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I. Structure of 12
The structure and function of T 2 phage is pertinent to these discussions because of the role played by sulfur both in maintaining the unique
viral structure and as a component of certain of the proteins involved in
invasion. T2 phage may be regarded as a microsyringe which injects a
fixed amount of D N A (deoxyribonucleic acid) into its host cell, Escherichia
coli (1). Considerable progress has been made in understanding some of
the features of the infectious process. Recent work on this problem has
centered largely on the nature of the proteins in the tail of this tadpoleshaped organism. Prior to 1955, little was known of the manner in which
the D N A passed through the tail. In 1955, Kellenberger and Arber (2)
presented electron micrographs showing that characteristic morphological
changes occurred in the virus tail upon interaction with the cell wall.
After interaction, the tail was one-half its original length and was about
30% thicker. From a large fraction of the tails of these altered virus particles a core-like structure protruded. At the same time Kozlofif and Henderson (3) reported that complexes of the zinc group metals caused similar
alterations in the virus tail structure.
Current evidence suggests the structure of T2 given diagrammatically
in Fig. 1. In addition to the head protein (and the enclosed D N A ) there
* Aided by grants from the National Foundation for Infantile Paralysis, Inc., and
the Dr. Wallace and Clara A. Abbott Memorial Fund of the University of Chicago.
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are the distal tail protein (the coiled tail fibers), the tail core, and the
proximal tail protein. Although it is not indicated in the diagram, there
is also an enzyme probably embedded or attached to the proximal tail
protein which can attack the outer host cell wall. Quite recently it has

Head Membrane
DNA

Tail Core

Protein
IOOOA

Tail Fibers

Site of
Attachment
To Host Cell
FIG. 1. Diagrammatic representation of the structure of bacteriophage T2.

been found that the proximal tail protein has contractile properties and
contains tightly bound adenosine triphosphate (ATP) and deoxyadenosine
triphosphate (dATP) U ) .
II. Nature of Chemical Bonds in the Virus Tail
1. R E M O V A L O F T A I L F I B E R S B Y C O M P L E X E S
OF T H E Z I N C G R O U P

METALS

One of the problems that have been raised about this complex particle
is that of structural stability. The bonds which hold the tail proteins t o gether are strong enough to maintain the integrity of the virus particle
under various environmental conditions y e t they are readily and rapidly
broken upon interaction with the cell wall. The tail fibers which make up
the distal end of the virus particle have been shown to be the means of
attaching the virus particle to the cell wall. Upon interacting with the cell
wall they are unwound and removed. This is the first morphological alteration in the virus structure that we can identify {2, 5, 6). Some progress has
been made in identifying the bonds between the tail fibers and the rest of
the viral tail by comparing the morphological changes of the phage particle
caused by various chemical reagents.
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The most interesting morphological alteration is that produced by the
action of partial complexes of the zinc group metals on T2 (3, 7). These
complexes essentially duplicate the action of the host cell on the virus
particles. From a detailed study of the properties of the actions of these
complexes on the virus particle, it appeared that these complexes are
catalyzing or participating in the hydrolysis of a covalent bond linking
the tail fibers to each other or to the tail core. Since the metal complexes
do not break ordinary peptide bonds, oxygen ether or ester bonds, or
phosphate ester bonds, these bonds are not the link between the protein
fibers and the rest of the virus particle. Although our present knowledge
of the reaction of zinc with proteins is slight, the most frequently considered binding site is the sulfur atom. The evidence is consistent with
the idea that thiolester bonds rather than disulfide bonds or even H bonds
between SH and some other group are the main structural links in the
viral tail.*
It is pertinent to mention here that zinc tightly bound to the whole
cell wall is normally responsible for the removal of the viral tail fibers
during invasion (9). Recently it has been demonstrated that zinc is an
essential component of a number of dehydrogenases including triosephosphate dehydrogenase (10). We have found that triosephosphate dehydrogenase is present in the cell membrane of E. coli. This enzyme is of interest in this connection since during the action of this enzyme there is
the formation and cleavage of thiolester bonds (11).
2. CIRCUMSTANTIAL EVIDENCE FOR THIOLESTER BONDS

In X942 Chibnall (12) suggested that thiolester bonds might serve as a
link between two polypeptide chains. Since then, although numerous compounds containing thiolester bonds have been discovered in cells, thiolester
bonds have not been found in proteins. All the reagents listed in Table I
are known to rupture thiolester bonds and all inactivate T2 and cause
the typical tail alteration (Figs. 2 and 3 ) .
Although some of the reagents affect several S bonds, the only common bond that all break is the thiolester bond. Compounds such as
* In this connection it has been found that the viral proteins removed by the
action of the metal complex contain about eight times the concentration of cysteine
sulfur found in the rest of the viral protein ( 7 ) . The direct identification of a bond
involving the sulfur is made difficult by its low concentration relative to the rest of
the viral protein. One T2 phage approximately 3,500 cysteine residues (8) and only
8% of these are involved in the reaction with the metal complex. This means that a
change in 300 bonds must be measured chemically on a structure containing about a
million bonds (particle weight is approximately 200 million) and all attempts at
identifying the bonds by known colorimetric reactions have been unsuccessful.
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TABLE

I
0

CHEMICAL REAGENTS WHICH ALTER THE TAIL STRUCTURE OF T2 BACTERIOPHAGE

Tail alteration

Reagents
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
(i)
(j)

6

Z n ( C N ) 3iV-ethylmaleimide
p-Chloromercuribenzoate
Hg+ +
H 20 2
OHNH 2OH
Glutathione
HCN
Papain

Tail fibers Contraction
unwound or of proximal
tail protein
removed

+
+
+
+
+
+
+
+
+

+
+
+
+
+
0

+
+
+
+

S bonds affected
0

—s—s—

—SH

?
0
0
0

+

+

0
0

+
+
0

+
+
+
+

0
0
0
0

+
+
+
+
+
+
+
+
+

β

+ : Indicates that the reagent is effective in causing a morphological change or
breaking a specific type of bond.
0: Indicates that no visible change occurred or that the bond would be unaffected
under experimental conditions.
6
Conditions for T2 treatments: (a) see (?); (b) 99% inactivation by 0.5 M N E M
in 10% ethanol in 0.1 M tris buffer, pH 8.0, after 4 hours at 37°; (c) 98% inactivation
by 0.007 M PCMB adjusted to pH 7.5 in 0.15 M NaCl; (d) 79% inactivation by
0.003 M H g N 0 3 in 0.1 M tris buffer, pH 8.0, after 6 hours at 37°; (e) see (2)) (f) 99%
inactivation by 0.05 M glycine, pH 10, after 2 hours at 37°; (g) 80% inactivation by
0.06 M NH 2OH adjusted to pH 6.5 and the ionic strength to 0.15 after 6 hours at 37°;
(h) 95% inactivation by 0.0002 M reduced glutathione in 0.05 M phosphate, pH 6.1,
and 0.01 M EDTA after 6 hours at 37°; (i) 50% inactivation by 0.1 M HCN, pH 7.0,
after 6 hours at 37°; (j) see (7).

iV-ethylmaleimide (13), p-chloromereuribenzoate (14) j alkali* (15), and
hydroxy lamine (15) all rupture thiolester bonds and do not affect disulfide
bonds. Similarly, while a number of the compounds react with free S H compounds the phage tail is unaffected by such SH reagents as nitroprusside,
iodoacetamide, or C d + + (7) and is altered by compounds such as reduced
glutathione, H C N , and N H 2 O H which do not affect free S H groups. An-

other strong indication of the presence of thiolester bonds is the inactivation of T 2 by papain previously reported ( 7 ) . Under conditions where
papain has maximal thiolesterase activity it causes the maximal amount
of alteration of the phage tail. This effect can hardly be attributed to
either its free SH group, since other S H compounds such as glutathione
* For a more extended discussion of the effect of alkali, particularly in preventing
contraction, see Section III (2).
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FIG. 2. Electron micrographs of T2 treated (a) with N-ethylmaleimide and (b)
p-chloromercuribenzoate. The conditions are given in Table I. H g ++ altered T2 in
the same manner as p-chloromercuribenzoate. Note that almost all particles have
lost their tail fibers and the tail cores are exposed or even lying free, and that the
proximal protein is thickened.
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FIG. 3. Electron micrographs of T2 treated (a) NH 2OH, (b) reduced glutathione,
and (c) H C N . For conditions see Table I . All reagents remove the fibers from the
phage tail tip and expose the tail core. Note the thick contracted proximal portions
of the tails.
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are quite ineffective at the concentration and pH where papain is active,
or to its proteolytic activity.
One major type of sulfur linkage which has to be considered is hydrogen bonding between SH and either amino or carbonyl groups (16). A
large number of such bonds would confer the requisite stability upon the
tail of the phage particle. Some of the reagents which remove the tail
fibers (such as iV-ethylmaleimide) would also break this type of bond.
However, hydroxylamine, hydrogen cyanide, and papain do not break
such hydrogen bonds yet these reagents effectively remove the tail fibers.
+
It might also be pointed out now that H , which should break hydrogen
bonds, does not inactivate T2 very rapidly. In fact T2 can be precipitated
by the addition of cold acid to pH 2.1 without affecting the phage particle.
III. A Contractile Protein in the Tail of T2
1. R O L E OF SULFHYDRYL B O N D S I N INVASION

During our investigation of the reactions during invasion it was found
that each reaction appeared to trigger or initiate the following reaction
(17). Since free SH bonds are exposed by the cleavage of thiolester bonds
or by some other unmasking reaction the question arises as to the role of
these free sulfhydryl bonds during invasion. One of the results of the removal of the tail fibers is to expose a viral enzyme on the tail which attacks the outer cell wall although not the inner cell membrane. However,
this enzyme is not a SH enzyme which is thus activated by the exposure
of its SH groups (5, 9). The proximal tail protein, however, does have
properties which seem to depend upon the freeing of a sulfhydryl group.
The proximal tail protein has been found to have contractile properties
quite similar to those of actomyosin. It is well known that actomyosin is
an SH protein and it seems logical to propose that the exposure of the SH
group triggers the contraction of the proximal tail protein. Direct evidence
that the contraction does require free SH groups has recently been obtained by Dukes and Kozloff (18).
2.

PRESENCE OF A CONTRACTILE PROTEIN

a. Morphological

Changes

Although the virus particles appeared to have a short thick tail after
interacting with cell walls there was no suggestion from earlier investigators (2, 3) that the proximal protein did contract. This was largely due to
a lack of information as to how much of the tail structure of intact particle was actually due to the fibers. Lacking this information it seemed
not unlikely that the tail fibers might reach half way up the tail and the
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FIG. 4 . Electron micrographs of T 2 treated with (a) pH 1 0 glycine buffer for 1
hour at 3 7 ° , (b) pH 1 0 glycine buffer for 6 hours at 3 7 ° , and (c) pH 1 0 ammonium
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thickening might be an artifact produced in taking the electron micrograph (2). Direct evidence that tail fibers comprise only the tip of the
tail of the intact virus was provided by experiments in which T2 was
incubated in pH 10 glycine buffer. Under these conditions tail fibers unwind from the tip of the tail and the head loses its distinctive shape together with its nucleic acid (Fig. 4). After more prolonged treatment the
proteins comprising the head and the tail fibers are no longer visible on
most of the particles and the tip of the tail core is exposed. At pH 10 the
virus tail, even after the removal of distal fibers, never contracts and is
approximately its normal length and width. However, when an alkaline
ammonium acetate solution containing virus tails was subsequently
evaporated so that the pH fell to neutrality or below, the proximal tail
protein of all the particles contracted. Contraction also occurs in neutralized glycine buffers, although a smaller proportion contract. This behavior is entirely analogous to that of actomyosin. At pH 10 myosin does
not contract but it does contract at lower pH values (19).
The similarity of the proximal tail protein and actomyosin lead to a
search for other properties of the tail protein that might be analogous to
those of acetomyosin. Under certain conditions E D T A (ethylenediamine
tetraacetic acid) can inhibit the contraction or can actually cause a relaxation of contracted muscle fibers (20, 21). E D T A does not affect the attachment of T2 to the intact host cell but it does prevent the formation of
infective centers (3) by preventing the injection of the D N A into the
host cell.* A study was made of the effect of N a E D T A on the changes in
the virus tail which occurs during the interaction with the cell wall. It
was found that the degree of contraction in the presence of N a E D T A was
markedly less than that observed when N a E D T A is absent (Fig. 5).
Some of the unusual effect of E D T A on myosin could also be readily
duplicated in a system containing T2 phage and intact host cells (Table
I I ) . Various monovalent cations affect the inhibition of myosin ATPase
acetate buffer for 4 hours. After a short time in pH 10 glycine buffer the particles lose
their tail fibers and the heads are also disrupted. After longer incubation the heads
and tail fibers are almost completely removed. Note that the tip of the tail core is
exposed but all the tails are long. When ammonium acetate solutions are sprayed for
micrographs the salts evaporate and the pH falls eventually to about 4.0. Under
these conditions all the tails contract. The inset on (c) shows a free contracted tail
produced when an alkaline glycine solution was neutralized with NalkPO* to pH 7.2.
Approximately 10% of particles contract after this procedure in contrast to the 100%
contraction in ammonium acetate.
* In this connection it is worth mentioning the experiments of Luria and Steiner
(22), who showed that there is a requirement for calcium in the penetration of T5
D N A into the host cell. T5 has a long thin tail and it may be proposed that a high
concentration of calcium is necessary for the contraction of the tail protein to allow
the subsequent release of the DNA.
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FIG. 5. Electron micrographs of alterations of T2 upon interaction with isolated
host cell walls under various conditions, (a) T2 plus cell walls in saline for 5 minutes.
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II

EFFECT OF E D T A PLUS VARIOUS MONOVALENT CATIONS ON MYOSIN A T P A S E AND
ON INFECTION OF E. coli Β BY T2 BACTERIOPHAGE

Myosin ATPase"
No EDTA + Na+
+
EDTA + N a
EDTA + Li+
EDTA + K+
+
EDTA + N H 4

Ε. coli infected by T2

ft

Χ 10

6

250
0
0
50
250

0.27
0.00
0.02
0.38
0.79

α

Taken from Kielley et al. (23). The values are for the amount of inorganic phosphate liberated under their test conditions; 0.001 M EDTA, pH 7.7, monovalent cation
0.3 M.
b
The values given represent the formation of infective centers in the presence of
0.01 M EDTA, pH 7.0 and 0.6 M salt. Unadsorbed phage inactivated by anti-T2 serum.

by E D T A (23). In the presence of N a + and Li+ E D T A completely inhibits myosin ATPase but substitution of K + and N H 4 + completely reverses the inhibition and greatly stimulates the myosin ATPase. Similarly
K + and N H 4 + allow the infection of the host cell in the presence of E D T A
although no infection occurs in the presence of N a + or L i + . This parallelism supports the conclusion that during the invasion of host cells an actomyosin-like contractile protein in the tail of T2 is involved.
b. Presence

and Role of ATP and

dATP

The many similarities between the contraction of myosin and the
phage tail protein suggested that a source of energy might also be required
for the contraction of the viral tail protein. Further, in such a case it
seemed likely that the tail of the virus particle might carry its own energy
supply since during invasion T2 cannot parasitize the energy-yielding
systems of the host cell.
Analysis of highly purified T2 phage showed the presence of tightly
bound A T P and also of dATP. The nucleotides were determined by the
32
isotope dilution method with P labeled T 2 phage. It was found that A T P
32
and dATP were the major P components of the virus acid soluble fraction. The criteria for the identity of the isolated compounds with known
carrier is shown in Table III.
Note short thick tails, in some cases with a considerable portion of the tail core exposed, (b) T2 plus cell walls in saline containing 0.01 M EDTA. The proximal tail
protein is only partly contracted, (c) T2 plus cell walls in Na phosphate pH 7.0 and
then ATP added to 0.05 M and incubated for 30 minutes. The contracted proximal
protein appears to have partly relaxed as compared to those in (a).
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TABLE I I I
IDENTIFY OF ISOLATED T2 P

32

COMPOUNDS WITH ATP

Acid
Chromatographic Periodate
labile
b
identification"
treatment phosphate
T2 - ATP
T2 - dATP

ATP
dATP

a

Destroyed
Unaffected

2/3
2/3

AND dATP

Hexokinase

Products
during
invasion

c

Reacted
—

ADP + Pi
(dADP + P<)

32

The acid soluble P compounds from the phage were adsorbed on charcoal and
32
eluted with ethanol-NH 3. The P activity migrated exactly as did carrier ATP and
dATP in three different solvent systems on paper where both nucleotides moved identically (2^-26). The dATP was separated from the ATP using a solvent system containing borate similar to that of Plesner (27). Further, the two nucleotides were separated and identified by gradient elution on an anion exchange column (28).
b
The method of Whitfeld (29) was used.
0
32
Purified yeast hexokinase split off P from the phage compound in a marmer
identical to which it released Ρ from authentic ATP.
An average of 8 6 ± 5 molecules of total A T P (ATP + dATP) could be
extracted from each whole T2 particle. Table IV gives typical values from
several experiments. Similar values were found for three different phage
preparations and the possibility that the A T P was an adventitious host
contaminant seems unlikely. When similar extracts were made of preparations of phage whose tail fibers had been removed by various means such
as C d ( C N ) 3

_

treatment, the total A T P content of each T 2 particle was

found to be 131 ± 1 0 . The increased amount of A T P which was extracted
after these alterations of the tail implies that A T P in normal T 2 is not
only largely localized in the tail but that some 36% of it is normally
TABLE IV
ATP

CONTENT OF T2

Per T2 particle
Experiment
I.
II.
III.
IV.
V.
a

0

Conditions
Intact T2
Cd(CN) 3" treated T2
T2 + cell walls
T2 + cell walls
T2 + cell walls + 0.01 M EDTA

Total ATP

ATP

dATP

88
131
80
40
118

65
111
68
—
—

23
20
12
—
—

In a series of experiments the average amount of total ATP extractable from
intact T2 was 86 ± 5. The average amount of total ATP extractable from T2 whose
tail fibers were removed by treatment with Cd(CN) 3~ was 131 ± 10. In Experiment III
there were 250 T2 particles per cell wall while in Experiments IV and V there were 100
T2 particles per cell wall.
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bound inside the tail structure. After removal of the tail fibers by
C d ( C N ) 3 ~ treatment most of the A T P was found free of the phage. Presumably the alteration permits the A T P to either diffuse out or to be displaced by other anions. The loss of A T P under these conditions offers an
explanation for the puzzling observation that contraction of the proximal
tail protein occurs under various nonphysiological conditions (see Table
1 and Figs. 2 and 3) and is unaccompanied by A T P breakdown (see below) . It seems likely that contraction occurring after chemical removal of
the tail fibers is analogous to the state of rigor found in vertebrate muscle
upon removal of A T P (30). It would appear that the phage contractile
protein, like other muscle, requires the presence of A T P to remain relaxed.
It should be pointed out that the amount of A T P in the phage tail is
similar to the amount of A T P found in rabbit muscle. Taking the "molecular weight" of the contractile protein in the tail of T2 as approximately
7
5
10 (8), there is 1.3 moles of A T P per 10 grams of tail protein. This is in
agreement with the estimate of Mommaerts (31) of one mole of A T P per
5
10 grams of rabbit muscle actomyosin. Similarly, it can be calculated
from the tail dimensions that the volume of the contractile protein is about
18
-3
2 X 1 0 ~ cc. and that the A T P concentration is Ι Ο M which is in the
expected range.
The total A T P content of T 2 after interaction with cell walls and
contraction of the tail protein fell from 131 A T P per T2 to 40 A T P per
T2 (Table I V ) . Simultaneously 110 molecules of inorganic phosphate and
72 molecules of A D P appeared per T2 particle. Breakdown of A T P under
these conditions can be completely inhibited by E D T A . In several experiments the decrease in both A T P and dATP was measured. Both nucleotides were broken down to the same extent. Though the stoichiometry is
difficult to establish in an isotope dilution experiment because of the
instability of both the A T P and A D P it seems reasonable to conclude that
upon contraction of the viral tail protein the following reactions take
place:
ATP ->

ADP + Pt

dATP -> dADP + Pi.

One of the fundamental properties of all contractile proteins is their
ability to relax. Although during bacteriophage invasion a relaxation step
does not appear to be required, it was found that under the proper in vitro
conditions contracted phage tail protein, like contracted actomyosin,
could be partially relaxed. An experiment was performed based on the
well-known fact that high concentrations of A T P plasticizes myosin fibers
(30). T 2 bacteriophage was allowed to interact with cell walls in 0.12 M
sodium phosphate buffer pH 7.0. A T P was then added to a final concen-
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tration of 0.05 M and the mixture incubated for 30 minutes. Electron
micrographs in Fig. 5 show that the A T P caused a relaxation or extension
of the contracted protein from a length of 36 τημ to 37 τημ. However, substitution of potassium phosphate buffer inhibited the relaxation'by A T P .
Table V gives dimensions of the various degrees of contraction of the
tail protein which have been illustrated in Figs. 2-5. The length of the
intact tail of T2 is approximately 100 τημ (2) but when the tail fibers are
TABLE

V

TREATMENTS AFFECTING LENGTH OF T2 CONTRACTILE PROTEIN

Treatments
1. Cell walls
a. in saline
b. in saline plus 0.01 M EDTA
c. in Na phosphate, then
0.05 M ATP
2. Alkali
a. pH 10 buffer
b. Alkaline buffer neutralized
3. Various reagents
a. Cd(CN) 3"
b. N E M
c. PCMB

Contractile protein

Length of
contractile
protein"

Exposed
tail
core"

ΤΆμ

ΤΠμ

36
47

47
31

0.8
1.5

56

32

1.7

82
39

17
51

5.0
0.8

39
36
38

50
52
53

0.8
0.7
0.7

Exposed core

" The lengths of contractile protein and exposed tail core are average values based
on measurements of all distinguishable particles in at least two separate experiments.
For relatively short lengths ( < 5 0 τημ) the error is about ± 1 5 % but for longer lengths
the error is smaller.

removed by alkali the maximum length of the contractile portion was
found to be 82 τημ. Upon interaction with cell walls the protein contracts
to about 44% of its maximal length.
One unusual feature of this system which deserves comment is the
presence of dATP and its subsequent breakdown. The phage infected
bacterial cell is rapidly synthesizing D N A and O'Donnell has found that
the acid soluble fractions of the infected cell contains 1 dATP for every
3 to 5 ribose A T P (32). This is similar to the ratio of the 2 nucleotides
in the virus tail. It can be proposed that during the assembly of the virus
tail adenosine triphosphate containing either ribose or deoxyribose is incorporated into the contractile protein without regard to the nature of
the sugar and that both nucleotides are equally effective in allowing contraction to occur.

STRUCTURE AND FUNCTION I N T2

c. Role of the Contractile

Protein

BACTERIOPHAGE

Dunng Viral

361

Invasion

The contraction of the proximal tail protein appears to aid the penetration of the host cell wall. It has been found that contraction occurs
either simultaneously or immediately after the action of the phage tail
enzyme on the rigid outer cell wall. The contraction might hold the tail
enzyme in close contact with the outer cell wall and later after the wall
has lost its rigid structure it might force the viral core through the fragile
inner cell membrane. On the other hand, the contractile step might be
more like the opening of a pathway for the D N A through the tail and into
the cell. After contraction the tail is 50% shorter and we have estimated
( 7 ) that the center hole has been widened from about 100 Â to 140 Â (8).
The tail core, under these circumstances, would be very loosely held and
could readily fall out. Further, since the viscous drag in passing a solution
containing a highly asymmetric molecule such as D N A (diameter about
25 Â and length about 2500 Â) through a narrow tube is directly proportional to the length and inversely proportional to the 4th power of the
diameter, these changes in the pathway the D N A must travel would reduce the viscosity barrier, as measured by the flow time, by about eightfold.
The aspects of the mechanism by which T2 injects its D N A into
E. coli which have been considered here clearly show the biological and
chemical specialization involved in this process. It would be rash to expect that the investigation of viral invasion of either animal, plant, insect,
or even different bacterial cells will reveal identical phenomenon but
analogous steps might well be anticipated. The discovery of a contractile
protein in the phage tail and its similarities to the muscle proteins of
higher animals was quite unexpected. It is not yet certain whether the
contractile tail protein consists of one or more components. In some respects the contractile protein resembles actin since it contains bound nucleotide and it may well be a form of actomyosin. Chemical studies on
isolated protein undoubtedly will clarify its relation to the better known
muscle proteins and the role sulfur plays in linking it to the rest of the
phage tail.
Although it is not entirely pertinent to this symposium, it should be
pointed out that the contraction of the phage tail protein is analogous to
a single twitch of a muscle fiber. However, the analysis of the chemical
changes during this contraction is not complicated by the presence of
other energy sources or enzymes. The contraction of the phage tail protein furnishes direct evidence for the association of the breakdown of
ATP with contraction, which while widely assumed, has never been demonstrated in any vertebrate system.
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Discussion
MIDDLEBROOK: Have you any idea how the contractile portion allows the central
core to enter? For instance, is it anchored by some temporary chemical linkage in
order to get some purchase?
KOZLOFF : If it were actually going to push the tail core through the cell membrane
the phage would have to attach and hold on in some way and then contract and push
through. We do not know whether it does or not.
BÂRÂNY: By prolonged treatment at pH 10, can you isolate the protein fraction?
KOZLOFF: We have tried this. Unfortunately not yet. Alkali treatment seems to
damage it.
BARANY: Did you use potassium iodide?
KOZLOFF: Strong potassium iodide?
BARANY:

Yes.

KOZLOFF: I would like to try that. Potassium chloride does not dissolve the phage.
The phage can be incubated in molar potassium chloride without damaging it. I am
sure you have a reason for suggesting it. Why iodide?
BARANY:You can isolate actomyosin by a strong iodide solution, but you cannot by
a chloride solution.
BENESCH: I believe you had an amusing calculation on the amount of material
which would be necessary.
KOZLOFF: T O isolate a millimicromole we would need something like a kilo of
phage. Unless Upjohn or Parke Davis helped us, we would have difficulty in doing it.
GERGELY: I was wondering if you thought that it is really actomyosin that is responsible for your observations?
KOZLOFF : I hope I made it clear that I was not calling this protein actomyosin. By
analogy, it has many of its properties. When we have it pure, we will have to think of
some name for it.
STERN : You said you did a lot of selection for your photographs.
KOZLOFF: Many pictures are taken and only what one judges as representative can
be published.
STERN: D o you do selection for your calculations for the increases in length and
so on?
KOZLOFF: N O . In every experiment where the calculations were made, we performed
at least three different experiments in which every observable particle we could see
was measured.
FRAENKEL-CONRAT: In connection with your selection of the photographs, I want
to congratulate you on having in the same picture both cadmium- and zinc-treated
and untreated phage.
KOZLOFF: I had to look hard for it. There is only something like a 0.1% survival.
I wanted to show on the same picture an intact phage and one which had a short
tail. Normally one takes a picture and sees hundreds and hundreds of short-tailed
phage. It is selective in this sense.
R U T H BENESCH : I don't quite understand why the splitting of thiolesters by zinc
should give you a free SH group.
KOZLOFF: YOU think the zinc would go on the SH?
R U T H BENESCH : That was the only reason it was split, presumably.
KOZLOFF: The zinc in the cell wall is very tightly bound. We cannot remove it
except by extraction with strong acid. I don't know how it splits the tail fibers off.
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MAZIA: D O you have to have a cell wall? It seems to me that I recall that Puck a
few years ago found that you could trick these phages into discharging on glass and
resin surfaces.
KOZLOFF: They do not discharge on glass. They apparently do on resin but he
never got the virus protein off the resin. What Dowex 50 does to T2 no one knows.

