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Replicative intermediate (RI) is considered to be the double-stranded ribo-
nucleic acid (RNA) template for synthesis of viral RNA, with bound nascent
single-stranded viral RNA. A theoretical description of RI is based on the analysis
of a steady state of biopolymerization on a template which determines not only
nucleotide sequence, but also chain length. The hydrodynamic properties of RI
isolated from Escherichia coli infected with bacteriophage R17 are compared with
those of RNA isolated from R17 (single-stranded RNA) and of replicative form
(RF) isolated from E. coli infected with R17. RF is double-stranded RNA template
without any single-stranded component. Whereas S for R17 RNA is a function of the
ionic strength (F/2) of the solvent, S is almost invariant with r/2 for RF. By con-
trast S for RI lies between the sedimentation constants for R17 RNA and RF and
S varies with r/2 as does R17 RNA. The weight distribution of S for RI demon-
strates the heterogeneity of this material, and the variation in the weight distribution
with ionic strength demonstrates the duality of structure in RI. Using S and [X],
theMw for RI is estimated to be 2.6 x 106 daltons, as compared with the theoretical
value of 2.9 X 106 daltons.

Several unique species of RNA have been dem-
onstrated in cells infected with small ribonucleic
acid (RNA) viruses (6). Besides the single-
stranded RNA of the virus, which may have a
molecular weight or sedimentation characteris-
tics which differ from those of any normal cellular
RNA, one finds double-stranded RNA (replica-
tive form = RF) which is composed of one
strand of viral RNA (+ strand) and one strand
of RNA complementary to the viral RNA (-
strand; 33). Also, one finds a population of mole-
cules with both a single-stranded and a double-
stranded component (replicative intermediate =
RI; 6, 7).
A semiconservative mechanism of viral RNA

replication, based on the biochemical properties
of RF and RI, was independently proposed by
Weissman and his co-workers (34) and by Fen-
wick, Erikson, and Franklin (7). Although a
hypothetical conservative model of the replicative
process can be proposed (6), a recent experiment
on the turnover of double-stranded RNA is best
interpreted by a semiconservative mechanism of
replication in which viral RNA can rapidly re-
cycle into replicative structures (21). According
to this model, RF acts as the template for new
viral RNA synthesis, and RI is a population of

RF with bound nascent single-stranded viral
RNA. The length of the single-stranded com-
ponent of RI varies according to the degree of
completion of the polynucleotide chain (6).
Newly synthesized single-stranded RNA, when
displaced from RI, could again enter into the
cycle of RNA synthesis as RF and then as RI.
RF and RI, although intimately related in the

biosynthetic processes involved in viral RNA
synthesis, can be expected to have quite different
physicochemical properties. RI may be a
branched polymer with very unusual properties
since the branch is single-stranded and the main
chain is double-stranded. To develop a theoretical
treatment of such molecules, it was convenient
to compare their physicochemical properties
with those of single-stranded RNA and double-
stranded RNA. The single-stranded RNA used
was that isolated from the virion of R17 bacterio-
phage. This RNA has been studied by several
groups of biochemists and physical chemists.
It has a molecular weight of 1.1 4 0.1 X 106
(13, 26) and has an unusual degree of secondary
structure. The double-stranded RNA used in
this study was RF isolated from cells infected
with bacteriophage R17. It should have a molec-
ular weight of 2.2 x 106, since it is composed of
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one complete viral strand and one complementary
strand (1, 10, 33). In the present study, a theo-
retical model is developed for the structure of
RI, and some of the hydrodynamic properties
of R17 RNA, RF, and RI are compared. The
effect of ionic strength on the sedimentation
constant is described in detail. From known
solution properties of single-stranded RNA (14,
19) and single-stranded and double-stranded
deoxyribonucleic acid (DNA; 5, 30), there should
be a marked difference between the effect of ionic
strength on single- and double-stranded RNA.

Theoretical treatment of the structure of RI.
RI is considered to be template RNA with nas-
cent viral RNA. In the semiconservative model
of RNA replication, the displaced "+" strand
of RI forms the component which behaves hydro-
dynamically like a single-stranded RNA poly-
electrolyte. Since the single-stranded component
of the displaced strand should be of approxi-
mately the same length as the newly synthesized
" + " strand, these will be formally equivalent in a
theoretical treatment (see model B in Fig. 4 of
reference 6). Although there must be an enzyme
associated with the complex during synthesis,
this is removed during the isolation of the RNA,
since there is no protein or polypeptide associated
with the phenol-extracted replicative interme-
diate, as shown by use of '4C-amino acids and 3H-
uridine in attempts to double-label RI (R. M.
Franklin, unpublished data).
The population of RI will be considered as a

double-stranded template of a molecular weight
of 2.2 x 106 with a steady-state population of
nascent single strands. This may be compared
with the analogous classical problem of the
steady-state distribution in double-bond poly-
merization (12). RI may be treated as a steady
state either when isolated in trace amounts uni-
formly labeled with an isotope (such as 3H-
uridine) or when isolated in amounts measurable
by optical density. In contrast to double-bond
polymerization, in this biopolymerization, termi-
nation will occur only when the polymer reaches a
well-defined length by virtue of the template.
The steady-state hypothesis predicts equal
amounts of all stages of polymerization, as can
be readily shown by the following formal treat-
ment.

Consider RNA to be synthesized on a template
by stepwise addition of nucleotides. Thus, in
one step a chain of length X - 1 nucleotides is
transformed into a chain of length X nucleotides.
The chain is initiated with one nucleotide and
terminated when the chain length is X, the num-
ber of nucleotides in viral RNA. The three proc-
esses of chain initiation, growth, and termination
must be considered separately.

Initiation. In the initiation process, an enzyme,
RNA-dependent RNA polymerase, interacts
with the "starting end" of the double-stranded
RNA template. The chain is then initiated when
the first nucleoside-5'-triphosphate binds to this
site. We are not now concerned with details of
this reaction, such as the problem of separate
enzymes for the synthesis of the double-stranded
and single-stranded RNA (20), but rather with
the special features of initiation compared with
chain growth. Assuming the concentration of all
four ribonucleoside-5'-triphosphates to be the
same and equal to B., then for initiation:

dP- = K, B - Kp P1 Bo
dt I (1)

where PI = concentration of the polymer of
chain length 1; Ki = rate constant for initiation,
a complex term including an expression for the
interaction of the enzyme(s) with the template
as well as an expression for the binding of the
first substrate, the base of the 5' end of the chain,
to the enzyme and template; and Kp= rate
constant for polymerization, assumed to be inde-
pendent of the type of base or chain length.
This is a reasonable first approximation since
the catalytic action of the enzyme is probably
the overriding factor in the Kp term, owing to the
lowering of the activation energy for the con-
densation step.

Growth process. This is the stepwise addition
of nucleotide units to the chain with no possibil-
ity for chain termination.

d- = Kp P,-1 B. - Kp P, B,dt

for

(2)

and

Prob (Pr "Mr) = 0 (3
where Mr = concentration of a terminated chain
of length r.

Chain termination. This occurs only when
chains have reached length X. In the general
case, the final step of polymerization is consi-
dered to be distinct from the displacement of the
completed chain from the template.

dPx, KP PA- B0 - Kt Pxdt

Prob (Px - MO) = 1

(4)

(5)

where Kt = rate constant for removal of com-
pleted chains from the template. In the steady
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state:

dPi dPr dPx
t

= _ = 0 (6)dt dt dt

for r = 2, 3,, X-1. Then

Pi = Ki/K1, (7)

Pr = Pr-I (8)

forr =2,3 ,X-1

Px = (Kp/Kt)(BoPx-1) (9)

Equation 8 is most important for our present
analysis. Since the sequence r is very long, to a
first approximation Pr = Pr_1 for all r from 1 to
X, thus simplifying our further calculations.
The average molecular weight of this popula-

tion of polynucleotides can be easily calculated.
As an example, we calculate the weight-average
molecular weight:

E=x; M EXM ii (10)

ZN=Ml

where Ni = number of molecules of molecular
weight Mi, and Xi = mole fraction of molecules
of molecular weight Mi. But for a polynucleo-
tide with a monomer unit of average molecular
weight M., Mi= iM and, therefore,

Eixi(
But Xi = Xj = 1/N for all values of i and j
and, therefore,

ij2

x =

>i
1

M0,,'IX(X + 1)(2X + 1)
12X(X + 1)

= M3 M(2X+ 1)

For R17 bacteriophage, X = 3,342, and M. =
321 (26). Then M.- = 321 X 2,228 = 7.2 X
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105. For replicative intermediate, then, Mw =

2.2 x 101 + 0.72 x 106 = 2.92 x 106.
Similar calculations can be made for other

average molecular weights, and these are sum-
marized in Table 1.
The results presented here will be referred

to in this paper, as well as in several future
papers on the structure of replicative interme-
diate.

MATERIALS AND METHODS
Prepacrationi of RNA. Single-stranded viral RNA

was isolated by phenol extraction from bacteriophage
R17 RNA purified as previously described (32).
Replicative form and replicative intermediate were
purified by two cycles of adsorption-elution chroma-
tography on cellulose (11).

Sedimiienitationl anialysis. Sedimentation coefficients
were determined with a Spinco model E analytical
ultracentrifuge by use of the ultraviolet-absorption
system. All runs were performed at 20.0 C. A 12-mm
path-length aluminum cell was used for most meas-
urements. Some studies on the variation of S value
with concentration were performed with 3- and 30-
mm path-length aluminum cells. In some studies with
a 12-mm path-length Kel-F cell, there was no change
in sedimentation patterns or S values when compared
with the majority of runs performed with the alumi-
num cells. The photographic record was made on
Kodak commercial sheet film, developed in Kodak
D-l I developer for 6 min at 25 C. The usual exposure
time was 5 sec. Densitometer tracings were made on
a Spinco model R Analytrol equipped with a micro-
densitometer accessory. Sedimentation coefficients
were corrected to water at 20 C, as usual.

Weight distributions of sedimentation coefficients
were calculated according to the method of Schu-
maker and Schachman (25). The effective time of
sedimentation was calculated from an extrapolation
to the meniscus of the plot ot hi (distance of 50%
point from rotor center) versus time. This plot was
also used to calculate S for RI. Then A Ciols (incre-
mental change in concentration of RNA) was meas-
ured for a fixed AX (incremental change in distance
from rotor center) for a series of Xi values (distance
from rotor center). Since AX and XO (distance of
meniscus from the rotor center) were constant, then

(ACi°obS/IAX) (X/X0) 3

AS%2, E (ACiol)S/AX)(X/X0)3
A (AobsX

'AS200.w E ('ACi°l'-")(XX)
TABLE 1. Theoretical values of molecular weighlt averages of replicative ilitermediate

Avg A-g mol wt of single-stranded component Avg mol wt of single-stranded Avg mol wt of replicative inter-of maximal length X component for R17 RNA mediate of bacteriophage R17
(X _= _3,342)

MN 12 M (X + 1) 5.4 X 105 2.74 X 106
Mw Mo (2 X + 1) 7.2 X 105 2.92 X 106
Mz 3,2 MX(X+1) 8.0X 105 3.00 X 106
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The latter equation was programmed on the LOCI-2
computer (Wang Laboratories, Inc., Tewsbury,
Mass.).
The absorbancy index of R17 RNA at 260 m,u was

determined, by the method of Mitra, Enger, and
Kaesberg (22), to be 23.9 cm2/mg, compared with
their value of 23.3 cm2/mg. Since this value depends
on the initial optical density at 260 mru of the RNA
and therefore can vary considerably, these values are
in very close agreement. The same method was used
to determine the absorbancy index of RF and RI,
and these were found to be within experimental error
of the value of R17 RNA. Therefore, for consistency,
an absorbancy index of 23.3 cm2/mg was used for all
three types of RNA, merely as a convenient means of
estimating nucleic acid concentration.

Viscosity. Viscosity was determined with a Cannon-
Ubbelohde semi-micro viscometer. As is well known,
this suspended-level viscometer requires no kinetic
energy corrections, at least in the range of viscosities
dealt with here. The temperature was held to 20.0 C
with a Haake circulating water bath.

Solvents. The properties of the solvents used in
this study are described in Table 2. All of the solvents
contained 10-3 M sodium ethylenediaminetetraacetate
(neutralized) and the concentrations of NaCl and
potassium phosphate buffer listed in Table 2. The
pH was determined with a Radiometer model TTTl
titrator with a model PHA 630 scale expander. The
density of the solutions was calculated from the
empirical relationship between density and refractive
index = ~~~~~25index (3): p26 = 4.23061 nD - 4.64125, a relation

determined for NaCl for 1.00 < p25 < 1.38.
Refractive index was measured at 25 C with the

Bellingham and Stanley high-accuracy model Abbe
"60" refractometer. Viscosity of the solvents was com-
pared to that of water in a Cannon-Ubbelohde vis-
cometer at 20.0 C.

TABLE 2. Solvents used in the studies onl the
sedimentation and viscosity ofRNA

Composition of
solvents

(moles/liter)

Potassium
phosphate N aCI

buffer

0.001 0
0.005 0
0.0066 0
0.009 0
0.01 0
0.01 0.01
0.01 0.02
0.01 0.03
0.01 0.05
0.01 0.07
0.01 0.10
0.01 0.20
0.01 0.30
0.01 0.40
0.01 0.60

pH

6.60-6.80
6.68-6.85

6.80
6.81-6.87
6.87-6.92
6.88-6.92

6.81
6.85

6.87-6.88
6.79-6.84

6.80
6.74-6.75
6.65-6.67
6.54-6.59
6.49-6.50

r/2

.012

.020

.022

.028

.030

.040

.050

.060

.080

.100

.130

.230

.330

.430

.630

0.997
0.997
0.997
0.999
0.999
1.000
1.000
1.000
1.000
1 .002
1.002
1.007
1.010
1.014
1.024

20O
'7rel

1.0015
1.0018
1.0033
1.0037
1.0037
1.0040
1.0048
1.0052
1.0063
1.0081
1.0085
1.0103
1.0136
1.0192
1.0288

RESULTS
Sedimentation velocity analysis. Sedimentation

velocity studies were carried out at very low
concentrations of nucleic acid, usually between
3 X 10-3 and 3.9 X 10- g/dl. The sedimentation
patterns obtained with ultraviolet-absorption
optics are shown in Fig. 1 (R17 RNA), 2 (RF),
and 3 (RI). R17 RNA was composed of a
homogeneous major component and a variable

Bacteriophage R 17 RNA
52,640 rpm 20.00 C r/2= 0.04

FIG. 1. Densitometric tracings of ant ultraviolet
absorption ultracentrifuge pattern of R17 RNA, run
at OD (260 mru) = 0.922. The patterns were photo-
graphed at 10, 18, and 26 mini after reaching speed
(52,640 rev/min,). The run was at 20.0 C in a solution
of ionic strength 0.04. The direction of sedimentation
is from left to right.

Replicative form
52,640 rpm 20.0" C r/2=0.012

FIG. 2. Same as Fig. I for RF. The OD (260 m,u)
was 0.741; the patterns were photographed at 15, 23,
and 31 min after reaching speed (52,640 rev/min);
the temperature was 20.0 C; and r12 was 0.012.
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amount of a heterogeneous population of mole-
cules of S value lower than the major component.
When the weight distribution of S values was
calculated (25) and analyzed by planimetry,
the homogeneous component comprised about
80% of the population in one typical preparation.
Replicative form was less homogeneous than R17
RNA, but there was a well-defined homogeneous
component comprising approximately 60% of
the population. The heterogeneous population
of RF was also variable in amount and of an S
value lower than the homogeneous component.
Measurements of RF S values were only made on
the homogeneous component. The heterogeneous
components of RF and R17 RNA are probably

Replicative intermediate
52,640 rpm 20.0 C r/2 = 0. 06

FIG. 3. Same as Fig. 1 for RI. The OD (260 m,u)
was 0.832; the patterns were photographed at 8, 16,
and 24 min after reaching speed (52,640 rev/min); the
temperature was 20.0 C; and r/2 was 0.06.

degradation products (22). In contrast, RI was a
completely heterogeneous population of mole-
cules, as might be expected from the pattern of RI
obtained by sucrose density gradient centrifuga-
tion (11).
The effect of ionic strength on S was measured

for the homogeneous components of R17 RNA
and RF. For RI, an "average" S value was cal-
culated from the slope to the 50% points of the
sedimentation pattern. The values calculated are
assumed to be S° values. No consistent variation
of S20,, with concentration was noted for R17
RNA in the low concentrations used. In a more
extensive study on RF, the value of S20,W re-
mained constant in the concentration range of
7.2 X 104 to 1.6 X 10-2 g/dl. The results of
this study of variation of S with r/2 are shown in
Fig. 4 where S' w is plotted versus I/2 on log-
log coordinate paper.
R17 RNA will be considered first. The log-

log plot of S versus r/2 is linear between r/2 =
0.022 and 0.14 M. Above r/2 = 0.14 M, S20,W
varied only slightly, the increase in value from
0.14 to 0.62 M being from 28.0 to 28.5S. Between
0.020 and 0.022 M, there was a discontinuity in
the S values. This effect was not studied in any
detail in the present work. For the present study,
the lowest value of r/2 used was 0.012 M. The
changes in S' , were completely reversible.
For example, a sample in a solvent of r/2 of
0.020 with S20, of 13.2 to 13.7 was adjusted to
r/2 of 0.060 by addition of NaCl. The S'20,w
value increased to 22.1, which fitted on the log-
log plot of S' , versus r /2.

In contrast to the behavior of R17 RNA, the
SOO, of RF remained constant over the range of
P/2 = 0.028 to 0.43 M. Measurements were not
made at values of P/2 higher than 0.43 M. The

Replicative intermediate(SO20,J
BacteriophageR17 RNA

0- ° Replicative form

lI I I
.50 .80 1.0

FIG. 4. Variation of S20,,v with ionic strength: 0, R17 RNA; 0, RF; #, RI.

60

sO50"2O,w 40

30

25

20

15

.01 .015 .02 .03 .05 .08 .10 .15 .20 .30
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range of S20,' values between r/2 = 0.08 and
0.33 M was 14.8 to 14.9S. The average value was

* 636 seconds 14.8. There was a slight discontinuity in the log-
x 876 seconds log plot; this occurred at approximately 0.03 M
* 11 16 seconds as compared with the discontinuity at 0.02 M for

R17 RNA. The significance of this discontinuity
C.Dtis not clear.

r/2 -0.63 The "average" S values of RI were between
those of R17 RNA and RF. The variation in S
with F/2 occurred over a smaller range of ionic

*x \ strengths (0.023 to 0.06 M) than in the case of
R17 RNA. Also, the overall variation was only
4.0 S units, as compared with 11.5 S units for
R17 RNA.
Of far greater importance for an analysis of

RI was the weight-distribution of S values.
Some typical results are shown in Fig. 5 for a
solvent of ionic strength 0.63 M. The distribution
extended from 1OS to over 30S, but that part of

xl f * the distribution between 30 and 45S represented
measurements of extremely small slopes (ACobs/
AX) and therefore was not very meaningful.

x The distribution remained invariant over the
three times analyzed, which represented a totalI I

2
I

S time interval of 480 sec. This indicated that the10 20 30 40 50
distribution was due to heterogeneity of sample

s0w rather than to some other effect such as convective
disturbances within the cells (25). The effect of

5. Weight distribution of S values of RI, cal- variation in the centrifugal field on the distribu-
from material run at 52,640 rev/min for: o, tion function was not studied.
; X, 876 sec; and 0, 1,116 sec. The ionic Variation in ionic strength of the solvent re-
was 0.63, and the temperature was 20.0 C. sulted in systematic changes in the distribution

r/2=0.03

10 20 30 40

r/2=0.43

10 20 30 40

s2owS20,w

FIG. 6. Weight distribution of S values of RI run in solvents of ionic strength 0.02, 0.03, and 0.43. The arrows
intdicate the sedimenttation constants ofRF (left arrow) and RI 7 RNA (right arrow).
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Replicative intermediate~~~~~~~~~r/2 = .1 0

R 17 RNA r/2-0.012 ,

R 17 RNA r/2:0.23
p p*

.01 .02 .03 .04 .05 .06 .07

RNA concentration ( c in gm/dl)

FiG. 7. Concentration dependence of the relative viscosity of R17 RNA in r12 = 0.012 (X) and r12 = 0.23
(a); and ofRI in r12 = 0.10 (0).

1.20 r-

1.16 e-

0

I 111111
.015 .02 .03 .04 06 .08 .1 .15 .2 .3 4 .5 .6 .8 1.0

Ionic strength (moles/liter)
FIG. 8. Variation ofOD (260 m,u) of RI 7 RNA with iontic strength.

function (Fig. 6). At low ionic strength the dis-
tribution was narrow, and with increasing ionic
strength the distribution broadened and skewed
in the direction of higher S values. This change

could be correlated with the variation of the S
value of R17 RNA with r/2 and the relative
constancy of S value of RF (Fig. 4, 6).

Viscosity. The reduced specific viscosity
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1 v - 770
c 77o

of R17 RNA at r/2 of 0.012 and 0.23 and RI
at P/2 of 0.10 is plotted versus concentration of
RNA in Fig. 7. For both values of r/2 used,
flred was a linear function of c for R17 RNA. At
r/2 of 0.23 [77], the intrinsic viscosity, was 0.44
dl/g, and at r/2 of 0.012 it was 3.95 dl/g. The
relation between 77red and c for RI departed from
linearity. The intrinsic viscosity was estimated to
be 6.00 dl/g.

Variation of optical density with ionic strength.
The variation with ionic strength of S20,W and
[7t] for the single-stranded RNA suggested con-
figurational changes in the molecule in solutions
of different ionic strength. These could also be
indicated by the change in optical density at 260
m,u with ionic strength. R17 RNA was dialyzed
against a solvent of r/2 = 0.012. The optical
density was measured on one portion and other
portions were carefully diluted in micro-volu-
metric flasks into solutions of varying ionic
strength; then the optical densities of these solu-
tions were determined, all at ambient tempera-
ture (25 C). The results, shown in Fig. 8, dem-
onstrated the expected variation of optical den-
sity with ionic strength.

DIscussION

Some comments on the preparations of replica-
tive intermediate. The preparations of replicative
intermediate used in the present study had a
single-stranded component amounting to 20 to
30%7, of the mass. This was determined by
measuring the resistance of uniformly labeled RI
to digestion with pancreatic ribonuclease and
by determining the relative height of the single-
stranded and double-stranded plateau regions
on the curve of hyperchromicity (11). From the
theoretical analysis presented in this paper, it is
possible to utilize this information to calculate
the average number of single strands per double
strand. For 20 to 30% single-stranded compo-
nent, this is 1.0 to 1.2 single strand of any length
per double strand of molecular weight 2.2 x 106.
At present, it is not possible to determine whether
the functioning intracellular replicative inter-
mediate has a higher ratio of single strands per
double strand. RI is certainly altered during phenol
extraction, since the polymerase, presumably
associated with the double-stranded template,
is completely removed. This might result in in-
creased H bonding of the RNA to repair the gap
left by the polymerase. Whatever the true intra-
cellular structure, we must be content for the
present to study the properties of purified RI

and attempt to correlate these properties with the
intracellular complex involved in viral RNA
synthesis.

Properties of the single-stranded RNA. Al-
though single-stranded RNA is a polyampholyte,
the major charge is negative in the pH range of
6.5 to 6.9 used in this study. Many studies have
demonstrated the alterations in shape of this
flexible polyelectrolyte with changes in tempera-
ture or ionic strength (27, 28). The detailed study
of the dependence of S on ionic strength, as
reported in this paper, is but a further example of
the conformational changes in single-stranded
RNA.
The theoretical relationship between S and

r/2 for a flexible polyelectrolyte was developed
by Harris and Rice (16, 17, 23) by considering
the variation in radius of gyration (RG) as a
function of the electrostatic free energy. The ex-
pression derived is extremely complicated, but
does indicate an exponential relationship be-
tween RG and r/2. This relationship is clearly
demonstrated for R17 RNA for values of ionic
strength between 0.022 and 0.14 M. Empirically,
this relationship may be written as S200, = A(r/
2)b and, from Fig. 4, b = 0.301 for R17 RNA.
The effects of ionic strength on the optical den-

sity and on the intrinsic viscosity of R17 RNA are
but further reflections of the conformational
changes. In solutions of high ionic strength,
the charge due to the dissociated groups, par-
ticularly the phosphate group, is neutralized by
the Gegenion cloud, and the molecule can have a
conformation representing a minimal internu-
cleotide distance and also have a very compact
form due to the extensive H bonding between
base pairs. As the ionic strength decreases, the
charged phosphate groups repel each other,
possibly resulting in an increase in internucleo-
tide distance and, more importantly, in a disso-
ciation of H bonds as the electrostatic energy
becomes greater than the H-bond energy. The
discontinuity in the S versus r/2 curve may
represent a cooperative effect due to dissociation
of critically placed groups of H bonds which
result in a change from a compact structure to
an extended structure. The value of S at ionic
strengths lower than at the point of discontinuity
are close to those for the double-stranded RNA
of twice the molecular weight (RF). Thus, the
single-stranded RNA, in solutions of low ionic
strength, may not be as rigid as double-stranded
RNA. If both types of molecules had exactly the
same degree of rigidity, then they should form a
homologous series, and the S value for R17
RNA should be less than that for RF under
conditions of low ionic strength. A further indi-
cation of the similarity of structure is the equality
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of internucleotide distance for single- and double-
stranded RNA when measured by a modified
Kleinschmidt technique (15).

In solutions of ionic strength greater than 0.14
M, where S is constant, the S value does not fit
into the homologous series formed by almost all
other types of single-stranded RNA since it does
not fit the two similar empirical relationships
between S and M, the relationship M = 1,100
52.2 derived by Gierer (14) and the relationship
M = 1,550 521 derived by Spirin (28). This
phenomenon, already noted by Strauss and Sin-
sheimer for RNA from bacteriophage MS2
(29) and by Gesteland and Boedtker for RNA
from bacteriophage R17 (13), leads one to
suppose that the RNA from this group of RNA
bacteriophages can assume an unusually compact
structure in solutions of relatively high ionic
strength.

Properties of double-stranded RNA (RF).
The remarkable difference between the S versus

r/2 relationship for R17 RNA and RF can be
attributed to the relative rigidity of the double-
stranded RF. Thus, the electrostatic forces de-
veloped in Gegenion-poor solutions are neither
sufficient to denature the double strand nor to
cause any striking change in the conformation.
This demonstration of the behavior of RF can

be cited as further evidence for the double-
stranded nature of this molecule. A similar dif-
ference between native and denatured DNA was
described by Studier (30).
With the use of the published value of transla-

tion per nucleotide residue of 3.03 to 3.05 A for
double-stranded RNA (18, 31), the number of
nucleotide pairs per intact RF molecule can be
calculated from the length of the molecule to
be approximately 3,500 (15). The molecular
weight of such a molecule would be 2.4 x 106.
On the other hand, the best estimate of the molec-
ular weight of R17 RNA is 1.1 x 106 (26),
so that the molecular weight of RF should be
2.2 X 106. Thus, the molecular weight of RF
should be between 2.2 X 106 and 2.4 x 106.
The S20,, value at ionic strengths of 0.14 or more

is 14.7, and it is interesting to calculate the molec-

ular weight of a DNA molecule with this S value
by use of the several empirical equations avail-
able (Table 3). In every case, the resulting value
of molecular weight is too high, suggesting that
double-stranded RNA may be somewhat more
flexible than double-stranded DNA. This flexibil-
ity would result in a smaller coefficient of friction
and therefore a higher S for the RNA molecule.
A similar conclusion has been reached by Goma-
tos and Stoeckenius (14a), who compared the
molecular weight (determined by electron mi-
croscopy) with S value for fragments of double-
stranded reovirus RNA. The data of Gomatos
and Stoeckenius (14a) and the present data can
be fitted to the relation S = 0.86 M0'l9 or M =

2.24S5'16.
The sedimentation constant of biologically

active double-stranded RNA isolated from cells
infected with bacteriophage M12 was determined
by sedimentation in a sucrose gradient (10).
The value of 15S is in good agreement with that
reported here. On the other hand, double-
stranded RNA isolated from cells infected with
bacteriophage MS2 after a preliminary extensive
treatment of the phenol-extracted RNA with
pancreatic ribonuclease had a sedimentation con-
stant of 8.0 to 9.5S (2). This discrepancy is due
to the partial degradation of double-stranded
RNA by ribonuclease, as already discussed by
Billeter et al. (2). Two preparations of RF, having
S20= 14.7, were treated with ribonuclease
(0.1 ,ug/ml, 10 to 15 min at 37 C, F/2 = 0.14 M).
The sedimentation constant was reduced to 8.8
to 9.6, and the sedimentation pattern indicated
an increase in heterogeneity, confirming the ob-
servations and speculations of Billeter et al. (2).

Properties of replicative intermediate. The
"average" S values for RI lie between the values
for R17 RNA and RF. The theoretical weight
average molecular weight of the single-stranded
component was calculated to be 7.2 X 10',
which would represent a molecule three-fourths
the length of the double-strand in the fully ex-

tended state. Thus, RI has a higher S than RF by
virtue of its higher molecular weight and the con-
tribution of the flexible single-strand to the hy-

TABLE 3. Molecular weight of native DNA of S20, = 14.7

Reference A* b* B* a* M

Eigner and Doty (5)a............ 0.116 0.325 756 3.08 2.96 X 106
Eigner and Doty (5)b............ 0.034 0.405 4,225 2.47 3.23 X 106
Burgi and Hershey (4).0.080 0.350 1,361 2.86 2.95 X 106
Studier (30)........ 0.0882 0.346 1,116 2.89 2.64 X 106

* From S = AMb derive M = BSa.
a For molecular weights from 3 X 105 to 4 X 106 daltons.
I For molecular weights greater than 4 X 106 daltons.
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drodynamic properties. This can be seen in the
variation of S with IF/2. Although this variation
occurs over a smaller range of IF/2 values and
the overall variation is less than for R17 RNA,
the exponential dependence is the same for the
two types of molecules (b = 0.303 for RI).
The hybrid hydrodynamic properties are more

strikingly demonstrated by the change in the
pattern of weight distribution of S values with
ionic strength. In all cases, the width of the dis-
tribution can be correlated with the difference
between the sedimentation constants of R17
RNA and RF (Fig. 6). This observation clearly
demonstrates that RI molecules have hydro-
dynamic properties depending on both the single-
stranded and double-stranded component, and
supports the original proposal that the sedimen-
tation heterogeneity in RI may be due to the
variable length of the single-stranded component
(7).
The intrinsic viscosity of RI is much higher

than that of R17 RNA at low ionic strength.
This may be due to the rigidity of the double
strand and to the higher molecular weight of RI.
With the use of the Flory-Fox equation (9) and
molecular weights of 1.1 X 106 and 2.9 X 106
for R17 RNA and RI, respectively, the ratio
RG (R17)/RG (RI) is 3.3 for R17 RNA at high
ionic strength (0.23) and is 1.6 for R17 RNA
at low ionic strength (0.012). Both values indi-
cate that the volume occupied by RI molecules is
very large compared with R17 RNA, probably
due to the branched structure of RI.
The molecular weight of RI can be estimated

by use of [,7], S20, , and the Scheraga-Mendelkern
equation (24):

M/ 520 .t[77]1 /In. NMl213 2S0,[]13lN
/3(1 - Pp)

The first problem is to choose a value for the
constant /3. By comparison with values of ,B
determined for other macromolecules or cal-
culated theoretically, : should be between 2.12 x
106 and 3.00 X 106. With the values of [,v] and
S for R17 RNA, the value of / which best
fits with the known molecular weight of 1.1 X
106 is 2.5 X 106 for R17 RNA in solvents of high
or low ionic strength (Table 4). This suggests
that ,B is not very sensitive to the shape of the
RNA molecule and indicates that we may pos-
sibly use the same value of / for RI. Indeed, the
value of / which yields a molecular weight closest
to Mw (theoretical) = 2.9 X 106 is again 2.5 x
106. Mitra et al. (22) pointed out that the value
of /3 should not be greater than 2.5 X 106 for
R17 RNA and Eigner and Doty (5) showed
that (i) / = 2.5 X 106 for native DNA, and

TABLE 4. Molecular weighit estimates with the
Scheraga-Manidelkern equatiozt

Sample

R17 RNA

r/2

0.23

R17 RNA! 0.012

RI 0.10

520-,W

28.2
X 10-13

13.2
X lO-13

20.0
X l0-13

[771
(dlu'g)

0.44

3.95

6.00

0 x
10-6

2.12

2.50
2.70
3.00

2.12

2.50
2.70
3.00

2.12

2.50
2.70
3.00

MX
10-6

1.5

1.17
1.04
0.89

1.43

1.12
1.00
0.85

3.32

2.60
2.32
1.98

(ii) / = 2.3 X 101 for denatured DNA (although
the values varied between 1.6 X 106 and 2.6 x
106 in this case). Furthermore, /3 has been shown
to have the value of 2.5 X 106 for many synthetic
polymers (8). Thus, the present best estimate of
Mw for RI is 2.6 X 106, with /3 = 2.5 X 106.
Some further comments concerning the esti-

mate of RI molecular weight are in order. First
of all, [-q] has not been corrected to zero shear,
which may slightly increase the value of [,I]
and therefore the value of Mw. It should also
be pointed out that the same value of -v = 0.53
cm3/g (22) was chosen for single-stranded and
branched double-stranded RNA, i.e., R17
RNA and RI. Since the partial specific volumes
of all nucleotides are almost identical (J. Witz,
Ph.D. Thesis, Faculte des Sciences de l'Univer-
site de Strasbourg, Strasbourg, France), there
should be little difference in v for single- and
double-stranded polynucleotides due to differ-
ences in these ratios. In practice, -v is also con-
sidered to be the same for native and denatured
DNA (5).

In conclusion, these preliminary comparisons
of the hydrodynamic properties of RI with those
of single- and double-stranded RNA have clearly
indicated the hybrid character of RI. These mole-
cules are of interest not only because of their pre-
sumed key role in viral RNA synthesis but also
because of their unusual polymeric structure. A
second approach to a description of the structure
of RI is to analyze the population of single-
stranded RNA resulting from denaturation of
RI. This, as well as further hydrodynamic proper-
ties of intact RI, will be described in a subsequent
paper (R. M. Franklin, in preparation).
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