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ABSTRACT: The preparative fractionation of RNA on polyac-
rylamide gels using an apparatus which continuously elutes the
RNA from the bottom of the gel is described. Several parame-
ters which affect the ability to resolve RNA species of different
mobility have been studied, including gel length, amperage, ac-
rylamide concentration, amount of RNA, and elution rate. The
values of these parameters which provide optimal resolution
are presented and discussed. The rate of elution from the pre-
parative gel decreases with increasing molecular weight but not
in a way that can be described by a simple function. The recov-
ery of up to I mg of RNA in the eluted fractions is essentially

R)lyacr_vlamide gel electrophoresis is a powerful technique for
fractionating proteins and nucleic acids. Preparative tech-
niques have been developed and used successfully in the isola-
tion of proteins but more difficulty has been encountered in
adapting this technique to the preparative fractionation of
RNA. The literature contains relatively few descriptions of at-
tempts to fractionate RNA by preparative polyacrylamide gel
clectrophoresis (Lanyon et al., 1968; Malacinski, 1970; Popes-
cu et al., 1971, 1972; Landos and Bresnick, 1972; Shimada et
al., 1973) and in these reports the resolution obtained did not
approach that characteristic of analytical polyacrylamide gel
clectrophoresis.

An exception to this statement is the use of large slab gels
for the separation of oligonucleotides produced by RNase di-
gestion of various mRNA preparations for sequence purposes
(Adams er al., 1969). In this case the fractions of interest are
usually identified by autoradiography and then cut out of the
polvacrylamide slab and extracted from the gel by homogeni-
zation and diffusion. Although time consuming, the physical
extraction method is reasonably efficient for small molecular
weight RNA. However, a more convenient method would be to
elute the RNA continuously from the bottom of the gel even
though this would decrease the resolution.

This paper includes a description and characterization of an
apparatus which is capable of fractionating high molecular
weight RNA on a preparative scale and which provides resolu-
tion similar to that obtained using analytical polyacrylamide
gels for RNA identification. Numerous parameters affecting
the preparative fractionation of RNA have been investigated.
These include the effect of 'amperage. length of gel. elution
rate, gel porosity, and size of load on RNA fractionation. RNA
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complete as measured by recovery of absorbance, radioactivity,
and mRNA template activity. High molecular weight rRNA is
recovered intact and there is no detectable contamination of
23S Escherichia coli rRNA by 16S rRNA, or vice versa. Anal-
ysis of the size of bacteriophage T7 lysozyme mRNA activity
by preparative polyacrylamide gel electrophoresis reveals that
the mRNA migrates as several discrete species with unique
mobilities, suggesting among other possibilities that this
mRNA may be processed prior to translation in the infected
cell.

molecules are eluted according to their molecular weight and
nearly 100% recovery of optical density, radioactivity in the
form of labeled RNA, and mRNA activity in the form of T7
lysozyme mRNA activity is obtained. In addition, a demon-
stration that the T7 lysozyme message exists as several discrete
species is described and discussed.

Materials and Methods

a. RNA Extraction. RNA was prepared from Escherichia
coli B (Studier, 1969) and T7L infected E. coli B by a phenol-
extraction method described by Bolle ez a/. (1968) and further
described by Hagen and Young (1973).

Samples of sea urchin and mouse RNA were generously sup-
plied by Byron Gallis. The sea urchin (Strongylocentrotus pur-
puratus) RNA was prepared by phenol extraction of sea ur-
chin embryos in the morula (100 cell stage) developmental
stage according to the method described by Aviv and Leder
(1972). The mouse RNA was prepared by the same technique
from GPC-11 mouse tumor cells (Riblet and Herzenberg,
1970). Mouse rRNA sediments at 18 S and 28 S and sea ur-
chin rRNA sediments at 18 S and 26 S. The molecular weights
associated with these species are taken from Loening (1968).

b. Cell-Free Protein Synthesis. The S-30 extract was pre-
pared from E. coli MRE 600 as described by Capecchi (1966)
and used for protein synthesis as originally described by Salser
et al. (1967) and later outlined by Hagen and Young (1973).

c. Assay for Lysozyme Activity. The amount of lysozyme ac-
tivity produced by in vitro protein synthesis was determined by
measuring the rate of release of radioactive cell-wall compo-
nents from radioactive filter discs prepared as devised by W.
Leutgeb and V. Schwarz and described by Schweiger and Gold
(1969) (Hagen and Young, 1973).

d. RNA Preparative Polyacrylamide Gel Electrophoresis.
The preparative polyacrylamide gel electrophoresis apparatus
used for RNA fractionation is shown in Plate 1 and Figure 1.
The apparatus was originally designed by Dr. Gordon Hager,
redesigned by Dr. Mike Gardner and Dr. Robert Cleland, and
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PLATE I: Preparative gel apparatus. The apparatus is shown assembled
as for electrophoresis but without a gel in the gel tube or electrophore-
sis buffer in the reservoir chambers.

subsequently modified for RNA preparative electrophoresis by
one of the authors (F. S. H.).

The reagents and concentrations used in preparing electro-
phoresis buffer and polyacrylamide gels are those of Loening
(1969) with the exception that sodium dodecyl sulfate is delet-
ed from the preparations. The acrylamide is electrophoresis pu-
rity grade acrylamide from Bio-Rad Laboratories and the bisa-
crylamide is recrystallized V,N’-methylenebisacrylamide from
Eastman Organic Chemicals. The 1 X RNA electrophoresis
buffer (REB) is 40 mM Tris (pH 7.8)-20 mM sodium acetate-
2 mM EDTA; 10 ml of acrylamide gel solution is prepared by
mixing 2 ml of 5 X REB, 5 ul of freshly prepared 10% (w/v)
ammonium persulfate, an appropriate amount of stock acryl-
amide solution, 15% (w/v) acrylamide and 0.75% (w/v) bisac-
rylamide, and enough water to make the solution up to 10 ml.

An acid-washed, sterile gel tube 100 mm X 15 mm i.d. is
closed off at one end with parafilm. The acrylamide solution is
prepared, swirled to mix, and quickly pipetted into the gel tube
to the desired height, usually 2-5 cm. About 1 cm of water is
layered on the top of the gel solution by means of a peristaltic
pump. A smooth sharp boundary is formed between the water
and gel solution allowing the gel to polymerize with a flat top
surface. Both top and bottom surfaces of the gel must be flat,
smooth, and orthogonal to the long axis of the gel tube for opti-
mal resolution.

After allowing the gel to polymerize, the water overlaying
the gel is removed. After removing the parafilm from the end
of the gel tube, the gel tube is inserted into the elution cell
(Figure 1c) while both the elution cell and the bottom of the
gel tube are submerged in electrophoresis buffer. This facili-
tates insertion of the tube and lessens the possibility of trapping
air bubbles between the gel and the nitex retainer. The bottom
of the gel comes to rest against the nitex retaining ring (Figure
1b) which prevents the gel from sliding out of the gel tube dur-
ing electrophoresis. The insertion of the gel tube into the elu-
tion cell forms a flow chamber (Figure 1d) between the end of
the gel and the dialysis membrane (Figure 1¢) stretched tightly
across the bottom of the elution cell, secured by means of a
large acrylic washer (Figure 1f) and four screws. Care should
be taken to avoid trapping air bubbles between the nitex retain-
ing ring and the bottom of the gel since one small bubble will
reduce resolution significantly.

The gel tube is inserted into the top buffer reservoir chamber
and is secured by an O-ring in the floor of the chamber. The
assemblage is set into the lower buffer reservoir three-fourths
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FIGURE 1: Elution cell. This figure is an extended artist’s drawing of
the elution cell of the preparative electrophoresis apparatus. The ele-
ments of the flow cell are indicated with letters: (a) gel tube, (b) nitex
retaining ring, (c) body of elution cell with O-rings and elution tubing,
(d) elution chamber, (e) dialysis mehbrane, (f) acrylic washer, and (g)
nylon screw. Outside diameter of gel tube is 17 mm.

full of electrophoresis buffer. The assemblage is tipped to allow
bubbles trapped against the dialysis membrane by the acrylic
washer to escape. A peristaltic pump pumps 1 X REB through
the elution chamber. The electrophoresis buffer is pumped out
of the elution chamber rather than into the elution chamber
because the action of the peristaltic pump creates air bubbles
which can become trapped in the elution chamber if the pump
is connected to the inlet tubing of the flow cell. By again tip-
ping the top reservoir assemblage, the buffer carries out air
bubbles caught in the elution chamber. Once the bubbles are
removed the pump is set to a flow rate of 0.15 ml/min. The top:
reservoir buffer chamber is filled with 1 X electrophoresis buff-
er. The RNA sample is layered onto the top of the gel in a su-
crose solution by means of a Carlsberg micropipet. The volume
of the sample should be large enough to uniformly cover the
top of the gel. Samples as large as 0.8 ml have been used with-
out undue loss of resolution. A typical sample preparation
would be: 20 ul of 50% sucrose, 4 ul of 25 X REB, and 75 ul of
RNA solution; 200 ug of RNA gives optimal resolution but
amounts of RNA up to 1 mg can be run with satisfactory reso-
lution. The electrodes of the electrophoresis apparatus are con-
nected to a power supply and a constant current is applied. The
electrophoresis is carried out at room temperature. The ef-
fluent absorbance is monitored by an LKB ultraviolet absorp-
tiometer detector unit with chart recorder prior to collection.

Detailed specifications of the apparatus are available from
the authors. It is also available commercially from Savant In-
struments.

Results

a. The Effect of Amperage on RNA Fractionation. The first
parameter to be investigated in determining optimal conditions
for RNA preparative electrophoresis was the amount of cur-
rent.

In order to distinguish the effect of amperage on band shape
during migration through the gel from its effect on elution
from the gel, the amperage which produced flat, sharp bands
was determined by electrophoresing E. coli and sea urchin
RNA at various amperages, 15, 20, 25, 30, and 35 mA, and
then staining the RNA in situ. The results indicated that 15
mA provided optimal resolution according to these criteria.
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FIGURE 2: Optical density elution profiles of E. coli RNA preparative-
ly electrophoresed by different amounts of amperage; 200 ug of E. coli
RNA was electrophoresed on a 3-cm, 2.5% acrylamide gel with a con-
stant current indicated below, an elution flow rate of 0.1 ml/min, and
fraction time of 10 min. The optical density of the effluent was contin-
uously monitored by an ultraviolet absorptiometer detector unit and re-
corded by a chart recorder. The optical density profiles on the chart
were traced directly for this figure. The absorbance plotted ‘on the ordi-
nate is a relative absorbance. The fraction numbers on the abscissa are
real: (a) 30 mA, (b) 25 mA, (c) 20 mA, (d) 15 mA.

Higher current caused curvature of the bands indicating differ-
ential heating of the gel.

In the next experiment £. coli RN A was preparatively elec-
trophoresed at amperages of 15, 20, 25, and 30 mA under con-
ditions of complete electrophoresis and elution. The elution

Il
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FIGURE 3: The effect of elution rate on the fractionation of E. coli
RNA and sea urchin RNA by preparative polyacrylamide gel electro-
phoresis: 90 ug of £. coli and 115 ug of sea urchin RNA were electro-
phoresed on a 2.8-cm, 2.5% acrylamide gel with a constant current of
15 mA, fraction time of 10 min, and an elution flow rate as indicated
below. The optical density of the effluent was continuously monitored
by an ultraviolet absorptiometer detector unit and recorded by a chart
recorder. The optical density profiles on the chart were traced directly
for this figure. The absorbance plotted on the ordinate is a relative ab-
sorbance. The fraction numbers on the abscissa are real: (a) 0.3 ml/
min, (b) 0.2 ml/min, (¢) 0.15 ml/min, (d) 0.1 ml/min, (e) 0.05 ml/
min.
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FIGURE 4: Optical density profiles of E. coli RNA preparatively elec-
trophoresed on polyacrylamide gels of different lengths; 205 ug of £.
coli RNA was electrophoresed on a 2.5% acrylamide gel, with a con-
stant current of 15 mA, an elution flow rate of 0.15 ml/min, a fraction
time of 10 min, and length of gel as indicated below. The optical densi-
ty of the effluent was continuously monitored by an ultraviolet absorp-
tiometer detector unit and recorded by a chart recorder. The optical
density profiles on the charts were traced directly for this figure. The
absorbance plotted on the ordinate is a relative absorbance. The frac-
tion numbers on the abscissa are real: (a) 1-cm gel, (b) 2-cm gel, (¢)
3-cm gel, (d) 4-cm gel, (e) 5-cm gel.

profiles obtained are shown in Figure 2. The lowest amperage,
15 mA, gave the greatest separation between the optical densi-
ty peaks of the stable RNA with the degree of separation de-
creasing with increasing amounts of current. As the current
and consequently the rate of migration decreased, the peaks
were broadened, but this effect did not negate the advantage of
the greater peak separation at low current.

b. The Effect of Elution Rate on RNA Fractionation. E.
coli and sea urchin RNA were preparatively electrophoresed at
elution rates of 0.05, 0.1, 0.15, 0.2, and 0.3 ml/min while all
other conditions were held constant. The pattern of fraction-
ation was followed by monitoring the optical density of the ef-
fluent flowing from the electrophoresis elution chamber (Fig-
ure 3). At low elution rates the optical density peaks are some-
what broader and have a tendency to merge into one another as
shown by the 16S and 18S peaks eluted at 0.05 ml/min (Figure
3a). At high elution rates the RNA is considerably diluted in
the elution chamber. The resolution at intermediate elution
rates seems optimal since the peaks eluted at these elution rates
are the most symmetrical and the RNA is not diluted unneces-
sarily.

¢. The Effect of Gel Length on RNA Fractionation. In order
to study the effect of gel length on the resolution of RNA elut-
ed from the gels, E. coli RNA was preparatively electrophor-
esed on gels 1, 2, 3, 4, and S cm in length (Figure 4). Increase
in gel length is accompanied by a substantial increase in dis-
tance between the peaks. It seems clear that the longer gels
produce better resolution of the RNA species but the use of
longer gels is also accompanied by a decrease in peak height
and a broadening of the optical density peaks due to the added
diffusion during the longer electrophoresis runs.

d. The Effect of Acrylamide Concentration on RNA Frac-
tionation. Mixtures of E. coli, sea urchin, and mouse tumor
RNA were preparatively electrophoresed on gels containing
2.0, 2.2, 2.35, and 2.5% acrylamide. Mouse rRNA was includ-
ed to provide a molecular weight marker larger than the 26S
rRNA component of sea urchin. The fractionation of the RINA
was monitored by recording the absorbance of the elution buff-
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FIGURE 5: Optical density profiles of E. coli, sea urchin, and mouse
RNA preparatively electrophoresed on polyacrylamide gels of different
% acrylamide. Mixtures of 100 ug of £. coli RNA, 90 ug of sea urchin
RNA, and 78 ug of mouse RNA were electrophoresed on a 3-cm gel,
with a constant current of 15 mA, fraction time of 10 min, elution flow
rate of 0.15 ml/min, and % acrylamide as indicated below. The optical
density of the effluent was continuously monitored by an ultraviolet
absorptiometer detector unit and recorded by a chart recorder. The op-
tical density profiles obtained on the charts were traced directly for this
figure. The absorbance plotted on the ordinate is a relative absorbance.
The fraction numbers on the abscissa are real: (a) 2.0% gel, (b) 2.2%
gel, (¢) 2.35% gel, (d) 2.5% gel.

er flowing from the elution chamber during electrophoresis
(Figure 5). Analyzing these data one observes that the frac-
tionation obtained on the 2.0% gel resolved the rRNAs into dis-
tinguishable but overlapping peaks. With increasing acrylam-
ide concentration the peaks become better resolved, particular-
ly the peaks representing the high molecular weight RNA. The
greater peak separation produced by the higher per cent gels is
also, however, accompanied by a decrease in peak height and
an increase in peak width such that in the 2.5% gels some of the
peaks of higher molecular weight RNA almost disappear. The
decreased peak height of the larger RNA molecules is probably
due to their experiencing more difficulty leaving the gel matrix
and entering the elution chamber. Because of this reduced exit
rate from the gel, the larger RNAs become greatly diluted by
the elution buffer and cause the peak profiles to be lowered and
broadened. This problem will be further discussed in the next
section.

e. Are RNAs Eluted According to Their Molecular Weight?
It has been shown by Loening (1969) and others that there is a
linear relationship between the mobility of RNA in polyacryl-
amide gels and the logarithm of its molecular weight. When
initial fractionations of RNA by preparative polyacrylamide
gel electrophoresis were tested for this property it seemed that
the same relationship did not hold for the separation of RNAs
by this method. It was therefore of interest to determine wheth-
er this deviation from the expected results developed during the
migration of the RNA through the gel material or whether the
discrepancy was produced during elution of the RNAs from
the gel surface.

Mixtures of E. coli, sea urchin, and mouse tumor RNA were
preparatively electrophoresed on 5-cm gels of 2.0, 2.2, 2.35,
and 2.5% acrylamide. The period of electrophoresis was con-
trolled such that the bands of rRNAs remained on the gels in
comparable positions. The gels were removed from the gel
tubes, stained for RNA and destained. The distance the RN As
had migrated was measured and plotted against the logarithm
of the molecular weight of the RNA as shown in Figure 6. This
study reveals that the RNAs migrate through the gel material
at a rate which is inversely linearly proportional to the loga-
rithm of their molecular weights at all of the acrylamide con-
centrations tested, as is routinely observed in the smaller diam-
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FIGURE 6: Relationship between molecular weight and electrophoretic
mobility of RNA electrophoresed on different % polyacrylamide gels in
the preparative electrophoresis apparatus. Mixtures of 75 ug of E. coli
RNA, 150 ug of sea urchin RNA, and 150 pg of mouse tumor RNA
were electrophoresed on 5-cm polyacrylamide gels with a constant cur-
rent of 15 mA and a time period of electrophoresis necessary to electro-
phorese the rRNAs to comparable positions in the gels. The gels were
removed from the gel tubes and stained for 1 hr with a solution of 0.2%
Methylene Blue, 0.2 M sodium acetate, and 0.2 M acetic acid. The gels
were destained overnight in a large tub of water agitated with a stirring
bar. The migration distances of the RNAs (16 S, 18 S; 23 S, 26 S, and
28 S) were measured by eye with a ruler. Since the RNA bands had
been electrophoresed to similar positions in the gels for better resolu-
tion and comparison, plotting the distance migrated against the log of
the molecular weight of the RNAs would have produced overlapping
lines. Therefore, the relative mobilities were plotted against the log of
the molecular weight of the RN As in order to generate each curve. The
position of each curve along the abscissa is arbitrary. The molecular
weight values of £. coli rRNAs are those of Stanley and Bock (1965)
and for sea urchin and mouse rRNA are those of Loening (1968). The
per cent gel used is noted in order from left to right: (O) 2.5%; (M)
2.35%; (@) 2.2%; and (O) 2.0%.

eter analytical gels. This finding suggested that the problem
was one of elution of the RNAs rather than the migration of
the RNAs in the gel material.

To substantiate the foregoing conclusion the elution profiles
of the experiment described in the preceding section and shown
in Figure 5 were analyzed to obtain the elution positions of
RNAs fractionated by gels of 2.0, 2.2, 2.35, and 2.5% acrylam-
ide. The elution positions of the RNAs were denoted by the
fraction in which the RNAs were collected. The fraction num-
bers thus obtained were plotted against the logarithm of the
molecular weight of the RN As as shown in Figure 7. It is clear
that the points plotted in Figure 7 do not fall on straight lines.
It appears, therefore, that the deviation from the straight lines
shown in Figure 6 develops during elution of the RNA. This
deviation from linearity is less pronounced as the per cent ac-
rylamide in the gel decreases. Even though RNA is not frac-
tionated strictly according to the logarithm of its molecular
weight by this preparative method, estimations of molecular
weight of the RNA separated by this method can still be made
if appropriate molecular weight standards are used.
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FIGURE 7: Relationship between molecular weight and elution position
of RNA preparatively electrophoresed on different % polyacrylamide
gels. Elution positions of 16S, 18S, 23S, 26S, and 28S RNA (E. coli,
sea urchin, and mouse tumor RNA) were determined from elution pro-
files of Figure 5. The elution positions were denoted by the fraction
number in which the RNA was collected. The fraction number was
plotted against the log of the molecular weight of the RNA. The per
cent gel used is noted in order from left to right: (O) 2.0%; (@) 2.2%;
(@) 2.35%; and (@) 2.5%.
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FIGURE 8: The load capacity of the preparative electrophoresis appara-
tus. Different amounts of E. col/i RNA as indicated below were electro-
phoresed on a 5-cm, 2.5% polyacrylamide gel with a constant current
of 15 mA, an elution rate of 0.15 ml/min, and a fraction time of 10
min. The same gel was used for all of the fractionations. The optical
density of the effluent was continuously monitored by an ultraviolet
absorptiometer detector unit and recorded by a chart recorder. The ab-
sorbance profiles on the chart were traced directly for this figure. The
absorbance plotted on the ordinate is a relative absorbance. The frac-
tion numbers on the abscissa are real: (a) 246 ug, (b) 492 ug. (c) 738
ug. (d) 984 ug.

f. Effect of Load Size on RNA Fractionation. In order to de-
termine the amount of RNA which is fractionated with opti-
mal resolution and also to determine the maximum amount of
RNA which can be fractionated with satisfactory results, vary-
ing amounts of E. coli RNA were electrophoresed on a S5-cm,
2.5% polyacrylamide gel. The results are shown in Figure 8 for
0.25, 0.50, 0.75, and 1.0 mg of RNA. Optimal resolution, as
judged by the symmetry and the separation of the peaks in the
absorbance profile, is achieved with 0.25 mg of RNA. Lower
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FIGURE 9: Optical density and radioactivity profiles of labeled £. coli
RNA fractionated by preparative polyacrylamide gel electrophoresis;
100 ug of labeled E. coli RNA (prepared from cells grown for 0.2 gen-
eration in the presence of [*H]uridine) was electrophoresed on a 2.5-
cm, 2.7% polyacrylamide gel with a constant current of 15 mA, an elu-
tion flow rate of 0.1 ml/min, and a fraction time of 10 min. The ab-
sorbance at 260 nm of each fraction was determined by a Beckman
spectrophotometer after collection. The background absorbance was
not subtracted from plotted data; 300 ul of the 1-ml fractions were
counted in Bray's solution to determine the amount of radioactivity in
each fraction. The recoveries of absorbance and radioactivity are
shown in Table I: (O) A260 nm; (A) cpm 3H.
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TABLE I: Recovery of Optical Density, Radioactive RNA, and
Lysozyme mRNA Activity after Fractionation by Preparative
Polyacrylamide Gel Electrophoresis.

Radio- Lysozyme
Absor- active mRNA

bance RNA Activity

260 nm (cpm) (cpm)

Total applied to gel 2.48 91,880 99,000
Total recovered from gel  8.10 90,400 153,700
Total background 5.70 2,460 70,000
Net recovered 2.40 88,940 83,700
9% recovered 97 97 84

amounts of RNA were also tested and did not significantly im-
prove the fractionation profile. As the amount of RNA is in-
creased above 0.25 mg there is a significant broadening and
tailing of the RNA peaks, although the separation is still ade-
quate with 1 mg of RNA. It also appears in the figure that the
peak-to-peak distance decreases as increasing amounts of
RNA are electrophoresed. Part, but not all, of this effect is
caused by using the same gel for all of the fractionations pre-
sented in Figure 8. Repeated use of the same gel results in an
unexplained increase in mobility during the subsequent run,
but this effect is not large enough to account for the increase in
mobility that occurs when large amounts of RNA are electro-
phoresed. That the effect of rerunning the gel is too small to
account for the mobility increase observed in Figure 8 has been
verified by electrophoresing the same amount of RNA on the
same gel several times. Therefore, we attribute part of the loss
of resolution at high RNA concentrations to an enhanced mo-
bility of the RNA which might be caused by an increased local
ionic concentration in the RNA band.

If more than 1 mg of RNA is applied to the gel, there is a
significant loss of rRNA that cannot be recovered from the gel.
In particular the 23S rRNA is recovered in poor yield when
more than 1 mg of RNA is electrophoresed. We attribute this
selective loss to aggregation which we assume occurs when the
RNA reaches high concentrations as it stacks prior to entering
the gel.

g. Recovery, Integrity, and Purity of Fractionated RNA. As
discussed in a previous section (e), high molecular weight
RNA is retarded in leaving the gel. In order to determine
whether this effect also causes a loss of some of the RNA ap-
plied to the gel, we measured the recovery of RNA eluted from
the gel as determined by three parameters: optical density, ra-
dioactivity, and mRNA template activity. Radioactive E. coli
RNA was layered on a 2.5-cm, 2.7% polyacrylamide gel and
preparative electrophoresis was carried out as described pre-
viously. The profile of radioactivity and absorbance is shown in
Figure 9. As expected from the long labeling time essentially
all of the radioactivity is associated with the tRNA and rRNA.

The recovery of absorbance and radioactivity in the eluted
fractions was determined. These data, shown in Table I, indi-
cate that 97% of both radioactivity and absorbance are recov-
ered in the fractions eluted from the gel. Thus, even in a gel of
high acrylamide concentration (2.7%) virtually all of the RNA
is eluted, even though the 23S rRNA is retarded in leaving the
gel (Figure 7).

In order to determine whether or not the size of the RNA is
altered by the fractionation procedure, the fractions containing
the 16S and 23S RNA species from the initial separation were
separately pooled and concentrated by ethanol precipitation.
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FIGURE 10: Reelectrophoresis of 16S and 23S E. coli rRNA; 1 mg of
E. coli RNA was electrophoresed on a 5-cm, 2.5% polyacrylamide gel
with a constant current of 15 mA, an elution rate of 0.15 ml/min, and
a fraction time of 10 min. The absorbance of the effluent was contin-
uously monitored by an ultraviolet absorptiometer detector unit and re-
corded by a chart recorder. The fractions containing the 16S.and 23S
RNA were pooled separately, made 0.2 M in NaOAc (pH 5.2) and
precipitated with three volumes of 95% ethanol. The RNA was collect-
ed by centrifugation, washed with 70% EtOH, dried under vacuum at
room temperature, and resuspended in 100 ul of H20. The total sam-
ples were separately reelectrophoresed on the same gel and under the
same conditions used for the initial fractionation: (a) rerun 23S RNA,
(b) rerun 16S RNA, (c¢) initial fractionation of £. coli RNA.

The complete samples were reapplied to the gel and again frac-
tionated. As is shown in Figure 10, the RNA species migrate to
the positions expected of intact 16S and 23S RNA. There is no
evidence for breakage of the RNA.

This experiment also indicates that there is no detectable
contamination of 168 RNA with 23S RNA, and vice versa.
The amount of each species recovered during reelectrophoresis
is reduced slightly from the initial fractionation due to losses
through collection and precipitation.

Equally as important as total recovery is the ability to recov-
er intact and biologically functional RNA after the preparative
separation procedure. Figure 10 shows that rRNA is not detec-
tably degraded during electrophoresis and elution. In order to
determine whether biologically active mRNA could be eluted
from the gel, we measured the recovery of T7 lysozyme mRNA
activity. RNA extracted 14 min after T7 infection and contain-
ing lysozyme mRNA activity (Hagen and Young, 1973) was
preparatively electrophoresed on a 2.8-cm, 2.6% polyacrylam-
ide gel. The RNA in the eluted fractions was alcohol precipi-
tated after adding tRNA as a carrier. The RNA in each frac-
tion was tested for its ability to stimulate in vitro synthesis of
lysozyme. The profiles of absorbance and lysozyme mRNA ac-
tivity are shown in Figure 11. The optical density profile rec-
ords the usual distribution of 4S, 16S, and 23S rRNA. The ly-
sozyme mRNA activity is distributed in at least three major
peaks, ranging in apparent molecular weight from about 0.7 X
106 to less than 0.5 X 10%. The observation that lysozyme
mRNA activity does not migrate as a single discrete compo-
nent has been observed repeatedly, although the distribution of
mRNA activity among the peaks shown in Figure 11 does vary
in different experiments. The possible significance of this ob-
servation will be presented in the Discussion.

The recovery of lysozyme mRNA activity was determined
by summing the lysozyme mRNA activity measured in all of
the fractions and comparing the total so obtained with the
amount of mMRNA activity in the RNA applied to the gel. This
calculation (Table I) reveals that 84% of the mRNA activity is
recovered from the gel. The per cent recovery of biologically
active mRNA from the gel is more variable than the recovery
of absorbance, which is always approximately 100%. The main
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FIGURE 11: Absorbance and T7 lysozyme mRNA activity profiles of
RNA fractionated by preparative polyacrylamide gel electrophoresis;
180 ug of RNA extracted from T7L infected £. coli B at 14 min after
infection was electrophoresed on a 2.8-cm, 2.6% polyacrylamide gel
with a constant current of 15 mA, an elution flow rate of 0.1 ml/min,
and a fraction time of 10 min. The optical density of the effluent was
continuously monitored by an ultraviolet absorptiometer detector unit
and recorded by a chart recorder. The absorbance profiles on the chart
were transposed to graph paper for this figure. The RNA in each frac-
tion was ethanol precipitated, washed with 70% ethanol, collected by
centrifugation, and dried under vacuum at room temperature. The
RNA was resuspended in 40 ul of distilled H,O and used directly for in
vitro protein synthesis; 25 gl of the 100-ul reaction mix was assayed for
lysozyme activity by filter assay (25 ul of reaction mix, 0.5 ml of 0.1 M
NH4OAc, and filter disc incubated together for 1 hr at 37°). The filter
was removed and the solution counted in 18 ml of Bray’s solution: (O)
A260 nm; (O) lysozyme mRNA activity.

problem, however, seems to be in precipitating the small quan-
tity of mRNA rather than maintaining the integrity of the
mRNA. Another problem in recovering mRNA activity is that
some preparations of tRNA added as carrier inhibit the trans-
lational system (C. Pachl, personal communication).

Discussion

The isolation of RNA and particularly mRNA is becoming
an increasingly important aspect of the study of genetic regula-
tory mechanisms in both procaryotes and eucaryotes. For some
time now the isolation of RNA has relied primarily upon tech-
niques involving ultracentrifugation. In this paper we describe
some of the conditions necessary to achieve optimal resolution
of RNA species of different molecular weight using a prepara-
tive polyacrylamide gel electrophoresis apparatus which is rela-
tively inexpensive to build and easy to use. Because this appa-
ratus has considerable potential for the fractionation of RNA
and proteins, a detailed description of the parameters we have
investigated which influence the resolution of RNA species is
presented. Although not discussed in this paper, the apparatus
appears to be suitable for preparative protein fractionation (M.
Gardner and R. Cleland, personal communication).

RNA molecules migrate through the preparative polyacryl-
amide gel just as they do in cylindrical analytical RNA gels,
but at the end of the gel they are electrophoresed into a small
chamber which is continuously flushed with buffer. Buffer
flushed from this chamber can be collected in fractions and
subsequently examined for the activities of interest. In compar-
ing the preparative gel apparatus to the more conventional sep-
aration technique for RNA molecules, zonal centrifugation in
sucrose gradients, several advantages of the gel method are ap-
parent. Perhaps the most important of these is the improved
resolution afforded by preparative gel electrophoresis and the
3399
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ability to influence this resolution very dramatically by chang-
ing any one of several parameters. In particular, simply by
making a longer gel in the same apparatus, a considerable in-
crease in resolution is possible (Figure 4).

The criterion we have used to optimize the separation of
RNA molecules of different molecular weights is the elution
pattern of the rRNA species, usually consisting of a mixture of
total E. coli and sea urchin (S. purpuratus) RNA or E. coli,
sea urchin, and mouse RNA. This mixture of RNA comprises
molecules ranging in molecular weight from 25,000 to 2 X 109.
In fact, we have concentrated our attention on the resolution of
the RNA species since these species, ranging in size from 0.5
to 2 X 10°%, migrate at a rate which is proportional to the loga-
rithm of their molecular weights in the gel system discussed
(Figure 6). The separation between the 16S rRNA of E. coli
and the 18S rRNA of S. purpuratus in particular provides a
useful estimate of the resolution in the different experiments.
As can be seen in Figures 3 and 5 these two RNA species can
be almost completely separated preparatively on a relatively
short (3 cm) gel.

Despite the fact that RNA migrates in the gel at a rate
which is linearly proportional (inversely) to the logarithm of its
molecular weight, its rate of elution does not obey the same
simple relation. Thus several standards of known molecular
weight should be included in the gel if an estimate of the mo-
lecular weight of an unknown RNA species is to be obtained.

Our main interest in developing a high-resolution prepara-
tive gel technique is to fractionate active mRNA from bacter-
jophage-infected cells. The data in Table I indicate that it is
possible to recover nearly 100% of the mRNA template activity
for a specific enzyme, bacteriophage T7 lysozyme, in the frac-
tions eluted from the preparative gel.

The electrophoretic analysis of T7 lysozyme mRNA activity
reveals that this mRNA has a wide range of mobilities, ap-
pearing as discrete peaks of activity as shown in Figure 11. We
have no evidence that the separation of lysozyme template ac-
tivity into discrete peaks corresponds to lysozyme mRNA mol-
ecules of different molecular weight although this seems to be
the simplest explanation for the different mobilities. Other pos-
sible explanations for the multiple peaks of mRNA activity
that are shown in Figure 11 are that they are due to aggrega-
tion of the RNA or that they represent different forms of the
same molecule. Whatever the correct explanation for the mo-
bility distribution is, we do not know whether the distribution
observed is representative of the sizes of the mRNA being
translated in the infected cell or if it is due to posttranslational
degradation either in vivo or in vitro. However, Dunn and Stu-
dier (1973) have shown that the early T7 mRNAs are pro-
duced by endonucleolytic cleavage of a large precursor RNA
molecule. Thus, there is a precedent for the processing of T7
bacteriophage mRNA and this might be the correct explana-
tion for our observations. The distribution of mRNA activity
that we observe could be due to the processing of one or more
large mRNA precursors to produce redundant mRNA mole-
cules, several of which contain the coding sequences for lyso-
zyme.

It is tempting to speculate that the multiple peaks of lyso-
zyme mRNA activity are related to our previous observation of
a lag in translation of the lysozyme mRNA in vivo (Hagen and
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Young, 1973). Translation in vivo could require processing of a
high molecular weight precursor. We are exploring these possi-
bilities further by attempting to use denaturing conditions dur-
ing preparative electrophoresis to eliminate aggregation (Stay-
nov et al., 1972) and by trying to cleave T7 lysozyme mRNA
in vitro with E. coli RNase I1I which is thought to process the
early T7 mRNA precursor. Other possible explanations for
multiple lysozyme messengers include multiple initiation or
termination sites for transcription.
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Added in Proof

Since this manuscript was written an article appeared de-
scribing the preparative fractionation of RNA on agarose gels
using a commercially available apparatus (Weil and Hampel,
1973).

References

Adams, J. M., Jeppesen, P. G. N., Sanger, F., and Barrell, B.
G. (1969), Nature (London) 233, 1009-1014.

Aviv, H., and Leder, P. (1972), Proc. Nat. Acad. Sci. U. S. 69,
1408-1412.

Bolle, A., Epstein, R. H., Salser, W., and Geiduschek, E. P.
(1968), J. Mol. Biol. 33, 339-362.

Capecchi, M. (1966), J. Mol. Biol. 21, 173-193.

Dunn, J. J., and Studier, F. W. (1973), Proc. Nat. Acad. Sci.
U.S.70, 1559~1563.

Hagen, F., and Young, E. T. (1973), Virology 55, 231-241.

Landos, K., and Bresnick, E. (1972), Anal. Biochem. 45, 35~
42.

Lanyon, W. G., Paul, J., and Williamson, R. (1968), FEBS
(Fed. Eur. Biochem. Soc.) Lett. 1, 279-282,

Loening, U. E. (1968), J. Mol. Biol. 38, 355-365.

Loening, U. E. (1969), Biochem. J. 113, 131-138,

Malacinski, G. M. (1970), Anal. Biochem. 38, 288-291.

Popescu, M., Lazarus, L. H., and Goldblum, N. (1971), Anal.
Biochem. 40, 247-253.

Popescu, M., Lazarus, L. H., and Goldblum, N. (1972), Anal.
Biochem. 45, 35-42.

Riblet, R. J., and Herzenberg, L. A. (1970), Science 168,
1595-1597.

Salser, W., Gesteland, R., and Bolle, A. (1967), Nature (Lon-
don) 215, 588-591.

Schweiger, M., and Gold, L. M. (1969), Proc. Nat. Acad. Sci.
U.S. .63 1351-1358.

Shimada, K., Sekikawa, K., Fujinaga, K., and Ito, Y. (1973),
Anal. Biochem. 51, 456-465.

Stanley, W. M. and Bock, R. M. (1965), Biochemistry, 4,
1302.

Staynov, D. Z., Pinder, J. C., and Gratzer, W. B. (1972), Na-
ture (London), New Biol. 235, , 108-110.

Studier, F. W. (1969), Virology 39, 562-574.

Weil, P. A., and Hampel, A. (1973), Biochemistry 12, 4361-
4367.



