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Structural Characteristics of the Short-Tail 
Fibers of T4 Bacteriophage 
Jorge Zotzopulos, Sara DeLong, Virginia Chapman, and Lloyd M. Kozloff 
University of Colorado Health Sciences Center, Denver, Colorado 80262 

The characteristics of pure preparations of short-tail fibers of bacteriophage T4 
have been studied in the optical and electron microscope. Three main structures 
were observed: 1) spheres of 8.1 nm diameter; 2) fibers 43 nm long and 3.8 nm 
thick; and 3) fibers 54 nm long and 3.2 nm thick. Both types of fibers exhibited 
a regular beaded appearance. The 43-nm fibers were the most abundant struc- 
ture. During the process of purification of the short-tail fibers, the formation 
of aggregates was observed each time the material containing the short-tail 
fibers was dialyzed against saline solutions. These aggregates became increasing- 
ly fibrous (as observed in the optical microscope) as the material used was in- 
creasingly enriched in short-tail fibers. Finally, most of the aggregates were of 
the fibrous type when they were formed from a purified preparation of short- 
tail fibers. In the electron microscope, it was found that the filamentous ag- 
gregates were organized in well-defined bundles. The amino acid composition 
of the highly purified short-tail fibers was also determined. Among the known 
fibrous proteins, the ones that most resemble the amino acid composition of 
the short-tail fibers are actin and fibrinogen. These observations are discussed 
in relation to the T4 short-tail fiber structure and their localization on the hex- 
agonal baseplate of the T4 tail structure. 
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The baseplate substructure of the tail of Escherichia coli bacteriophage T4 
particle is composed of at least 14 proteins in a flat hexagonal arrangement [l]. Two 
different attachment appendixes protrude from these hexagons, which have been 
called the long-tail fibers and the short-tail fibers [2,3]. The short-tail fibers have 
been shown to be trimeric proteins whose monomer is the product of gene 12 (gP12) 
of the phage genome [4]. The molecular weight of gP12 monomer is about 55,000 
daltons [4], and when it is in the trimer form as the short-tail fiber, it has three 
tightly bound Zn2+ ions [ 5 ] .  Many of the properties of the short-tail fibers have been 
investigated by Haselkorn and his colleagues [4,6,7]. They have reported that the 
short-tail fibers are about 35 nm long and 3-4 nm thick and that they display a 
characteristic beaded appearance when observed in the electron microscope. This 
report describes: 1) modifications of the purification procedure for the short-tail 
fibers originally described by Mason and Haselkorn [4], which increase the final 
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yield; 2) the different structures observed in a purified preparation of short-tail 
fibers in the electron microscope as well as their relative distribution; 3) the forma- 
tion of characteristic filaments upon polymerization of the short-tail fibers; and 4) 
the amino acid composition of the short-tail fibers. A preliminary report of some of 
these results has been presented [8]. 

MATERIALS AND METHODS 
Bacterial and Phage Strains and Growth Conditions 

E coli strains B and CR63 served as the nonpermissive and permissive host, 
respectively, for bacteriophage T4 and various T4 amber mutants. The growth and 
assay of these virus stocks were performed by standard procedures [9]. The T4D 
amber mutants used were a baseplate minus mutant, 54- (H21), a head minus mu- 
tant, 23- (B17), and a short-tail fiber minus mutant, 12- (N69) all obtained from the 
original stocks of Edgar and Wood [lo]. The bacteria were grown in tryptone broth 
media containing 8 gm of tryptone (Difco) and 5 gm of NaCl per liter. 

Purification of the Short-Tail Fibers 
A modification of the method described by Mason and Haselkorn [4] was 

used. T4D 54am infected E Coli B or T4D 23am infected E coli B was the source of 
the short-tail fibers. The cells were grown at 37°C with vigorous aeration until the 
cell concentration was 4 x lo8 cells/ml. At this time, the cells were infected at a 
multiplicity of four phage/bacterium and reinfected 10 min later with the same multi- 
plicity. The cells were incubated at 37°C for 100 rnin and then centrifuged at lOOOg 
for 15 rnin in the cold. The pellet, usually from 2 liters, was resuspended in 10 ml of 
a buffer containing 0.06 M sodium phosphate, pH 7.0, and sonicated (nine pulses 
of 30 sec each with cooling between each pulse using a Branson S125 sonifier). Sub- 
sequently, 0.5 mg of DNase was added, and the suspension was incubated for 15 
rnin at 30°C and was then centrifuged at 27,000g for 60 rnin in the cold. The pellet 
was resuspended in 10 ml of 0.06 M phosphate buffer, pH 7.0, containing 10 mM 
EDTA and incubated 30 to 60 rnin at room temperature. Then the suspension was 
centrifuged, first for 15 min at 3,OOOg to remove debris, and then the supernatant 
solution was centrifuged again for 90 rnin at 27,000g in the cold. The resulting 
supernatant solution contained a number of proteins but was rich in short-tail 
fibers. Twenty-four milliliters of this supernatant solution was loaded on top of 10 
ml of 20% sucrose in 0.06 M phosphate buffer containing 0.01 M EDTA. The tubes 
were centrifuged for 41 h at 27,000 rpm in a Beckman model L-2 ultracentrifuge 
using a S.W. 25.1 rotor. After the centrifugation, ten equal fractions were collected 
and the pellet resuspended in a volume of buffer equal to the volume of the indi- 
vidual fractions. The fractions were analyzed for their content of short-tail fibers by 
SDS-PAGE as described below. The fractions enriched in short-tail fibers were 
pooled and dialyzed against phosphate buffer 0.06 M, pH 7.0, containing 0.01 M 
EDTA. The dialysis bag was then exposed to a gentle air current in the cold. When 
the volume was reduced to 10% of the original volume, the solution was chromato- 
graphed upwards using a peristaltic pump through a Sephadex G200 column that 
was 3.2 cm x 96 cm. The elution buffer was 0.06 M phosphate, pH 7.0, containing 
0.01 M EDTA. The total elution volume was 500 ml, and the fractions were each of 
13 ml. Each fraction was analyzed for its short-tail fiber content by a biological 
complementation reaction, for protein content by tryptophan fluorescence, and for 
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purity by SDS-PAGE analysis (see below). The fractions containing the largest bio- 
logical complementation activity and giving only one protein band in the SDS- 
PAGE analysis were used as the purified short-tail fibers preparation. 

Filament Formation 
Preparations from different steps of the purification process of the short-tail 

fibers were dialyzed against a solution containing 0.06 M KC1 and 0.02 MgSO, 
(unless otherwise stated). Then the dialysis bag was exposed to a gentle air current 
in the cold, and the concentration was allowed to procede until many large aggre- 
gates were observed. These aggregates were separated by centrifugation at 9,OOOg 
for 4 min in a Beckman microfuge B. The supernatant solution was usually concen- 
trated again to obtain more aggregates. The aggregates were resuspended in sodium 
acetate buffer 0.1 M, pH 6.8. This preparation was used for electron microscope 
observation and SDS-PAGE analysis. 

Gel Electrophoresis 
Denaturing gel electrophoresis was carried out on slab gels containing 10% 

acrylamide, 0.27% bis-acrylamide, 0.1 070 SDS. The running buffer was 0.012 M 
Trizma Base, 0.1 M glycine, pH 8.8, with 0.1% SDS. Protein bands were stained 
with Coomassie blue. Phosphorylase b (94 K), bovine serum albumin (67 K), oval- 
bumin (43 K), and carbonic anhydrase (30 K) were used as molecular weight 
standards. 

Electron Microscopy 
Samples were prepared for electron microscopy by negative staining with a 

saturated solution of uranyl acetate in water on carbon-coated copper collodion 
grids. They were examined and photographed with an R.C.A. E.M.U. 4 electron 
microscope. 

Complementation Reaction 

bated with 20 pl of an extract of E coli B infected with a T4D 12- amber mutant 
and with 50 p1 of a buffer containing 0.004 M K2HP04, 0.002 M KH2P04, 0.007 M 
NaCl, and 0.02 M MgSO,, pH 7.4. The mixture was incubated overnight at 30°C. 
After that, different dilutions of the mixture were assayed for plaque formation us- 
ing E coli CR63 as the indicator bacteria. 

Protein Determination and Amino Acid Analysis 

solution in an Aminco-Bowman spectrophotofluorometer at an excitation 
wavelength of 280 nm and emission at 340 nm. Amino acid analysis was carried out 
by standard procedures using a DURUM type amino acid analyzer. 

Two hundred microliters of the Sephadex G200 column fractions were incu- 

Protein was measured against a crystalline bovine serum albumin standard 

RESULTS 
Purification of the T4 Short-Tail Fibers 

lines of the procedure described by Mason and Haselkorn [4], but modifications 
were introduced to increase the final yield. The most important modification was to 

The purification of the T4 short-tail fibers (called STF) followed the general 
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avoid the use of ammonium sulfate precipitation since it caused the formation of 
aggregates. Many of these aggregates were not dissolved upon removal of the am- 
monium sulfate by dialysis. The SDS-PAGE analysis of these aggregates boiled in a 
buffer containing 2% SDS as indicated in Materials and Methods showed that they 
contain large amounts of STF. This was the first indication that STF tended to 
form polymeric structures. 

Figures 1, 2, and 3 show SDS-PAGE analysis of some of the last steps in the 
purification of the T4 STF. Figure 1A shows the pattern of proteins extracted with 
EDTA from the debris of E coli B cells infected with a 12- mutant (gel A) and a 12' 
mutant (gel B). As can be seen, a well-defined band of about 55,000 daltons is pres- 
ent in these preparations when the bacteria was infected with a 12' mutant. This 
protein was absent from the preparation if the bacteria were infected with a 12- mu- 
tant. This protein is known to be the subunit of the T4 short-tail fibers and to be 
the product of the T4 gene 12 (gP12) [4]. Figure 2 shows gels of the fractions re- 

Fig. 1. Coomassie blue-stained SDS-PAGE analysis (lOslo acrylamide) of a crude STF preparation. 
The samples are: A, proteins extracted with 0.01 M EDTA from debris of E coli B cells infected with 
12- T4 amber mutant. B, same as in A but the E coli B cells were infected with 54- amber mutant. The 
arrow indicates the position of gP12, the protein subunit of the STF. 
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Fig. 2. SDS-PAGE analysis of the fractions obtained after centrifugation in a sucrose gradient of the 
proteins extracted with EDTA from debris of E coli B cells infected with a 54- amber mutant. The con- 
ditions of the centrifugation has been described in Materials and Methods. The arrow indicates the 
position of gP12. 

sulting from a sucrose gradient fractionation of the proteins extracted by EDTA as 
described in Materials and Methods; the presence of the STF was determined by the 
presence of gP12 in these gels. Figure 3 shows the elution position of the STF when 
the fractions of the sucrose gradient rich in STF were pooled, concentrated, and 
passed through a G200 Sephadex column as indicated in Materials and Methods. 
The position of the STF was determined by the complementation activity found for 
each Sephadex column fraction upon incubation with a crude extract of E coli B in- 
fected with a T4 12- amber mutant. The SDS-PAGE analysis of the fractions with 
largest complementation activity shows that the STF was the only protein present in 
these fractions in significant amounts (see insert on Figure 3), and this preparation 
was used for the following experiments. 

Electron Microscopy of the STF 

show a characteristic beaded appearance when observed in the electron microscope 
(Fig. 4). Most of the fibers have a length close to 43 nm (Fig. 5B) and a diameter of 
about 3.8 nm. This length is longer than the mean length of 36 nm reported by Kells 

In agreement with the findings reported by Kells et a1 [7], most of the STF 
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et a1 [7]. Our measurements were done using T4 particles as internal standards and 
taking the length of the main phage tail as 95 nm. In our preparations, we also 
observed longer fibers, Their lengths were about 54 nm (Fig. 5C); they also had 
regular beads, but the diameter of the beads was smaller than the beads of the 43 
nm fibers (about 3.2 nm). Therefore, it appears that these fibers are more stretched. 
Finally, other structures observed were spheres of about 8.1 nm in diameter (Fig. 
5A). They had a small indentation in the middle area. Figure 6 shows a distribution 
of the fibers according to their length and their relative abundance in our prepara- 
tions. It can be seen that although the 43 nm fibers are by far the most abundant 
structure, there is a significant amount of both spheres, 8.1 in diameter, and 
stretched fibers of 54 nm. 

A B C 
Fig. 5. 
nification x 370,000. A is the spheres, and B and C are the two fibers of different lengths. 

Electron micrographs of the different structures founded in the purified STF preparation. Mag- 

length ( A  ) 
Fig. 6 .  
STF preparation. These percentages were obtained by measurement of a total of 600 fibers. 

Length distribution of the different structures observed in electron micrographs of the purified 
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Filament Formation 
It has been pointed out above that during the purification of the STF, it was 

observed that precipitation with (NH,),SO, produced the formation of aggregates. 
Other conditions where the formation of aggregates were observed were 1) dialysis 
against water of the proteins extracted with EDTA from debris of E coli B infected 
with T4 amber mutants, 2) dialysis of the same EDTA-extracted proteins against 
0.06 M KCI, 3) dialysis of the same preparation against 0.02 M MgS0,; and 4) 
dialysis of the same preparation against KC1 0.06 M and 0.02 M MgSO,. In all these 
conditions, aggregate formation was increased by concentrating the dialyzed pro- 
tein. The poorest aggregate formation was obtained by dialysis of the STF prepara- 
tions against water, and the best results were obtained by dialysis against KCl and 
MgSO, simultaneously. In all these cases, the analysis of aggregates by SDS-PAGE 
demonstrated large amounts of STF as components of these aggregates. Similar re- 
sults were obtained using a pool of the STF-enriched fractions obtained from the 

A B  

Fig. 7. SDS-PAGE analysis of purified STF. The samples are: A, proteins present in the aggregates 
obtained as a result of the dialysis against 0.02 M MgSO, and 0.06 M KC1 of the pooled sucrose gradi- 
ent fractions rich in STF (see Fig. 2) and B, proteins present in the aggregates obtained as a result of 
the dialysis of the purified STF preparation against 0.02 M MgS04 and 0.06 M KCl. 
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sucrose gradient used during the STF purification. Figure 7A shows the SDS-PAGE 
analysis of aggregates formed during the dialysis of the pooled sucrose-gradient 
fractions against 0.02 M MgS0, and 0.06 M KCl. It was found that the main com- 
ponent of these aggregates was the protein subunit of the STF (gP12). Furthermore, 
if the purified STF preparation obtained after the final step of purification through 
the Sephadex G200 column was dialyzed against 0.02 M MgSO, and 0.06 M KCl, 
the formation of aggregates was again observed (Fig. 7B). The optical microscope 
observations showed that the percentage of the aggregates displaying fibrous charac- 
teristics increased as the preparation used was increased in its relative STF content, 
and, finally, when the pure STF preparation was used, most of the aggregates 
formed were of fibrous type (Fig. 8). A similar correlation of aggregate formation 
was also observed in the electron microscope. Amorphous aggregates were frequent- 
ly seen when the preparation used was rich in other proteins besides STF (Fig. 9A), 
but very well-defined filament bundles were only observed when the aggregates were 
obtained from the dialysis against MgSO, and KCl of the purified preparation of 
STF (Fig. 9B,C,D). 

Amino Acid Composition of STF 
Table I shows the amino acid composition of the STF. There is a clear differ- 

ence in the relative amino acid composition of the T4 STF as compared with other 
groups of fibrous proteins like silk, flagellin, elastin, resilin, collagen, high sulfur 
keratins, myosin, tropomyosin, and paramyosin [ll]. There is a small similarity be- 
tween the amino acid composition of the short-tail fibers [12] as well as with inter- 
mediate filaments isolated from different sources [ 131. The resemblance in amino 

Fig. 8.  
against 0.02 M MgS04 and 0.06 M KCI of the purified STF preparation. Magnification x 1300. 

Optical microscope photograph of the fibrous structures formed as a result of the dialysis 
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Fig. 9. Electron micrographs of STF. The samples are: A, amorphous aggregates observed as con- 
taminants of the fibrous structures when the original preparations contain other proteins besides STF, 
and B, C and D, well-organized filament bundles obtained as a result of the dialysis against 0.02 M 
MgSO, and 0.06 M KCI of the purified STF preparation. Magnification x 39,000. 

acid composition is strongest for the cases of actin and fibrinogen [l 11 (Table I). 
The main difference as compared with actin is the content of half-cystine and meth- 
ionine, while the main differences as compared with fibrinogen is the content of 
alanine, lysine, and half-cystine. Actin can form filaments, but these filaments have 
a distinctive characteristic as compared with other animal cell filaments in that they 
possess a low content of both a-helix and 0-sheet configurations and appear to be 
more like a random coil [ll]. The content of proline and glycine in actin is greater 
than the usual content of these amino acids in highly helical proteins like tro- 
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TABLE I. Amino Acid Composition of T4 Short-Tail Fibers as Compared With Actin and Fibrinogen 
(070 Comoosition)* 

Amino acid Short-tail fibers Actin Fibrinogen 

Alanine 9.2 8.0 4.9 
Arginine 5.2 4.8 5.4 
Aspartic acid 10.5 9.0 12.4 
Glutamic acid 10.5 11.3 11.4 
Glycine 9.8 7.5 10.0 
Half-cystine 0.15 1.4 2.5 
Histidine 2.9 2.0 2.0 
Isoleucine 5.1 7.6 4.0 
Leucine 7.4 7.0 6.1 
Lysine 4.6 5.4 7.4 
Methionine 2.1 4.1 2.2 
P henylalanine 3.2 3.1 3.4 
Proline 4.5 4.9 4.8 
Serine 6.6 5.9 7 .o 
Threonine 7.6 6.9 6.1 
Tyrosine 3.1 4.0 3.5 
Valine 7.1 5.4 5 .O 

*The amino acid analysis of the STF was kindly performed by Dr. W. Hirs. The values for actin and 
fibrinogen were taken from Johnson and Perry [25] and from McKee et al [26], respectively. 

pomyosin and paramyosin [l 11. It has been postulated that this difference in the 
content of proline and glycine may account for its low content of a-helix [ll]. It 
should be noted that the combined proline and glycine content of actin is 12.4'70, 
while the short tail fibers possess an even higher combined content of these two 
amino acids of 14.3%. 

DISCUSSION 
A number of steps precedes the phage DNA injection into the host cytoplasm 

during the infection with T4 phage. The first step is the attachment of the phage 
long-tail fibers to the host cell receptors. After that, the phage baseplate approaches 
the host cell wall and the short-tail fibers are then able to find their own receptor 
sites. It is at this moment that a number of important modifications of the tail of 
the phage particle takes place. The baseplate, a hexagonal substructure of the phage 
infectious particle undergoes a transition to a star-like configuration [l]. A central 
hole appears in the baseplate and through which the tail tube of T4, a conduit for 
the DNA, passes on its way through the host cell wall [2]. Simultaneously, the T4 
tail sheath contracts. At this time, the short-tail fibers appear as fibers about 40 nm 
long connecting the six vertices of the baseplate with the host cell wall [2]. However, 
the molecular configuration of the short-tail fibers on the infective particle where 
the baseplate still has a hexagonal arrangement is still unknown. Based on the dif- 
ferent configurations observed in the STF purified preparations (Fig. 5) ,  a proposal 
can be made about the organization of the short-tail fibers. The highly condensed 
spherical structure is a good candidate for the original configuration of the STF on 
the hexagonal baseplate. Figure 10 shows a superposition of one of these spherical 
structures on a T4 hexagonal baseplate. Both structures were taken from electron 
micrographs at the same magnification. It is evident that six of these spheres could 
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be arranged in a radial fashion on the baseplate. Further, each STF would be in 
close contact with gP11, the protein that makes up the distal portion of the 
baseplate tail pins [l]. This arrangement is in agreement with the fact that the STF 
can be added to the baseplate only after gP l l  has been incorporated [14,15]. On the 
other hand, Crowther et a1 [I] has observed in lateral views of the T4 tails that gP12 
formed a bridge between the pins. It is easy to see that this image would be the one 
projected by the junction of two spheres as proposed in Figure 10. Finally, there is 
indirect evidence indicating that the STF may be one element that is able to inter- 
connect the tail pins to the central plug of the baseplate because, in addition to the 
fact that they are in contact with gP11, they seem to be also in contact with gP5 
[16], a component of the central tail plug. This interconnection as well as other 
forces [17] may be of importance in the stabilization of the baseplate in the hexa- 
gonal configuration. Upon binding of the short-tail fibers to its receptor on the host 
cells, these connections could be broken allowing the transition to the star configur- 
ation. This proposal is in agreement with the fact that the star configuration is the 
one favored in baseplates that lack gP12 [l]. 

Filament formation by purified T4 short-tail fibers deserves comment. Recent- 
ly, there have been several papers describing the presence of filaments or the forma- 
tion of filament by proteins coded for by the genomes of lower organisms [18-221. 
It also has been put forward that “actin” is a component of the envelope of some 
animal viruses [23], but in this case, the protein is coded for by the cell host and is 
incorporated into the virus during the wrapping of the nucleus capsid. To our 
knowledge, this work on gP12 is the first report of a true viral protein that is able 
to form filaments similar to some animal cell filaments. Filaments as well as the fil- 
ament bundles have been successfully used in the past for the investigation of the 
structure of the protein structure by X-rays as well as by optical diffraction [l l] .  We 
hope in the future to learn more about the T4 short-tail fiber structure through the 
analysis of such filaments. Currently, the fact that the STF are able to form actin- 
like filaments, as well as the results from the amino acid composition and early 
studies on its trimeric nature [4], favors a model where the STF are formed by three 
polypeptides that intertwine forming a regular succession of globular structures 

Fig. 10. 
the electron microscope to an electron micrograph of a T4 baseplate. Magnification x 500,000. 

Superposition of one of the spherical structures observed in purified STF preparations under 
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(beading) in a disposition similar to the one found for the globular subunit of 
F-actin [24]. However, each globular subunit in the case of the short-tail fibers will 
be smaller than the globular subunit of F-actin, since the total molecular weight of 
the short-tail fiber is about 165,000 daltons, and each short-tail fiber exhibits about 
eight globular bead-like structures that gives a molecular weight of about 21 ,O00 for 
the globular elements as compared with about 42,000 daltons for the F-actin globu- 
lar elements. If the molecular density is considered to be the same for both proteins 
and the diameter of the bead-like element of actin is taken as 5.5 nm [ll], it can be 
calculated that the diameter of the globular element of the STF would be 3.9 nm in 
good agreement with diameter reported by Kells et a1 [17] and found in this work. 
The STF stretched structure with a length of 54 nm observed in the electron micro- 
scope may approach a configuration resembling a three-strand coiled-coil rope. 
However, from the molecular weight of the subunit of the STF (55,000) and the 
length of these stretched fibers (54 nm), the distance between amino acid residues 
would be about 0.11 nm which is shorter than the distance found between the 
amino acid residues of any coiled-coil described so far [l 11. 
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