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To begin the development of a research tool for use in the in

vivo study of S-adenosylmethionine (SAM) metabolism, I attempted

to locate, isolate, clone and elicit the expression of the SAM

hydrolase gene (E.C. 3.3.1.2) of the coliphage T3.

The gene was isolated and cloned into the M13mp8 cloning

vector. Southern blots, restriction digests, identification of

SAMase activity, and analyses of the purified proteins and the end

products of SAMase digestion verified these clones as producing

the authentic enzyme.

The nucleotide sequence of the SAMase gene sequence revealed

an open reading frame capable of encoding a 17 kilodalton protein.

Within this sequence is a second translation initiation site that



defines a 14 kd peptide identical to the carboxy terminal 82% of

the larger protein. The sequence itself is quite dissimilar to

that of the homologous 0.3 gene of the related phage T7 except for

the highly conserved RNase III RNA transcript processing sites

that bracket these genes in both viruses.

The SAMase gene was cloned into a variety of plasmids to

determine the effect high-level expression might have on E. coli.

It was expressed in viable cells at levels sufficient to inhibit

DNA methylation and spermidine biosynthesis. The cells maintained

a normal intracellular concentration of SAM by inducing SAM

synthetase (MATase) activity. Unregulated SAMase expression from

the strong Ptac promoter or moderate SAMase activity in MATase

defective cells inhibited cell division (possibly by inducing the

SOS response) and killed the bacteria. Under these conditions,

SAMase likely degrades SAM as it is produced and before it can be

used by processes essential to cell division and cell viability.

These results confirm the potential of SAMase as a powerful

tool for the study of in vivo SAM metabolism and form a basis for

further studies in E. coli and other organisms.
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Coliphage T3 S-Adenosylmethionine Hydrolase:
Properties of the Cloned Gene and Effects of its

Expression in Escherichia coli

CHAPTER I

Introduction

S-adenosylmethionine (SAM), a common nucleoside, has received

considerable attention from researchers since its discovery by

Cantoni in 1952. It is an important molecule central to the

operation of many cellular activities in prokaryotes and

eukaryotes.

The formation of SAM involves the condensation of one

molecule of L-methionine with the adenosine moiety of ATP as

mediated by the enzyme SAM synthetase (MATase). As noted from the

structure of SAM (Fig. I.1), this dehydration results in the

addition of the methionine molecule to the 5' carbon of the ribose

and establishes a positive charge on the sulfur atom. This

arrangement places stress on the chemical bonds around the sulfur

atom and provides much of the energy needed to drive the

characteristic reactions in which SAM is involved.

SAM is used in the biosynthesis and modification of many

different cellular components. Perhaps its most studied activity

involves its donation of the methyl moiety attached to the sulfur

atom to a variety of substrates including nucleic acids, proteins,
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and phospholipids (see Borchardt, 1980 and Usdin et al., 1979 for

reviews). These methylations are central to the operation and

regulation of such processes as chemotaxis (Springer and Roshland,

1977), bacterial DNA restriction and modification (Burkhardt et

al, 1981), control of IMO transposition (Roberts et al., 1985),

and mismatch repair of newly formed DNA (Arraj and Marinus, 1983).

Of particular interest lately is the indication that methylation

of cytosine residues upstream from genes in higher eukaryotes may

play an important role in the regulation of their expression

(Doerfler, 1981). The methyl groups in phosphatidyl choline,

modified bases in ribosomal and transfer RNAs, methylene residues

in cyclopropane fatty acids, and most of the methylations of other

compounds are also derived from SAM.

Donation of its methyl group to other cell components is not

the only activity attributable to SAM. The aminopropyl moiety of

the polyamines spermidine and spermine is obtained from

decarboxylated SAM (Tabor and Tabor, 1976). 5'- methythioadenosine

(MTA)--formed primarily during the synthesis of these polyamines --

and its subsequent metabolites also have a variety of metabolic

activities (White et al., 1983). SAM also apparently serves as an

aporepressor (with the metJ gene protein) to regulate

transcription of elements of the methionine operons of Escherichia

coli and Salmonella typhimurium (Greene et al., 1973; Hobson,

1976; Shoeman et al., 1985). Thus, SAM is a versatile and

critical component of many aspects of cellular metabolism.
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Attempts to study the metabolic activities of SAM have met

with a variety of obstacles that have made this work difficult.

SAM cannot passively cross cell membranes and therefore cannot be

added exogenously to most organisms. Many attempts have been made

to isolate mutants blocked in SAM synthesis, and although metK

(MATase) defective strains are relatively easy to isolate based on

their resistance to ethionine, none are either conditionally

lethal for or completely devoid of SAM synthetic activity (Hobson,

1976; Hefner et al., 1977; Mulligan, 1982). Amino acid analogs of

methionine (e.g. ethionine, cycloleucine, and selenomethionine)

can be used to inhibit the synthesis of SAM, but they have a

variety of disadvantages. In E. coli, ethionine is not a

substrate for MATase and can be used in relaxed (rs1/0 methionine

auxotrophs to produce short-term absolute starvation for SAM, but

this analog is incorporated into proteins as well and cannot be

used to sustain long-term cell growth (Alix, 1982). Most other

organisms can synthesize S-adenosylethionine (SAE) when given

ethionine, resulting in SAE-mediated ethylations of cellular

components in addition to proteins containing ethionine. To

varying extents, these problems occur with other methionine

analogs as well (Lombardini et al., 1970; Pine, 1978). Thus, the

effects noted by using amino acid analogs cannot be ascribed

solely to the disturbance of SAM metabolism, rather the

possibility of some other activity of the analog influencing the

experimental results must always be considered.
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As mentioned above, SAM is an integral element of the

bacterial DNA restriction and modification system. This system is

responsible for evaluating DNA in the cell for the presence of

methyl groups in highly specific positions of well defined short

nucleotide sequences. The multimeric type I restriction

endonucleases of E. coli either maintain the methylation pattern

of the host's DNA after its replication (i.e. modify the target

site on the nascent strand) or cleave DNA that is not methylated

at the proper locations (Burkhardt et al., 1981). In this way,

the bacterium can defend itself from viral infection by

identifying the unmodified bacteriophage DNA as foreign and

destroying it. In this process, SAM serves not only to provide

the methyl group to alter the restriction site but is also used to

probe for modification of the recognition site. SAM is therefore

an essential element not only of the modification of host DNA but

also the degradation of foreign DNA. Without SAM, this

endonucleolytic cleavage cannot occur (Hadi et al., 1975).

Bacteriophages have developed a variety of strategies to

circumvent this restriction system. Coliphage T3 depends on two

activities of its SAM hydrolase gene (SAMase, E.C. 3.3.1.2) to

survive the host cell's attack (reviewed by Schroeder and Kruger,

1981). This protein physically binds to the type I restriction/

modification enzymes of the various strains of E. coli and blocks

their approach to restriction recognition sequences on the phage

DNA (Spoerel et al,. 1979). This activity is termed the protein's
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ocr function (for ability to overcome classical restriction). Its

action is complimented by the ability of SAMase to hydrolyse SAM

to MTA and homoserine (Gold et al., 1964). Both the

stoichiometric binding of the restriction enzyme and the enzymatic

hydrolysis of SAM are activities encoded by the same protein and

are independently capable of inhibiting host restriction as shown

by T3 mutants that lack either of the two functions (Studier and

Moova, 1976).

Attempts have been made to use the T3 SAMase to inhibit SAM-

mediated activities in actively growing E. coli cells. T3

inactivated with short wave length ultra-violet (UV) light can be

used to infect cultures of bacteria and produce large levels of

SAMase in the cells within several minutes. Analyses of cells

treated in this manner show that they are inhibited in their

ability to methylate DNA (Gefter et al., 1966), produce

cyclopropane fatty acids (Cronan et al., 1979), and restrict

unmodified, freshly transformed plasmids (Reuter et al., 1980),

among other activities. This method has the advantage of rapidly

removing the available intracellular SAM pools from these

activities without the consequences seen when using methionine

analogs. On the other hand, the presence of viable phage in these

preparations requires the experiments to be conducted over short

time courses and the effect of other genes expressed by the phage

(e.g. the coordinately expressed 0.7 protein a protein kinase

that acts, in part, to cripple the host's RNA polymerase)
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complicates evaluations of the results. A further problem of this

strategy is its narrow specificity for T3-sensitive strains of E.

coli as test organisms. Thus, data obtained from experiments

using methionine analogs or T3 SAMase infection may be used singly

or in combination to suggest the results of SAM starvation, but

their interpretations must always be suspect.

The effectiveness and specificity of the SAMase enzyme for

the hydrolysis of SAM make it potentially ideal for the study of

the effects of removing available SAM pools from the cells. The

rapid advances made by molecular biologists in designing plasmid

and bacteriophage vectors into which can be cloned and expressed

genes from an almost unlimited variety of sources made the

molecular cloning of the SAMase gene an attractive project. A

carefully constructed plasmid capable of expressing SAMase

activity would remove other noxious phage genes from the test

system and provide better control of the gene's expression than

possible with UV-irradiated T3.

It was my hope to identify the location of the SAMase gene on

the phage genome and isolate and clone a restriction fragment

containing it into a plasmid, resulting in the formation of a

recombinant DNA molecule capable of expressing the enzyme activity

in E. coli. This would then allow me to characterize the gene and

its product and begin the assessment of the effects of its

expression on the SAM pools and SAM-mediated processes in the

cell. The accomplishment of these goals would then make possible
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the development of more highly refined expression vectors not only

for E. coli but for other organisms in which genetic engineering

is possible (e.g. Bacillus subtilus and Saccharomyces cerevisiae)

and thereby form the nucleus about which a new system for the in

vivo study of the metabolism of Sadenosylmethionine might be

based.

This document details my success in achieving these aims. I

have divided it into three chapters that describe, in order: 1)

the cloning of the coliphage T3 SAMase on the bacteriophage M13mp8

expression vector, 2) the nucleotide sequence of this gene and its

implications on the nature of the enzyme and its expression in

infected cells, and 3) the development of a variety of plasmid

expression vectors to show the effect of the expression of varying

degrees of SAMase activity in viable, growing cells.
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CHAPTER II

The Molecular Cloning and Expression of the Coliphage T3

SAdenosylmethionine Hydrolase

Authors: Jeffrey A. Hughes, Lyle R. Brown, and Adolph J. Ferro
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Summary

To develop an alternate research tool for the study of S-

adenosylmethionine (SAM) metabolism, we cloned the coliphage T3

SAM hydrolase (SAMase, EC 3.3.1.2) gene into the Ml3mp8

bacteriophage vector. The recombinant phage clones specify a

SAMase activity in E. coli that was shown to mimic the activity

found in T3 phage-infected cells. We believe expression vectors

can be developed using this gene to augment chemical inhibitors of

or mutants in SAM biosynthesis or its activities not only for the

study of SAM metabolism in E. coli and, eventually, in other

prokaryotes and in eukaryotic cells as well. This enzyme may thus

provide a means for studying the roles of SAM-derived compounds

such as methylated nucleic acids and polyamines, which have been

difficult to define clearly to this date.
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Introduction

Since its discovery by Cantoni in 1952, S-adenosylmethionine

(SAM) has been shown to be involved in a wide variety of

biochemical processes and is apparently ubiquitous in the

biological world (for comprehensive reviews, see Salvatore et al,

1977; Usdin et al., 1979). Perhaps the two most studied of SAM's

activities include its contribution of an aminopropyl moiety

during the biosynthesis of the polyamines spermidine and spermine

(Tabor and Tabor, 1976), and its donation of a methyl group to

many different cellular components (Borchardt, 1980; Razin et al,

1984). These methylations have been the subject of intense

research and have been shown to provide a necessary control

element in prokaryotes for processes such as chemotaxis (Springer

and Koshland, 1977), DNA replication fidelity and repair (Arraj

and Marinus, 1983), and restriction/modification in E. coli

(Burkhardt et al., 1981) and other bacteria. A wide variety of

SAM-mediated methylations is found in eukaryotes as well. For

instance, methylation of DNA in higher eukaryotes has been

implicated in the control of gene expression, e.g. the active

transcription of genes associated with cell transformation has

been correlated with the hypomethylation of upstream DNA sequences

in several systems (reviewed in Razin and Riggs, 1980; Doerfler,

1981).

Many strategies have been used to study SAM's roles in
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cellular metabolism. Analogs of methionine (e.g. cycloleucine,

selenomethionine, norleucine, and ethionine) inhibit SAM

biosynthesis (Lombardini et al., 1970), but at the same time are

misincorporated into proteins and/or provoke general responses to

amino acid starvation (Pine, 1978; Alix, 1982), thus obscuring

conclusions based on their use. Absolute or conditionally lethal

mutants have never been isolated for SAM biosynthesis, and all

metK (SAM synthetase) mutants isolated in E. coli have

demonstrated some residual SAM synthesis and nearly normal levels

of SAM-mediated activities (Hafner et al., 1977; Mulligan et al.,

1982). Finally, mutants or chemical inhibitors that prevent

specific methylations (Taylor and Jones, 1982), spermidine and

spermine biosynthesis (Williams-Ashman and Schenone, 1972) and

other well defined activities involving SAM generally present

obscure phenotypes, multi-faceted effects, or reactions unrelated

to the metabolism of SAM (Pegg and McGill, 1978; Santi et al.,

1983). Consequently, the current strategies that attempt to study

the critical functions of SAM can give only ambiguous and possibly

misleading answers to questions they attempt to address.

There is another infrequently used strategy for attempting to

assess the metabolic consequences of SAM deprivation in E. coli.

The coliphage T3's first structural gene encodes an enzyme that

hydrolyzes SAM to homoserine (H-SER) and 5'-methylthioadenosine

(MTA) (Gold et al., 1964) as part of its role in protecting phage

DNA from the host's type I restriction system (Studier and Movva,
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1976). This SAM hydrolase (SAMase, EC 3.3.1.2; also called the

SAM cleaving enzyme or SAM lyase in the literature) can be

expressed to high levels of activity in cells infected with

ultraviolet light-inactivated T3. These sterile phage have been

used to infect growing cells and successfully block the synthesis

of cyclopropane fatty acids (Cronan et al., 1979), inhibit the

restriction of unprotected transformed plasmids (Reuter et al.,

1980), and block DNA methylations (Gefter et al., 1966).

Unfortunately, this technique is limited to T3 sensitive strains

of E. coli, results are tainted by the activities of other phage

genes and/or the infection process itself, and experiments are

necessarily short-term due to the presence of wild-type phage or

complementing mutations leading to productive bursts. That the

enzyme can effectively eliminate SAM from infected bacteria is

shown by these demonstrations and by the completely unmethylated

state of the mature T3 DNA itself (Gefter et al, 1966).

The demonstrated effectiveness and high degree of specificity

of SAMase for the elimination of SAM from the cell and its

potential for producing few effects unrelated to SAM metabolism

led us to attempt to clone the SAMase gene. This report documents

the success of this effort and presents preliminary evidence that

E. coli tolerates high levels of SAMase expression.
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Methods and Materials

Reagents, bacteria and bacteriophage strains. E. coli B/2

and phage T3 were obtained from C. K. Mathews (OSU) and E. coli

JM103 and the M13mp8 and 9 phage cloning vectors (Messing and

Vieira, 1982) were purchased from Bethesda Research Labs (BRI.).

The plasmid pKK223-3 was obtained from Pharmacia Fine Chemicals.

Bacteria were usually grown in YT media and occasionally (as

indicated) in M9CA medium containing M9 salts (Miller, 1972)

supplemented to 0.4% with glycerol (v/v), 0.15% with casamino

acids (Difco), and lug/L thiamineHC1. 14COOH-SAM (60 mCi/mmole)

and 14C-1,4-putrescine (118 mCi/mmole) were purchased from

Amersham and 14CH3-SAM (40 mCi/mmole) was obtained from Research

Products International. Restriction enzymes, DNA ligase, and all

other chemical reagents were purchased from standard

biochemical/molecular biology supply sources.

DNA isolation and analysis. T3 phage (collected from lysed

cultures of E. coli B/2 grown in M9CA) and M13 RFI DNA were

purified through cesium chloride density gradients, the DNA

purified and stored, and restriction digests analyzed with agarose

gel electrophoresis according to standard procedures (Maniatis et

al., 1982). The T3 MboI "G" fragment used to generate the

restriction map and as a source for the AluI and HaeIII

restriction fragments was electroluted into dialysis tubing and

subsequently passed through a NACS PREPAC column (BRI) to remove
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gel contaminants from the DNA. All other DNA fragments used for

mapping or cloning were cut out of low melting point agarose gels;

gel slices containing the desired restriction fragment were melted

at 68°C without further dilution, extracted twice with buffer-

saturated phenol and twice with water-saturated ether, and

precipitated according to Maniatis et al. (1982). Restriction

subfragments are named alphabetically according to size. The

polyacrylamide gel electrophoresis system of Laemmli (1970),

omitting the SDS and using gel slabs 15% in acrylamide, was used

to track small DNA restriction fragments against known standards.

The C-test to determine M13 insert orientations was performed

essentially according to Messing (1983).

Recombinant phage and plasmid production. DNA cloning

experiments were performed and analyzed according to standard

procedures (Maniatis et al., 1982; Messing, 1983) and as described

in the legend of Table II.1. The HB fragment purified from Ml3hbl

digested with EcoRI and HindIII was ligated into the polylinker of

pKK223-3 to produce pHBF1KK and position the SAMase gene behind

the tac promoter.

Enzyme assays and digestions. B-galactosidase activity was

determined according to Miller (1972) and protein concentrations

by Lowry et al. (1951). SAMase samples were taken from cell

extracts prepared using a French pressure cell during the

purification of the enzyme (Spoerel and Herrlich, 1979) or by

pelleting (in a microfuge) one ml of mid-to-late log cells grown
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at 37° (made 0.3mM in IPTG 1 hour previously, as indicated), and

then microfuging, washing, and resuspending the cells in 0.2m1

50mM TrisHC1 (pH 8.0) and 10mM in EDTA. 0.1mg of egg white

lysozyme (in 50u1 of the same buffer) was then added to the cells

and mixed by vortexing for 2 sec. These samples were digested for

5 minutes at room temperature, frozen (-80°C) and thawed twice,

spun in a microfuge for 2 minutes, and the clear supernatant was

tested for enzyme activity. The SAMase assay takes advantage of

the affinity of Affi-gel 601 (BioRad) for cis-diols as are found

on the ribose moiety of SAM, MTA, and MTR but not on H-SER.

SAMase samples were made 100mM in TrisHC1 (pH 7.5), 10mM in EDTA,

5mM in dithiothreitol, and 0.1mM in SAM (with 10,000 cpm 14COOH_

SAM) in a total volume of 20u1. Reactions were stopped by adding

100u1 of 0.2M perchloric acid (PCA), mixing, and spinning them in

the microfuge for 5 minutes. The supernatant was added to 18u1 of

1M KOH to neutralize the sample and then loaded onto a 2m1 column

of Affi-gel 601 that had been neutralized with 10mM TrisHC1 (pH

7.2). 14C00H- labeled H-SER was washed from the column with 6m1 of

the 10mM Tris and the unreacted 14C00M-SAM and unlabeled MTA and

MTR were eluted with 6m1 of 0.1M formic acid. Three ml each of

the Tris and acid washes were assayed for radioactivity by liquid

scintillation counting to determine the extent of SAM hydrolysis.

The results were corrected for nonenzymatic SAM hydrolysis as

determined from a concurrently run control lacking cell extract.

Identification of SAMase reaction products. Radio-labeled
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reaction products of the T3 and Ml3hbl SAMase digestions using the

14COOH-SAM and 14CH3-SAM labels were separated on a thin layer

chromatography (TLC) system consisting of a cellulose F254 matrix

and a n-butanol/acetone/acetic acid/water (70:70:20:40, v/v)

solvent mix. Digestion products and the standards were identified

based on tests described in the legend of Table 11.3.

SAMase purification and analysis. E. coli B/2 was infected

with UV-irradiated T3 (10-6 to 10-8 survivorship; Gefter et al.,

1966) and harvested 30 minutes later, while E. coli JM103(pHBF1KK)

was induced in mid-log phase by adding IPTG to 1mM final

concentration and then harvested after another two hours of

incubation. Five grams of the two cell pastes were subjected to a

modification of the SAMase purification protocol of Spoerel and

Herrlich (1979) for the host subunit bound "B" type SAMase.

Rather than dialyze the 25% (NH4)2SO4 supernatant against buffer

"A", it was passed through a Sephadex G-200 column. The pooled

SAMase activity (in the protein front) was then applied a 2.5 ml

S-adenosylhomocysteine agarose (BRL) affinity column. The column

was washed and the enzyme eluted as described by Spoerel and

Herrlich (1979) (though with 2.5mM SAM rather than adenosine),

dialyzed against buffer "A", and subjected to SDS-PAGE (Laemmli,

1970).
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Results

Location of the SAMase gene. The SAMase gene is the first on

the T3 genome and the SAM hydrolytic activity of its product can

be detected within two minutes of phage adsorption to the host

cell. The host's RNA polymerase initially uses any of three

strong promoters to transcribe a long polycistronic message from

which the mature SAMase mRNA is cleaved by RNase III (for a

review, see Kruger and Schroeder, 1981). The probable location of

the SAMase gene and other markers on the T3 DNA was approximated

using the positions of homologous genes mapped on the closely

related and fully sequenced coliphage T7 genome. This estimate

can be further supported with promoter binding studies and

physical mapping experiments performed on T3 as reported in the

literature. An illustration of these estimates is shown in Fig.

II.1 (A) where the T7 elements and some of their T3 homologs have

been superimposed on the 2350 base pair (bp) MboI "G" fragment,

the 5' terminal T3 MboI DNA restriction fragment (Bailey et al.

1980).

Cloning strategy. Repeated unsuccessful attempts to clone

the fragment defined by the HpaI site at ca. 631 by and the MboI

site at ca. 2350 by (the "HM" fragment) in the T3 map (Fig. II.1)

strengthened our suspicions that at least one of the strong host

E. coli RNA polymerase specific promoters is on this fragment. If

this is true, it may be impairing the reproduction of the M13



19

Figure II.1 Location of the SAMase gene on the T3 MboI %gu
restriction fragment. This analysis was used to
determine the probable location of the T3 SAMase by
taking advantage of the similarity of the nucleotide
sequences (Davis and Hyman, 1971) and physical maps
(Beier and Hausmann, 1973) between T3 and the closely

related phage T7. The T7 sequence (Dunn and Studier,
1983) was used to superimpose a map of its earliest
genes upon the T3 MboI "Cu fragment on line (A).

Below that line, the positions of comparable T3 phage
elements are shown as deduced from the literature
(see Fujisawa and Sugimoto (1983) concerning the
terminal repeats, Adhya et al. (1981) for the T3 RNA
polymerase promoter, and Takeya and Takanami (1973)
regarding the E. coli RNA polymerase binding studies
that located these promoter sites). (B) represents
the length of DNA necessary to encode SAMase
(reported to be as small as 11.5 kd by Studier and
Movva (1976) the solid line and as large as 20 kd
by Spoerel and Herrlich (1979) the dashed
extensions) and is positioned beneath its T7 homolog,
the 0.3 gene. The two Alul fragments (AB and AC) in
(C), the HpaI -to -MboI fragment (HM) in (D), and the
HaeIII fragment (HB) in (E) are shown in their proper
location underneath the T3/T7 physical map and are
noteworthy because inaccuracies in the mapping, the
uncertainty of the SAMase's size, and the inexactness
of the T3 vs. T7 comparison could account for any of
them encoding the entire gene. Line (F) shows the
restriction map determined for the MboI "G" fragment
and was derived by normalizing the fragment sizes
estimated by agarose gel electrophoresis (+/- 5%) to
the 2350 by length for the MboI fragment determined
by Bailey et al. (1981). Four HhaI sites known to
exist between bases 1794 and 2112 and one between
2177 and 2350 were not positioned or placed on the
map in (F).
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phage clone and/or killing its host through some action of the

promoter itself or through the unregulated synthesis of large

quantities of SAMase. Consequently, we mapped the Alul, HaeIII,

HhaI, gpaI, and HpaII sites on the "G" fragment and aligned them

with the approximate SAMase position derived in Fig. II.1 to

identify a more suitable fragment for cloning. As shown on the

map in that figure, the HaeIII "B" (HB) fragment appeared most

likely to encompass the SAMase gene while the Alul "B" (AB) and

"C" (AC) fragments could contain the gene if the evidence used in

Fig. II.1 is inaccurate.

We purified the AB, AC, and AB fragments from low melting

point agarose gels and attempted to clone them into the SmaI site

of the M13mp8 polylinker. M13 RFI DNA was isolated (Birnboim and

Doly, 1979) from bacterial cultures inoculated with viral plaques

altered in their ability to hydrolyze It-gal and digested with

EcoRI and HindIII. Phage demonstrating monomeric inserts of the

expected fragment lengths were selected for further study.

Southern blots with an 35S- labeled MboI "0' fragment probe

verified the insert's T3 origin (results not shown). Insert

orientations relative to the M13 vector's lactose promoter were

determined with the C-test (Messing, 1983) and recombinant phage

clones were identified that contain the three T3 inserts in both

orientations. The results of these tests to characterize the

recombinant phage are shown in Table II.1.

Samples of each of these clones were grown in YT media in the



22

sub-
clone

Table II.1. M13 T3 subclone characterization

parent insert cloning insert insert positive C

vector origin site size(bp) orientation test with

M13ab6 Ml3mp8 T3 SmaI 700 M13ab9
(5' >3') M13hb4

M13ab9 M13mp9 M13ab6 EcoRI/ 700 M13ab6

HindIII (3' >5') Ml3hbl

M13acl M13mp8 T3 SmaI 370 + M13ac3
(5'-->3') M13hb4

M13ac3 Ml3mp8 T3 SmaI 370 M13acl
(3'-->5') Ml3hbl

Ml3hbl M13mp8 T3 SmaI 560 + M13hb4
(5' >3') M13ac3

M13hb4 Ml3mp8 T3 SmaI 560 Ml3hbl
(3' >5') M13acl

All of the subclones listed above except M13ab9 were produced by
ligating low melting point agarose gel-purified DNA fragments from

Alul or HaeIII digests of the T3 MboI "G" fragment into the SmaI
site of Ml3mp8. M13ab9 was produced by purifying the EcoRI7---
HindIII liberated AB fragment (from M13ab6) and ligating it into
the likewise digested M13mp9 vector. Fragment sizes were
estimated by agarose gel electrophoresis against DNA markers of
known size. Orientations are expressed as both the T3 strand
found on the single stranded mature M13 DNA (+ or -) and whether

the RNA transcription initiated at the vector's -laclac promoter

would produce mRNA in the same orientation as if-from T3's own

promoters (5' >3') or its complement (3' >5'). Fragment
orientations with respect to the T3 parent were established by C-
testing the AB and HB clones against M13adl and M13ha3, clones
derived by ligating the Alul "D" (AD) and HaeIII "A" (HA)
fragments found on the 3' terminal MboI "Gagment directionally
into SmaI/BamHI digested Ml3mp8.
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Clone

Table 11.2. M13 T3 subclone enzyme activities

B-galactosidase activity SAMase activity
-IPTG +IPTG +/- ratio -IPTG +IPTG +/- ratio

M13mp8 6.8 447 66 0 0

M13ab6 3.8 89 23 0 0

M13ab9 < 1 < 1 -- 0 0 --

M13acl 11 85 7.7 0 0

M13ac3 < 1 < 1 -- 0 0 --

M13hbl < 1 < 1 -- 8.0 12 1.5

M13hb4 < 1 < 1 -- 13 8.4 0.65

The beta-galactosidase assay and units are those of Miller (1972).
The SAMase assay is described in Materials and Methods and the
units are expressed in terms of pmole of SAM hydrolyzed per minute
per milligram of protein added to the reaction. The +/- ratio is
determined by dividing the activity from induced cells by that of
the uninduced cultures.
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presence and absence of IPTG and assayed for both beta-

galactosidase (B-galase) and SAMase activities. As demonstrated

in Table 11.2, the M13ab6 and M13acl phage-infected bacteria have

an inducible B-galase activity (which correlates with the light

blue color of their plaques when grown in the presence of IPTG and

X-gal), while only the M13 derivatives with AB restriction

fragment inserts showed SAMase activity. SAMase expression

directed by the Ml3hbl and 4 phage does not respond to IPTG or the

E. coli JM103's lacIg repression as it does for B-galase. Large

amounts of SAMase are produced in either insert orientation

relative to the lac promoter even though no E. coli promoter has

been shown in this region of the T3 DNA. Furthermore, IPTG has

only a modest effect on SAMase expression in either Ml3hbl or 4

despite the demonstrated effectiveness of the lad(' repression and

IPTG induction in controlling B-galase synthesis in M13mp8-

infected E. coli JM103.

Verification of the SAMase's identity. That SAMase appears

in E. coli only after its infection with T3 or the Ml3hbl and 4

recombinant phages provides strong circumstantial evidence for the

T3 coliphage origin of the activity. In fact, no SAMase activity

has been demonstrated in any strain of E. coli. Whether its

production, regulation, and activity are similar to those of the

T3-based enzyme is the subject of current experiments, but two

tests reported here affirm its authenticity.

14C0011- SAM and 14CH3-SAM were added to whole cell extracts of
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T3- and Ml3hbl-infected cells, the reaction products separated by

TLC, and the position(s) of the radioactive compounds located on

the chromatogram. By this assay, the T3 and Ml3hbl digests

produced the same radio-labeled products. As shown in Table 11.3,

digestion of the methyl-labeled SAM yielded radioactive MTA and

its metabolite 5'-methylthioribose (MTR), while SAMase-mediated

hydrolysis of carboxy-labeled SAM produced labeled H-SER. No

other peaks of radioactivity were seen on scans of the

chromatograms using either label (not shown).

The SAMase protein was partially purified from extracts of E.

coli JM103 transformed with the plasmid pHBF1KK (a construct that

positions the SAMase gene fragment behind the IPTG-inducible Ptac

promoter) and E. coli B/2 infected with UV-irradiated T3. SDS-

PAGE of these samples was then used to visualize the SAMase

protein and compare the enzymes specified by T3 and pHBF1KK (Fig.

11.2). The T3- and pHBF1KK-derived samples show very similar

banding patterns on the gel and the protein bands at approximately

14 and 17 kd agree roughly with the size(s) of the SAMases

described by two different sources (Studier and Movva, 1976;

Spoerel and Herrlich, 1979). Furthermore, the 45 kd protein in

the gels from both sources corresponds to the host factor that

Spoerel and Herrlich (1979) identified as part of the type B

SAMase complex.

Effect of SAMase expression on cellular metabolism. Contrary

to our early concern that expression of this activity might lead
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Table 11.3. Identity of SAMase reaction products

Reaction % total

Components Rf cpm
deduced
identity

14cH3-SAM + T3-SAMase 0.08 7.3 SAM

0.67 36.7 MTA
0.75 56.0 MTR

14CH3-SAM + M13hb4 SAMase 0.08 3.2 SAM
0.68 33.4 MTA
0.75 63.4 MTR

14COOH-SAM + T3-SAMase 0.08 2.2 SAM

0.20 97.8 H-SER

14COOH-SAM + M13hb4-SAMase 0.08 2.8 SAM
0.20 97.2 H-SER

14CH3-SAM and 14000H-SAM were digested with crude cell extracts of
T3-infected E. coli B/2 or Ml3hbl-infected E. coli JM103 as
described in Materials and Methods. Radio-labeled reaction
products were separated by TLC (see Materials and Methods),
identified by UV light absorbency, ninhydrin staining, Affi-gel
601 adherence, radio scanning of the TLC strip, and/or comparison
with known standards. Radioactive spots were scraped from the
TLC, quantified in a liquid scintillation counter, and reported
above as percentages of the total counts removed from each
chromatogram. Extracts of uninfected B/2 and JM103 cells showed
no detectable enzymatic SAM hydrolysis under the same conditions
and the radio-scans showed activity peaks at only the positions
quantified above. Standard Rf values: SAM, 0.08; MTA, 0.68; MTR,
0.75, and H-SER, 0.20.
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Figure 11.2. SDS-PAGE visualization of the T3 phage- and pHBF1KK-
derived SAMase proteins. SAMase enzymes generated by
T3 phage or the pHBF1KK plasmid were purified as
described in Materials and Methods and the SAH-
agarose eluates were analyzed by SDS-PAGE. 10-18%
linear gradient gels were stained with Coomassie
brilliant blue to reveal the similar protein patterns
between the T3-(lane 1) and pHBF1KK-(lane 2) derived
samples. The numbers on the left side of the gels
mark the positions (in kd) of a variety of protein
standards and markings on the right identify the
SAMase and 45 kd host subunit bands among the
unidentified proteins.
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to lethal or severely inhibitory effects on the growing cells,

high levels of SAMase are tolerated with little obvious effect on

the bacteria. Cultures of E. coli JM103 infected with the Ml3hbl

and 4 recombinants showed the same growth rates (as measured by

increasing turbidity) and final viable cell number as the M13mp8-

infected controls (results not shown). The only noticeable

phenotypic trait conferred by SAMase upon the cells was a tendency

for them to be somewhat elongate and occasionally filamentous

during early log phase growth, and this tendency was more

pronounced in M13hb4- or IPTG-induced M13hbl-infected bacteria.
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Discussion

By combining previously published data on the location and

size of the coliphage T3 SAMase gene and enzyme with a restriction

map of the phage's 5' proximal MboI "G" fragment (Fig. II.1), we

attempted to identify DNA fragments that might encompass the

complete SAMase gene. As predicted by these estimates, M13mp8

derivatives containing the NB fragment produced a demonstrable

SAMase activity, and comparisons between the M13 and T3encoded

enzymes further confirmed their identity.

This successful cloning and expression of the T3 SAMase gene

produced vector that should help define the effects of SAM

starvation within the bacterial cell as well as characterize the

SAMase enzyme itself. We are attempting to determine whether

conditions exist in which SAM can be completely depleted from the

cell and/or SAMase can be made conditionally or absolutely lethal.

This might be addressed by transforming the gene into a metK (SAM

synthetase) mutant or by placing it behind stronger inducible

promoters such as Ptac (as on pHBF1KK) or PL from the coliphage

lambda. The appearance of elongate and occasionally filamentous

cells under conditions of enhanced SAMase expression suggests the

possible induction of the SOS regulon and its consequent

inhibition of cell division (Huisman and D'Ari, 1981). That dam

methylase mutants are partially induced in the SOS response

(Peterson et al., 1985) may eventually explain these observations
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as a result of SAMaseinduced DNA hypomethylation causing the

expression of a dam methylase mutant's phenotype. That the 45 kd

host protein binds to the cloned enzyme as well as the T3derived

SAMase may facilitate its identification and further describe the

activities of the phage enzyme in the cell. Several other

possible physiological reactions of the cell to SAMaseinduced SAM

deprivation are currently being investigated or contemplated,

including its effects on expression of the met operon, mimicry of

the pleiotropic dam mutant phenotype, and alterations in

chemotactic responses.

We originally conceived of the cloned SAMase as an

alternative tool to the use of methionine analogs or meta mutants

for studying the effects of SAM deprivation in the cell. For this

purpose, the enzyme ideally should be under some well defined,

easily manipulated, and tightly regulated expression control

system. Though the M13hb4 phage expresses the enzyme at high

levels, its insert orientation suggests promotion from a viral or

uncharacterized promoter. On the other hand, while the Ml3hbl

transcript likely originates (at least in part) from the M13 Plac

promoter, its expression is not under firm repressor control (see

Table 11.2). We do not know whether this lack of control is due

to an unpredicted promoter on the insert fragment, or to some

direct or indirect effect of the DNA hypomethylation on the

binding of the lac repressor. Efforts are being made to bring

SAMase expression under tight(er) control to improve its



32

effectiveness as a research tool. For instance, it might be

possible to starve processes with a relatively poor affinity (i.e.

a high Km) for SAM while maintaining others that are more

efficient in its use by modulating the level of SAMase expression.

However, until these vectors are constructed, we can continue to

use the Ml3hbl and 4 phage (and other similarly flawed plasmid

based HB clones not reported here) to study the cell's response to

SAM starvation with experiments like those reported above.

The cloned SAMase may also help us to understand better the

molecular biology of early gene expression and regulation in T3

and the phage's genetic relationship to the similar, well

characterized phage T7. The biochemical, genetic, and DNA

sequence data from the T7 0.3 gene product protein, the SAMase

homolog, show it to be a 13 kd acidic protein that binds to and

inactivates the host type I restriction enzyme (Dunn and Studier,

1983; Bandyopadhyay et al., 1985). The T3 SAMase also binds to

the type I restriction enzyme but differs in its size, antigenic

and chromatographic properties, and active SAM hydrolytic activity

(Spoerel et al., 1979). Spoerel and Herrlich (1979) reported the

copurification of two SAMase proteins differing by roughly 3 kd

molecular weight, while the T7 gene encodes and produces a single

peptide. These observations lead us to suspect that unlike the

highly similar T3 and T7 phage RNA polymerases (McGraw et al.,

1985) and other regions of the phage genomes (Davis and Hyman,

1971), the two antirestriction proteins are quite different.
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These conclusions are supported by preliminary data from DNA

sequencing studies and may help us to appreciate better the

evolutionary and structural relationships between the two phage,

the mechanism behind their genetic divergence, and the nature of

viral evolution in general.

Results from our initial attempts to clone a variety of the

T3 restriction fragments prompt some observations about

characteristics of the early gene region. We suspect the large HM

fragment contains at least one of the three early E. coli

promoters and the entire SAMase gene, as suggested by both the

early reports (Fig. II.1) and our repeated inability to clone it.

This failure may imply that uncontrolled, prolonged transcription

of the gene and/or high levels of expression of the SAMase

activity is detrimental to the cell or at least to M13

replication. The position of the AC and AB fragments on the

restriction map suggests the two Alul fragments both contain a

portion of the gene which is completely encompassed within the 0

segment. Indeed, the M13acl clone can be induced to produce a 29

kd peptide identifiable by SDSPAGE of whole cells (not shown)

associated with a weak Bgalase activity (Table II.2). This

peptide probably results from an inframe fusion of the amino

terminus of the SAMase gene with the M13 vector's Bgalase

sequence (as suggested by the T3 map position of the AC fragment,

the length of the putative fusion peptide, and the enzyme

activity). We are hoping to establish this and use the clone in
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studies of SAMase expression and its control.

Finally, we would like to emphasize the potential for the use

of this gene as a research tool in organisms other than E. coli.

It could be adapted to complement studies employing potentially

nonspecific chemical inhibitors of processes involving SAM or make

unnecessary the often difficult isolation and characterization of

mutants in SAM biosynthesis or its metabolism. For instance, if

the SAMase gene were cloned on the proper expression vector and

introduced into cultured mammalian cells, questions might be

addressed regarding the roles of SAMrelated entities (e.g. 5'

methylcytosine residues on DNA and the polyamines spermidine and

spermine) on processes such as chemotaxis, cell division,

differentiation, transformation, and gene expression. These

possibilities await the development of vectors that allow the

controlled expression of SAMase in foreign environments and

further experiments to characterize better the enzyme and its

effects on cellular physiology.
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CHAPTER III

Nucleotide Sequence and Analysis of the Coliphage T3

SAdenosylmethionine Hydrolase Gene and its

Surrounding Ribonuclease III Processing Sites.

Authors: Jeffrey A. Hughes, Lyle R. Brown, and Adolph J. Ferro
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Summary

To understand better the characteristics of the coliphage T3

S-adenosylmethionine hydrolase (SAMase, E.C. 3.3.1.2) and its

expression in phage-infected Escherichia coli, we determined the

DNA sequence of the cloned gene and its surrounding ribonuclease

(RNase) III mRNA transcript processing sites. The SAMase gene

contains two in-frame protein translation initiation sites

specifying peptides 17105 and 13978 daltons in size. Both

proteins are therefore terminated at the same ochre codon and the

shorter peptide is identical to the carboxy terminal 82% of the 17

kd protein. Our findings explain the existence of two SAMase-

related peptides in preparations of the purified enzyme as well as

identify sequences that might serve to regulate the enzyme's

expression. Comparisons between this T3 sequence and the

homologous 0.3 gene region of the closely related coliphage T7

show both the nucleotide and amino acid sequences to be apparently

unrelated but the RNase III sites that bracket these genes to be

highly conserved in both their primary and secondary structures.
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Introduction

The coliphage T3 S-adenosylmethionine (SAM) hydrolase

(SAMase, E.C. 3.3.1.2) is responsible for inhibiting host-mediated

restriction of the viral DNA (Studier and Movva, 1976). It

performs this task through at least two independent mechanisms.

Like its homolog the 0.3 gene anti-restriction protein produced by

the closely related phage T7, SAMase binds to type I restriction

endonucleases of the various E. coli strains and forms a physical

barrier to DNA cleavage (Spoerel et al., 1979). Additionally and

unlike the T7 0.3 protein, SAMase hydrolyses SAM to homoserine and

5'-methylthioadenosine (Gold et al., 1966) thus eliminating a

necessary cofactor in the restriction reaction from the cell (Hadi

et al., 1975). Either of these two mechanisms is sufficient to

protect the viral DNA (Studier and Movva, 1976). See Kruger and

Schroeder (1981) for a review of these activities.

Our interest in SAMase concerns its SAM hydrolytic activity.

In order to develop a research tool that would enable us to study

the effects of depleting SAM pools in growing bacterial cells, we

cloned the SAMase gene into the Ml3mp8 expression vector (Hughes

et al., submitted). Our initial report on this project described

this cloning experiment and presented preliminary data indicating

that E. coli can tolerate high levels of SAMase expression. We

are currently developing plasmid-based vectors that might enable

us to regulate better the expression of the enzyme and understand

the quantitative and qualitative effects of its expression in the
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cell.

To help clarify the nature of the expression of the SAMase

gene and characteristics of the enzyme, we determined the DNA

sequence of the gene and its surrounding ribonuclease (RNase) III

processing sites. This data explains the existence of two co-

purifiable SAMase peptides and suggests reasons for the observed

ratios of their expression as described by Spoerel and Herrlich

(1979), as well as its dependence on RNase III-mediated mRNA

transcript processing for its efficient expression (Hercules et

al., 1974). Finally, the nucleotide sequence enables an

examination of the relationship between SAMase and the coliphage

T7 0.3 anti-restriction protein and gene sequences (Dunn and

Studier, 1983) and raises questions about how these two similar

phage maintained the genetic location and activity of anti-

restriction with two such different proteins.
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Materials and Methods

DNA sequence determination. The DNA sequence of the SAMase

gene and the surrounding RNase III sites were determined by the

method of Sanger et al. (1977) except that 35S-alpha-dATP was used

(Biggin et al., 1983). Single-stranded DNA purified from

recombinant derivatives of Ml3mp8 and M13mp9 (Messing and Vieira,

1982) containing T3 restriction fragments (Fig. III.1) were used

as the sequencing template. Nucleotides, sequencing primers, and

enzymes for cloning and sequencing were purchased from New England

BioLabs, Bethesda Research Labs, and Pharmacia Fine Chemicals

while the radio-label was obtained from New England Nuclear/

DuPont. DNA was manipulated, evaluated, and stored essentially

according to Maniatis et al. (1982).

Computer analysis. Computer programs used to identify open

reading frames and analyze protein characteristics, determine the

location and nature of inverted nucleotide sequence symmetries

(such as for the RNase III sites), compare T3 and T7 DNA

sequences, and locate restriction endonuclease cleavage sites were

written in GWBasic/IBM Basic and compiled with the IBM Personal

Computer Basic Compiler by J.A.N.
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Results

Sequencing and sequence verification. We recently described

the restriction mapping of the 5' proximal T3 coliphage MboI "G"

fragment and the cloning of specific AluI and HaeIII restriction

fragments into M13mp8 and 9 (Hughes et al., submitted). As

diagrammed in Fig. III.1, these clones were used to sequence the

SAMase gene and its surrounding DNA in both orientations.

Sequence regions outside the SAMase gene which could not be

determined from both directions were confirmed with multiple

evaluations of independently produced sequencing templates. The

resulting nucleotide sequence of this region of T3 is presented in

Fig. 111.2.

Several restriction endonucleases were used to help verify

the accuracy of this work. The 536base pair insert containing

the SAMase gene was liberated from the recombinant Ml3hbl clone

(see Fig. III.1) by digesting the phage RFI DNA with EcoRI and

HindIII, purifying the fragment from of a low melting point

agarose gel, digesting it with a series of restriction enzymes,

and visualizing the reaction products on an acrylamide gel. All

of the predicted restriction patterns were obtained (data not

shown).

Other evidence supports the open reading frame described

below as the one used to produce the SAMase throughout its length.

As described in our previous report, the M13mp8 clone containing



41

Fig. III.1. Strategy for sequencing the T3 SAMase gene. DNA

restriction fragments were cloned into Ml3mp8 and 9
and sequences determined by the dideoxy chain
termination method. The numbers refer to distance
(in bases) between each restriction site. The
arrowhead indicates both the direction of sequencing
and the approximate location of the most distally
sequenced base for each clone. The names of the
clones used (described in Hughes et al., submitted)
are listed above each line.
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Fig. 111.2. Nucleotide and amino acid sequence of the T3 SAMase
gene and surrounding DNA. The sequenced region runs

from the Alul site at approximately base number 790

on the T3 genome to the probable initiation codon for
the gene immediately 3' to the second RNase III site
(approximately base number 1420 on the phage genome).
ShineDelgarno and ATG protein translation initiation
sequences are underlined.
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the Alul fragment used to sequence the 5' end of this gene encodes

a peptide of approximately 29 kilodaltons (kd) in phage-infected

E. coli JM103 cells induced with IPTG. Because the DNA sequence

on the 5' end of this fragment shows termination codons in the

reading frame used by the M13mp8 beta-galactosidase (B-galase),

the amino terminus of this protein must originate on the T3-

derived Alul fragment, presumably at the SAMase translation start

site. That this peptide is associated with a B-galase activity

suggests the SAMase and B-galase genes have been fused in the same

reading frame, a conclusion supported by the predicted 27 kd size

for such a fusion protein. This could happen only if the frame we

have indicated for the SAMase gene is used through base number

360. Any other would either include a termination codon or fuse

to the Ml3mp8 sequence at the SmaI site out of frame with the B-

galase gene. An error in sequencing after this point resulting in

a frame shift is not likely. A peptide encoded by the other

reading frames would either terminate earlier than predicted by

SDS-PAGE estimates of the size of the pure enzyme (Spoerel and

Herrlich, 1979 and our data) or be rich in "rare" codons

throughout its length, a finding incompatible with SAMase's rapid

and abundant expression.

Open reading frames and probable protein products. As shown

in Fig. 111.2, this DNA sequence specifies an open reading frame

starting at nucleotide number 99 and extending through an ochre

termination codon at number 555. The ATG initiation codon is
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preceded by a strong ShineDelgarno sequence from bases 83 through

90 that agrees with 6 of the 7 nucleotides on the 3' end of the

16S ribosomal RNA, a sequence that is purported to pair with mRNA

transcripts and determine the location for the beginning of

protein translation (Shine and Delgarno, 1974). The protein

specified by this open reading frame has a molecular weight of

17105 daltons and a basic pI. The SAMase gene uses codons

commonly associated with abundantly expressed proteins (Table

III.1) and the "rare" codons are scattered evenly throughout the

gene.

A second strong ShineDelgarno sequence is located between

bases 169 and 175, followed by an ATG initiation codon beginning

at base number 180. This ATG defines a methionine codon in the

protein described above and thus could serve to initiate the

translation of a 13978 dalton protein identical to the carboxy

terminal 125 residues of the SAMase described above. Because two

peptides differing by three kd in size were selected by the

purification scheme of Spoerel and Herrlich (1979), it seems

likely that both initiation sites are used by the phage, resulting

in the production of two SAMaserelated proteins.

Transcription/translation control elements. Besides the ATG

initiation codons, the ochre termination codon, and the Shine

Delgarno sequences, several other possible control elements in

SAMase expression can be seen in the sequence (Fig. 111.2).
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Table III.1. Codon usage frequencies for the 17 kd and 14 kd
peptides encoded by the SAMase gene.

UUU (phe) 0/0 UCU (SER) 1/0 UAU (tyr) 4/3 UGU (CYS) 1/1

UUC (PHE) 6/3 UCC (SER) 2/1 UAC (TYR) 2/2 UGC (CYS) 5/4

UUA (leu) 1/1 UCA (SER) 3/3 UAA (end) 1/1 UGA (end) 0/0

UUG (leu) 1/1 UCG (SER) 0/0 UAG (end) 0/0 UGG (TRP) 2/2

CUU (leu) 1/1 CCU (pro) 2/1 CAU (HIS) 0/0 CGU (ARG) 5/4

CUC (leu) 2/1 CCC (pro) 0/0 CAC (HIS) 4/3 CGC (ARG) 5/5

CUA (leu) 1/1 CCA (PRO) 1/1 CAA (gin) 5/5 CGA (arg) 0/0

CUG (LEU) 5/4 CCG (PRO) 3/3 CAG (GLN) 2/2 CGG (arg) 0/0

AUU (ile) 2/1 ACU (THR) 6/5 AAU (asn) 3/2 AGU (SER) 1/1

AUC (ILE) 2/2 ACC (THR) 2/2 AAC (ASN) 1/0 AGC (SER) 3/3

AUA (ile) 0/0 ACA (thr) 0/0 AAA (LYS) 6/5 AGA (arg) 1/1

AUG (MET) 3/2 ACG (thr) 1/1 AAG (lys) 2/2 AGG (arg) 0/0

GUU (VAL) 5/4 GCU (ALA) 5/4 GAU (ASP) 4/3 GGU (GLY) 5/5

GUC (val) 1/0 GCC (ala) 1/1 GAC (ASP) 2/2 GCC (GLY) 3/3

GUA (VAL) 6/5 GCA (ALA) 6/6 GAA (GLU) 2/2 GGA (gly) 0/0

GUG (VAL) 2/1 GCG (ALA) 2/1 GAG (glu) 9/7 GGG (gly) 2/2

Numbers represent how often specific codons are used in the
sequence; those on the left of the slash depict the tally for the
17 kd protein, and those on the right for the 14 kd peptide.
Amino acids printed in lower case letters indicate codons that
tend to be used with reduced frequency by proteins expressed at
high levels in E. coli (Ikemura, 1981).
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The T3 early genes are transcribed by the host RNA polymerase

into a long polycistronic messenger RNA that is subsequently

processed by RNase III into five mature transcripts (reviewed in

Kruger and Schroeder, 1981). This ribonuclease cuts within long

regions of double stranded RNA of no particular consensus primary

nucleotide sequence (Robertson et al., 1968; Bram et al., 1980) as

well as cleaving specific single stranded RNA sequences surrounded

by duplex regions (Dunn, 1976). Its recognition site in T7

consists of two short regions of inversely symmetrical sequences

that produce duplex "stems" of RNA in which are located a short

stretch of unpaired bases (Rosenberg and Kramer, 1977, and see

Fig. 111.6). We found regions fitting this description on the T3

sequence spanning bases 20-73 and 556-607 (Fig. 111.3). These

RNase III sites thus tightly bracket the SAMase gene and make it

the only gene translated off the first mRNA transcript.

Interestingly, a 20 base region 5' to the first RNase III

site (starting at the first sequenced base) is complementary to a

sequence beginning at the first codon in the longer SAMase open

reading frame, creating a more complex secondary structure (Fig.

111.4). The significance of this structure may depend on whether

the T3 sequence 5' to the first base of our sequence pairs further

along the sequence for the 17 kd protein, but possible functions

for this added duplex RNA stem are suggested in the Discussion.

Finally, the same sequence identified in Fig. 111.4 as a

possible binding partner for the 5' terminal 16 bases of the
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Fig. 111.3. Location and structure of the T3 RNase III sequences
in relation to the SAMase gene. The first Shine
Delgarno sequence, the AUG initiation codon for the
17kd SAMase, and the ochre termination codon are
boldfaced. The first digit of the numbers
underneath the sequence are positioned below their
corresponding base along the nucleotide sequence.
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A
G A

U -A C A

C-G A -U

AC C-C
C-G G-C

GU UG
C-G A -U

UG C-C
G-C UG
G-C G-C
A-U G-C

A -U A-U

C U A-U

U A C U
C U U A

A AG
A -U A AG

U-A A-U
A -U A-U
A -U U -A

G-C U -A

CA G-C
G-C U-A
A-U GU
A-U A-U

5' CUGGU-AACGAACUAACAUGAGGUAACACCAAUG-->SAMase-->UACUCU
16 73 99 555 610

Figure 111.3
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Fig. 111.4. Suggested mRNA secondary structure leading to the
regulation of SAMase expression by RNase III. The
sequence begins at base number one and ends at number
118. The first ShineDelgarno (S/D) and AUG
initiation codon sequences are typed in boldface
while those for the 14 kd peptide are underlined.
Numbers refer to positions along the sequence.
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A

G A

U-A
C-G
AC
C-G
GU
C-G
UG
G-C
G-C
A-U
A-U

C U
U A
C U
A AG
A -U

U-A
A-U
A-U
G-C

CA ACUA
G-C A A

A-U G

A-U C A
U-A A

A G S/D
U-A A A
A-U A
C-G C
CA
A -U ACAA

U U
GU
U U
G-C
U-A
G-C
A-U

G A

U-A
U -A

C-G
U-A
C-G
G-C

5' AC-->46 BASES -->GCGAUGAGGUGAAUAUG... 3'
1 118 180

Figure 111.4
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initial mRNA transcript encodes a region that resembles a T3 RNA

polymerase-specific class III promoter. As shown in Fig. 111.5,

the core of the consensus T3 promoter is perfectly represented

over 9 bases beginning at nucleotide number 106, and a partial

homology to the consensus phage promoter stretches for a total of

20 bases. Because it does vary from the consensus class III T3

RNA polymerase promoter, such a sequence would likely serve as

either only a weak promoter or perhaps as a binding site for the

T3 RNA polymerase if it is recognized at all. Though an active T3

RNA polymerase specific promoter has never been mapped to this

region, the presence of such a long region of similarity to the

consensus class III promoter at this position invites speculation

about its possible regulatory and/or structural significance.

This is especially true after also noting its potential for

forming the mRNA secondary structure described in the preceding

paragraph.

Comparison with the homologous DNA sequence of coliphage T7.

The similar function and location of the T3 SAMase and T7 0.3

genes on their respective phage genomes suggests that the two

genes and/or proteins may exhibit some sequence homologies. We

devised a series of computer programs to evaluate this

possibility.

Figure 111.6 compares the primary nucleotide sequence and

possible secondary structural configuration of the RNase III sites

that bracket the T3 SAMase and T7 0.3/0.4 gene pair. As shown in
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Fig. 111.5. T3 RNA polymerase class III promoterlike sequence
located within the SAMase gene. The consensus
promoter was obtained from a figure presented in
McGraw et al. (1985). Variations to the T3 sequence
found in eleven different active promoters are
presented above and below it and the initial base in
the mRNA transcript is located by the "." and "+1".
Locations on the SAMase sequence that match the T3
consensus promoter or any of its variations are
underlined and those agreeing with the consensus
promoter are boldfaced as well.
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+1

Consensus T3 promoter: TATTAACCCTCACTAAAGGGAGA
CGA T CA AC

T

SAMase T3 promoter(?): AAATGATTWCACTLAAGAGCCT

Figure 111.5
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Fig. 111.6. Comparison of T3 and T7 RNase III site sequences. In

(A), the T3 and T7 RNase III sites are aligned to
show their primary nucleotide sequence similarity.
The highly conserved sequences that comprise and
surround the unpaired "bubble" structure and are
common to all four sites are underlined. Spacing
adjustments necessary to align similar sequences are
denoted with "."s. (B) shows the secondary
structures and demonstrates the locations of the
known T7 and presumed T3 RNase III cleavage sites
with the arrows.
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(A)

T7 5': ACUAGCGGAUAACUCAAGGUAUCGCA AG.GUGGCCUUUAUGAUAUUCACUAAUAA

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 11 III 11111111111111111 I

T3 5': UAAGCGAAUAACUCAAGGU..CGCACUGAAAGCGUGGCCUUUAUGAUAUUCACUUA

T7 3' site: GAGUGAUAGACUCAAGGUCGCUCCUAGCGAGUGGCCUUUAUGAUUAUCACUU

1 1 1 1 I I 1 1 1 1 1 1 1 1 1 1 I 1 1111111111111111 II I

T3 3' site: AAGUGUUAAACUCAAGGUCAUGCACGAUGCGUGGCCUUUAUGAUUAACAUUC

(B)

T3 5' T7 5' T3 3'

SITE SITE SITE
T7 3'
SITE

A G A

G A C A U G

U-A C A A-U C C

C-G G A C-C C-G

AC C-C G-C U-A

C-C UG U'G C-G

GU A -U A -U GU
C-G U'G C-C C-C

U'G G-C UG UG
G-C G-C G-C C-C

G-C G-C G-C G-C

A -U A -U A -U A -U

A-U A-U A -U A-U

C U C U C U C U

U A
u
<-- U A < U A <

C C U C U
U
C

A
<U

A AG A AG A AG A AG

A-U A-U A-U GU
U-A U-A A-U A-U

A -U A-U U -A U -A

A -U GU U -A A-U

G-C G-C G-C G-C

CA CA. U -A U -A

G-C G-C G11 C-C

A -U A -U A-U A -U

A-U U-A 5' AC 3' 5' GU 3'

5'U-A 3' CA
5' A-U 3'

Figure 111.6
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Fig. III.6A, these sites have very similar base sequences. In

fact, not only are the RNase III sites 5' and 3' to these genes

similar to their homologs, but all four sequences have regions in

common. The sequences comprising both sides of the unpaired

bubble structures are highly conserved between all four sites,

possibly reflecting their importance as the location of RNase III

cleavage on the T7 (Rosenberg and Kramer, 1977 and see Fig. 111.6)

and presumably T3 early gene transcripts. Differences in bases

located on the double stranded stems are compensated for by

changes in their counterparts to conserve the stem-bubble-stem

secondary structures illustrated in Fig. III.6B.

The high degree of sequence similarity exhibited by the RNase

III sites does not seem to be represented in the structural genes.

Despite extensive computer-assisted comparisons between the T3 and

T7 DNA sequences, we could not identify any regions of extended

homology. In fact, the conserved sequences noted for the 5' RNase

III sites in Fig. 111.6 diverge soon after the end of the RNase

III site. The only positions of further significant similarity

between the two phage are scattered regions no more than 30 bases

in length and probably represent coincidental matches.

Comparisons of the amino acid sequences show no regions of

similarity between the two anti-restriction proteins. This is not

surprising as previously published data concerning SAMase and the

0.3 gene product suggest them to be quite dissimilar. The 0.3

protein is acidic and serves primarily to bind and inactivate



59

type I restriction enzymes (Bandyopadhyay et al., 1985) while

SAMase is basic, cleaves SAM, and binds to an unidentified host

protein as well as to E. coli's type I restriction enzymes.

Furthermore, the two proteins do not not share any antigenic

determinants (Spoerel and Herrlich, 1979).
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Discussion

Our attempt to understand better the T3 SAMase by DNA

sequencing reveals that the gene encodes a 17 kd basic peptide

with a codon usage pattern typical of an abundantly expressed

protein. This data agrees with the findings of Spoerel and

Herrlich (1979) on the purified enzyme and the implications of

their purification protocol on the physical nature of the SAMase

enzyme itself. Furthermore, the discovery of a second Shine-

Delgarno/ATG initiation codon pair in the same open reading frame

which would produce a second peptide explains the presence of two

related, co-purifying proteins in "homogeneous" SAMase

preparations. The resulting sequence similarity of these two

peptides would account for the their similar behavior in the

SAMase purification scheme. Furthermore, both peptides adhere to

the S-adenosylhomocysteine (SAH) agarose column used in this

procedure, suggesting that binding SAM (or at least the SAH

ligand) is an activity independent of the amino terminus of the

larger enzyme.

The duplex mRNA stem structure shown in Fig. 111.4 and the

potential T3 RNA polymerase specific "promoter" illustrated in

Fig. 111.5 invite speculation about their possible function(s).

These structures suggest plausible explanations for previously

observed traits of T3 early gene expression. Their regulatory

functions, if any, are being investigated in our laboratory.
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Although both the 17 and 14 kd peptides encoded in this DNA

fragment are preceded by strong Shine-Delgarno sequences followed

closely by methionine codons, the 14 kd moiety is much more

abundant in phage-infected cells (Spoerel and Herrlich, 1979, and

our results). This observation may be explained by the possible

action of the T3 RNA polymerase class III promoter-like sequence

found immediately after the initial codon of the larger peptide.

No transcript has ever been demonstrated to originate at this

position, but the similarity of this sequence to the consensus T3

RNA polymerase promoter (Fig. 111.5) suggests a function for it.

While this "promoter's" regions of divergence from the consensus

sequence are such that it is not likely to be an efficient

initiator of transcription, any mRNA transcript started here would

encode only the 14 kd peptide, thus enhancing its expression over

the full-length protein. On the other hand, if the "promoter"

only provides a binding site for the T3 RNA polymerase on the

phage DNA, it could serve a regulatory role by physically blocking

transcription of the early genes from this point on. This could

conceivably help explain the cessation of early gene expression

after the host has been successfully invaded.

In vitro studies on the expression of early gene products

using extracts from RNase III mutants and wild type E. coli

strains suggest that the SAMase activity is preferentially

affected by the absence of this ribonuclease (Hercules et al,

1974). The secondary structure of the 5' RNase III recognition
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sequences does not suggest a reason for this, but the added "stem"

demonstrated in Fig. 111.4 could serve to form a structure that

might sequester the ShineDelgarno and ATG sequences on the

unprocessed transcript from the ribosome. Alternately, because of

its broad specificity for duplex RNA as a digestion substrate, the

added stem described above could conceivably be cleaved by RNase

III. Were this to happen, it would cut the transcript immediately

3' to the first ShineDelgarno/ATG pair and make the 14 kd protein

its only possible translation product, thereby explaining the

predominant expression of the shorter peptide.

Why T3 produces two SAMase peptides is puzzling. As noted

previously, the ability of both proteins to bind SAH (and

presumably SAM) suggests both have a role in sequestering SAM from

the host's type I restriction enzyme, but whether they serve as

active and/or equally effective SAMases has not been demonstrated.

Both also share the ability to bind the unidentified host protein

(Spoerel and Herrlich, 1979, and our observations) and probably

the EcoB and EcoR type I restriction endonucleases, i.e. contain

the ocr function (Spoerel et al., 1979). Perhaps some form of

regulation or differential expression of one or more of their

activities necessitates the expression of both peptides, but the

exact mechanism or consequence of the deletion of the amino

terminal 3 kd of the larger protein is a matter for further

investigation.

Our inability to identify regions of sequence homology
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between the T3 SAMase and T7 0.3/0.4 region (and the succeeding

0.5/0.6/0.65 T7 gene sequences as well, results not shown)

suggests this region has diverged greatly since the two phage

became genetically distinct. This lack of homology is not

surprising as comparisons between T3 and T7 in DNA:DNA and DNA:RNA

hybridization studies (Davis and Hyman, 1971), restriction mapping

analyses (Bailey et al, 1980), and the respective purified anti

restriction proteins imply significantly different nucleotide and

amino acid sequences between the two phage in this region.

Attempts to identify localized regions of conserved amino acid

sequences were unsuccessful, consequently we have not been able to

identify regions within the proteins that would account for their

similar ability to bind type I restriction endonucleases. This

suggests that either each protein binds the restriction enzymes

differently or some secondary structural feature has been

conserved in the two proteins despite their changes in amino acid

sequence. Our attempts to identify a mechanism for this

divergence between these regions other than the slow accumulation

of base changes were also frustrated by the dissimilarity of the

two sequences. Finally, it is interesting to note that T3 and T7

share similar sequences over long regions of their genomes. For

instance, the two RNA polymerases are over 80% homologous in

nucleotide and amino acid sequences (McGraw et al, 1985) and many

genes are so similar between the two phage that a wide variety of

hybrid T3:T7 phage are viable (Beier et al, 1977). Because

SAMase is dispensable for phage viability as long as the ocr
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function is maintained (Studier and Movva, 1976), speculation

about the deletion of this activity during T7 development is not

unreasonable. On the other hand, how and why these proteins

diverged so greatly between T3 and T7 while most other essential

elements have been conserved poses an interesting question in the

evolution of these phage.
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CHAFFER IV

Inhibition of Cell Division and Metabolic Activities

Mediated by SAdenosylmethionine (SAM) by the Cloned

Coliphage T3 SAM Hydrolase

Authors: Jeffrey A. Hughes, Lyle R. Brown, and Adolph J. Ferro
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Summary

Using plasmid expression vectors containing the coliphage T3

S-adenosylmethionine (SAM) hydrolase (SAMase, E.C. 3.3.1.2) gene,

we have impaired SAM-mediated activities in viable Escherichia

coli cells. These bacteria are inhibited in dam methylase-

mediated modification of their DNA, suppressed in spermidine

biosynthesis, and enhanced in SAM synthetase (MATase) activity.

Despite high-level SAMase expression, these cells maintain

intracellular SAM concentrations similar to those in cells without

this enzyme. Furthermore, MATase mutants or cells harboring a

fully induced multi-copy plasmid that initiates SAMase

transcription with the strong Pic promoter will not divide and

instead become filamentous and inviable. The formation of

filaments implies either that the absence of SAM somehow

irreversibly induces the SOS response or that cell division

requires some as yet undefined SAM-mediated activity. Our

experiments show that SAM has an essential role in cell division.
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Introduction

S-adenosylmethionine (SAM) is apparently found in all living

organisms and is involved in a wide variety of cellular functions.

SAM provides the methyl moiety used to modify proteins, nucleic

acids, and phospholipids (see Borchardt, 1980 for a review) and

contributes an aminopropyl group during the biosynthesis of the

polyamines spermidine and spermine (Tabor and Tabor, 1976). These

diverse activities make SAM an integral component of many

different processes within the cell and assign it a multi-

functional importance similar to that for ATP.

To date, the study of SAM-related activities in the cell has

been hampered by the lack of specific methods to impair either its

synthesis or availability to target enzymes and substrates.

Methionine analogs such as ethionine inhibit synthesis of SAM but

can be incorporated into proteins and often form the corresponding

S-adenosyl analogs, thus obscuring interpretations of the

experiments (Pine, 1978; Alix, 1982). Despite many attempts,

cells completely defective in SAM synthesis and of SAM-mediated

activities have never been isolated, even as conditionally lethal

mutants (Hafner et al., 1977; Mulligan et al., 1982). UV-

irradiated coliphage T3 have been used effectively to cause short-

term SAM starvation through the action of the phage's SAM

hydrolase (SAMase, E.C. 3.3.1.2) gene (Gefter et al., 1966; Cronan

at al., 1979). Unfortunately, the effects of other viral genes,
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the infection process itself, and the method's specificity for E.

coli limits its use.

To circumvent this problem, we cloned the SAMase gene on

M13mp8 (reported in Hughes et al., submitted) with hopes of

purifying the gene from other phage genetic elements and using it

to cause the specific elimination of intracellular SAM pools. In

this report, we describe the construction of pBR322-derived

plasmid vectors that use the Plac and Ptac promoters to initiate

SAMase synthesis. These plasmids not only enable us to reduce the

availability of SAM for normal cell functions but have allowed us

to show that this de facto SAM starvation inhibits cell division

and leads to filament formation and bacterial death.
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Methods and Materials

Bacterial strains and their culture. Bacterial strains and

their genotypes are listed in Table IV.1. Unless mentioned

otherwise, YT medium (Miller, 1972) was used in all experiments

and, except as noted, cultures were incubated at 370C either on

1.5% agar plates or in YT broth shaken at 250 rpm. Measurements

for growth curves were monitored with a Klett-Summerson

photoelectric colorimeter using a 580-640 nm filter. Isopropyl-

beta-D-thiogalactoside (IPTG) and all antibiotics were purchased

from Sigma Chemical Co. and filter sterilized prior to their use.

Antibiotics used (and their final concentrations) include

ampicillin (sodium salt), 50 ug/ml; oxytetracycline hydrochloride,

15 ug/ml; rifampicin, 25 ug /ml; naladixic acid (sodium salt), 25

ug/ml, and 2-aminopurine (nitrate salt).

DNA manipulation. Recombinant DNA was handled as described

in Maniatis et al. (1983). The production of SAMase expression

vectors is described in Results. pBR322 and pUC8 were obtained

from local sources and pKK223-3, the parental plasmid to pHBF1KK,

was purchased from Pharmacia Fine Chemicals. pK8, a pBR322

derivative containing the metK gene (Markham et al., 1985), was a

gift from G. Markham. All plasmids were propagated in and

isolated from E. coli JM103.

Determination of intracellular SAM concentrations. 100 ml

cultures grown in YT medium to mid-log phase (approximately 150
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Table IV.1. E. coli strains used.

Genotype Source
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JM103 (lac-pro), thi, strA, endA, recBC Bethesda
sbcB15, hsdR4, supE Research
7T(iraD3E-proAB, lacI4, lacZ M15 Labs

EWH110 metK, thi, relA, sup B. Bachmann

GW2558 (12sP), 11., (atge-lacZ4-)171 G. Walker
metK173::Tn5, FT13-3

HB101 hsdS20, recA13, ara14, proA2, lacY1 our stocks
galK2, asp°, A115, =11, supE44

GM48 dcm-6, thr, len, tonA, his, gal M. Marinus

ara, lac, tsx, dam-3

AB2494 thr-1, ara-14, leuB6, 212A2, lexAl B. Bachmann
lacYl, tsx-33, supE44, salK2, hisG4
1221.31, xyl -5, mt1-1, thi-1

PAM660 thr-1, ara-14, leuB6, proA2, thi-1 B. Bachmann
lacYl, tsx-33, lon-22, supE44, 221k2
rac-, hisG4, rfbDl, 122121, kAgpl
11175, =1-1, argE3

PAM163 as PAM660, also sulA27 and metF24 B. Bachmann

DM1415 thr-1, leuB6, proA2, sulA211, recAl B. Bachmann
thi-17, lexA3, lexA51, ara-14, sa1K2
11175, mt1-1, rpsL31, tax -33 ?, sug44
also TS for isoleucine and valine

The genetic markers are listed as they were given to us. All are
E. coli K12 derivatives.
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Klett units) were harvested, washed, and extracted with 5%

perchloroacetic acid (PCA) (0.5 ml) for one hour on ice.

Particulate matter was removed by centrifugation (23,000 x g, 15

minutes) and the supernatant was neutralized with 50 ul of 8.2 M

KOH, mixed, frozen, and thawed on a microfuge to remove the salts.

100 ul of a Dowex50-%4 slurry (neutral pH) was mixed thoroughly

with the supernatant. The resin was washed once with water and

the SAM eluted with four 50 ul washes of 6M HC1. Eluates were

made mildly acidic (approximately pH5) with 6 N NaOH (on ice) and

a 100 ul aliquot of this was then used for analysis by high

pressure liquid chromatography (HPLC). Our HPLC system consisted

of a Beckman model 334 gradient liquid chromatography system

coupled to a model 164 variable wave length detector (set at 254

nm) and a uBondapak C-18 column. Solvent system "B" described in

White et al. (1983) was used. A standard containing SAM and trace

contaminants of adenine and 5'-methylthioadenosine (MTA) was

treated in a like manner to show that this procedure was both

quantitative and did not affect the integrity of the SAM (not

shown). The Dowex step is necessary to remove material that

elutes rapidly from the column and obscures the SAM peak. In this

system and after the Dowex step, SAM elutes at 5.5 minutes,

adenine at 5 minutes and MTA at 15 minutes.

Enzyme assays. Cell extracts were prepared by harvesting 100

ml of the same cultures used for the intracellular SAM

concentration determinations and resuspending the cells in 2 ml of
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a buffer consisting of 10mM TrisHC1 (pH 7.5), 22 mM in NH4C1,

1mM in dithiothreitol, and 10% in glycerol (v/v). These cells

were then twice passed through a mini-French pressure cell (16,000

lb/in2), centrifuged at 23,000 x g for 15 minutes to remove the

particulate debris, and the supernatant was stored at -80°C until

needed. Protein concentrations were determined according to Lowry

et al. (1951). SAMase activities were assayed as described in

Hughes et al. (submitted). The SAM synthetase (MATase) assay of

Markham et al. (1980) was used except that the reaction was

stopped with PCA, neutralized, and the radio-labeled cis-diols

separated from the 35S-methionine with Affi-gel 601 (BioRad) as

described for the SAMase assay. This allowed us to measure the

MATase activity in extracts containing SAMase as the sulfur label

remains with MTA (and any 5'-methylthioribose produced by

5'-methylthioadenosine nucleosidaseMTAase--in the preparation).

Analysis for MTAase activities were performed according to Kushad

et al. (1985).

Assay for dam and dcm methylation. E. coli JM103 was

infected with M13acl, M13ab6, or M13hb4 and grown overnight in 3

ml YT. Phage RF was isolated according to Birnboim and Doly

(1979), digested with MboI, DpnI, Sau3AI, EcoRII, or BstNI, and

electrophoresed through a 1% agarose gel. Assays using plasmids

transformed into E. coli JM103 and EWH110 were performed in a

similar manner.

Analysis of spermidine biosynthesis. Cells to be used for
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polyamine analyses were infected with either Ml3mp8 or M13hb4 and

grown to 50 Klett units, harvested, washed, resuspended in M9

salts (Miller, 1972) made 1% in Casamino acids (Difco) and 1 ug/1

in thiamineHC1 and incubated with shaking at 37°C for three

hours. 14C-1,4putrescine (0.5 uCi) was added and the cultures

incubated for another hour. These conditions seem necessary to

ensure complete phage infection of the cells and effective

expression of the SAMase activity. The cells were then extracted

with 5% PCA as described above. These extracts and standards of

spermidine, putrescine, and proline were then derivatized with

dansyl chloride (Seiler and Weichmann, 1970; Flores and Galston,

1982). The TLC system used to separate the dansylated compounds

consisted of an aluminum oxide F254, neutral, Type T matrix on an

aluminum backing developed with a 49:1 chloroform/nbutanol (v/v)

solvent mixture.
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Results

Plasmid construction. The T3 HaeIII fragment containing the

SAMase gene was removed from the Ml3mp8derived Ml3hbl (Hughes et

al., submitted) with EcoRI and HindIII and cloned into the

polylinker regions of similarly digested pUC8 and pRR223-3. The

resulting clones, pHBF1UC (from pUC8) and pHBF1KR (from pRK223-3),

have the SAMase gene positioned behind the Plac and Ptac

promoters, respectively. We also constructed pHBF1BR, a plasmid

containing the EcoRI/BamHIbounded SAMase DNA fragment from Ml3hbl

cloned into pBR322. This arrangement removes the gene from any

strong promoters on the plasmid. These SAMase expression vectors

complement the Ml3hbl and M13hb4 recombinant phage reported

previously (Hughes et al., submitted).

To determine whether the expression of this enzyme interferes

with normal SAM metabolism, we assayed a variety of cellular

components for the extent of their SAMmediated modifications in

the presence and absence of SAMase.

Enzyme activities. Table IV.2 shows the specific activities

of three SAMrelated enzymes from exponentially growing cells. As

expected, SAMase activities varied with the strength of the

promoter off which the enzyme was transcribed, i.e. pHBF1KK (Ptac)

> pHBF1UC (Plac) > pHBF1BR. Furthermore, the addition of IPTG one

hour before harvesting the cells enhanced the specific activity of

the enzyme in cells transformed with plasmids using lad



Table IV.2. Specific activities of SAM metabolic enzymes.

Cell IPTG SAMase
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extract induction SAMase MATase MATase MTAase

JM103(pUC18) - < 0.10 < 1.0 13.0

JM103(pHBF1BR) - 0.13 13.6 9.6 14.4

JM103(pHBF1UC) - 0.97 23.7 40.9 15.5

JM103(pHBF1UC) + 2.24 86.1 26.0 12.8

JM103(pHBF1K1C) - 4.44 78.4 56.6 12.8

JM103(pHBF1ICK) + 24.7 174.7 141.4 13.0

GW2558 - < 0.10 < 1.0 10.2---

Cultures were grown into mid-log phase in YT media and protein
extracts prepared with a French pressure cell as described in
Materials and Methods. "Induced" cultures were made 0.3 mM in
IPTG one hour prior to their harvest. Specific activities of
JM103(pUC18), JM103(pHBF1BR), and GW2558 extracts prepared from
cultures made 0.3 mM in IPTG were the same as those shown in the

table. SAMase and MTAase are expressed as nmol/min/mg protein
while MATase is in terms of pmol/min/mg. Also shown is the ratio

of MATase to SAMase activities (note that these ratios are based

on a pmol/min/mg scale, i.e. this is the ratio of one SAMase unit

to 1000 MATase units.)
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repressible promoters, especially in those harboring pHBF1KR.

MATase and MTAase activities were assayed to determine the

effect of SAMase levels on their expression. We chose these

enzymes based on their role in responding to stresses placed on

the cells by expression of the SAMase activity. MATase

expression, like that for other genes in the met operon, is

presumed to be repressed by SAM in E. coli (Greene et al., 1970;

Markham et al., 1985; Shoeman, R, 1985) and should be derepressed

if SAM is functionally unavailable. Because SAMase cleaves SAM to

form MTA and homoserine (Gold et al., 1964), we were interested to

determine whether the specific activity of MTAase would increase

to compensate for the increased MTA production in the cell. As

noted in Table IV.2, increases in SAMase's specific activity

correspond to an enhanced MATase expression in vivo. On the other

hand, MTAase activities appear to be unaffected by the presence of

SAMase and must be sufficient to hydrolyze the MTA produced by

SAMase as we were unable to detect MTA in the cell extracts in our

HPLC analyses (not shown).

Determination of intracellular SAM concentrations. High

pressure liquid chromatography (HPLC) was performed on PCA

extracts of JM103 cells transformed with the pHBF plasmids to

determine the intracellular concentrations of SAM. Results of

these analyses (Table IV.3) show that despite high levels of

SAMase expression (Table IV.2), these cells contain a quantifiable

amount of SAM. Interestingly, these concentrations of SAM are



Table IV.3. Intracellular SAM concentrations in
transformants.

SAMase
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strain used IPTG? [SAM] [SAM]/SAMase [SAM]/MATase

JM103(pUC18) - 2.0

JM103(pHBF1BR) 4.6 35.4 0.338

JM103(pHBF1UC) 4.5 4.6 0.194

JM103(pHBF1UC) 3.6 1.6 0.042

JM103(pRBF1KK) - 2.4 0.54 0.031

JM103(pHBF1RK) 4.5 0.18 0.025

GW2558 .1=1, 0.25

Cell extracts and HPLC samples were prepared as described in
Materials and Methods. SAM concentrations are expressed in terms

of pmole SAM per mg protein as cell filamentation and inviability
make culture turbidity or viable cell count comparisons between
different cultures impossible. IPTG had no effect on SAM
concentrations in JM103(pUC18), JM103(pHBF1BR), and GW2558. The

ratios between the concentration of SAM to the specific activities
of SAMase and MATase are also shown.
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comparable, if not higher than, those in cells lacking the cloned

SAMase gene and are much higher than in the SAM synthetase

(MATase) deficient GW2558 cells.

It is interesting to look at the mathematical ratios shown in

Tables I11.2 and P1.3. Induction of SAMase expression in

JM103(pHBF1KK) with IPTG results in a 2.5fold increase in SAMase

activity relative to MATase and a 3fold increase of SAMase

activity per unit of intracellular SAM. On the other hand, the

amount of SAM produced per unit of MATase activity remains

essentially unchanged. Thus, SAM produced by MATase is much more

likely to be digested by SAMase immediately upon its synthesis and

presumably results in a de facto starvation of SAMmediated

activities for SAM (see Discussion).

Effect of SAMase expression on in vivo DNA methylation. E.

coli K12 strains (e.g. E. coli JM103) have several DNA methylases,

the most prominent being the dam and dcm enzymes that modify the

internal adenosine and cytosine nucleotides in the sequences

5'GATC-3' and 5'CC(A/T)GG-3', respectively. Several type II

restriction enzymes are sensitive to methylation of these

sequences and are commonly used to probe the nature of their

recognition site modification (Szyf et al., 1984). We incubated

M13ab6, M13acl, and M13hb4 RFI DNA molecules isolated from

stationary phase cultures of E. coli JM103 with MboI, DpnI,

Sau3AI, EcoRII, and BstNI to determine the effect of SAMase on the

activities of the dam and dcm methylases (Fig. IV.1.). The data
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Fig. IV.1. Effect of SAMase on M13 DNA Methylations. Samples
were electrophoresed on an agarose gel undigested
(lanes. 1, 7, and 13) or digested with restriction
endonucleases MboI (lanes 2, 8, and 14), Dpnl (lanes
3, 9, and 15), Sau3AI (lanes 4, 10, and 16), EcoRII
(lanes 5, 11, and 17), and BstNI (lanes 6, 12, and 18)
to demonstrate the extent of restriction recognition
sequence modification in vivo by dam or dcm
methylases. MboI will not cut at methylated dam
sites, 11111 requires dam methylation, and Sau3AI will
cut 5'-GATC-3'sequences with or without modification.
Similarly, EcoRII will not cut if the dcm site is
methylated while BstNI is insensitive to modification
of 51-CC(A/T)GG-nequences.
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demonstrate that M13hb4 DNA is substantially unmethylated at its

dam sites and hypomethylated at its dcm positions as opposed to

the viral DNA replicated in the absence of SAMase. pHBF1UC

plasmids grown in EWH110 (a temperature sensitive MATase mutant)

at 37°C or JM103 were also sensitive to MboI digestion, especially

(in the case of JM103) if the cultures were made 0.3 mM in IPTC

(not shown).

Analysis of in vivo spermidine biosynthesis. The polyamine

spermidine is synthesized in E. coli by condensing putrescine with

the aminopropyl group of decarboxylated SAM; by depleting the cell

of SAM, this conversion should be blocked. We added 14C -1,4-

putrescine to log phase cultures of cells infected with either

M13mp8 or M13hb4 and derivatized extracts of these cultures with

dansyl chloride for TLC as described in Materials and Methods.

Radioscans of these chromatograms showed only two radioactive

peaks which co-migrated with either putrescine or spermidine

standards (results not shown). Quantification of the

radioactivity in these spots revealed the conversion of putrescine

to spermidine in the M13hb4 infected cells to be 77Z inhibited one

hour after addition of the 14C-labeled putrescine relative to the

M13mp8 infected controls. The presence of SAMase in the M13hb4

cells significantly inhibited the conversion of the putrescine

label to spermidine.

Effect on cell growth and viability. Mutants exist in a wide

variety of SAM-mediated processes and although they often display
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impaired growth, these strains are able to replicate themselves.

The MATase gene itself has been mutated by Tn5 insertion and

though assays for the enzyme detect no more than a weak activity

in these cells, SAM-mediated activities (e.g. methylations, etc.)

are at near normal levels (Mulligan et al., 1982). Similar

effects are seen in other metK mutants (Greene et al., 1970).

Furthermore, E. coli defective in polyamine and biotin synthesis

can be exogenously supplied with these compounds to show no effect

of the mutation. Thus, we were interested to determine whether

any of our plasmids would affect cell growth either by hyper-

expressing the enzyme (with its induction by IPTG) or by

transforming the plasmid into cells with defective MATase genes.

E. coli JM103 transformed with pUC18, pHBFlUC, and pHBF1KK

were grown in YT medium in the presence or absence of 0.8 mM IPTG

(Fig. IV.2). Bacteria with either the pUC18 or pHBFlUC plasmids

behaved similarly in the absence of IPTG. The addition of IPTG

retards cell growth to some extent and causes the formation of

elongate cells or filaments in the JM103(pHBF1UC) cultures (see

below). Uninduced cells containing the pHBF1KK plasmid showed an

extended lag period and then a normal rate of growth while the

JM103(pHBF1KK) cultures induced with IPTG showed no signs of

growth after 24 hours.

A similar growth study is demonstrated in Fig. IV.3. E. coli

EWH110 is a temperature sensitive MATase mutant into which we

transformed pUC18, pHBFlUC, and pK8, a plasmid containing the wild
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Fig. IV.2. Growth curves of E. coli JM103 transformed with SAMase

expression plasmids. Cells from overnight cultures
were inoculated into YT medium, grown, and monitored
as described in Methods and Materials. The expression
of SAMase was induced with IPTG (0.5 mM final
concentration) one hour after inoculation. At the
last time point, all cultures contained greater than
109 cells/m1 except for pHBF1KK+IPTG which had fewer
than 10 cells/ml. After 24 hours, the pHBF1KK+IPTG
culture was sterile.
Key:

() = JM103(pUC18), (0) = JM103(pUC18)+IPTG
(A) = JM103(pHBF1UC), (A) = JM103(pHBF1UC)+IPTG
(II) = JM103(pHBF1KK), (0) = JM103(pHBF1KK)+IPTG
(1,) = JM103(pHBF1UC/pK8)+IPTG
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type metK (MATase) gene. Double transformants containing pK8 and

pUC18 or pHBF1UC were also produced. Because pK8 is presumably

incompatible with both pUC18 and pHBF1UC, both plasmids were

maintained in the double tranformants by culturing them at all

times with tetracycline and ampicillin. Bacterial samples taken

from the cultures after the last time point were plated on YT agar

with ampicillin and oxytetracycline to verify that the cells

retained both plasmids throughout the experiment. Duplicate

cultures were grown at 32°C and 42°C to show that cells containing

pUC18, pUC18/pK8, and pK8 (not shown) grow well at either

temperature. EWH110(pHBF1UC) cultures grown at 32°C demonstrated

a long lag period but reached turbidities comparable to those with

pUC18 after 24 hours. Cells with the SAMase plasmid grown at 42°C

showed little increased turbidity and most, if not all, of that

can be attributed to the formation of extremely long cell

filaments (see below). pHBF1UC/pK8 cotransformants grew almost as

well as the cells with pUC18 as the addition of the wild type metK

gene on the pK8 gene largely reversed the effects of inactivating

the temperature sensitive MATase.

EWH110(pUC18) and EWH110(pHBF1UC) were used in a series of

temperature shift experiments to determine the effects of SAMase

expression on the viability of cells with a defective MATase gene.

As shown in Fig. IV.4A, shifting EWH110 cultures containing pUC18

from 32°C to 42°C had only a minor effect on cell viability or the

rate of their division. After 11 hours of incubation, cultures
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Fig. IV.3. Effect of temperature and SAMase expression on the
growth of EWH110. Cells from overnight cultures were
inoculated into YT medium, grown, and monitored as
described in Methods and Materials. All cultures

contained greater than 109 cells/ml at the last time

point except EWH110(pHBF1UC) at 319°C (108 cells/ml)
and EWH110(pHBF1UC) at 42°C (< 106 cells/ml).

Key:
(41) = EWH110(pUC18), 32°C

(0) = EWH110(pUC18), 42 °C
() = EWH110(pUC18/pK8),32°C
( ) = EWH110(pUC18/pK8),420C
(II) = EWH110(pHBF1UC),32°C
(0) = EWH110(pHBF1UC), 42°C
(IF) = EWH110(pHBF1UC/p1(8), 32°C
(7) = EWHI10(pHBFIUC/pK8), 42°C
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Fig. IV.4. Effect of temperature and SAMase expression on the
viability of EWH110. Two sets of five flasks
containing YT medium were inoculated with either
EWH110(pUC18) at 2.2 x 107 cells/ml (Fig. IV.4A) or
EWH110(pHBF1UC) at 1.6 x 107 cells/ml (Fig. IV.4B).

Flasks were warmed from 32°C to 42°C when the growing
cultures reached 25, 50, and 100 Klett units (KU).

Viable cell counts were determined over a period of
several hours after the temperature shift and plotted
on a logarithmic scale. Cell counts were performed
for control cultures grown at 32°C and 42°C as well.
Key:
(6) = 32°C control culture
(40) = 42°C control
(44) = shift at 25 KU
(i) = shift at 50 KU
( ) = shift at 100 KU.
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grown at 32°C had 50% more cells than those raised at 42°C and

150% more than those shifted from the lower to the higher

temperature, but all of the cultures contained over 109 cells/ml.

In all cases, the cells continued to divide after the temperature

shift. Raising the temperature of EWH110(05F1UC) cultures to

42°C resulted in no more than a doubling of cell numbers within an

hour of the shift followed by a rapid decline in the number of

viable cells (Fig. IV.4B). Interestingly, even cultures raised at

32°C developed no more than 1.6 x 108 viable cells/ml and cells

had begun to die within 11 hours after their inoculation into the

media. This suggests that cells with high SAMase activities (note

that EWH110 does not contain the laclq repressor mutation

necessary to regulate the many copies of the Flac-promoted SAMase)

are undergoing stresses that even a functional MATase cannot

overcome.

As a final test of the effects of expressing SAMase in a SAM-

deficient background, we attempted the transformation of E. coli

strains JM103 (metK+), EWH110 (meths), and GW2558 (metK::Tn5) as

well as these strains already carrying the metKI" pK8 plasmid with

pBR322, pUCI9, pHBFlUC, and pHBF1KK. The results of a typical

experiment (Table IV.4) demonstrate that cells must have a

functional metK gene to grow after transformation with pHBF1UC.

Additionally, they require either the lacIq (enhanced repression)

mutation or an enhanced SAM synthetic ability presumably provided

by the multi-copy pK8 plasmid to harbor pHBF1KK.
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Table IV.4. Transformation of MATase mutants with the SAMase gene.

strain Relevant
used phenotype

JM103 none

GW2558 metR::Tn5

GW2558 metK::Tn5
(pR8) metR(p)

EWH110
32°C

EWH110
42°C

metRts

metRts

EWH110 meats
(pR8) mea(p)
32 °C

EWH110 meats
(pR8) metR(p)
42°C

Plasmid
used

Transformants per
ng plasmid added

% of JM103
transformed

pBR322
pUC19

pHBFlUC
pHBF1KR

951
288
260
245

0E322 90 9.5

pUC19 108 37.5
pRBF1UC 0 0

pHBF1RR 0 0

pBR322 51 5.4

pUC19 8 2.8

pHBFlUC 21 12.3

pHBF1KR 1 0.4

pBR322 76 8.0

pUC19 64 22.2

pHBF1UC 79 30.4

pHBF1KK 0 0

p8R322 56 5.9

pUC19 28 9.7

pHBFlUC 0 0

pHBF1KK 0 0

p8R322 237 24.9

pUC19 44 15.3

pHBFlUC 71 27.3

pHBF1KR 38 15.5

pBR322 90 9.5

pUC19 4 1.4

pHBFlUC 63 24.2

pHBFUR 3 1.2

This table depicts the results of a typical experiment. "mea(p)"
refers to the MATase gene located on the pR8 plasmid and "meats"
to the temperature sensitive MATase in EWH110. All plasmids used

were isolated from E. coli JM103 transformants.
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Cell morphologies. An interesting consequence of SAMase

expression is illustrated in Fig. IV.5. Cells containing high

levels of the enzyme often appear elongate in early and mid-log

phase growth. SAMase induction with IPTG or inactivation of the

temperature sensitive MATase in EW11110(pHBF1UC) strains by

cultivation at 42°C leads to the formation of filamentous cells

concurrent with the decline in cell numbers noted above. In

cultures not lethally induced for SAMase expression, these

elongate and filamentous cell forms disappear as the cells age.

By stationary phase, the cells have a normal size and shape.

Cell filamentation is often associated with induction of the

SOS DNA repair regulon (for a review, see Little and Mount, 1982).

Because cells either defective in specific elements of the SOS

response or already partially induced for it show an increased

sensitivity to agents that damage DNA (such as UV light or 2-

aminopurine, 2-AP), we attempted a qualitative assay for the

effect of SAMase expression on 2-AP sensitivity of a variety of E.

coli strains. Cells transformed with either pUC19 or pHBFlUC and

grown on YT agar plates containing 0.01, 0.1, and 1.0 mg/ml of 2-

AP demonstrated that mutants in recA, lexA, and lon (genes

associated with the SOS response) as well as dam and metKts

expressing SAMase demonstrated up to a ten-fold higher sensitivity

to the compound than the pUC19-transformed controls. Furthermore,

growth of these cells in liquid culture produced cells with

markedly enhanced filamentation as contrasted to
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Fig. IV.5. SAMaseinduced filamentation of E. coli.
JM103(pHBF1UC) cells were grown in YT broth made 0.5
mM in IPTG and photographed at 800x magnification five
hours after their inoculation (photographic
enlargement resulted in roughly a 2500x magnification
of the bacteria). Filaments will become 5-10 fold
longer under lethal conditions (e.g. E1411110(pHBF1UC)
incubated at 42°C) while cells in nonlethal
conditions ultimately become the size of pUC18
transformants.
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bacteria lacking SAMase and/or genetic markers in the SOS

response.
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Discussion

These results demonstrate that introduction of the activity

of the cloned coliphage T3 SAMase gene and the expression of its

SAM hydrolytic activity in E. coli alters SAM metabolism in the

cell. The possibility of inhibiting SAMmediated processes in

vivo using this strategy was suggested by the observation that T3

DNA is completely devoid of methylated bases, implying that the

environment in which it is replicated is deficient in SAM (Gefter

et al., 1966). Experiments using UVirradiated T3 phage also

showed the shortterm inhibition of activities using SAM, but

questions remained as to whether SAM pools could be reduced with

this enzyme to an extent sufficient to impede methylations,

spermidine biosynthesis, etc. in viable cells over a period of

many generations. The demonstration of the inhibition of dam site

DNA modification (Fig. IV.1), synthesis of spermidine, and the

induction of MATase (Table IV.2) activity in cultures of dividing

cells verifies the potential usefulness of these recombinant

expression vectors for the in vivo inhibition of SAMmediated

processes.

It is important to note that the mechanism for depletion of

SAM in these cells does not involve the inhibition of its

synthesis. Cells containing high SAMase specific activities

continue to maintain an identifiable pool of SAM (Table IV.3) and

demonstrate an enhanced activity for its synthesis (Table IV.2).
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Furthermore, co-transformation of EWH110 cells with both pHBFlUC

and pK8 reverses the lethal affects of SAMase activity on cell

division at 42°C and implies that the SAMase protein itself or the

by-products of its activity can be tolerated as long as SAM

synthesis is enhanced. The most likely effect of SAMase in

inhibiting SAM-mediated activities is to digest SAM that is

synthesized before it can be utilized in a normal cell process.

Thus, cells transformed by SAMase expression plasmids grow only as

long as they can compensate for the SAM hydrolysis by producing

enough of the sulfonium compound so that a few molecules survive

to be used in process(es) essential for cell viability. This is

supported by the direct correlation between the specific activ-

ities of SAMase and MATase in the various extracts depicted in

Table IV.3 and would suggest that the addition of IPTG to cells

harboring the multi-copy pHBF1KK plasmid induces a level of SAMase

expression for which the cell cannot compensate. It also explains

why pHBFlUC, a plasmid that is not normally lethal to E. coli even

after induction with IPTG, becomes lethal in EHW110 grown at 42°C

as its impaired MATase makes the cells more susceptible to killing

by SAMase. Our inability to transform the pHBF1KK plasmid into

cells lacking the lacIq mutation (essential for repression of the

promoter) or an enhanced ability to express MATase (through the

co-transformation of pK8) also suggests that cells are killed by

SAMase only when its activity exceeds the ability of the cell to

produce a compensatory quantity of SAM.
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The potential for SAMase to kill cells raises questions

about the possible mechanisms for this lethality. Our

observations suggest at least two possibilities. First, the

filamentation of wild type cells producing lethal amounts of

SAMase and the sensitivity of mutants in aspects of the SOS

response to 2AP and their tendency towards cell filamentation

implies a possible role for the SOS response. Expression of the

SOS activities may be necessary for the maintenance of viability

in cells containing SAMase, as is essential for mutants in the dam

methylase (Peterson et al., 1985), or for a SOSmediated

inhibition of cell division provoked by excessive SAMase activity.

Such a lethal induction of the SOS response can be demonstrated by

starving thymine auxotrophs for thymine or inducing the SOS

regulon in lon protease mutants. Thus, the SOS response may be

involved by sensing SAMasemediated damage and repairing it or,

failing that, causing the cessation of cell division.

Alternately, SAMase may cause the expression of the signal for SOS

induction in the absence of actual damage, also resulting in

terminal induction of the regulon. Of course, SAM may play a

direct role in the process of cell division independent of SOS and

unless some critical component of the division mechanism is

modified or otherwise affected by SAM, septum formation may not be

accomplished. Many other possibilities exist that might explain

SAMmediated cell death, and experiments are in progress to

elucidate the actual mechanism(s).
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Because of the demonstrated lethality of SAMase hyper-

expression, it is unlikely that we will be able to eliminate all

SAM-mediated activities from viable cells. On the other hand,

specific processes may be inhibited to the exclusion of others by

varying the intracellular activity of SAMase. By transforming

cells with plasmids containing promoters of varying efficiencies

or regulated by chemical or temperature induction, SAMase

activities may be varied to restrict available SAM to those

processes governed by enzymes with progressively lower Km's. The

gel in Fig. IV.1. shows M13hb4 infection leading to the virtual

elimination of dam site modification while dcm methylations are

only partially inhibited and suggests that such a differential

inhibition of functions involving SAM may be possible. On the

other hand, increasing the levels of a specific SAM-utilizing

enzyme may reestablish the activity of that function in the

presence of SAMase if it can now compete for the limited amount of

SAM that survives digestion by the enzyme. For example, dam

methylation may be accomplished in cells with activities of SAMase

that would normally inhibit dam activity if a plasmid containing

the dam gene behind the Ptac promoter were introduced into the

cells. If either of these tactics can be successfully developed

and exploited with these and/or future plasmids that exert a

tighter control on the expression of SAMase or SAM-utilizing

enzymes, we may be able in effect to isolate specific functions

involving SAM on the basis of their affinity for it, thus allowing

for better definition of these functions.
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How metK mutants (such as GW2558) synthesize adequate amounts

of SAM and why conditional lethal mutants have not been isolatable

is unknown. Though these studies have shown that SAM is a

necessary component of cellular metabolism, these data do not

explain why analyses of metK mutants have not shown similar

results. It is possible that all metK mutants studied to date to

date are leaky for SAM synthesis, but this seems unlikely,

especially in the case of the metK::Tn5 insertion mutant GW2558.

Alternately, the presence of a MATase isozyme expressed only at

low levels would explain both how SAM is produced in metK

deficient E. coli strains and why it has been so difficult to

isolate mutants conditionally lethal for SAM synthesis. In any

case, the ability of SAMase to scavenge the product of any

residual SAM production gives us a de facto conditional mutant for

SAM synthesis.

Finally, these results encourage us to believe that the

cloned coliphage T3 SAMase gene can be applied to a broad spectrum

of biological systems. With the continued development of

expression vectors for other organisms such as yeast and cultured

mammalian cells, the potential for performing experiments

analogous to these in other organisms to address such questions as

the role of methylation in gene expression and the functions of

polyamines is obvious.
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