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ABSTRACT: The HeLa 30S rRNA molecule (historically
designated 28S rRNA) can be dissociated into two compo-
nents, a 7S rRNA and a large rRNA component which we
call 29S rRNA. To evaluate conformational differences be-
tween the 30S rRNA complex and the isolated 29S rRNA
component of the complex, viscosity, sedimentation veloci-
ty, circular dichroism, and ultraviolet absorption measure-
ments with the two species were performed. Sedimentation
equilibrium studies were also carried out with the 30S
rRNA complex. In addition, the kinetics of the reaction
which dissociates the 30S rRNA complex were character-
ized. The removal of glycogen-like molecules by cetyltri-
methylammonium bromide precipitation of the rRNA and
the preequilibration of rRNA with solvent by Sephadex col-
umn chromatography were found to be essential for repro-
ducibility. The 520 40 values for the 30S rRNA complex

The large subunit of the cytoplasmic ribosomes of Hela
cells contains two rRNA species, 30S and 5S rRNA. The
larger species, called 28S rRNA by Pene er al., but here
called 30S rRNA for reasons given later in this paper, has
been shown to be comprised of a small RNA molecule, des-
ignated 7S rRNA, and a large RNA molecule, called heat-
ed 28S rRNA by Pene et al., but which we shall call 29S
rRNA (Pene er al., 1968). The noncovalently linked com-
plex, 30S rRNA, is stable to phenol extraction at room tem-
perature and an ionic strength, I'/2, of 0.05 (Pene er al.,
1968). These workers attributed the observed change in
sedimentation coefficient which accompanies the release of
the 7S rRNA molecule from 30S rRNA to an alteration in
the conformation of the 29S component. The existence of
analogous 30S rRNA complexes in cytoplasmic ribosomes
has also been demonstrated in other eucaryotes including
rabbit (King and Gould, 1970; Hunt, 1970), rat (Sy and
McCarty, 1970; Plagemann, 1970; Prestayko er al., 1970),
mouse (Eliceiri and Green, 1969), hamster (Pene et al.,
1968), chick (Pene er al., 1968), sea urchin (Sy and
McCarty, 1970, 1971), higher and lower plants (Sy and
McCarty, 1970; Payne and Dyer, 1972), and yeast (LUdem
er al., 1971). No such complexes have been found in bacte-
ria (Pene er al., 1968), mitochondria (Lizardi and Luck,
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and the isolated 29S rRNA were determined from the ex-
perimental data obtained at various rRNA concentrations
as 29.89 + 0.40 and 29.09 + 0.14, respectively. The corre-
sponding intrinsic viscosity values were 74 + 5 and 67 + 5
cm?/g, respectively. The optical properties of the 30S
rRNA and 29S rRNA were not significantly different.
These results indicate that there is no significant conforma-
tional difference between 30S rRNA and 29S rRNA under
the conditions studied. We conclude from the sedimentation
equilibrium data that the molecular weight of 30S rRNA is
2.1 X 10°. From the kinetic data, the 30S rRNA dissocia-
tion appears to be an irreversible, cooperative, and ionic
strength dependent reaction which at an ionic strength of
0.051 has an activation enthalpy of 123.5 kcal/mol and an
activation entropy of 0.32 kcal/(mol deg).

1971), or chloroplasts (Payne and Dyer, 1972). The 140
rRNA cistrons coding for yeast 5.8S rRNA (the HeLa 7S
rRNA analog) are located on at least two chromosomes,
with 70% on chromosome I (Cryer et al., 1973; Finkelstein
et al., 1972), yet the sequence of the 5.8S rRNA reveals no
heterogeneity, except in length at the 5’ end (Rubin, 1974).
These findings indicate that the sequence integrity of the 7S
rRNA species must be maintained in an evolutionary sense
and suggest the 7S rRNA molecule may play a critical role
in the function and/or biosynthesis of the ribosome in high-
er organisms; for example, by serving as a determining fac-
tor in the proper conformation of the 29S rRNA with which
it is complexed.

It might be possible to understand the function of 78
rRNA in the maintenance of the structural integrity of
HeLa ribosomes if the structures of the intact 30S rRNA
complex and the separated 29S and 7S rRNA were known.
With this overall objective in view, we have measured cer-
tain structure-related physical parameters of the 30S
rRNA complex and the 29S rRNA component. Also, the
kinetics of the thermally induced disruption of the 30S
rRNA complex are characterized and interpreted.

Materials and Methods

Cell Growth, Labeling, and Fractionation. Suspension
cultures of HelLa S3 cells were maintained at 37° in Joklik-
modified Eagle’s minimum essential medium (Eagle, 1959)
with 5% (v/v) calf serum, except where noted, at concentra-
tions of 2-5 X 107 cells/ml.

For studies involving 32P labeling, cells were suspended at
a cell concentration of 3-4 X 10° cells/ml in a medium of
the following composition; 370 ml of Eagle’s medium lack-
ing phosphate; 10 m! of normal Joklik-modified Eagie’s
minimum essential medium; 20 ml of calf serum (Grand
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Island Biological Company); 4 ml of 1 M Hepes;' 4 ml of
10% (w/v) Na,CO; adjusted to pH 7.4. Neutralized
H332P0y4, 99% pure (New England Nuclear Corp.), was
added to final radioactivity levels of 7-10 uCi/ml and the
cultures were harvested after 21-23 hr.

The cultures were fractionated by methods previously de-
scribed (Penman, 1969). This procedure yields a cytoplas-
mic fraction and nuclear rinse which were pooled and made
to 1% (w/w) in SDS and 0.05 M in EDTA (pH 7.2). This
mixture, designated cytoplasm-SDS, was then allowed to
stand at least 1 hr at room temperature prior to RNA ex-
traction.

Preparation of 30S rRNA. a. SUCROSE GRADIENT
FRACTIONATION. The cytoplasm-SDS preparation from 2
I. of HeLa cells at 5 X 10° cells/ml was routinely layered
onto six 35-ml linear, 15-30% (w/w) sucrose (Mann Ultra
Pure) gradients made in 0.1 M NaCl, 0.01 M EDTA, 0.01
M Tris-Cl, and 0.2% (w/w) SDS (pH 7.4). (The latter
buffer is hereafter called NETS buffer.) The sedimentation
was performed using an SW 27 rotor in the Beckman L2-
65B ultracentrifuge at 24,000 rpm for 16 hr at 18°. The ab-
sorbance at 260 nm of each gradient was continuously mea-
sured as the gradient was pumped, bottom first, through a
flow-through cell mounted in a spectrophotometer. The 30S
rRNA in appropriate fractions was precipitated with 2.5
volumes of 95% ethanol at —20°.

b. PHENOL EXTRACTION. Ethanol-precipitated RNA
pellets were dissolved in 0.05 M NaOAc, 0.005 M EDTA,
and 0.8% (w/w) SDS (pH 5.1), or cytoplasm-SDS prepa-
rations were diluted 1:2 with the same pH 5.1 solution to
yield final RNA concentrations not greater than 0.5 mg/
ml. An equal volume of colorless phenol (Mallinckrodt-li-
quefied-88% for chromatography) was added, before agita-
tion with a Vortex mixer for 5 min at room temperature.
The emulsion was chilled in an ice bath and the phases were
separated by centrifugation. The bottom, phenol phase was
removed and discarded without disturbing the interface.
Another 7 volume of phenol was added and the mixture ag-
itated 3 min as before. After phase separation the top aque-
ous phase was removed from tube A and added to another
tube, B, containing 3% volume of fresh phenol; 0.5 volume of
fresh pH 5.1 solution was added to A and then tubes A and
B were agitated for 3 min as before followed by phase sepa-
ration. The aqueous phase in tube A was added to tube B
and tube A was discarded. Tube B was agitated 3 min and
the phases were separated as before. The aqueous phase
from tube B was removed and, after combining it with the
previously saved aqueous phase, NaCl was added to a final
concentration of 0.1 M and 2.5 volumes of 95% ethanol was
added to precipitate the RNA.

c. CTABr PRECIPITATION. RNA pellets obtained from
EtOH precipitation were dissolved in 0.025 M Tris-HCI-
0.025 M NaCl (pH 8.1) at 2° at an RNA concentration of |
mg/ml. An adaptation of the procedure of Bellamy and
Ralph was carried out as follows (Bellamy and Ralph,
1968). One volume each of 2.5 M K;HPO4 (pH 8.0) and 2-
methoxyethanol were added to the RNA solution and
mixed vigorously for 2-3 min at 2°. The phases were sepa-
rated by centrifugation at 4000 rpm for 15 min at 4° in an

! Abbreviations used are: CTABr, cetyltrimethylammonium bro-
mide; EDTA, ethylenediaminetetraacetic acid; Hepes, /V-2-hydroxy-
ethylpiperazine-¥'- 2-cthanesulfonic acid; SDS, sodium dodecy! sul-
fate; Tris, tris(hydroxymethyl)aminomethane; NETS buffer, 0.1 M
NaCl, 0.01 M EDTA, 0.0]1 M Tris-Cl, and 0.2% (w/w) SDS (pH 7.4).

1.LE.C. PR-6 centrifuge. The upper aqueous phase was re-
moved and added to 1 volume of 0.2 M NaOAc, and 0.5
volume of 1% (w/v) CTABr at 2°. The temperature had to
be kept at 2° or above to keep the CTABr in solution. This
solution was mixed well, chilled at 2° for 5 min, and centri-
fuged 5 min at 9800 rpm at 2° in the Sorvall SS-34 rotor.
The RNA pellet was washed by resuspension in 70% (v/v)
ethanol containing 0.1 M NaOAc¢ at —20° and centrifuged
in the SS-34 rotor as before. This washing procedure was
repeated four times. After the last wash, the RNA pellet
was dissolved in NETS buffer and reprecipitated with 2.5
volumes of 95% EtOH, for the removal of all the residual
CTABTr. After 1 hr at —20°, the RNA was collected by cen-
trifugation at 12,000 rpm for 1 hr in the Sorvall SS-34 rotor
at 2°. The RNA peliet was dissolved in 0.025 M Tris-Cl-
0.25 M NaCl (pH 8.1) at 2° and the above precipitation
with CTABr was carried out again, including the five wash-
es and precipitation with 2.5 volumes of 95% EtOH.

d. SEPHADEX G-100 CHROMATOGRAPHY. To control
ionic strength, rRNA solutions were routinely filtered
through small columns of G-100 Sephadex preequilibrated
with solvent of the desired ionic strength and composition.
Measurements of sedimentation velocity, viscosity, thermal
stability, etc., were always performed the same day as col-
umn elution.

Sephadex G-100 beads were routinely swollen by boiling
for 5 hr in glass-distilled water to eliminate any contami-
nating ribonuclease activity. Columns, 15-16 X 0.6 cm,
were constructed just prior to use, from a slurry of Sepha-
dex beads which had been washed four times with the buff-
er desired for the succeeding experiment. Each column was
preequlibrated with at least 7 volumes of buffer. Samples
having RNA concentrations of up to 3.5 mg/ml and vol-
umes of 0.5-1.0 ml were layered on the columns with two
0.5-ml buffer rinses. Elution was performed at 7-8 ml/hr
and 0.5-ml fractions were collected. About 20% dilution of
the RNA accompanied this step. The rRNA solutions elut-
ed from Sephadex columns were then usually filtered
through 0.22 or 0.45-x Millipore filters. Each filter was sus-
pended in buffer and heated at 100° for 5 min prior to use.
The concentrations of the filtrates were assigned on the
basis of the absorbance values at 260 nm of duplicate dilut-
ed aliquots. The extinction coefficient was taken to be 23
ml/(mg c¢m) (Kurland, 1960).

Preparation of 29S rRNA. Sufficient CTABr precipitat-
ed 30S rRNA to make a solution of final concentration less
than 4 mg/m! was dissolved in 0.025 M acetate buffer (pH
5.1) containing 0.05 M EDTA and 0.5% (w/w) SDS, T'/2 =
0.051. This buffer is hereafter referred to as heating buffer.
The complete dissociation of the 30S rRNA complex to
yield a mixture of 29S rRNA and 7S rRNA, designated
29S + 7S rRNA, was achieved by heating this solution for
5 min at 50-51°, followed immediately by chilling at 0°.

The 29S rRNA was then separated from 7S rRNA either
by sucrose gradient centrifugation or by chromatography
on Sepharose 4B columns. Sucrose gradient separation was
performed as indicated above for the isolation of the parent
complex; 29S rRNA containing fractions were pooled and
stored under ethanol. Just before use the RNA would be
dissolved and filtered through Sephadex G-100 as earlier
described. Alternatively, Sepharose 4B chromatography of
29S + 7S rRNA was performed on 0.6 X 25 cm columns,
before measurement of one of the 29S rRNA physical pa-
rameters; the Sepharose 4B being prewashed in the same
manner as swollen Sephadex G-100. Elution with L-NETS
1975 339
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buffer, a buffer having one-tenth the EDTA concentration
of NETS buffer, proceeded at 3-4 ml/hr, accompanied by
a sample dilution of about 60%. The fractions containing
29S rRINA were filtered through Millipore membranes and
the concentration was determined as indicated earlier for
the parent complex.

Gel Electrophoresis. Gels, 0.6 X 5.2 ¢cm, containing 10%
(w/v) acrylamide and 0.27% (w/v) N,N-methylenebisac-
rylamide in 0.1 M sodium phosphate buffer (pH 7.0),
0.0001 M NaN3, 0.02 M EDTA (pH 7.0), and 0.1% (w/w)
SDS were prepared by standard methods (Maizel, 1969).
The gels were preelectrophoresed at 7.7 V /em for 2 hr. The
samples containing 10% sucrose and Bromophenol Blue dye
were than layered on each gel. and electrophoresis was car-
ried out for 2.75 hr at 7.7 V/cm while the clectrophoresis
buffer, 0.1 M sodium phosphate (pH 7.0), 0.02 M EDTA.
and 0.1% (w/w) SDS, was circulated between cathode and
anode vessels. The top (cathodic) centimeter was discarded
from each gel before crushing, anode end first. in a Maizcel-
type autogeldivider (Savant Co.) and I-ml fractions werc
collected (Maizel, 1966); 10 ml of Triton X-100 scintillator
fluid (4 parts of toluene scintillator:1 part of Triton X-100)
were added to each fraction and counted in a Packard scin-
tillation spectrometer.

Kinetics of Thermal Denaruration. Heating of 30S
rRNA for precisely determined time periods at defined
temperatures was accomplished by the use of glass melting
point capillary tubes. The capillaries were loaded with 40 ul
of sample using a microsyringe and placed in a water bath
of desired temperature to initiate heating. Thermal equilib-
rium with the bath was reached in a few scconds as deter-
mined by measurement with a thermocouple placed in simi-
lar capillaries. Heating was terminated by plunging the
capillary into ice-water for 1 min. Aliquots were then re-
moved rapidly for characterization by gel electrophoresis.

Sedimentation Velocity Measurements. Moving bounda-
ry sedimentation velocity measurements were performed
employing a modified double-sector centerpiece. The alumi-
num filled Epon centerpiece had two fine V-shaped grooves
in the outer sealing surface of the centerpiece: onc joining
the tops of the two sectors and onc joining the bottoms of
the two sectors, allowing the simultaneous sedimentation of
two samples from the same meniscus position. Routincly
0.40 ml of rRNA solution of one ¢ *ncentration was loaded
into one sector and 0.39 m! of rRNA solution of a lower
concentration, or buffer alone, was loaded into the other
sector. As the rotor accelerated, the transfer of liquid from
the former sector to the latter equalized the positions of the
menisci in the two sectors. To obtain reproducible s values.
it was necessary to soak the centerpiece and quartz windows
for 30 min at room temperature in a solution of 1% (w/w)
SDS and 0.05 M EDTA (pH 7.4). The velocity sedimenta-
tion centrifugations were carried out at 26,000 rpm in an
AnD rotor at 20° with the Spinco Model E analytical ultra-
centrifuge equipped with an electronic specd control. Schii-
cren records were measured with a Nikon profile projector,
Model 6C.

Sedimentation Equilibrium Measurements. Sedimenta-
tion equilibrium analyses were performed utilizing the me-
niscus depletion technique (Yphantis, 1964). The center-
piece and sapphire windows were cleaned and assembled as
above. No fluorocarbon “cushion™ was used in these experi-
ments. All experiments were performed at 3600 rpm at 20°.
Interference fringe patterns were recorded periodically until
equilibrium had been reached as judged by the constancy of
340 1975
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the interference patterns. The centrifugations extended
from 39 hr to as long as 87 hr. The plates were measured
with the Nikon projector.

Viscosity measurements were made at 20.00 + 0.05° in
a modified Cannon-Ubbelohde Semi-Micro viscometer
which had a flow time for glass distilled water of 295 sec.
The viscometer was modified by the addition of a 5-cm long
glass tube, 0.55 c¢cm in diameter, to the upper bulb at an
angle of about 45°. This modification permitted the remov-
al of bubbles from the meniscus of the SDS containing sam-
ple prior to each flow time determination (Ray, 1972).

Temperature Dependency of rRNA Absorbance and Cir-
cular Dichroism. A Gilford Model 2000 recording spectro-
photometer was used to simultaneously record the tempera-
ture and the absorbances of the rRNA solutions as the tem-
perature was raised (or lowered) at a rate of 0.5°/min with
a Lauda K-2/R circulating heater. Circular dichroism
(CD) spectra of rRNA samples were measured as a func-
tion of temperature in a Cary Model 60 spectropolarimeter
equipped with a Cary Model 6002 circular dichroism acces-
sory. The CD spectra of samples in a 1-cm path-length cell
were recorded from 320 to 220 nm in units of degrees ellip-
ticity, #. Spectra were scanned at a rate of 2-3 A/sec, with
a constant spectral bandwidth of 15 A and an instrument
time constant of 1 sec.

Results

rRNA Purification. There is no convenient biological
assay available for the 30S rRNA molecule. Therefore, the
criteria of purity were the magnitudes of the numerical
values of the characteristic hydrodynamic parameters, sedi-
mentation coefficient and intrinsic viscosity, and the repro-
ducibility of the values of these parameters from prepara-
tion to preparation. The purification scheme consisted of
obtaining a cytoplasm-SDS fraction, a sucrose gradient
{ractionation, phenol extraction, another sucrose gradient
{ractionation, two cetyltrimethylammonium bromide pre-
cipitations, and Sephadex G-100 column chromatography.

Certain features of the purification scheme were particu-
larly important with respect to meeting the purification cri-
teria just mentioned. For example, the insertion of a sucrose
gradient fractionation of the cytoplasm-SDS fraction prior
to phenol extraction served to remove large quantities of
protein, thereby avoiding the generation of thick emulsions
at the water-phenol interfaces during the phenol extraction.
That the rRNA obtained by the subsequent phenol extrac-
tion was essentially free of protein was demonstrated by
currying out the extraction on Hela cells grown on
['*C]leucine. From the results of such an experiment it was
concluded that the upper limit on the contamination of the
purified RN A by protein was equivalent to 6700 daltons per
30S rRNA complex (Ray, 1972).

From a third sucrose gradient fractionation, not routinely
included in the purification scheme, it was evident that the
second (post-phenol stage) sucrose gradient fractionation
served to remove additional low molecular weight RNA and
reduced 18S rRNA to about 0.2% of the total RNA mass.

The utilization of CTABr precipitation was also an essen-
tial step in the preparation of 30S rRNA judged pure by the
criteria stipulated above. Different batches of 30S rRNA
obtained after the two sucrose gradient fractionations and
the phenol extraction were found to contain a glycogen-like,
high molecular weight material which appeared in the
Schlieren patterns of the analytical ultracentrifuge with a
hypersharp boundary, sce Figure 1. This substance had a
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FIGURE |: Sedimentation of non-CTABr precipitated 29S rRNA. The
two 29S rRNA samples, shown here, were prepared from a HeLa cyto-
plasm-SDS fraction, centrifuged on a sucrose gradient, phenol extract-
ed, refractionated on a sucrose gradient, dissociated from 7S rRNA by
heating 5 min at 50° in heating buffer, separated from 7S rRNA by
fractionation on a third sucrose gradient and preequilibrated with L-
NETS by elution through a G-100 Sephadex column. This picture was
taken with the analyzer angle set at 65°, 110 min after the rotor had
reached a speed of 26,000 rpm at 20°. One sector of the modified dou-
ble sector centerpiece contained 29S rRNA at a concentration of 1.800
mg/ml while in the other the concentration was 0.817 mg/ml. The
small hypersharp peak (see arrow) trailing the two 29S rRNA peaks
which appeared. in all patterns obtained with non-CTABr treated
rRNA, is due to what is thought to be glycogen-like material.

Table I: Recoveries during rRNA Purification.

Yield of 30 8 % (w/w)
Purification Step rRNA (mg) Recovery
Harvest of 250 x 10° cells, 3.0 63°
sucrose gradients
Standard phenol extraction, 1.8 60
sucrose gradients
Two CTABr precipitations 1.4 75
Total recovery 1.4 28

@ Based on 36 X 10-12 g total of RNA/cell (unpublished
results from this laboratory) and 30 S rRNA being 53% of
total cell RNA (Soeiro et al., 1968). It has been reported
that HeLa cells grown in suspension cultures contain from
20to 36 X 10-12 g total of RNA /cell (Salzman, 1959).

sedimentation coefficient of about 16S. This contaminant
was removed after precipitating the rRNA two times with
CTABTr as described in Materials and Methods. This mate-
rial did not significantly affect the reproducibility of the s
values of the rRNA, but its removal did dramatically im-
prove the reproducibility of the intrinsic viscosity measure-
ment of the 30S rRNA from batch to batch. Before the in-
troduction of CTABr precipitation, intrinsic viscosities from
batch to batch ranged from 80 to 164 ml/g.

The recoveries at the various stages of the rRNA purifi-
cation appear in Table I and an elution profile demonstrat-
ing the resolution of the 29S + 7S rRNA mixture subjected
to Sepharose 4B chromatography is illustrated in Figure 2.

Thermal Dissociation of 30S rRNA. Upon heating for 5
min at 50° at pH 5.1 in 0.025 M acetate buffer containing
0.005 M EDTA and 0.5% (w/w) SDS, HeLa cell 30S
rRNA, labeled in vivo with 32P, released 2.3 + 0.1% of its
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FIGURE 2: Sepharose 4B column chromatography of rRNA. The 0.9-
ml sample, in heating buffer, contained: 1000 cpm of '“C-labeled 7S
rRNA prepared from '*C-labeled 30S rRNA by elution from DEAE-
cellulose column in 7 M urea (Ray, 1972), 59.8 A4 260 units of 30S RNA
which had been heéated 5 min at 50° in heating buffer, prior to the ad-
dition of 0.03 g of Na;HPOQOy. The column was eluted with L-NETS
buffer at 4 ml/hr at room temperature. The radioactivity was deter-
mined on aliquots of each fraction, counted in 10 ml of Triton X-100
scintillator. The phosphate was precipitated with BaCl; to visually lo-
cate the salt peak fraction (see arrow).

T :W T I T ]
@ | @ |
600— i -
|
a
& 400 | —
N *e
| .
200 [ -
$ | 1
A ) 20

FRACTION NUMBER

FIGURE 3: Polyacrylamide gel electrophoresis (10%) of heated and
unheated 30S rRNA. 32P-labeled 30S rRNA of initial specific activity
of 2.3 X 10° cpm/mg was prepared from the cytoplasm-SDS fraction
of HeLa cells with two sucrose gradient fractionations, phenol extrac-
tion, and two CTABr precipitations. The rRNA was dissolved in heat-
ing buffer and one portion (50 ug) was heated 5 min at 50° and rapid-
ly chilled in ice. Equal portions of heated (@) and unheated (m) rRNA
were subjected to electrophoresis on separate gels and the radioactivity
was determined as described in Methods. The high molecular weight
component does not migrate into the 10% gel.

radioactivity as 7S rRNA, average of four determinations.
Figure 3 portrays the radioactivity pattern of the 10% acryl-
amide gel electrophoresis separation employed to assess the
progress of the dissociation reaction and final yield of 7S
rRNA. Over a range of initial 30S rRNA concentrations of
0.1-1.0 mg/ml, there were no significant changes in the per
cent of radiodctivity appearing as 7S rRNA under these
heating conditions.

Assuming that dissociation of the complex is a first-order
reaction, the appearance of the 7S rRNA product, P, can
be represented by the expression, P = P.(1 — e~*"), where
P . is the amount of 7S rRNA after the reaction has gone
to completion, i.e., at t — ». Since 7S rRNA is 2.3% of the
30S rRNA, the rate constant for the reaction, carried out
under a variety of conditions, could be evaluated from plots
of log {1 — 43.5[7S (cpm)/30S (cpm)]} vs. time. The ratio
term in the argument of the logarithm is the quotient of the
radioactivity recovered from the electrophoresis gels at the
position corresponding to 7S rRNA and the total radioac-
tivity applied to the gel after heating for time, t. Kinetic
studies were carried out over the temperature span from

BIOCHEMISTRY, VOL. 14, No. 2, 1975 341



TIME seconds
500 1000 5000 10000
T T L s -
¢ // A

=
20 0/ ] -2000
L 4

|
2p CPM in 75 rRNA PEAK

% CPM in 7S rRNA
)
_
k:?
a
] \
]
a
—~—

S S
/ T

— J\k\\. \. B

F i \ -
g ’\\o\\ ) \

27 A\ a4 .

fiF IO‘F—\ \' . —
Tl T

g | ' e
e \ \—‘
=N |

£ : |

' 20 e . -

B

l \. i
= —
.
> 30 —
o
o ] :
! l
1 i
[ | L N i
310 315 320

1000 / Absolute Temperature
FIGLRE 4 The kinetics of 30S rRNA dissociation. *P-labeled 30S
rRNA was prepared from the cytoplasm-SDS fraction of Hela cells
as described in the legend to Figure 3. The ionic strength of the 30S
rRNA solutions used for these kinetic experiments was carefully con-
trolled by clution with hearing buffer through G-100 Sephadex col-

scribed in Methods. (@) 39.2°: () 42.0°: (A) 44.4°; (@) 45.5°; ()
47.2°. Dircct reaction progress curves, A; lincarized progress curves, B:
and Arrhenius plot. C. The line in {rame C represents the results of a
least-squares analysis of the data.

39.2 to 47.2° at a nominal ionic strength of 0.051. The re-
sults of these experiments are summarized in Figure 4 in
the form of direct progress curves, linearized progress
curves in logarithmic form, and an Arrhenius plot. The en-
ergy of activation obtained from the slope of the least-
squares line of the Arrhenius plot is 124 + 5 kcal/mol. The
absolute reaction rate activation enthalpy was 123.5 kcal/
mol and the corresponding free energy, at 40°, and entropy
were 22 kcal/mol and 0.32 keal/(mol deg), respectively.
Several investigators have reported that the ionic
strength dependence of thermal melting of the double-
stranded helical regions of polynucleotides, at ionic
strengths of 0.2 or less, obeys the relationship, 7, = —k
log (I'/2) + ¢, where T, is the temperature at which one-
half of the total double-stranded structure of the sample has
been melted but is in equilibrium with the remaining native
342 1975
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FIGURE 5. Concentration dependence of 30S rRNA and 29S rRNA
sedimentation coefficients. (@) 30S rRNA experiments: (O) 29S
rRNA experiments. The points include data both from CTABr and
non-CTABr precipitated preparations. Sedimentations were performed
with L-NETS buffer as solvent (T'/2 = 0.122), the samples being pree-
quilibrated by elution with the buffer through G-100 Sephadex col-
umns,

form, and ¢ is a constant (Schildkraut and Lifson, 1965;
Thierr et al., 1971). We undertook studies of the dissocia-
tion reaction at various ionic strengths to determine wheth-
er this relationship applies to the dissociation of 30S rRNA.
The T, parameter, as it is usually construed, implies the
existence of an equilibrium condition. Since this dissocia-
tion of the 30S rRNA complex did not appear to be revers-
ible over the wide range of ionic strengths, temperatures,
and rRNA concentrations we studied, it is misleading to
characterize this thermal dissociation reaction in terms of
T m values. In keeping with the fact that in the case of 30S
rRNA we are considering kinetic data, rather than equilib-
rium data, we constructed a plot, not shown, of the temper-
ature at which the reaction time was 5 min vs. ~log (I'/2).
The plot was linear over the range of ionic strength exam-
ined, 0.022-0.122, and could be described by the relation:
Ti/25min = 70° + 21° log (I'/2). Hence, the dissociation
reaction behaves analogously to the thermal melting of heli-
cal polynucleotides.

Sedimentation Velocity. The concentration dependency
of the sedimentation coefficient of 30S rRNA and 26S
rRNA is shown in Figure 5. The results used to construct
this figure come from 11 separate centrifugations for each
RNA species, using material isolated from six separate
batches of Hela cells. Each 40, value plotted in Figure 5
was correclted for concentration-dependent sedimentation
resulting from radial dilution occurring during the centrifu-
gation. The concentration dependency constant, k, neces-
sary for this correction, was evaluated for the 30S rRNA,
and separately for the 29S rRNA, by an iterative process
(Ray. 1972). The least-squares ss0.w" and k values for 308
rRNA derived from the data of Figure 5 are 29.9 + 0.4 S
and 0.201 £ 0.014 ml/mg, respectively. The corresponding
values for so-called 29S8 rRNA are 29.1 + 0.14 Sand 0.224
+ 0.006 ml/mg. These values apply to the relationship, 1/
S20w = I//S 3()Mo(l + /\'C()), where ¢y is the initial RNA
concentration in mg/ml.

Viscosity Parameters. The results from viscosity experi-
ments with 30S rRNA and 29S rRNA are shown in Figure
6. The 30S rRNA data were obtained in five separate ex-
periments with RNA from three different batches of HelLa
cells. The 29S rRNA data are [rom seven experiments with
RNA from four batches of HeLa cells. Extrapolation of the
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FIGURE 6: The concentration dependence of reduced viscosity of 30S
rRNA and 29S rRNA. The rRNA was preequilibrated with L-NETS
buffer as in Figure 4. Viscosities were performed with L-NETS buffer
as solvent (I'/2 = 0.122). (@) 30S rRNA experiments; (0) 29S rRNA
experiments. The two CTABr precipitation steps were included in the
purification protocol for the RNA used in all experiments.

weighted least-squares line through each set of data points
yields an intrinsic viscosity of 74.4 £ 5.4 ml/g for 30S
rRNA and of 67.0 +£ 5.0 ml/g for 29S rRNA. Data points
were weighted inversely with the experimental variance in
the corresponding reduced viscosities. The Huggins’ con-
stants for 30S rRNA and 29S rRNA are 1.4 £ 1.7 and 2.4
+ 2.2, respectively.

Equilibrium Centrifugation Molecular Weights. The re-
sults from six sedimentation equilibrium molecular weight
determinations with 30S rRNA at four ionic strengths are
presented in Figure 7. Over the ionic strength span of
0.12-0.37 the molecular weights ranged from 1.45 X 10° to
2.08 X 10°, Within this span, there was no evidence of vari-
ation of apparent molecular weight (determined at increas-
ing r values) with concentration. Only at the highest ionic
strength studied, 0.5, did the apparent molecular weight in-
crease with increasing r values, see Figure 7. The apparent
molecular weight values vs. ionic strength are plotted in the
inset of Figure 7.

Effect of Temperature on Spectral Properties. The vari-
ation of the absorbance at 260 nm with temperature is
shown in Figure 8 for 30S rRNA and for a preheated sam-
ple, i.e., an equimolar mixture of 29S rRNA and 7S rRNA.
The virtual identity of the two profiles shows that no change
in the thermally induced hyperchromism accompanies the
release of 7S RNA, implying that no significant fraction of
secondary structure is lost irreversibly as the complex disso-
ciates. The cooling curves indicate only slight hysteresis
under these conditions. Ultraviolet difference spectra, ob-
tained by pairing 30S rRNA with a preheated portion of
the same, also showed no significant differences (Ray,
1972).

The circular dichroism spectra of 30S rRNA and the 29S
plus 7S rRNA mixture in heating buffer recorded at vari-
ous temperatures are shown in Figure 9. As can be seen,
there were no significant differences between the CD spec-
tra of the 30S rRNA and the companion mixture of 295
and 7S rRNA at 20°, regardless of whether the mixture
was prepared by rapid heating and cooling or by gradual
heating and cooling. The CD spectral changes observed at
higher temperatures, e.g., 50°, were very similar to re-
ported CD spectral changes associated with decreases in
base pairing and base stacking of RNA (Gratzer and Rich-
ards, 1971).

RNA Integrity during Physical Studies. The integrity of
the rRNA molecules at the end of each sedimentation ve-
lacity, viscosity, and sedimentation equilibrium experiment
was checked by analysis of a portion taken from the Model
E cell or viscometer and layered onto 15-30% (w/w) su-
crose gradients in NETS buffer. It was estimated that less
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FIGURE 7. Sedimentation equilibrium of 30S. The rRNA was pree-
quilibrated with the appropriate buffer as described in Methods. Cen-
trifugations were performed at 3600 rpm at 20°. The two CTABr pre-
cipitation steps were included in the purification protocol for all sam-
ples except in experiment 1. To display all data in one figure, the ordi-
nate values shown are equal to In y + ¢, where p is the fringe displace-
ment in microns and g was given a different value for each data set. (1)
r/2=0.122,4=0:(2)T/2=0.122,4=-0.0334;(3) T'/2 = 0252, g
=0.4905; (4) T'/2 = 0.252, g = 1.74%94, (5) T'/2 = 0.372, ¢ = 1.5272;
(6) I/2 = 0.500, ¢ = 2.7445. All solutions were 0.01 M Tris-HCI,
0.001 M EDTA, and 0.2% (w/w) SDS (pH 7.4) with enough NaCl
added to produce the ionic strength indicated. Inset: Apparent molecu-
lar weight of 30S rRNA as a function of ionic strength. (@) 30S rRNA
prepared with CTABr precipitation; () 30S rRNA prepared without
CTABr precipitation; (a) value obtained for HeLa 30S rRNA in 0.14
M NaCl-0.01 M EDTA (pH 7.0) at 5° (McConkey and Hopkins,
1969).
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FIGURE 8: Absorbance-temperature profiles of 30S rRNA and 29S +
7S rRNA; 30S rRNA was prepared from the cytoplasm-SDS fraction
of HelLa cells with two sucrose gradient fractionations, and phenol ex-
traction. The rRNA was dissolved in heating buffer (/2 = 0.051)
and part was heated 5 min at 50° and then rapidly cooled in ice (desig-
nated 29S + 7S rRNA). The 30S rRNA and 29S + 7S rRNA solu-
tions were slowly heated and cooled simultaneously in adjacent cuvets
and their absorbances at 260 nm recorded as described in Methods. A
circle in the figure contains, within its boundaries, absorbance values
for both native and dissociated rRNA at that temperature as the tem-
perature of the samples was raised. A square in the figure contains
within its boundaries, both absorbance values which were recorded at
that temperature as the temperature of the samples was lowered.

than 10% degradation occurred, where degradation was de-
fined as the fractional area of the gradient-absorbance pro-
file representing material sedimenting slower than the 30S
rRNA or 29S8 rRNA peaks.

Discussion

The standard protocol developed for the purification of
HeLa 30S rRNA used for the studies reported here in-
cludes: the preparation of a cytoplasm-SDS fraction, a su-
crose gradient fractionation, phenol extraction, a second su-
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FIGURE 9: Circular dichroism spectra; 30S rRNA was prepared from
the cytoplasm-SDS fraction of HeLa cells with two sucrose gradient
fractionations. phenol extraction, two CTABr precipitations, preequili-
bration in buffer by clution through a Sephadex column. and filtration
through a Millipore filter as described in Methods. The CD spectrum
of one portion was measured at 20° (-.+). The CD spectrum of this
same portion was then measured at S0° (- - -) and, after slowly cooling.
it was again measured at 20° (—). The CD spectrum of another por-
tiom which had becn heated for 5 min at 50° and rapidly cooled was
also measured at 20°, essentially the same as that for the slowly cooled
material, given by the solid line.

crose gradient fractionation, two cetyltrimethylammonium
bromide precipitations, and elution through Sephadex G-
100 columns, see Table 1. Two of these steps were included
after they proved to be essential for obtaining consistent
values of kinetic and/or hydrodynamic parameters, namely.
the removal of glycogen-like molecules by CTABr precipi-
tation of the rRNA, and the preequilibration of rRNNA with
the solvent of desired ionic strength and composition by Se-
phadex column chromatography.

The aqueous phase of phenol extracts of HeLa cell mono-
layer cultures has been shown to contain significant
amounts of polyglucose, 14.6 pg/cell (Graves, 1970). The
molecular weight of this HeLa cell polyglucose was estimat-
ed to range from 1.4 to 4.6 X 10° (Graves, 1970: Sokol er
al., 1966) and it was characterized by s-¢. values of 31-
116 S (Graves, 1967). Without the CTABr precipitation
steps, a hypersharp component always appeared in the
Schlieren optical patterns of sedimentation velocity mea-
surements of our rRNA preparations, and the 30S rRNA
intrinsic viscosity values varied drastically from batch to
batch of HeLa cells.

[t is well known that the physical properties of a polyelec-
trolyte such as rRNA are very dependent on the molecule’s
ionic environment. We observed that the sedimentation
coefficients as well as the intrinsic viscosity of the rRNA
varied greatly from experiment to experiment unless the
rRNA was first equilibrated with an arbitrarily chosen ref-
erence solvent by gel filtration.

We shall begin our discussion of the properties and struc-
tural aspects of the 30S rRNA molecule by considering the
kinetic information concerning the 7S rRNA release reac-
tion. The reaction appears to be first order and irreversible
under all the conditions explored to date, see Figure 4. The
irreversibility of the reaction is also supported by the fact
that reannealing attempts under a limited number of condi-
tions have produced less than 1% yield of a 30S-like com-
plex (Ray, 1972). Reannealing was monitored by measur-
ing the radioactivity carried into the 29-30S region of su-
crose gradients after 5.5-hr incubations at 39° of 298
rRNA with radiolabeled 7S rRNA at ionic strengths ex-
tending from 0.1 to 1.0. Sy and McCarty have shown that
“5.85" rRNA and 29S8 rRNA from sea urchin can be rean-
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nealed to some extent although with a low degree of speci-
ficity, since the reannealed complex had certain physical
properties which were significantly different than thosc of
the native sea urchin complex (Sy and McCarty, 1970).
King and Gould have obtained similar results with
“IRNA™ and 29S rRNA of rabbit reticulocytes (King and
Gould. 1970).

There is no a priori reason to suspect that the thermally
induced disruption of the 30S rRNA complex should be
readily reversible. In fact, in view of the complicated rRNA
maturation processes known to occur in vivo, it is reason-
able to suggest that any other route of complex formation
may be unlikely. Specific nucleolar proteins and maturation
modifications which are involved in the proper maturation
sequence in vivo may be absolutely essential to produce the
native 30S rRNA complex (Maden, 1971). The formation
of active insulin from pro-insulin represents a biological
precedent for these types of requirements (Steiner and
Clark, 1968). The fact that an exhaustive search hus not
been made for the appropriate reannealing conditions, of
course, must temper any statements made at this point
about irreversibility.

From the activation enthalpy of 123.5 kcal/mol for 7S
rRNA release, it can be inferred that the activation process
involves the disruption of 14 to 16 base pairs per molecule
of reactant (Ross, 1971: Krakauer and Sturtevant, 1969).
Assuming that activation is essentially a process of melting
15 base pairs, the attendant activation entropy becomes 21
G /base pair, a not unreasonable value. Activation may, and
probably does. involve more than base pair disruption. We
only wish to emphasize that the activation parameters have
respectable magnitudes. consistent with orthodox notions of
molecular events such as the melting of one moderately long
region or a few short regions of secondary structure.

Moreover, the 7S rRNA release has properties of cooper-
ativity and ionic strength dependence which arc typical of
the melting out of double-stranded helical regions in poly-
nucleotides. The very small temperature increment which
must be traversed in order to increase the amount of 7S
rRNA released in 5 min from 0 to 100%., see Figure 4A, is
characteristic of a cooperative transition. The temperature
at which the reaction half-time, 7;,>, was equal to 3 min for
HeLa 7S rRNA release was found to be proportional to the
logarithm of ionic strength. This property is characteristic
of strand separation of other double helical polynucleotides
(Schildkraut and Lifson, 1965 Thicrr er al., 1971: Gruen-
wedel er af., 1971). Similar conclusions have been made by
others with sea urchin 29S8 rRNA (Sy and McCarty, 1970)
and rabbit reticulocyte 30S rRNA (King and Gould, 1970),
although they did not report their data in the same form as
that used here. f.e., T 13 5 min vs. —log (I'/2).

We shall now direct our discussion to the results of the
velocity sedimentation experiments by first placing them in
historical perspective. As mentioned in the introductory
comments, the rRNA specics from HelLa cells which we
have designated 30S rRNA has customarily been called
288 rRNA. Sherrer and Darnell originally approximated
this s value on the basis of the relative sedimentation be-
haviors in sucrose gradients of the HeLa rRNAs and the
Escherichia coli TRNAs (Sherrer and Darnell, 1962). The
s values of these procaryotic rRNAs had been established
by boundary sedimentation in the analytical ultracentrifuge
at an ijonic strength of 0.1 (Kurland, 1960). Apropos to this
assignment are the facts that the ionic strength of the Sher-
rer-Darnell sucrose gradients was apparently only 0.057,
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and that the RNA they designated 28S rRNA was isolated
by a procedure employing hot phenol, a condition shown
later to dissociate the 30S rRNA complex (Pene et al.,
1968). Our value of 29.1 £ 0.1S for the sedimentation con-
stant of the /arger fragment derived from the 30S complex,
determined by boundary sedimentation techniques at an
ionic strength of 0.12, is thus in reasonable agreement with
the estimate of 28S by Scherrer and Darnell.

King and Gould obtained values for rabbit reticulocyte
rRNA in 0.1 M KC1-0.01 M Tris (pH 7.6) (T'/2 = 0.11) of
29.8S and 29.2S for species corresponding to HeLa cell 30S
and 29S rRNA, respectively (King and Gould, 1970). Since
the 52040 values for rabbit reticulocyte and HeLa rRNA
under similar conditions are essentially the same, and since
it has been shown that HelLa, rat liver, mouse liver, and
rabbit reticulocyte 285 rRNA are inseparable by gel elec-
trophoresis (Loening, 1968), perhaps all larger rRNA com-
ponents from mammalian cells should be referred to as 29S
rRNA and 30S rRNA for the heated and native form, re-
spectively, and indeed we have followed this practice in this
report. We also want to emphasize the obvious importance
of using properly defined sedimentation coefficients of
marker rRNA species when estimating relative sedimenta-
tion coefficients and molecular weights of other types of
RNA,

Just as there has been ambiguity about the sedimentation
coefficient of the rRNA complex in question, there has also
been uncertainty about the molecular weight of this species
or, depending on the point of view, the nature of the solvat-
ed molecular entity to which any given apparent molecular
weight should apply. Assuming the integrity of the RNA is
maintained during the period of measurement and the ab-
sence of any unknown systematic errors, the preferential in-
teraction of any solvent component can be considered the
source of apparent molecular weight variability with solvent
composition. According to Casassa and Eisenberg, the ap-
parent molecular weight becomes equal to the molecular
weight of the species to which the macromolecular solute
concentration refers, if (1) the equilibrium centrifugation is
performed on an exhaustively dialyzed sample for which the
paired reference solvent is the dialysate, and (2) the requi-
site specific volume is determined from density measure-
ments on the same dialyzed solution and dialysate (Casassa
and Eisenberg, 1964).

The 30S rRNA samples used in the present study had, in
effect, been exhaustively dialyzed against buffer by Sepha-
dex G-100 column chromatography. To meet the other Ca-
sassa-Eisenberg criterion, the appropriate apparent specific
volume should have been determined at each ionic strength.
Since such measurements were unavailable, it was decided
to use the apparent specific volume value of 0.53 ml/g
throughout (Petermann and Pavlovec, 1966). This value
was obtained with dialyzed non-CTABr precipitated Jensen
sarcoma rRNA in 0.1 M NaCl-0.01 M NaOAc (pH 4.6).
The observation that the apparent molecular weights in-
creased with increasing ionic strength, Figure 7, is consis-
tent with the view that preferential interaction effects are
primarily the result of the polyelectrolyte nature of RNA.
If we assume that at the higher ionic strengths, e.g,
0.377-0.5, the equation

‘\lapparent =\ - 1/22113(1 - D:ap)/(l - 17'2/))

becomes applicable to this system (Tanford, 1967) and if
we accept the not unreasonable assumption that the charge

per nucleotide unit at ionic strengths ranging from 0.05 to
0.4 is between —0.3 and —0.5 (Felsenfeld and Miles, 1967;
Ross and Scruggs, 1964; Olivera et al., 1964), then the ap-
parent molecular weight at I'/2 = 0.377 is probably within
6-8% of that of the unsolvated sodium ribonucleate. On the
basis of this line of reasoning we conclude that the molecu-
lar weight of HeLa 30S rRNA is 2.1 X 10°. This is in essen-
tial agreement with the earlier reported molecular weight
value of 1.9 X 10° determined by equilibrium centrifuga-
tion (McConkey and Hopkins, 1969). Unfortunately, the
data in the inset of Figure 7 do not allow one to draw a de-
finitive conclusion about the limiting molecular weight at
high ionic strength. Evaluations at higher ionic strengths
than those employed here would be difficult to interpret
since, at the highest ionic strength used, the tendency for
apparent aggregation was evident. Furthermore, as the salt’
concentration increases, preferential interactions of specific
solvent components generally become a more significant un-
known factor.

The molecular weight of 29S rRNA, on the basis of our
melting experiments employing 3?P-labeled 30S rRNA, is
considered to be 2.3% less than that of the parent complex,
namely, 2.05 X 10° By the same token, 7S rRNA is as-
signed a molecular weight of 47,800. The latter value corre-
sponds to 148 nucleotides based on the reported nucleotide
composition (Pene et al., 1968). This is very near the value
of 150 nucleotides estimated by these same authors from
relative gel electrophoretic mobilities.

If one assumes that 30S rRNA and 29S rRNA have the
same partial specific volumes and Scheraga-Mandelkern 3
functions, the molecular weight of the 29S rRNA, calculat-
ed from the sedimentation coefficients and intrinsic viscosi-
ties reported here, is 91 + 8% of that of the 30S rRNA
complex. The molecular weight of the 29S rRNA obtained
by difference from the radiolabeling experiment is within
the experimental error of that calculated for 29S rRNA
from the Scheraga-Mandelkern relation. There is no com-
pelling reason to believe that the slight difference in molec-
ular weights of 29S rRNA obtained by these two approach-
es reflects a conformational change which would negate the
validity of the above assumption about identity of 8 factors.

The absence of significant conformational alterations ac-
companying the release of 7S rRNA is also evident from a
consideration of the essentially identical temperature re-
sponses of the 260-nm absorption and of the circular di-
chroism spectra. Undoubtedly some change in secondary
and tertiary structure accompanies the quaternary structure
change, but this is probably only significant in the product
of lesser mass, the 7S rRNA. Since the spectral probes yield
information averaged over all the chromophores present,
the effect is not detectable.

In summary, we demonstrate that the 30S rRNA com-
plex isolated from HeLa cells is a temperature-labile com-
plex which dissociates, probably irreversibly, with an acti-
vation enthalpy of 123.5 kcal/mol and an activation entro-
py of 0.32 kcal/(mol deg). The magnitude, cooperative na-
ture, and ionic strength dependence of the rate constants
are consistent with the picture of the activation step being a
process of double strand separation. The molecular weight
of the complex is 2.1 X 10° and the complex is hydrody-
namically characterized at an ionic strength of 0.12 by a
sedimentation coefficient of 29.9 + 0.4S and an intrinsic
viscosity of 74.4 + 5.4 ml/g. No conformational difference
could be detected between the 29S rRNA in the denatured
free state and the native 30S complexed state.
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