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ABSTRACT

The tailspike protein of bacteriophage P22 assembles with mature capsids during the final reaction
in phage morphogenesis. The gene 9 mutation hmH3034 synthesizes a tailspike protein with a change
at amino acid 100 from Asp to Asn. This mutant form of trimeric tailspike protein fails to assemble
with capsids in vivo. By using in vitro quantitative tailspike-capsid assembly assays, this mutant tailspike
trimer can be shown to assemble with capsids at very high tailspike concentrations. From these assays,
we estimate that this single missense mutation decreases by 100-500-fold the affinity of the tailspike
for capsids. Furthermore, hmH3034 tailspike protein has a structural defect which makes the mature
tailspike trimers sensitive to SDS at room temperature and causes the trimers to “partially unfold.”
Spontaneously arising intragenic suppressors of the capsid assembly defect have been isolated. All of
these suppressors are changes at amino acid 13 of the tailspike protein, which substitute His, Leu or
Ser for the wild type amino acid Arg. These hmH3034/sup3034 mutants and the separated sup3034
mutants form fully functional tailspike proteins with assembly activities indistinguishable from wild
type while retaining the SDS-sensitive structural defect. From the analysis of the hmH3034 mutant
and its suppressors, we propose that in the wild-type tailspike protein, the Asp residue at position 100
and the Arg residue at position 13 form an intrachain or interchain salt bridge which stabilizes the
amino terminus of the tailspike protein and that the unneutralized positive charge at amino acid 13
in the hmH3034 protein is the cause of the assembly defect of this protein. To test this hypothesis we
have generated suppressors of the hmH3034 mutation by site-directed, random mutagenesis of codon
13. From the broad spectrum of amino acids at position 13 which function as suppressors of hmH3034
we have concluded that elimination of Arg at position 13 is sufficient in most cases to restore capsid

assembly activity to the hmH3034 protein.

HE tailspike protein of bacteriophage P22 is a
multifunctional trimeric protein (GOLDENBERG,
BERGET and KING 1982) which functions in the ad-
sorption of the phage to susceptible Salmonella
strains. The tailspike protein, coded for by P22 gene
9 (BOTSTEIN, WADDELL and KING 1973; BERGET and
PoTEETE 1980) has proven to be a rich model system
in which to study protein structure/function relation-
ships at the protein sequence level. Each monomer in
the mature tailspike trimer contains 666 amino acids
after removal of its N-terminal Met residue (SAUER et
al. 1982). The mature wild type trimer is extremely
thermostable with a melting temperature of 88°
(STURTEVANT et al. 1989). It is also resistant to pro-
teolysis by a wide range of proteases and maintains its
trimeric structure in the presence of SDS at room
temperature. The pathway by which newly synthe-
sized monomers fold and assemble into trimers is, in
contrast, partially sensitive to high physiological tem-
peratures of 39°-42° (GOLDENBERG, BERGET and
KING 1982). All mutations in gene 9 which result in a
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temperature sensitive phenotype produce polypeptide
chains which seem to be blocked in in vivo protein
folding and trimer assembly (SMITH, BERGET and
KING 1980; KING et al. 1986; VILLAFANE and KING
1989) and aggregate in vivo at high physiological
temperatures (HAASE-PETTINGELL and KING 1988).
These ts mutations cluster in the central third of the
gene 9 coding region. Most absolute lethal mutations
isolated in gene 9 generate polypeptides which are
blocked in trimer assembly; however these mutant
polypeptides do not aggregate but accumulate as SDS
soluble monomers or are degraded by the cell (BEr-
GET and CHIDAMBARAM 1989; SCHWARZ and BERGET
1989a). Most of these mutations map in the last 20%
of the gene 9 coding region. Thus the vast majority
of missense mutations in gene 9 (over 100) define
steps in protein folding and trimerization in the in
vivo maturation of nascent tailspike polypeptides into
functional trimers and thus provide an entré into the
genetic analysis of these processes.

The mature tailspike trimer functions in P22 phage
adsorption to Salmonella through its endo-
rhamnosidase enzyme activity by binding to and hy-
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drolyzing the O-antigen on the surface of the cell
(IwasHITA and KANEGASAKI 1973). Through this hy-
drolysis reaction the phage, attached to the tailspike
protein, is brought to the cell surface where DNA
ejection occurs resulting in the transfer of the P22
genome into the cell. Phage capsids which lack the
tailspike protein neither adsorb to nor infect Salmo-
nella. In contrast to the number of mutations which
generate folding and trimerization defects, only two
mutations have been identified which specifically com-
promise this endorhamnosidase activity (BERGET and
PoTEETE 1980; SCHWARZ and BERGET 1989b). Sub-
stitution of Gly for Arg at position 505 or Tyr for
GIn at position 489 reduces the endorhamnosidase
activity of these mutant tailspike proteins to 1-3% of
the wild-type level. These mutant tailspike proteins
trimerize and assemble onto phage capsids normally;
and although phage carrying these mutant tailspike
trimers adsorb to Salmonella, they fail to infect these
cells presumably because they cannot hydrolyze O-
antigen and bring the phage to the cell surface (BER-
GET and POTEETE 1980).

The assembly of the tailspike protein onto the cap-
sid occurs in vivo as the last step in P22 morpho-
genesis. This assembly reaction was one of the first
phage assembly reactions demonstrated in vitro (Is-
RAEL, ANDERSON and LEVINE 1967) and was shown to
proceed under a wide variety of solution conditions.
The noncovalent interaction between phage capsids
and the tailspike protein is quite remarkable in that
no evidence of cooperativity during the assembly re-
action has been observed, yet the tailspike protein
attachment is so strong that no release or exchange
of tailspike protein molecules can be detected in vitro
(BERGET and POTEETE 1980). Until recently, no ge-
netic evidence has been available which suggests what
portion or domain of the tailspike is involved in this
assembly reaction and what types of intermolecular
interactions are involved. In addition no evidence is
available to indicate which of the capsid proteins par-
ticipate in this assembly reaction. The mutant hm-
H3034 was isolated in a mutagenesis protocol where
the tailspike protein gene cloned into a high copy
number plasmid was mutagenized with hydroxyl-
amine (SCHWARZ and BERGET 1989a). This mutant
gene 9 produces tailspike protein trimers with <1%
the assembly activity of wild type protein (SCHWARZ
and BERGET 1989b). To identify the molecular nature
of this assembly defect we have isolated both sponta-
neous and directed intragenic pseudorevertants which
restore the assembly activity of this altered tailspike
protein and determine the molecular nature of these
“suppressing” mutations. Through this analysis we
have refined the location of the domain of the tailspike
protein which is responsible for capsid-tailspike assem-
bly and identified two amino acid residues in the

tailspike polypeptide which must be in contact with
each other in the mature trimer.

MATERIALS AND METHODS

Bacterial strains: Salmonella typhimurium DB7000 was
used as the standard strain for propagating P22 phage.
MS1868 (RENNELL and POTEETE 1985) was used as the
primary recipient for plasmid transformations because of its
increased transformation frequency compared to DB7000.
Escherichia coli KK2186 (ZAGURSKY and BERMAN 1984) was
used in transformation experiments and as a host for pre-
paring single stranded pJS28 DNA. The dut™~, ung™ E. coli
strain BW313 was used for the preparation of uracil-substi-
tuted single stranded DNA for site directed mutagenesis.

Phage strains: P22 phage strains deficient in the produc-
tion of active tailspike protein were propagated by the
addition of 10"' phage equivalents of wild-type tailspike
protein in soft agar overlays in plating experiments. For
liquid cultures, LB broth (LEVINE 1957) was supplemented
with 10" phage equivalents of tailspike protein per ml.
M13-IR1 was used as the helper phage to produce single
stranded plasmid DNA as described in SCHWARz and BER-
GET (1989a).

Phage/plasmid crosses: Crosses to move gene 9 alleles
between P22 phage and plasmid replicons were performed
as described in SCHWARZ and BERGET (1989a). p]S28 is a
pBR322-derived plasmid which carries the tailspike gene
under the control of the lacUV5 promoter. It also contains
the origin of replication of the filamentous phage f1 so that
single-stranded plasmid DNA can be obtained in filamentous
phage particles after infection of F* strains carrying this
plasmid with helper filamentous phage. Because of this latter
property, we refer to this plasmid as a filamid. P22
9 hmH3034 was generated by crossing the hmH3034 mu-
tation from pJS28 hmH3034 onto P22. The hmH3034
mutation at codon 100 and suppressors of this mutation at
codon 13 were separated from each other by plasmid het-
eroduplex crosses (SHORTLE 1983). In these crosses, heter-
oduplexes are formed in vitro between pjS28-hmH3034/
sup3034 plasmid DNA and p]J$28-D1 (ScCHWARZ and BER-
GET 1989a) DNA which carries a deletion removing roughly
the first 23 codons of gene 9. This in vitro manipulation
effectively generates a recombinational intermediate be-
tween the two plasmid molecules which is resolved by mis-
match repair into recombination products after transfor-
mation into competent cells. Gene 9 DNA from nucleotide
-39 to 70 (where nucleotide 1 represents the first nucleotide
of the codon representing the first amino acid in the mature
protein) is missing in pJS28-D1 and is replaced by a HindI1I
octamer linker. p]J$28-D1 and p]S28-hmH3034/sup3034
plasmid DNAs were linearized with Hindlll and Pstl re-
spectively, phenol extracted, precipitated and resuspended
at a concentration of 625 ug/ml in TE (10 mm Tris HCI, 1
mM EDTA, pH 8). To denature the plasmids, 1 ul of each
plasmid DNA was mixed together with 6 ul separating buffer
(0.13 N NaOH, 0.13 mM EDTA) and incubated for 15 min
at room temperature. To anneal the separated strands the
reactions were incubated at 50° for 1 hr after adding 10 ul
reannealing buffer (0.08 N HCI, 0.05 M Tris HCI, pH 8).
This mixture of reannealed linear homoduplexes and cir-
cular heteroduplexes was used to transform E. coli KK2186
to ampicillin resistance. Plasmid DNA was isolated from
several transformants and analyzed with Hpal and HindlII
restriction endonucleases. Those which had lost the Hpal
site at codon 100 and did not contain a HindIl1I site were
presumed to be the desired recombinants and were verified
by DNA sequencing.
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Isolation of revertants of hmH3034: P22 9 "hmH3034
phage can only form plaques on plates in soft agar overlays
containing purified P22 tailspike protein. Independent
“stocks” of hmH3034 were isolated by plating P22
9"hmH3034 phage permissively on plates seeded with
DB7000 and added tail protein. Individual permissively
grown plaques were picked and resuspended in 1 ml of LB
broth. One half of each picked plaque was plated in soft
agar overlays containing only DB7000 to isolate sponta-
neously arising revertants. Plaques formed on these plates
at a frequency of 107 to 107". One revertant was saved
from each original permissively isolated plaque to guarantee
independence.

The mutation present in hmH3034 is a G to A transition
at nucleotide 298 in the structural gene for the P22 tailspike
protein (SCHWARZ and BERGET 1989a). This mutation
changes the DNA sequence at codons 99 and 100 from
GTT-GAC to GTT-AAC. This transition mutation changes
the wild type sequence spanning these codons from a Hincll
site to a Hpal site and thus represents a restriction fragment
length polymorphism (RFLP) mutation. To distinguish be-
tween true revertants and pseudorevertants of hmH3034,
DNA was prepared from the independent revertant phage
and its Hpal digestion pattern compared to DNA isolated
from wild type phage and the hmH3034 mutant. DNA was
isolated from 30 ml lysates of P22 by the method used for
phage A (MANIATIS, FRITSCH and SAMBROOK 1982).

DNA sequencing: DNA sequencing was performed off
of single stranded pJS28 DNA templates using the method
of SANGER, NICKLEN and COULSON (1977). Single stranded
plasmid DNA was produced by infection of E. coli KK2186
containing mutant pJS28 plasmids with phage M13-IR1
according to the method of DENTE, CESARENI and CORTESE
(1983). DNA sequencing was done with reagents and pro-
cedures provided in the Sequenase kit using the P22 gene
9 custom primers described in SCHWARZ and BERGET
(1989a). [**S]dATP was supplied by Amersham.

Oligonucleotide-directed mutagenesis: Random muta-
genesis of p]S28 plasmids at codon 13 of gene 9 was accom-
plished using the 64-fold degenerate oligonucleotide 5'-
TCT AAC CCT NNN CCA ATC TTC where N indicates
all four nucleotides were added at that cycle of synthesis.
This oligonucleotide was synthesized on an Applied Bio-
Systems synthesizer at the University of Pittsburgh DNA
synthesis facility. Uracil-substituted single stranded pJS28
DNA was prepared from E. coli BW313 carrying the appro-
priate pJS28 derivative by M13-IR1 infection and was used
as a template for the in vitro extension of the above primer
as described by KUNKEL (1985). The products of this in vitro
reaction were used directly to transform KK2186 to ampi-
cillin resistance. These transformants were screened for
active tailspike protein production by the “zone of lysis” test
previously described (SCHWARZ and BERGET 1989a).

Tailspike protein purification: Tailspike protein was
purified from either Salmonella or E. coli strains carrying
the high level expression plasmid pJS28 onto which various
combinations of mutant alleles of gene 9 had been crossed.
Four one liter cultures of these strains were grown in 2.8-
liter Fernbach flasks with maximal aeration at 30° in Super
Broth (3.2% Bacto Tryptone, 2% Bacto Yeast Extract, 0.5%
NaCl, 5 mm NaOH) until the cells had just reached station-
ary phase. The cells were harvested by centrifugation and
the cell paste was resuspended in 10 ml of B buffer (BERGET
and POTEETE 1980) containing 25 mM NaCl (B25 buffer)
per liter of starting culture and frozen at —80°. The frozen
cell paste was thawed, adjusted to 15 mm EDTA, 1 mMm
dithiothreitol and pH 8 by the addition of 2 M Tris base
and the cells lysed by the addition of 15 mg/ml lysozyme

and incubation at 4° for 60 min. Cell debris was removed
by centrifugation at 110,000 X g for 90 min. The clarified
supernatant fraction was brought to 40% saturation with
ammonium sulfate and stirred for 24 hr. The ammonium
sulfate precipitate was collected by centrifugation and re-
suspended in 10 ml of B25 and dialyzed against 4 liters of
the same buffer for 24 hr. The dialyzed sample was clarified
by centrifugation to remove a small amount of precipitate
which formed during dialysis. The tail protein was purified
from this dialyzed sample by chromatography on either
DEAE Sephadex or on a Waters DEAE 5 PW, 21.5 mm X
15 cm high performance liquid chromatography column.
For DEAE Sephadex chromatography 10 ml of the dialyzed
sample were loaded onto a 50-ml column equilibrated in
B25. The sample was eluted with a 200-ml linear gradient
of NaCl from 25 to 200 mMm in B buffer. Fractions of 8 ml
were collected. For DEAE high performance liquid chro-
matography, 12 ml of the dialyzed sample were loaded onto
the column equilibrated with B25 buffer. The column was
washed for 5 min with B25 buffer and then eluted with a
60 min linear gradient from B25 to B215 (B buffer contain-
ing 215 mM NaCl) buffer. The flow rate for this chromatog-
raphy was 7 mi/min and 14-ml fractions were collected. For
either chromatographic separation, the P22 tailspike protein
was located by SDS polyacrylamide gel electrophoresis
(PAGE). Fractions containing pure tailspike protein were
pooled and dialyzed against B25 and frozenat —80°. Protein
concentrations were determined using the Bio-Rad protein
assay using bovine serum albumin as a standard.

Assembly activity measurements: Assembly reactions
were performed using P22 9°D10 capsids as described in
ScHwARZ and BERGET (1989b). P22 97D10 carries a dele-
tion in gene 9 which removes codons 473 to 504. In these
capsid-tailspike assembly reactions, the tailspike protein at-
taches to capsids converting them to infectious particles.
The deletion phage formed in these in vitro assembly reac-
tions were titered on S. typhimurium DB7000 carrying the
plasmid pPB10 (BERGET, POTEETE and SAUER 1983) which
contains the wild-type gene 9. Deletion phage which infect
these cells recombine with the wild-type gene 9 on pPB10
to generate wild-type phage which form a plaque.

PAGE: SDS-PAGE was performed essentially as previ-
ously described (GOLDENBERG, BERGET and KING 1982).
Wild-type P22 tailspike protein is completely denatured by
heating to 100° in SDS cracking buffer and migrates in SDS
polyacrylamide gels as a monomer of 72,000 D. However,
if the gel samples are not heated above room temperature,
the wild-type tailspike protein remains as a trimer and
migrates with a mobility characteristic of a much higher
molecular weight species. This difference in mobility de-
pending on incubation conditions allows one to determine
the quaternary structure attained by mutant tailspike pro-
teins.

RESULTS

Properties of the hmH3034 mutant: The P22 gene
9 mutation hmH3034 is a hydroxylamine induced
transition mutation at codon 100 of the P22 tailspike
gene which results in the substitution of Asn for Asp
in the tailspike protein at this position (SCHWARZ and
BERGET 1989a). This amino acid substitution has two
major effects on the tailspike protein. It lowers the
affinity of the tailspike protein for capsids to <1%
that of wild type as measured in an in vitro capsid-
tailspike assembly assay (Fig. 1A) (SCHWARZ and BER-
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GET 1989b). In this assay the plateau which is reached
when tailspike proteins is in excess and all capsids are
fully occupied by tailspike protein is at the same level
as wild type protein indicating that the hmH3034
tailspike protein suffers no loss in endorhamnosidase
activity which is required for infectivity. In addition,
the hmH3034 tailspike trimer is somewhat unstable
in the presence of SDS at room temperature. This
can be observed by its unique electrophoretic mobility
compared to wild-type protein when run on a SDS
polyacrylamide gel without heating the samples in
“cracking buffer” above room temperature (Figure
2B). This unique mobility is somewhere between that
observed for the wild-type trimer and the wild-type
monomer. However, the hmH3034 protein has a
mobility indistinguishable from wild-type protein in
native gel electrophoresis (SCHWARZ and BERGET

1989b); and, the hmH3034 monomer has the same
mobility as the wild-type protein in the SDS gel system
after the samples are heated to 100° for 5 min to
completely denature the proteins (Figure 2A). This
suggests that rather than being due to the charge
change associated with the amino acid substitution,
the mobility change in the hmH3034 protein is due
to partial denaturation in the presence of 1% SDS at
room temperature and the binding of more SDS than
the wild-type protein.

The hmH3034 mutation also results in the creation
of a RFLP in gene 9 and thus in the chromosome of
P22. As described in MATERIALS AND METHODS, the
hmH3034 mutation changes a Hincll site in gene 9
to a Hpal site. This suggested to us that revertants of
the P22 hmH3034 mutation could quickly and easily
be divided on the basis of their chromosomal Hpal






