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INTRODUCTION 

The assembly of many large bacteriophages, including X and other tailed phages, is 
qualitatively more complex than the assembly of structurally simple viruses. If a simple 
virus, such as tobacco mosaic virus, is chemically disassembled, the resulting parts can 
spontaneously reassemble under appropriate conditions t o  yield infectious virions (1). 
While assembly of  the X capsid undoubtedly includes this type of simple self assembly, 
higher order processes are involved as well. Correct h assembly requires, in addition, direct 
participation of a host cell function ( 2 ,  3 ) ,  the presence during assembly of  phage-coded 
proteins which are absent from the mature virion (4), and chemical processing of structural 
proteins of  the virion (4, 5). Presumably these processes allow a higher level of structural 
complexity and better control over the steps of assembly than would otherwise be  
possible. In t h s  article we describe a new type of protein processing reaction, protein 
fusion, which occurs during A head assembly, prior to  the time that DNA enters the head. 

*Current address: Department of Biophysics and Microbiology, University of Pittsburgh, 
Pittsburgh, Pennsylvania 15260 

?Current address: Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139 

329 0 1974 Alan R. Liss, Inc., 150 Fifth Avenue, New York, N.Y. 10011 



330 Hendrix and Casjens 

MATERIALS AND METHODS 

A previous report of this work contains a description of the methods and materials 
used (1 6). 

RESULTS 

Proteins of A Heads 

The phage genes involved in h head assembly are well characterized genetically, and 
the proteins encoded by all but two of them have been identified (5).  Figure 1 is a 
physical map of the region of the h genome containing the genes involved in head assembly. 
The bars below the map represent the calculated sizes of the genes, based on the known 
sizes of the corresponding proteins. Clearly, nearly all of the coding capacity of the head 
region of the genome must be taken up in coding for the proteins that have been identified 
as products of the various head genes. We were consequently puzzled by the fact that 
heads contain three additional species of phage-specific protein. Figure 2 is an SDS-poly- 
acrylamide gel pattern of highly purified h heads. Three of the bands, pB, pE, and pD, 
correspond to the proteins coded by the B, E, and D genes. In addition there are three 
bands, h3, X1, and X2, with molecular weights that are different from those of any of 
the identified head proteins. 

One attractive explanation for the presence of h3, X1, and X2 in heads was that 
they arose by chemical processing of some of the primary protein products of the head 
genes. To test this possibility we made tryptic fingerprints of the phage head proteins, 
derived either from the virion or from phage-infected lysates. This technique entails 
isolating individual 35 S-labeled proteins as bands on an SDS-polyacrylamide gel, cutting 
out the bands and eluting the protein, digesting with trypsin, and displaying the radio- 
active peptides by electrophoresis and chromatography on thin layer plates. 

major structural component of the heads and is present in about 420 copies per head, pC 
is absent from mature heads, and X1 and X2 are minor head components present in about 
6 copies each. The fingerprints of X1 and X2 are nearly identical, differing only in 3 spots. 
Consequently, we conclude that the X1 and X2 proteins are related t o  each other by 
proteolytic cleavage.The minor differences between the fingerprints presumably represent 
the results of the cleavage, which reduces the molecular weight of X1 from 3 1,000 to  
29,000. 

Figure 3 shows such tryptic fingerprints of proteins pE, pC, X1, and X2. pE is the 

XI and X2 Are Fusion Products 

A further comparison of the 4 fingerprints in Fig. 3 reveals an unusual relation- 
ship between them: 5 of the spots in the X1 fingerprint have mobilities that are identical 
t o  spots in the pC fingerprint and 5 other spots of X1 have mobilities that are identical t o  
spots in the pE fingerprint. Thus X1 and X2 may contain amino acid sequences derived 
from both pE and pC. There are some spots in both pC and pE which are absent from X1, 
so it appears that X1 contains a subset of the amino acid sequences of pC and a subset 
of those of pE. Figure 4 is a schematic representation of the fingerprints in Fig. 3. The 
numbering is meant to indicate the correspondences between the spots. Since spot 2X has 
about the same mobility as spots from both pE and pC, it is not clear whether it 
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Fig. 1. Physical map of the head region of the  h chromosome. 
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Fig. 2. Autoradiogram of sodium dodecyl sulfate polyacrylamide gel of 35S-labeled h heads. 

Fig. 3: Autoradiograms of tryptic fingerprints of 35 S-labeled h proteins. a) pE; b)  pC; c) X1;  d )  X2. 

corresponds t o  one or  both of  them. Spot 18, the only spot in the X1 fingerprint that is 
not shown in either the pE or the pC fingerprints, may in fact correspond t o  a pE spot. 
Although no spot in position 18 is seen in the pE fingerprint in Fig. 3a, such a spot is 
frequently seen in other pE fingerprints, e.g., the pE fingerprints in Fig. 5a and b both 
have faint spots in that position. 

To prove that  the spots in the X1 and X2 fingerprints really represent amino acid 
sequences derived from pE and pC, we sought evidence that a mutational change in the 
amino acid sequence of pE would produce a corresponding change in the amino acid 
sequences of X1 and X2. If a X mutant carrying an amber mutation in the E gene is grown 
in a host carrying an amber suppressor, then a mutant pE protein will be synthesized with 
an amino acid substitution a t  the position corresponding t o  the amber codon. The finger- 
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Fig. 4. Schematic drawing of the fingerprints in Fig. 3. Corresponding numbers indicate spots of 
identical mobilities. 

Fig. 5. Autoradiograms of tryptic fingerprints of 35 S-labeled A proteins. a) pE from a wild-type 
infection; b )  pE from an infection of sup+F cells by A Eam4; c) X2 from a wild-type infection; 
d)  X2 from an infection of sup+F cells by A Eam4. 
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print of such a protein is shown in Fig. 5. Figure 5a is a tryptic fingerprint of wild-type 
pE, and Fig. 5b is a fingerprint of an altered pE produced after infection by X Earn4 of a 
SupF host, which inserts tyrosine at the amber codon (6). The two fingerprints are 
identical with the exception of a change in the position of spot 6 (arrow) which appears to 
have run slightly faster in the chromatographic direction in the case of the mutant pE. 
Thus spot 6 must be the peptide encoded by the part of the E gene containing the amber 
mutation. In a similar experiment using an amber suppressor that inserts serine, spot 6 
did not change mobility, suggesting that the wild-type amino acid at this position is 
either serine or another amino acid with similar electrophoretic and chromatographic 
properties. 

Since spot 6 is one of the pE spots that is present in X1 and X2, the X1 and X2 
fingerprints should show the same change as the pE fingerprint when derived from the 
amber infection of the tyrosine-inserting cell. Figure 5c shows a fingerprint of wild-type 
X2 and Fig. 5d shows a fingerprint of X2 purified from the same lysate as the mutant pE 
in Fig. 5b. Again the two fingerprints are identical with the exception of spot 6. Con- 
sequently, XI and X2 must in fact contain sequences from pE and not simply possess 
fortuitously similar fingerprints. Figure 6 is a schematic representation of the postulated 
relationships between pE, pC, X1, and X2. 

Origin of Other Proteins in Heads 

In addition to X1 and X2, SDS gels of X heads show several other bands which can- 
not be primary gene products. Experiments to be described elsewhere (4) show that 
these also result from chemical changes to primary products of head genes. Tryptic 
fingerprints show that h3, which behaves like a processed protein in pulse-chase ex- 
periments (S), is a proteolytic cleavage product of pB (4). Recently, we have found that 
the remaining minor bands that are visible in Fig. 2 are in fact not present in the phage 
head. Rather, they are degradation products of pE which are produced by a small amount 
of nonenzymatic cleavage of pE during boiling in an SDS-containing buffer prior to 
electrophoresis (Hendrix, unpublished). It is now possible, therefore, t o  account for all 
of the bands on an SDS gel of h heads and consequently to  completely describe the 
protein composition of X heads. 

DISCUSSION 

We describe in this paper a new type of protein processing reaction which occurs 
during the assembly of phage h heads. Parts of two separate phage-coded proteins, pC and 
pE, become linked to each other during the process of assembly. There are two alternative 
fusion products (X1 and X2) produced in approximately equal amounts, and these are 
related to  each other by proteolytic cleavage. Both X1 and X2 are smaller than either pC 
or pE, and they are presumably proteins with an entirely different set of properties than 
either of the precursor proteins. 

What is the structure of the fusion products? Analysis of the relative intensities of 
the tryptic spots of X1 and X2 shows that the sequence contributed by pC and by pE 
are present in equimolar amounts (16). This fact is most simply interpreted as meaning 
that each fusion product (X1 or X2) consists of one copy of a fragment of pC linked to 
one copy of a fragment of pE. The nature of the linkage is still unclear, but it is very 
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x2 I 
Fig. 6 .  Schematic representation of the fusion reaction. The lengths of the bars are proportional 
t o  the apparent molecular weights of the proteins. 

likely a covalent bond, since it is resistant t o  prolonged boiling in a buffer containing 2% 
sodium dodecylsulfate and 10% 2-mercaptoethanol, or a buffer containing 6 M 
guanidine HC1 and 10% 2-mercaptoethanol. Further, it is unlikely to  be a disulfide bond, 
because of its resistance t o  2-mercaptoethanol. The bond might well be a peptide bond, 
joining the pC and pE sequences into a continuous polypeptide chain. Alternatively, it 
could be a crosslinking bond between amino acid side chains of the two components. Ex- 
periments are currently underway t o  test these possibilities. 

tions. Unprocessed pC is absent from mature heads but can be found in infected lysates 
(5). In lysates pC disappears in a pulse-chase experiment and its disappearance requires 
the presence of a functional pE (5). The protein composition of the head-related particle 
petit h is also consistent with the fusion scheme. Petit h is a hollow protein shell which 
has been shown t o  be a precursor to heads (7, 8). Petit h particles derived from a wild- 
type infection or from most mutant infections contain X1 and X2 and no pC. However, 
the petit h produced after infection by h Cam- is missing XI and X2, as is expected if 
pC is a precursor t o  the fusion products. XI  and X2 are also absent from the petit h 
produced when h infects a host carrying the groE mutation. Instead, these groE- petit 
h particles contain unprocessed pC (4). Apparently the fusion reaction is blocked in the 
groE host. 

When does the fusion reaction occur? Since the groE- petit h contains pC and so 
must have a site where it binds, it seems reasonable to  assume that nascent wild-type 
petit h also has a binding site for unprocessed pC. Thus the fusion of pC and pE would 
occur after both proteins are assembled into a nascent petit h structure. Recently, Kaiser 
et al. (7) have shown that the fusion reaction must occur prior t o  the packaging of the 
DNA. Consequently our picture of the place of the fusion reaction in the assembly 
process is the following: pE is assembled into a structure (petit h) containing about 420 
pE monomers. Subsequently, about 12 copies of pC join the structure and each pC 
monomer reacts with a pE monomer to  produce either XI or X2. In the final series of 
steps, the DNA enters the head (7, 8), the head expands to normal size, a second major 
capsid protein, pD, is added (9), the DNA is cut t o  genome size (lo), and the heads are 
prepared for tail attachment (1 1). 

The fusion of pC and pE proposed here is consistent with several other observa- 
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It is of interest to know what sort of mechanism is involved in the production of 
X1 and X2, which have MWs of  3 1,000 and 29,000, respectively, from the fusion of pC, 
(MW 64,000) and pE (MW 38,000). Possibly pC and pE are first cleaved and two of the 
resulting fragments are then fused to  produce X1 or X2. Alternatively, pC and pE might 
first be fused to produce a large inLermediate, which would be subsequently cleaved. Or 
pC and pE might “recombine” by transpeptidation to yield X1 or X2 in a single step. 
Recent evidence (4) suggests that the second alternative, fusion followed by cleavage, 
may be the correct one. The SDS gel patterns of groE- petit X show, in addition to a 
strong band of  unprocessed pC, a faint band at about 100,000 daltons. This is the molec- 
ular weight that would be expected for a protein composed of intact pC joined to  
intact pE. If tryptic fingerprinting experiments bear out this structure for the 100,000 
dalton protein, then it will seem probable that X I  and X2 are produced by cleavage of 
that protein. The reason for the production ofboth X I  and X2 rather than a single fusion 
product is obscure. 

occur during phage assembly, but in no case is the function known with certainty. 
Presumably processing reactions tend to  make the assembly irreversible, and this may be 
an important part of their biological function. Processing reactions might also exert con- 
trol over the order of assembly, e.g., by creating a binding site in situ for the next protein 
to  be assembled. Processing reactions may also be involved in DNA packaging. In T4  
assembly some protein cleavages occur concomitantly with DNA condensation (12). How- 
ever, since the pC-pE fusion occurs prior to DNA packaging, it is presumably not directly 
involved in this function. 

A strikirg feature of the pC-pE fusion is that it occurs about 12  times per head 
structure. Since the icosahedral head has 12 “corners” (centers of five-fold symmetry), 
we speculate that the reaction might occur once on each corner. Possibly the fusion alters 
the geometry or properties of the corners. We have found that petit X in which the fusion 
is blocked has a different sedimentation rate than petit h containing the fusion products 
(4). This change could be caused, for example, by a stiffening of the corners, although we 
cannot yet rule out the possibility that the change in sedimentation rate might instead be 
due to structural changes unrelated to the fusion. 

The fusion o fpC with pE appears t o  be a new type of protein processing reaction. 
Although there are several examples of covalent bond formation between proteins, these 
generally involve either bonds between identical or nearly identical subunits (e.g., collagen 
and fibrin, as reported in this issue) or interchain disulfide bonds (e.g., antibodies). 
In E. coli the only documented fusion-type reaction involves the fusion of fragments of 
Pgalactosidase to give a wild-type enzyme (13). The reaction described here for X involves 
the products of two distinct genes with entirely different properties which fuse and 
ultimately produce proteins that are smaller than either of them. We have read with 
interest a recent report (14) in which tryptic fingerprints are used to  show sequence re- 
lationships among the four nonhistone proteins of polyoma virions. One possible inter- 
pretation of  these results is that polyoma protein P3 is a fusion product. Another recent 
report (1 5) which can be interpreted in terms of protein fusion describes an increase in 
apparent molecular weight of one subunit of the E. coli RNA polymerase upon infection 
by phage T3. Thus it seems possible that protein fusion reactions may be found to be 
important in a number of biological systems. 

Various functional roles have been suggested for the protein processing steps that 
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