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SUMMARY

The present dissertation concerns the purification and properties
of an RNA-dependent ribonucleotide-polymerizing enzyme (RNA replicase)

produced during infection of E. coli with the RNA bacteriophage f2.

Studies on the RNA replicase of the distantly-related bacterio-
phage QB have established the feasibility of using a simplified assay
for replicase activity based on the ability of the enzyme to polymerize
GTP in the presence of polycytidylic acid template. A similar poly C-
dependent poly G polymerase activity is detectable in E. coli infected
with bacteriophage f2. The £2 poly G polymerase has been purified by
ion exchange chromatography on DEAE cellulose, affinity chromatography
on RNA cellulose and density gradient centrifugation. Highly purified
preparations of phage-induced poly G polymerase consist predominantly
of four proteins having approximate molecular weights of 75,000, 63,000,
46,000 and 33,000. The 63,000 m.w. protein has been identified as the
phage-coded replicase protein based on co-electrophoresis of this

polypeptide with replicase protein obtained from phage-infected cells.

Partially purified preparations of f2 poly G polymerase exhibit
replicase activity. Such preparations catalyze nucleotide polymeriza-
tion in the presence of single-stranded f2 phage RNA or f2 complementary
strand RNA, but are inactive with other viral and bacterial RNAs. The
product of the in vitro enzymatic reaction has been analysed by RNA °
annealing techniques and found to consist entirely of polynucleotides
homologous to f2 RNAs. In the presence of single-stranded phage RNA
template, the enzyme synthesizes both complementary strand RNA and some
product copies of the input template strand. However, the enzyme does
not synthesize RNA in excess of the input template amount and is able
to release only a small proportion of the product RNA as single-stranded
viral RNA. Most of the product RNA remains in partially double-stranded
complexes with template RNA.
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Highly purified f2 poly G polymerase shows no replicase activity.
It has been found that a factor fraction necessary for replicase activity
separates from the poly G polymerase during glycerol gradient centri-
fugation. This fraction, which shows no nucleotide-polymerizing activity
and is presumably of bacterial origin, restores replicase activity with
both f2 single-stranded viral RNA and f2 complementary strand RNA to
the 4-polypeptide poly G polymerase.

The f2 replicase and poly G polymerase activities are quite
similar with respect to such parameters as stability, temperature optimum,
divalent cation requirements, phosphate insensitivity and template satu-
ration kinetics. Template competition experiments further suggest that
the synthetic polymer and phage RNA compete for binding to the enzyme.

The effect of the ionic strength of the incubation medium on the two
activities is quite different, however. Replicase activity is stimu-
lated at ionic strengths up to about 0.1, while the poly G polymerase

is markedly inhibited, even at quite low salt concentrations.

The results of substrate saturation studies suggest that the
affinity of replicase is considerably higher for ATP, CTP and UTP than
for the chain-initiator nucleotide GTP. Furthermore, the complex
saturation kinetics observed for GIP in both replicase and poly G poly-
merase reactions indicate the simultaneous interaction of more than one
molecule of GTP with the enzyme. On the basis of the present studies
with the f2 enzyme and the considerable literature on other nucleotide-
polymerizing enzymes, it is proposed that the replicase has separate
active sites for RNA chain initiation and polymerization. It is postu-
lated that the synthetic polymer-dependent reaction occurs primarily or
exclusively at the chain initiation site, whose normal function is to
recognize the 3' terminus of phage RNA templates and carry out the
polymerization of the 5' terminal guanylate residues of phage RNAs. It
is further suggested that replication of phage RNAs occurs primarily at
the polymerization site, whose activity is governed by specific secondary

interactions of the enzyme with natural template RNAs.
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CHAPTER I

INTRODUCTION

Since their discovery by Loeb and Zinder (1961) more than 10
years ago, the RNA-containing bacteriophages have been studied exten-
sively. At present, five groups of phages have been identified,
primarily on the basis of phage particle properties (Miyake et al.,
1971). Group I, which includes the phages f2, R17, MS2, fr, and M12,
has been analysed in great detail, both structurally and functionally.
The aspect of Group I RNA phage physiology which has proved most
difficult and unrewarding experimentally is the structure and enzymo-
logy of its replicase, the enzyme responsible for phage RNA replication.
The analogous enzyme of QB, a group III phage, is experimentally much
more accessible. As a result, most of the information available today
on RNA replicases comes from studies on the QB replicase, despite the
paucity of general information concerning the physiology of Group III
phages and its relationship to that of Group I phages. Relatively
little is known about the remaining groups of RNA phages (Stavis and
August, 1970).

The present study is devoted to filling in the gap in our know-
ledge of Group I phages. Capitalizing on recent developments in enzyme
purification techniques and the considerable knowledge derived from
studies on the QB replicase, we have devised a purification scheme for
the unstable replicase of the £2 bacteriophage. We have studied a
number of its properties and certain aspects of its relationship to the

Group III replicase of the QB phage.

The amount of information available on the structure and physio-
logy of Group I RNA phages is prohibitive of a comprehensive review.
Zinder (1965) and Stavis and August (1970) have summarized much of this
information and it will not be recapitulated here. Our effort in this
introduction is to provide a minimal historical framework for the pre-
sent study and to introduce certain features of Group I phage physiology

which we have exploited in our studies on the f2 replicase.






A. Phage Replication

The RNA phages of Group I consist of a single-stranded RNA mole-
cule (m.w. 1.1 x 106) encapsulated in a polyhedral protein shell composed
of 180 molecules of major coat protein (m.w. 14,200) and one or two
molecules of A protein (m.w. 35-40,000; Stavis and August, 1970). Phage
reproduction occurs in male cells; The reproductive cycle begins when
the phage particle attaches to a bacterial pilus and the phage RNA
penetrates into the bacterial cell. The phage RNA serves both as the
genetic material of the phage and as messenger RNA for the synthesis of
the three phage proteins. One of the phage proteins synthesized early
in the infectious cycle is required for the enzymatic replication of
phage RNA. This is the phage replicase protein. Phage RNA replication
involves the synthesis of a complementary (or minus strand) copy of the
incoming single-stranded (or plus strand) RNA, followed by the asymmetric
synthesis of many new plus strands. A limited number of newly-synthesized
plus strands undergo complementary minus strand synthesis and contribute
to the further generation of plus strands (Weissmann and Ochoa, 1967).

Two other phage proteins are made during infection. These are the major
and minor (A protein) proteins of the viral particle. There is also some
evidence for the existence of a fourth phage-specific protein, which may
be necessary for lysis of infected cells (P. Model, personal communication).
Viral particles are assembled from the newly-synthesized plus strand RNA,
coat protein and A protein. As many as 10,000 phage particles are con-
structed and assembled within a single cell in the short span of 40-50
minutes after infection. At this time the cell lyses and the phage

particles are released (Zinder, 1965; Stavis and August, 1970).

This thumbnail sketch of phage reproduction is applicable to all
Group I phages and probably to Group III phages as well (Horiuchi and
Matsuhashi, 1970). The Group I phages appear to be extremely similar;
they are probably removed from each other by a relatively small number
of mutational events. Thus, for example, the coat protein sequences of
f2 and R17 and of f2 and MS2 differ by only a single amino acid out of
129 (Stavis and August, 1970). The nucleotide sequences of the RNAs






are also quite similar, as evidenced by extensive cross-hybridization
(Weissmann and Ochoa, 1967). Nucleotide sequencing is currently in
progress, and significant regions of common or similar nucleotide
sequence are already apparent among the Group I RNAs (Cory et al., 1970;

Stavis and August, 1970).

The Group III phage QB wasloriginally thought to be unrelated to
the Group I phages. There is no serological cross-reaction between
these groups of phages and their RNAs and phage particles have signi-
ficantly different properties (Overby et al., 1966a and b). The RNAs
of Group I phages do not hybridize with QB phage RNA (Weissmann and
Ochoa, 1967). The amino acid sequences of Group I coat proteins are
quite different from that of the QB coat protein (Konigsberg et al.,
1970). Close examination of the sequences, however, suggests that these
phages may have a common ancestor (Konigsberg et al., 1970). Similar
conclusions have been derived from studies on the nucleotide sequences
of the RNAs (Adams and Cory, 1970; Goodman et al., 1970). Thus, the
Group I phages probably diverged from the Group III phages fairly
early in the evolution of these simple organisms. Conclusions based on
studies of one phage group must be applied to other groups with some
caution. Intra-group studies, on the other hand, can be discussed

interchangeably with relative assurance.

B. Phage Protein Synthesis and Its Control

Despite their apparent simplicity, RNA phages exhibit quite
sophisticated control mechanisms governing phage macromolecular synthesis.
These will now be discussed in some detail. The existence of control
mechanisms can be deduced from a consideration of the relative quantities
of phage-specific macromolecules synthesized during infection. Analysis
of phage-specific proteins made during infection of cells in which host
protein synthesis is inhibited by actinomycin (Vifiuela et al., 1967;
Nathans et al., 1969) or rifampicin (Fromageot and Zinder, 1968) shows
that the phage coat protein is made in vast molar excess over the other

phage proteins. Similarly, when phage-specific RNA species are examined






by hybridization (Weissmann et al., 1964a) it is evident that about 10
times as many phage plus strands as phage minus strands are made during
the infectious cycle. Considerable evidence exists that this quanti-
tative regulation is under phage control and that the control mechanisms
governing phage protein synthesis and phage RNA synthesis are inter-

related.

The first phage control mechanism to be identified was that
governing the synthesis of f2 replicase protein. As mentioned earlier,
the replicase protein is the protein required for the enzymatic synthesis
of progeny phage RNA. That a phage protein is required for RNA replication
in f2-infected cells was originally shown by Cooper and Zinder (1963).
They found that phage RNA synthesis could be inhibited by adding chlor-
amphenicol to inhibit protein synthesis at the time of infection. Some
evidence for the existence of a control mechanism was evident even in
these early studies. Thus the chloramphenicol inhibited progeny RNA
synthesis only when added early in the infectious cycle, Normal RNA
replication obtained when chloramphenicol was added later than 15 minutes
after infection, suggesting that the synthesis of this protein is con-
fined to the early part of the infectious cycle. Additional evidence
for such a control mechanism came from observations of replicase activity
in crude cell homogenates. Again, it was found that replicase activity
could be detected only when phage proteins were synthesized. In
addition, there was no increase in the amount of activity detectable

beyond about 20 minutes after infection (Lodish et al., 1964).

Studies on conditional-lethal mutants* (amber+ and tem.perat'ure-=

sensitive mutants§), carried out primarily by Lodish et al. (1964) and

*Conditional—lethal mutations allow the virus to grow under one set of
conditions (e.g. in certain bacterial strains, referred to as permissive
hosts, or at certain temperatures) but not under other conditions (e.g.,
in other bacterial strains, referred to as non-permissive hosts, or at
other temperatures).

tAmber mutations are changes in the nucleotide sequence which result in
the premature termination of a nascent polypeptide chain. When an amber
mutant is grown in a non-permissive host, synthesis of the protein stops
at the site of the mutation and the unfinished protein is released.






by Horiuchi et al. (1966), established the function of this viral
protein. These authors found that mutations in one of the three wviral
cistrons resulted in the inability of the phage to replicate its RNA
under non-permissive conditions. This showed directly that a viral
protein is involved in phage RNA replication. The nature of the con-
trol mechanism governing the synthesis of this protein was elucidated
by studying phage with amber mutations in the coat protein cistron
(Lodish et al., 1964; Lodish and Zinder, 1966b). Phage mutants which
do not produce the normal amount of coat protein under non-permissive
conditions were found to hyperproduce phage replicase activity. Phage
replicase synthesis, which normally terminates at about 20 minutes after
infection in the wild-type infected cell, continues throughout the
infectious cycle in the absence of a normal level of coat protein., This
is particularly apparent in cells infected with the sus 11 mutant of f2,
which has an amber mutation at site 70 of the coat protein (Webster et
al., 1967). 1In such cells, replicase activity at 60 minutes after
infection is 10-20 times higher than the maximal wild-type level.

Lodish et al. (1964) further observed that enzyme hyperproduction in
such cells was contingent upon the continued synthesis of progeny viral
RNA. This suggested that under normal conditions, the replicase is
synthesized from the incoming viral RNA and perhaps from early progeny
RNA. As viral coat protein accumulates, it serves as a repressor and
prevents further synthesis of replicase. In the absence of repressor,

as in sus ll-infected cells, replicase synthesis continues unabated.

More recent experiments suggest that the coat protein also’
regulates the synthesis of viral A protein and, curiously enough, of

the coat protein itself. Thus both Vifiuela et al. (1968) and Nathans

footnote continued

When an amber mutant is grown in a permissive host, either the original
or some other amino acid (depending on the particular strain) is in-
serted at the mutated site and synthesis of the protein continues.
§Temperature-sensitive mutations render the virus unable to reproduce

at one temperature (e.g., 4300), while still able to reproduce at
another temperature (e.g., 34°C). For a full discussion of these
topics, see Hayes, Chapter 18.






et al. (1969) have shown that the A protein is also overproduced late

in the infectious cycle in mutants of MS2 lacking functional coat pro-
tein. Nathans et al. (1969) and Fromageot and Robertson (personal
communication) found some evidence that the kinetics of synthesis
differed somewhat for the A protein and the replicase protein, suggest-
ing that the repressor effects of coat protein with respect to the two
proteins are not coordinate. The synthesis of A protein levels off at
about 30 minutes after infection, while that of replicase protein stops

at about 20 minutes after infection.

Recent experiments with MU9, an amber coat mutant of MS2, further
suggest that the coat protein regulates its own synthesis (Sugiyama et
al., 1969). 1In a wild-type infected cell, the amount of coat protein
synthesized is very large. More than 10 times as much coat protein as
any other phage protein is synthesized in the course of infection. The
experiments of Sugiyama et al. (1969) suggest that this disproportion
is not simply a passive consequence of coat repression of the synthesis
of other viral proteins, but that it is actively promoted by the presence
of an intact coat having a correct amino acid sequence. In non-permissive
bacterial cells, the MU9 mutant can only make a fragment of the coat
protein. In permissive cells, the complete coat protein is made, but
has different alterations in the amino acid sequence at site 70 depend-
ing on the particular permissive strain used. If only the coat fragment
is produced, or if the complete protein with an unsatisfactory amino
acid at site 70 is produced, the coat is non-functional as a repressor
and disproportionately large amounts of coat (or coat fragment) are not
produced. Only when the complete protein is made and has the original
amino acid at site 70 (or a satisfactory replacement), is the normal
high level of coat protein synthesized. Thus the coat protein not only
represses the synthesis of A protein, but also promotes a disproportion-

ately large synthesis of the coat protein itself.

The repressor function of coat protein, deduced from the in vivo
replication of mutant phage, has been confirmed by in vitro studies.

When.phage RNA is used as a messenger RNA in a cell-free protein
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synthesizing system, all of the phage-specific proteins are synthesized.
When a coat protein-RNA complex is used as messenger, the synthesis of
non-coat proteins is reduced, while synthesis of coat protein is un-
affected (Stavis and August, 1970). It is likely that the in vitro
studies represent an oversimplification of the in vivo situation. Indeed,
it has been suggested that repression may operate at a transcriptional,
rather than or in addition to the translational level (Robertson et al.,
1968) . The in vitro studies, however, suggest that the regulatory
function of coat protein is based on a direct interaction of protein

with the phage nucleic acid.

C. Phage RNA Synthesis and Its Control

The replication of phage RNA is also a carefully regulated process
and the control mechanisms operating in RNA synthesis are inseparable
from those described for phage protein synthesis. A rather over-
simplified summary of phage RNA replication is presented in Fig. 1.
The first step in RNA replication appears to be the synthesis of a
complementary minus strand to the input phage plus strand. The minus
strand is then transcribed to yield progeny plus strands. Many more
molecules of plus strand RNA than of minus strand RNA are generated
during the infectious cycle. Only a few of the newly-synthesized plus
strands serve as templates for minus strand synthesis. The net result
is that minus strands are used repeatedly for the asymmetric synthesis

of plus strands (Weissmann and Ochoa, 1967).

The participation of a complementary or minus strand in the pro-
duction of progeny single-stranded RNA was deduced from the presence
and properties of double-stranded RNAs in phage-infected cells. Early
studies on Group I phages showed the existence of both double-stranded
and partially double-stranded phage-specific RNAs in infected cells
(Erikson and Franklin, 1966; Erikson, 1968). Several lines of evidence
suggested that these structures are involved in phage RNA replication
(Erikson and Franklin, 1966; Weissmann and Ochoa, 1967). When bacterial

cells are infected with phage whose RNA is radioactive, the labeled RNA
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is rapidly converted from ribonuclease-sensitive single-stranded form
to RNase-resistant double-stranded form. These double strands, con-
taining labeled parental RNA, have the same physical properties as the
double-stranded RNAs extracted from infected cells. Somewhat later in
infection, there is a decrease in the labeled parental RNA present in
RNase-resistant form. This decrease is thought to correspond to the
displacement of parental strands from partially double-stranded replic-
ating structures by newly-synthesized plus strands. Experiments in
which nascent RNA is labeled either in vivo or in vitro (Weissmann and
Ochoa, 1967) suggest that label invariably appears first in association
with the double-stranded RNAs and only later as free, single-stranded
RNA.,

The asymmetric nature of phage RNA replication is quite apparent
from the relative amounts of phage single-~ and double-stranded RNAs.
Weissmann et al. (1964a) showed that only about 8% of the viral RNA
made after 45 minutes of infection with MS2 phage was double-stranded.
Based on sensitive annealing techniques, it was later shown by Weissmann
et al. (1968) that up to 307 of the RNA synthesized after infection with
MS2 was viral RNA. Of the total viral RNA, however, only about 107 is

viral minus strand RNA in a normal infection,

It is generally agreed that phage RNA replication proceeds by
complementary strand synthesis, that some kind of association between
Plus and minus strands is maintained and that phage RNA replication is
decidedly asymmetric. Beyond these facts, there is little agreement.
Thus, for example, Feix et al. (1967) suggest that the intracellular
intermediates in RNA replication are not double-stranded at all. Only
during phenol extraction, they suggest, do these structures collapse
into double-stranded form. Another unresolved issue is whether RNA
replication is conservative or semi-conservative. Again, evidence
exists for both mechanisms (Stavis and August, 1970) and perhaps the
actual mechanism involves both conservative and semi-conservative
elements. Another controversy concerns the number of nascent plus

strands which can be associated with a single replicating structure.
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Granboulan and Franklin (1968) and Robertson and Zinder (1969) have pre-
sented evidence which suggests that most replicating structures have a
single nascent chain, whose length is, on the average, about 257 of the
intact viral RNA. Vandenberghe et al. (1969) have reported that the
largest replicating structures isolated from MS2-infected cells can

have 10 or more nascent chains attached.

The overall asymmetry of RNA replication strongly suggests the
existence of a mechanism controlling the transcription of the two viral
strands. Early in vivo experiments on bacteria infected with mutants
of £f2 and MS2 showed that phage-specific proteins were involved in the
regulation of phage RNA synthesis. Thus, for example, Lodish et al.
(1964) found that the hyperproduction of phage replicase protein which
occurs in the absence of coat protein drastically changes the ratio of
Plus strand RNA to minus strand RNA. As discussed above, cells infected
with the sus 11 mutant produce no complete coat protein and continue to
synthesize replicase protein throughout infection. Continued synthesis
of replicase results in the accumulation of excessively large amounts of
double-stranded RNA, suggesting that extra minus strand RNA is being made
under these conditions (Lodish et al., 1964). This observation was later
confirmed for a coat mutant of MS2 by Weissmann et al. (1968), who showed
that the fraction of phage-specific RNA in minus strands was as high as
407 in such cells, as compared with 107% in cells infected with wild-type
phage. Conversely, cells infected with a mutant having a temperature-
sensitive replicase protein ceased to produce minus strand RNA (as de-
tected by double-stranded RNA) when shifted to a non-permissive temperature
(Lodish and Zinder, 1966a). Since the level of plus strand synthesis
appeared to be fairly normal in cells infected with either of these mutant
phages, Lodish postulated the existence of two separate enzymes for the
replication of phage RNA. One of these was thought to be a phage-specific
enzyme, synthesized from phage RNA and necessary only for phage minus
strand synthesis, while the other was thought to be a bacterial enzyme
responsible for the synthesis of plus strand RNA. By this hypothesis,
the overall asymmetry of RNA replication would be determined by the
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limited supply of phage-specific enzyme, whose production was, in turn,

controlled by the repressor function of the coat protein.

D. 1In Vitro Properties of Phage RNA Replicases

The purification of Group I replicases was undertaken in a number
of laboratories. An initial report by Haruna et al. (1963) suggested
that an enzyme capable of specifically utilizing MS2 plus strand RNA
template could be isolated from MS2-infected cells. This report was
substantiated somewhat later by Fiers et al. (1967). These authors
further showed that template-dependent MS2 replicase activity was associ-
ated with a large complex having a sedimentation coefficient of about
40 S and containing both protein and RNA. They also reported that while
the replicase activity was insensitive to actinomycin, it was extensively

inhibited by low concentrations of phosphate ion.

Weissmann and his coworkers (Weissmann and Ochoa, 1967) were
unable to obtain a template-dependent replicase preparation from MS2-
infected cells. They did, however, substantially purify an enzyme-
template complex from such infected cells. They showed that in the
presence of labeled ribonucleoside triphosphates, the replicase-template
complex synthesizes phage-specific RNAs, as judged by their ability to
anneal to MS2 RNAs extracted from infected cells. However, all attempts
by these investigators to separate the enzyme from its endogenous RNA

template promptly abolished activity (Weissmann et al., 1963).

A phage-specific enzyme with quite different properties from
either MS2 preparation was isolated from f2-infected cells by August
and his coworkers (August et al., 1965; Shapiro and August, 1965).
Their preparation, which was obtained from cells infected with the sus
11 mutant of f2, showed template dependence. However, extremely large
amounts of RNA were required as template by the enzyme and it was able
to use a variety of bacterial and viral RNAs as template. Analysis of
the polynucleotide product made in vitro suggested that the enzyme

catalysed the synthesis of complementary copies of the various template
RNAs.
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Thus the replicases of Group I phage have yielded little to
analysis. These enzymes are extremely unstable and template-dependent
preparations are difficult to obtain (August et al., 1963; Weissmann
et al., 1963; Weissmann and Ochoa, 1967). The properties of the various
preparations that have been described are quite different from each
other and it is therefore difficult to correlate the results of the

in vitro studies with those obtained in vivo.

Group III replicases are a great deal more stable than Group I
replicases and template-dependent preparations can be obtained with
relative ease (Stavis and August, 1970; Miyake et al., 1971). The most
extensive studies have been carried out on the QB replicase. In 1965,
Spiegelman et al. (1965) reported that partially purified QB replicase
could not only use QB plus strand RNA in vitro as a template, but was
in fact able to make plus strand RNA in excess of the input, template
amount. The newly synthesized RNA was biologically competent: when
used to infect spheroplasts, it was capable of supporting the synthesis
of progeny phage. This was the first report of in vitro replication of
a biologically competent nucleic acid. In subsequent studies (Weissmann
and Ochoa, 1967; Spiegelman, 1970), it was clearly shown that the in
vitro QB replicase reaction faithfully mirrors the in vivo replication
of phage RNA. The input template plus strands are first transcribed
to yield complementary minus strands, followed by the synthesis of
excess plus strands (Feix et al., 1967). The asymmetry of the in vivo
replication is conserved in vitro: regardless of whether plus or minus
strands serve as the input template, the product made after prolonged

synthesis invariably contains a 10-fold excess of plus over minus strands.

Considerable progress has also been made in analysing the struc-
ture of the replicase. The QB replicase preparations used in the early
studies were not extensively purified. It soon became apparent that
the replicase dissociated rather easily into two or more components,
all of which were necessary for the replication of phage plus strand
RNA. One of these components could be obtained only from infected cells

and was capable of using phage minus strands, polyribocytidylic acid or
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cytidylate-containing copolymers, but not phage plus strand RNA template.
The other component (or components) had no nucleotide-polymerizing
activity per se, but restored the capacity of the phage component to

use phage plus strand RNA template (Stavis and August, 1970). A
schematic representation of this organization is shown in Fig. 2. The
component which is found only in infected cells is designated as the
'core' replicase or poly G polymerase. The other component(s), which

can be purified from uninfected cells, are designated as 'factors'.

The 'core' replicase or poly G polymerase of the QB enzyme has
recently been obtained in pure form (Kamen, 1970; Kondo et al., 1970).
Kamen purified the core replicase by the simple expedient of using the
poly C-dependent poly G polymerase activity as a routine assay. Kondo
et al. (1970) achieved the same result by a somewhat different route.
The results of both of these studies show that the QB poly G polymerase
consists of four proteins, three of which are bacterial and one of
which is the phage-coded replicase protein. The approximate molecular
weights of the proteins are 75,000, 68,000, 46,000 and 33,000 and they
are designated subunits I, II, III, and IV, respectively, by Kamen
(Kondo et al. adopted a somewhat different subunit designation). At
low ionic strengths, the poly G polymerase can be separated into aggre-
gates of subunits I + II and III + IV. This separation is accompanied
by a loss of poly G polymerase activity, as well as of activity with
QB minus strand template (Kamen, 1970). While complete subunit separa-
tion and reassembly have not yet been accomplished, some reconstitution
of activity is observed when preparations rich in I + II are combined
with preparations rich in III + IV. This suggests that at least one of

each pair (and probably both) is necessary for activity.

The function of the various subunits, as well as the nature of
their association, is not clear. The observed sedimentation constant
of the poly G polymerase is about 7 S (Kamen, 1970; Kondo et al., 1970),
an anomalously low value for a globular protein with an aggregate mole-
cular weight in excess of 200,000 (assuming that the subunits are pre-

sent in equimolar quantities). This behavior may simply be attributable
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to a high degree of asymmetry. However, Kondo et al. (1970) observed
that the recovéry of different subunits was quite variable and suggest
that the subunits may exist in reversible equilibrium. They further
observed that when the replicase was incubated with QB RNA, followed by
isolation of the enzyme-template complex, only the two largest subunits

could be recovered from the complex.

It is generally agreed that the 'core' replicase or poly G poly-
merase requires some additional factors for activity with QB plus
strand RNA. The nature and number of these factors remains in dispute.
Workers in Spiegelman's laboratory have identified a single factor re-
quirement based on density gradient centrifugation studies and designate
this as the 'light component' of the enzyme, by contrast to the more
rapidly sedimenting poly G polymerase, or 'heavy component' (Eikhom
and Spiegelman, 1967; Eikhom et al., 1968). August's group, on the
other hand, have identified two factor requirements based on chromato-
graphic separation (Franze de Fernandez et al., 1968; Shapiro et al.,
1968). They have designated these as Factors I and II. Both appear to
be proteins (August et al., 1969). At least one of these proteins (II)
can be replaced by a variety of basic proteins, including ribosomal

proteins and histones (Kuo and August, 1971).

Thus the QR replicase appears to be quite complex, consisting of
a four-polypeptide 'core' replicase and one or two additional protein
factors. The mechanism of the reaction, its template specificity and
the role of the various bacterial factors are not well understood. The
most remarkable features of the replicase reaction are its template
specificity and its overall asymmetry. The QB replicase discriminates
between template RNAs with great fidelity. The only RNAs replicated
by the enzyme are QB plus and minus strands and some naturally occurring
variants of the Q8 RNA (Spiegelman, 1970). Synthetic polymers containing
cytidylic acid serve as template for complementary strand synthesis, but
do not appear to be replicated. Banerjee et al. (1969) have suggested

that a small, naturally occurring 6 S RNA may also be replicated.
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No satisfactory hypothesis has yet been advanced to explain the
asymmetry of the reaction with QB plus strand template. Feix et al.
(1968) proposed some years ago that the enzyme had different binding
sites for plus and minus strands and that the affinity for minus strands
was higher than the affinity for plus strands. However, the subsequent
discovery of a requirement for bacterial factors casts this interpretation
in doubt. August et al. (1968) reported that differential utilization
of plus and minus strand templates could be observed only in a 'factor'-
deficient system. When 'factors' are present in saturating amounts, the
replicase uses plus and minus strand templates about equally well. The
observation that the final ratio of plus to minus strands is about 10:1

both in vivo and in vitro remains to be explained.

Another poorly understood aspect of the replicase is the role
played by the bacterial 'factors' in stimulating 'core' replicase
activity with plus strand template. 'Core' replicase alone will bind to
QB plus strand RNA (August, 19693 August et al., 1969) and the presence
of factors does not appear to influence simple binding. Nonetheless,
no nucleotide polymerization in response to plus strand template occurs

in the absence of the factors.

It has been reported that partially purified QB replicase pre-
parations support the template-independent replication of some small
variant RNAs. Banerjee et al. (1969) found that their enzyme prepara-
tions replicate a 6 S RNA molecule which is present in the enzyme pre-
paration itself. They suggest that this small RNA is similar to a
6 S RNA frequently observed in infected cells. The origin and mode of
replication of this molecule are somewhat obscure, It does not appear
to be derived from QB RNA and has properties characteristic both of
single- and of double-stranded RNA. Optimal template activity of this
small RNA is obtained only after it is heat denatured (Prives,
1971). The significance of this reaction is unclear. Spiegelman's
group has reported that a rapidly replicating RNA can be derived
from QB RNA by application of various selective pressures (Spiegelman,

1970). These molecules, or at least some of them, appear to be derived






17

from the parent QB RNA as judged by the presence of sequences homologous
or identical to those in QB8 RNAs. Recently this group has also observed
the template-independent replication of small RNAs by partially purified
QB replicase preparations (Kramer, personal communication). These RNAs,
unlike the original variants, do not appear to be related to QB RNA.
The size of the replicated variant varies from enzyme preparation to
enzyme preparation. Again, the significance of these RNAs and their

origin remain obscure.

E. Isolation of the f2 Replicase

In attempting once again to isolate and study a Group I repli-
case, we have exploited much of the knowledge gained from studies of the
QB replicase. Our basic assumption was that since Group I and Group
ITT replicases carry out very similar reactions in vivo, the enzymes
probably share a fundamentally similar organization. Specifically,
we assumed that the f2 replicase could be subdivided into a 'core'
replicase and various bacterial components. We felt that perhaps some
of the difficulties encountered by previous investigators were attri-
butable to the stringency of their assays, in which the ability to use
homologous plus strand RNA template had invariably been used as the
criterion of replicase activity. Studies on the QB enzyme had demon-
strated that enzyme activity with plus strands requires a more complex
entity than replicase activity with minus strands or with synthetic
polymers. Kamen (1970) had amply demonstrated the usefulness of a simple
synthetic polymer assay in purifying the QB 'core' replicase. Thus our
first project was simply to establish whether the f2 replicase could be
monitored in an analogous way. If we could establish the existence of
a phage-induced synthetic polymer activity, we felt that we stood a
good chance of obtaining at least some part of the original f2 replicase
complex. The first section of experimental results describes the
detection, purification and structure of the poly G polymerase produced

during infection by the £2 bacteriophage (Chapter IV).
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Chapter V concerns the properties of the f2 enzyme after partial

purification. The enzyme is shown to be highly template dependent and

able to polymerize nucleotides in the presence of f2 plus and
strand RNAs, but not in response to other bacterial and viral
annealing techniques, the in vitro replicase product has been
consist entirely of f£2 RNAs. It is concluded from the strand
of the product that the f2 replicase is able to carry out all
ponent reactions of RNA replication, despite its inability to

amount of product RNA in excess of the input template amount.
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replicase and poly G polymerase activities of the f2 enzyme preparation

are compared with respect to a number of parameters. Some comparative

studies on the QB and f2 enzymes are also described. The results of

these studies are evaluated in relation to the properties of other

ribonucleotide polymerizing enzymes,

The relationship between the f2 replicase and poly G polymerase

activities is considered in Chapter VI. It is demonstrated that the

poly G polymerase is necessary, but not sufficient, for replicase

activity. It has been found that some as yet unidentified factors,

necessary for replicase activity with either plus or minus strand

template, dissociate from the poly G polymerase during purification,

Chapter VI concludes with a discussion of the results obtained in the

course of this study.
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CHAPTER II

MATERTALS AND METHODS

A. Chemical Materials

1. Radioactive materials. Tritiated ribonucleoside diphosphates

and ribonucleoside triphosphates were obtained from Schwarz/Mann. [14C]—
labeled amino acids (lysine, leucine, phenylalanine, arginine) were
purchased from New England Nuclear, as were [14C]uracil and [3H]uracil.

[3H]polyribocytidylic acid was obtained from Miles Laboratories.

2. Chromatographi¢ media. CF 11 cellulose powder, PC 11 phos-

phocellulose and DE 52 DEAE cellulose were Whatman products. Dextran

T500 was purchased from Pharmacia.

3. General chemicals and reagents. Ribonucleoside diphosphates

and ribonucleoside triphosphates were purchased from Miles Laboratories
and P-L Biochemicals. Polyribocytidylic acid was obtained from P-L
Biochemicals and polyribouridylic acid, from Miles Laboratories. Amino
acids, thiamine HCl, dithiothreitol and B-mercaptoethanol were from
CalBiochem. Enzyme grade (NHA)ZSOA’ RNase-free sucrose, and Coomassie
Brilliant Blue were obtained from Schwarz/Mann. Acrylamide and N,N'-
methylenebisacrylamide were Canalco products. N,N,N',N',-tetramethyl-
ethylenediamine (TEMED) and diethyl pyrocarbonate were obtained from
Eastman Organic Chemicals. Photoflo was purchased from Eastman Kodak.
Polyethylene glycol (Carbowax 6000) came from Union Carbide, and Brij
58 from Atlas Chemical Industries. NCS solubilizer was from Amersham-
Searle. Common laboratory reagents (e.g., glycerol, EDTA) were generally

Mallinckrodt products.

4. Growth media. Enriched tryptone medium contained 32 g of

tryptone, 20 g of yeast extract and 5 g of NaCl per liter of medium.

Minimal medium, used for preparation of radioactive phage, phage

RNA and phage proteins, was the MTPA medium described by Vifiuela et al.
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(1967). It contained 0.1 M Tris-HCl (pH 7.5), 8.5 mM NaCl, 0.1 M KC1,

0.02 M NH
MgClz,
thiamine HC1.

4

Cl, 0.34 mM KH_PO

0.16 mM Na,SO,, 2.5 mM CaCl

279, 290, 2.5 mM

29

0.01 M glucose, twenty l-amino acids (0.1 mM each) and 10 ug/ml

5. Buffers. Several standard buffers were used extensively.

These are defined below and will be referred to hereafter by the

indicated abbreviations.

Buffers used in purification and analysis of RNAs:

TSE:

0.05 M Tris-HC1 (pH 6.85), 0.1 M NaCl, 0.001 M EDTA.

35% ethanol-TSE: 0.65 volume TSE + 0.35 volume absolute

ethanol.

157 ethanol-TSE: 0.85 volume TSE + 0.15 vblume absolute

ethanol.

10xTSE: 0.5 M Tris-HC1 (pH 6.85), 1.0 M NaCl, 0.01 M EDTA.
4xTSE: 0.2 M Tris-HC1 (pH 6.85), 0.4 M NaCl, 0.004 M EDTA.
1.5xTSE: 0.075 M Tris-HC1 (pH 6.85), 0.15 M NaCl, 0.0015 M

EDTA.

Buffers used in enzyme purification and storage:

SB:

SB4:
SB20:
SB50:

Standard buffer containing 50 mM Tris-HC1l (pH 7.5),
1 mM EDTA and 0.1 mM dithiothreitol.

SB containing 4% v/v of glycerol.

SB containing 20% w/v of glycerol.

SB containing 50% v/v of glycerol.

SB4Mg, SB20Mg, and SB50Mg: the above standard buffers con-

1. Enz
chemical Corp.

from CalBiochem.

taining 5 mM magnesium acetate.

B. Biological Materials

es. DPFF DNase I was purchased from Worthington Bio-
Pyruvate kinase (rabbit muscle) and aldolase were obtained

Catalase was purchased from Mann Research Laboratories;

bovine hemoglobin, from Pentex, Inc.; pancreatic ribonuclease, from
Sigma Chemical Co.; lysozyme, from Reheis Chemical Co.; and bovine serum

albumin, from General Biochemicals. RNA polymerase (E. coli) was the
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kind gift of Dr. T.-S. Chan,

2. Bacterial strains. The E. coli strains used as host bacteria

for £2 replicase isolation were K38 (su ) or Ql3 (su RNase PNPase ).
E. coli Q13 was used for QB replicase preparations. E. coli K37 (su+)

was used for growth of phage f2 and QR amber mutants.

3. Phage. The f2 amber mutant sus 11 was used as infecting phage
for £2 replicase preparations and for isolation of in vivo [140]1abeled
replicase protein. This mutant has amber mutations in both the coat and
A protein cistrons of the phage genome (Zinder and Cooper, 19643 Horiuchi
et al., 1966). Wild-type f2 and QB phage were used for obtaining various
phage RNAs. The QB am 12 mutant, having an amber mutation in the coat
protein cistron, was used as infecting phage for the isolation of QB

replicase (Horiuchi and Matsuhashi, 1970).

4, Miscellaneous. REOvirus—-infected mouse L2 cells were the

gift of Dr. S. Silverstein. Single-stranded QB RNA was provided by Drs.
K. Horiuchi and W. Mangel. Single-stranded fl1 phage DNA was the gift of
Dr. K. Horiuchi. E. coli ribosomes were provided by Dr. P. Model.

Rifampicin was kindly supplied by Dr. J. Gelzer of Ciba Pharmaceutical Co.

C. Preparative Methods

1. Preparation of chromatographic media.

DEAE cellulose. Whatman DE 52 DEAE cellulose was prepared for

use by precycling through acid and base. Fine particles were first
removed by suspending the DEAE cellulose in distilled water, allowing

it to settle to the desired extent and decanting the unsettled fine
particles. The slurry was then suspended in 0.5 M NaOH and stirred for
30 min. NaOH was removed by filtration through a funnel having a
sintered glass disc bottom, followed by extensive washing with distilled
water. The cellulose was stirred for 30 min with 0.5 M HC1l, which was
then removed by filtration and washing. The washed cellulose was sus-
pended in 2 vol of distilled water, adjusted to pH 4 with concentrated

HC1l and degassed under vacuum for 30 min. The washed, degassed slurry
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was suspended in 50 mM Tris-HCl (pH 7.5) and stored in the cold.

RNA cellulose. Purified single-stranded f2 RNA in 35% ethanol-
TSE buffer was mixed with 75-150 mg of ethanol-washed CF 11 cellulose/

mg RNA. The slurry was allowed to stand for 1 hr at room temperature,
diluted 50-fold with cold absolute ethanol, filtered under suction
through Whatman #3 paper and allowed to dry. The powder was suspended
in 20 ml absolute ethanol per 500 mg cellulose, made 10 mM in magnesium
acetate, and UV-irradiated for 30 min as described by Litman (1968).
The ethanol was removed by filtration and the powder was dried at room
temperature. Unbound RNA was removed by washing with cold TSE buffer.
The amount of RNA bound to the cellulose was determined by the orcinol
reaction (Schneider, 1957). The orcinol reaction was carried out on
washed and unwashed RNA-cellulose, as well as on unreacted cellulose,
since the cellulose itself gave a significant color reaction. The
procedure described above bound 75-807% of the input RNA to the cellulose,
giving preparations containing 4-12 mg of bound f2 RNA per gram of

cellulose.

2. Colorimetric determination of protein.

Protein concentrations were determined as described by Lowry et al.

(1951), using bovine serum albumin as a standard.

3. Phage.

Wild-type phage. Enriched broth cultures of E. coli K38 were
grown to a density of 1 x 109/ml, supplemented with 2.5 mM CaClz, and
infected with f2 phage at a multiplicity of 1-5. Incubation at <7l
was continued to lysis (3-4 hr); when necessary, 5 mM EDTA and 25-100
ug/ml lysozyme were added to complete lysis. Phage were then purified
from 3-10 liter lysates by ammonium sulfate precipitation and CsCl

equilibrium centrifugation, as described by Webster et al. (1967).

Stocks of wild-type f£2 and QB phage to be used in the preparation
of phage replicating RNAs were prepared in the same way, but not puri-
fied after lysis. Lysates were simply clarified by centrifugation,

titrated and stored at 40 C.
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Phage amber mutants. Stocks of the f2 mutant sus 11 and the

QR mutant am 12 were made from plate scrapes. Single plaques of either
mutant plated on K37 were picked into 1 ml of a solution containing 50
mM Tris-HC1 (pH 7.5), 2 mM EDTA and 10 pg/ml lysozyme. The stocks
giving the highest titer and lowest reversion rate were plated at

5 x 105 pfu per plate on K37 and incubated 8-10 hours at 37°C. The top
agar containing the bacteria and phage was scraped from 40-60 plates
into 100-200 ml of 50 mM Tris-HC1l (pH 7.5), 5 mM EDTA and 10 pg/ml
lysozyme. The suspension was allowed to stand for several hours at
room temperature and centrifuged for 15 min at 9000 rpm. The resulting

supernatant was used to infect cells for enzyme extraction.

Radioactive phage. To prepare tritiated or [14C]uracil-labeled

wild-type phage, K38 bacteria were grown in minimal medium (MTPA) to a
density of 2 x 108/ml and infected at a multiplicity of 5-10. [3H]uracil
(20 Ci/mmole, 2 pCi/ml) or [14C]uracil (52 mCi/mmole, 1-2 pCi/ml) was
added at 5 min after infection and the cultures were allowed to go to
lysis. The labeled phage was then harvested and purified through CsCl

equilibrium centrifugation as desctibed by Webster et al. (1967).

4, Ribonucleic acids.

Single-stranded phage RNA. To extract single-stranded RNA from

purified £f2, the phage was suspended in TSE buffer at a concentration
of 3 mg/ml and gently shaken for 3 min at 0-4° C with an equal volume
of phenol saturated with the same buffer. The phases were separated
by brief low-speed centrifugation and the phenol phase was re-extracted
with 1/2 of the original volume of cold buffer. The aqueous phases
were then combined and re-extracted with 1/2 vol of buffer-saturated
phenol. The combined aqueous phases were made 0.1 M in potassium
acetate and the RNA was precipitated by addition of 2 volumes of cold,
absolute ethanol and storage for several hours or overnight at -13% ¢,
The precipitate was collected by centrifugation at 10,000 rpm for 20
min, dissolved in a small volume of either distilled water or TSE

buffer and dialysed in a thin-film dialyser to remove traces of phenol.
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The integrity of the RNA was checked by centrifuging approximately
0.05 mg of RNA through a 2 ml 5-20% sucrose gradient, using 27 S fl

DNA as a sedimentation marker.

Partially double-stranded phage replicating RNAs. The partially

double-stranded RNAs produced during infection of bacteria by either

f2 or QB phage were purified from infected K38 for f2 and infected Q13
for Q. Bacteria were grown in enriched broth medium to a density of
1.0-1.5 x 109/ml and infected at a multiplicity of 10. The cells were
harvested at 35-40 min after infection by pouring the cultures rapidly
over frozen, crushed growth medium diluted 1:1 with saline solution
(physiological). The chilled cultures were then centrifuged for 10 min
at 6000 rpm. All subsequent operations were carried out at 4° ¢ or on
ice to minimize ribonuclease activity. The cell pellets from 1-2

liters of culture were resuspended in 50-100 ml of 0.1 M Tris-HCl

(pH 7.4) containing 20% sucrose (TS) and centrifuged for 10 min at 6000
rpm. The pellet was taken up in 67.5 ml TS and to it was added 7.5 ml
of a solution containing 5 mg/ml lysozyme and 10 mM EDTA in TS. Lysozyme
treatment was terminated after 8 min at 0° C by addition of 8 ml 0.1 M
MgSO4 in TS and the resulting spheroplast suspension was centrifuged for
10 min at 4500 rpm. The spheroplast pellet was suspended in 30 ml of
0.005 M Tris-HC1l (pH 7.4), 0.01 M MgSO4, and 0.06 M NaCl (TMN). To this
suspension, 3.75 ml 10 pg/ml DNase (RNase-free) was added and incubation
continued for 3 min at O0 C, whereupon 3.8 ml of 67 Brij 58 in TMN was
added. The suspension was kept at 0° C for an additional 5-6 min with
gentle stirring and then diluted with 30 ml TMN. RNA was then extracted
with 1 vol of TMN-saturated phenol as described above, followed by
ethanol precipitation and dialysis to remove residual phenol. This
method of cell lysis, which represents a slight modification of the
method described by Phillips et al. (1969) for the preparation of poly-
somes, was used because it was found to yield partially double-stranded
RNAs of higher sedimentation rate and lower RNase-resistance than other
cell lysis methods involving freezing and thawing or detergent treatment

of the cells.
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The partially double-stranded phage RNAs were then separated
from single-stranded cellular and phage RNAs by chromatography on CF 11
cellulose as described by Robertson and Zinder (1969). The total RNA
from about 1.5 liters of infected cells, dissolved in 35% ethanol-TSE,
was applied to a 5 x 60 cm CF 11 cellulose column equilibrated with the
same buffer. The column was washed with several volumes of 35% ethanol-
TSE to remove residual DNA, then with several volumes of 15% ethanol-
TSE. The 15% ethanol-TSE buffer elutes most of the single-stranded RNAs
present in the preparation. Double-stranded and partially double-
stranded RNAs are then eluted with TSE buffer alone. Residual single-
stranded RNA was removed from the preparation by passage through a
second, smaller (2 x 20 cm) column of CF 11 cellulose as described zbove.
The TSE buffer eluate of the second column was adjusted to 0.1 M potas-
sium acetate and precipitated with cold absolute ethanol as described
above. This procedure yields RNA having a sedimentation coefficient of
15-18 S and a ribonuclease resistance of 65-75%. This preparation has
been designated as the 'replicative ensemble' or RE (Engelhardt et al.,
1968) and will hereafter be referred to as such. RE contains both phage
Plus and phage minus strand RNAs. The minus strand content of £2 RE
is about 1/3, as determined by saturation annealing or isotope dilution
methods, to be described below. Because of its fragility, RE was stored

as a precipitate in 66% ethanol at -13° C until used.

RE was obtained from QB-infected cells by the same method. This

preparation is referred to as QB RE.

REOvirus RNA. Double-stranded REOvirus RNA was purified from

iﬂfected mouse L2 cells as described by Schonberg et al. (1971), followed
by CF 11 cellulose chromatography as described above.

Heat denaturation of REOvirus RNA and RE. Partially or completely

double-stranded RNAs were converted to single-stranded form by heat
denaturation as described by Weissmann et al. (1967). The RNA was dis-
solved in 0.5 mM EDTA (pH 7.5) and adjusted to a concentration of 200-
400 pg/ml. The RNA was then dialysed against 0.5 mM EDTA (pH 7.5) to
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remove residual salt. The RNA was denatured at 100° C for 1-3 min.
Renaturation was prevented by rapid chilling for 5 sec in a dry ice-
ethanol bath. This procedure increased the RNase-sensitivity of RE
from about 307 to more than 95%. After denaturation, about 50% of the
RNA sediments as intact single-stranded phage RNA (27 S). The sedimen-
tation characteristics of f2 RE before and after heat denaturation are
illustrated in Fig. 3. The 27 S peak of the denatured RE contains

both plus and minus strand RNAs, as determined by annealing. The
material sedimenting behind the peak represents undenatured RE, nascent

plus and minus strands, and RNA broken during denaturation.

E. coli RNA. E. coli total cellular RNA was extracted from
cells grown to saturation. The cells were harvested by centrifugation,
suspended in 0.2 M phosphate buffer (pH 7.0) and lysed by addition of
sodium dodecyl sulfate (SDS) to 2%. RNase activity was inhibited by
addition of diethyl pyrocarbonate to saturation. The lysate was phenol-
extracted as described above and precipitated with ethanol. Cellular
DNA was digested with RNase-free DNase (10 pg/ml) at room temperature
and the phenol extraction and ethanol precipitation steps were repeated.
E. coli ribosomal RNA was purified by phenol extraction from E. coli

ribosomes, which were the gift of Dr. P. Model.

In vitro replicase product. The acid-insoluble polynucleotide

produce ([3H]labeled) synthesized in vitro by the f2 replicase was pre-
pared for further analysis by phenol extraction and CF 11 cellulose
chromatography. The replicase reaction was stopped at the desired time
by addition of 1-2 vol of cold TSE buffer. The replicase product.was
then separated from proteins by phenol extraction as described above.
The pooled aqueous phases were dialysed against several changes of TSE,
using a thin-film dialyser. The solution was adjusted to 35% ethanol
and applied to an 0.5-1.0 ml columm of CF 11 cellulose equilibrated
with 357 ethanol-TSE. The column was washed with 10-15 ml of 35%
ethanol-TSE and all adsorbed RNA was then eluted with TSE buffer alome.
This procedure rapidly and efficiently removes residual, acid-soluble,

labeled nucleoside triphosphates. Acid-insoluble replicase product free
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Figure 3.
Partially double-stranded f2 replicating RNAs (RE) were purified

from £f2 infected cells by cellulose-ethanol chromatography as described
L RE was denatured by heating in 0.5 mM EDTA (pH 7.5) to
100" C for 2 min and chilling in a dry ice-ethanol bath for 5 sec.

in the text.
Samples containing approximately 50 ug of native or denatured RE in 0.1

ml H,0 were layered on 2 ml 5-20% sucrose gradients in quartz tubes and
centrifuged as described in the text. Absorbance at 260 nm was read
directly along the length of the tube. Single-stranded f1 DNA (27 S)
was used as a sedimentation marker.
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of soluble label and proteins was recovered in 70-90% yield. The salt
concentration of the TSE eluate was reduced by dialysis against 0.5 mM
EDTA (pH 7.5). When necessary, the volume was reduced by ethanol pre-

cipitation or flash evaporation.

5. [Eéc]labeled phage replicase protein.

E. coli K38 was grown to a density of 2 x 108/ml in MTPA medium
and infected with sus 11 at a multiplicity of 5. A parallel uninfected
culture was used as a control. Rifampicin (100 pg/ml) was added to
both aliquots of cells at 20 min after infection to inhibit bacterial
RNA and protein synthesis. Proteins were labeled by adding 0.2 uCi/ml
each of [14C]labeled lysine, arginine, leucine and phenylalanine at 30
min after infection and continuing incubation until 60 min after infec-
tion. Both cultures were lysed at 60 min after infection and labeled
proteins were extracted as described by Vifiuela et al. (1967). The

labeled proteins were then subjected to polyacrylamide gel electro-

phoresis as described below.

D. Analytical Methods

1. SDS-polvacrylamide gel electrophoresis. Proteins were

analysed by gel electrophoresis according to the method of Weber and
Osborn (1969). Proteins to be analysed were dissolved in or dialysed
against a solution consisting of 0.0l M sodium phosphate (pH 7.2), 0.1%
SDS, 0.1% B-mercaptoethanol and 207 glycerol. An aliquot of the protein
solution (0.1-0.2 ﬁl) was layered on an 8 cm gel (10% acrylamide, 0.3%
bis-acrylamide) polymerized in a 0.6 x 9 cm glass tube treated with a
15200 dilution of Photof;o. Bromphenol blue (.001%) was used as a dye
marker. Electrophoresis was done as described by Weber and Osborn
(1969) ; the run was stopped when the dye marker had traveled approximately
7.5 cm. The gels were removed from the glass tubes and stained over-
night in 10 ml of a solution containing 507 methanol, 7.5% acetic acid
and 0.257% Coomassie Brilliant Blue. The gels were destained by diffusion
in 50% methanol-7.57% acetic acid solution. The destained gels were

transferred to 5% methanol-7.57% acetic acid solution and either photo-
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graphed directly or traced at 600 nm in a Beckman Spectrophotometer

equipped with a linear transport.

Gels containing radioactive proteins were frozen on dry ice
immediately after electrophoresis. The frozen gels were then sliced
(using a gel slicer) into 1 mm discs. Each disc was placed in a liquid
scintillation vial and swollen for 1 hr in 50 pl of distilled water at
room temperature. NCS (0.2 ml) was then added to each vial and the
vials allowed to stand for 2 hr, after which an additional 0.3 ml NCS
was added to each vial. The vials were capped and incubated overnight
at 370. Toluene-based liquid scintillation fluid (15 ml) was added to
each vial and the vials were counted in a Nuclear Chicago liquid

scintillation counter.

When radioactive and non-radioactive proteins were analysed on
the same gel, the gels were first stained and traced, then frozen and
sliced. Acetic acid was removed from the slices by drying them
thoroughly under a heat lamp on Whatman #1 filter paper. The slices
were then swollen in 75-100 ul distilled water and prepared for counting

as described above.

2. Density gradient centrifugation. Routine checks on the

integrity of template RNAs were carried out in 2 ml sucrose gradients.

Approximately 0.1 OD unit of the RNA in H_O was applied to a 2 ml 5-20%

sucrose gradient in 1 M NaCl and 0.1 M phisphate (pH 7.0). The gradients
were centrifuged at room temperature for 3.5 hr at 35,000 rpm in the

SW 50 rotor of the Beckman L2-65B ultracentrifuge. The absorbance at

260 nm was then read directly along the length of the quartz tube in a
Beckman spectrophotometer. Fl single-stranded phage DNA (27 S) was

used as a sedimentation marker. The direction of sedimentation is

from right to left for all gradients (i.e., fraction 1 = bottom of tube).

In vitro replicase product was analysed by sedimentation through
7-257% glycerol gradients in TSE. Purified replicase product in 0.1-0.2
ml H20 or TSE was layered on 4 ml gradients and centrifuged for 4 hr at
4° ¢ in the'SW 56 rotor of the Beckman L2-65B ultracentrifuge at 50,000
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rpm. Fractions of about 0.15 ml (7 drops) were collected from the
bottom of the tube. [14C]labe1ed RNA preparations containing 27 S f£2
phage RNA, 23 and 16 S E. coli ribosomal RNA and some 4 S E. coli tRNA

were used as sedimentation marker in a separate tube.

3. Annealing. RNA-RNA hybridization (annealing) was carried
out by a modification of the method described by Weissmann et al. (1964a).
Small aliquots of RE (0.1-1.0 pg) in 0.12 ml 0.5 mM EDTA (pH 7.5) were
denatured by heating for 2-3 min at 100° C in 10 x 75 mm siliconized
glass tubes. The tubes were supplemented with competing RNA (0.1-10
pug) , transferred to an 85° water bath and adjusted to 4xXTSE by the
addition of 80 pl of 10xTSE. The tubes were kept at 85° for 2 hr and
then cooled slowly to room temperature over a 2 hr period. The salt
concentration was then adjusted to 1.5xTSE in a final volume of 1 ml.
Ribonuclease (1-2 pg) was added to each tube and the tubes were incu-
bated for 10 min at 37°. The digestion was stopped with 1 ml 107 tri=-
chloroacetic acid (TCA). Precipitated RNA was collected on Millipore
filters. The filters were washed 4 times with 5 ml aliquots of 5%
TCA, dried and counted. Control tubes were carried throughout the

procedure, but not exposed to RNase digestion.

Fig. 4 shows the application of this method to a standard sample
of [14C]RE. To prepare [14C]labeled RE, cells were infected and labeled
as described in section C3 for the preparation of labeled phage, except
that the infected cells were harvested at 40 min after infection by
pouring the cultures over frozen, crushed growth medium. RE was then
purified as described in Methods C4. When checked by sedimentation,
the [14C]RE (native and denatured) had the sedimentation properties
shown in Fig. 3. Native [14C]RE was about 707 RNase-resistant and had
a specific activity of 4 x 103 cpm/pg. Each annealing tube contained
0.2 ug [lAC]RE and the indicated amount of unlabeled RNA (f2 plus strand,
E. coli, or QB plus strand). Control tubes containing only RE were
subjected to all manipulations except RNase digestion and showed no
loss of acid-precipitable radioactivity. The use of RE, which contains

an excess of plus over minus strands, assures virtually complete
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Figure 4. Reannealing of [14C]f2 RE in the presence of
unlabeled competing RNAs

[140]f2 RE (0.2 pg/tube, sp. act. 4 x 103 cpm/pg) was denatured
and reannealed in the presence of increasing amounts of unlabeled com-
peting RNAs as described in the text. Results are expressed as the
fraction of the input radioactivity remaining RNase-resistant after
reannealing and ribonuclease digestion. Unlabeled competing RNA: £f2

plus strand RNA, e e; E. coli cellular RNA, A A; and QB plus
strand RNA, o 0.
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reannealing of minus strands (Billeter et al., 1966a). This is shown
by the quantitative recovery of the initial 707% RNase-resistance after
heating and reannealing of the RE in the absence of added RNA (Fig. 4).
The specificity of the feaction is illustrated by reannealing in the
presence of unlabeled RNAs. Neither E. coli nor Q8 plus strand RNA
have any effect on the recovery of RNase-resistant radioactivity, even
when added in 50-fold excess. Unlabeled f2 plus strand RNA, on the
other hand, dilutes the population of labeled f2 plus strands and there-
by displaces them from RNase-resistant form. Since only half of the
radioactivity in each RNase-resistant duplex is in plus strands, only
half of the radioactivity is displaced from double-stranded form. The
displacement of half of the radioactivity by added unlabeled plus strand
RNA further shows that the annealing is quantitative in the absence of
added, unlabeled RNA. Robertson and Zinderb(1969) have reported that
almost all of the RNase-sensitive material in native RE is plus strand
RNA. It can therefore be concluded that the overall composition of the

[14C]RE is 1/3 minus strand RNA and 2/3 plus strand RNA.

In view of the quantitative reannealing of minus strands in the
presence of excess plus strand RNA, a simple isotope dilution test was
devised to determine the composition of unlabeled RE. A constant
amount of unlabeled RE is denatured and reannealed with a negligibly
small amount of highly labeled f£2 plus strand RNA, in the absence or in
the presence of increasing amounts of unlabeled plus strand RNA. The
composition of the unlabeled RE can then be evaluated from the resulting

dilution curve.

Using the basic equilibrium statements for the annealing reaction
developed by Weissmann et al. (1964a), the present annealing reaction

can be represented as follows:

([m] - [dD(fal + [p*] - [d]) = k[d] 1)

where m = unlabeled minus strands, a = added, unlabeled plus strands,
p* = plus strands labeled by the introduction of a negligibly small
quantity of highly labeled plus strand RNA, d = double-stranded RNA
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and k is the equilibrium constant. Restating equation 1 we obtain:

[m]([a] + [p*])
(dl = (2)
k + [a] + [p*] + [m] - [d]

It can be seen from the lower curve in Fig. 4 that the value of
[d] at [a] = 0 is equal to the value of [m] at [a] >> [p*]. This shows
that the reaction goes essentially to completion even at the modest
excess of plus strand RNA present in RE. Thus under the present con=-
ditions, k must be very small and can be neglected. In addition, since
[m] = [d], [m] = [d] = 0. Equation 2 therefore becomes:
[m]([a] + [p*])

[d] = (3)
[a] + [p*]

The experimental parameter measured in the present experiments
is the fraction (f) of the radioactivity originally in plus strands (p*)
which is RNase-resistant or double-stranded (d) after reannealing or:
[d] [m]

£z — s —— (%)
[a] + [p*] [a] + [p*]

[p*] &
+ — [a] (53
[m] [m]

1
then: - =
£

A plot of 1/f vs, [a] is linear and has a slope of 1/[m], a Y-intercept
of [p*]/[m] and an X-intercept of -[p*]. Given a constant volume, the
amounts of plus and minus strand RNA in a given sample of unlabeled RE
can be directly measured with reference only to the amcunt of added

plus strand RNA. Plots of f vs.[a] and 1/f vs [a] for a hypothetical
sample of RE containing 0.1 ug minus strand RNA and 0.2 pg plus strand
RNA are shown in Fig. 5a and 5b. Knowing [p] and [m] for a given pre-

paration of RE, one can calculate f for any [a].
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Figure 5. Sample curves and calculations used in analysing
isotope dilution data

Parts a and b: determination of the composition of a hypothe-
tical sample of RE containing 0.1 ug minus strand and 0.2 pg plus

strand RNA. Part c: determination of composition of unknown radio-
active polynucleotide,
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Once the composition of a given sample of unlabeled RE is known,
then the composition of an unknown polynucleotide (e.g., the labeled
polynucleotide product made in vitro by f2 replicase) can be deduced
from its ability to anneal to the RE in the absence and presence of
unlabeled f2 plus strand RNA. The total radioactivity (t*) in a sample
of unknown composition can be represented as the sum of polynucleotides
which are homologous to f2 RNAs (those that are capable of annealing to
f2 plus or minus strands) and non-homologous polynucleotides (those

which will not anneal to f£f2 RNAs) as follows:

t* = m* + p* + x* (6)

where t* is the total radioactivity (cpm), and m*, p* and x* are the
amounts of radioactivity in f2 minus strands, f2 plus strands and non-
homologous polynucleotides, respectively. If a small amount of highly
labeled unknown polynucleotide is annealed with excess RE in the presence
of increasing amounts of unlabeled f2 plus strand RNA, then the actual

amount of annealed radioactivity (tg) will be:
t: = m* + p* f (7)

since all of the minus strand RNA and the fraction f of the plus strand
RNA will anneal. A plot of t: vs £ (calculated for any value of [a] as
described above) gives a straight line, having p* as the slope and m*
as the Y-intercept. Knowing m* and p*, one can then evaluate x* from
equation 6. Thus the amount of plus strand RNA, minus strand RNA and
non-homologous polynucleotide product can be established from a single
dilution curve. Fig. 5c shows the curves obtained for various hypothe-
tical values of m* and p*. Also shown in Fig. 5 is the evaluation of

x* for a given value of t* and the calculated values of m* and p%*,

Since p* is evaluated with respect to a standard sample of labeled
plus strand RNA, this method is insensitive to non-ideal behavior of
plus strands in annealing. Errors arise in the estimation of m* if the
annealing of minus strands is not quantitative or if some of the

hybrids are digested by RNase. However, these errors serve only to
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exaggerate the value of x*. Empirically, the sum of m* and p* (tialc)
has almost always equalled or exceeded the measured value of t¥* (tgbs),
justifying the assumption of quantitative reannealing and recovery of

minus strands in RNase-resistant form.
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CHAPTER III

ENZYME ASSAYS AND PURIFICATION OF PHAGE REPLICASES

A. Assays

The basic composition of reaction mixtures used in the assays to
be described was:

50 mM Tris-HC1l (pH 7.5)

1 mM EDTA

10 mM magnesium acetate

10% w/v glycerol

1 mM phosphoenolpyruvate

5 ug/ml pyruvate kinase

0.5 mM dithiothreitol

0.2 mM GTP, ATP, CTP, UTP

[3H]GTP, specific activity 28 cpm/pmol
2.5 pg/ml rifampicin

1. Poly G polymerase assay. The assay for rifampicin-resistant

poly G polymerase activity was routinely conducted in 0.1-0.2 ml of the
above reaction mixture, either containing GTP alone or in the presence
of all 4 triphosphates and 1-4 ug poly C template. A small aliquot of
enzyme (1-20 pyg) was added to the reaction mixture and incubation was

at 30° C for 10-20 min. Variations on the basic procedure are described

as they occur.

2. Replicase assay I (low salt). F2 enzyme (20-100 ug) and

template RNA (1-10 ug) were added directly to 0.1-0.5 ml of the reaction
mixture. Incubation was carried out at 30° C for 20 min, unless other-

wise indicated.

3. Replicase assay II (high salt). To detect replicase activity

with plus strand RNA at low template concentrations, the replicase assay
I was modified by including a preincubation of the enzyme in a high salt
buffer, followed by incubation at an ionic strength of 0.1. F2 enzyme
(20-100 npg) and template RNA (1-10 ug) were preincubated for 5 min at
30° C in 25-125 ul of SB20Mg containing 10 umoles NaCl/25 ul buffer
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(0.4 M). The reaction mixture, with all concentrations adjusted to
give the correct final concentrations, was added at the end of the pre-

. o 3.5
incubation period and incubation was continued at 30 C for an additional

20 min. Variations in this basic procedure are given as they arise.

4. Replicase activity in crude homogenates. Replicase activity
in crude cell extracts is measured in the absence of added template.
No template-dependent enhancement of nucleotide polymerization is ob-
served in f2-infected cell extracts. Crude activity is measured in the
presence of both DNase (50 pg/ml) and rifampicin (2.5 pg/ml). An aliquot
(5-10 pl) of cell extract is added to 0.2 ml of the indicated reaction

. . . . . o)
mixture and incubation carried out for 10 min at 30 C.

5. Polynucleotide phosphorylase assay. The composition of the

basic reaction mixture was modified by substituting ribonucleoside
diphosphates for the ribonucleoside triphosphate substrates, using
[3H]UDP as the labeled substrate, omitting rifampicin, phosphoenol-
pyruvate and pyruvate kinase, and decreasing the magnesium concentration
to 3 mM. The incubation was generally carried out for 20 min at 30° c.

No template or primer RNA was added.

6. DNA-dependent RNA polymerase assay. The composition of the

basic reaction mixture was modified by omitting rifampicin and adding
0.2 M KC1 and 200 ug/ml calf thymus DNA. Incubation was at 36° ¢ for

30 min.

7. Ribonuclease assay. The composition of the basic reaction

mixture was modified by the omission of the [3H]GTP and the addition of
0.1 ug/ml [3H]poly C. Incubation was carried out for 10-20 min at 30°
C. The amount of RNase activity was crudely estimated by comparing the

amount of pancreatic RNase required to effect a comparable digestion.

The assays described above were terminated by the addition of
3-5 ml of 5% TCA containing 1.0 M NaCl and 0.01 M sodium pyrophosphate.
If the precipitate were to be collected on glass-fiber filters, 1-2
drops of bacterial extract containing both protein and RNA was added to

each tube to serve as carrier. No carrier was added if the precipitate
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were to be collected on a Millipore filter. Precipitates were collected
by filtration through either glass fiber or Millipore filters on a »
Millipore filtration apparatus. The filters were then washed with 15

ml of the TCA-NaCl-pyrophosphate solution, dried and placed in glass
vials containing 5 ml of toluene-based scintillation fluid. The vials

were then counted in a Nuclear Chicago liquid scintillation counter.

Enzyme activity is generally reported in terms of pmol or nmol
soluble NTP or NDP converted to acid-insoluble NMP equivalents by the
enzyme aliquot assayed. RNase activity is reported as mug [3H]poly c

digested by the enzyme aliquot assayed.

B. 1Isolation and Purification of f2 Phage-Induced Enzyme

1. Preparation of crude extract. Bacterial cultures (K38 or

Ql3) were grown in enriched medium to a density of 1.0-1.5 x 109/m1
with vigorous shaking at 37° ¢. At 5 min before infection, agitation
of the cultures was reduced (this procedure was found to increase the
fraction of cells infected) and the cultures were supplemented with
CaCl2 to 2.5 mM. The cultures were infected with sus 11 phage at a
multiplicity of 5-10. Gentle shaking was continued for 10 min after
infection, at which time vigorous shaking was resumed to ensure
adequate aeration. The infected cultures were collected 1-1.5 hr
after infection by pouring them over 1/2 volume of frozen, crushed
growth medium. The cells were harvested by centrifugation at 6000 rpm
for 10 min and the cell pellets were frozen immediately in a dry ice-
ethanol bath. The cell pellets were then removed from the centrifu-
gation bottles, combined and weighed. 1In general, 1 liter of culture
yielded 6-9 grams of frozen cell pellet. The purification scheme
described below is based on 35-40 g of cell pellet; when using less
starting material, all procedures were scaled to the amount of starting

cell pellet. All subsequent procedures are carried out at 4° ¢ or on

ice.
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The pooled frozen cell pellets were combined with 2.5 g washed
glass beads and 1 ml SB20Mg per gram cell pellet in the 250 ml con-
tainer of the Virtis "45" homogenizer. The vessel was placed in an ice
bath and the cells ground at medium speed for 15-20 min, interspersing
3 min grinding intervals with 1 min intervals for chilling. The extract
was centrifuged briefly at low speed, and the rather viscous supernatant
was removed. The sediment containing the glass beads was suspended in
0.5 vol of SB20Mg and filtered through a funnel lined with glass wool
under slight suction. The beads were washed with another 0.5-1.0 vol
of buffer. The filtrate was combined with the original supernatant and
centrifuged at 8000 rpm for 10-15 min to remove unbroken cells and cell

debris.

2. Phase partitioning. Liquid-polymer phase partitioning was

carried out by a slight modification of the methods described by Eoyang
and August (1968) and by Kamen (1970) for the QB replicase. The ob-
jective of this procedure is to free the enzyme preparation from nucleic
acids. The two-phase system formed by polyethylene glycol and high
molecular weight dextran, at high salt concentrations, efficiently
sequesters nucleic acids and template-~bound enzyme in the lower phase,
which is rich in dextran, leaving the upper, polyethylene glycol-rich
phase enriched for free proteins (Alberts, 1967). Since f2 enzyme is
tightly bound to template RNA in the crude extract (as judged by its
insensitivity to added template and its high sedimentation coefficient),
a fairly long exposure to high salt conditions prior to the addition

of polymer solutions was found to be critical for the recovery of

enzymatic activity in the polyethylene glycol phase.

The clarified extract was made 4 M in NaCl by the addition of
solid NaCl. The solution was stirred slowly by means of a magnetic
stirrer for 1.0-1.5 hr in an ice bath, whereupon 1/3 weight of a
solution containing 25.6% polyethylene glycol, 6.4% Dextran T500, and
4 M NaCl in SB20Mg was added. Slow stirring was continued for 30 min.

The phases were separated by centrifugation at 8000 rpm for 10 min.
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The resulting clear upper phase was dialysed against 8 1 of SB20 for
6-7 hr until the salt concentration was 0.05 M or less, as determined
by checking the conductivity of the extract against standard salt

solutions.

3. DEAE cellulose chromatography. The dialysate was applied to

a 4 x 30 cm column of DEAE cellulose equilibrated with SB20 containing
0.05 M NaCl., The column was washed with several column volumes of
loading buffer and developed with a salt gradient in SB20. The salt
gradient was generally 0.08-0.25 M or 0.05-0.20 M NaCl, the latter being
found to give slightly better resolution. The volume of the gradient
was 700 ml. Absorbance at 280 nm and conductivity were measured along
the gradient. Enzyme assays were carried out using 10-25 ul of each
10-15 ml fraction. The fractions containing rifampicin-resistant poly

G polymerase activity were either pooled and precipitated with ammonium
sulfate, stored in SB50Mg or dialysed for further purification by RNA

cellulose chromatography.

4. RNA cellulose chromatography. The RNA cellulose column was

prepared by suspending 0.35-1.0 g of RNA cellulose in SB50 containing
0.05 M NaCl and pouring it into a 0.5 or a 0.9 cm (ID) column equipped
with a needle valve. The column was washed for several hours or over-
night with the same buffer at a flow rate of 2-4 ml/hr to remove
residual unbound RNA. DEAE-purified enzyme was prepared for application
to RNA-cellulose by dialysing it against SB20 for 1-2 hr to reduce the
salt concentration and then against SB50 for 2-3 hr. The enzyme aliquot
(35-40 mg total protein) was then applied to the RNA cellulose column

at a flow rate of 1-2 ml/hr. The flow rate was restored and the column
was washed with 0.05 M NaCl-SB50 until the A280 of the eluate was 0.05
or less. The column was then washed with 0.1 M NaCl-SB50 (1-2 column
volumes). Poly G polymerase activity was eluted with 0.2 M NaCl-SB50.
The column fractions (1-2 ml) were assayed for poly G polymerase and
RNase activity. Peak poly G polymerase fractions were either stored

in liquid nitrogen, or prepared for glycerol gradient centrifugation.






42

5. Glycerol gradient centrifugation. Enzyme preparations were

analysed by sedimentation through 7-257% v/v glycerol gradients in SBMg
containing 0.5 or 1.0 M NaCl. Commercial preparations of aldolase,
catalase and hemoglobin were centrifuged in separate tubes as sedimen-
tation markers. Approximately 3 mg of each marker protein in SB4Mg was
layered on a 14 ml gradient and centrifuged simultaneously with the f2
enzyme preparation. The f2 enzyme was prepared for layering by a 2 hr
dialysis against SB4Mg. Gradients were centrifuged for 24 hr at 2° ¢
in the SW40 rotor of the Beckman L2-65B ultracentrifuge at 40,000 rpm.
The gradients were collected in 0.5 ml fractions from the bottom of the
tube. Aldolase and hemoglobin were determined spectrophotometrically
by measuring absorbance at 280 and 400 nm, respectively., Catalase
activity was detected by a modification of the procedure described by
Beers and Sizer (1952). Aliquots (100 pl) of each fraction were mixed
with 2 ml 0.1% hydrogen peroxide in 0.05 M phosphate buffer (pH 7.0)
and the absorbance at 240 nm was read at 30 sec after mixing. F2
enzyme gradients were assayed for poly G polymerase, replicase and
RNase activity as described above. The absorbance at 280 nm was also

determined.

6. Storage of enzyme. Partially purified enzyme preparations

obtained from DEAE cellulose were concentrated by ammonium sulfate
precipitation. The enzyme could be precipitated by the direct addition
of solid ammonium sulfate. However, greater recovery of activity was
obtained when the enzyme was precipitated by dialysis against SB20Mg
saturated with ammonium sulfate. The precipitate was collected by
centrifugation at 20,000 rpm for 20 min and dissolved in SB20Mg.
Residual ammonium sulfate was removed by dialysis against SB20Mg for
several hours. The enzyme was then dialysed against SB50Mg for 1-2 hr,
divided into small aliquots (100-300 pl), frozen in a dry ice-ethanol
bath, and stored in liquid nitrogen. No detectable loss of activity
was observed during storage in liquid nitrogen. Repeated freezing and
thawing of a single aliquot was detrimental to activity., When an

aliquot was to be used, it was thawed quickly in a 30° ¢ water bath
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and stored at —130 C. The presence of salt (0.5 M NaCl) in the SB50Mg
storage buffer prolonged the survival of the enzyme at -13° C. The

enzyme half-life under these conditions varied from 2 weeks to 1 month.

Highly purified poly G polymerase was stored in liquid nitrogen
in SB50Mg as described above. The highly purified poly G polymerase
was quite unstable at -13° C, having a half-life of about 12-24 hr,

depending on the salt concentration of the storage buffer.

C. Isolation of QB Replicase

QB8 replicase was purified from QB am l2-infected E. coli Q13 as
described above for the £2 replicase, except that phosphocellulcse
column chromatography was used in place of RNA cellulose column chroma-
tography. Phosphocellulose chromatography was carried out as described
by Kamen (1970). QB replicase was stored in SB20Mg containing 0.2 M
(NH4)ZSO4 at 0° ¢ (Eoyang and August, 1968) or in SB50Mg containing

o
0.2 M (NH4)ZSO4 at -13° C.
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CHAPTER IV

PURIFICATION OF RIFAMPICIN-RESISTANT POLY G POLYMERASE
FROM f2-INFECTED E. COLI

Infection of bacterial cells by the f2 bacteriophage is accompan-
ied by the appearance of a new, ribonucleotide-polymerizing activity.
Studies on both wild-type phage- and mutant phage-infected cells have
demonstrated that this activity represents the phage RNA-replicating
enzyme or enzyme complex (August et al., 1963; Lodish et al., 1964).
Evidence that the phage replicase complex involves both viral and
bacterial components was reviewed in Chapter I. In the present work,
we have used the sus 11 mutant of £2 as the infecting phage. Some pro-
perties of this phage, which has amber mutations in both the major and
minor coat protein cistron, have already been discussed (Chapter I).
The property which made it particularly useful in the present studies
is the overproduction of phage replicase activity observed in sus 11-
infected cells. Both August et al. (1963) and Lodish et al. (1964)
have shown that crude extracts of sus ll-infected cells promote 10-20
times as much ribonucleotide polymerization as do crude extracts of
wild-type f2-infected cells. We have therefore used this mutant to

maximize the yield of phage-specific enzyme.

The phage-induced ribonucleotide-polymerizing activity in crude
extracts of MS2-infected cells is completely insensitive to the presence
of added template RNA (Weissmann et al., 1963). This appears to be
due to the fact that the phage enzyme is tightly bound to the phage
template RNAs of infected cells. When the phage-induced enzymatic
activity is sedimented through a sucrose gradient, ribonucleotide poly-
merizing activity is found to be associated with 40 S particles
(Weissmann et al., 1963). Such complexes ihcorporate radioactive
ribonucleotides into phage RNA (Chapter I). Thus the complex appears
to contain both enzyme and phage template RNA. Preliminary studies on

the f2 sus ll-induced activity gave the same results. The activity in
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crude cell extracts proved to be completely insensitive to added
template (August et al., 1963; N. Fedoroff, unpublished observations)
and sedimented as a large complex with a sedimentation coefficient of
about 50 S (Fig. 6). Thus, in order to establish whether the f2 repli-
case, like the QB replicase, has an associated poly C-dependent poly G
polymerase activity, we had first to free the enzyme from endogenous

template RNA.

A. Rifampicin-Resistant Poly G Polymerase Activity in

sus ll-Infected Cell Extracts

When measuring nucleotide polymerization in crude cell extracts
and during the early stages of purification, it is necessary to design
the assays in such a way that only the activity of interest, f2 repli-
case in this case, is detectable. The major bacterial ribonucleotide
polymerizing enzymes are the DNA-dependent RNA polymerase, polynucleo-
tide phosphorylase, and poly A polymerase. The DNA-dependent RNA
polymerase will polymerize ribonucleotides in the presence of DNA, RNA
or a variety of synthetic deoxyribo- and ribopolymers (Chamberlin and
Berg, 1962; Fox et al., 1964; Niyogi and Stevens, 1965; Anthony et al.,
1969). The activity of this enzyme in crude cell extracts is dependent
on the presence of endogenous bacterial DNA and can be suppressed by
adding deoxyribonuclease to the extract (August et al., 1963). The
bacterial RNA polymerase is also sensitive to inhibition by the drug
rifampicin, which prevents initiation of RNA synthesis in the presence
of either DNA or synthetic polymers (Sippel and Hartmann, 1968; Kamen,
1970). Neither f2 phage RNA replication in intact bacterial cells,
nor the replicase activity detectable in crude cell extracts, is sensi-
tive to rifampicin inhibition (Fromageot and Zinder, 1968; Robertson,
personal communication). Polynucleotide phosphorylase polymerizes
nucleoside diphosphates rather than nucleoside triphosphates, with
concomitant release of inorganic phosphate. The polynucleotide phos-
phorylase reaction is reversible and depends on the ratio of nucleoside

diphosphates to inorganic phosphate in the incubation medium (Littauer
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Figure 6. Sedimentation behavior of crude f2 replicase activity

Sus ll-infected E. coli were ground with glass beads as described
in Chapter III. Cell homogenates were clarified by centrifugation,
dialysed against SB4Mg containing 0.2 M NaCl for 2 hr and layered on
10-40% glycerol gradients in SBMg containing 0.2 M NaCl The 1l4-ml
gradients were centrifuged for 4 hr at 40,000 rpm at 2° C; 0.7 ml
fractions were collected and assayed for crude replicase activity as
described in Chapter III. Replicase activity (e ¢); absorbance at

260 nm (0---0). ['4C]labeled f2 phage were used as a sedimentation
marker.
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and Kornberg, 1957). Hence polynucleotide phosphorylase activity is
not detectable if ribonucleoside diphosphate contamination of NTPs is
reduced by adding a nucleoside triphosphate-regenerating system (phos-
phoenolpyruvate and pyruvate kinase) or if sufficient phosphate is
present to reverse the reaction. Poly A polymerase (August et al.,
1962) is rendered undetectable by the simple expedient of using a
labeled substrate other than ATP. The first line in Table I compares
the template-independent nucleotide polymerizing activities of unin-
fected and sus ll-infected cell extracts under these conditions. In
the presence of DNase, rifampicin and a triphosphate-regenerating system,
extracts of infected cells incorporate 40 times as much [3H]GTP into

acid-insoluble material as do extracts of uninfected cells,

Liquid-polymer phase partitioning at a high salt concentration
was used to dissociate the phage enzyme-template complex and separate
proteins from nucleic acids, as described in Chapter III. The lower
part of Table I shows the nucleotide polymerizing activity recovered in
the upper, protein-rich phase after phase partitioning of infected and
uninfected cell extracts. Under the assay conditions used, no template-
independent activity is detectable in either infected or uninfected
cell extract after phase partitioning. Addition of poly C template in
the absence of rifampicin stimulates incorporation of [3H]GTP into acid-
insoluble material by both infected and uninfected cell extracts. How-
ever, the stimulation is markedly greater for the infected cell extract
than for the uninfected cell extract. When rifampicin is added to
inhibit the synthetic polymer-dependent activity of the bacterial DNA-
dependent RNA polymerase, the activity of the uninfected cell extract
is completely suppressed, while that of the infected cell extract is
depressed by only about 20%. Hence the infected cell extract contains
a substantial amount of poly C-dependent poly G polymerase activity

which is resistant to inhibition by rifampicin.
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Table 1

Poly G polymerase activity in infected and uninfected cell extracts

Additions [3H]GMP incorporation*
DNase Rifampicin Poly C Infected Uninfected
Crude extract + + - 501 13.5
Extract after + - - 1.7 7.0
phase parti-
tioning + - + 389 84.0
+ + + 311 6.7

Aliquots (5 ul) of crude cell homogenates and extracts obtained
by liquid-polymer phase partitioning as described in Chapter III were
assayed in standard 0.2 ml reaction mixtures for the crude cell homo-
genates and 0.4 ml reaction mixtures for the partitioned extracts (to
overcome the inhibitory effects of high salt and polyethylene glycol
concentrations) for 10 min at 300 C. Acid-insoluble material was

collected on glass fiber filters.

*Picomoles of GTP converted to acid-insoluble GMP equivalents by 5 ul

of extract.
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B. Chromatographic Purification of the Rifampicin-

Resistant Poly G Polymerase

Fig. 7 shows an elution profile of the rifampicin-resistant poly
G polymerase from a DEAE cellulose column. The poly G polymerase
elutes as a single sharp peak at a fairly low salt concentration (0.1-
0.13 M NaCl). This affords good separation from the bacterial DNA-
dependent RNA polymerase, which remains tightly bound at this salt
concentration (Burgess, 1969). The polynucleotide phosphorylase
activity elutes at a slightly higher salt concentration than the f2 poly
G polymerase. The polynucleotide phosphorylase peak is rather broad
under these conditions and it overlaps the poly G polymerase peak. Con-
tamination by polynucleotide phosphorylase proved to be a problem in
studies with partially purified enzyme. This difficulty was generally
circumvented by using a bacterial strain lacking the normal polynucleo-
tide phosphorylase activity as host bacterium. Contamination of the f2
enzyme by ribonuclease activity was also minimized by using host strains

low in RNase activity.

The extent of purification achieved by DEAE cellulose chromato-
graphy is difficult to evaluate for several reasons. The specific
activity of a given enzyme preparation with respect to poly C-dependent
activity can be measured only after endogenous template has been removed.
The presence of polyethylene glycol in the extract prior to DEAE chroma-
tography inhibits the poly G polymerase to a certain extent and also
interferes with estimates of the protein content. However, based on
approximate estimates of specific activity and on total protein recovery,
the purification achieved by DEAE cellulose chromatography is 10- to
20-fold. The specific activity for poly G polymerase increases from
approximately 1-2 nmol GMP/mg/10 min prior to chromatography to 10-20
nmol GMP/mg/10 min after DEAE cellulose chromatography; preparations
of much higher specific activity after DEAE cellulose have occasionally

been obtained.
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Figure 7. DEAE cellulose chromatography of rifampicin-resistant

poly G polymerase activity

Extracts of f£f2 sus ll-infected cells were subjected to liquid-
polymer phase partitioning and DEAE cellulose chromatography as described
in Chapter III. The solid line represents the eluting NaCl gradient
(0.08-0.25 M). A 10 ul aliquot of each 10-ml fraction was assayed for
poly G polymerase activity for 10 min at 30° C in the presence of
rifampicin (o----0); UV absorbance was read at 280 nm (e ®). Assays
for bacterial DNA-dependent RNA polymerase and polynucleotide phos-
phorylase were carried out as described in Chapter III.
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The properties of DEAE-purified f2 enzyme will be discussed in
detail in Chapter V. Briefly, the partially purified enzyme is adequ-=
ately free of extraneous nucleotide polymerizing activities and shows
excellent template dependence. The stability of the partially purified
enzyme is not notably different from the stability of the crude enzyme
activity. Both have a half-life of approximately 12 hours at 0° c.

As described in Chapter III, the enzyme can be stored in liquid nitro-
gen without loss of activity. When stored in a high salt, 507 glycerol
buffer at -13° C, the enzyme has a half-life of about one month. The
enzyme also proved very fragile during further purification. Conven-
tional column techniques which have been used successfully in isolating
similar enzymes were quite unsatisfactory. Thus, for example, only
2-5% of the original activity could be recovered from either phospho-
cellulose or hydroxylapatite columns, both of which are quite useful

in purifying the QB replicase.

The recently developed methods of affinity chromatography appeared
to be promising since these methods are gentle and exploit the natural
binding properties of various proteins. DNA cellulose, for example,
has been an extremely effective method for purifying enzymes and pro-
teins which have an affinity for DNA (Alberts and Herrick, 1971). Since
the replicase uses only RNA templates, a method was devised for binding
phage RNA to cellulose (see Chapter II). Chromatography of the f2 poly
G polymerase on RNA cellulose proved both gentle and quite efficient.

As much as 807 of the input activity was recovered from RNA cellulose
and the purification was at least 20-fold. The elution profile of an
RNA cellulose column is shown in Fig. 8. Very little of the total
protein and almost all of the poly G polymerase activity bind to the
column in low salt (0.05 M NaCl). Additional contaminating protein
elutes at 0.1 M NaCl, and the poly G polymerase elutes at 0.2 M NaCl.
Most of the ribonuclease activity present in the partially purified
enzyme elutes in the 0.05 M and 0.1 M NaCl washes. Only 3-5% of the
RNase activity elutes with the poly G polymerase peak.






52

0.IMNaCl 0.2MNaCl
601 A | | 11500

280 o
N\ \ :
| )
50F 3 _
! 3
I | )
| ~
| - a.
“or » oy |2 2
! : 2
| poly - T
S30} : ||merose o
I I S
| | (S
I AL
2.0 I 4 500 %
9 | o
! s 2
1RV T
(&)
1.0} I <
I
O-0- A=0=0-F °
1 T
5 10 15 20
Fraction

Figure 8. RNA cellulose chromatography of rifampicin-resistant
poly G polymerase activity

Peak poly G polymerase fractions from DEAE cellulose were purified
by RNA cellulose chromatography as described in Chapter III. A 5 ul
aliquot of each l-ml fraction was assayed for poly G polymerase activity
for 10 min at 30° ¢ (0o----0)3; UV absorbance was read at 280 nm (e e).
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C. Proteins of the Purified Poly G Polymerase

The f2 poly G polymerase obtained after RNA cellulose chromato-
graphy is extremely unstable and sensitive to dilution. Considerable
activity losses occur upon further purification, with only marginal
gains in purity. The evidence presented below concerning the identity
of the poly G polymerase proteins is, necessarily, indirect and quite
tentative. The proteins associated with the poly G polymerase activity
after various purification procedures were analysed by SDS-polyacrylamide
gel electrophoresis. Proteins which consistently purified with the poly
G polymerase activity were considered as probable constituents of the
poly G polymerase. Any protein whose loss or diminution was not detri-
mental to activity was assumed to be a contaminant. Proteins whose loss
was associated with loss of enzyme activity were identified as necessary

components of the poly G polymerase.

Sedimentation of the RNA cellulose-purified enzyme through a high
salt glycerol gradient achieves a modest additional purification. The
poly G polymerase sediments as a single peak with a sedimentation co-
efficient of about 6.5 S, based on the sedimentation behavior of marker
proteins run in parallel tubes (Fig. 9). About 60% of the total protein
on the gradient is present under the poly G polymerase peak. The
separation between the poly G polymerase peak and a more slowly sedi-
menting protein peak, which presumably represents inactive contaminating
proteins present, is incomplete. Aliquots of the purified poly G poly-
merase were analysed by polyacrylamide gel electrophoresis before and
after centrifugation. Fig. 10 shows spectrophotometric tracings of
sﬁch gels. The gels were run, stained and destained simultaneously,
and it is assumed that the relative staining intensity is the same for
both gels. The proteins labeled I, IT, III, and IV are the only proteins
which do not diminish upon centrifugation. All other proteins either
decrease in relative amount or disappear entirely after glycerol
gradient centrifugation. These are the four proteins which persistently
purify with the poly G polymerase activity and they have therefore been
tentatively identified as constituents of the poly G polymerase. Before
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Figure 9. Glycerol gradient centrifugation of rifampicin-
resistant poly G polymerase activity

Aliquots of poly G polymerase purified through RNA cellulose
chromatography as described in Chapter III were dialysed for 2 hr
against SB4Mg containing 0.5 M NaCl and layered on 7-25% glycerol
gradients in the same buffer. Centrifugation was for 24 hr at 40,000
rpm as described in Chapter III. Hemoglobin (Hb, 4.3 S) and E. coli
DNA-dependent RNA polymerase (P, 13-15 S) were used as sedimentation
markers. A 10 pl aliquot of each 0.5-ml fraction was assayed for poly
G polymerase activity in the presence of rifampicin for 10 min at 30° ¢
(o=---0); UV absorbance was read at 280 nm (e o).
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Figure 10. SDS-polyacrylamide gels of rifampicin-resistant poly G
polymerase before and after glycerol gradient centrifugation

Aliquots of poly G polymerase were subjected to electrophoresis on
10% polyacrylamide gels as described in Chapter II. Gels of enzyme
before and after glycerol gradient centrifugation were run in parallel,
stained and destained simultaneously. Stained gels were scanned at
600 nm. Commercial preparations of bovine serum albumin, aldolase and
lysozyme were used as molecular weight standards. Bands identified as
poly G polymerase subunits are marked I, II, III and IV. Part a: enzyme
purified by RNA cellulose chromatography; part b: enzyme purified by
RNA cellulose chromatography and glycerol gradient centrifugation.
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centrifugation, 60% of the total protein stain is present in proteins
I-IV; more than 85% of the protein stain is attributable to these
proteins after centrifugation. Since the stoichiometric relationship
between protein concentration and staining intensity is not known and
may vary for different proteins, this figure is only an approximate

indication of the extent of purification,

It can be seen in Fig. 10 that proteins I and II are present in
excess over proteins III and IV. This does not appear to be due only
to differential staining of proteins differing in size. The amount of
IIT + IV relative to the amount of I + II was found to vary considerably,
both from preparation to preparation and between samples from the same
preparation subjected to somewhat different final purification steps.
Moreover, the specific activity of a given poly G polymerase preparation
depends strongly on the amount of III and IV present. Thus, for example,
when the DEAE-purified enzyme was stored for a fairly long period at
-13° ¢ (with considerable loss of activity) before RNA cellulose chroma-
tography, poly G polymerase of fairly low specific activity (<100 nmol
GMP/mg/10 min) was recovered after chromatography. Such preparations
contained large amounts of proteins I and II and quite small amounts of
proteins IIT and IV, A similar loss of proteins III and IV with a
concomitant decrease in specific activity was observed when aliquots
from the same DEAE preparation were subjected to slightly different
elution procedures during RNA cellulose chromatography. This is illu-
strated in Fig. 11, which shows the poly G polymerase proteins from two
different RNA columns. Aliquots from the same DEAE preparation were
applied to RNA cellulose under the same conditions. The only difference
in the two column runs was that column b, corresponding to gel b, was
washed much more extensively with low salt buffer than column a, in an
effort to remove more contaminating protein before eluting the poly G
polymerase activity. If successful, the removal of more extraneous
protein should increase the specific activity of the eluting enzyme.
However, the extra washing actually decreased the specific activity

of the poly'G polymerase. Thus the specific activity of enzyme eluted
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Figure 11. SDS-polyacrylamide gels of rifampicin-resistant poly G

polymerase from different RNA cellulose columns

Aliquots of the same DEAE-purified poly G polymerase preparation
were subjected to RNA cellulose chromatography as described in the text.
Colum b, corresponding to gel b, was subjected to extensive washing
with 0.1 M NaCl-SB50 prior to elution of the poly G polymerase. Column
a, corresponding to gel a, was washed with only 1 column volume of
0.1 M NaCl-SB50 prior to elution of the poly G polymerase. Samples of

enzyme were analysed by SDS-polyacrylamide gel electrophoresis as
described in Chapter II.
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from column a was about 240 nmol GMP/mg/10 min, while that eluted from
column b had a specific activity of only 90 nmol GMP/mg/10 min. All
proteins are present in similar amounts in both preparations with the
conspicuous exception of proteins III and IV, which are present in
greatly reduced amounts in gel b. The correlation between the specific
activity of the enzyme preparation and the relative amounts of proteins
III + IV suggests that at least these two proteins (or perhaps only one

of them) are required for poly G polymerase activity.

Rifampicin-resistant poly G polymerase activity, like the phage
replicase activity, is present only in infected cells. Studies described
earlier have demonstrated that the phage replicase protein is required
for phage replicase activity and is probably a component of the repli-
case enzyme (Chapter I). To establish whether the phage replicase
protein is a component of the purified f2 poly G polymerase, in vivo

[14

merase proteins. Since the sus 11 mutant of f2 has amber mutations in

C]labeled replicase protein was co-electrophoresed with poly G poly-

both the coat and A protein cistrons, the only complete phage protein
made in sus ll-infected cells is the phage replicase protein., Such
cells were therefore used as a source of this protein. Aliquots of
infected and uninfected cells were treated with rifampicin to inhibit
bacterial RNA and protein synthesis and then labeled with [14C]amino
acids, as described in Chapter II. Polyacrylamide gel electrophoresis
of the labeled proteins extracted from sus ll-infected and uninfected
cells is shown in Fig. 12. The single major protein species which
labels in sus ll-infected cells, but not in uninfected cells after
rifampicin treatment (P. Model and N. Fedoroff, unpublished observa-
tions) or after actinomycin treatment (Nathans et al., 1966), is the
replicase protein (Fig. 12, gel slices 13-14). The identity of this
protein as the product of the replicase cistron has been established
by studies on mutant and wild-type phage-~infected cells (Nathans et al.,
1966; Vifiuela et al., 1968). This protein has a molecular weight of

approximately 63,000 and is the largest phage protein made during
infection.
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Figure 12. SDS-polyacrylamide gel electrophoresis of [14C]labeled
proteins from sus ll-infected and uninfected E. coli

Sus ll-infected and uninfected E. coli K38 cultures were treated
with rifampicin and labeled with [lhajamino acids; labeled proteins
were extracted from both cultures and analysed by SDS-polyacrylamide gel
electrophoresis as described in Chapter II. Labeled proteins from
infected cells (e e); labeled proteins from uninfected cells
(o——--0).
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Co-electrophoresis of the proteins labeled in vivo during sus 11
infection with the proteins of the glycerol gradient-purified poly G
polymerase is shown in Fig. 13. The gel was first stained and traced
to locate the poly G polymerase proteins and then sliced for detection
of radioactive proteins as described in Chapter II. The replicase pro-
tein labeled in vivo co-electrophoreses with protein II of the purified
poly G polymerase (Fig. 13, peak II). Similar results were obtained
when labeled proteins synthesized in vitro from purified f2 RNA template
were co-electrophoresed with the poly G polymerase proteins (not shown).
Thus protein II of the purified poly G polymerase appears to be the

phage-coded replicase protein.

_ Although the fragility of the f2-induced poly G polymerase pre-
cludes a rigorous demonstration that all four of the identified pro-
teins are indeed subunits of the active enzyme, a comparison of the f2
and QB poly G polymerases suggests that the f2 subunit identification
is correct. Fig. 14 shows that the QB and £2 enzymes are quite similar.
Proteins I, IIT, and IV of the two enzymes are electrophoretically
indistinguishable. 1In the case of the QB enzyme, these subunits have
been identified as bacterial proteins by Kamen (1970) and by Kondo et
al. (1970). It is probable that proteins I, III, and IV are the same
bacterial proteins in both enzymes. Molecular weight estimates for

the poly G polymerase proteins, obtained independently by the indicated
investigators, are given in Table II. The phage-coded polypeptides
(protein II in each case) of the f2 and QR enzymes differ somewhat in
electrophoretic mobility. This difference in the size of the QB and £2
replicase proteins has been observed with both the purified poly G
polymerase protein II and with f2 and QB replicase proteins labeled

both in vivo and in vitro (K. Horiuchi, personal communication).
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Figure 13. Co-electrophoresis of in vivo [14C]proteins from sus 11-
infected cells with purified poly G polymerase

A small aliquot of [léc]labeled, infected-cell proteins (Fig. 12)
was co-electrophoresed with rifampicin-resistant poly G polymerase puri-
fied by glycerol gradient centrifugation. Gels were first stained and
scanned to locate the poly G polymerase proteins (I-IV, ), then
sliced and counted to detect radioactive, in vivo proteins (e----e).







62

Figure 14. Purified QB8 and f2 poly G polymerases

Rifampicin-resistant poly G polymerase was purified from f2 sus 11-
infected cells as described in Chapter III. Rifampicin-resistant poly
G polymerase was purified from QB8 am 12-infected cells by the same
procedure, except that phosphocellulose chromatography was used in place
of RNA cellulose chromatography. Aliquots of the purified enzymes were
subjected to SDS-polyacrylamide gel electrophoresis as described in
Chapter II. The QB subunit designation is that given by Kamen (1970).
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Estimated molecular weights for proteins I, II, III,

and IV of the QB and £f2 poly G polymerases

Estimated molecular weight (Daltons)

Enzyme I IT ITI IV Reference
QB 74,000 69,000 47,000 33,000 Kondo et al. (1970)
QB 70,000 65,000 45,000 35,000 Kamen (1970)
QB 73,000 66,000 44,500 32,500 Eoyang and
August (1971)
f2 75,000 63,000 46,000 33,000 Fedoroff and

Zinder (1971)
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D. Discussion

Evidence has been presented that bacterial cells infected with
the sus 11 mutant of f2 contain a rifampicin-resistant poly G polymerase
activity not found in uninfected cells. The rifampicin-resistant poly
G polymerase has been purified extensively. Four proteins have been
tentatively identified as constitﬁent proteins of the poly G polymerase.
One of the proteins is electrophoretically identical to the phage-coded

replicase protein,

There is a striking structural similarity between the poly G
polymerases induced during f2 and QB infections. The two poly G poly-
merase enzymes appear to differ only in the phage-specific subunit,
which is somewhat larger in the case of the QB enzyme than in the case
of the f2 enzyme. Yet these enzymes differ markedly, both in stability
and in template properties (Eoyang and August, 1968; August et al.,
1968; Fedoroff and Zinder, 1971). If the three non-phage proteins of
the two enzymes are in fact the same bacterial proteins, as their elec-
trophoretic behavior suggests, then the difference in stability must
be attributable to the respective phage replicase proteins. The

difference in template specificity will be considered in Chapter VI.

In view of the structural similarity of the two enzymes, obser-
vations on the QB enzyme provide some insight into the properties of the
f2 enzyme and its behavior during purification. Kamen (1970) showed
that the QB poly G polymerase dissociates at low salt concentrations
into aggregates of subunits I + II and subunits III + IV. These com-
plexes or aggregates can be separated by glycerol gradient centrifugation.,
Incubation of fractions rich in components I + II with subunits IIT + IV
results in the reconstitution of active QB poly G polymerase. It was
further shown by Kondo et al. (1970) that subunits I + II probably
represent the RNA-binding component of the enzyme. When these investi-
gators incubated the purified QB enzyme with QB8 RNA, they found that
only subunits I + II could be recovered from the template-enzyme complex.

The behavior of the f2 enzyme during RNA cellulose chromatography can be






65

explained in terms of these observations. If proteins I and II of the

f2 enzyme are its RNA-binding component, these proteins would be expected
to bind to RNA-cellulose whether associated with the other two subunits
or not. In fact, the low salt conditions necessary for binding of the

f2 enzyme to RNA cellulose might favor the dissociation of subunits I +
ITI from subunits III + IV. If proteins III and IV, on the other hand,
can bind to the column only when associated with I and II, while pro-
teins I and ITI bind regardless of the presence of the other two, enzyme
eluted from the column will contain both active enzyme consisting of all
4 proteins and inactive subunits I and II. If, furthermore, loss of
activity during storage of the enzyme is due to dissociation of proteins
I + IT from III + IV, RNA cellulose chromatography of such preparations
should give poly G polymerase preparations rich in inactive subunits

I + II. Prolonged washing of the column, by favoring the low salt dis-
sociation, would have the same net result. Thus the differential recovery
of proteins I + II and IIT + IV may simply be an artifact of the puri-

fication technique used.
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CHAPTER V

PROPERTIES OF THE f2-INDUCED ENZYME

In this chapter, we will discuss some of the properties of the
nucleotide-polymerizing enzyme produced during infection of bacteria
with the £2 phage. All of the studies described here were carried out
on enzyme preparations. purified by liquid-polymer phase partitioning
and DEAE cellulose chromatography. Our first objective was to show
that the enzyme preparation, which was routinely assayed for rifampicin-
resistant poly G polymerase activity, did indeed have the properties of
an RNA phage replicase, both in terms of its ability to use phage RNA
templates and its ability to carry out the synthetic reactions involved
in phage RNA replication. To do this, we tested its response to various
natural RNA templates under different conditions. We then analysed the
polynucleotide products of the in vitro reaction by RNA annealing
methods and by glycerol gradient sedimentation. In the course of these
studies, it became apparent that the replicase and poly G polymerase
activities responded differently to the manipulation of certain experi-
mental conditions. We therefore carried out a series of comparative
studies on the replicase and poly G polymerase activities. Finally,

we have briefly compared some properties of the f2 and QB replicases.

A, Purity of the Enzyme Preparation

1. Contamination by bacterial enzymes. The enzyme preparations

used in these studies were purified from sus ll-infected E. coli Q13
through the DEAE cellulose step as described in Chapter III. At this
stage of purification, the f2 poly G polymerase has a specific activity
of 10-100 nmol GMP/mg/10 min and shows excellent template dependence.
Assays carried out on this preparation to detect the presence of other
nucleotide polymerizing activities and RNase activity are shown in
Table IITI. The preparation is substantially free of bacterial DNA-
dependent RNA polymerase and polynucleotide phosphorylase. Some ribo-

nuclease activity can be detected; however, the amount of [3H]poly C
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Table IIL

Assay of DEAE-purified f2 poly G polymerase for

contaminating bacterial enzymatic activities

Enzyme activity assayed Substrate Activity
Poly G polymerase [3H]GTP 710 pmol GMP
DNA-dependent RNA [3H]GTP 3 pmol GMP

polymerase
Polynucleotide phosphorylase [3H]UDP <1l pmol UMP
Template-independent nucleo- [3H]GTP <1 pmol GMP

tide polymerization

Ribonuclease [3H]poly C 0.085 ng poly C

Assay conditions are described in Chapter III. Each assay was
carried out in a final reaction volume of 0.1 ml, using 20 pg of DEAE-
purified £2 enzyme. All assays were incubated for 20 min at 30° c,
except the RNA polymerase reaction, which was incubated at 36° for 30
min. Acid-insoluble radioactivity was collected on Millipore filters
as described in Chapter III. Activity for the nucleotide polymerizing
enzymes is given as pmol [3H]NTP or [3H]NDP converted to acid-insoluble
[BH]NMP by 20 ug enzyme. RNase activity is given as ug [3H]poly C
digested by 20 ug enzyme.
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digested under the standard poly G polymerase assay conditions is

equivalent to only 1-5% of the input template RNA.

2. Template-independent nucleotide polymerization. In some of

the early enzyme preparations, we noted that template-independent
nucleotide polymerization could be detected upon prolonged incubation
of the enzyme in the absence of added template RNA (Fedoroff and
Zinder, 1971). Since similar observations have been made on partially
purified QB replicase preparations (Banerjee et al., 1969), it was of
interest to analyse the nature of this reaction and its product. The
product of the template-independent f2 reaction was found tc be an 8-10
S, single-stranded polynucleotide., By annealing criteria, it did not
appear to be homologous to f2, QB or REOvirus RNAs, nor to E. coli bac-
terial RNA. Finally, the relative amount of template-independent
activity varied from enzyme preparation to enzyme preparation and
appeared to decrease during purification. The nucleotide polymerization
observed in the absence of added template RNAs in the case of both QB
and MS2 replicases has been attributed to the presence of endogenous
template RNA in the enzyme preparation (Weissmann and Ochoa, 1967
Banerjee et al., 1969). However, the properties of the product of the
f2 template-independent reaction appeared to be those of a random poly-
nucleotide, suggesting that perhaps the template-independent activity
of the f2 enzyme preparations was attributable to some contaminating
enzyme. Some of the properties of the template-independent activity in
such an f2 enzyme preparation are given in Table IV. The reaction is
stimulated by the omission of the triphosphate-regenerating system from
the assay mixture, completely inhibited at low concentrations of phos-
phate, and has a sharp magnesium optimum at about 3 mM Mg++, suggesting
that it may be attributable to the presence of polynucleotide phos=
phorylase (Kimhi and Littauer, 1968). Direct assays for polynucleotide
phosphorylase, using labeled ribonucleoside diphosphate substrates,
suggested that the amount of template-independent activity was indeed
correlated with the amount of polynucleotide phosphorylase activity

present in the partially purified enzyme. Finally, when a bacterial
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Table IV

Some properties of the template-independent reaction

Composition of assay medium Incorporation (pmol [3H]GMP)
Complete 138
Omit phosphoenolpyruvate, 679

pyruvate kinase

Magnesium concentration¥*: 1 mM 36
3 mM 2120
5 mM 1260
10 mM 790
Phosphate concentration*: 0.10 mM 277
0.25 mM 23
0.50 mM 2
1.0 mM 0

The complete reaction mixture is that described for the replicase
assay I (Chapter III). Each assay was carried out in 0.05-0.1 ml of
the assay mixture, using 68 ng of replicase purified from a PNPase+
strain of E. coli (K38) through DEAE cellulose chromatography. No
template RNA was added. Acid-insoluble radioactivity was determined

after a 20 min incubation at 30o C.

*Phosphoenolpyruvate and pyruvate kinase omitted.






70

strain having a mutated polynucleotide phosphorylase gene (E. coli Q13)
was selected as host bacterium in place of the standard wild-type strain
(E. coli K38), neither polynucleotide phosphorylase activity nor
template-independent nucleotide polymerization was detectable in the
partially purified poly G polymerase preparation (see Table III). We
therefore concluded that the template-independent activity in our early
enzyme preparations was most probably attributable to contamination by
polynucleotide phosphorylase. The enzyme preparations used in all sub-
sequent experiments were derived from E. coli Q13 and had the properties

shown in Table III.

B. Replicase Activity Associated with Partially

Purified f2 Poly G Polymerase

Extensive studies on the QB replicase enzyme have shown that the
replicase is active with both single-stranded QB8 plus and minus strand
RNAs, but is inactive with the partially double-stranded replicating
RNAs obtained from infected cells by phenol extraction (Weissmann et
al., 1967). It has also been established that the QB replicase dis-
sociates rather easily into a 'core' replicase capable of using the
minus strand templatev(and having poly G polymerase activity) and one
or more cellular proteins which must be present for replicase activity
with QB plus strand template (Chapter I). Assuming, as a working
hypothesis, that a similar situation obtained for the f2 replicase,
we tested both types of template derived from f2-infected cells for
their ability to stimulate nucleotide polymerization by the partially

purified f2 poly G polymerase.

The preparation of template RNAs is fully described in Chapter
II. Plus strand template, which is the single-stranded RNA occurring
in phage particles, is easily obtained by purifying phage particles
and extracting the RNA from the encapsulating protein coat. Minus
strand template, which is the complementary copy of the viral RNA, is
more difficult to obtain. The minus strand is an intermediate in the

intracellular replication of the phage. It is produced only in small
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quantities and is present in infected cells, but not in phage particles.
Furthermore, minus strands are present primarily in double-stranded

and partially double-stranded replicating structures (RE), rather than
free minus strands (Weissmann and Ochoa, 1967). As mentioned above,
these structures, isolated from QB-infected cells, are not templates
for the QB replicase. However, if the strands are separated by de-
naturing procedures, such an RE preparation can be used directly as
template without further isolation of the minus strands (Weissmann et
al., 1967). Adopting this shortcut, we have used denatured f2 replica-
ting structures (denatured RE) as a source of minus strand template
(see Chapter II for the properties of this RNA) in the present experi-

ments.

1. Assay conditions favorable for replicase activity. Originally,

we used assay conditions favorable for poly G polymerase activity when
assaying the enzyme preparation with natural RNA templates. Under

these conditions, nucleotide polymerization is stimulated by denatured
RE, but not by native RE and only slightly by f£2 plus strand RNA.
Nucleotide polymerization in the presence of plus strand RNA, however,
becomes detectable under somewhat different assay conditions. At low
concentrations of template RNA, replicase activity was substantially
enhanced by 1) increasing the ionic strength of the incubation mixture
and 2) including a brief preincubation of the enzyme at high ionic
strength prior to the addition of ribonucleoside triphosphate sub-
strates. The effect of increasing ionic strength, as measured by the
incorporation of radioactive GTP into acid-insoluble material in the
presence of denatured f£2 RE and f2 plus strand RNA, is illustrated in
Fig., 15. 1Incorporation in the presence of either template is stimulated
up to an ionic strength of 0.1 and inhibited at higher ionic strengths.
Similar results have been obtained when KCl, NaCl or (NH4)2804 were used
at comparable ionic strengths. Activity with £2 plus strand template

is much more sensitive to salt stimulation than is activity with
denatured RE template. At the optimal ionic strength of about 0.1,

replicase activity with plus strand template is stimulated by about
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140

Plus strand

200
100

60 100
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Plus strand template: pmol SH-GMP a—a

Denatured RE template: pmol SH-GMP e—-e

o 0.1 0.2 0.3
lonic strength

Figure 15. Effect of the ionic strength of the assay medium
on replicase activity

Replicase activity was assayed as described in Chapter III
(replicase assay II); 20 ug enzyme protein was preincubated for 5 min
at 30° C with template RNA (2 pg denatured RE or f2 plus strand RNA)
in 25 pl SB20Mg, followed by addition of 75 ul of the reaction mixture.
NaCl was added to the preincubation buffer; the indicated ionic strength
corresponds to the final ionic strength obtained after addition of the
reaction mixture. Acid-insoluble radioactivity was determined after
an additional 20 min incubation at 30° C. Template RNA: £2 plus
strand RNA (A——A); f2 denatured RE (e----e).






73

fivefold, while incorporation with denatured RE template is stimulated
2-3-fold. TFig. 16 shows that preincubation of the enzyme at high ionic
strength exerts a further stimulation. Again the effect is greater
with plus strand template than with denatured RE template. The optimal
preincubation time appears to be about 5 min. Preincubation of the
enzyme in the absence of salt results in the loss of activity. In this
experiment, template RNA was present during preincubation. However,
similar results are obtained when enzyme is preincubated without tem-
plate at high ionic strength. Hence the effect of preincubation appears
to be on the enzyme complex itself, rather than on the formation of

the enzyme-template complex.

Tabie V shows that replicase activity with plus strand RNA can
also be detected under the low salt assay conditions in the presence
of sufficient RNA template. The amount of minus strand RNA added in
this experiment is about 0.7 ug, since only 1/3 of the RNA in the RE
preparation is minus strand RNA (see Chapter II). More than 10 times
as much plus strand RNA is required to achieve a comparable level of
incorporation under these conditions. Thus the high salt assay con-
ditions* appear to influence the affinity c¢f the enzyme for plus strand
RNA. About 207 as much plus strand RNA is required tc obtain the same
level of nucleotide polymerization under high salt as under low salt
conditionst. However, even under high salt conditions, somewhat more
plus strand than denatured RE template is required to achieve the same
level of activity, suggesting that perhaps the enzyme has a higher

affinity for minus than for plus strands, regardless of assay conditions.

2. Template specificity of the f2 replicase. A remarkable

feature of RNA phage replicases is their ability to discriminate between

template RNAs. With one exception (August et al., 1965), the Group I

*The assay conditions referred to for simplicity as 'high salt' include

a 5 min preincubation and incubation at 0.1 M NaCl (Chapter III,
replicase assay II).

tThe assay conditions referred to as 'low salt' correspond to the
repLicase assay I (Chapter III); no preincubation is included in the
assay and no extra salt is added to the basic reaction mixture.
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Figure 16. . Effect of preincubation time on replicase activity
at high and low salt concentrations

Replicase assays were carried out as described in Chapter III
(replicase assay II); 20 pyg enzyme protein was preincubated for the
indicated times in 25 pl SB20Mg containing 10 pymoles NaCl and 2 pg
template RNA. The low salt preincubation buffer contained no added
NaCl. All reactions were diluted with reaction mixture to a final
volume of 0.1 ml; the final salt concentration (where added) was
0.1 M. Acid-insoluble radioactivity was determined after an additional
20 min incubation at 30° C. Denatured RE template, high salt preincu-
bation (o----0); denatured RE template, low salt preincubation (e----e);
plus strand template, high salt preincubation (a A).
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Table V

Replicase activity with plus strand RNA template

under low salt assay conditions

Template Amount Incorporation
‘ (pmol [3H]GMP)

Denatured f2 RE#* 2.0 ug 179

f2 plus strand RNA 0.4 pg 0.6
1.0 ug 18
4.0 ug 95
8.0 ug 123

The replicase assays were carried out as described for replicase
assay I (low salt). Each 0.1 ml reaction mixture received 20 ug of
replicase protein and the indicated amount of template RNA. Acid-
insoluble radioactivity was determined after a 20-min incubation

o
at 30 C.

*The amount of RE is given as total RNA. One-third of this amount is

present as minus strand RNA.
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and Group III replicases have shown little or no activity with RNAs

from sources other than RNA bacteriophage of the group to which they
belong (Haruna et al., 1963; Haruna and Spiegelman, 1965a; Fiers et al.,
1967). So sensitive is the ability of RNA replicases to discriminate
even among bacteriophage RNAs that Miyake et al. (1971) have proposed
the template specificity of the bacteriophage replicase as a criterion
for the grouping of RNA phages, rather than the previously used criteria
of phage particle and RNA properties. The ability of various bacterial
and viral RNAs to stimulate ribonucleotide polymerization by the £2
enzyme is shown in Table VI. Under either set of assay conditions, the
enzyme is inactive in the absence of template RNA. Neither bacterial
RNA (E. coli) nor the viral RNAs of QB or REOvirus promote nucleotide
polymerization by the f2 enzyme under either high salt or low salt assay
conditions. As in the case of the QB replicase, the f2 enzyme shows
almost no activity with native RE. Denatured RE, which contains both
single-stranded plus and minus strand RNAs, is a good template under
either set of conditions. At these template concentrations, good
nucleotide polymerization with f2 plus strand RNA is observed only

under the high salt assay conditions. Thus, the f2 replicase shows the
high degree of template specificity characteristic of all known RNA

replicases.

Figures 17a and 17b show the time course of the replicase reaction
under high and low salt assay conditions. The time course of the
reaction is similar in both cases. Very little synthesis is observed
after 40-60 min of incubation under either set of conditions. Net
synthesis of RNA is not observed in either case. The amount of RNA
synthesized with either template is less than half of the amount present

as template.
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Table VI

Template specificity with and without salt, preincubation

Incorporation

(pmol [3HIGMP)

High salt Low salt
Template 5 min preincubation No preincubation
Denatured £2 RE 178 102
Native f2 RE 11 6
f2 plus strand RNA 136 17
No template 0 0
QB8 plus strand RNA 0 0
Denatured QB RE 4 3
Native REOvirus RNA 2 3
Denatured REQOvirus RNA 8 3
E. coli cellular RNA 1 3

The replicase assays were carried out as described in Chapter
IiI, replicase assay I (low salt) and replicase assay II (high salt).
Each 0.1 ml reaction mixture contained 20 pg replicase protein and
template RNA as follows: denatured f2 RE, native f£2 RE, f2 plus
strand RNA, QB plus strand RNA, denatured QB RE, 2 pg each; native
and denatured REOvirus RNA, 1.6 ug; E. coli cellular RNA, 2 ug. Acid-

insoluble radioactivity was determined after a 20-min incubation at
30° ¢
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Figure 17. Time course of the replicase reaction at high and
low salt concentrations

Part a: Conditions as described for replicase assay I (Chapter
ITI). Each reaction mixture of 0.5 ml contained 100 ug enzyme protein
and 10 ug of template RNA; 100 nl aliquots were taken for determination
of acid-insoluble radioactivity at the indicated times. Part b: Con-
ditions as described for replicase assay II (Chapter III). Assays
included a 5 min preincubation of 100 ug enzyme protein in 125 pl
SB20Mg containing 50 umoles NaCl and 10 pg template RNA, The final
volume after addition of the reaction mixture was 0.5 ml and the final
NaCl concentration was 0.1 M. Aliquots (100 pl) were taken at the
indicated times for determination of acid-insoluble radioactivity.

Template: denatured f2 RE (e----e); f2 plus strands (A A);
none (o----0).
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C. Analysis of the Polynucleotide Product Synthesized

In Vitro by the f£2 Replicase

1. Annealing experiments. The nature of the polynucleotide

product synthesized in vitro by the f2 enzyme was examined in annealing
experiments. RNAs having complementary base sequences interact speci-
fically to form ribonuclease-resiétant double-stranded structures
(Weissmann and Ochoa, 1967). The ability of two different populations
of RNA to compete for binding to the same complementary sequence is a
sensitive measure of nucleotide sequence homology. The sensitivity

and specificity of RNA-RNA hybridization (annealing) for bacteriophage
RNAs has been explored extensively by Weissmann and his coworkers
(Weissmann et al., 1964a and b; Billeter et al., 1966a and b; Weissmann
et al., 1968). 1In the present experiments, the fidelity of in vitro
transcription by the f2 replicase was judged by the ability of the
replicase product to anneal to £2 RNAs. The composition of the repli-
case product was deduced both from the extent of annealing and from
competition experiments. The specificity of the annealing reaction
with f2 RNAs and the mathematical treatment of the data were discussed

in detail in Chapter II.

Since nucleotide polymerization under low salt assay conditions
and at low template concentrations is much greater with denatured RE
template than with f2 plus strand template, it appeared likely that the
minus strands of the RE were preferentially utilized as template. If
the replicase reaction occurs by the well-established Watson-Crick
base-pairing mechanism, then the in vitro polynucleotide product made
from denatured RE template should consist primarily of f2 plus strand
RNA. This prediction was tested by annealing small aliquots of repli-
case product made with denatured RE template to unlabeled £2 RE in the
presence of increasing amounts of unlabeled f2 plus strand RNA. The
annealing and isotope dilution behavior of the replicase product made
after 10, 20 and 40 minutes of incubation is shown in Fig. 18. The

inset to Fig. 18 shows plots of annealed radioactivity (tg) as a
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Figure 18. Isotope dilution analysis of [3H]replicase product made
in the presence of denatured RE template under
low salt assay conditions

[3H]replicase product was synthesized from denatured RE template
under replicase assay I conditions (Chapter III), except that the NTP
cgncentrations were 0.5 mM GTP and ATP, 0.2 mM CTP and 0.1 mM UTP.
[CH]UTP (sp. act. 280 cpm/pmol) was the labeled substrate; 0.5 ml
reaction mixtures containing 10 ug denatured RE and 100 ug enzyme pro-
tein were incubated for 10, 20 or 40 min. The replicase product (con-
taining unlabeled template RNA) was extracted and purified as described
in Chapter II. A small aliquot of [3H]replicase product (0.07-0.08 ug,
sp. act. 1.7-3.5 x 104 cpm/ug) was annealed to excess unlabeled RE
(0.4 pg) in the presence of increasing amounts of unlabeled f2 plus
strand RNA (0-5 pg). Results are given as a fraction of the total
replicase product recovered in RNase-resistant form after reannealing.
Inset: the amount of radioactivity recovered in RNase-resistant form
(t§, cpm/sample) is plotted against the fraction (f) of plus strands

expected to anneal at each concentration of unlabeled RNA (equation 7,
Chapter II).
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function of the amount expected to anneal if all of the radioactivity
is present as plus strand RNA (f, see equation 4, Chapter II). The
amounts of radioactivity present as plus strand and minus strand RNA,
calculated from these curves, are given in Table VII. Also given in
Table VII are the experimentally determined values for total acid-
insoluble radioactivity (tgbs) present in each sample. Since the cal-
culated sum (tialc) of radioactivity in plus (p*) and minus (m%)
strands is equal to or greater than the measured total radioactivity,
all of the in vitro replicase product is able to anneal to f2 RNAs and
must therefore be homologous to £2 RNA. Furthermore, most of the label
is in plus strand RNA, as expected if minus strand template is used
preferentially under these conditions. Even after 40 minutes of incu-
bation in the presence of denatured RE, which contains both plus and
minus strand RNAs, less than 47 of the radioactivity is in minus strand
RNA.

It was shown in the previous section that replicase activity with
both plus strand RNA and denatured RE templates was enhanced in the
presence of salt., To determine whether the stimulation was attributable
only to the enhanced template activity of plus strands, or whether salt
also stimulates synthesis of plus strand product from minus strand
template, replicase product made from denatured RE in the presence and
absence of salt (no preincubation) was analysed as described above.

The amount of plus and minus strand product made in 10 and 20 min incu-
bations was calculated from tg vs. f plots and compared with the total
acid-insoluble radioactivity. As shown in Table VIII, all of the acid-
insoluble product was in f2 plus and minus strand RNA. Despite the
fourfold increase in the minus strand content, most of the radioactivity
was present as plus strand RNA. Thus most of the increase in total
incorporation is attributable to the increased synthesis of plus strand
RNA. This result shows not only that salt stimulates replicase activity
with minus strand template, but also that minus strand template is

preferentially utilized, even in the presence of a similar amount of

plus strand template.
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Table VII

Composition of replicase product made from denatured RE

template under low salt assay conditions

Incubation p* m#* t* t* x* % £2 % £2
: obs. calc .
time minus plus
strands strands
10 min 1300 0 1299 1300 0 0 100
20 min 2140 25 2065 2165 0 1.2 98.8
40 min 2500 100 2550 2600 0 3.9 96.1

Data given in Fig. 18 were analysed as described in Chapter II,
section D3. Total acid-precipitable radiocactivity (tgbs) was measured
both before and after the annealing procedure and was the same. The
amount of radioactivity in £2 plus strand RNA (p*) and £2 minus strand
RNA (m*) were calculated as described from the slope and intercept of
tg vs. f plots, shown in the inset to Fig. 18. The amount of radio-
activity in plus and minus strands (ttalc) represents the sum of p* and
m*, The value of x*, the amount of radioactivity present as non-homolo-
gous polynucleotides, is the difference between tg

and t* (see
ca

bs lc
Chapter II, section D3). All values are given in [ H]cpm/sample; each
sample represents the same fraction (1%Z) of the total replicase product

synthesized in the indicated time interval.
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Table VIII

Composition of replicase product made from denatured RE template

under high and low salt assay conditions

Incu- Assay p* m#* t* t* x* %z £2 % £2
. o obs calc .

bation conditions minus plus

time strands  strands

10 min low salt 3060 0 2955 3060 0 0.0 100
high salt 6420 75 6470 6495 o 1.2 98.8

20 min low salt 3800 50 3869 3850 19 1.3 98.7
high salt 8480 475 8847 8955 0 5.5 94.5

Replicase product was synthesized as described in Fig. 18 in the
absence (low salt) and presence (high salt) of 0.1 M NaCl in the reaction
mixture. [3H]UTP (sp. act. 300 cpm/pmol) was used as labeled substrate;
reactions were terminated at 10 and 20 min. Replicase product was puri-
fied and annealed as described in Chapter II; isotope dilution data were
analysed as described in Chapter II, section D3. Each annealing tube
received 0.4 ug unlabeled RE and 0.07 pg labeled replicase product (sp.
act. 0.43-1.3 x 105 cpm/ug). Reannealing was carried out in the presence
of 0-10 ug of f£f2 plus strand RNA (unlabeled). Values of radioactivity
in plus strands (p*), minus strands (m*), total radioactivity (tgbs and
tialc)’ and radioactivity in non-homologous polynucleotides (x*) are
given in [“H]cpm/sample; each sample represents the same fraction (2%)
of the total replicase product synthesized in the indicated time inter-

val under the indicated salt conditions.






84

The strand composition of replicase product made in the presence
of plus strand template under the high salt assay conditions is shown
in Table IX. As with denatured RE template, all of the replicase pro-
duct is f2 RNA. Most of the replicase product made from plus strand
template is complementary minus strand RNA. The fraction of the product
present as plus strand RNA increases from less than 67 after 10 minutes
of incubation to 277% at 40 minutes. Since plus strands can only be
made from minus strand template and the added template consisted only
of phage plus strand RNA, the labeled product plus strands must have
been synthesized from minus strand template made in vitro. Thus the
replicase is not only able to synthesize complementary minus strands
from plus strand template, but can also reinitiate synthesis of plus
strands from the newly-synthesized minus strands. This shows that
despite the absence of net RNA synthesis, the f2 replicase is able to
carry out all of the component synthetic reactions involved in phage
RNA replication. Given plus strand template, it will first synthesize
the complementary minus strand and then synthesize plus strand RNA

from newly-synthesized minus strands.

2. Glycerol gfadient sedimentation of replicase product. The

data given in Table IX suggest that while chain termination and re-
initiation of RNA synthesis do occur in vitro, these processes are not
very efficient. Analysis of acid-insoluble replicase product made in
the presence of either denatured RE under low salt assay conditions or
in the presence of plus strand template under high salt assay conditions
confirms this iépression (Figures 19 and 20). RNA made from either plus
or minus strand template sediments predominantly as extensively double-
stranded 15-16 S structures. Since no effort was made to separate the
unlabeled template RNAs from the labeled product RNAs, this result
suggests that most of the product RNA remains associated with template
in structures resembling the replicating RNAs isolated from infected
cells (Erikson and Franklin, 1966; Robertson and Zinder, 1969). How-
ever, some RNase-sensitive 27 S RNA is present in both cases, which

shows that some full length phage single-stranded RNA is completed and
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Table IX

Composition of replicase product made from plus strand template

under high salt assay conditions

Incubation p* m* t* t* x* % £2 Z £2
. obs calc .
time minus plus
strands strands
10 min 111 1835 1929 1946 0 94.3 5.7
20 min 326 2544 2867 2870 0 88.7 11.3
40 min 1123 3046 4156 4169 0 73.0 27.0

Replicase product was synthesized as described in Fig. 18, except
that the assays included a 5 min preincubation and incubation at 0.1 M
NaCl (Chapter III, replicase assay II). F2 plus strand RNA, purified
from phage particles, was used as template. Reactions were terminated
after 10, 20 and 40 min of incubation. Replicase product was purified
and analysed by the isotope dilution test as described in Chapter II.
Each tube received 1 pg unlabeled f2 RE and 0.14 ug [3H]replicase pro-
duct (sp. act. 1.5-3.0 x 104 cpm/ug). Reannealing was carried out in
the presence of 0-10 ug of unlabeled f2 plus strand RNA. Values of
radioactivity in plus strands (p*), minus strands (m*), total radio-
activity (t§

and tza c), and radioactivity in non-homologous poly-

bs 1
nucleotides (x*), are given in [3H]cpm/sample; each sample represents
the same fracticn (17%) of the total replicase product synthesized in

the indicated time interval.
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released. The amount of free single-stranded RNA is greatest when plus
strands are used as template. The fraction of RNA sedimenting at 27 S

increases from about 6% at 10 min to about 177 at 40 min of incubation.

D. Comparative Studies on the Replicase and

Poly G Polymerase Activities

In the following sections we describe a series of studies designed
to characterize the f2-induced enzyme. In the course of the experiments
described in the previous section, it was noted that the poly G poly-
merase activity in the partially purified enzyme preparation showed a
markedly different response to increases in ionic strength than did the
replicase activity. In order to obtain some insight into this difference
and perhaps to detect other differences, conditions were selected under
which both the poly G polymerase and at least one of the replicase
activities could be assayed in parallel. Since substantial replicase
activity with denatured RE template and poly G polymerase activity could
both be assayed under low salt conditions and at low template concen-

trations, these are the activities which were compared.

1. Effect of ionic strength. As described above, replicase

activity with both plus and minus strand templates is enhanced by the
presence of salt during incubation. The upper curves in Figures 21 and
22 show that the stimulation is quite similar wiéh both NaCl and
(NH4)2804. Replicase activity with denatured RE template is maximal at

an NaCl concentration of about 0.1 M and an (NHA) concentration of

259
about 30-40 mM. .The curves are similar and the maximum falls at about
the same ionic strength for both salts. Thus the stimulation appears

to be related to the ionic strength of the incubation medium, rather
than to the composition of the salt. The lower curves in Figures 21 and
22 show that increasing the ionic strength of the incubation mixture has
a radically different effect on the poly G polymerase activity. The
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