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ABSTRACT
This dissertation describes investigations concerning the bio
logical roles played by the T4D bacteriophase-induced dihydrofolate re
ductase.

This protein molecule has both an enzymatic activity and a

function as a structural component.of the phase baseplate.
The components of phage tails which are synthesized early during
the infective cycle (prior to the onset of DNA replication) were exam
ined using the techniques of SDS gel electrophoresis and fluorography.
Two such components were detected.

The first protein has a molecular

weight of 40,000 daltons and the second protein has a molecular weight
of 15,000 daltons.

It appears that neither of these proteins is re

lated to the phage-induced dihydrofolate reductase (dfr) or the phageinduced thymidylate synthetase (td), which has also been shown to be a
structural component of the baseplate.

This is indicated by the fact

that both components are present in early-labeled tails prepared using
phage which contained either amber or deletion mutations in their frd
or td^ genes.
Further examination of the larger of these proteins indicates
that its association with phage tails is not specific.
subsequently shown to be a host-membrane protein.

The protein was

The smaller of the

two early-synthesized components of the T4 tail is more specifically
associated with the virion, and co-migrates with p25, the smallest pro
tein in the phage tail, on 12.5% SDS gels.
thesized early as well as late in infection.
x

It may be that p25 is syn

xi

In order to obtain a measure of the sensitivity of the technique
being used to try to detect dfr as a component of phage tails, the num
ber of copies of some of the proteins present in the tail was measured.
The results predict a probable upper limit of six copies of the dfr
molecule in one phage tail.
The dfr protein was purified and electrophoresed on SDS gels to
verify the expected migrational position with respect to phage tails.
It was found that the dfr co-migrated with pY, the only genetically un
defined tail component, at a molecular weight of 22,000 daltons. The
possibility that these two proteins are identical was investigated us
ing a double-antibody precipitation technique to ask a) if the steadystate level of dfr enzyme activity observed in infected cells is due
to equal rates of synthesis and degradation, and b) for how long during
the infective cycle is dfr synthesized?

The results indicate that

there is no detectable synthesis of dfr late in the infective cycle.
This means that pY and dfr cannot be identical, since pY is synthesized
late in phage infection.

Possible explanations for the failure to de

tect this enzyme as an early-synthesized component of T4 tails are
discussed.
The dfr molecule has been found to be a component of the wedgeshaped precursor to the T4 baseplate.

A radioiodinated IgG fraction of

antiserum prepared to the pure enzyme was found to bind to the wedgeshaped precursor and cosediment with it on sucrose gradients.'
The Addendum to the Results section discusses the discrepancy
between the observed molecular weight for dfr found in this work and
the published molecular weight of 30,000 daltons.

INTRODUCTION

Background
Infection of Escherichia coli by bacteriophage T4 leads to a
several-fold increase in the rate of DNA synthesis in infected cells.
In large part, this is accomplished by the production, under the genetic
control of the virus, of a large number of enzymes of deoxyribonucleotide and DNA biosynthesis.

Because of the abundance with which these

enzymes are formed, and because of the we11-understood genetics of T4
and its host, the system has been widely exploited for studies on the
mechanism and regulation of DNA synthesis.
Dihydrofolate reductase is one of several known phage-coded
enzymes of DNA precursor biosynthesis.

Since the production of thy-

midylic acid by thymidylate synthetase (a process greatly augmented in
T4 infection) involves oxidation of a tetrahydrofolate cofactor, dihy
drofolate reductase is required to regenerate the reduced coenzyme
(Figure 1).
In recent years evidence has accumulated supporting a second
function for T4 dihydrofolate reductase.

Enzyme activity is associated

with viral particles prepared under various conditions, suggesting that
the enzyme protein is a specific structural element of the virion.

This

dissertation is concerned with further analysis of dihydrofolate reduc
tase as a virion protein.
1

2

dUMP + CH0 = FH. thymidylate
z
^ synthetase
FH0 + NADPH + H+
I

Figure 1.

dTMP + FH^

dihydrofolate^ pH
reductase
^

+ NADP+

Reactions Catalyzed by Thymidylate Synthetase and Dihydrofolate Reductase.
The abbreviations used are dUMP = deoxyuridine monophosphate,
CH2 = FH^ = methylene tetrahydrofolate, dTMP = deoxythymidine
monophosphate, FH2 = dihydrofolate, NADPH = nicotinamide ade
nine dinucleotide phosphate, FH^ = tetrahydrofolate.
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Description of the Virion
Bacteriophage T4 is a large, complex virus which is a member of
the T-even series of phages.

(In accordance with current practice, the

terms bacteriophage and phage will be used interchangeably.) These
o
viruses are approximately 2000A in length (Simon and Anderson 1967a)
and possess a sedimentation coefficient of 1000S (Cummings and Kozloff
1959).
o
The T4 virion consists of a head, which is 1000A long and ap
pears hexagonal in two dimensions, attached to a tail at one of the
vertices (Figure 2).

The head contains a linear double stranded mole

cule of DNA whose nucleotide sequence is circularly permuted and termi
nally redundant.

This DNA contains approximately 2 x 10^ basepairs and
£

the molecular weight of the molecule is 130 x 10
that of the entire virion (Mathews 1971a, p. 20).

daltons, some 60% of
This DNA contains no

cytosine, but the unique base, 5-hydroxymethylcytosine (Wyatt and Cohen
1952).

All of these residues are glucosylated, and it is this gluco-

sylation which protects the phage DNA from degradation by host nucleases
when it enters the host cell (Moholt and Fraser 1965).
The head structure consists of at least nine proteins, three of
which are internal peptides which can be released from the capsid by
rupturing it with osmotic shock (Casjens and King 1975).

At the, apex

of the head to which the tail is attached, a connector is present (Fig
ure 2).

This consists of two major proteins, which are the products of

genes 3 and 15 (Mathews 1977, p. 186).

Immediately below this struc

ture are found the collar and whiskers which appear to consist of only

4

HEAD

TAIL COLLAR
TAIL CORE

WHISKER

— TAIL SHEATH

TAIL

TAIL PLATE (BASEPLATE)

TAIL PINS

TAIL RBERS

frm?
NAKED TAIL
BASEPLATE

Figure 2.

Schematic Representation of T4 Phage and Some Substructures.
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one gene product, that of the wac gene (Coombs and Eiserling 1977).

The

tail tube is made up of a core surrounded by a sheath which is attached
to the phage baseplate.

The sheath and core are each constructed from

the product of a single gene.

Gene 18 furnishes the sheath subunit and

gene 19 supplies the monomer used for core polymerization (King 1968).
The baseplate is hexagonal in shape and contains the products of at
least 16 genes (Kikuchi and King 1975a), plus the enzymes dihydrofolate
reductase (dfr) and thymidylate synthetase (td). To this structure are
attached six short tail pins at the apices of the hexagon and six long
tail fibers.

These long fibers possess the ability to bend in the mid

dle, and both the long fibers and short tail pins function in recogni
tion and attachment of the phage particle to the host cell.
The head, tail and tail fibers of the phage are each assembled
separately in the infected cell.

The morphogenesis of a particle be

gins with the joining of a head structure with a sheathed tail.
this incomplete particle, the tail fibers are added.

To

Sometime after

the joining of the head and tail, the collar and whiskers are added
(Coombs and Eiserling 1977).

This completed particle contains no cova-

lent or disulfide bonds holding it together, as it has been shown that
urea, guanidine hydrochloride, detergents and extremes of pH will dis
sociate the virions, and that reducing agents have no effect on the
structure (To, Kellenberger and Eisenstark 1969).
As was mentioned above, the T4 baseplate has been shown to con
tain the two phage-coded enzymes, dfr and td. (The evidence for this,
along with a more detailed discussion and appropriate literature

citations, is presented later in this chapter.)

This organelle has a

very complex structure and plays a unique role in the transfer of the
phage genome to the interior of the host cell at the time of infection.

Mechanism of Infection
The infection of the host bacterium, E_. coli, by a T4 particle
is a procedure during which complex morphological changes occur in the
virion which allow the phage DNA to pass into the cell.
The initial event in this process is the recognition of specific
receptors on the cell surface by the long tail fibers.

Once these long

fibers are attached, the phage appears to squat down in order to allow
the short tail pins to attach to the cell surface.

This second attach

ment triggers a conformational change of the baseplate, which alters
from a hexagonal shape to that of a six-pointed star (Simon and Anderson
1967a,b).
The rearrangement which occurs has been elegantly described in
a recent paper by Crowther et al. (1977). The baseplate is thus freed
from its attachment to the core, and the core is unplugged to allow
passage of the DNA through this hollow structure.

The alteration in the

baseplate places a strain on the subunits of the tail sheath, which are
triggered to contract, and this pulls the baseplate away from the cell
surface and forces the core to penetrate the cell wall.
then ejaculated inside the cell.

The DNA is

This entire procedure takes less than

a minute from the time the tail fibers first recognize the appropriate
receptors on the cell surface.
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The function of the dfr and td molecules in this part of the in
fective cycle, particularly in the triggering of the baseplate rear
rangement, is unknown.

Their primary function, that of catalysis of

chemical reactions, is important in the next stage of the infective
process.

Metabolic Changes Occurring upon Infection
One of the most immediate effects of phage infection upon the
host cell is the cessation of host macromolecular synthesis.

Nearly all

host RNA synthesis is stopped immediately (Rouviere et al. 1968, Landy
and Spiegelman 1968).

Host protein synthesis stops immediately also,

with the exception of one class of host proteins which will be discussed
later.

The host DNA is degraded and the nucleotides generated are ulti

mately incorporated into phage DNA.
Transcription of the phage genome by unmodified host RNA poly
merases begins immediately.

For purposes of this discussion, these

transcriptional products will be divided into two classes termed early
and late.

This division is somewhat of an oversimplification, as at

least four temporal classes of T4 mRNA have been identified.

Early

phage genes are those which are expressed prior to the onset of phage
DNA replication, which begins between six and seven minutes after infec
tion at 37°C.

Late phage genes are those which begin to be expressed

after the onset of DNA replication.

The late genes are those which code

for the structural components of the virion, and those whose products
participate catalytically in virion morphogenesis.

i
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The early T4 genes are those whose functions are the biosynthe
sis of DNA and enzymes which carry out modifications of nascent DNA
after polymerization.

Careful analysis of the transcriptional process

reveals that there are two classes of early genes, which are termed
immediate-early and delayed-early (O'Farrell and Gold 1973, Linder and
Skold 1977).

The immediate-early genes begin to be expressed as soon

as the phage genome enters the cell.

The T4 frd gene belongs to this

class (Witmer 1975). The expression of the delayed-early genes begins
about l%-2 minutes after infection at 37°C.

The td^ gene belongs to

this class, as evidenced by the facts that it is overproduced in infec
tions by mutants which are unable to synthesize DNA (Mathews 1966), and
the product is detectable by enzyme assay no early than 2-3 minutes af
ter infection.
The infected cell acquires some new biosynthetic capabilities
after infection, a phenomenon termed "virus-induced acquisition of meta
bolic function" by Flaks and Cohen (1959, p. 1501).

Included in these

are reactions catalyzed by the enzymes deoxycytidylate hydroxymethylase,
which functions to generate hydroxymethylcytosine, the unique base in
T4 DNA, and deoxycytidylate deaminase, which removes the amino group
from dCMP to generate dUMP (Figure 3).
Several enzymes are synthesized after phage infection which
duplicate host functions.

Included in these are thymidine kinase, ri

bonucleotide reductase, DNA polymerase, DNA ligase, nucleoside monophos
phate kinase, and the two enzymes, dihydrofolate reductase and
thymidylate synthetase.

These latter two proteins are not absolutely

9

dCMP + FH, + HCHO
4
dCMP

Figure 3.

hrd!°?r-

»•
methylase

deoxycytidylate
deaminase

dmp +

HMdCMP + FH,
4
+
4

Reactions Catalyzed by the Enzymes Deoxycytidylate Hydroxymethylase and Deoxycytidylate Deaminase.
The abbreviations used are the same as in Figure 1.
formaldehyde, HMdCMP = hydroxymethyldeoxycytidine
monophosphate.

HCHO =
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required for phage reproduction from the point of view of DNA precursor
synthesis, as is indicated by the fact that they duplicate existing
host functions.

It has been shown, however, that phage which lack

either the dfr or the td enzyme synthesize DNA and generate plaqueforming particles at a rate which is two- to three-fold less than that
of wild type T4D (Mathews 1965, 1967a).

The Structural Roles
Played by dfr and td
The initial observation which indicated that T4 phage particles
contained the enzyme dihydrofolate reductase came from Kozloff's lab
oratory (Kozloff et al. 1970a).

It was found that this enzyme activity

could be measured in phage ghosts (particles which have lost their DNA
due to osmotic shock) which had been partially disrupted with urea or
formamide.

It was further reported that this enzyme activity was pres

ent at the highest specific activity in the phage tail, and that various
inhibitors of dfr were found to block the formation of phage baseplates
in in vitro complementation experiments.
This observation of dfr enzyme activity was confirmed when it
was found that T411" particles (virions which are missing the products
of genes 11 and 12 in their baseplates) demonstrated dfr enzyme activity
without the use of disruptive agents (Mosher, DiRenzo and Mathews 1977).
The detection of td activity in T4 virions was reported by Kozloff,
Lute and Crosby (1977), who also used 11" particles for their assay.
The reason for assaying phage for the dfr enzyme activity re
lates to the report from Kozloff's laboratory that T4 phage contained a

pteroylpolyglutamate moiety and that this compound was found in the
baseplate of the virion (Kozloff and Lute 1965).

This observation

prompted a search for the protein which binds this folate molecule and
led to the enzyme assay of the disrupted virions.
Mathews showed that the same gene coded for both the soluble
and the structural reductases (Mathews 1971b).

This was accomplished

by constructing a hybrid phage which was a T4 phage containing the T6
frd gene.

It was shown that the soluble enzyme produced by this phage

had heat and urea sensitivities which were identical to the T6 enzyme.
The hybrid phage particle itself was shown to have a heat sensitivity
identical to that of the T6 virion, thus suggesting that it was the
soluble enzyme which was incorporated into the baseplate.

This same

experiment was performed later with the ^d_ gene and essentially iden
tical results were obtained (Capco and Mathews 1973).
This line of evidence was extended by Kozloff, who demonstrated
that phage-bearing mutations which yield temperature-sensitive dfr mole
cules or td molecules assemble virions which are also temperaturesensitive.

It was further shown in both cases that the relative heat

lability of the virion depended upon the temperature at which the virion
was assembled (Kozloff et al. 1975; Kozloff, Crosby and Lute 1975).
Spontaneous revertants of these temperature-sensitive mutants were isolated.

In the case of the td ts mutant, when the enzyme reverted to a

wild type, or normal, heat sensitivity the virion also reverted to a
"normal" heat sensitivity.

When the frd mutant lost the heat

12

sensitivity of the enzyme, the virion exhibited an altered heat sensi
tivity (Kozloff et al. 1977).
Immunological evidence has also been brought to bear on this
question.

It has been shown that an antiserum prepared to pure T4 dfr

was capable of inactivating phage particles, and that this inactivation
was prevented by the purified enzyme (Mathews, Crosby and Kozloff 1973).
A similar antiserum prepared against the T4 td molecule was also capa
ble of inactivation of T4 phage, and this neutralization was prevented
by the purified enzyme (Capco and Mathews 1973).
The structural dfr molecule does not function enzymatically dur
ing the infective process (Dawes and Goldberg 1973, Male and Kozloff
1973).

Male and Kozloff (1973) have proposed that leakage of compounds

functionally similar to pyridine nucleotides from the host cell causes
a nonenzymatic conformational change in the structural dfr molecule,
and that this change is involved in the infection process.

Dawes and

Goldberg (1973) have demonstrated that the structural dfr molecule func
tions in the early stages (landing and pinning) of the adsorption pro
cess but not in the later stages (penetration, unplugging and DNA
injection).
fined.

The function of the structural td molecule is less well de- -

Kozloff, Crosby and Lute (1975) have shown that the td and dfr

molecules are adjacent in the baseplate and can interact with each
other, which suggests that td functions in the early stages of infec
tion also.
This utilization of a protein molecule by T4 phage for two sepa
rate functions is not unique to just the dfr and td molecules.

Other

T4-induced enzymes have been proposed to be virion components also.
These include the product of the T4 e_ gene, lysozyme (Emrich and
Streisinger 1968, Yamazaki 1969); phospholipase (Nelson and Buller 1974)
ATPase (Dukes and Kozloff 1959, Tikhonenko and Poglazov 1963); the alt
gene product, which is responsible for the alteration of the a subunit
of the host KNA polymerase (Horvitz 1974); and endonuclease V (Shames,
Lorkjewicz and Kozinski 1973).
The occurrence of enzymes as virion components is not limited
to phage T4.

The well-known reverse transcriptase of RNA tumor viruses

is perhaps the most famous example of such an enzyme (for a recent re
view, see Wu and Gallo 1975).
ple of this phenomenon.

Influenza virus provides a second exam

Its virion contains a neuraminidase activity

(Klenk and Choppin 1970).

Goals of This Work
One question which is immediately raised concerning the presence
of the dfr and td enzymes in the phage baseplate is how many copies of
each protein molecule are incorporated into each virion?

Kozloff has

published data indicating that there are six copies of the folate de
rivative in each particle (Kozloff et al. 1970b) and that the protein
binding this moiety is the T4 dfr (Kozloff et al. 1970a).

This latter

conclusion was based primarily on the finding that the dfr was in the
same location on the phage particle as the folate moiety.

If more di

rect evidence could be obtained concerning the stoichiometry of these
structural enzymes, the argument that the dfr does bind the folate
could be evaluated.
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A further goal of this work was to evaluate the biological
functions of these structural enzymes by analysis of the phenotypes of
known phage mutants altered in the frd and td_ genes.

Several phage mu

tants are available which do not synthesize enzymatically active pro
teins, but do assemble infective virions.

This could be interpreted to

mean that these enzymes are nonessential for virion morphogenesis and
function or that inactive and even incomplete proteins can fulfill the
structural requirements. If virions can be assembled in the absence of
any dfr or td molecules, the implications for the function of these
molecules in the baseplate would be significant.

Furthermore, deletion

mutants were available which purported to delete the entire frd and/or
td gene, but which made material during infection of the host, IS. coli,
that would react with antisera prepared against each of the two puri
fied enzymes.

Thus, it is of interest to obtain some information which

would help to resolve this discrepancy.
Finally, the objectives of assessing the function of the dfr
molecule and determining the number of molecules present would be served
if the enzyme could be more accurately localized in the baseplate com
plex.

Specifically, in which baseplate substructure is the enzyme

located?

MATERIALS AND METHODS

Description and Maintenance
of Bacterial Strains
IS. coli B is the wild type strain used in these experiments,
and is a nonperraissive host for amber phage mutants.

12. coli CR63 is

the permissive host used for growth and titering of the amber phage mu
tants employed in these studies.

Both of these strains have been main

tained in the laboratory of Dr. Christopher K. Mathews'*" for several
years.

IS. coli K594A was used as the restrictive host for rll phage

mutants and was obtained from Dr. David Mount"*".

El. coli CT526 is one

of a set of 26 wild type IS. coli strains isolated at the California
Institute of Technology and was used as a restrictive host for the
phage deletion mutants studied.
All of these strains were maintained on nutrient agar slants
stored at 4°C.

Bacteriophage Strains
T4D is the wild type phage strain used in these experiments.
Table I lists the amber mutant bacteriophage strains, giving the gene
mutated, and from where each was obtained.
Three deletion mutants, T4del(63-32)1, T4del(63-32)7, and
2

T4del(63-32)9, were obtained from Jon Weil .

These were reported to

1.

University of Arizona, Tucson, Arizona.

2.

Vanderbilt University, Nashville, Tennessee.
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Table I. T4 Amber Mutants Used in This Study.
Mutant
B272

Gene
23

Source
H. Bernstein-^

N43

td

L. Kozloff^

N54

td

L. Kozloff

frdll

frd

C. K. Mathews^-

E10

45

C. K. Mathews

23/23/53
J. King3
B17/H11/H28
^University of Arizona, Tucson, Arizona.
^University of Colorado Medical Center, Denver,
3

Massachusetts Institute of Technology, Cambridge,
Massachusetts.
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be lacking some of the DNA in the region between genes 63 and 32 (Homyk
and Weil 1974).
T7 phage, used for one control experiment, was from the collec
tion of Christopher K. Mathews^.

Media
M9 medium (Adams 1959) consists of 6.0 g Na2HP04, 3.0 g KH2PO4,
1.0 g of NH4C1, 0.2 g MgS04, 0.01 g CaCl2, 0.005 g Fe(NH4)2(S04)2 and
3.0 g of glucose per liter.

SM9 medium is identical to M9, except for

the addition of 2.0 g of Casamino acids per liter.

M9 salts refers to

a solution containing just the Na2HP04, KH2P04 and NH4C1.
Nutrient agar plates contain 23.0 g of nutrient agar, 4.0 g of
nutrient broth and 5.0 g of NaCl per liter.

Hershey soft agar contains

8.0 g of nutrient broth, 5.0 g of NaCl and 7.0 g of Bacto agar per li
ter.

Nutrient agar slants contain 15.0 g of nutrient broth, 20.0 g of

Bacto agar and 5.0 g of NaCl per liter.
Nutrient broth, nutrient agar, Bacto agar, and vitamin-free
Casamino acids were all purchased from Difco.

Reagents
Reagents for polyacrylamide gel electrophoresis were from East
man Kodak.

Sodium ,dodecylsulfate was from Sigma, as was dimethyl sul

foxide (DMSO), 2,5 diphenyloxazole (PPO) and Triton X-100.
Goat antiserum to rabbit IgG was purchased from Gibco.
drofolate

1.

Dihy-

was prepared by the method of Futterman as modified by

University of Arizona, Tucson, Arizona.
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Friedkln, Crawford and Misra (1962). It was stored as a powder in
evacuated tubes.

The enzymes DNase I ( beef pancreas, noncrystalline)

and RNase-A (bovine pancreas, type 11-A) were both products of Sigma,
as was BSA (fraction V).

Chloramphenicol and rifampicin were Sigma

products also.
Sephadex G-100 was a product of Pharmacia Fine Chemicals.
DEAE - cellulose used was Cellex-D from Bio Rad laboratories.

The

Radio

chemicals were purchased from New England Nuclear.

Preparation of Bacteriophage Stocks
Wild type TAD or T7 was grown by coring a single overnight
plaque with a sterile Pasteur pipette and injecting this into an aer
ated 40 ml culture of 12. coli B when the cell density reached 40 Klett
q

units (1.5 x 10
37°C.

cells/ml).

The medium was SM9 and the temperature was

The cells were aerated vigorously until lysis occurred.

sionally 2-3 drops of CHCl^ were added to promote lysis.

Occa

Alternatively,

the cells were infected with a multiplicity of 0.01 phage per bacterium
also at a Klett reading of 40, with other conditions the same.
Amber mutants were grown on the host E,. coli CR63.

The condi

tions were the same as those used for T4D except that the single plaque
was added to the cells at a Klett reading of 30.

When larger stocks

were desired, the culture was infected when the Klett reading was 50
with 0.05 phage per bacterium.
The deletion mutants were grown in the same manner as the amber
mutants.
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The crude phage lysates were subjected to a low speed centrifugation at 3000 x £ for 10 minutes to remove bacterial debris, and then
the phage were pelleted at 140,000 x & for 45 minutes in a Beckman type
35 rotor (95 minutes for T7).

The pellet was resuspended in one-tenth

to one-twentieth the original culture volume of sterile M9 salts and
subjected to a final centrifugation at 3000 x
move particulate material.
were 10

11

12

to 10

for 10 minutes to re

Titers of stocks prepared in this manner

plaque-forming units (PFU) per milliliter.

Stocks

were stored at 4°C.
The titers of phage stocks were determined by the plaque assay
technique (Adams 1959).

The overlay was 0.8% Hershey soft agar and

the plates were 1.5% nutrient agar.

Amber mutant stocks were routinely

titered both on 12. coli B and on _E. coli CR63.

Stocks were discarded if

the B/CR63 ratio was greater than 10-<!f.
The plating efficiencies of the deletion mutant stocks were
also checked.
K594A.

The restrictive hosts were 12. coli CT596 and 12. coli

The permissive host was 12. coli CR63.

strictive

As before, if the re

to permissive- ratio was greater than 10-^, the stock was

discarded.

Centrifugation
Unless otherwise noted, all centrifugations were performed at
4°C.

For

values less than 20,000, a Sorval RC-2B centrifuge was used.

Values higher than this were obtained with a Beckman preparative
ultracentrifuge.
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Measurement of Radioactivity
The scintillation cocktail used exclusively in this work is
Triton X-100/xylene-based and was described by Fricke (1975).

Measure

ments were made in a Beckman LS-230 or LS-250 liquid scintillation spec
trometer for all beta-emitting isotopes.
When measuring 125j0(jine, a Nuclear Chicago gamma counter was
used.

Protein Determination
Protein concentrations were determined by the method of Lowry
et al. (1951) or by using the biuret reagent as described by Gornall,
Bardawill and David (1949).

In both cases, bovine serum albumin was

used to prepare a standard curve.

Abbreviations Used in This Work
The enzymes, dihydrofolate reductase and thymidylate synthetase,
are abbreviated dfr and td, respectively.

The T4 mutants, del(63-32)l,

del(63-32)7 and del(63-32)9, are abbreviated dell, del7, and del9, re
spectively.

SDS is the abbreviation for sodium dodecylsulfate.

Sev

eral proteins were used for standardization purposes and are
abbreviated as follows:

BSA = bovine serum albumin, OVAL = ovalbumin,

CA = carbonic anhydrase and MYO = myoglobin.

The term p37 indicates

the protein product of gene 37, and pY is a phage tail component which
is the product of an unknown gene termed Y.

An underlined abbreviation

refers to a gene, such as the frd gene or the td_ gene.
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Preparation of
Phage-infected Cell Extracts

For the Isolation of Radioactively Labelled Bacterio
phage Structural Components
The procedure used was essentially that described by King and
Laemmli (1973) and Kikuchi and King (1975a). IS. coli B was grown with
vigorous aeration to either 2 or 3 x 108 /ml in M9 medium and infected
with a phage containing the amB272 mutation (tail isolation) or T4amB17,
amHll, amH28 (wedge isolation) at a multiplicity of 5 phage per bac
terium.

In the latter case, tryptophan was added to a concentration of

20 ug/ml at the time of infection.

Viable bacteria were measured at 5

minutes post-infection to insure that greater than 90% of the cells were
infected.

Cultures were routinely superinfected at either 7 or 10 min

utes post-infection, with the same multiplicity, to promote lysis in
hibition.

The infected cells were harvested 45 minutes after infection

by centrifugation in a Sorvall SS-34 rotor at 3500 rpm. for 7-8 minutes.
These somewhat gentler centrifugation conditions are used to minimize
cell breakage.
The wedges were labelled with 1 uCi/ml of a mixture of "^Camino acids, from 20-45 minutes.

Several different labelling schemes

were used for phage tails and are described where appropriate in the
text.
After centrifugation, the pelleted cells were resuspended in
1 ml of M9 buffer by employing a vortex, and a Pasteur pipette fitted
with a rubber bulb.

The method of lysis was either freeze-thaw using
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solid CC^/acetone and a 37°C water bath (2-3 cycles) or by vortexing
with 2-3 drops of CHCl^.

The method of lysis made a difference in the

protein composition of isolated tails, which is indicated in the Results
section.

Both methods were used for wedge isolation.

After lysing the infected cells, MgSO^ was added to 10 mM and
DNase I added to 20 ug/ml, and the mixture incubated at room tempera
ture for 30 minutes.

EDTA was then added to 50 mM and RNase to 20 ug/ml.

After a second incubation for 30 minutes at room temperature, the de
bris was centrifuged out of the extract at 10,000 rpm in a Sorvall
SS-34 rotor for 10 minutes.

Wedges were stored at 4°C in cellulose

nitrate tubes coated with BSA and lysozyme (Kikuchi and King 1975a) to
minimize adherence of the particles to the walls of the tube.

The tubes

used for sucrose gradient sedimentation of wedges were similarly
treated.

Double Antibody Pre
cipitation Experiments
A 100 ml culture of IS. coli B was grown in M9 medium at 37°C
g

with forced aeration to a density of 3 x 10 /ml.

The appropriate phage

were added at a concentration of 5 phage per bacterium.
(90 yCi) was added at 3 minutes post-infection.

14
C-leucine

Viable bacteria were

measured at 5 minutes and a 1000-fold excess of nonradioactive leucine
was added at 17 minutes.

The cells were harvested by centrifugation at

20 minutes (Sorvall SS-34, 10 minutes, 5000 rpm) and resuspended in
1 ml of 10 mM Tris, 10 mM MgCl2, 0.1 mM EDTA, 0.1 mM DTT, 10 mM KC1,
5% glycerol pH 7.9.

The cells were then lysed with 3 cycles of

freeze-thawing (solid CC^/acetone and a 37°C 1^0 bath), 20 ug of DNase I
and 10 ug RNase A were added and the mixture was incubated at room tem
perature for 30 minutes.

Cellular debris was removed by centrifugation

at 27,000 x £ for 15 minutes.

The extract was stored at -20°C.

Ribonucleotide
Reductase Assays
One hundred milliliters of E. coli B were grown to a density of
8
o
2 x 10 /ml in SM9 at 37 C with forced aeration.

The appropriate phage

were added at a multiplicity of 5, and cell killing was measured at 5
minutes.

Fifteen minutes after infection, the cells were collected by

centrifugation at 5000 rpm for 10 minutes in a Sorvall GSA rotor.

The

cell pellet was resuspended in 1 ml of 10 mM Tris, 10 mM 2mercaptoethanol, 25% sucrose, pH 7.4, and sonically disrupted using a
Branson sonifier on a setting of 3 with 3/20-second bursts.

Debris

were removed by centrifugation at 10,000 rpm in a Sorvall SS-34 rotor
for 15 minutes.

Extracts were assayed immediately because of the la

bile nature of the enzyme.

Dihydrofolate
Reductase Assays
One hundred milliliters of E. coli B were grown to a Klett read
ing of 80 (3 x 10^/ml) with vigorous aeration at 37°C in SM9 medium.
The cells were infected with a multiplicity of 5 phage per bacterium,
and viable bacteria were measured at 5 minutes post-infection.

The in

fected cells were harvested at 15 minutes post-infection by centrifuga
tion at 3000 x £ for 10 minutes.

The cell pellet was resuspended in

2.5 ml of 0.1M Tris-HCl, 0.1 M 2-mercaptoethanol, pH 7.4, and sonically

disrupted exactly as described for the preparation of extracts for the
ribonucleotide reductase assay. Debris were removed by centrifugation
in a Sorvall SS-34 rotor at 10,000 rpm for 15 minutes.
stored frozen at -20°C.

Extracts were

T4 dfr activity is stable for at least one

month under these conditions.

Enzyme Assays

Dihydrofolate
Reductase Assays
The reaction mixture for the dihydrofolate reductase assay con
tained 50 mM potassium phosphate buffer, pH 7.0, 5 mM 2-mercaptoethanol,
0.08 mM dihydrofolate, 0.08 mM NADPH, enzyme and water to 1.0 ml.

The

dihydrofolate was added to start the reaction and the decrease in op
tical density at 340 nm was followed with a Gilford Model 2000 spectrophotometer.

A value of 12,000 M — 1cm — 1 for the molar absorptivity was

used to calculate the amount of product formed.

Ribonucleotide
Reductase Assay
The reaction mixture contained the following:

30 yl of a solu

tion which was 0.33 M HEPES, 3.33 mM EDTA, and 60 mM MgCl^, pH 7.6,
10 yl of 20 mM ATP, 10 yl of 0.135 M DTT, 10 yl of 7 mM UDP, 10 yl of
8 mM NADPH, 5 yl of ^C-UDP (0.5 yCi) and 50 yl of enzyme to yield a
final reaction volume of 125 yl.

The mixture was incubated at 37°C for

15 minutes, an equal volume of 10% TCA was added, and the precipitate
collected using an Eppendorf centrifuge.

Aliquots of the reaction mix

ture were spotted 2 cm from the bottom of a PEI-cellulose thin layer
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chromatogram along with 15 nmoles each of UTP, UDP, UMP, dUTP, dUDP, and
dUMP.

The thin layer plate was washed for 5 minutes in methanol, dried

and treated in the following manner.

The chromatogram was developed in

methanol for 2 cm, up to the position of the sample spots.

It was then

placed in 1M ammonium acetate, 2.5% boric acid, pH 7.0, and developed
another 2 cm. The final developing solution was 2.5 M ammonium acetate,
3.6% boric acid, pH 7.0, which was run to the top of the chromatogram
(approximately 20 cm).

The marker spots were viewed under an ultravio

let lamp, cut from the chromatogram and placed in 1 ml of 0.1 M HC1 for
10 minutes.

Seven and one-half milliliters of a Triton X-100/xylene-

based scintillation cocktail were added and the radioactivity present
determined by liquid scintillation counting.

Alkaline Phosphatase
Assay
One M Tris HC1, pH 8.0, was made 0.5 mM in p-nitrophenylphosphate
(Sigma).

Twenty-five microliters or 50 pi aliquots to be assayed were

added to 1 ml of this solution in a cuvette, and the increase in absorbance at 408 nM was followed with a Gilford 2000 spectrophotometer.

Inactivation of
Bacteriophage by Antiserum
Freshly prepared phage stocks were diluted to 10^ plaque-forming
units per milliliter in 0.1 M KPO^, pH 7.0, and 0.9 ml of this added to
0.1 ml of antiserum at 37°C.

Samples (0.1 ml) were removed at the in

dicated intervals and added to 9.9 ml of ice cold 0.1 M KPO^, pH 7.0,
and surviving phage determined by the plaque assay technique.

Purification of
T4 Dihydrofolate Reductase
The procedure used was exactly as described in Erickson and
Mathews (1971), through the affinity column step.

At that point, the

preparation was not completely free of contaminating proteins (roughly
80% pure), so the material was passed twice through a Sephadex G-100
column (2.6 x 60 cm).

The buffer was 0.04 M KPO^, 0.2 M KC1, pH 7.9,

for the first passage and the same buffer containing 1 M KC1 for the
second passage.

After these steps, the preparation was greater than

95% pure, as judged by electrophoresis on 10% SDS polyacrylamide gels,
and subsequent staining with Coomassie brilliant blue.

Construction of Multiple Mutants
The multiple mutants constructed all involve the insertion of
amber gene 23 mutation, B272, into a T4 frd or _td_ mutant, to allow the
isolation of tails from the latter phage.
E. coli B was grown in SM9 to a density of 3 x 10^/ml at 37°C
and placed on ice for 15 minutes.

The frd or td_ defective parent was

added at a multiplicity of 10 phage per bacterium.
amB272 was added at a multiplicity of 1.

Simultaneously, T4

The culture was kept on ice

for 10 minutes and then transferred back to 37°C, and aeration resumed.
If lysis had not occurred after 1 hour, the culture was treated with a
few drops of CHCl^ and the debris removed by centrifugation at 3000 x
for 10 minutes.
CR63.

The progeny of the cross were then plated on IS. coli
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Plaques from this plating were tested for the amber phenotype
by stabbing them with a sterile toothpick and using the toothpick to
successively stab a nutrient agar plate seeded with E_. coli B and a
second plate seeded with IS. coli CR63.

In the case of the deletion mu

tants, further stabs were done on plates seeded with 12. coli CT526 and
IS. coli K594X.

The former restricts phage carrying the deletion and

the latter, is a nonpermissive host for phage bearing an rll mutation,
as do the deletion mutants.
Progeny were picked which grew on E,. coli CR63 but not on the
other three hosts.

The plaque from the CR63 plate was used to grow a

stock of this phage and the inability to synthesize the phage dfr and/or
td was confirmed by performing enzyme assays on extracts made from cells
infected with the mutant.
When the frd or tcl defective parent was T4frdll or T4amN54,
sterile toothpick stabs were done only on plates seeded with E. coli B
and _E. coli CR63.

Progeny displaying the amber phenotype were used to

grow up stocks which were tested for the expected enzymatic phenotype
by direct assay of infected IS. coli B extracts.

SDS Polyacrylamide Gel Electrophoresis
The apparatus and the electrode buffer used for all electro
phoresis experiments were as described by Studier (1973). The gels
were prepared as described by Laemmli (1970). The voltage was held
constant at 150 V for the roughly two hours it took for the tracking
dye to get 1-2 mm from the bottom of the gel.
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Samples were prepared for electrophoresis by mixing 5 yl of 1 M
Tris HC1, pH 7.0, 5 yl of 20% SDS, 1 yl of 0.2 M EDTA, 1 yl of 2mercaptoethanol, 10 yl of glycerol plus the material to be electrophoresed and H^O to a final volume of 100 yl.

This mixture was immersed in

boiling water for 2 minutes just prior to layering 20-40 yl under the
electrode buffer with a 0.5 ml disposable glass syringe fitted with Intramedic polyethylene tubing (PE-20) calibrated to the appropriate
sample volume.
One molecular weight determination was done on a 10% SDS polyacrylamide gel prepared exactly as described by Weber and Osborn (1969).
Forty micrograms of each standard were applied to the gel.

A four-fold

concentrated solution of the protein-solubilizing buffer was prepared
and 5 yl of it was added to 15 yl of the pure dfr.

All samples were

treated as described by the authors prior to being layered on the gel.
Electrophoresis was carried out for 8% hours at 70 ma.

The gel

was fixed overnight in 50% TCA, stained for 1% hour at 37°C in 0.25%
Coomassie brilliant blue in 50% TCA, and destained in several changes
of 7% acetic acid.

Autoradiography and Fluorography
Slab gels were dried for autoradiography in the following man
ner.

Immediately after the electrophoresis had been completed, the gel

was removed from its position between the two glass plates and placed
on a piece of Whatman 3MM chromatography paper which was 1-2 cm larger
than the gel on each side.

It was then dried as described by Maizel

(1972), or by using a Bio-Rad Model 224 gel slab drier fitted with a
rheostat set to decrease the current by 50%.
If a gel was to be fluorographed, it was impregnated with PPO
by using the method of Bonner and Laskey (1974) and dried by using one
of the techniques mentioned above.

Dried gels were stapled (via the

Whatman 3MM paper) to Kodak RP Royal "X-OMAT" film, and wrapped with
aluminum foil.

This package was taped between two glass plates to keep

it flat and the glass plates were also wrapped in aluminum foil.

The

o
exposure was done at -70 C.
The film was developed for five minutes at room temperature in
Kodak D-19, rinsed for one minute in water, and immersed for 10 minutes
in Kodak fixer.

It was then rinsed in water for 15-20 minutes and air

dried.

Preparation of Antiserum to dfr
Approximately 1 mg of the purified dfr was dialyzed against
0.04 M KPO^, 0.1 M NaCl, pH 7.0.

The final volume was 3.0 ml.

This

was mixed with 3.5 ml of Freund's complete adjuvant using two syringes
fitted to a three-way stopcock.

This mixture was injected in four sepa

rate locations in the rear leg muscles of a New Zealand White rabbit.
Two weeks later the animal was given a booster injection consisting of
0.75 mg of protein in 2.2 m. of the above buffer, mixed with an equal
volume of Freund's incomplete adjuvant.

This preparation was injected

into several areas of the animal, including each rear leg muscle, each
front leg muscle, and subcutaneously at the back of the neck.
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Two weeks subsequent to the booster injection, 40 ml of blood
was taken from the ear artery of the animal.

The blood was allowed to

clot at 37°C for two hours, and then stored at 4°C overnight.

The clot

was then removed and the serum was centrifuged at 2500 rpm in a Sorvall
SS-34 rotor for 5 minutes.

The 17 ml of serum obtained was stored in

o
1 ml aliquots at -20 C.

Purification and Radioiodination
of IgG from dfr Antiserum

Purification
Sufficient DEAE-cellulose to pour a 2 x 30 cm column was equili
brated with 10 mM KPO^, pH 8.

Ten milliliters of serum were dialyzed

against one liter of the above buffer overnight (one change).

Insoluble

material was removed by centrifugation at 10,000 rpm for 15 minutes in
a Sorvall SS-34 rotor.

After the ion exchange material had been poured

into a column and washed with two column volumes of buffer, the serum
was applied and the column was eluted with the same buffer.
rate was about 1 ml/min.
column.

The flow

With this procedure, only IgG comes off the

The column effluent was collected until the absorbance at 280

nm fell below 0.1 (approximately 100 ml) and concentrated by ultrafil
tration with an Amicon PM-30 membrane to approximately 10 ml.

This ma

terial was tested to insure that it inhibited the T4-induced dfr and
stored frozen at -20°C.

Radioiodination
The IgG prepared as described was dialyzed against the follow
ing buffer:

6.184 g boric acid, 9.536 g sodium tetraborate, 4.384 g

NaCl, made up to one liter with distilled water.

To a vial containing

125
1.5 mCi of Na
I was added 0.2 ml of the borate buffer, 0.2 ml IgG
(3.9 mg/ml) and 0.1 ml of a freshly prepared chloramine T solution (50
mg/100 ml).

This

was mixed for 2-3 minutes and 5. ml of borate buffer

were added.

This mixture was dialyzed against 250 ml aliquots of the

borate buffer with frequent changing.

After approximately two days,

the radioactivity in the dialysate remained constant and the prepara
tion was concentrated to about 1 ml by packing the dialysis bag in solid
sucrose, and stored at -20°C.

Sucrose Gradient Sedimentation Analysis
of the Binding of "*"^I-IgG to
Bacteriophage, and Their Substructures
The 125I-IgG preparation was dialyzed against the following buf
fer:

10 mM potassium acetate, 1 mM MgC^, 0.15 M KC1, pH 5.

The su

crose solutions for density gradients were also made up in this buffer.
Fresh phage and tail preparations were pelleted and resuspended in the
above buffer.

Intact T4D phage were pelleted in the TY 35 rotor at

35,000 rpm for 45 minutes at 4°C.
same conditions for 95 minutes.

T7 phage were pelleted under the

Phage tails were pelleted in the

o
SW50.1 rotor at 50,000 rpm for 2.5 hours at 4 C.

In each case, after

the pellets were resuspended any insoluble material was removed by
centrifugation at 3000 x £ for 10 minutes.
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Wedges used for this analysis were obtained as the peak frac
tions of sucrose gradients (pH 5) run on infected cell extracts pre
pared as described in this section.
Binding of the radioiodinated IgG to these particles was deter
mined by mixing aliquots of the IgG preparation and the particle in
question and incubating at 30°C for 30 minutes.

These mixtures were

then layered on 5 ml 5-20% sucrose gradient and sedimented such that
the particles in question were separated from the soluble IgG.

See the

Results section and figure legends for centrifugation conditions.

Double Antibody Precipitation of dfr
This procedure was modified from Roberts and Roberts (1975).
One hundred microliters of an infected cell extract prepared as de
scribed above were mixed with 10 yl of the dfr antiserum.

This mixture

was incubated at 37°C for 30 minutes and 100 yl of goat anti-rabbit IgG
were added and a second incubation at 37°C for 30 minutes was performed.
The mixture was then incubated at 4°C overnight.

The mixtures were

transferred to fresh tubes and the precipitates were pelleted at
3000 x j* for 15 minutes.

The precipitates were thoroughly resuspended

in 0.5 ml of 50 mM Tris, 1.2 M KC1, 1.2% Triton X-100, pH 7.5.

The

precipitates were repelleted and washed again with the same buffer.
They were washed a final time with 0.5 ml of 50 mM Tris, 0.1 M NaCl,
pH 7.5.

The pelleted material from this last wash was resuspended in

30 ul of the electrophoresis mixture described earlier, and heated to
100°C for 2 minutes.

The mixture was then ready for electrophoresis.
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When necessary, it was stored at -20°C and reheated to 100°C for 2 min
utes before applying it to the gel.

Stoichiometry of
Phage Tail Proteins
Radioactively labelled T4D and phage tails were prepared by in
fecting IS. coli B with T4D or amB272, respectively. The cells were
grown at 37°C to a density of 2 x 10^/ml in 40 ml of M9 supplemented
with 50 yg of leucine per milliliter.

Cultures were infected with five

phage per bacterium, and, at 4 minutes post-infection, the surviving
bacteria were measured to insure good synchrony of infection.

One min

ute later the infected cells were pelleted by centrifugation and sus
pended in 40 ml of fresh M9, prewarmed to 37°C, and containing 5 yg of
leucine per milliliter plus 300 yCi of [ H]leucine (New England Nuclear;
specific activity, 84 Ci/mmol).

The amB272 infected culture was super-

infected at the same multiplicity 2 minutes later.

After the cells were

suspended in ["^H] leucine, 1 ml samples of each culture were removed at
20 minute intervals for T4D infection and at 10 minute intervals for the
mutant-infected cells.

These samples were rapidly membrane filtered

(Millipore Corp.), placed on ice, and treated as follows.

A 500 yl

amount of each filtrate was mixed with 200 yg of bovine serum albumin
(20 yl of a 1% [wt/vol] solution), and 500 yl of 10% trichloroacetic
acid was added.

This mixture was allowed to stand at room temperature

for 15 minutes, after which the precipitated protein was pelleted by
centrifugation.

The amount of radioactivity in the supernatant was

taken as a measure of the amount of labeled leucine remaining in the

growth medium.

This was done to ensure that the specific activity of

the pool of labeled leucine available for protein synthesis did not
change significantly throughout the course of infection.
At two hours after infection, chloroform was added to complete
lysis of the T4D-infected cells, and cellular debris was removed by
centrifugation at 3000 x £ for 10 minutes.

The amB272-infected cells

were harvested .45 minutes after infection and treated as described in
the Results section.

The supernatant containing T4D was returned to

o
37 C, and 40 pi of a saturated MgSO^ solution, 40 vg of bovine pancre
atic DNase I (Sigma Chemical Co.), and 40 ug of RNase A (bovine pan
creas; Sigma type II-A) were added.

After 30 minutes, the phage were

pelleted by centrifugation in a Beckman type 35 rotor at 35,000 rpm for
45 minutes at 5°C.

The pellet was suspended gently in 0.4 ml of M9

salts, and the large pieces of insoluble debris were removed manually by
holding the centrifuge tube horizontally and rotating it.

The insoluble

material sticks to the wall of the centrifuge tube and the rotational
motion carries the debris out of the phase suspension.

This method was

preferred to a second centrifugation because it was necessary to mini
mize breakage of the fragile tail fibers, as the stoichiometric calcu
lations were to be based on the known number of tail fibers per phage
particle.

The labeled tails were pelleted by centrifugation in a Beck-

man SW65 rotor at 65,000 rpm for 2 hours at 5°C.

There was essentially

no visible debris in this preparation, and often there was no visible
pellet.

The tails were resuspended in 0.4 ml of M9 salts and were

further purified by sedimentation through a sucrose gradient as de
scribed previously.

The intact phage were also further purified by
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sedimentation through a 5 ml 5-20% (wt/vol) sucrose gradient.

The cen-

trifugation was carried out in a Beckman SW65 rotor at 25,000 rpm for
o
20 minutes at 20 C.

The gradients were fractionated, and the distribu

tion of radioactivity was determined as previously described.
Electrophoretic analysis of the contents of the peak fractions
of the sucrose gradients was accomplished on 10% sodium dodecyl sulfatepolyacrylamide slab gels.

The gels were impregnated with 2,5-

diphenyloxazole, dried, and exposed to x-ray film as described earlier.
Each developed film was realigned with the gel that exposed it, and re
gions of the gel containing certain proteins that are products of known
phage genes were identified and cut out of the gel.

These gel fragments

were solubilized by treatment with 0.5 ml of either a Protosol-water
solution (9:1, vol/vol) at 55°C overnight or 0.88 M NH^OH in 30% ^02
at 37°C for 36 hours.

The latter treatment is slightly more efficient

for releasing counts from the gel.

One-half milliliter of 0.1 M HC1

and 7.5 ml of a Triton X-100 based cocktail were added, and the amount
of radioactivity present was determined by scintillation counting.
Counting efficiency was about 20%.

Determination of the
Sedimentation Coefficient of dfr

Crude Enzyme
8

One hundred fifty milliliters of IS. coli B at 3 x 10 /ml were
infected with T4D at a multiplicity of 5.
at 30 minutes by centrifugation.

This culture was harvested

The cells were resuspended in 2 ml of

0.1 M Tris HC1, 0.1 M 2-mercaptoethanol, pH 7.4, and sonicated to
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clarity with a Branson sonifier.

The debris was removed by centrifliga

tion at 10,000 rpm in a Sorvall SS-34 rotor, and an equal volume of
saturated (NH^^SO^ added.

This mixture was kept on ice for 20 minutes,

and the precipitate was collected by centrifugation at 3000 x £. This
precipitate was resuspended in 0.5 ml of 0.1 M Tris HC1, 0.1 M 2mercaptoethanol, pH 7.4, and 30 ul of a 10 mg/ml alkaline phosphatase
preparation (Sigma) were added as a marker.

The mixture was dialyzed

against 500 ml of the above buffer for 4 hours, with one change.
Two 5 ml 5-20% (w/w) sucrose gradients in 0.1 M KPO^, pH 7.0,
were formed in a cold room.

Two-tenths of a milliliter of the dialyzed

mixtures were layered on each.

Centrifugation was in the SW50.1 rotor

at 50,000 rpm for 15 hours at 4°C.

The gradients were fractionated in

the cold by pumping from the top and were assayed for enzyme activity.

Pure Enzyme
Fifteen microliters of the pure dfr (0.225 mg/ml) was mixed with
10 pi of the alkaline phosphatase preparation and diluted to 0.8 ml with
0.1 M KPO^, pH 7.0.

Four-tenths of a milliliter of this was layered

on each of two sucrose gradients prepared as described and centrifuged,
fractionated, and assayed as described above.

Sephadex G-100 Molecular
Weight Determination of dfr
Sufficient gel to pour a column 60 cm long and 2.6 cm in di
ameter was swelled at room temperature in 0.04 M KPO^, 1.0 M KC1, pH
7.0, for three days.

This mixture was shaken and decanted several

times to remove the fines, and equilibrated at 4°C for several hours.

The column was poured in a cold room, with care being taken that the gel
bed not be exposed to a hydrostatic head of more than 5-6 cm.

When all

of the gel had settled, the top of the column was fitted with a Pharma
cia flow adaptor, and a Buchler Polystaltic pump was used to equilibrate
the gel bed to a flow rate of 1 ml/minute.

When 2-3 column volumes had

been pumped through, the flow adaptor was lowered to the surface of the
gel bed.

The bed was checked for uniform packing with Blue Dextran

2000, and the void volume, as measured with this marker, was 82.7 ml.
The standards were 3 mg/ml, and 2 ml of each were pumped on the
column at 20 ml intervals.

The standards were applied in the same order

as their elution from the column:
and myoglobin.

BSA, ovalbumin, carbonic anhydrase,

Two milliliter fractions were collected.

The column

effluent was assayed for protein by measuring the ^qq. An aliquot of
the enzyme (22.5 pg) was diluted to 2 ml with the elution buffer and
pumped on the column.
ml aliquots assayed.

Two milliliter fractions were collected and 0.1

RESULTS

The Association of Proteins Synthesized
Early in Infection with the Phage Tail
In order-to pursue the goals mentioned in the Introduction, a
method allowing the direct demonstration of one or both proteins as a
virion component was needed.

The isolation of the tail of T4 phage and

characterization of the protein components thereof has been reported by
Jon King and his collaborators (King and Mykolajewycz .1973; King and
Laemmli 1973; Kikuchi and King 1975a,b,c).

This group used the technique

of SDS polyacrylamide slab gel electrophoresis, and it seemed that this
method was likely to provide the answers to some of the questions about
the structural roles of these two enzymes.
Both dfr and td are early proteins in contrast to almost all
structural proteins whose synthesis starts after the onset of DNA syn
thesis.

Thus, it seemed likely that this temporal difference in the

expression of these two transcriptional classes could be exploited to
allow visualization of these early proteins as components of late syn
thesized tails.
T4 dfr (Erickson and Mathews 1971) and the subunit of T4 td
(Capco, Krupp and Mathews 1973) were each reported to be 29,000 daltons
and should therefore electrophorese in SDS between gp 9 and gp 11, which
are 34,000 and 24,000 daltons, respectively. This should provide a
sensitive assay for structural proteins of the isolated baseplate which
could be specifically labeled at early times.
38
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Gene 23 (head-) mutants were grown in nonpermissive cells (with
superinfection for lysis inhibition) and labeled with
from 2-6 minutes.

14
C-amino acids

The culture was concentrated and lysed at 45 minutes.

After DNase and RNase treatment and removal of debris, the tails were
purified by sedimenting an aliquot of the extract on a sucrose gradient
(Figure 4). Figure 5 compares the labeled proteins found in such tails
(after electrophoresis on 10% polyacrylamide gels) with similar tails
in which both early and late proteins (5-45') and only late proteins
(20-45') were labeled.
There are two early-labeled proteins associated with the tail.
The larger has a molecular weight of 40,000 daltons and the smaller is
migrating with the tracking dye and the product of gene 25, which has a
molecular weight of 15,000 daltons (King and Mykolajewycz 1973).

There

are no detectable early proteins in the area bracketed by the products
of genes 9 and 11.
the technique.

This could be due to insufficient sensitivity of

Another possibility is suggested from the information

accumulated about the morphogenesis of the T4 head.

There are at least

four T4 head-related proteins which are cleaved during morphogenesis
(Casjens and King 1975, p. 572).

Therefore, it seemed likely that

either of these two proteins could be related to the T4 dfr or td by a
precursor-product relationship, although there are no known cleavage
reactions which occur during the assembly of the T4 tail.
bility was tested in the following manner.

This possi

All of the mutants in our

collection which were believed to synthesize an incomplete dfr or td
molecule were genetically crossed with the amber gene 23 mutant, B272,
to produce progeny which contained the mutations present in both
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Figure 4.

Sucrose Gradient Sedimentation of Phage Tails.
A ^C-labeled (20-45 minutes) T4amB272 infected IS. coli B
cell extract was prepared as described in Materials and Meth
ods. An aliquot of this was layered in a 5 ml, 5-20% sucrose
gradient and centrifuged for 45 minutes at 43,000 rpm in an
SW65 rotor at 20°C. The gradient was fractionated and 50 yl
aliquots of each fraction counted.
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Figure 5.

Protein Components of Wild Type Tails Labeled from 2-6, 5-45,
and 20-45 Minutes.
Labeled phage tails were prepared as described in the text
and Materials and Methods and purified on 5-20% sucrose gra
dients. Seventy-eight microliters of the appropriate sucrose
gradient fractions were used to prepare an electrophoresis
mixture as described in Materials and Methods. Twenty micro
liter aliquots of these mixtures were electrophoresed through
a 10% SDS polyacrylamide gel. The gel was impregnated with
PPO, dried and exposed to film at -70°C for two weeks and
the film was developed. The two early-synthesized proteins
associated with the tails are clearly shown in the 2-6 mi
nute track. Notice the increased intensity of the smallest
band in the 5-45 minute track as compared to the correspond
ing band in the 20-45 minute track. Some of the bands are
correlated with their structural genes in the last track.
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parents.

In this way, tails could be isolated from these mutants which

would be expected to be missing the enzyme protein(s), or to contain a
defective fragment of one or both of these proteins.

Table II lists

the mutants used for this series of experiments along with their phenotypes.

Repeating the initial experiment using these mutants should re

veal if either of these enzymes is related to one of the early proteins
found associated with the wild type phage tail^
from this experiment.

Figure 6 shows the data

It can be seen that both early-synthesized pro

teins are present in each of the mutants tested.

This rules out the

possibility that the 40,000 dalton protein is a precursor molecule to
either enzyme (dfr or td).

This experiment does not, however, rule out

the possibility that the smaller protein is a cleavage product of one
of the enzymes, which is being produced normally by the mutants tested.
The finding that there were two early-synthesized proteins associated
with the T4 tail was of interest regardless of whether they are related
to dfr or td and further characterization was undertaken.

Further Characterization of
the Early-synthesized Proteins
Associated with the T4 Tail
The larger of the two proteins was investigated first.

Exami

nation of Figure 6 reveals that the intensity of the 40,000 dalton pro
tein seems to vary with respect to that of the other tail proteins,
from preparation to preparation.

For example, in the del9 data, the

band is quite faint in the 2-6 minute column and practically invisible
in the 5-45 minute column.

In correlation with the observation that

the amount of this protein associated with a tail is variable, it was

Table II.

Mutants Examined for the Presence of the Earlysynthesized Tail Components.

Mutant
N54

Type of Mutation
amber

dfr Activity
4-

td Activity
-

frdll

amber

-

+

dell

deletion

+

-

del7

deletion

-

-

del9

deletion

am

•~'4is3

<** m%
i ••••:.?
tis2sb» • »(.»

«» em

del I

del 7

del 9

N54

frd II

Figure 6. Protein Components of Tails from T4 Mutant Phage.
Tails from phage-bearing mutations affecting the frd and/or td_ genes were
labeled, purified and electrophoresed on 10% gels as described. See Table II
for descriptions of mutant phenotypes. All mutants examined had both earlysynthesized proteins associated with their tails. The larger of these two
proteins is nearly undetectable in the 5-45 track of del9. See text.
•e•p-

noticed that the technique used to lyse the infected cells when prepar
ing the tails also made a marked difference in the amount of this pro
tein found associated with the tails on a sucrose gradient.

Specifically,

lysing the infected cells with CHCl^ essentially eliminates this protein
from tail preparations, whereas freeze-thawing the cells does not inter
fere with the association between this protein and the tail.
not true of the smaller protein.

This is

In one of the early papers concerning

T4 tails, King and Laemmli (1973) state that they observed a 40,000 dalton protein associated with early-labeled tails and suggested that it
might represent an E. coli membrane protein.

It has been reported that

E_. coli membrane protein synthesis is not shut off as rapidly after in
fection as are the majority of host proteins, with some synthesis de
tectable as late as 5 minutes after infection (Pollock and Duckworth
1973; Beckey, Wulff and Earhart 1974).

Thus, it seemed possible that

the 40,000 dalton, early-synthesized protein associated with T4 tails
could be a host-membrane protein.

In order to test this possibility

and to determine if the association was a specific one, the following
experiment was performed.

Two exponentially growing stocks of JS. coli

B were labeled with a radioactive amino acid mixture.

Prior to infec

tion, the label was chased,, and one culture was infected with the 23
mutant, B272.

The other was infected with E10, an amber mutant in gene

45 which is unable to synthesize DNA, makes no late proteins and there
fore no tails.

The cultures were then treated in the same manner as

those cultures from which labeled tails were isolated.
made and aliquots sedimented through sucrose gradients.

Extracts were
If this
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protein is an E. coli protein, it should be visible in the gradient
fractions containing the T4 tails.

If the association is specific with

the tail, it should be absent from corresponding gradient fractions from
the DO (45 ) mutant which synthesized no tails.
periment are shown in Figure 7.

The data from this ex

Substantial radioactivity was detected

in the 40,000 dalton band from the gradient fractions which contained
the tails.

There was a very low level of radioactivity in the corre

sponding fractions from the 45" gradient.

This suggests some degree of

specificity in the association of this host protein with the T4 tail.
The nature of this association is suggested in work done by Brown and
Anderson (1969), who showed that T4 particles newly released from in
fected cells contain electron microscopically visible debris clinging
to the baseplate.

This debris was identified as cell membrane-derived

material which is slowly lost as the phage ages.
There is little doubt that the 40,000 dalton protein is an _E.
coli membrane protein.

It has to be a host protein, as these were the

only proteins labeled in the previous experiment.

That is is membrane-

derived is indicated by the fact that these are the only known host
proteins still being synthesized 5 minutes after T4 infection.

Addi

tionally, membrane fragments could sediment at 70S, explaining the
presence of the protein in the appropriate fractions of the 45" gradi
ent.

The data from Brown and Anderson (1969) confirm that membranous

material can be found associated with phage tails.

Whether this mater

ial has any function is unknown, but the fact that this material is
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Figure 7. Protein Components of Phage Tails Isolated from Cells
Labeled Prior to Infection.
Two cultures of IS. coli B were prelabeled with -^C-amino
acids for one generation prior to phage infection in nonra
dioactive medium. One culture was infected with T4amB272
(23~, to yield wild type tails) and the other with T4amE10,
a mutant in gene 45 which synthesizes no late proteins and
therefore makes no tails. Cell extracts were prepared and
aliquots sedimented on 5-20% sucrose gradients. Samples of
those gradient fractions corresponding to the migrational
position of naked tails (determined from a companion gradi
ent) were electrophoresed, as were late-labeled tails for
comparison. The larger of the two early-labeled proteins is
present in both of the prelabeled tracks, indicating that it
is a host protein. See text for further discussion.

lost over a period of time without affecting phage viability suggests
that its function is minimal.
The smaller of the two tail-associated, early-synthesized pro
teins differs from the larger in that it is not labile to CHCl-j, and it
appears consistently in those preparations where it would be expected
(in early and early plus late-labeled tails), suggesting a more specif
ic association with phage tails.
tion front in Figure 7.

There is labeled material at the migra

This has to be host-derived, and it is possible

that the smaller protein is host-derived also.

Figure 8 shows an early

and an early plus late tail preparation which was run on 12.5% gels in
an attempt to resolve the material into differently migrating compo
nents, possibly a host protein and the gene 25 product.

It is clear

that the material which migrates with the tracking dye on 10% gels ap
pears to be homogeneous on 12.5% gels.

Therefore, its components must

be of identical molecular weight, or the gene 25 product is a phage pro
tein which is made both early and late during infection.

The latter

conclusion seems the more provable because of the stable association
of this material with the baseplate, and the observations of Beckey et
al. (1974), who investigated _E. coli membrane proteins and found no
clear evidence of a protein with a molecular weight of 15,000.
Several attempts were made to demonstrate the early synthesis
of the gene 25 product; however, it was never possible to identify this
protein on gels of infected cell extracts due to the large number of
proteins present in this region of the gel.

While the evidence is not

conclusive, it seems likely that this small early-synthesized component
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Figure 8. Homogeneity of the Most Rapidly Moving Tail Component on
12.5% Gels.
Wild type tails labeled late and early plus late with
Swere purified and electrophoresed on 12.5% SDS gels.
The arrow indicates the migrational position of the tracking
dye. The most rapidly migrating band is clearly more heav
ily labeled i-n the early plus late (5-45 minute) labeled
track.
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of T4 tails is the product of gene 25.

Thus, this gene would appear to

be transcribed both early and late during infection.

Stoichiometry of Some of
the T4 Tail Proteins
The failure to detect dfr or td as an early-labeled component
of phage tails seemed most likely to be a problem of sensitivity, par
ticularly in light of the absence of interfering tail proteins in this
region of the gel.

As was implied earlier, subsequent work revealed

that dfr does migrate with one of the tail structural proteins.
was not known when these experiments were conceived.

This

Therefore, the

specific question I wanted to answer was, would a protein in this size
range be detected on gels if it were present in only one copy per tail?
Answering this question required knowledge of the number of copies of
some of the proteins in the baseplate.

To determine these values, I

prepared intact phage and phage tails, all of whose protein components
had been labeled with (H)-leucine drawn from a pool whose specific
activity had not changed during the entire labeling period.
The protocol was designed such that all of the leucine utilized
for protein synthesis was supplied exogenously.

This was accomplished

by growing the cells, before infection, in medium supplemented with
50 ug/ml of leucine, which represses the leucine-biosynthetic enzymes
(Freundlich, Burns and Umbarger 1963).

The infection was carried out

such that the cells had no opportunity to induce any enzymes in response
to the lowered levels of leucine present during the phage growth cycle
(see Materials and Methods).

When the ( H)-leucine was added after

infection, sufficient nonradioactive leucine was present to insure that
the amount of isotope utilized for protein synthesis was a small per
centage (less than 10%) of the total (Figure 9).

Thus, all of the leu

cine utilized in the manufacture of proteins in the infected cells after
the addition of label and up to the termination of infection was drawn
from a pool with a constant specific activity.

Therefore, the amount of

isotope present in a specific gene product in the purified phage or tail
preparation is proportional to the number of copies of that gene pro
duct, with appropriate corrections for molecular weight and leucine con
tent.

Both the phage tails and intact phage were purified by a cycle of

differential centrifugation and, finally, on sucrose gradients (Figure
10) as described in Materials and Methods.

The protein components of

the peak fractions from the sucrose gradients were separated by SDSpolyacrylamide slab gel electrophoresis and visualized by fluorography.
The products of genes 37, 7, 34, 10, and 12 have been identified by
other laboratories on gels of complete phage (King and Laemmli 1971,
1973; Ward and Dickson 1971) and are well separated from their nearest
neighbors in the gel (Figure 11).

These bands were then cut from the

gel, and their radioactivity was determined.

The numbers of copies of

gene products 7, 10, and 12 were calculated by assuming that there are
12 copies of p37 in one phage particle (Ward and Dickson 1971).

The

numbers calculated with p34 as standard are quite low because of its
high leucine content (7.99%) (Takata and Tsugita 1970).
tained are presented in Table III.

The values ob

Calculations for the purified tails

were based on six being the number of copies of p7 in one tail.

This
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Figure 9. Utilization of H-leucine Pool during Labeling of T4D for
the Stoichiometry Experiment.
8 x 10* E. coli B cells were grown in the presence of 50 yg/
ml leucine. The cells were infected with T4D, collected and
resuspended in fresh growth medium (40 ml) containing 5 yg/ml
leucine and 300 yCi of ^-leucine. At the indicated times
post-infection, a 1 ml aliquot of the culture was rapidly
Millipore filtered and placed on ice. To a 500 yl aliquot of
the filtrate, 200 yg of BSA was added, followed by 500 yl of
10% TCA. The precipitated protein was pelleted by centrifugation and an aliquot of the supernatant counted. After the
initial uptake by the cells, the pool of radioactive leucine
decreased by only a few percent. Thus, all of the proteins
manufactured in the infected cells were synthesized from a
leucine pool of constant specific activity.
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Figure 10. Sucrose Gradient Purification of Intact T4D and Phage Tails
for the Stoichiometry ExperimentWhole phage and tails labeled with [^ h] leucine were pellet
ed, resuspended and sedimented through sucrose gradients.
The centrifugation conditions were as described in Materials
and Methods. Fifty microliter aliquots of the gradient
fractions were counted.
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Figure 11. Fluorogram of a 10% SDS Polyacrylamide Gel Used for Stoichiometry Determinations.
Intact T4D and purified tails were electrophoresed on gels
as described. After fluorography, the gel was realigned
with the film and the gene products identified were cut from
the gel and their
content measured. Gene product iden
tifications were made by comparison with published SDS gel
electropherograms (King and Laemmli 1973; Kikuchi and King
1975a).

Table III.

Stoichiometry of T4 Tail Proteins. — Molecular weights
from King and Mykolajewycz (1973). Calculations were
based on three separate determinations. Examples of the
range of cpm values for intact phage were: p37—336968 cpm; p7—201-576 cpm; for tails: p7—567-2405 cpm,
p!9—1062-5205 cpm.
Mol. Weight
Molecules per Particle
Daltons x 10-^
T4D Phage
T4 amB272 Tails
Gene Product
140
5.2
Sa (6)
7
9

34

N.D.b

8.9

10

88

17.0

15.5

11

24

N.D.

21.4

12
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20.6

19.6

19

21

N.D.

87.2

25

15

N.D.

11.9

34

150

15.4

N.P.c

S (12)
120
N.P.
37
= gene product used as standard for quantitating other proteins.
^N.D. = not determined.
CN.P. = not present.
aS

is the number postulated by Kikuchi and King (1975a) and is in good
agreement with the experimentally determined value for whole phage.
Gene products 7, 10, 12, 9, 11, 19, and 25 are well separated from adja
cent proteins in the gels of purified tails and are easily identified
(Figure 11).
Table III.

The calculated values for these proteins are presented in

It should be emphasized that these values are not corrected

for leucine content.

Such a correction could easily change some of the

values by a factor of 2.
The values presented in Table III suggest that a protein compo
nent of a phage tail which was present in only one copy per virion would
be quite difficult to detect. Longer exposure times of the film to the
gel are not always productive due to the "smearing" of the bands of the
proteins present in large numbers and the appearance of low-level con
taminants in the preparation.

There is the additional consideration

that in all of the labeling protocols used, never was the label present
throughout the entire time during which these two early enzymes are syn
thesized.

More data directly relevant to this point is presented below,

and the implications of this information will be covered in the
discussion.

Co-migration of Purified dfr
and pY on SDS Polyacrylamide Gels
The results presented above suggest that altering the labeling
protocol, careful preparation of the sample to prevent contamination,
and longer exposure times would allow a reasonable expectation of de
tecting the early synthesized phage-coded proteins which are components

of phage tails.

When these modifications were tried, however, they

proved unsuccessful.

No early-synthesized proteins were found in the

expected region of the gel, that is, the area to which a protein of
molecular weight 30,000 daltons would migrate.

Longer exposure times

also have the effect of blurring or smearing the more prominent bands
present in a fluorogram, which would obscure lighter bands migrating
close to them in a gel.

In order to verify the expected migrational

position of dfr with respect to the other tail proteins, a modification
of the technique developed by John Erickson (Erickson and Mathews 1971)
in this laboratory was used to purify the enzyme.

It was necessary to

use the pure enzyme, because this protein had not been detected on gels
of crude extracts at that point.

The modified procedure used in the purification was identical
to the Erickson procedure, except that it contained an additional step.
The enzyme was not pure after the affinity chromatography step.

Two

successive passages through a Sephadex G-100 column removed nearly all
of the contaminating material, yielding a protein approximately 90-95%
pure as judged by SDS gel electrophoresis.
When this protein was run on a slab gel next to a tail prepara
tion, it was quite surprisingly

found to migrate with pY (Figure 12),

the only genetically unidentified protein in the phage tail (Kikuchi
and King 1975b).

The exact co-migration of these two species is diffi

cult to ascertain by visual inspection in this experiment because of
the necessity of slicing the slab gel and staining one portion to de
tect the enzyme and using the second portion for fluorography to detect
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Figure 12.

Co-migration of Purified dfr and pY.
Both the purified protein and a labeled preparation of tails
were electrophoresed on a (the left-hand side of the figure)
10% SDS slab gel. The portion of the gel containing the en
zyme was fixed and stained with Coomassie brilliant blue and
the portion containing the labeled tails was fluorographed.
An arrow indicates the position of the faint pY band. See
text for Rf values.

the tail proteins.

This co-migration is more clearly apparent when the

migration relative to the tracking dye (R^ value) is calculated for
each species.

The

value for the stained dfr is 0.792.

The R^ value

for pY is 0.795.
The immediate question is raised as to the molecular weight of
T4 dfr.

In this gel system both pY and dfr are migrating as though

their molecular weight were 22,000.

This value is based on the pub

lished molecular weights for the T4 tail proteins (Kikuchi and King
1975a).

This is significantly different from the published value for

dfr of 29,000.

The Addendum to the Results chapter pursues this in

detail.
The observation that pure dfr co-migrated with the only genet
ically unidentified phage tail protein was very intriguing.

If the two

were identical, the expression of the frd gene was operating under an
unusual control mechanism.

It has been stated numerous times in this

work that the frd gene is considered to be an early gene, and Mathews
(1967a) showed that this enzyme activity reaches a peak in infected
cells by 10 minutes after infection, and remains constant throughout
the latent period (the time between phage infection and the appearance
of progeny phage in the culture).
tein.

On the other hand, pY is a late pro

It was not labeled in tails isolated from cells which had been

pulse-labeled from 2-6 minutes after infection (Figure 5).

In order

for these proteins to be identical, there would have to be some late
synthesis of dfr occurring specifically for incorporation into phage
tails, with some kind of control mechanism to prohibit the

early-synthesized enzyme from being incorporated into tails.

This type

of control could conceivably be accomplished by a rapid turnover of the
early synthesized enzyme being balanced by continued synthesis of the
protein later in the infective cycle, thus producing the steady-state
levels of enzyme activity observed by Mathews (1967a).

The Duration of Synthesis of dfr
during the T4 Infective Cycle
One approach to determining if the constant level of dfr activ
ity seen in infected cells is due to equal rates of enzyme turnover and
enzyme synthesis is to ask if newly synthesized enzyme protein can be
detected in cells later than 10 minutes after infection. This was ac
complished using the SDS slab gel technique and fluorography to examine
some of the proteins which can be labeled with "^C-amino acids at dif
ferent times after infection.

The purification of the enzyme had al

lowed the identification of the frd gene product for the first time on
SDS polyacrylamide gels of crude infected cell extracts (Figure 13).
However, it was not clear that dfr was the only protein present in this
band, so a double antibody precipitation technique was developed to
allow the detection of the dfr in a crude

14

C-amino acid labeled in

fected cell extract.

A rabbit antiserum was prepared to the purified dfr enzyme, as
described in Materials and Methods.

The purity of the enzyme prepara

tion is indicated by the single precipitin line obtained on Ouchterlony
double diffusion plates when the antiserum is challenged by the pure
antigen (Figure 14).
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Figure 13.

Identification of the dfr Band in Crude Extracts.
An aliquot of T4D-infected cells which had been labeled
from 5-25 minutes after infection was electrophoresed
through a 10% SDS gel. The gel was subjected to fluorography. The arrow shows the migrational position of the
purified enzyme which was run on the same gel and stained.

Figure 14. Ouchterlony Double Diffusion Experiment Supporting the
Purity of the dfr Preparation.
The center well was filled with 8 yl of the antiserum and
one outer well loaded with 8 yl of the enzyme preparation
(0.39 mg/ml). The diffusion was allowed to proceed over
night in a sealed, humidifed chamber.

The double antibody precipitation technique involves incubating
an aliquot of the infected cell extract to be tested with rabbit anti
serum prepared to the purified enzyme.

The mixture is incubated at 37°C

for 30 minutes and enough goat antiserum to rabbit IgG is added to pre
cipitate all of the rabbit IgG present.

This mixture is first incu

bated at 37°C for 30 minutes and then at 4°C overnight.

The following

morning the immunoprecipitates are collected, washed extensively to
remove nonspecifically-bound proteins, resuspended in electrophoresis
buffer, heated to 100°C for 2 minutes, and electrophoresed through 10%
SDS polyacrylamide slab gels. The gels are then fluorographed. The
ability of the anti-dfr serum to specifically precipitate a phage pro
tein, as compared to control sera which co-migrates on the gel with the
purified enzyme, is shown in Figure 15.

That this protein is dfr is

indicated by its migrational position in the gel, the fact that the an
tiserum inhibits the enzyme activity in crude extracts and the demon
stration presented later that certain mutants lacking dfr enzyme
activity also lack this band.
This double antibody precipitation technique was used to inves
tigate the synthesis of dfr at later times during infection.

Six expo

nentially growing cultures of _E. coli B were infected with T4.

A

mixture of 14C-amino acids was added simultaneously with the phage to
the first culture.

Five minutes after infection, ^C-amino acids were

added to the second culture and the first was chased with Casamino
acids. This chase was allowed to continue for 3 minutes and the cul
ture was harvested.

All of the remaining cultures were superinfected
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Figure 15.

Specificity of the Double-antibody Precipitation Technique.
A culture of T4D-infected IS. coli B was labeled from 3 to 17
minutes post-infection and used to prepare an extract. Aliquots of the extract were challenged with three different
rabbit antiserum preparations. Goat anti-rabbit IgG was used
to insure efficient immunoprecipitate formation. The pre
cipitates were washed extensively and electrophoresed. The
left-hand track shows the proteins precipitated with an an
tiserum to T7 phage. The center track shows the proteins
precipitated with the antiserum to purified dfr, and the
right-hand track shows the proteins precipitated by serum
obtained from the same rabbit used to prepare the anti-dfr
serum, prior to antigen injection. The arrow shows the
specific precipitation of the dfr protein. See text for
discussion.

at 7 minutes. Ten minutes after infection, the second culture was
chased.

The four remaining cultures were labeled for successive 5 min

ute periods, 10-15, 15-20, 20-25, and 25-30 minutes post-infection.
Each was chased for 3 minutes at the end of the labeling period and har
vested.

Extracts were made and each extract subjected to the double

antibody precipitation analysis.

The results are shown in Figure 16.

It can be seen that no detectable enzyme is being synthesized after 15
minutes. The majority of the enzyme is manufactured during the first
5 minutes of infection, and significant quantities are made between 5
and 10 minutes post-infection.
minute labeled culture.

Only a trace is detectable in the 10-15

It is clear, therefore, that the observed

steady-state levels of dfr enzyme activity present in T4-infected cells
after 10 minutes post-infection do not represent an equilibrium condi
tion wherein the rate of turnover of the enzyme is equal to its rate of
synthesis.

Rather, the enzyme appears to be synthesized only between

0 and 10 minutes post-infection and then to undergo little or no turn
over until lysis.

The postulate that dfr and pY may be identical is

not supported by this experiment because of the observed lack of syn
thesis of dfr in the later stages of infection.

Rate of Turnover of the dfr Protein
A corollary experiment was performed to check the conclusion
that dfr undergoes very little turnover during the course of infection.
An exponentially growing culture of IS. coli B was infected with
wild type T4 and pulse-labeled with a "^C-amino acid mixture from 2-6
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Figure 16. Duration of Synthesis of dfr.
Double-antibody precipitation analyses were performed on
six phage-infected cell extracts labeled for the time pe
riods indicated. The arrow indicates the dfr band. Nearly
all of the synthesis of the enzyme occurs in the first 10
minutes of infection.

minutes post-infection.

The chase was accomplished by adding a 2500-

fold excess, by weight, of Casamino acids.

Beginning with 10 minutes

post-infection, aliquots of the culture were withdrawn and added im
mediately to an equal volume of crushed ice.

The cells were collected

by centrifugation and extracts were prepared for double antibody pre
cipitation analysis as described previously.

The immunoprecipitates

obtained were subjected to analysis by SDS slab gel electrophoresis and
subsequent fluorography of the gel. The results of this experiment are
shown in Figure 17.

The band representing dfr appears, by visual in

spection, to be of the same intensity in each track.

Therefore, es

sentially the same amount of labeled dihydrofolate reductase is present
at 30 minutes post-infection as is present at 10 minutes post-infection,
after a 2-6 minute pulse. This experiment supports the conclusion ob
tained from the duration of synthesis experiment described above.

The

dfr manufactured during the infection of _E. coli B by bacteriophage T4
is synthesized primarily between 0 and 10 minutes post-infection. There
is no appreciable synthesis late in infection and the synthesized dfr
molecules are stable; in other words, they do not undergo significant
turnover. Therefore, pY and dfr cannot be related, since the former
is clearly synthesized late in the infective cycle and not early, as
is indicated by the data in Figures 5 and 6. The latter is clearly
manufactured only early in the infective cycle.
This co-migration and the probable low number of copies of the
protein present in baseplates, provide an explanation for the failure
to detect it in the first experiments discussed.

In the early- plus
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Figure 17.

Rate of Turnover of the dfr Protein.
g

«

A 150 ml culture of IS. coli B was grown to 3 x 10 cells
per milliliter at 37°C and infected with T4D at a multiplic
ity of 5. One-hundred fifty microcuries of a -^C-amino acid
mixture was added at 2 minutes post-infection and 1 ml of a
20% Casamino acid mixture was added at 6 minutes (2500-fold
excess). The culture was superinfected at 7 minutes and 30
ml aliquots were withdrawn at 10, 15, 20, 25 and 30 minutes,
added to a centrifuge tube containing crushed ice and pel
leted at 5000 rpm for 5 minutes in a Sorvall SS-34 rotor.
These cell pellets were then subjected to double-antibody
precipitation analysis. The arrow indicates the dfr band.
There is little if any turnover of the protein.

late-labeled tails, the presence of pY would mask any low levels of dfr
which might be detected.

The short four minute pulse used for the

early-labeled tails would not label all of the dfr in the cell. This
incomplete labeling plus the low numbers of copies per tail seems to
provide the most reasonable explanation for the failure to see dfr in
this experiment.

Evidence that the Structural dfr
Molecule is Located in the
Wedge-Shaped Baseplate Precursor
Kozloff et al. (1970a) provided the first evidence that the T4
dfr played a role as a structural component of the virion and localized
the enzyme to the phage baseplate.

Much more recently, work done by

Jon King and his collaborator (Kikuchi and King 1975a,b,c) has eluci
dated the mechanism by which the T4 baseplate is assembled in the in
fected cell.

This work demonstrated the existence of two major

precursors to the T4 baseplate.

One of these protein aggregates is

wedge-shaped; the other is roughly spherical, and is termed the core.
Assembly of the baseplate appears to involve the polymerization of six
of these wedge-shaped structures in a radial array around one core
which acts as a central hub.

Other proteins are then added to this

hexagonal structure to form the completed baseplate.
The existence of these two precursors immediately raised the
question as to which of them contained the structural dfr molecule(s).
The approach to this question is immunological and involves asking if
the antibody to dfr will bind to the wedge-shaped precursor.

A DEAE-cellulose ion exchange column was used to purify a quan
tity of IgG from the antiserum raised to dfr.

A portion of this IgG

was labeled with 125iodine as described in Materials and Methods.

The

ability of this radioactive IgG to bind to intact ^C-labeled phage was
tested by determining if the IgG would co-sediment with phage on a line
ar 5-20% sucrose gradient. The protocol involved purifying the phage
and resuspending them in a pH 5 buffer. The 125I-IgG was dialyzed
against this buffer also.

This pH was chosen for this set of experi

ments as a result of work done by Mathews et al. (1973) who showed that
the rate constant for the inactivation of T4 phage by antiserum to dfr,
at pH 5, was roughly twice as great as at pH 7.

Also, preliminary ex

periments using the sucrose gradient technique seemed to indicate that
the binding was more efficient at pH 5.
Aliquots of the phage and IgG preparations were mixed and incu
bated at 30°C for 30 minutes.

The mixture was then layered on a 5 ml

5-20% sucrose gradient made up in the same pH 5 buffer and centrifuged
as described in the legend to Figure 18. The gradient was then fractionated and the distribution of the 125iodine and the 14carbon counts
determined as described.
Figure 18 shows the results of such an experiment with T4D.
can be seen that the
gradient.

It

125
I co-migrates with the phage particle on the

Figure 19 shows a separate experiment wherein the

125
I-IgG

was preincubated with the purified enzyme prior to being incubated with
the phage particle.

This result indicates that the nature of the in

teraction between the IgG and the phage particle is based upon the
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Figure 18.

Binding of

1 ?S
I-IgG to T4 Phage Particles.

Fifty microliters of the radioiodinated IgG and 50 ul of a
^C-amino acid labeled T4D stock (approximately 10
pfu/ml)
were incubated at 30°C for 30 minutes. The mixture was lay
ered on a 5 ml 5-20% sucrose gradient and centrifuged at
20°C for 20 minutes in the SW50.1 rotor at 23,000 rpm. The
gradient was fractionated and the distribution of the two
isotopes determined. The ratio of 125j in fraction 9 as
compared to fraction 12 is 4.5:1.
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Figure 19. Prevention of the Binding of
by Purified dfr.

1 OR

I-IgG to T4 Phage Particles

The experiment was the same as described in the legend to
Figure 18, except that the IgG was incubated with 5 yl
(0.225 mg/ml) of the purified enzyme prior to being incu
bated with the TAD.

formation of an antigen-antibody complex, since the purified antigen is
able to prevent this interaction.

Figure 20 is a further control with

phage T7. This phage is believed not to have any dihydrofolate reduc
tase molecules as structural components and therefore should not inter
act with the IgG. The absence of such an interaction indicates that no
nonspecific trapping of antibody molecules by the complex structure of
a phage virion is occurring.

It therefore appears that there is a true

antigen-antibody interaction between the IgG and T4D, which can be
monitored by following the co-sedimentation of the IgG with the phage
particles on sucrose gradients.
A further control was performed using purified wild type phage
tails, and carrying out the experiment in the same way. These results
are shown in Figure 21, which demonstrates the interaction of the
125I-IgG and the purified wild type T4 tails.
molecules interact with the tails.

Clearly, the antibody

Figure 22 is the control in which

the antibody was preincubated with the purified antigen prior to being
incubated with the tails.

The association shown in Figure 21 was pre

vented. These data support the conclusion that the interaction observed
is based upon the antibody recognizing the dfr antigen in the tail.
The next question to be asked was, would the IgG bind to the
wedge-shaped baseplate precursor under similar conditions?

This experi

ment could not be performed with the core, as it had not yet been puri
fied.

In order to answer this question, a 23-23~53~ mutant (T4amB17

amHllamH28) originally used by King to produce wedges was employed.

A

radioactively labeled phage-infected cell extract was prepared by using
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Figure 20.

Absence of Binding of

125
I-IgG to T7 Phage.

Fifty microliters of a "^C-labeled, purified T7 preparation
were mixed with 50 yl of 125I-IgG and incubated at 30°C for
30 minutes. This mixture was then layered on a 5 ml, 5-20%
sucrose gradient and centrifuged in the SW50.1 rotor for 30
minutes at 23,000 rpm and at 20°C. The gradient was frac
tionated and the isotope distribution determined.
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Figure 21.

Binding of

125I-IgG

to T4 Tails.

Labeled T4 tails were prepared from 200 ml of infected
cells, pelleted and resuspended in 0.5 ml of the pH 5 buf
fer. Fifty microliters of this preparation were mixed with
50 pi of the ^ I-IgG, incubated at 30°C for 30 minutes, and
centrifuged through a 5 ml 5-20% sucrose gradient in the
SW50.1 rotor at 40,000 rpm for 50 minutes at 20°C. The ra
tio of
in fraction 8 as compared to fraction 12 is
22:1.
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Figure 22. Prevention of the Binding of
Purified dfr.

"IPS
I-IgG to T4 Tails by

The experiment was the same as described in the legend to
Figure 21, except that the IgG was incubated with 5 yl of
the purified enzyme prior to being incubated with the tails.
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this mutant to infect the nonpermissive host, IS. coli B, and the pres
ence of a particle with a sedimentation coefficient which approximated
that of the wedge (15S) was confirmed (Figure 23).

The protein compo

sition of this particle (peak A), as well as that of the peak of lower
S value (peak B), was determined, with the standard SDS gel technique
and fluorography. The results of this determination are shown in Figure
24 and Table IV.

All of the proteins known to be components of the

wedge-shaped particle are present. There are also some contaminating
proteins present, including tail fiber proteins, p34 and p37, and the
product of gene 12.

The tail fibers have a sedimentation coefficient

of 10S (King and Wood 1969) and represent a large proportion of the ma
terial in peak B (Figure 23).

pl2 was found by Kikuchi and King (1975a)

to be spread throughout sucrose gradients from 6S to the bottom of the
gradient.

Thus, the presence of these species as contaminants is not

surprising.

One or two other quite faint contaminants are visible, and

would not be expected to interfere.

A 15S particle with the correct

protein composition, and in relatively pure form, is therefore present
in the sucrose gradient peak.
An aliquot of this peak was mixed with an aliquot of radioiodinated IgG. The IgG for this experiment was prepared by sedimenting
an aliquot of 125I-IgG through a 5-20% sucrose gradient (pH 5) for 7
hours, at 4°C in the SW50.1 rotor at 50,000 rpm.

The 7S portion of this

gradient was the source of the IgG used for the binding experiments to
the wedge.
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Figure 23.

Isolation of the Wedge-shaped Baseplate Precursor.
O
Forty milliliters of E^. coli B were grown to 2 x 10 cells
per milliliter. Tryptophan was added to 20 yg/ml and the
cells were infected with T4B17/H11/H28 at an MOI of 5. The
labeling, harvesting and extract preparation were exactly
as in Kikuchi and King (1975a). One-half milliliter of
this extract was layered on a 5 ml, 5-20% sucrose gradient
made up in 0.1 x M9 buffer, 5 mM MgSO^, pH 7.4, and centrifuged in an SW50.1 rotor, at 50,000 rpm for 6.5 hours at
20°C. The centrifuge tube was precoated with BSA and lysozyme by filling the tube with a solution (1 mg/ml), decant
ing and drying at 60°C, to minimize adherence of the
precursors to the walls of the tube. The gradient was
fractionated and 50 yl aliquots were counted.
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Figure 24.

B

Protein Composition of the Putative Wedge-shaped Baseplate
Precursor.
Aliquots of peaks A and B were electrophoresed through a
10% SDS slab gel. The gel was dried and fluorographed.
See text for discussion.

Table IV. Rf Values for Wedge Proteins.
Gene Product
7

Molecular Weight
Daltons x 10"^
140

Rf in Tails

0..134

0,.136

10

88

0..219

0..219

6

85

0,.257

0..254

8

46

0..497

0,.515

11

24

0,.727

0,.752

53

23

0,
.834

0,
.828

Rf in Wedges

After incubation of the wedge-IgG mixture for 30 minutes at
37°C, the mixture was diluted to less than 5% sucrose with the pH 5 buf
fer and was layered on a 5-20% sucrose gradient (pH 5), centrifuged as
described, fractionated, and the distribution of the "^carbon and
125
iodine determined.

These results are shown in Figure 25, which shows

the co-migration of the wedge and IgG, indicating that dfr is a compo
nent of the wedge portion of the baseplate.

Figure 26 shows that this

binding is inhibited by preincubating the IgG with purified dfr.

The

possible implications of this finding in terms of baseplate morphogene
sis are discussed in the last chapter.

The Structural Requirements Met
by dfr and td Are Flexible
Homyk and Weil (1974) have reported extensively on the isolation
and properties of T4 strains bearing long deletions in the region be
tween genes 63 and 32 on the T4 linkage map (Figure 27). This is the
area of the T4 genome coding for the enzymes, dihydrofolate reductase
and thymidylate synthetase. Capco and Mathews (1973) determined that
the three strains, dell, del7, and del9, were unable to induce thymidy
late synthetase activity after infection, and that del7 and del9 were
also unable to induce dihydrofolate reductase activity. These find
ings were in general agreement with the data of Homyk and Weil (1974).
The viability of these phage is not surprising in terms of our know
ledge of DNA precursor metabolism, because the corresponding host cell
enzymes could provide the precursors, albeit at a reduced rate. How
ever, in terms of virion structure and morphogenesis, the viability of
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Figure 25.

I-IgG Binding to the Wedge-shaped Baseplate Precursor.
An aliquot of the wedge-containing extract was sedimented
through a pH 5 sucrose gradient. Fifty microliters of the
peak fraction of wedges was mixed with 50 yl of ^-'i-IgG
taken from the 7S region of a sucrose gradient, incubated at
30°C for 30 minutes, and diluted with sufficient pH 5 buffer
such that it would layer atop a 5-20% sucrose gradient.
Centrifugation was in an SW50.1 rotor, at 50,000 rpm for
6.5 hours at 5°C. The gradient was fractionated and the
distribution of isotope determined. The ratio of ^^1 in
fraction 3 as compared to fraction 9 is 1.66:1.

FRACTION NUMBER

Figure 26.

Prevention of the Binding of "^"'i-IgG to Wedges by the
Purified Enzyme.
The protocol was the same as that for the experiment de
scribed in Figure 21. except that the IgG was preincubated
with 5 yl of the purified enzyme prior to being exposed to
wedges.

84

del 7
del 9
del I

63

den A

nrd B

td

=—HH—1—i

dfr

32

n-i-

nrd A
—,

1

1

I

I

2

4

6

8

10

BASE PAIRS X ICT3

Figure 27.

Region Bounded by Genes 63 and 32 on the T4 Genetic Map.
The approximate positions of the genes in this area are
shown relative to the positions of the deletions as reported
by Homyk and Weil (1974). Adapted from Capco and Mathews
(1973).
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these strains suggests that dfr and td are not essential structural com
ponents, or that the deletions only extend part way into the genes, such
that partial proteins are produced.

Consistent with this latter possi

bility is the data from Capco and Mathews (1973) indicating that all
three strains are susceptible to inactivation by an antiserum prepared
against T4 thymidylate synthetase.

They also found that extracts made

from cells infected with these mutants contained material which crossreacted with the antiserum in immunodiffusion tests.

These same exper

iments were repeated with an antiserum prepared using T4 dihydrofolate
reductase purified by John Erickson (Mosher et al. 1977).

All three

strains were inactivated by this antiserum, and corresponding extracts
made from infected cells also contained material which reacted with the
antiserum as judged by immunodiffusion (Mosher et al. 1977). This same
paper presented evidence obtained from performing genetic crosses with
the del7 and del9 mutants that the frd gene was intact, and that the
inability of these strains to synthesize dfr was due to the presence of
an extra mutation in a regulatory gene controlling the synthesis of dfr.

Double Antibody Precipitation
Analysis of frdll, del7, and del9
In light of the above, it was of interest to use the double
antibody precipitation technique to ask what, if anything, these mutants
make which cross-reacts with the antiserum.

Thus, these phage, along

with the amber mutant, frdll, were used to infect exponentially growing
cultures of E_. coli B.

The infected cells were harvested 15 minutes

after infection and extracts were prepared which were used for the

double antibody precipitation analysis.
are shown in Figure 28.

The results of this analysis

Tracks 1 and 2 are the controls, which illumi

nate the band specifically precipitated by the antiserum.
that frdll, del7, and del9 are all missing this band.

It is clear

This finding is

consistent with the fact that all three do not induce dfr enzyme activ
ity in IS. coli B, and also provides confirmation of the supposition that
the double antibody technique specifically precipitates dfr.

One can

not conclude that no fragments of dfr are synthesized by del7 and del9,
however, because frdll is known to synthesize a fragment (amber peptide)
of the dfr molecule (Mosher et al. 1977) which is either not recognized
by the antiserum, or is small enough to migrate with the tracking dye.
These data support the hypothesis (Mathews et al. 1973, Dawes and
Goldberg 1973) that the structural requirements are at least sufficiently
flexible as to allow a partial polypeptide to meet them.

Ribonucleotide Reductase
Activity Induced by
the Deletion Mutants
An understanding of the exact nature of the deletion mutants
would do much to answer the question, are dfr and td essential structur
al components of T4 phage virions?

If these phage contain a deletion

mutation which extends completely through one or the other or both of
the frd and jtd_ genes, as is indicated by Homyk and Weil (1974), then
clearly the products of these genes cannot be obligatory virion compo
nents. The fact that these phage are susceptible to inactivation by
the antiserum prepared using T4 dfr, and that material exists in extracts
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Double-antibody Precipitation Analysis of the Proteins
Synthesized by frdll, del7, and del9.
Labeled extracts were prepared as described and subjected
to double-antibody precipitation analysis. Track 1 is a
control experiment performed using serum drawn from the rab
bit prior to immunization to challenge a T4D-infected cell
extract. The phage used to prepare the extracts analyzed in
tracks 2, 3, 4 and 5 were T4D, frdll, del7, and del9, re
spectively. The arrow indicates the dfr band in the T4D
track.

made from cells infected with these mutants which cross-reacts with the
antiserum in immunodiffusion tests, raises the question of the accuracy
with which the deletions were mapped.
One way to test the accuracy of the mapping data is to deter
mine if the deletion mutants synthesize the enzyme ribonucleotide reduc
tase.

Two of the genes directing the synthesis of this enzyme are

adjacent to one another and fall within the region bounded by genes 63
and 32 on the T4 linkage map (Figure 27). The expectation is that dell
will not induce this enzyme activity and both del7 and del9 will produce
this enzyme.
Exponentially growing cultures of E. coli B were infected with
these mutants.
gation.

After 15 minutes, the cells were harvested by centrifu-

Extracts wer° prepared and the assay was carried out as de

scribed in Materials and Methods.

The data are shown in Table V.

dell and del7 induce roughly wild type levels of the enzyme.
ever, induces only 39% as much enzyme as T4D.

Both

Del9, how

These results are quite

incompatible with those expected from the mapping data.

It seems ob

vious, therefore, that the positions of the deletions as shown in Fig
ure 27, are erroneous.

These data would tend to support the conclusion

that the deletions contain at least fragments of the frd and t_d genes.

A Fragment of the td Molecule
Can Fulfill Structural Require
ments for Virion Morphogenesis
and Function
One of the original observations indicating that T4 dfr was a
component of the virion was the inactivation of phage particles by anti
serum to the purified enzyme.

It was further determined that the T4
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Table V.
Phage
T4D

Ribonucleotide Reductase Assays.
Enzyme Activity (Units/mga Protein)
10.4

% T4D
100

dell

10.0

96

del7

12.3

119

T4D

16.4

100

del9
6.4
39
al unit is defined as 1 nmole UDP formed per 15 minutes.
del9 was done separately.

amber mutant, frdll, when grown on the nonpermissive host, JS. coli B,
was also susceptible to this antiserum (Mathews et al. 1973).

Male and

Kozloff (1973) determined that the dfr molecule was essential for virion
morphogenesis.

The conclusion is that the amber fragment of the enzyme

is competent for phage assembly.
A similar experiment was performed in relation to the td enzyme.
Two td amber mutants, N43 and N54, were grown on El. coli B and purified
in the usual manner.

The susceptibility of these virions to antiserum

perpared against T4 thymidylate synthetase was measured.
shown in Figure 29.

The data are

Both virions are susceptible to inactivation by

the anti-td serum as measured by the loss of their plaque-forming abili
ty.

Thus, the amber fragments produced by these mutants are also com

petent for virion assembly, indicating the flexibility in the structural
requirements for the td molecule.
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Figure 29.

Inactivation of T4N43 and T4N54 by Antiserum to T4 td.
Stocks of these mutants were prepared using the host, jE.
coli B, which allows only a fragment of the td molecule to
be produced. Each stock was purified as usual, and diluted
to 10^ plaque-forming units per milliliter in 0.1M KPO^, pH
7.0. Nine-tenths of 1 ml of this was added to 0.1 ml of
the antiserum at 37°C. One-tenth of 1 ml aliquots were
taken at the indicated times and added to 9.9 ml of cold
0.1M KPO^, pH 7.0. The surviving phage were determined by
the plaque assay technique. T4D 0—0 , N43 A—A , N54 X—y .

ADDENDUM TO THE RESULTS SECTION

The Molecular Weight of the
T4-induced Dihydrofolate Reductase
The observation presented in this chapter, that purified T4 dfr
behaved on SDS gels as though it possessed a molecular weight of 22,000
daltons, was surprising.

Accordingly, several techniques were used to

check this result, including those methods which had been used to gener
ate the data presently in the literature.
The sedimentation coefficient of the purified enzyme, and of a
crude preparation of enzyme which had been taken through the ammonium
sulfate precipitation step of the Erickson procedure (Erickson and
Mathews 1971), was determined.
in Figure 30.

The sucrose gradient profiles are shown

The marker used was _E. coli alkaline phosphatase, which

has a sedimentation coefficient of 6.3S.

The S values for the purified

and the crude enzyme were 3.66 and 3.84, respectively, as calculated
by the method of Martin and Ames (1961).

These numbers are in quite

good agreement with the value of 3.7S determined by Mathews (1967b).
The molecular weight which corresponds to a sedimentation coefficient
of 3.84 is 36,700 daltons, as calculated by the method of Martin and
Ames (1961).
A second technique used to measure the molecular weight of the
T4 dfr was gel filtration chromatography on Sephadex G-100.
used was about 50 cm long and 2.6 cm in diameter.

The column

The buffer consisted

of 40mM KPO^, 1.0 M KC1, pH 7.0, and the flow rate was approximately
92
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Figure 30.

Determination of the Sedimentation Coefficient for both the
Crude and the Purified T4 dfr.
Panel A shows the results with the purified enzyme. Panel B
shows the results with the crude enzyme. Calculations were
based on a total of 28.5 fractions for the gradient in Panel
A and 27.5 fractions for the gradient in Panel B. Alkaline
phosphatase activity O — — o , dfr activity A — A .
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1 ml per minute.
Figure 31.

The calibration curve which was obtained is shown in

The arrow shows the elution position of the purified dfr,

at a molecular weight of 41,000 daltons.
Consideration of the two molecular weight values presented
above, and the value of 22,000 daltons obtained using the Laemmli gel
system, suggest that the protein molecule was probably in the form of a
dimer during the sucrose gradient sedimentation and the gel filtration.
Although the numbers obtained are only crudely in line with this con
clusion, it is important to note the general agreement between the su
crose gradient and the gel filtration techniques.
A third technique used to examine the molecular weight of the
purified enzyme was to run an SDS slab gel using the protocol originally
employed by Erickson and Mathews (1971).

This protocol was developed

by Weber and Osborn (1969), and differs from that used in the other ex
periments reported here primarily in that the buffer used is phosphate
based, whereas a tris-glycine buffer is used in the Laemmli system.
The results of this experiment are shown in Figure 32.

The molecular

weight obtained with this method was 27,500 daltons, which is quite
close to the value of 29,000 daltons obtained by Erickson and Mathews
(1971).

It falls just within the error limits of their measurement,

which were + 1500 daltons.
The data which need to be resolved are the molecular weights
from Sephadex chromatography (41,000), from the sedimentation coeffi
cient determination (36,700), from the SDS gel technique used by
Erickson (27,500-29,000), and from the Laemmli gel system used for
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Figure 31.

Gel Filtration Analysis of the Purified dfr.
The calibration curve gives the elution volumes from the
Sephadex G-100 column for each standard protein plotted
against the log of the molecular weight of the protein.
Abbreviations used are MYO = myoglobin, mw = 18,400; CA =
carbonic anhydrase, mw = 29,000; OVAL = ovalbumin, mw =
43,000; and BSA = bovine serum albumin, mw = 68,000. The
elution volume of the dfr is shown by the arrow.
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Figure 32. Molecular Weight Analysis of the Purified dfr Using the SDS
Gel System of Weber and Osborn (1969).
The migrational position of each standard relative to that
of the tracking dye (Rj value) is plotted against the log
of the molecular weight of the protein. Abbreviations are
the same as in Figure 31. The arrow shows the migrational
position of the dfr molecule.
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most of the experiments reported here (22,000). The first two values
are quite high and probably represent aggregation states of the pro
tein, as mentioned previously.
SDS polyacrylamide gel electrophoresis is an extensively used
technique for the determination of protein molecular weights.

The tech

nique is based upon the fact that the detergent denatures and completely
surrounds a protein, thus giving all proteins a negative charge.

The

free mobilities of protein-SDS complexes are independent of the molecu
lar weight of the protein (Banker and Cotman 1972; Shirahama, Tsujii
and Takagi 1974) and the molecular weight dependencies of the mobilities
of such complexes in acrylamide gels are chiefly due to the molecular
sieving effect of the gel.
The difference in the values obtained with the two electrophor
esis systems used in this work is probably a function of the difference
in the buffers.

The lower result is most probably the correct value.

This is suggested by the fact that nearly all of the anomalously migrat
ing proteins on SDS gels reported in the literature yield higher values
than what is actually the case.

This has been shown for collagen and

collagen-related peptides (Furthmayer and Timpl 1971), for glycopro
teins (Segrest et al. 1971), and for histones (Panyim and Chalkley 1971).
Very few proteins have been reported to migrate more rapidly than would
be expected based on their molecular weight, and therefore the lowest
value obtained on SDS gels is likely to be the most accurate.

Thus,

the molecular weight of T4 dihydrofolate reductase is much closer to
22,000 daltons than the 29,000 daltons previously reported.

DISCUSSION

The Association of Proteins Synthesized
Early in Phage Infection with the T4 Tail
The finding that there are two proteins which are synthesized
early during the infection of JS. coli by phage T4 and which become as
sociated with the phage tail is of interest because almost all phage
structural proteins are manufactured after the onset of DNA replication,
that is, at later stages of the phage growth cycle (the product of gene
5 is an exception, see Jayaraman and Goldberg 1970).
The larger of the two proteins has a molecular weight of 40,000
daltons, and has been identified, with reasonable certainty, as a hostmembrane protein.

This conclusion was reached because these are the

only known host proteins which are still being synthesized as late as
5 minutes after phage infection.

All other host-protein synthesis is

rapidly eliminated by the infecting virus.

That is is a host protein

is clear, as it was a labeled component of tails isolated from cells
which had been labeled and chased prior to phage infection.

The obser

vation that the association of this 40,000 dalton protein with the
phage tail is labile to CHCl^ also points to this protein being a mem
brane component.

Furthermore, this protein was found in the 70S por

tion of sucrose gradients through which had been sedimented aliquots of
infected cell extracts which contained no phage tails, or any other
large structures, either phage- or host-derived.
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The only material in

these extracts which could sediment at this S value would be membrane
fragments.
The data of Brown and Anderson (1969) offer an explanation for
the association of this protein with phage tails.

Their observation

that debris of membrane origin was clinging to the baseplates of freshly
released phage particles provides an explanation for why the protein
was labile to CHCI3 and how it came to be associated with the tails in
the first place, as T4 tails are assembled at the membranes of infected
cells (Simon 1969).

This explanation also suggests that there is no

function for this protein (or the membrane fragment), since it disap
pears with time with no apparent effect on the viability of the phage
particle.
The smaller of the two proteins has a molecular weight of 15,000
daltons.

Its association with the tail appears to be much more specific

than that of the larger protein.

It is always present in early-labeled

tail preparations and is not CHCl^ labile.

The experiment shown in

Figure 7 indicates that there is some labeled material at the migration
front of the 45" track, but there is no proof that this host-derived
material contains a 15,000 dalton protein.
protein is host-derived must remain open.

The question of whether this
The molecular weight of this

protein was arrived at by electrophoresing an early-labeled tail prepa
ration through a 12.5% gel (Figure 8). The fastest moving and there
fore the smallest protein in the tail is p25, which has a molecular
weight of 15,000 (Kikuchi and King 1975a).

The increased intensity of

this band as compared to the corresponding band in the late-labeled
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tails indicates clearly that the small early-labeled protein migrates
exactly with p25, or that it is p25 itself which is made early, as well
as late, in infection.
The original goal of these experiments was to identify an earlylabeled protein, of presumed molecular weight 29,000 daltons, associ
ated with the T4 tail which would represent the T4 dfr or td, or quite
likely both, since the subunit molecular weight of td is the same as
that published for the dfr monomer.

This was prior to the discovery

that the purified dfr migrated as though it had a molecular weight of
22,000 daltons, and it was expected that these early proteins would fall
between p9 and pll on gels of T4 tails.

The molecular weights of these

proteins are 34,000 and 24,000 daltons, respectively.

As no early-

labeled bands were seen at this position, the problem was thought to be
one of sensitivity, and information on the stoichiometry of the tail
proteins was sought.

Stoichiometry of Some of the
Protein Components of the T4 Tail
The number of copies of p7 in one tail was determined to be 5.2.
While no data have been published on the stoichiometry of the T4 tail
proteins, Kikuchi and King (1975a) mentioned in the discussion section
of a paper that their unpublished data indicated the probability of one
copy of p7 per wedge-shaped baseplate precursor with six of these being
present in a completed baseplate.

The close agreement between the value

obtained here and the value suggested by Kikuchi and King lends support
to the validity of these results.

It must be remembered, however, that
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values obtained are based on the leucine content of these proteins,
most of which are not known. Leucine was chosen as the labeling agent
because a literature survey indicated that the variability in the leu
cine content was low in those phage proteins for which the amino acid
composition had been determined, and because leucine is not metabolized
to any other amino acid.

The critical parameter is the ratio of the

leucine content of a given protein to that of the protein used as the
standard to calculate the stoichiometric values.
is to unity, the more accurate the determination.

The closer this ratio
The lack of informa

tion on the leucine content of most of these proteins prohibits making
the appropriate correction in the final values, and some of them could
be off by as much as a factor of two.

It seems unlikely that a greater

difference than this would be found in the relative leucine contents of
these proteins.
These stoichiometric values allow some predictions to be made
concerning the number of copies of the dfr molecule present in the tail
structure.

By consideration of the numbers of counts found in these

protein bands, the molecular weight of the dfr molecule, and its leucine
content, it is possible to predict the number of counts which would be
present in one dfr molecule.

Using this knowledge and information con

cerning the sensitivity of the fluorographic technique (Bonner and
Laskey 1974), one can estimate that the probable upper limit of the
number of copies of dfr per baseplate is six.
with the six-fold symmetry of the baseplate.

This number is consistent
Of course, the reason why

the dfr molecule was not detected is its co-migration with pY, which
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masked the early protein.

The same argument can be applied to the ques

tion of the stoichiometry of the td molecule, although it is less rigor
ous because the amino acid composition of the protein is unknown.

Six

is the likely upper limit of the number of td subunits per baseplate.
The number of copies of either of these enzymes cannot be large, due to
the failure to detect them in the gels on which the 2-6 minute pulselabeled tails had been electrophoresed.

The expectation was that the

absence of labeled structural proteins in these gels would make the de
tection of any major early-labeled component in the tail structure quite
simple.

As this did not occur, these enzymes must be relatively minor

components of the baseplate, in terms of quantity. It is pertinent to
point out that a 2-6 minute pulse label does not cover the entire period
of early enzyme synthesis and therefore a considerable amount, perhaps
50%, of the enzyme present in the cell is unlabeled.

The contamination

of the tail preparation with labeled host proteins makes adding the
label at an earlier time (i.e., before 2 minutes after infection) unpro
ductive.

Long exposure times present a similar problem; contaminants,

which are usually phage proteins, begin to appear.

It is thus very dif

ficult to reliably detect minor baseplate components, including a minor
component which is synthesized early during infection.

The Observed Migrational Position
of Purified dfr with
Respect to T4 Tail Proteins
While the observation that the purified T4 dfr molecule migrated
with a molecular weight of 22,000 daltons was surprising, in light of
the expected molecular weight of 29,000 daltons, it became immediately

obvious why extended exposure times, higher specific activity isotopes,
and extended labeling periods had not detected this component of the
T4 tail. The co-migration of dfr and pY was particularly intriguing
for another reason.

pY is the only genetically unidentified protein

in the T4 tail, and it seemed a rather startling coincidence that this
long-sought-after tail component should migrate with the only protein in
the tail which has not been correlated with its structural gene.

The

possibility that these two proteins might be identical was argued against
by the fact that dfr is clearly syntehsized early in the infective cy
cle, whereas pY is just as clearly synthesized late in the cycle.

If

these two were identical, there would have to be some synthesis of dfr
late in infection.

Two experiments were done to check this possibility.

Using the double-antibody precipitation technique, the rate of turnover
of dfr was examined-

Although the method is only semiquantitative, it

is clear that dfr synthesized from 2-6 minutes after infection is still
present in the infected cell 30 minutes after infection.

Thus, there

appears to be little turnover of dfr during infection, and there is no
reason to believe that this dfr is not available for baseplate morpho
genesis, which seems to rule out the possibility that pY and dfr are one
and the same.

If some unknown mechanism were operating which allowed

the selective use of a late-synthesized pool of dfr for virion morpho
genesis, then this baseplate component would behave as though it were
a true late protein, and could still be pY.

Therefore, an experiment

was performed which asked at what times after infection is dfr synthe
sized?

More to the point, is there any evidence which points to dfr
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being synthesized late in infection?

The results of the experiment in

dicated that nearly all of the enzyme was synthesized during the first
10 minutes, with no detectable synthesis after 15 minutes.

It therefore

appears that dfr is a true early protein and is not identical to pY.
The sensitivity of the double-antibody precipitation technique
is unknown.

It does not depend upon efficient formation of a precipit-

able dfr-antibody complex, however, because the precipitation is accom
plished by formation of a complex between the rabbit IgG and a goat
antibody to this protein.

An excess of the anti-dfr is used in the in

cubations, which should scavenge most of the enzyme present in the cell,
including any low levels of late-synthesized enzyme.

The intensity of

the dfr bands in Figure 16 suggest that the exposure was long enough to
detect any low levels of radioactivity which might be present.

These

factors suggest that the sensitivity is sufficient to detect low levels
of synthesis, and that no dfr is synthesized late in infection.
One of the questions raised by this observed migrational posi
tion of dfr is, what is the true molecular weight of the molecule?

In

the Addendum to the Results section, several methods used to determine
the molecular weight of this molecule were evaluated and the conclusion
was reached that the protein is smaller than had been thought—probably
between 22,000 and 25,000 molecular weight. This conclusion is support
ed by the observations (Erickson and Mathews 1971) that this is one of
the largest molecular weights reported for any dihydrofolate reductase
and that this enzyme had one of the highest turnover numbers reported
for a dfr molecule.

There is one experiment, which was performed by
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Erickson (Erickson and Mathews 1971), that is in conflict with this con
clusion.

This experiment involved the titration of a known amount of

enzyme with the stoichiometric inhibitor Methotrexate, to determine the
number of binding sites for Methotrexate per enzyme molecule.

The data

yielded the result of one binding site per molecule, and this number
was calculated by use of a molecular weight of 29,000 daltons. The
agreement was very good between the moles of Methotrexate needed to
completely inhibit the enzyme activity and the moles of enzyme present.
These data certainly provide support for the molecular weight value de
termined by Erickson and by Mathews, and it is difficult to determine
the true explanation for this inconsistency.

It is certainly difficult

to purify to homogeneity biological macromolecules and have them retain
all of their biochemical activity.

All purified proteins lose their

biological activity with time, and it is difficult to conceive of a
pure preparation of a biological macromolecule in which all of the mater
ial present is biologically active.

If some of the dfr in the prepara

tion used for the Methotrexate titration experiment were inactive, a
lesser amount of this inhibitor
zyme activity.

would be needed to eliminate the en

This could explain why the experiment did not indicate

that there was something more than one Methotrexate binding site per
29,000 daltons of protein.

The Structural dfr is a Component
of the Wedge-shaped Baseplate Precursor
The finding that dfr is a component of the wedge-shaped base
plate strongly suggests that there are six molecules of dfr per phage
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particle.

More than this (i.e., some multiple of six) would be expected

to be detectable in gels of the early-labeled tails.

Certainly, there

can be no less than this number, as there are six wedges per baseplate
XKikuchi and King 1975c).

This number is further supported by the find

ing of Kozloff et al. (1970b) that there are probably six copies of the
dihydropteroylhexaglutamate moiety in the baseplate.

It was proposed

by Kozloff et al. (1970a) that the structural dfr was the protein which
binds this moiety.
It has been shown that gene 28 is involved in the synthesis of
this pteridine molecule (Kozloff and Lute 1973; Kozloff, Lute and Baugh
1973) and that gene 28 is involved in the synthesis of the core or cen
tral part of the baseplate (Kikuchi and King 1975b).

One might specu

late that it is the interaction between the structural dfr and the
folate moiety which holds the core and wedges together.

It has been

shown that the baseplate does not contain the dihydropteroylhexagluta
mate molecules until after the tail tube has been added (Kozloff et al.
1970b).

Therefore, it is possible that the addition of this folate

moiety serves to lock the core into the baseplate prior to the polymer
ization of gp 19 to form the tail tube.
The results of Kozloff, Crosby, Lute and Hall (1975) and of
Mosher et al. (1977) suggest that the structural dfr molecule lies be
neath gp 11.

As gp 11 is known to be a component of the wedge-shaped

baseplate precursor (Kikuchi and King 1975a), these data support the
conclusion that the structural dfr molecule is a component of the
wedge-shaped particle.
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The Flexibility in the Structural
Requirements for dfr and td
The initial characterization of the deletion mutants by Homyk
and Weil (1974) raised a serious challenge to the conclusion that there
was an absolute structural requirement for the dfr molecule, as was
postulated by Kozloff et al. (1970a).

It is clearly impossible for the

dfr to be an obligatory structural component if a viable T4 mutant ex
ists which contains a deletion encompassing the entire frd gene.

For

this reason, much effort has been applied to the characterization of
these deletions.
Mathews has provided evidence that none of the three deletions,
dell, del7, or del9, totally deletes either the frd or the Jxl gene
(Capco and Mathews 1973, Mosher et al. 1977). This evidence involved a
demonstration that material existed in extracts made from cells infected
with any of the three deletions, that would react with antiserum pre
pared to either purified dfr or td, as measured by immunodiffusion on
Ouchterlony plates.
infected E. coli.

There was no reaction with an extract made from un
It was also shown that these same antisera would in

activate these mutant phage particles, indicating that at least some
fragment of each enzyme was being synthesized by each deletion.

Fur

ther evidence suggested that the frd gene might be intact in these
strains.

The immunodiffusion data and antiserum inactivation data also

held true for an amber dfr mutant, frdll, when IS. coli B was the host.
The antiserum used in the above experiments was prepared with T4
dfr purified by John Erickson (Erickson and Mathews 1971).

This anti

serum was different from that which I prepared using my enzyme, in that
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my antiserum is not lethal to phage particles, but, as shown, does bind
to them.
The double antibody precipitation analysis of extracts prepared
from cells infected with the del7 and del9 strains, which have a dfrphenotype, was designed to ask if there are any detectable fragments of
this enzyme synthesized by these phage.
cluded in this experiment also.

The amber frd mutant was in

None of the three mutants manufactured

any material which was specifically precipitated by the antiserum.

Of

course, one limitation of this experiment is that any species with a
molecular weight lower than 15,000 daltons will be migrating with the
tracking dye and will not be resolved on these 10% gels.

A second pos

sible factor is the position of the antigenic determinant recognized
by the antiserum for the dfr molecule.

If it is on that part of the

molecule coded for by the deleted part of the gene, then the remaining
fragment would not be precipitated by the antiserum.

This experiment

does imply that any fragments of the dfr molecule which are synthesized
by the deletions are probably small, as must be the amber fragments
synthesized by frdll.

Thus, the structural requirements for the dfr

molecule are quite flexible and will accommodate fragments of this en
zyme which are significantly smaller than the intact molecule.
The conclusion that the deletion mutants do not totally delete
the frd gene is one that requires some further confirmation, because of
the discrepancy in the results of two different laboratories.

Figure 27

shows the positions of the deletions as reported by Homyk and Weil (1974)
with respect to the Wood linkage map (Wood 1974).

This juxtaposition
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shows del7 and del9 to extend through gene 32, which is an essential T4
gene.

This situation is incompatible with the viability of the phage.

It should be noted at this point that a recent abstract from Mosig's
laboratory (Mosig et al. 1978) mentions some viable T4 mutants which
partially delete gene 32.

The exact nature of these mutants is not

clear and must await a full publication before their significance can be
evaluated.

It is certain that gene 32 is an essential gene and that T4

phage are not viable without some form of an active product of this
gene.

Returning to the discussion of the deletion mutants, dell is shown

to extend through the frd gene, which is not consistent with the obser
vation that this mutant induces normal levels of dihydrofolate reductase.
These observations must mean that the end points of the deletions lie
at least 2000 base pairs to the left of the points indicated in Figure
27.

Thus, the overall position of the deletions is questionable.

The

ribonucleotide reductase assays performed on these phage also cast doubt
on their positioning with respect to each other.

The expectation would

be that none of these phage would induce this enzyme, if the shift in
position just described is accurate.

However, both dell and del7 in

duce normal levels of nrd enzyme activity.

Moreover, del9, which was

reported by Homyk and Weil to be nearly identical to del7, only induces
39% of the wild type levels of nrd enzyme activity.
cannot be as similar as is shown in Figure 27.

Thus, del7 and del9

It is also difficult to

conceive of how dell could be as long a deletion as reported and delete
a portion of the J^d_ gene, but not the nrd gene or the frd gene, which
are adjacent to it on either end.

There are clearly some errors in the
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reported mapping of these deletions, both in the overall positioning and
in the lengths of the deletions themselves.

Anthony DiRenzo, of this

laboratory, has presented evidence that these mutants do not delete the
frd gene either wholly or in part.

Rather, his data suggest that these

phage contain an additional mutation which prohibits the expression of
the frd gene (Mosher et al. 1977).

In light of these serious questions

which have been raised, the deletions certainly do not provide a firm
basis for stating that the dfr and td molecules are dispensable for
baseplate morphogenesis, as might have been initially concluded.
The fact that antiserum to purified thymidylate synthetase inac
tivates the virions of the amber J^d mutants when propagated in the re
strictive host is further evidence that a fragment of the td molecule
can perform adequately the structural role of this enzyme.

Thus, the

morphogenic requirements which are met by this enzyme are quite flexible
also.
Neither the number of td molecules in the baseplate nor the lo
calization of these molecules in this structure has been determined.
However, it seems likely that td is also located in the wedge-shaped
baseplate precursor, as it has been shown to interact with the struc
tural dfr and to be covered by gp 11 (Kozloff, Crosby and Lute 1975).
The probable number of copies of td in the baseplate is six, as
any multiple of six would have been detected in the labeled tails (Fig
ure 5).
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Summary of Results
The T4 structural dfr molecule is 'a component of the wedge-shaped
baseplate precursor, and is almost certainly present in six copies per
virion.

There can be no fewer than six because this is the number of

wedges in each baseplate.

It is quite unlikely that there are more

than six (i.e., some multiple of six) because a protein present in this
quantity would be detected in the early-labeled tails.
The molecular weight of the T4 dfr molecule is not 29,000 daltons as previously reported, but 22,000 daltons.

This revised value is

based upon the observed co-migration of the purified T4D dfr molecule
and pY on SDS gels.

It is this co-migration which prevents the visuali

zation of dfr as a component of 5-45 minute labeled tails.
There is a protein of molecular weight 15,000 daltons which is
being synthesized at early times during infection and is a component of
T4 tails.

This protein is probably the product of T4 gene 25.

The structural requirements which are met by the td molecule are
flexible.

An amber fragment of this enzyme can be incorporated into the

virion with no detectable alteration in virion function.

This virion-

associated amber fragment is susceptible to binding by an antibody pre
pared to the intact enzyme and this binding results in the loss of the
infectivity of the virion.
The gene 63-32 deletion mutants are erroneously mapped.

These

mutants clearly do not delete the entire _td or dfr genes, and do not
present a serious challenge to the conclusion that dfr and td are oblig
atory components of T4 virions.

Some Observations and Speculations
Concerning dfr and td
The enzymes, dihydrofolate reductase and thymidylate synthetase,
coded for by T4 phage are different proteins that catalyze different
chemical reactions, yet they possess a surprising number of common
traits.
1) The reactions catalyzed by these enzymes are both involved in
DNA precursor synthesis, specifically the generation of thymic
dine triphosphate.
2) Each enzyme augments an existing host function and therefore
appears to be nonessential from the point of view of dTTP
synthesis.
3) A structural role has been postulated for each enzyme, and the
location of both enzymes in the virion appears to be in the
baseplate.

Further evidence has been presented that the proteins

are physically adjacent in this structure (Kozloff, Crosby and
Lute 1975).

It is pertinent to point out here that evidence

that these two soluble enzymes form a complex in L1210 cells
has been presented by Kawai and Hillcoat (1974).
4) The genes coding for these two enzymes appear to be adjacent
on the T4 linkage map.

Many genes which participate in related

functions are grouped on the T4 genome including the genes cod
ing for the head structural proteins; baseplate structural pro
teins; genes related to tail fiber synthesis and attachment;
and genes involved in DNA synthesis, replication, and modifica
tion (Wood and Revel 1976). The evolutionary pressure which
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functioned to keep the frd and t<l genes adjacent is probably a
result of both the enzymological relatedness of these proteins
and the related structural functions they perform.
5) Both of these enzymes catalyze reactions requiring folate cofactors. It may be that both proteins participate in the bind
ing of the structural folate molecules to the baseplate.
6) The structural requirements for both enzymes are quite flexible,
in that fragments of the proteins appear to be able to satisfy
structural requirements.

They both also seem to be absolutely

required, at least from the point of view of there having been
no T4 phage yet discovered which has been shown to totally lack
either of these proteins.

The striking similarities between these two T4-induced enzymes
which have dual roles in the phage life cycle, and whose counterparts
in higher organisms, are targets for anti-neoplastic agents, make this
system an extremely interesting one for further study.
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