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A molecular chaperone of bacteriophage T4, gp57A, which facilitates the formation of the long and short tail
fibers, was isolated and characterized by peptide analysis, sedimentation equilibrium, and circular dichroism
(CD). Sequence analysis confirmed the predicted sequence of 79 amino acids from the nucleotide sequence of
the gene with the N-terminal methionine removed. The result led to the conclusion that the apparent smaller
molecular weight of 6,000 from Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis than the
expected molecular weight of 8,710 was due to its abnormal electrophoretic behavior instead of cleavage or
processing of the gene product. Estimation of the secondary structure from far-UV CD indicated a 94% «-helix
content, which was in accord with the prediction from the primary structure. A sedimentation equilibrium
study, on the other hand, revealed that gp57A assumes a tetrameric subunit structure.

There are a number of T4 phage gene products on the
assembly pathway of bacteriophage T4 that are essential for
the phage growth but not incorporated in the mature virion.
These include gp40, gp31, gp51, gp57A, gp38, and gp63 (gpX
is the monomeric product of gene X). gp40 is essential for the
formation of the initiation complex of the prohead (11); gp31
prevents abortive aggregation of the major head protein, gp23,
and ensures the proper head shell formation (12); gp51 is
necessary for the formation of the hub of the baseplate (21);
gpS57A facilitates the long and short tail fiber formation (2);
gp38 is necessary for the formation of distal long tail fibers,
functioning together with gp57A (24); and gp63 accelerates tail
fiber attachment to the baseplate (25). Recently, gp31 was
shown to function together with the Escherichia coli protein
GroEL and can substitute for E. coli GroES (23). The exact
mode of function of these proteins is not known, but they
catalyze assembly reactions instead of constituting parts of the
virion and thus are molecular chaperones.

In this study, we focused on gp57A, whose target proteins
are concerned with the attachment of bacteriophage T4 to E.
coli, i.e., the long tail fibers encoded by genes 34 through 37
(26) and the short tail fibers encoded by gene 12 (8, 14). The
infection process starts when the free ends of the six long tail
fibers, consisting of the C-terminal region of gp37, interact
reversibly with the bacterial surface. Subsequently, the irre-
versible attachment of the phage occurs through the interac-
tion between the short tail fibers and the host cell wall (19).
The isolated trimeric gpl12, P12, has been deduced to be a
trimer based on its estimated diffusion coefficient, D,,, from
gel filtration and its sedimentation coefficient, s,,, from density
gradient ultracentrifugation (14). A recent study by scanning
transmission electron microscopy (13) confirmed the trimeric
subunit structure and reported the dimensions of the short tail
fiber. P12 is 38 nm long and has an arrowhead-shaped head (10
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nm long by 6 nm wide), which very likely corresponds to the C
terminus of gpl2 and will interact with the cell surface lipo-
polysaccharide, and has a 24-nm shaft of uniform width (3.8
nm) with a constricted center and a small tapered pin.

Herrmann and Wood (5) previously identified two proteins
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as products of gene 57 with molecular weights of
6,000 (gp57A) and 18,000 (gp57B). They also showed that only
gp57A is essential for growth of the phage. Subsequently,
Herrmann (6) determined the nucleotide sequence of the gene
57 region and called one open reading frame gp57A. This was
later shown by Broida and Abelson (1a) to be in the same open
reading frame as gene 1. Broida and Abelson favored a differ-
ent assignment of gene 57A, just downstream of gene 1, and
predicted an 80-residue gene product despite the smaller mo-
lecular weight reported above. We demonstrate that the open
reading frame as predicted by Broida and Abelson (la) is
indeed gene 57A by complete amino acid sequencing of gpS7A
and that it assumes a tetrameric subunit structure with a high
a-helix content.

MATERIALS AND METHODS

Bacteria, plasmids, and bacteriophage. All strains, plasmids, and phage used
in this work are listed in Table 1. Plasmid pTBS contains gene 57A in pT7-5,
which expresses genes under the T7 promoter (Fig. 1). The plasmid was trans-
formed into E. coli BL21 (DE3), which carries T7 RNA polymerase on ADE3
integrated into the chromosome of BL21 (22).

Media, chemicals, and buffers. M9A medium and Luria broth (LB) were used
to grow E. coli. M9A medium contained 6 g of Na,HPO,, 3 g of KH,PO,, 0.2 g
of MgSO, - TH,0, 0.5 g of NaCl, 1 g of NH,Cl, 4 g of glucose, and 10 g of
Casamino Acids (Difco Laboratories, Detroit, Mich.) per liter of water. LB
medium contained 10 g of Bacto Tryptone, 5 g of yeast extract (Difco), and 10 g
of NaCl per 1 liter of water. Buffer A and buffer B were used to purify gpS7A.
Buffer A contained, per liter, 12.11 g of Tris adjusted with HCI to pH 8.0. Buffer
B contained, per liter, 1.21 g of Tris adjusted with HCI to pH 8.0 and supple-
mented with 0.1 M NaCl. Phage strains were stored in and diluted with phos-
phate buffer (PB*), which contained 7 g of Na,HPO, and 3 g of KH,PO, per
liter of water and which was supplemented with 1 mM MgSO,.

In vivo complementation. E. coli BL21(DE3) cells with and without plasmid
pTBS were grown to a concentration of 4 X 10% cells/ml in M9A medium at 37°C
with vigorous aeration. The burst sizes of the phage were 167, 3.3, and 0.05
PFU/cell for the induced cells, uninduced cells, and control (plasmidless) cells,
respectively. Half of the cells from each culture were placed on ice (control and



VoL. 179, 1997

gp5S7A, A MOLECULAR CHAPERONE OF BACTERIOPHAGE T4 1847

TABLE 1. Bacterial strains, plasmids, and bacteriophage

Strain, plasmid, or phage

Relevant properties and use

Source or reference

E. coli strains

BE Su”, nonpermissive for T4 ambers; selective plating and growth of Our collection
am™ phage
B40(Sul) Su™; growth of T4 amber mutants Our collection
BL21(DE3) Carries T7 RNA polymerase on ADE3 integrated into the Our collection; 22
chromosome of BL21
Plasmids
pT7-5 Expresses genes under T7 promoter, Ap" Our collection; 22
pTBS5 Contains gene 57A in pT7-5 This work
Bacteriophage

T4 57amE198 Gene 57A amber mutant

Our collection

uninduced cells). The remaining cultures were incubated with 0.1 mM isopropyl-
B-p-thiogalactopyranoside (IPTG) for an additional 2 h at 37°C (induced cells).
After induction, cells were recovered from culture by centrifugation at 5,000 X
g for 5 min at 4°C and resuspended in the same volume of M9A medium. Cells
were infected with T4 57am phage at a multiplicity of infection of 5, superin-
fected after an interval of 5 min, incubated for 2 h, and then chilled rapidly in an
ice bath. After sedimentation of infected cells at 5,000 X g for 5 min at 4°C, the
cells were resuspended in PB™, and a few drops of CHCl; and 10 g of DNase
I (Sigma Chemical Co., St. Louis, Mo.) per ml were added to the mixture. The
cell debris was removed from the suspension by centrifugation at 5,000 X g for
5 min at 4°C. The yield of T4 57am mutant phage was then measured on E. coli
B40(Sul) to determine the in vivo complementation by gpS7A.

Purification of gp57A. E. coli BL21(DE3)/pTB5 was grown at 37°C in 3 liters
of LB medium with vigorous aeration to a concentration of 2 X 10® cells/ml. The
cells were then induced with 0.5 mM IPTG and incubated for an additional 2 h.
The induced cells were recovered from the culture by centrifugation at 10,000 X
g for 30 min at 4°C. The pellet was resuspended in 30 ml of buffer A, homoge-
nized by sonication for 15 min (10 pulses/s) in an ice bath, and centrifuged at
10,000 X g for 30 min at 4°C. The supernatant was loaded on a DEAE-Toyopearl
column (TOSOH, Tokyo, Japan; 2.8 by 18.5 cm) which had been preequilibrated
with the same buffer. The column was washed with 100 ml of buffer A, and the
proteins were eluted with 400 ml of buffer A which contained a linear gradient
of 0 to 0.5 M NaCl. gp57A is eluted at a concentration of 0.29 to 0.37 M NaCl.
Fractions containing gp57A were collected, and ammonium sulfate was added to
a final concentration of 2 M. The solution was then loaded on a phenyl-Toyo-
pearl column (TOSOH; 2.8 by 18.5 cm) preequilibrated with buffer A with 2 M
ammonium sulfate. The column was washed with 100 ml of the same buffer, and
the proteins were eluted with 400 ml of the buffer with a reverse linear gradient
of 2 to 0 M ammonium sulfate. gp57A is eluted at a concentration of 0.9 to 0.7
M ammonium sulfate. The fractions containing gp57A were collected and con-
centrated to a volume of 5 ml with an ultrafiltration cell with a YM3 membrane
(Amicon, Beverly, Mass.) The concentrated gp57A was loaded on a Sephadex
G-75 (Pharmacia LKB, Uppsala, Sweden; 2 by 100 cm) column preequilibrated
with buffer B, and peak fractions containing gp57A were collected. The final yield
of gp57A was 5.0 mg/10 g (wet weight) of cell. gp57A thus purified showed a
single band on a Tricine-SDS-PAGE gel (18).

Gel electrophoresis and electroblotting. gp57A was run on a Tricine-SDS-
PAGE gel containing 16.5% (wt/vol) acrylamide and stained with Coomassie
brilliant blue G (Sigma) as described by Schagger and von Jagow (10, 18) after
electrophoresis. gp57A was then electroblotted onto an Immobilon membrane
(Millipore Corp., Bedford, Mass.), and the N-terminal sequence was determined
by the method described below (7, 15).

Protein concentration determination. Protein concentration was routinely de-
termined by the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford,
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FIG. 1. Plasmid construction. Gene 57A was cloned in plasmid pT7-5 and
designated pTBS.

11l.) (20) with bovine serum albumin as a standard. When more accurate con-
centration was needed, as in the case of the circular dichroism (CD) measure-
ments, the same solution that was used for the BCA protein assay was subjected
to amino acid analysis and the absolute amount of Ala was used for correction.
Concentration values obtained from the BCA method were thus corrected; the
correction factor was determined to be 1.07.

N-terminal sequence analysis of gp57A. Automatic Edman degradation was
carried out with a gas-phase sequencer (model 477A; Applied Biosystems, Foster
City, Calif.). Phenylthiohydantoin derivatives of amino acids were analyzed with
an on-line high-performance liquid chromatography (HPLC) system (Applied
Biosystems model 120A).

Peptide mapping of gp57A by HPLC. Digestion with chymotrypsin (Sigma)
was carried out at 37°C for 6 h in 0.1 M pyridine-collidine-acetate buffer (pH
8.2)-0.1 mM CaCl,. The peptides in the digest were resolved in a reverse-phase
HPLC (Waters 600 system), with a linear gradient of 0 to 80% acetonitrile in
0.1% trifluoroacetic acid (Pierce). An octyldecylsilane column (AP-302; YMC,
Kyoto, Japan) (4.6 by 150 mm) was used. The elution profile was monitored by
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Sedimentation equilibrium analysis. Sedimentation equilibrium analysis was
carried out with an Optima XL-A analytical ultracentrifuge (Beckman, Fuller-
ton, Calif.). Because gp57A does not possess any aromatic amino acids, the sed-
imentation equilibrium profile was monitored at 230 nm and the data were
analyzed with XLAEQ software provided by Beckman. In the calculation of the
molecular weight of gp57A, its partial specific volume was determined to be 0.71
from the concentration dependence of the density of gp57A solution at a number
of concentrations from the formula p = p, + (1 — Vpy)c, where p and p, are the ob-
served densities of the gp57A solution and reference solution, respectively, v is

M @ @ @ 6

o
16kDa -
14kDa - i
8kDa -
6kDa — Pr—
2.5kDa

FIG. 2. Tricine-SDS-PAGE illustrating the purification of gp57A. Lanes: 1,
molecular mass standard; 2, soluble fraction of cell extract of induced E. coli
BL21(DE3)/pTBS; 3, gp57A containing fractions after DEAE-Toyopearl chro-
matography; 4, gp5S7A after phenyl-Toyopearl chromatography; 5, gp57A after
Sephadex G-75 chromatography.
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FIG. 3. Chromatogram of reverse-phase HPLC separation of chymotryptic fragments. The peptides in the digest were resolved in a reverse-phase HPLC (Waters
600 system) octyldecylsilane column (4.6 by 150 mm) with a linear gradient of 0 to 80% acetonitrile in 0.1% trifluoroacetic acid. The flow rate was 0.8 ml/min. The

elution profile was monitored by A,;s.

the partial specific volume of the protein, and ¢ is the protein concentration (in
grams per milliliter). The densities of gp57A solutions were measured with a
DMA-58 density meter (Anton Paar, Graz, Austria).

CD and secondary structure estimation. The far-UV CD spectrum of gp57A
between 190 and 240 nm was measured at 25°C on a J-500C spectropolarimeter
(JASCO, Tokyo, Japan) in a 1-mm-path cell. This spectrum was used to estimate
the secondary structure by CONTIN, a computer program developed by Steven
W. Provencher (17).

Cross-linking of gp57A. Chemical cross-linking was carried out with 1.0%
glutaraldehyde (BDH, Poole, England) at 25°C in 10 mM phosphate buffer (pH
7.6). The cross-linked gp57A was examined on a Tricine-SDS-PAGE gel (18).

RESULTS

As a first step towards elucidation of the mechanism of
gp57A-assisted long and short tail fiber formation, we overex-

N-terminal

1 SEQTIEQKLSAEIVITLKSRILDTOQOQDOQAARTL

pressed gene 57A and purified and characterized the gene
product.

Activity of gp57A in vivo. Prior to structural characterization
of the gene product, the activity of the overexpressed gene
product was examined by in vivo complementation as de-
scribed in Materials and Methods. The in vivo complementa-
tion assay indicated that cloned and overexpressed gp57A
complemented an amber mutant of T4 in gene 57A.

Purification of gp57A. After induction of gene 57A in E. coli
BL21(DE3) by IPTG as described in Materials and Methods,
gp57A was purified to homogeneity by three step column chro-
matographies; DEAE-Toyopearl chromatography, phenyl-
Toyopearl chromatography, and Sephadex G-75 chromatogra-
phy. The progress in purification with each step as monitored

FIG. 4. Amino acid sequence of gene 57A product. The amino acid sequences of the purified chymotryptic peptides were analyzed by Edman degradation. The
names of the peptides, shown beneath the sequences, correspond to the peptide peaks shown in Fig. 3. Edman degradation of the first 10 residues was also carried out

on the complete gp57A protein indicated by an arrow at the N terminus.
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FIG. 5. Sedimentation equilibrium of gp57A. Because gp57A does not pos-
sess any aromatic amino acids, the concentration distribution was monitored at
230 nm. The profile suggests a homogeneous tetrameric subunit structure.

by Tricine-SDS-PAGE is shown in Fig. 2. The purified gp57A
has a molecular weight of 6,000 estimated from Tricine-SDS-
PAGE, which is in agreement with the finding of Herrmann
and Wood (5) but about 30% smaller than the weight expected
from the nucleotide sequence. Because of the significant dif-
ference, a possibility that processing of the polypeptide chain
occurred was suspected.

Total amino acid sequence determination of gp57A. To con-
firm first that the overexpressed 6-kDa protein is in fact gp57A,
we carried out amino-terminal sequence analysis by Edman
degradation. The N-terminal sequence thus determined was
identical to that deduced from the nucleotide sequence except
that the N-terminal Met was removed and the fifth amino acid
was Ile instead of Val as expected from the nucleotide se-
quence. It is not clear at present whether the discrepancy is due
to the strain of the phage or a sequencing error of the nucle-
otide, but the two amino acids are similar in their physico-
chemical properties. We then proceeded to examine by pep-
tide analysis the possibility that gp5S7A is processed in another
part of the molecule. Chymotrypsin was used for a limited
proteolysis, the major chymotryptic peptides were isolated by
HPLC, and the amino acid sequences of the isolated peptides
were determined. Figure 3 shows the separation of chymotryp-
tic peptides of gp57A by HPLC. Figure 4 depicts the locations
of the peptides for which Edman degradation was carried out.
The determined sequences cover all of the primary structure
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FIG. 6. Far-UV CD spectrum of gp57A. Estimation of the secondary struc-
ture as described by Provencher and Glockner gave a 94% a-helix content with
no B-structure.

predicted from the nucleotide sequence and thus confirm the
amino acid sequence containing 79 amino acids. No processing
of gp57A was observed. We conclude that the discrepancy
between the apparent molecular weight from Tricine-SDS-
PAGE and the molecular weight expected from the nucleotide
sequence is due to an abnormal electrophoretic property of
gp57A, although the physicochemical basis for the electro-
phoretic behavior remains to be explained.

Molecular weight determination of gp57A. To establish
whether the native gp57A has a subunit structure, the molec-
ular weight of gp57A in the active form was determined by
sedimentation equilibrium centrifugation (Fig. 5). The molec-
ular weight was estimated to be 33,470 = 4,780 (mean *
standard deviation), indicating a tetrameric subunit structure.
This value is close to 33,900, which is four times the molecular
weight of a monomer, 8,481, estimated from the amino acid
sequence. Chemical cross-linking of gp57A with glutaralde-
hyde supported the conclusion. Up to a tetrameric subunit
structure of the cross-linked products was observed; no pen-
tamer was detected (data not shown).

CD measurement and secondary structure prediction. The
CD spectrum was measured in the far-UV region (Fig. 6), and
the spectrum was analyzed by a program developed by Prov-
encher and Glockner (17) to estimate the secondary structure
of gp57A. The a-helical content was estimated to be 94% with
no B-structure. The secondary structure prediction by the com-
bined method of Nishikawa and Noguchi (16), based on the
amino acid sequence, also gave a highly a-helical structure, i.e.,
64% a-helix content with no B-structure (Fig. 7).

DISCUSSIONS

The concept of the mechanism of protein folding in the cell
has changed over the past few years due to the discovery of
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FIG. 7. Secondary structure prediction by the combined method of Nishikawa and Noguchi.

molecular chaperones (4). These are essential for the folding
and/or assembly of many cellular proteins and are found ubig-
uitously in eubacteria, archaebacteria, and eucaryotes. Among
them, the chaperonin GroEL of E. coli was originally found to
be an essential host component for the growth of bacterio-
phage T4 and required for the assembly of the head (3). Phage
T4 itself encodes several proteins which are essential for
growth of the phage but not incorporated in the mature virion.
We have focused on one such protein, gp57A, in the present
study. gp57A catalyzes the formation of the long and short tail
fibers, the former being encoded by genes 34 through 37 and
the latter being encoded by gene 12 (8).

King and Laemmli (9) have previously shown that in the
absence of gp57A, gp12 does not remain in the soluble fraction
but instead is found in the cell debris or membrane fraction.
On the basis of their observation, we isolated tails from T4
57Aam mutant phage lysates and confirmed that the tails do
not possess gpl2 (2a).

On the other hand, when gene 12 was overexpressed to-
gether with gene 57A, P12 is found associated with the mem-
brane but is reversibly dissociated by treatment with EDTA
(1). When gene 12 is expressed alone, the resultant gene prod-
uct is associated with the membrane irreversibly and cannot
dissociate with EDTA treatment. Also, the membrane-associ-
ated gp12 could be denatured by cold SDS. Taken together,
these observations allow us to postulate that gp5S7A interacts
with the nascent gp12 and facilitates formation of the native
trimer, P12. Dissociation of P12 from the membrane, concom-
itant with its association with the baseplate, is one of the
terminal steps in T4 morphogenesis.

The major aim of the present study has been to isolate and
characterize gp57A as a first step towards understanding its
function. The first problem we encountered was the discrep-
ancy between the molecular weight from SDS-PAGE and that
from the nucleotide sequence. We demonstrated that the pri-
mary structure is the same as that expected from the nucleotide
sequence except that the N-terminal Met was removed and
that the fifth residue was Ile instead of Val. From this result, it
was concluded that the discrepancy in the molecular weight
was due to the abnormal electrophoretic behavior instead of
posttranslational processing.

The short tail fiber, P12, is a trimer at 37°C but tends to
associate into a higher-molecular-weight aggregate at lower
temperatures, e.g., at 20°C. The association is reversible. The
dissociation of the higher-molecular-weight aggregate into tri-
mers can be facilitated by the presence of gp57A (26a). The

physiological significance of this function is not clear, but it
may indicate an additional role of gp57A in facilitating the
binding of P12 to the baseplate.

No significant homologies were detected in a search of the
protein sequence database except for some a-helical proteins
such as myosin and tropomyosin. In fact, gp57A is rich in
a-helix as deduced from the CD spectrum (Fig. 6). Secondary
structure prediction also supported the a-helix abundance in
gp57A (Fig. 7). The native P57A is a tetramer of gp57A based
on the molecular weight determination by sedimentation equi-
librium (Fig. 5). The significance of the tetrameric subunit
structure in relation to the function remains to be explained.

Efforts to crystallize gp57A for X-ray analysis are currently
under way.
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