, S. & Tinoco, I. (1966). J. molec. Biol.

20, 39.
Cox, R. A. (1963a). Biochim. biophys. Acta, 68,401.
Cox, R. A. (1963b). Biochim. biophys. Acta, 72, 203.
Cox, R. A. (1966a). Biochem. J. 98, 841.
Cox, R. A. (1966b). Biochem. J. 100, 146.
Cox, R. A. (1966c). Biochem. Prep. 11, 104.
Cox, R. A. & Kanagalingam, K. (1967). Biochem. J. 103,

431.
Doty, P. (1961). J. Polym. Sci. 55, 1.
Dove, W. F. & Davidson, N. (1962). J. molec. Biol. 5,467.

Englander, S. W. & Englander, J. J. (1965). Proc. nat. Acad.
Sci., Wash., 58, 370.

Fasman, G. D., Lindblow, C. & Grossman, L. (1964).
Biochemietry, 8, 1015.

Fasman, G. D., Lindblow, C. & Seaman, E. (1965). J. mokec.
Biol. 12,630.

Felsenfeld, G. & Cantoni, G. L. (1964). Proc. nat. Acad. Sci.,
Wash., 51, 818.

Felsenfeld, G. & Sandeen, G. (1962). J. molec. Biol. 5,587.
Fresco, J. R. & Klemperer, E. (1959). Ann. N. Y. Acad. Sci.

81, 730.
Fresco, J. R., Klotz, L. C. & Richards, E. G. (1963). Cold

Spr. Harb.Symp. quant. Biol. 28,83.
Gomatos, P. J. & Tamm, I. (1963). Proc. nat. Acad. Sci.,

Wash., 49, 707.
Holcomb, D. N. & Tinoco, I. (1965). Biopolymere, 3, 121.
Holley, R. W., Apgar, J., Everett, G. A., Madison, J. T.,

Marquisee, M., Merril, S. H., Penswick, J. R. & Zamir, A.
(1965). Science, 147, 1462.

Kay, C. M. & Oikawa, K. (1966). Biochemistry, 5,213.
Kit, S. (1963). Annu. Rev. Biochem. 82,43.
Klucis, E. S. & Gould, H. J. (1966). Science, 152,378.
Leng,M. & Felsenfeld, G. (1966). J. mokec. Biol. 15,455.
Lipsett, M. N. (1964). J. biol. Chem. 239, 1256.
Lipsett, M. N., Heppel, L. A. & Bradley, 0. F. (1961). J.

biol. Chem. 286, 857.
Madison, J. T., Everett, G. A. & Kung, H. (1966). Cold Spr.

Harb. Symp. quant. Biol. 81, 43.
Marmur, J., Schildkraut, C. L. & Doty, P. (1962). The
Motcukar Basi of Neopasia, p. 9. Houston: University
of Texas Press.

Martin, E. M., Yegian, C. & Stent, G. S. (1963). Z. Vererb-
Lehre, 94, 303.

Michelson, A. (1959). J. chem. Soc. p. 1371.
Michelson, A., Ulbricht, T. L. V., Emerson, T. R. & Swan,

R. J. (1966). Nature, Lond., 209,873.
Pochon, F. & Michelson, A. (1965). Proc. nat. Acad. Sci.,

Wash., 58, 1425.
Poland, D., Vournakis, J. N. & Scheraga, H. A. (1966).

Biopolymers, 4, 223.
Rich, A. & Tinoco, I. (1960). J. Amer. chem. Soc. 82,6409.
Richards, E. G., Flessel, C. P. & Fresco, J. R. (1963).

Biopolymers, 1,431.
Schildkraut, C. & Lifson, S. (1965). Biopolymers, 8,195.
Stanley, W. M. & Bock, R. (1965). Analyt. Biochem. 18, 43.
Stevens, C. L. & Felsenfeld, G. (1964). Biopolymers,

2, 293.
Stollar, 0. & Grossman, L. (1962). J. mokec. Biol. 4,31.
Thomas, C. A. & Berns, K. (1962). J. molec. Biol. 4,809.
Van Holde, K. E., Brahms, J. & Michelson, A. (1965).

J. motec. Biol. 12, 726.
Vournakis, J. N. & Scheraga, H. A. (1966). Biochemistry, 5,

2997.
Vournakis, J. N., Scheraga, H. A., Rushizky, W. & Sober,
H. A. (1966). Biopolymers, 4, 33.

Zachau, H. G., Duitting, D. & Feldman, H. (1966). Angew.
Chem. (int. Ed.), 5,422.


