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ARSTRACT

General methods for the chromatography of nucleic
acids on benzoylated (naphthoylated) DEAE cellulose are
described. This procedure results in well-resolved §eaks
with good recovery and seems to separate nuclelc acids on
the basis of their secondary structure almost independently
of their molecular weight. These methods have proved to be
useful in the analysis of the replicative intermediates of
MS-2 RNA, @X RFDNA, and ©X single stranded DNA, for example.

Specific methods for the purification of E. colil.
pulse-labeled RNA based on the chromatography on benzoylated
'DEAE cellulose at pH 7.5 and pH 3.5 were developed. Greater
than 60% of the pulse label with less than 4% of the mass
1abe1 is recovered, and the RNA size distribution in a
denaturing solvent (99% dimethyl sulfoxide) after chroma-
tography shows that the mass label closely parallels the
pulse label as a function of size; there appears to be no
selection or degradation. Pulse-chase experiments indicate
that a large fraction of both the pulse and mass labels are
chased out, suggesting reasonable purity of the ﬁ RNA.
These data imply that there is a difference, structural or
chemical, between mRNA and other known RNAs that allows

all E. Coli. mRNA to act as a group regardless of size
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during the purification.

The in vivo @X mRNA has been studied using the above
procedure for purification and analysis. The results show
that the X mRNA size distribution at early and late times
after infection is very broad ranging from a distinct maxi-
mum size of 1.7 megadaltons (one genome length of poly-
¢istronie mRNA)? to a peak in the distribution at 0.2-0.3
megadaltons, and with significant mRNA as small as lOLl
daltons. The only difference observed between the early and
late times affer infection appears to be in the amouﬁt'of
RNA present: approximately 100 molecules of mRNA per cell
are present at 4 min. after infection compared to 1000
molecules per cell at 25 min. after infection. Little if
any difference could be found in the size distribution of
mRNA made by the strongly polar OP6 @X mutant or upon
infection of the @X replication-restrictive bacterial
mutant rep3'. A variety of experimental approaches showed
an absence of significant methylation and 5'triphosphate
termini in the mRNA.

Attempts were made to ask which RF, parental or
progeny, was the template for the transcription of the 154
mRNA. One type.of experiment indicated that there was a
small amount of pulse labeled RNase-, phenol-, and detergent-

resistant RNA specifically attached to the density labeled
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parental RF. However, other types of direct experiments
(such as analysis of non-RNase treated RF in CsCl density
equilibrium gradients) demonstrated that neither type of
RF was shifted to higher densities due to attached nascent
mRNA; nor could significant pulse labeled RNA be detected
in the RF region of the CsCl density gradients. Thus,

no unambiguous answer can be given to the template question.
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INTRODUCTION



This introcduction on messenger RNA willl be limited
mainly to a discussion of the mRNA from bacterial (and
bacteriophage) systems. MRNAs from eukaryote systems are
intrinsically mor¢ interesting; however, complications
such as redundant DNA patterns (cf. Britten and Davidson,
1969), satellite DNAs (Jones, 1969; Gall, 1970; Hennig
and Walker, 1970), mitrochondrial systems (Borst and Kroon,
1969), and nuclear RNA processing (¢f. Darnell, 1968;
Weinberg and Penman, 1969) preclude an accurate analysis of
the mRNA from higher organisms at this time.

A limited amount of evidence does exist suggesting that
at least physically the mRNA from eukaryotes does bear some
resemblance to bacterial mRNA. The putative mRNA for hemo-
globin in Reticulocytes seems to chromatograph on bénzoylat-

ed DEAE cellulose columns similar to the pattern of E. coli.
mRNA (J. Kiger, personal communication; Lyon, 1969). Also,
the mRNA for ¥ -globulin in plasma cell tissue culture
behaves in a similar manner (W. Summers, personal communica-
tion). |

In addition, this introduction will be largely concern-
ed with the myriad of control functions that have been shown
to exist in connection with transcription, translation, and

mRNA degradation of bacterial mRNA. Clearly, it 1s the
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detailed analysis of these controls that might illuminate
some of the molecular mechanisms of differentiation and
developement in eukaryote systems.

MRNA Synthesis

It is now clear that the enzyme responsible for the
in vivo transcription in E. coli. is the DNA-dependent RNA
polymerase. Most of the evidence comes from data such as
the in vifro - in vivo comparison of rates of synthesis
(where the rates are similar if not identical compared to
the in vivo DNA replication rate - in vitro DNA polymerase
rate) ‘and DNA strand selection in bacteriophages like #X or
T7. Recently, evidence has been obtained that convincingly
proves the point That RNA polymerase is indeed the in vivo
enzyme., Bacterial mutants with a temperature-sensitive RNA
polymerase are temperature-sensitive gg_g;zg_(with respect
to 3H-uridine incorporation into all RNAs) as well as £s in
the isolated RNA polymerase (Igarashi and Yura, 1969). Simi-
larly, rifampycin blocks RNA synthesis in vivo and 1is a
potent inhibitor in vitro of RNA polymerase; mutants resis-
tant to the antibiotic also have resistant RNA polymerase
(diMauro, Synder, Marino, Lambert, Coppo, and Tocchini-
‘Valintini, 1969).

Major control mechanisms for RNA regulation in E. coli.

exist at the level of specificity of transcription. Evidence
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for this type of major positive control comes from the
recent work of Travers (1970), Losick and Sonenshein (1969),
and Summers and Siegel (1969) describing RNA polymérase
containing é factor, sigma, responsible for the specificity
of initiation at a known promotor site. Furthermore, T4,
ge, T7, and other autonomous or mostly autonomous phage
systems contain genetic information for theksynthesis of
new sigma factors to start transcription of whole blocks of
temporally controlled late genes; concievably this is the
mechanism used to switch transcription from one strand to
another (cf. Séybalski, 1969). It appears that a major por-
tion ©f the RNA polymerase is conserved as if only the factor,
sigma, were used to control the specificity of transcription
(Ceiduschek and Sklar, 1969; Haselkorn, Vogel, and Brown,1969).

Preliminary evidence seems to suggest that an equall&
important gross control mechanism exists at the level of
termination of transcription as first reported by Roberts
(1969). The results suggest that a specific protein is
produced whose function is to specifically terminate the
transcription reaction - very likely at the end of a poly-
cistronic mRNA. Termination is general,occurring, for
example, in T4 infected systems (Schmidt, Mazaitis, Kasai,

and Bautz, 1970) and A infected systems (Roberts, 1969).
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Likewise, the existence of an anti-terminator in the T4
system has been postulated (Schmidt et. al., 1970) to explain
the‘ability of the RNA polymerase to read past the boundaries
of the pre-early genes into the early genes; anti-terminator
proteins which would allow transcription to the left and
right of the repressor CImight be used to explain the
function of gene N in the A system (quoted in Schmidt et.
al., 1970).

Fine control is also known for the transcription reac-
tion in E. coli,. This is evidenced by the negative control
repressor-operator mechanism (Gilbert and Muller-Hill, 1967;
Reznikoff, Miller, Scaife, and Beckwith, 1969) which has
clearcut examples in the Tryp operon (Imamoto and Yanofsky,
1967), A (Dove, 1968; Ptashne and Hopkins, 1968), and the
His operon (Venetianer, Berberich aﬁd Goldberger, 1968).
Positive control of a similér nature exists, and the best
example‘is in the L-Arabinose system (Englesberg,Sheppard,
Squires, and Meronk, 1969). Recently cyclic AMP was impli-
cated in a subtle control function possibly restricted to
the catabolite enzyme pathways (Pearlman and Péstan, 1968)
in which an effect on lac mRNA and expression in an in vitro
system is noted (deCrombrugghe, Varmus, Perlman, and Pastan,
1970; Chambers and Zubay, 1969). In general, fine control

by the above mechanisms probably effects only one or two
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operons and is capable of responding to subtle small changes
very rapidly.

Interestingly, there appears to be increasing evidence
to support the notlion that mRNA synthesis 1s not isotropic
in the cell, but occurs mainly, if not entirely, on the cell
membrane. For example, all (>90-95%) of the pulse-labeled
E. Coli. or T4 mRNA and RNA polymerase is found on the
membrane-DNA complex (Rouviéve, Lederberg, Granboulan, and
Gros, 1969; Tremblay, ﬁaniels, and Schaechter, 1969).
Minicells and mutants of E. Coli. which lack DNA do not seem
to have RNA polymerase (Adler, Fisher, Cohen, and Hardigree,
1967; Hirota, Jacob, Ryter, Buttin, and Nakai, 1968). It
is certainly possible that control of transcription by
topology in phage or episome systems is an important control
mechanism.

The following is an attempt to describe some represen-
tative‘patterns of mRNA in different systems of apparent
decreasing complexity. These data are largely based on strand
separation of the DNA by ribonucleotide polymer binding
studies (cf. Szybalski, 1969) and hybridization studies as

a function of time after phage infection.

T4

T4 has a very complicated temporal control of trans-
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cription and has been the subject of intensive study using
technigques such as hybridization competition (Bolle, Epstein,
Salser, and Geiduschek, 1968), deletion hybridization (Kasai
and Bautz, 1969), and analysis of the mRNA on acrylamide

gels (Adesnik and Levinthal, 1970). In brief, there are two
general classes of mRNA as a function of time, with the

later class bf late mRNA requiring DNA replication and active
gene products of genes 55 and 33. The early class is further
divided into at least two more classes: the 0-2 min. sub-
class which does not require protein synthesis and can be
transcribed in vitrc by the RNA polymerase (with sigma)
(Travers, 1969; Bautz, Bautz and Dunn, 1969) and a second
sub-class of early mRNA which requires protein synthesis.

- It 1s now thought that one of the gene products of the first
subclass is a new sigma factor which then directs the RNA
polymerase to start copying the second subclass (Travers,
1970); the first subclass is slowly switched off due to

the modified affinity of the new sigma for the promotors of
the pre-early genes. Recent evidence suggests that the
region between subclass I and subclass II is complicated.
Schmidt, et. al. (1970) postulate that there is an addition-
al class of genes, (the lysozyme gene e for example) that is

not made during the 0-1 min. pericd due to the termination
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of the mRNA by the host terminator protein (Roberts, 1969),
but which is made after 1 min. when an antiterminator
protein permits efficient reading beyond and into the
lysozyme gene. At late times after infectlion possibly the
gene product of gene 55 (and 33) might be a sigma factor
which could switch on many of the true late genes.

The broad overall picture of the T4 mRNA pattern of
transcription based on the strand separation-hybridization
studies of Szybalski (1969) is shown in Fig. 1 (a.). The
switch from early to late is involved in a strand (and
direction) switch.

The mRNA patftern from the lysogenic phage A is a
beautiful example of the plethora of transcriptional con-
trols that exist; it is, however, probably less complicated
than T4, It is now clear that in the lysogenic state only
the CI region is transcribed, and the gene product of CI,
the repressor (Ptashne, 1968), binds on the DNA in two
places and blocks all further transcription. If the repres-
sor is inactivated (by heat, UV, or Mitomycin), transcrip-
tion proceeds as shown in Fig. 1 (b.). Gene N may be an
anti-terminator which allows ftranscription to proceed both

to the left and right of CI (Roberts, 1969; quoted in

Schmidt, 1970). Gene Q very possibly is the \sigma factor
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used to start the transcription of the majority of the A
late genes. |

Fig. 1 (k) shows the overall picture of the mRNA, and
again strand selection 1s an obvious control feature,
Progress in the study of the sizes of the different mRNA has
been made by Kourilsky, Marcaud, Sheldrick, Luzzati, and

Gros (1968).

7

T7 is an attractive system in which to study transcrip-
tion since it is relatively small, has only 19-20 complemen-
tation groups (Studier, 1969), and is transcribed from only
one of the two strands of the DNA& (Summers and Szybalski,
1968). It appears that in the absence of protein synthesis
only gene 1 ( or at most a few genes) 1s transcribed and
that the gene 1 product is a new sigma factor which with
the host core RNA polymerase copies the rest of the T7 genes
(Summers and Siegel, 1969).

Summers (1969) has recently shown that there are 12
distinct (possibly stable) RNA bands in an acrilamide
electrophoresis system which account for most of fthe genetic
information of the T7 DNA,

Fig. 1 (c.) represents the status of the mRNA transcrib-

ed from the T7 DNA,
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Tryp (as a representative operon).

Intensive work on the operon systems such as lac and
tryp has revealed major details about the molecular mechan-
isms involved in transcription and its control; many of
these controls are now considered to be fine adjustments
of transcription. Most important are the results showing
the relationship of the promotor to the operator (Reznikoff
et. al., 1969; Imamoto, 1969; Morse and Yanofsky, (1968),
the small size of the promotor (Reznikoff et. al, 1969;
Morse and Yanofsky, 1969), and subtle complications such as
the low efficiency internal promotors (Morse and Yanofsky,
1968).

Studies on the polysome patterns of the lac system
(Kiho and Rich, 1965) and the his system (Bagdasarian,
Ciesla and Sendecki, 1970), for exaﬁple, suggest general
ideas about polycistronic mRNA products of transcription.
The hybridization results of Morse, Mosteller, Baker, and
Yanofsky (1969) indicate the basic mechanisms for transcrip-
tion, translation, and degradation for operons.

#x

Quite possibly the ©X phage system is the simplest

system studied to date with respect to control mechanisms

of transcription. Data are presented in Part II of this
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thesis to support the conclusion that no new sigma factor is
made after infection with no obvious pattern of host mRNA
shut-off. The @X mRNA size distribution is consistent with
one polycistronic mRNA translated and degraded by the host
mechanisms. The lack of temporal control, transcription
from one strand, and the size distributlion data suggest
that there is only one promotor per ﬁX RF (cf. discussion

Part II).

Translation

It is.still undecided whether there is obligative
transcription-translation coupling in E. Coli. (for a review
see Geiduschek and Haselkorn, 1969). Many studies have
shown that, while coupling is not essential (A and lac
repressors function on the DNA not thé translation machinery),
there is functional coordination. The evidence comes mainly
from the work on the tryp operon: de-repression results in
immediate synthesis of the operator proximal enzymes proceed-
ing down the operon until all the gene products are synthe-
sized in a coordinate fashion (Morse, Baker and Yanofsky,
1968). Approximately 100 ribosomes per messenger move
sequentially before degradation starts from the 5' end
(Morse et. al., 1969).

Polarity has been studied in most of the systems listed
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above. This phenomenon results in reduced (or absent)
translation of genes distal to a mutation near a polypep-
tide reinitiation point and provides evidence for polycis-
tronic mRNA and the direction of translation (cf. Zipser,
1969). There is evidence that the distal portion of the
mRNA (beyond the nonsense mutation) is missing, and a
bacterial mutation, Sud, relieves the polarity (Morse and
Primakoff, 1970). It is possible that polarity is a gener-
al phenomenon normally used as a mechanism to reduce the
molar amounts of préteins distal to the operator proximal
end.

Recent evidence on the sequence of,Qﬁg and other phage
RNAs, although not natural mRNAs (c¢f. Sedat, Kelly and
Sinsheimer, 1968), per se, gives a glimpse of how the
structure of the RNA might control local translation of the
mRNA. The sequences of "twenty-six nucleotides of QfF
(which includes the coat protein initiation region (Hindley
and Staples, 1969» and the three initiation regions for the
three known proteins in R-17 (Steitz,1969) have been deter-
mined. In both systems the sequenced portions bf the RNA
were shown to contain the sequence ...pGGUUUGAXXXAUG..

(X =4, G, U, or C). From these data they conclude that

there is a portion. of the RNA that is not translated -into
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protein between the end of one cistron and the start of
another (AUG codons) and, in the case of the coat protein
initiation region, that the AUG is possibly included in a
double stranded hydrogen bonded loop which may be the
ribosome binding recognition site. Whether the double
stranded H-bonded loops are control features is not known
yet. Similarly, Nichols (1970) isoclated a fragment of R-17
containing the termination region of the coat protein cistron
which ingluded the codons UAA and UAG; this fragment also
probably exists as a H-bonded double stranded loop. Loops
can also be written for the sequence of 57 nucleotides from
the interior of the coat protein coding fragment (Adams,
Jeppesen, Sanger, Barrell, 1969). Therefore,there is a
strong possibility that these loops are ubiquitous for
regulation of translation.

Another important translation mechanism could well be
the alteration of ribosomes, especlally after infection, so
that the ribosomes no longer recognize the host mRNA., Indeed
this phenomenon has been recently documented by Hsu and
Weiss (1969). A protein factor, when combined with the
normal ribosomes, confers specificity for selective T4 mRNA
translation; this protein is probably coded for by the

T4 DNA.
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Degradation

M-RNA degradation is still largely an enigma despite
intensive efforts to elucidate the mechanism (c¢f. Geiduschek
and Haselkorn, 1969). Functionally, the direction is 5! to 3!
(the same direction as translation and transcription), for
example, when operons are re-repressed (Ito and Imamoto,
1968). Using hybridization techniques with deletion mutants
after re-repression, Morse, Mosteller, Baker and Yanofsky
(1969)recently showed that the direction of the mRNA degra-
dation was 5!' to 3' in the tryp operon. They also showed
that the degradation of the 5' end had occurred before the
completion of the operator distal end 3'. Very recently an
enzyme, RNase V, that specifically degrades mRNA in this 5!
to 3' direction and 1s an integral part of the 30S ribosome
subunit (Kuwano, Kwan, Apirion, and Schlessinger, 1969) has
been reported. Enzymatically, it is still possible that an
endolytic hit is first placed followed by the 5! to 3! exo-
nuclease action, or alternatively by the well knownvpoly-
nucleotide phdsphorylase or even the potassium activated
RNase iI (cf. Morse et. al., 1969).

Polarity also results in apparent degradation of mRNA
distal to the nonsense codon (for a recent review see Morse

and Primakoff, 1970) in the tryp operon system. This
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polarity (and degradation) can be relieved by the Sul
allele, which might make a defective endonuclease specific
for the untranslated mRNA in the mutant Sul cell. This
locus 1s not one of the known nucleases. Just how this
mechanism is used in the normal cell 1s not known at this
time.

A possible exception to the normal transcription-
translation coupled degradation is perhaps the case of T7

infected E. Coli.. OSummers (1969) presented evidence show-

ing discrete peaks of T7 mRNA in an acrylamide gel electro-
phoresis system. PFurthermore, the peaks of RNA appeared to
be stable. Thus, 1t 1s possible that there are variations
of the normal degradation schemes, and that these differ-
ences could be control mechanisms used to control transla-

tion.
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This thesis is divided into three parts. Part I
is composed of two papers published in the Journal of
Molecular Biology, and deals with methods developed to
properly analyze, in general, bacterial messenger RNA.
Part II is the result of the application of the methods
developed in Part I to the in vivo @X mRNA problem
(Sedat and Sinsheimer, Submitted for publication.).
Part III is an analysis of a few experiments designed to
determine which RF, parental or progeny, is the template

for @X transcription.
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Figure Legends
Fig. 1
Patterns of transcription for different bacteriophages
adapted with permission from Szybalski (1969) (Pergamon of
Canada, LTD.)
(a.) The transcription pattern of T4
The strands of T4 were separated by poly-UG binding to
the strands and centrifugation in a CsCl density gra-
dient. The strands wére then hybridized with-mRNA
prepared as a function of time after infection, wilth
mRNA from deletion mutants, and with maturation defec-
tive mubants (genes 33 and 55), for example. The
r-strand is that strand transcribed to the right while
the l-strand is transcribed to the left as viewed. The
clear arrows are the "early" mRNA; the dark arrows are
the "late" mRNAs.
(b.) The transcription pattern of A
The strands of the N DNA were separated by poly-UG as
above and hybridized with mRNA from deletion mutants
as a function of time after infection ahd with fraction—
ated left and right halves of A DNA. The mRNA from the
lysogenic state 1s transcribed from the l-strand on the
Ci-red region flanked by the repressor molecules bound

fo each strand. Early mRNA is transcribed ilmmediately
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to the right and left of the Cl region. Late mRNA
(with a functional gene Q product) is transcribed off
the r-strand. The presumptive poly UG binding sites
are the cross lines on the DNA strands.

(c.) The transcription pattern of T7
The separated strands of T7 by the poly UG method are
hybridized to mRNA at different times after infection.
The early mRNA (from gene 1) starts at the 3' end of the
r-strand 0.007 fractional lengths in due to fermilnal
redundancy. Late mRNA is also transcribed from the

r-strand.
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Fractionation of Nucleic Acid on Benzoylated-Naphthoylated
DEAE Cellulose

Nucleic acids have been fractionated by column chromatography using methylated
albumin kieselguhr (Mandell & Hershey, 1960; Sueoka & Cheng, 1962) cellulose
CF-11 (Franklin, 1966), agarose (Erikson & Gordon, 1966) and hydroxyapatite
(Muench & Berg, 1966). In this communication we describe the fractionation of
nucleic acids on columns of benzoylated-naphthoylated DEAE cellulose (Tener,
Gilliam, von Tigerstromm, Millward & Wimmer, 1966) (BNC columns) and show
that this fractionation is based on the secondary structure of the nucleic acids.
The benzoylated-naphthoylated DEAE cellulose was made essentially according
to the procedure of Tener (1966; also personal communication), except that the
resin was also washed with anhydrous ether to remove ultraviolet-absorbing material.
The nucleic acids were extracted, using phenol, from sodium dodecylsulfate-lysed
L. coli C3000 after infection for 20 minutes with MS2 bacteriophage. 32P-labeled
A DNA and 3H-labeled double-stranded RNA (previously isolated from MS2-infected
cells and treated with RNase) (Kelly & Sinsheimer, 1964), were added to the infected
cell extract as markers before chromatography on the column. Fractions were col-
lected and assayed for ultraviolet absorbance, 2?P- and ®H-radioactivity, and in-
fectivity in the . coli spheroplast assay (Strauss, 1964). From Fig. 1 it can be seen
that double-stranded DNA and double-stranded RNA are eluted at nearly the same
salt concentration. MS2 RNA infectious material, co-incident with a small peak of
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Fi16. 1. Chromatography on BNC of the nucleic acids from, cells infected with MS2 for 20 min.
32P-labeled DNA from A phage and ®H-labeled double-stranded RNA from MS2 infected cells
(RRD) were added as markers. Fractions were assayed for absorbance at 260 my (—-O--0-),
3H-radioactivity (—@ @—) and RNA infectivity in the spheroplast assay (—— X — X—).
The position at which the A DNA is eluted is indicated by an arrow.
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ultraviolet absorbance, is eluted before 16 s ribosomal RNA, and the latter before
23 s. The ribosomal RNA’s were identified by sucrose density-gradient sedimentation.

The following experiment was performed to obtain a further understanding of the
basis of separation. 400 ml. of TPA media (Kelly, Gould & Sinsheimer, 1965) was
inoculated with E. coli MRE 601 (RNase I~, Heisenberg, manuscript in the press)
and grown to 1x10% cells/ml., at which time 10 wc [*HJuracil/ml. (2 ug/ml.) were
added. When the cell titer increased to 4 x108/ml., 4 mc 32P (32PO, carrier-free in
neutralized water) were added. After 45 seconds (0-034 generation), sodium azide
was added to 0-01 M, and the cells immediately poured over crushed ice and centri-
fuged. The pellet was suspended in buffer and lysed with lysozyme and sodium
dodecylsulfate. The nucleic acids were twice phenol-extracted and precipitated with
ethanol.

Figure 2 shows a chromatogram of a portion of this nucleic acid extract. A gradient
of dimethylsulfoxide was superimposed on the NaCl elution gradient. The separation is
basically similar to that described in Fig. 1. However, there is considerable sharpening

Vol. fraction dimethylsulfoxide

9x10°
= _— =
4x10%-
o
2
o
sl o
® i
] S
|| B
3F 3 %
K] LS
5 S+
tl 23 o
5 g =
K 33 08
? Tl ¢s
o B s
’; } —Ho0-6 € 030
3
- 2
L 04 5 -1020
o
=z
- 402 010
A : ’ P Gl 0 .
0 10 20 30 40 50 60 70 80 90 100

Fraction no.

F1a. 2. Fractionation of a 32P pulse-labeled nucleic acid extract on a BNC column. 180 4,4,
units containing 1-0 X 107 [*H]uracil counts and 7:2 X 107 32P.counts in 30 ml. of 0:3 2-NaCl,
0-02 m-Tris (pH 7-2) were applied to a 1:5 ecm X 3 em BNC column previously washed with
0-3 m-NaCl (pH 7-2). The column was then eluted with a linear gradient in NaCl, 0-3 m to 0:65 1,
concurrent with a gradient in dimethylsulfoxide, 0 to 25 vol. %. All solutions contained 0-02
M-Tris chloride (pH 7-2). Total volume, 150 ml.; flow rate, 0-5 ml./min. Fractions were assayed
for 8H radioactivity (...... ), 2P radioactivity ( ) after correcting for quench by external
standardization, and 4,e, (in a Gilford flow monitor).
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of the peaks as well as compression of the elution pattern with the addition of
the 0 to 0-25 volume fraction gradient of dimethylsulfoxide. The ®H counts (which
are coincident with the absorbance pattern) are distributed in the transfer RNA
(the second peak), DNA (the third peak), and in the 16 and 23 s ribosomal RNA;
the 32P counts from the 45-sec pulse are largely retained on the column. These can
be eluted with solvents such as cesium trichloroacetate (pH 4:0). The ratio 3H/32P
counts in the ribosomal RNA peaks is approximately 10; in the latter peak it is only
0-05. This is consistent with the known properties of messenger RNA (Brenner,
Jacob & Meselson, 1961) and suggests that the 32P peak and the further radioactive
material eluted with cesium trichloroacetate plus caffeine, contain the bacterial
messengers. An additional 19, of the total radioactive material (mostly 32P) applied
on the column remains bound even after elution with 5 M-cesium trichloroacetate -
1 g caffeine/ml. (pH 4-0). (Cesium trichloroacetate is used here in analogy with its
use as a buoyant denaturing solvent for DNA, D. Clayton & J. Vinograd, personal
communication.)

Portions of the two ribosomal RNA peaks and of the pulse-labeled peaks were
re-chromatographed under identical conditions as in Fig. 2. The ribosomal RNA
absorbance pattern showed only two sharp peaks eluting at the same salt concen-
trations as before; more than 989, of the total re-run 3H-labeled material eluted
without the use of cesium trichloroacetate. In a similar experiment with dialyzed,
cesium trichloroacctate-eluted 82P-pulse-labeled material, a small leading peak elut-
ing at the position of 23 s ribosomal RNNA was observed; but it represented less
than 29, of total ribosomal RNA eluted from the column of Fig. 2.

The eluted 32P-labeled material showed a broad range of sedimentation values
in a 5 to 209, sucrose gradient, with a mean of 20 s.

The effects of size and configuration on elution position have been studied with
various nucleic acids. (Ap)sA (Miles Chemical Co. no. 7A31) previously checked for
homogeneity by sedimentation equilibrium, was absorbed in 0-1 m-NaCl onto a
0'5 ecm X 3 em BNC column and eluted with a 0-1 to 1-0 M-NaCl (pH 7-2) gradient.
The absorbancy pattern at 260 mpu showed a single symmetrical peak eluting at
0-48 w, indicating a rather strong binding for even short single-stranded oligo-
nucleotides. We were not able to elute (at 1-2 m-NaCl, pH 7-2) poly A or poly U,
suggesting a very strong binding of both stacked and unstacked regular poly-
nucleotides. Likewise, ¢X174 DNA, a covalent circular single-stranded ring (Fiers
& Sinsheimer, 1962) is quantitatively retained even at 4 m-NaCl; it can be eluted
at approximately 0-25 M-NaCl with the aid of 20 mg caffeine/ml. (pH 7-4). In con-
trast, ¢X RF (Burton & Sinsheimer, 1965) is eluted just after the cellular DNA
in the normal 0-3 to 1-0 M-NaCl, (pH 7-2) gradient (Komano, manuseript in pre-
paration).

The capacity of this resin scems to be large; a 5 em X 5 em column will retain at
least 4 X103 A,go units of nucleic acids from whole-cell extract.

It appears that the fractionation of nucleic acids by this column is related to
the proportion of single-stranded regions in each nucleic acid. The role of the
aromatic rings of the column may be analogous to the intercalation of purine into
model oligonucleotides (Chan, Bangerter & Peter, 1966). With nucleic acids that
are mostly double-stranded, there is little fractionation. T-RNA (M y = 26,600) is
poorly separated from A DNA (3fw = 3x107), or from the double-stranded ribo-
nuclease-resistant duplex (Mw =~ 2 x10°). Polynucleotides that are thought to be
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combinations of single- and double-stranded configurations, such as ribosomal and
MS2 RNA, are actually eluted in reversed order of molecular weight; MS2 (/v =
11 x 10°) elutes ahead of 16 s ribosomal RNA (3w = 0-5 X 10°). Probably the
secondary structure of MS2 is greater than that of ribosomal RNA (Strauss, un-
published observations). Rabbit reticulocyte ribosomal RNA is not eluted from
the column under our salt conditions, although it is only slightly larger than the
E. coli ribosomal RNA (A. Lyon, personal communication). Less structured single-
stranded nucleic acids such as $X DNA and pulse-labeled RNA are strongly retained
and can only be removed by strong solvents with a preference for solvation of un-
paired bases (Hamaguchi & Geiduschek, 1962; Robinson & Grant, 1966).

There is a noticeable effect of ionic strength, such that the elution pattern of
polynucleotides with partial secondary structure is affected by the ionic strength
in the sample when applied to the column. As an example, MS2 RNA, when applied
in 0-1 M-NaCl, is only half as well recovered from the column as when the RNA
is applied in 0-3 M-NaCl. In the former case, the elution pattern then shows consider-
able subfractionation, with shoulders on the main peak. Presumably the binding
of the RNA to the column is determined by its initial configuration state(s). An
analogous observation has been made with respect to purine binding in the model
intercalation systems (Chan & Nelson, manuscript in preparation).

Biology Division JouNn W. SEDAT
Celifornia Institute of Technology Recis B. Kerny
Pasadena, Calif., U.S.A. ' RoOBERT L. SINSHEIMER

Received 25 February 1967
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Purification of Escherichia coli Pulse-labeled RNA by
Benzoylated DEAE-cellulose Chromatography
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The rapidly-labeled RNA fraction of Escherichia coli has been purified approxi-
mately 15-fold on benzoylated DEAE-cellulose columns, It is metabolically
unstable (as shown by a pulse/chase experiment), and is considered to represent
messenger RNA. The yield of pulse-labeled RNA is about 709% and comprises 4 to
59, of the RNA of the cell.

The true size distribution of this RNA, determined by sedimentation in a
denaturing solvent (999, dimethyl sulfoxide), does not change during purification.
This result indicates that neither degradation nor selection for molecules of a
particular size has occurred. Upon sedimentation of the final preparation in
dimethyl sulfoxide, the distribution of pulse label is the same as that of RNA
mass, indicating nearly complete separation from longer-lived RNA components.

1. Introduction

Since the existence of messenger RNA has been established there have been numerous
attempts to purify this RNA (for example, by sucrose gradient centrifugation
(Attardi, Naono, Rouviére, Jacob & Gros, 1963), methylated albumin kieselguhr
column chromatography (Asano, 1965), preparative hybridization (Bautz & Reilly,
1966) and counter-current distribution (Kidson & Kirby, 1964)). However, numerous
difficulties have been encountered in attempts to devise a purification scheme that
will not be selective in view of the expected heterogeneity of size distribution, base
composition and base sequence, and the small fraction of total RNA (=~ 49%,) con-
cerned. Other difficulties, such as the lack of any simple relation between sedimenta-
tion coefficient and molecular weight of RNA (Boedtker, 1968) and the aggregation
of mRNA with rRNA (Asano, 1965; Hayes, Hayes & Guerin, 1966), have complicated
the use of sucrose gradients; the problems of hybridization kinetics (Britten & Kohne,
1968) and the difficulty of specific DNA preparation (so that tRNA and rRNA genes
are absent) have limited the scope of DNA-RNA hybridization. None of these
procedures for the purification of mRNA seems to be generally applicable.

We have approached the problem of mRNA purification by the use of benzoylated
(naphthoylated) DEAE-cellulose chromatography (Gillam et al., 1967 ; Sedat, Kelly &
Sinsheimer, 1967). This resin is characterized by high capacity, high recovery, and
yields sharp, well-resolved peaks. Resolution on this resin seems to depend upon
(at least at pH 7-5) preferential interaction of the single-stranded regions of the
nucleic acids with the aromatic rings bound to the cellulose. Chromatography on

415
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BNCt has proved useful in the study of replicating MS2 RNA intermediates (Kelly &
Sinsheimer, 1967), the purification and study of intracellular A DNA (Kiger &
Sinsheimer, 1969), and of ¢X174 intracellular replicating DNA (both single- and
double-stranded) (Sinsheimer, Knippers & Komano, 1968; Knippers, Razin, Davis &
Sinsheimer, manuscript in preparation). In principle, a structural difference in mRNA
might permit it to be separated from the other RNA’s of the cell.

We have made use of the pulse-label technique to label selectively the rapidly
synthesized mRNA (Gros et al., 1961), with the understanding that this fraction
could include some intermediates in rRNA synthesis (Mangiarotti, Apirion, Schles-
singer & Silengo, 1968) and will bias the results against any messengers which are
not synthesized so rapidly. In most experiments we have made use of a double label
technique: 3P0~ is used as a short pulse-label, and [5-*H]uracil is used to label the
culture for a few generations prior to the pulse. The 3H counts are thus a direct
measure of the RNA mass (as is also 4,4,), weighted of course by any differences in
pyrimidine content per molecule.

We have made use of sedimentation in 999, DMSO (in which RNA is completely
denatured at 25°C (Strauss, Kelly & Sinsheimer, 1968)) to attempt to ascertain at
each step of the purification whether any degradation or selection has occurred.
This procedure is also useful to determine the size distribution of the pulse and mass
labels. The distribution of the pulse-label after a chase was studied to determine the
metabolic fate of the RNA fraction.

Purified mRNA should be very useful in the study of gene expression, metabolic
control, and protein synthesis. There is as yet little information concerning the
structure of mRNA or detailed study of its function in ¢n vitro systems.

2. Materials and Methods
(a) Materials

(i) BNC and BC were prepared essentially according to Gillam et al. (1967). However,
5 1b. of anhydrous ether/50 g resin was used to wash the resin further after the benzoyla-
tion procedure. The resin was sized through a U.S. sieve no. 80 and then the fines were
decanted. Since slight variations in the elution patterns appeared when using various
early batches of resin, later batches were stored, moist, at —20°C or suspended in water
at 4°C.

(ii) Reagent grade urea (Baker & Adamson or Mallinckrodt) was found to degrade high
molecular weight RNA in solution. Figure 1l(a) shows an analytical ultracentrifuge
pattern of a band sedimentation analysis in 909, deuterium oxide (vide infra) of E. cole
rRNA (previously shown to consist only of 23 s and 16 s components in an estimated mass
ratio of 2:1) which had been treated for 10 min at 20°C with 8 M-urea in 0-1 m-CH;COOH,
pH 3-5. Several degradative hits/molecule (1 X 108 avograms) occurred in 10 min. Attempts
to purify the urea by passage through an IRC50, Chelex 100 column at pH 5-0 (to remove
RNase I and heavy metal ions) were unsuccessful as judged by the above assay method.
It was found, however, that Mann high purity urea (Mann Research Laboratories, 136
Liberty St., New York) does not degrade rRNA, as is shown in Fig. 1(b). Ribosomal RNA,
treated for 10 hr at 20°C with an 8 m-solution of Mann urea (passed through a 50 mpu
Millipore filter to remove particulate impurities) in 0-1 M-CH3;COOH, pH 3:5 (pH adjusted
with HCI), and then subjected to analytical band velocity sedimentation through 999%
DMSO (vide infra), showed, it was estimated, less degradation than 0-1 hit/molecule.
Each lot of urea was subjected to the above test before use.

(ii1) Earlier lots of DMSO were obtained from J. T. Baker Chemical Co.; later lots were

+ Abbreviations used: BNC, benzoylated (naphthoylated) DEAE-cellulose; BC, benzoylated
DEAE-cellulose; DMSO, dimethyl sulfoxide,
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Fie. 1. Analytical velocity sedimentation of rRNA, treated either (a) with 8 M-urea (Baker &
Adamson) or (b) 8 M-urea (Mann, passed through VM Millipore filter). Samples of the rRNA
peak eluted from a BNC column at pH 7-5, and previously shown to be undegraded by velocity
sedimentation in DMSO, were treated (a) with 8 m-urea (Baker & Adamson) in 0-1 M-Tris—Cl,
pH 8, for 10 min at 25°C and then sedimented into deuterium oxide, or (b) were treated with 8 M-
urea (Mann, passed through VM Millipore filter) in 0-1 M-acetate, pH 35, for 10 hrat 25°C and
then sedimented in 99% DMSO. Sedimentation is from left to right.

Spectroquality Reagent from Matheson Coleman & Bell, Cincinnati, Ohio. dg-DMSO
(containing 38,000 3H cts/min/ml.) was obtained from BioRad, Richmond, California.
(iv) RNase-free sucrosc was obtained from Schwarz BioResearch, Orangeburg, N.Y.

(v) E. colt MRE 601 (RNase I7) was obtained from Dr M. Heisenberg. K. colz THU,
HI'4704, and TPA and TPG media are described in Lindqvist & Sinsheimer (1967). ¢Xamd3
is described in Hutchison & Sinsheimer (1966).

(vi) ®2PO}~, carrier-free in water, was obtained from Nuclear Consultants, Glendale,
California. [6-3H]Juracil (20 to 27 c¢/m-mole) or [6-*H]uracil (15 to 17 ¢/m-mole) and
[2-14C] (86 mc/m-mole) were obtained from Schwarz BioResearch, Orangeburg, N.Y.

(b) Methods
(i) Preparation of 3P0, pulse—3H wuniformly-labeled RN A extracts

1 liter of TPA medium was inoculated with an overnight culture of E. colt MRE 601
and grown to 1 X 108 cells/ml., at which time 2 mc of [5-*H]Juracil (2ug uracil/ml.) were
added. After the culture had reached 4 to 6 x 108 cells/ml., 10 mc of neutralized 32PO,
were added ; 45 sec later (0-035 generation), NaNg was added to a concentration of 0-01 M.
The cells were then centrifuged, and quickly resuspended in 10 ml. of 0-02 m-Tris-Cl,
pH 7-5. One ml. of 1 mg/ml. lysozyme in 0-25 m-Tris-Cl, pH 8-1, plus 1 ml. of 7:5 pg/ml.
EDTA were rapidly added and the mixture warmed to room temperature for 3 min, after
which sodium dodecyl sulfate was added to 0-59, (final concentration) to lyse the cells.
One volume of redistilled phenol, saturated with 0-02 m-Tris—Cl, pH 7-5, was added and the
mixture placed on a Vortex mixer for a total mixing time of 3 min (1 min mixing, then 2
to 3 min in an ice bath). After centrifugation, the aqueous layer was removed and re-
extracted with 1 vol. of fresh phenol. The phenol layers were re-extracted with 0-5 vol.
of 0:01 M-Tris—Cl, pH 7-5; the combined aqueous layers were extracted with cold anhydrous
ether 3 times; 0-1 vol. of 3 M-sodium acetate, pH 50, plus 2 vol. of 959, ethanol were
added to precipitate the nucleic acids. After approximately 10 hr at —20°C, the precipitate
was centrifuged, dissolved in & ml. of 0-02 m-Tris—Cl, pH 7-5, and stored at —20°C.

(i) Preparation of [SHluracil pulse-[14CTuracil uniformly-labeled, chased RNA extracts
One liter of TPG+4 ug uracil/ml. 4+ 5 pg thymidine/ml. 4+ 20 pg histidine/ml. was
inoculated with E. coli THU, and the cells were grown at 37°C to 1 X 108 cells/ml., after
which 200 wc of [2-14Cluracil were added. After the culture had reached 3 to 4x 108
cells/ml., 2 mo of [5-°H]uracil were added for 45 sec; half of the culture was immediately
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treated with NaNj; (0-01 M) and the nucleic acids extracted as in (i). To the other half of
the culture was added sterile, unlabeled cytidine plus uridine to 10 mg/ml. each. The cells
were then filtered on a large, cold, 142 mm, 0-45 x HA Millipore filter, and washed with
0-5 1. of ice-cold TPG 10 mg/ml. each cytidine and uridine. Finally the filtered, washed
cells were resuspended in 500 ml. of warm TPG + 10 mg/ml. each cytidine and uridine.
The culture was grown for one generation (69 min at 37°C) and then the nucleic acids
extracted as in (i).

(iii) Preparation of RNA extracts from ¢Xam3-infected cells, pulse-labeled with [Hluracil,
and from uninfected cells pulse-labeled with 32P0y..

This culture of Z. coli HF4704 was prepared essentially as in (i). One-half of the culture
was infected at 5 X 108 cells/ml. with ¢Xam3 (multiplicity of 5). 12 to 15 min after infec-
tion, [6-3H]uracil (2 pg uracil/ml.) was added for 45 sec, after which the cells were treated
with NaNj;. The other half of the culture (uninfected) was pulse labeled with § mc of
32P0, for 45 sec, and then treated with NaNj. The centrifuged cells from the two halves
of the culture were combined and the nucleic acids extracted as in (i).

(iv) Fractionation on benzoylated DEAE-cellulose column at pH 7-5

Approximately half of the nucleic acid from (i) was diluted with 10 vol. of 0-3 m-NaCl,
0-02 m-Tris—Cl (pH 7-5) 0-001 m-EDTA and applied by gravity to a 2:5 cmm X 5 cm column
of BC, previously washed with 0-002 »-Tris—Cl plus 0-3 m-NaCl buffer. In some cases the
extreme viscosity of the sample required stirring up the resin in order to increase the flow
rate. The column was then washed with 0-3 M-NaCl buffer until the unadsorbed 32P
counts (see Results) were washed out. 200 ml. of a linear gradient of NaCl from 0-3 to
0-7 m and of DMSO from 0 to 309% (v/v) (all solutions contained 0-02 m-Tris—Cl, pH 7-5,
plus 0-001 M-EDTA) was applied at a flow rate of approximately 1 ml./min. Absorbance
was monitored through a Gilford Absorbance Monitor, and 3-ml. fractions were collected.
At the end of the gradient the column was washed with 8 M-urea (see Materials and
Methods section (a) (ii)) in 0-1 M-CHzCOOH, pH 3-5, until the pH reached 3-5 and the 32P
counts thus eluted were washed out (see Results). 100 ml. of a subsequent linear gradient
from 0 to 1-0 Mm-NH,CI in 8 M-urea plus 0-1 M-CHzCOOH, pH 3-5, was applied at a 1 ml./
min flow rate; at the termination of this gradient a solution containing 1 Mm-NH,CI plus
259, sodium dodecyl sulfate plus 8 m-urea, pH 3-5, was passed through the column to
remove additional 32P pulse counts. The individual RNA peaks from both gradients were
precipitated by adding 0-1 vol. of 3 M-sodium acetate, pH 5-0, and 2 vol. of 95%, ethanol,
and stored at least 10 hr at —20°C. After centrifugation the pellets were dissolved in
0-02 m-Tris-Cl, pH 7-5.

(v) Iractionation on benzoylated DIIAE-cellulose columns at pH 3-8

In order to remove rRNA from the RNA peaks eluted in the prior fractionation at pE
7-5, an additional fractionation was performed entirely at pH 3:5. The RNA from the pH
7-5 fractionation was diluted 10 times with 8 mM-urea in 0-1 M-CH3COOH, pH 3:5, and
applied by gravity onto a 1-5 em X 4 em BC column, previously washed with the 8 m-urea
buffer until 4,4, was low and constant. Additional 8 M-urea buffer was used to wash in the
sample; then 100 ml. of a linear gradient of NH,Cl from 0 to 1 M in 8 M-urea buffer was
applied at a flow rate of 1 ml./min. The eluted RNA was precipitated with ethanol as in
section (iv).

(vi) Sedimentation

Analytical sedimentation in aqueous solvents was performed as described by Strauss &
Sinsheimer (1968). Analytical sedimentation through 999, DMSO was also described by
Strauss et al. (1968), except that when the solution layered onto DMSO had an ionic
strength greater than 0-1, a lower speed was used during the establishment of the diffusion
gradient. Preparative sedimentation in 999 DMSO was performed as described by Strauss
et al. (1968), with slight modifications. 5-ml. linear gradients were established between
999% dg-DMSO (containing 109 sucrose and 0-001 m-EDTA, pH 7-0), and a mixture of
0-1 vol, fraction 999 dg-DMSO with 0-90 vol. fraction 999% DMSO (containing 0-001
M-EDTA, pH 7-0). Onto this was layered 5 ul. RNA + 90 ul. 99% DMSO 4 5 ul. di-
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methylformamide. Centrifugation was performed at 64,000 rev./min in a Spinco L2-65B
ultracentrifuge for 11 hr at 27°C. Fractions were collected and precipitated with trichloro-
acetic acid for counting.

(vil) Mzrscellaneous

Hybridization of RNA (from ¢X-infected cells) with ¢X RF DNA was done essentially
by the procedure of Gillespie & Spiegelman (1965) in a volume of 0-3 ml. with a 13 mm
filter containing 2 to 3 ug of ¢X RF (prepared by the procedure of Komano & Sinsheimer,
1968) at 66°C for 24 hr.

For radioactivity counting, samples were usually dried onto glass filters and counted
in a toluene-based scintillation fluid (Liquifluor, Nuclear Chicago, Inc.) in a Beckman
LS200 scintillation counter. Readings were subsequently corrected for background and
overlap. Some samples, especially those from the sucrose gra,dxents, were counted directly
in Bray’s scintillation fluid (Bray, 1960).

Several precautions were taken to minimize contamination with RNase. All glassware
was heat-sterilized and plastic centrifuge bottles were only used once. Pipettes were
disposable (Falcon Plastics) as were the fraction collector tubes, Concentrated buffers
were brought to a specified pH with an RNase-free combination electrode, stored cold,
and diluted just before use. Great care to use plastic disposable gloves whenever near the
RNA or during the procedures was essential.

3. Results

(a) Chromatography of **P pulse~*H wniformly-labeled nucleic acid extract on benzoylated
DEAE-cellulose

The chromatography of 32P pulse—[*H]uracil uniformly-labeled nucleic acid extract
from RNase I~ E. coli 601 on BC at pH 7-5 is shown in Figure 2. A large fraction of
the ®2P counts applied did not absorb on the BC column; these have been shown to
be soluble in trichloroacetic acid and ethanol. The linear gradient (0-3 to 0-7 m-NaCl,
0 to 309% DMSO in 0-02 m-Tris-Cl, pH 7-5) eluted two major 3H-labeled RNA peaks.
The first, small one consisted of tRNA (Gillam et al., 1967) and DNA (Sedat et al.,
1967). The second ®H peak was largely undegraded rRNA, as determined by analytical
band velocity sedimentation. The 32P counts eluted in this gradient were found in the
trailing edge of the large TRINA peak.

The additional gradient of 0 to 1 M-NH,Cl in 8 M-urea plus 0-1 mM-CH;COOH, pH
3-5 (see Materials and Methods section (a) (ii)) eluted a small amount of 3H (mass)
label but a larger amount of the 32P label, equalling in some cases the amount of
32P eluted in the first gradient. Analytical band velocity sedimentation in deuterium
oxide and DMSO showed that the large rRNA peak from the first gradient and the
small peak eluted in the second gradient were undegraded rRNA with the 23 s
and 16 s components in a mass ratio of 2:1. We have labeled these fractions rRNA;
and rRNA, respectively.

The additional 32P radioactivity that remained on the column could be removed
by the use of 29, sodium dodecyl sulfate in 1 mM-NH,Cl plus 8 Mm-urea, pH 3-5. This
material did not appear to be RNA, although it was precipitated by trichloroacetic
acid. It resisted degradation by RNase, DNase, pronase, or alkali (0-3 ~). There
was no label in this material when the cell culture had been pulse-labeled with
[®H]uracil. The nature of this fraction is further complicated by the finding that the
82P counts banded in a CsCl equilibrium gradient at a density of 1-52. These 32P
counts may represent an intermediate of lipid or carbohydrate metabolism.

In another experiment in which a pulse of [3H]thymidine replaced the usual
32PQ, and [®*H]uracil labels, a large peak of 3H counts appeared under the first small
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Fic. 2. Fractionation of 22P pulse-labeled-[*H]uracil uniformly-labeled nucleic acid extract
on BNC column at pH 7:5. —O O—, 2P (pulse) cts/min; —@ ©—, °H (mass) cts/min.

peak in Figure 2 in the first gradient; no other ®H counts were eluted until after the
peak of rRNA; in the second gradient. SH label was also eluted when the sodium
dodecyl sulfate plus 1 M-NH,CI plus 8 M-urea was applied (in this case the ®H counts
and Agq, banded at a density of 1-70). These results are consistent with those
obtained by Kiger & Sinsheimer (1969) for A replicating DNA ; Knippers, Whalley &
Sinsheimer (manuscript in preparation) for ¢X RI replicating DNA; and Rohwer
(personal communication) for Z. coli replicating DNA.

Slight variations were occasionally seen in the patterns of Figure 2. Also, early
batches of BNC and especially BC showed considerable subfractionation of the tRNA-
DNA peak, and the large rRNA; peak was split into the 16 s and 23 s components
(see Fig. 1, Sedat et al., 1967). In addition a large amount of 32P pulse-label (equal in
quantity to that eluted with rRNAy; in the second gradient), but no 3H (mass) label
was eluted from the column when the 8 m-urea, 0-1 M-CH,COOH, pH 3-5, was
used to wash the column and lower the pH. These counts did not precipitate with
trichloroacetic acid or ethanol, as in the case of the counts eluted during sample
application.

The yield of RNA fractionated on BC at pH 7-5 is summarized in Table 1. A large
fraction of the rRNA (839, of the mass) was eluted in the first gradient (rRNA;),
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Tanre 1
pH 7-5 Benzoylated (naphthoylated) DEAE-cellulose fractionation

Fraction of Fraction of
gl the mass the pulse Fullae/mass
tRNA 0-11 0-02 0-20
+DNA
rRNA; 0-83 0-60 0-85
rRNA; 0-03 0-16 4-00
Sodium dodecyl sulfate 0-02 0-23 >12-50

together with 609, of the pulse (ignoring the unbound 32P counts of the sample
eluate). Only 39, of the RNA mass was eluted as rRNA;; in the second gradient,
together with 169, of the pulse. The fraction of 32P pulse counts eluted with rRNA;
or TRNA; varied; at times the ratio was 1:1. A surprising amount of the 32PO,
pulse-label (23%) was eluted with the sodium dodecyl sulfate plus 8 M-urea, although
this does not represent nucleic acid. The recovery of the 3H counts (based on the
amount adhering to the column) was approximately 999,, while that of the 32P
pulse averaged 90 to 95%,.

There are significant ionic effects on the first column fractionation. Substitution of
0-02 m-phosphate, pH 9-6, buffer (see Hayes et al., 1966) for 0-02 m-Tris-Cl, pH 9-6,
did not change the elution pattern of the 3H label but shifted almost all the RNA3%?P
pulse counts to the rRNA; peak, leaving little if any 32P with rRNAy; also, the 2P
counts were found coincidentally distributed with the SH mass of rRNA; instead of
on the trailing edge.

(b) Is there any difference between the pulse RNA in rRNA; and rRN A, ?

As is shown in Figure 2, the 32P pulse-label distributed into two fractions both of
which contained rRNA. To determine whether this fractionation of the mRNA was
meaningful, cells were infected with ¢X174 bacteriophage and the distribution of
¢X mRNA studied by means of hybridization to ¢X RF. A mixed nucleic acid extract
from infected cells pulse-labeled with [®*H]uracil and uninfected cells pulse-labeled
with 2P0, was chromatographed on BC as in Figure 2, and RNA samples from the
rRNA; and rRNA;; components were separately sedimented on sucrose gradients.
Each fraction from each gradient was assayed for the ability to hybridize to ¢X
RT filters and to $X DNA filters. Figure 3 shows the result of this experiment.

The sedimentation distribution of the total pulse-label is the same in rRNA;
and in rRNA;; and is the same in infected and uninfected cells. Also, the proportion
of the total pulse-label from infected cells which hybridized with ¢X RF and the
sedimentation distribution of the hybridizable label were the same (within experi-
mental error) in both rRNA; and rRNAy;. This experiment, together with the DMSO
sedimentation results presented in section (d), indicated that little, if any, selective
fractionation of mRNA had taken place on the BC column.

Furthermore, when rRNA; and rRINA;; were separately re-chromatographed on a
BC column at pH 7-5, each was eluted in two peaks similar to those of Figure 2.
The fact that in Figure 3 (also see Fig. 15, Sinsheimer, 1968) hybridizable pulse-label
appears in the fractions sedimenting faster than does ¢X DNA (21s) could be a
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consequence of the aggregation of the mRNA to rRNA as reported by Asano (1965),
Hayes et al. (1966), and Sedat & Sinsheimer (manuscript in preparation).

(¢) IFractionation of pulse-labeled RNA ot pH 35 on benzoylated DEAE-cellulose

The results of the ¢X hybridization experiment indicated that there was no
apparent sclection of mRNA in rRNA; and rRNAy;, and analytical and preparative
velocity sedimentation of these fractions demonstrated that the major mass com-
ponents were undegraded 16 s and 23 s rRNA. In order to separate the pulse-label
from the TRNA an additional fractionation step on BC entirely at pH 35 in 8 M-urea
was used. Figure 4 shows the result of chromatography of either rRNA; or rRNAj
in 8 M-urea at pH 3-5. No radioactivity flowed through the column during sample
application and a single peak, greatly enriched for the pulse-label, was eluted during
the 0 to 1 m-NH,CI gradient. Table 2 provides the proportions of the total mass-

| 5 O‘—1 M-NH, Cl -120
1 in 8 M-ureg— |
Sample pH 35
—18
—16
- —14
5 g
] o o
= -2 %
3 <
2 —lo 3
P 2
F . 1=
L. dg ®
-6
Un -4
~2
0 " S S——— Flsivenacoss cooet® |0
1 20 40 6 80

Fraction no.

Fic. 4. Chromatography of rRNA; (isolated from 32P pulse-, ®H mass-labeled nucleic acid
extract on BNC at pH 7-5) on BNC column at pH 35 in the presence of 8 Mm-urea. rRNA; behaves
similarly.

—QO——0O—, 2?P (pulse) cts/min; —Q——O—, H (mass) cts/min.

Fic. 3. Sedimentation in a sucrose gradient of (a) rRNA; or (b) rRNA; from both ¢Xam3-
infected cells, pulse-labeled with [3H]uracil for 45 sec at 15 min after infection, and from uninfected
cells, pulse-labeled with 2P (phosphate) for 45 sec.

— & ©—, Total ®H cts/min in each fraction; —QO O—, total 2P cts/min in each frac-
tion; —A A—, ®H cts/min hybridized to ¢X RF in each fraction; — A A—, 32P
cts/min hybridized to ¢X RF in each fraction; —[] [0—, 3H cts/min hybridized to ¢X viral
DNA in each fraction; —[J —, position of label in viral ¢X DNA in another sedimentation
tube.

28
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3H(cts/min x1073)

32p(cts/min x1073)

3H (cts /min x10™2)

F1a. 5(a) and (c)

F1e. 5. Sedimentation through a sucrose gradient of different RNA fractions eluted from BNC
columns. Sedimentation from right to left at 5°C at 25,000 rev./min for 12 hr, through a 5 to 209
sucrose gradient in 0-02 M-Tris—Cl buffer, pH 7-5.

O—, 2P (pulse-label) cts/min; — Q—— @—, *°H (mass-label) cts/min.
(a) TRNA; from BNC column at pH 7-5.
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3H(cts/min x1072)
32p(cts/min x1073)

F1c. 5(b) and (d)

(b) The RNA eluted from a BNC column at pH 3-5, after application of rRNA,.

(¢) The RNA eluted from a BNC column at pH 3-5, after application of rRNA;.

(d) A sample of RNA similar to that used in (b) was rechromatographed on BNC at pH 7-5
and the peak eluted from this column in the second gradient sedimented as above.
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TaBLE 2
pH 35 Benzoylated (naphthoylated) DEAL-cellulose fractionation

Fraction of the  Fraction of the

RNA applied Pulse/Mass

mass eluted pulse eluted
rRNA; 0-10 0-60 59
rRNAy 0-23 . 0-80 10-9

and pulse-labels eluted when rRNA; and rRNA;; were chromatographed at pH
3:5 on BC. Only a small fraction of the applied mass was eluted with approximately
609, of the pulse-label (this has been as high as 759, in some pulse experiments).
rRNA; was initially enriched for pulse-label, and chromatography of this fraction
resulted in an eluate with an increased proportion of the applied mass.

The radioactivity remaining on the column could not be eluted with any of the
gradients used with the first column at pH 7-5. The only means yet discovered to
dislodge the residual RNA has been partially to degrade it by passage of 8 M-urea
(Baker & Adamson only) in 0-1 M-CH;COOH, pH 3-5, plus 29, sodium dodecyl sulfate,
followed by distilled water, which brings off the rRNA largely depleted of 32P pulse-
label. As usual with the use of unpurified urea, an estimated five to ten hits/molecule
were found in the rRNA. For this chromatographic procedure the pH must be lower
than 4-5, NaCl will not substitute for the NH,Cl, and dimethylurea will not substitute
for urea.

The BC resin appears to age on standing for about six months and older batches
allowed increasing amounts of TRNA (especially 16 s) to elute with the pulse counts.

The peak eluted at pH 35 on BC was RNA as judged by its complete hydrolysis
(to trichloroacetic acid-solubility) by RNase. No unusual spots of radioactivity were
found after electrophoresis of the nucleotides from a 0-3 N-potassium hydroxide
hydrolysate.

Rechromatography of the RNA eluted at pH 3-5 resulted in a pattern identical
to that of Figure 4. Greater than 859, of both pulse and mass labels applied was
eluted (except for the above-mentioned case when the use of aged resin resulted in
elution of some rRNA).

(d) Velocity sedimentation analysis in sucrose gradients

The results of preparative velocity sedimentations, in neutral sucrose gradients,
of 32P pulse-[®*H]uracil uniformly-labeled, fractionated RNA from the BC columns
are shown in Figure 5. Part (a) of this Figure is the velocity pattern of rRNA;; especi-
ally noticeable is the large fraction of 32P pulse-label sedimenting faster than the
23 s rRNA. From the pulse experiment in ¢X-infected cells (see Fig. 3) and the
analytical sedimentation patterns presented (also see Results, section (d)), both
rRNA; and rRNA; are very similar with respect to distribution of mass- and pulse-
label. The sedimentation patterns of the RNA eluted from the BC column in the pH
35 fractionation of both rRNA; and rRNA; appear in (b) and (c), respectively. The
16 s and 23 s rTRNA components are largely gone, except for the very small shoulders
in the regions where these rRNA components sediment; there is still a small amount
of tRNA at 4 s (Gillam et al., 1967). (The presence of tRNA in rRNA; and rRNAy;
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is a consequence in part of trailing from the tRNA peak and in part of retarded
clution of acylated tRNA bearing aromatic amino acids.)

The ®H (mass) label now approximately parallels the pulse-label in both gradients.
When the tRNA present in the RNA analyzed in Figure 5 (b) and (c) was removed by
rechromatography at pH 7-5 as described in Materials and Methods section (b), (i),
and the product sedimented again, the distribution pattern was as shown in Figure
5(d). There is a general correlation of the pulse- and mass-labels; when the sedi-
mentation profile of the original rRNA; (Fig. 5(a)) is compared to that of the final
preparation (Fig. 5(d)), it is seen to be essentially similar except for the disappearance
of the pulse counts which initially sedimented ahead of the 23 s rRNA. This result,
in addition to the ¢X result, again suggests that the fast pulse-label could be due to
mRNA-rRNA aggregation.

(e) Velocity sedimentation in 99% benzoylated (naphthoylated) DEAE-cellulose

Such aggregation effects, in addition to the well-established observations that the
measured s-values are not simply related to RNA molecular weight, decrease the
utility of sucrose gradient analyses of RNA preparations. Sedimentation of RNA
through 9% DMSO has been shown to be independent of prior secondary structure
and the dependency of S-value on molecular weight is regular and known (Strauss
et al., 1968). Figure 6 illustrates the result of sedimentation through 99% DMSO
of RNA from different stages of the fractionations described here. In Figure 6(a)
rRNA; was used, in Figure 6(b), rTRNAy;, and in Figure 6(c) the RNA eluted from
two successive fractionations at pH 3:5 of an rRNA; fraction. The results of these
999, DMSO gradients indicated that there was no apparent degradation as judged
by the mass ratio (2:1) for the 23 s and 16 s rRNA in both rRNA; and rRNA;;. The
size distribution of the pulse label was the same in the initial (a) as in the final (c)
preparation, making it unlikely that selection or degradation had occurred. In (c)
there is a good correlation of the pulse- and mass-labels, disregarding the slower-
sedimenting tRNA component. Comparison of the distribution of pulse label on the
sucrose gradients and in the DMSO gradients indicates a good agreement except for
the pulse-label sedimenting ahead of the 23 s marker; since this component is absent
in DMSO, it probably represents aggregation as suggested above.

(f) Fate of the [*Huracil pulse- and [*Cluracil uniformly-labeled RN A during a “chase”

The experiments described above were performed with a 32P pulse- and °H uniform-
label and the good correlation of the pulse- and mass-counts in the final preparation
suggested that the mRNA had been purified to its actual mass (approx. 3 to 5%, of
the total RNA mass of the cell). As a further test of this conclusion, a culture of
E. colt was labeled with [**Cluracil for one generation and then with a 45-second

Fia. 7. Sedimentation of RNA eluted from BNC column at pH 3-5 ({RNA; applied). The RNA
of the cells was uniformly labeled with [**Cluracil and pulse-labeled (45 sec) with [3H]uracil. At
the end of the pulse, one-half of the culture was chilled on ice and the other half incubated in
the absence of label for one generation of growth (chase).

Equal amounts (Age) of the RNA, extracted from the two halves of the culture and chromato-
graphed, were sedimented at 10°C for 8 hr at 40,000 rov./min through a 5 to 209 sucrose
gradient in 0-02 M-Tris-Cl buffer.

~—O——0—, Aag0; —@——©—, °H (pulse) cts/min; — A——— A—, 14C (mass) cts/min; A,
ratio **C/°H in each fraction.

(a) Immediately at end of 45-sec pulse. (b) After chase for one generation of growth,
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pulse of [5-*H]Juracil. The culture was then split; one-half was killed with NaNj,
while the label in the other half was chased by adding a large excess of unlabeled
uridine and cytidine, filtering off the cells, and resuspending them for one generation
of growth in excess unlabeled uridine and cytidine. The nucleic acids were then
extracted, and fractionated on columns of BC at pH 7-5 and pH 3-5. Successful change
of medium was indicated by the lack of further incorporation of the **C or °H labels;
also, the specific activity of the **C decreased by one-half during the chase, indicating
uninterrupted cell growth. Equivalent amounts of RNA (444,) from the two hali-
cultures were sedimented on sucrose gradients (Fig. 7). In Figure 7(a) the RNA
from the 3H pulse-**C uniformly-labeled control half of the culture shows the usual
heterogeneous sedimentation distribution of ®H pulse-label with corresponding 4,4,
and %C label. The sedimentation distribution of the RNA from the chased half of
the culture is seen in Figure 7(b). The H label has largely disappeared, indicating
success of the chase. The **C counts have also decreased; however the ratio of **C/3H
as compared to that of the control indicates there is substantial 14C label that does not
chase or does so very slowly. Much of this is probably tRNA but it is surprising that
the distribution of persistent *C label sedimenting ahead of tRNA is very similar
to that of the control.

4. Discussion
(a) The basts for fractionation on benzoylated DEAE-cellulose

At pH 7-5 the BC and BNC columns appear to separate nucleic acids on the basis
. of their secondary structure (see Sedat et al., 1967). It is, however, unexpected that
such chromatography fractionates Z. col¢ pulse-labeled RNA into two peaks (in
0-3 m-NaCl, 0-02 m-Tris—Cl, pH 7-5). It was thought that this result might be explained
by the aggregation of mRNA to rRNA, but even after two successive fractionations
at pH 3-5 to remove rRNA, rechromatography at pH 7-5 distributes the pulse-label
(both in position and amount) identically as in Figure 2. Whatever the basis of this
fractionation of the pulse-label, it is very sensitive to a change in buffer, as to 0-02
M-PO,, pH 96, in 0-3 m-NaClf.

The fractionation of mRNA from rRNA at pH 3-5 is not well understood. The
requirements for urea (and not dimethylurea), for NH,Cl (and not NaCl), and that
the pH < 4-5 seem to have no obvious basis: equally bizarre is the ability to bring
off the rRNA with water (after the sodium dodecyl sulfate wash in the presence of
a degrading 8 M-urea).

There are several observations to suggest that the interaction of the column with
nucleic acid is not an equilibrium reaction as in most ion-exchange chromatographic
procedures. First, the separations and resolution are not significantly improved by
an increase in height of the column (even by a factor of 20), and no change is noted
by mixing up the column bed during the loading process (the capacity is > 100 4,40/
ml. bed volume at pH 7:5). Second, we find that the fractionation with respect
to position and peak appearance is very sensitive to the conditions of application,
suggesting that the RNA molecules are fixed on the BC column (decreasing their
degrees of freedom) in a state dependent on the solvent in which they were applied
and that this state determines the necessary ionic conditions for elution.

T It should be mentioned that reticulocyte rRNA is not completely eluted during BC chromato-

graphy unless a 0 to 4 M-urea gradient is substituted for the 0 to 30% DMSO gradient (Lyon,
unpublished observations).
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We find no evidence that there is any selectivity for different messengers across
peaks eluted from BC, at any pH, as evidenced by the similar sedimentation patterns
of different fractions and the constant ratio of ¢X ®H pulse-label to 3P uninfected"
pulse-label.

(b) Proof that the pulse-label represents mRNA

The pulse-label (in TRNA; and rRNAy;) from ¢X-infected cells (and not from un-
infected cells) contains messenger RNA that hybridizes specifically to ¢X RF.
(That it does not hybridize to $X DNA indicates that the complementary strand of
the R is the site for transcription (with a preference better than 10°:1) in agreement
with previous work on ¢X mRNA (Hayashi, Hayashi & Spiegelman, 1963). The
sedimentation distributions of the purified pulse-labeled RNA are in good agreement
with many previous studies of the sedimentation distribution for the heterogeneous
E. coli mRNA (cf. Bremer & Yuan, 1968). The total mass of the final pulse-labeled
RNA preparation (mass-label now coincident with pulse-label distribution) is in
general agreement with recent estimates for the mass of Z. coli mRNA: 39, (Salser,
Janin & Levinthal, 1968); 1-5 to 3%, (Leive, 1965); 3%, (Mangiarotti & Schlessinger,
1967); 2-2%, (Mueller & Bremer, 1968). The chase experiment indicates that the pulse-
label is chased out, as expected, in accord with other observations (see the discussion
by Salser et al., 1968). It is also of interest that the pulse-labeled RNA isolated on
BNC in this way from phage-infected cells contains messenger RNA fully active in
the stimulation, in cell-free systems, of the synthesis of specific, biologically active
proteins of the phage T4 (T. Young, personal communication).

(c) Possible selection of mRN A4 fractions

It is very difficult to ascertain if there has been selective enhancement of any mRNA
fraction during the preparation of the total heterogeneous mRNA. One major un-
controlled process wherein selection could arise is in the lysis and extraction with
phenol. It is known that more of the single-stranded replicating DNA is retained in
the phenol layer (Ganesan & Lederberg, 1965; Hanawalt & Ray, 1964), and pulsed
RNA or DNA is found bound to the interface of phenol layers in extracts of animal
cells (Kidson, Kirby & Ralph, 1963). However, the high yields of ¢X mRNA, trypto-
phan operon mRNA, lac operon mRNA and lambda phage mRNA by the phenol
extraction procedure indicate that this is probably not a significant objection.
Another step in which unwanted selection could arise is during the BNC fractionation.
Since the recovery of 3H-mass counts is > 959, (Fig. 2), it is unlikely that selection
of this RNA is significant; the recovery of the 32P pulse-label is over 909%,. Much of
the firmly bound 32P pulse-label is in a non-nucleic acid component, which can be
eluted with sodium dodecyl sulfate. No selection of pulse-label into rRNA; or rRNA
is evident in the profiles of X RF hybridizable-RNA. Rechromatography of previously
fractionated (see Fig. 5(a)) pulse-label, at pH 3-5 or pH 7-5 on BNC, results in a firm
binding of approximately 109, of the 32P pulse; however, from DMSO velocity grad-
ients there appears to be no selection of a particular component. All the fractionation
steps seem to have very similar or identical leading edges in DMSO gradients which
may be the best evidence that the BNC chromatography is not selective.

(d) Problems of RN A degradation

If it is accepted that a mass ratio of rRINA components << 2:1 indicates degradation
during the preparation, then from the DMSO sedimentation (where masked hits
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are unfolded) little degradation is evident. Of course, even with the use of RNase I~
mutants it is still possible that there might be polysome degradation (but not ribo-
some) during the lysozyme-EDTA lysis before addition of sodium dodecyl sulfate
and phenol.

The degradation of RNA by 8 M-urea was unexpected, requiring the use of a highly
purified reagent.

(e) Purity of mRNA

One of the best indications of purity of the mRNA preparation is the observation
in DMSO (or sucrose) gradients that the mass counts closely parallel the pulse counts
as a function of the mRNA size (in DMSO). It is extremely unlikely that this is a
coincidence but more probably reflects the purification to the actual mass of the
mRNA. This mass, allowing for losses on the columns and correction for the tRNA
contaminant, agrees with the reported value of 39%,. Another argument for purity of
this fraction comes from the observation that the ratio of pulse- to mass-label in the
sedimentation region between rRNA and tRNA (near the mean molecular weight
of mRNA) in the rRNA; sedimentation in DMSO (Fig. 6(a), tube 30) is the same
as in the final purification (Fig. 6(c), tube 30). This observation is also true for
rRNA.

There are, however, some indications that some impurities may exist in the final
preparation. First, the ratio of pulse to mass in rRNA; is approximately one-half of
that in RNAy, and this is still true for the RNA eluted at pH 3-5 (after removal of
ribosomal RNA) from both of these fractions (see tube 30 in Fig. 6(a), (b) and (c);
tube 35 in Fig. 5(b) and (¢)). This is not understood but it might represent an im-
purity. Second, it is possible to see small shoulders in the mass counts in Figure
5(b), (c) and (d) in the region where one would expect rRNA ; these are reduced on
rechromatography at pH 3-5 or pH 7-5 but not eliminated.

The most important indication of impurity comes, however, from the pulse/chase
experiment. The pulse/chase labeling sequence results in the loss of approximately
979, of the pulse-label from the final mRNA preparation, but only about 68%, of
the mass-label. (The contribution of tRNA contaminating these fractions was
eliminated by comparing the values for individual points in the DMSO gradients of
the final preparations. These points were taken from the peak of the pulse-label
distribution, well ahead of the tRNA peak.) An excess of mass-label implies that the
molecules containing it were synthesized before addition of the pulse-label. Three
ways in which such molecules might appear in the final mRNA preparation have
been discerned. First they might be some minor RNA component, perhaps a degrada-
tion product of rRNA, which happens to co-elute with mRNA. The second possibility
is that some fraction of the total mRNA synthesized by the cell is metabolically
stable. Long-lived mRNA synthesized before addition of pulse-label would contribute
to the mass-label, but not to the pulse-label, and would not chase. However, the
fraction of total mRNA which would have to be postulated to be stable (> 0-3) in
order to account for the observed effect seems too large. A third possibility is that
the unchasable mass-label comes from cells which have died during the initial period
of labeling with mass-label. (It is of course then necessary to assume that all mRNA
in dead cells remains undegraded.) It should be noted that the cultures were filtered,
which may have caused some cell death. However, general experience with the strains
used indicates that the procedures used cause very little loss of viability. It is
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unlikely that the observed effect stems solely from any one of these hypothetical
mechanisms; it is perhaps attributable to a combination of all three operating
simultaneously.

It appears therefore that it is in general difficult to decide the purity of the mRNA.
Though it has been purified 15-fold, more work will have to be done to decide this
point.

(f) Implications of this research

The finding that the mRNA pulse-label elutes as a single peak at the final pH,
3:5, resolved from rRNA, but with a size distribution identical to that present in
the starting RNA, implies that there is some common feature, structural or
chemical, in mRNA molecules permitting them to act as a group during BNC
fractionation.

Cur sedimentation velocity patterns in DMSO imply that very little (if any)
mRNA is larger than 1 x10¢ avograms, enough RNA for at most ten cistrons. The
peak of the mRNA distribution is at an S-value corresponding to a molecular weight
of about 72,000. (The corresponding mol. wt. for ¢X messenger RNA is 116,000.)

These low average values of messenger size raise the possibility of a selective
degradation of messenger RNA (and not of ribosomal RNA) during isolation. However
the isolation, as previously mentioned, of functional messenger RNA from infected
cells by these methods argues qualitatively against the likelihood that extensive
degradation has occurred.

Our results on the mechanisms of fractionation on BNC or BC suggest that a new
chromatographic effect is operative such that the elution (recovery and position)
of the nucleic acid is strongly influenced by the conditions that prevailed when it was
applied on the column; it is as if the degrees of freedom are fixed once the nucleic
acid is bound to the column and can only be changed by elution when the ionic
conditions are right.

This research was supported in part by a grant GM13554 from the U.S, Public Health
Service.
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