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Membrane Interaction of the Portal Protein gp20 of Bacteriophage T4
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Assembly of the bacteriophage T4 head structure occurs at the cytoplasmic face of the inner membrane of Escherichia coli with
the formation of proheads. The proheads contain an internal scaffolding core that determines the size and the structure of the
capsid. In a mutant where the major shell protein gp23 was compromised, core structures without a shell had been detected.
Such core structures were also found in the mutant T4am20am23. Since the mutation in gene 20 is at the N terminus of gp20, it
was assumed that these core structures assemble in the absence of gp20. However, sequencing showed that the mutation intro-
duces a new ribosome binding site that leads to a restart at codon 15. Although the mutant protein gp20s lacks the very N-termi-
nal sequence, we found that it still binds to the membrane of the host cell and can initiate prohead assembly. This explains its
activity to allow the assembly of core structures and proheads at the membrane surface. With a cross-linking approach, we show
here that gp20 and gp20s are escorted by the chaperones DnaK, trigger factor, and GroEL and dock on the membrane at the

membrane protein YidC.

Viruses infecting bacteria are the most abundant life forms on
earth, with around 10°' particles (27). Enterophage T4 is one
of the seven T-type phages isolated in the 1940s (8). From the
beginning, it was used as a model system for lytic phages. Partic-
ularly, it proved helpful in understanding the principles of assem-
bly and morphogenesis of macromolecular complexes (3, 7, 30).
The assembly of the phage T4 is divided into three distinct major
pathways. The head, the baseplate with the tail, and the tail fibers
are first independently assembled inside the infected cell (29). The
head is made at the inner surface of the inner membrane of Esch-
erichia coli. At first, a membrane-bound initiator complex is built
by gp20, gp40, and yet-unknown E. coli proteins (4, 21). Around
this small structure, core and shell proteins (gpalt, IPI, IPII, IPIII,
gp20, gp21, gp22, gp23, gp24, gp67, and gp68) assemble to form
the prohead (3, 28). The internal zymogen gp21 is activated to
become the T4-own prohead protease gp21*, which then degrades
most scaffolding proteins into small peptides (13, 22, 25), which
are expelled from the head structure. Next, the head detaches from
the inner cellular membrane and is filled with DNA from a DNA-
concatemer by activation of the terminase gp16/gp17 (3). Finally,
the DNA-filled head is connected to the tail and the tail fibers to
complete the assembly of the virion (29).

The portal ring protein gp20 plays a crucial role for this assem-
bly process. This 61-kDa protein lacks defined transmembrane
segments, but it appears to be membrane bound (21). It is as-
sumed that the membrane binding is the starting point of the
normal head assembly process (3). In the mature phage virion, the
portal ring is found at one special vertex as a dodecamer with
12-fold rotational symmetry connecting the head to the tail (9).
The portal has a diameter of 17 nm and a thickness of 7 nm with an
internal cavity of 14 nm by 7 nm. The dodecamer is completely
buried inside the mature virion and exposed at the shell surface in
proheads (10, 17). It is most likely that the N terminus of each
monomer is displayed outside the head, while the C terminus is
inside the head structure (2). The N-terminal region of gp20
might therefore be important to bind to the membrane and, later,
in the DNA-filled heads to the tail structures. The role of gp20 in
the initiation and maturation of the T4 bacteriophage has been
studied with several gene 20 mutant phages. Two mutations,
am20E208 and am20E481, have been mapped to the very begin-
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ning of the gene, and another mutant, am20B8, encodes a protein
lacking the last 33 residues. The am20B8 and am20E481 mutants
allow the generation of very few phage progeny (2). For the
am20E481 mutant, it has been suggested that an in-frame restart
leads to an amino-terminal truncated protein that might be par-
tially functional (2).

To study the function of the am20E481 protein in detail, we
expressed the protein from a plasmid with an N-terminal His tag.
The protein, gp20s, is ~1.7 kDa smaller than the wild-type gp20
and lacks the amino-terminal 14 residues. gp20s was found at the
cell periphery when expressed as a green fluorescent protein
(GFP) fusion protein, as was the wild-type protein. Therefore, it is
possible that gp20s participates in the head assembly process. We
found that gp20 and gp20s can be cross-linked to Tig, Dnak,
GroE, and the membrane protein YidC. We hypothesize that YidC
most likely functions to recruit gp20 at the membrane surface,
thus nucleating prohead assembly.

MATERIALS AND METHODS

Bacterial strains, bacteriophage, and culture conditions. E. coli B was
used as the nonpermissive strain, and E. coli CR63 F~ N\~ supD60 lamB63
(1) was used as the permissive strain for amber mutants. All phage mu-
tants were from our collection. Medium preparation and bacterial manip-
ulations were performed according to standard methods (19). When ap-
propriate, ampicillin (200 pg/ml, final concentration) was added to the
medium. Plasmid-encoded protein expression of gp20 was carried out
with E. coli BL21(DE3) (26). T4D and the amber mutants in gene 20
(amE208, amE481), gene 21 (tsN8), and gene 23 (amH11) were from our
collection.

Genetic manipulations. Genes ¢g20 and g40 were amplified from
pT20-40 plasmid DNA (kind gift of L. W. Black [ 2]) using the primers
forward 5'-CGG GGA TCC GAT GAA ATT TAA TGT ATT AAG TTT
GTT TGC and reverse 5'-AAT GGG ATC CGA ATA ATT TCT ACCACA
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CTT ACT CC introducing BamHI cleavage sites (underlined). The di-
gested PCR fragment was ligated into pET16b (Novagen) to obtain
pET20-40, and the correct orientation and sequence were checked by
sequencing. To introduce the amber mutation (underlined) in plasmids
pT20-40 and pT20,,-40, primers forward, 5" GTT TGC TCC ATA GGC
TAA AAT GGA CG, and reverse, 5" CGT CCA TTT TAG CCT ATG GAG
CAA AC, were used. To construct pT20s-40, a BamHI restriction site was
introduced by PCR with the primers forward, 5'-CGG GGA TCC GAT
GGA CGAACGAAATTT TAA AGA CC, and reverse, 3'-AAT GGG ATC
CGA ATA ATT TCT ACC ACA CTT ACT CC. The PCR amplicon was
digested with BamHI and ligated into pET16b. Correct orientation and
sequence were verified by sequencing.

Plaque assay. To determine phage titers, dilutions of the various
phages used in this study were plated. Three milliliters of melted Hershey
top agar (47°C) were mixed with 1 ml prewarmed 0.01 M Tris, pH 7.5, to
ensure better phage diffusion. A 300- .l volume of plating bacteria (E. coli
B as the nonpermissive strain and E. coli CR63 as the permissive strain)
grown to a cell density of 4 X 10® CFU/ml and appropriate phage dilutions
were added. The mixture was poured onto the agar plates and incubated
overnight at 37°C. Plaques were counted, and dilutions were plated three
times to obtain a mean value. For a rapid determination of phage titers,
aliquots of dilutions were pipetted directly onto the hardened Hershey top
agar containing the plating bacteria.

Complementation of T4D am20 mutants. To complement the as-
sembly defect of T4D am20 mutants, different mutants of g20-expressing
plasmids were used. Cells bearing those plasmids were grown at 37°C to an
optical density at 600 nm (ODyy,) of 0.6 and induced with 1 mM IPTG
(isopropyl-B-p-thiogalactopyranoside). After a short time allowing ex-
pression of gp20 (~30 min), the cells were infected at a cell density of 4 X
10® cells/ml with a multiplicity of infection (MOI) of 5 with phage
am?20E481. Thirty minutes later, the infection cycle was stopped by adding
a few drops of chloroform. The lysate titers were determined on agar
plates.

NaCl extraction. A fresh overnight culture of E. coli BL21(DE3) har-
boring pET20-40 was diluted 1:100 and shaken at 37°C to an ODy, of 0.6.
The culture was shifted to 18°C and continued for 16 h. The cells were
harvested and lysed by three passages through a French pressure cell at
8,000 1b/in’. Cell debris was removed by centrifugation, and the mem-
branes were collected at 160,000 X g for 60 min at 4°C. The membranes
were resuspended in buffer containing 0.05 M Tris (pH 7.5) and 10%
glycerol, NaCl was added as indicated (0.1 M, 0.3 M, 0.6 M, 0.9 M, and 2
M), and the suspensions were incubated for 30 min on ice. The extracted
protein was separated by an additional centrifugation step at 160,000 X g
for 60 min at 4°C. Pellet and supernatant were trichloroacetic acid (TCA)
precipitated and analyzed by SDS-PAGE and Western blotting.

Electrophoresis. SDS-PAGE and subsequent staining with Coomassie
brilliant blue (R250) or silver and Western blotting were performed ac-
cording to standard protocols (19). For standard analysis of proteins, 12%
minigels with a length of 7 cm were used. To identify the amber fragment
of mutant am20E481, a 40-cm-long 7.5% SDS gel was run for 9 h at 4°C.

Localization of His-gp20 and His-gp20s. Five hundred milliliters of
LB medium was inoculated 1:100 with a fresh culture of BL21(DE3) har-
boring plasmid pET20-40 or pT20s-40. Cells were incubated at 37°C to an
OD of 0.6, and protein expression was induced with 1 mM IPTG. The
culture was continued for 5 h at 30°C and harvested by centrifugation at
8,000 X gfor 20 min at 4°C. The cell pellet was resuspended in buffer (0.05
M Tris [pH 7.5], 0.05 M NaCl, 10% glycerol), and cells were lysed by three
passages through the French pressure cell at 8,000 Ib/in®. Cell debris was
removed from the sample by a low-speed centrifugation step (10,000 X g,
20 min, 4°C). The membranes were centrifuged at 160,000 X g for 60 min
at 4°C. Pellet and supernatant were TCA precipitated and analyzed by
SDS-PAGE and Western blotting using antibodies to GroEL and YidC as
indicators for a cytoplasmic and a membrane protein, respectively. The
resuspended pellet fraction was then loaded on a 3-step sucrose gradient
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(35%, 58%, and 78%) and run for 16 h at 112,000 X gat 4°C to purify the
membrane vesicles.

In vivo protease mapping. One-milliliter volumes of BL21(DE3) cul-
tures harboring the respective plasmids were grown to a cell density of 2 X
108 cells/ml. The expression of His-gp20 and His-gp20s was induced with
1 mM IPTG for 1 h. The cells were centrifuged at 7,000 X g for 2 min at
4°C, resuspended in ice-cold spheroplast buffer (40% sucrose, 33 mM
Tris-acetate, pH 8.0), and treated with 0.05 mg/ml lysozyme (in sphero-
plast buffer) and 1 mM EDTA, pH 8.0, on ice for 15 min. An aliquot was
treated with 0.75 mg/ml proteinase K (in spheroplast buffer) for 1 h onice.
Another aliquot was treated with 0.75 mg/ml proteinase K in the presence
of 3% Triton X-100 for 1 h on ice. All samples were TCA precipitated and
analyzed by SDS-PAGE and Western blotting.

Purification of His-gp20 and His-gp20s and cross-linking. E. coli
BL21(DE3) harboring plasmid pET20-40 was grown in LB medium (4
liters) supplemented with 200 pg/ml ampicillin at 37°C to an optical
density (ODyg,) of 0.6 and induced with 1 mM IPTG. The culture was
shifted to 18°C and continued overnight. Cells were harvested by centrif-
ugation at 5,000 X g for 15 min at 4°C and resuspended in 0.05 mM Tris
(pH 7.5), 0.05 M NaCl, and 10% glycerol. The cells were lysed by three
passages through a French pressure cell at 8,000 Ib/in®. After removal of
cell debris at 8,000 X g for 20 min at 4°C, the membranes were collected by
centrifugation at 160,000 X g for 60 min at 4°C and solubilized in buffer
(0.05 mM Tris [pH 7.5], 0.05 M NaCl, and 10% glycerol) containing 1%
N-lauroylsarcosine for 1 h at 4°C. After centrifugation at 160,000 X g for
60 min at 4°C, the solubilized protein was added to a Ni-nitrilotriacetic
(NTA) matrix (Qiagen) supplemented with 0.02 M imidazole and incu-
bated for 1 h at 4°C. The matrix was washed with buffer (0.04 M imida-
zole, 0.05 mM Tris [pH 7.5], 0.05 M NaCl, and 10% glycerol). Elution was
performed with 0.2 M imidazole. Purification was checked by SDS-PAGE
and Coomassie brilliant blue R250 staining. The cross-linking experi-
ments were done as described in reference 12.

Isolation of proheads. A 500-ml volume of LB medium was inocu-
lated 1:100 with a fresh E. coli B overnight culture and incubated at 37°C to
a cell density of 4 X 10® cells per ml. Cells were infected with phage T4D
am20E481 atan MOI of 5 for 7 min and superinfected for an additional 53
min. The culture was centrifuged at room temperature at 6,000 X g for 30
min in a prewarmed rotor (37°C) to minimize lysing effects due to tem-
perature stress. The cell pellet was transferred to a 15-ml test tube, resus-
pended in buffer (0.05 M Tris [pH 6.0], 2 mM MgCl,, 0.02 M NaCl, 0.5
mM CaCl,, and 1 unit Benzonase), and kept overnight. The cells were
lysed by three passages through a French pressure cell at 8,000 Ib/in?. Cell
debris was removed at 14,000 X g for 10 min at 4°C, and phage particles
and prohead structures were collected by centrifugation at 19,000 X g for
30 min at 4°C. The pellet was resuspended in buffer (0.05 M Tris [pH 6.0],
2 mM MgCl,, 0.02 M NaCl, 0.5 mM CaCl,) and loaded onto a 0 to 35%
glycerol gradient. The run was for 90 min at 130,000 X gat 15°C. Fractions
of 1 ml were collected and used immediately for the preparation of trans-
mission electron microscopy (TEM) grids. Nine hundred fifty microliters
was TCA precipitated and analyzed by SDS-PAGE and subsequent West-
ern blotting.

Fluorescence microscopy. Fresh overnight cultures of E. coli
BL21(DE3) harboring plasmid pT20,,-40 (kind gift of L. W. Black) or its
derivative pT20s,,-40 were diluted 1:100 in LB medium and grown at
30°C to an ODy, 0f 0.5. The expression of gp20-GFP and gp20s-GFP was
induced with 1 mM IPTG and continued as indicated. Samples of the
different cultures were placed onto poly-L-lysine-coated cover glasses
(Sigma-Aldrich) and analyzed immediately by a Zeiss AXIO Imager M1
fluorescence microscope.

Liquid chromatography-electrospray ionization tandem mass spec-
trometry (LC-ESI-MS/MS). To identify proteins, the cross-linked sam-
ples were loaded onto a 10% SDS gel and silver stained (6). The bands of
interest were cut out with a sterile knife and transferred to a test tube. The
gel pieces were washed with acetonitrile for 5 min at room temperature.
For reduction of the disulfide bonds, 10 mM dithiothreitol was applied for
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FIG 1 Sequence analysis of gp20 in T4D and the T4 am20 mutants E208 and E481. The first 16 codons of gp20 of the wild-type T4D (A) and the identical codons
of the mutants E208 and E481 (B) are shown. The amber mutation (codon 12) is highlighted in bold, and the ribosome binding sequence (RBS) of gp20s is
underlined. The start codon of gp20s is at codon 15. (C) The expression of gp20 and gp20s was analyzed in infected E. coli CR (lanes 1, 3, and 5) and E. coli B (lanes
2, 4, and 6) with an antibody to gp20. To resolve the difference between gp20 and gp20s, a 40-cm-long 7.5% SDS-polyacrylamide gel was used.

30 min at 56°C followed by a washing step with acetonitrile. For alkyla-
tion, 100 mM iodoacetamide was used for 20 min at room temperature in
the dark. The gel pieces were washed with acetonitrile and then digested
overnight at 37°C by trypsin (1 ng/pl). To inactivate the enzyme, a 10%
trifluoroacetic acid (TFA) solution was mixed with the supernatant. The
peptide fragments were analyzed with a Nano LC-ESIL.

Electron microscopy. Seven-microliter volumes of the glycerol gradi-
ent fractions were adsorbed to carbon-coated copper TEM grids (Type
483; Plano GmbH, Wetzlar, Germany) for 2 min. Unbound protein ma-
terial was removed by touching filter sheets, and the grids were dried for 2
min. Negative staining was done by adsorption of 7 l 2% phosphotung-
stic acid (pH 7) for 1 min. Most of the staining solution was removed by
filter sheets again, and the grids were dried for 2 min. Electron microscopy
was performed with a TECNAI G2, FEI at 120 kV. All pictures were taken
with a magnification of X19,000.

RESULTS

Phage T4 am20 mutants encode a truncated gp20 protein. To
investigate the functionality of the am20 mutants of T4D for the
assembly of the T4 proheads, the two mutants am20E208 and
am20E481 were cloned into the plasmid pUC19 to exactly map the
amber mutations in the phage genome. DNA sequencing verified
that the two mutants have the identical amber mutation (TGG to
TAG) at amino acid codon position 12. For both mutants, the
amber mutation had created a new Shine-Dalgarno sequence that
matches with an ATG codon at codon position 15 in a 5-base
distance (Fig. 1). When the expression of gp20 was analyzed after
phage infection of E. coli CR63 or B cells, two proteins of different
sizes were respectively expressed (Fig. 1C). In the suppressor
strain, the full-length 61-kDa protein was detected. Nonpermis-
sive phage infections showed a shorter protein of about 59 kDa on
a Western blot, termed gp20s (Fig. 1C, lanes 4 and 6), suggesting
that it was initiated at the ATG at position 15. The expression rate
of gp20s was lower than that of gp20 expressed under permissive
conditions.

Complementation of am20 phages. In a next step, we ana-
lyzed whether the plasmid-encoded gp20 and gp20s can comple-
ment various amber phage infections (Fig. 2). E. coli BL21(DE3)
cells were transformed with pT20-40 (2) encoding gp20 and gp40.
In parallel, pT20s-40, which is identical to pT20-40 but has the
amber mutation at the codon position 12 in gene 20, was trans-
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formed. The cells were grown to exponential phase, expression
was induced with 1 mM IPTG, and the cells were infected 30 min
later. Wild-type and two T4 mutants were tested for phage prop-
agation by a spot test. As a positive control, wild-type T4 (T4wt),
showing efficient plaque formation on all plates, was used. In the
absence of a suppressor (E. coli Blawn), the mutant am20E481 was
complemented by gp20 but not by am20, showing that the expres-
sion of gp20s is not functional for phage propagation. In addition,
His-gp20 and gp20-GFP fully complemented am20E481 phage
growth. Also, as a control, phage am23H11 was not comple-
mented on all the E. coli B plates.

Cellular localization of gp20 and gp20s. To analyze the local-
ization of the plasmid-encoded gp20 in cells, a fusion protein of
gp20 and GFP was used. Plasmid pT20,4,-40 (2) encoding the

A B

pT20-40

pT20s-40
106 107 108

10°

T4 wt

T4 am23H11

| T4 am20E481

T4 wt
T4 am23H11
T4 am20E481

F E. coliB
T4 wt
T4 am23H11

T4 am20E481

FIG 2 Complementation of the T4 am20 mutants by plasmid-borne expres-
sion. Diluted phage stocks were spotted onto top agar containing a lawn of E.
coli B cells bearing the following plasmids: pT20-40 (A), pT20s-40 (B),
PET20-40 (C), and pT20,4,-40 (D). For a control, E. coli CR and B with no
plasmid were tested as plating bacteria (E, F).
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FIG 3 Cellular localization of gp20 in uninfected and T4-infected cells. gp20-GFP fusion proteins were expressed in E. coli B for 5 h and examined with
fluoromicroscopy (A through C). The plasmid-expressed gp20 (A, C) and the gp20s expressed from E481-infected cells (B) are shown. For a control, GFP alone

was expressed under the same conditions (D, E).

gp20-GFP fusion protein and gp40 was transformed into E. coli
BL21(DE3) cells and analyzed by fluorescence microscopy (Fig.
3). Typically, the fluorescence signal was distributed at the cell
periphery (Fig. 3A through C). Clusters of the fluorescent dots
were observed at the membrane with an apparently regular spac-
ing between them. Also, in phage am20E481-infected cells, the
fluorescent clusters were observed at 15 min postinfection (Fig.
3B). We conclude that gp20 is membrane bound, either by itself or
in an aggregated form. Expression of GFP alone appeared to be
distributed in the cytoplasm (Fig. 3D and E).

To examine the location of gp20 and gp20s in more detail,
His, -tagged versions of gp20 and gp20s were generated by sub-
cloning genes 20 and 40 into pET16b. E. coli BL21(DE3) cells
expressing His-gp20 or His-gp20s were grown overnight at 18°C,
and the proteins were analyzed by cell fractionation (Fig. 4).
Whereas gp40 was mainly in the cytoplasmic fraction, gp20 and
gp20s were found only in the membrane fraction. For controls,
YidC was analyzed as a membrane protein and GroEL as a cyto-
plasmic protein (Fig. 4A). The binding to membrane vesicles was
verified by a sucrose gradient (Fig. 4B). Inner and outer mem-
brane vesicles were collected in fractions and analyzed for their
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content of gp20 (Fig. 4B, middle panel) and gp20s (lower panel).
The results clearly show that the membrane binding of gp20 is not
caused by its N-terminal 14 residues (Fig. 1).

Membrane interaction of gp20. Since gp20 and gp20s were
found to be firmly bound to the membrane, we tested their extraction
from the membrane using different detergents. Only the ionic deter-
gent laurylsarcosine was capable of efficiently solubilizing gp20,
whereas other detergents like dodecyl maltoside, 3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfate (CHAPS), Asbl14,
and 12-phosphocholine did not solubilize gp20 (data not shown).
This suggests that gp20 is bound mainly by ionic interactions as a
peripherally bound membrane protein. Therefore, extraction of the
protein with NaCl was investigated (Fig. 5A). Indeed, at 900 mM
NaCl, gp20 was efficiently released from the membrane, whereas at
300 mM it was still found in the membrane fraction.

To identify potential partner proteins, His-gp20 was purified
by affinity chromatography (Fig. 5B). The apparently pure protein
was eluted and analyzed by PAGE. Even on an overloaded silver
stained gel (lane 5), no comigrating protein was found. gp20-
containing membranes were treated with 0.6% formaldehyde
cross-linker for 30 min and affinity purified. The eluted fraction
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FIG 4 Plasmid-encoded gp20 is found in the membrane fraction, whereas
gp40 is in the supernatant. E. coli BL21 cultures expressing His-gp20 with gp40
and His-gp20s with gp40 were lysed by a French press and analyzed for soluble
and membrane-bound protein (A). The soluble fraction (S) and the mem-
brane fraction (P) were collected by centrifugation and analyzed for their
protein content on a Western blot using the respective antibodies. (B) The
membrane fraction was placed onto a sucrose step gradient, and fractions 1 to
8 were analyzed for their content of leader peptidase (inner membrane marker
protein, top panel), His-gp20 (central panel), and His-gp20s (lower panel) on
Western blots.

was heated to 95°C for 20 min to reverse the cross-links, and the
polypeptides were separated by SDS-PAGE (Fig. 6). The protein
bands were excised and analyzed by mass spectrometry. The iden-
tified proteins from the cross-linked band are presented in Table
1. The peptide sequences identified the E. coli chaperones Tig,

A 09 06 03 0 NaCl (M)
e - come am P

D & e S

S

\hﬂ&ﬁ

FIG 5 Membrane binding of gp20. The binding is sensitive to 900 mM NaCl
(A). Membrane fractions containing His-gp20 were extracted with the indi-
cated NaCl concentrations and collected by centrifugation. Supernatant (S)
and pellet fractions (P) were analyzed. (B) Affinity purification of His-gp20
does not show any comigrating protein. Load fraction (lane 1), flowthrough
(lane 2), wash (lane 3), and elution (lanes 4 and 5) are shown.
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FIG 6 Cross-linking of His-gp20. E. coli BL21 cells expressing His-gp20 were
lysed, and the membrane fraction was treated with 0.6% formaldehyde for 30
min. To resolve the cross-links, the sample was incubated at 95°C for 20 min.
To identify the protein bands, mass spectrometry was performed and the pep-
tides were identified. 1, DnaK; 2, YidC; 3, GroEL; 4, Tig; 5, EF-Tu.

DnaK, and GroEL. Moreover, the only identified integral mem-
brane protein was the YidC membrane insertase. Other contacts
were found (e.g., to EF-Tu). Taken together, these results suggest
that gp20 may first interact with trigger factor at the ribosome,
then with the chaperones DnaK and GroEL and gp40 in the cyto-
plasm, and finally with YidC at the membrane before the assembly
of the head core and shell is initiated.

To test whether gp20 and gp20s when anchored at the mem-
brane undergo deep penetration and are exposed to the periplasm,
a protease-mapping experiment was conducted (Fig. 7). Cells ex-
pressing His-gp20 or His-gp20s, respectively, were converted to
spheroplasts. Proteinase K was added to the outside for 1 h, and
the proteins were acid precipitated. After solubilization, the gp20
proteins were visualized by Western blotting with the specific
gp20 antibody. Both His-gp20 (Fig. 7A) and His-gp20s (Fig. 7B)
appeared intact and were not digested by the protease (upper pan-

TABLE 1 Identified sequences from the cross-linked peptides

Band no. Assigned protein Peptide sequence

1 DnaK RDAEANAEADRK
KMQELAQVSQKL

2 YidC RISQEMMALYKA
RGGDVEQALLPAYPKE

3 GroEL RVEDALHATRA
KAVTAAVEELKA

4 Tig KSELVNVAKKV
RELFEEQAKR

5 EF-Tu RAGENVGVLLRG
KVGEEVEIVGIKE
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FIG 7 Protease mapping of His-gp20 and His-gp20s. E. coli BL21 cells ex-
pressing His-gp20 (A) or His-gp20s (B) were converted to spheroplasts and
analyzed on a Western blot (lanes 1). To one aliquot, proteinase K (1 mg/ml)
was added for 1 h (lane 2), and for another aliquot, the cells were lysed by 3%
Triton X-100 and digested by proteinase K for 1 h (lane 3).

els, lane 2) in contrast to the outer membrane protein A (OmpA),
which was accessible in spheroplasts (lower panels). Therefore,
the data do not support a transmembrane topology of gp20 and
gp20s. We conclude that both proteins are most likely peripherally
bound to the cytoplasmic surface of the inner membrane.

gp20s is incorporated into T4 proheads. Our experiments
have shown that the cellular location of gp20s was similar to that
of gp20-GFP (Fig. 3B), suggesting that the defect in am20E481-
infected cells occurs after the initiation of prohead assembly.
Therefore, T4 am20E481-infected cells were analyzed for prohead
formation on a glycerol gradient. Clearly, proheads were found
and seemed to contain a partially degraded core structure (Fig.
8A). Most of the proheads presented a neck structure, and some
had a filamentous material attached that could represent DNA
(Fig. 9). The protein profile of these purified proheads showed
that gp23 is in its processed form (Fig. 8B), since its SDS-PAGE
migration was identical to that of gp23 from phage (lane 1). gp20s
was clearly present in the purified prohead fraction of T4
am?20E481-infected cells and in the purified prohead fraction, in

contrast to the phage-derived gp20 (lane 5) on a Western blot. The
protein found in the purified proheads was clearly smaller (lanes 3
and 4).

DISCUSSION

The phage T4 head is assembled with a proteinaceous core struc-
ture and a icosahedric shell structure of the major head proteins
gp23 and gp24 at the vertices. Presumably, the assembly of the
core and the shell occurs simultaneously at the membrane (3).
However, it has been shown that the assembly of the core and the
shell can be dissected (28). Under conditions where the major
capsid proteins gp23 (amH]11) and gp20 (amE481) were compro-
mised, core structures were found preferentially at the cytoplas-
mic periphery of the membrane. These cores have a defined size
and shape, indicating that they basically determine the prolate
capsid architecture of the phage. Clearly, the proximal vertex of
these core structures is localized at the membrane. Since gp20 is
localized at this vertex, one question was whether gp20 might be
involved in the formation of these cores. Indeed, the N-terminal
amber mutants in gene 20, E481 and E208, allowed the formation
of cores (28). However, the sequencing of the E481 mutation
showed that the amber mutation is located in the codon for resi-
due 12, but it also showed that this mutation creates a possible
translation start at codon 15 (2) (Fig. 1B). The identical mutation
was observed in the E208 mutant of gp20.

The expression of gp20 from wild-type T4 and gp20 from T4
amE481 (termed gp20s) was then studied after cloning the respec-
tive genes on plasmids with an N-terminal His tag (Fig. 4A). The
proteins were coexpressed with gp40, which was shown earlier to
be required as a chaperone (21). We verified that gp20s was of
smaller size than the wild-type protein. The plasmid-derived ex-
pression of gp20s did not allow T4 am20 or T4 am23 phages to
form phage plaques (Fig. 2), clearly demonstrating that the N
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FIG 8 Proheads isolated from T4 am20E481-infected cells. (A) E. coli B cells were infected with T4 amE481, and the lysate was analyzed by electron microscopy.
Bar = 100 nm. (B) Phage heads (lanes 1 and 5) and proheads from T4 amE481-infected cells (lanes 2 to 4) were purified, and their proteins were analyzed by
SDS-PAGE (lanes 1 and 2) and by Western blotting to gp20 (lanes 3 to 5). The gp23 and IPIII proteins were identified by their molecular weight (MW, in
thousands) and by mass spectrometry. To resolve the difference between gp20 and gp20s, the Western blot was made from a high-resolution 40-cm SDS-PAGE.

Two different amounts of T4 amE481 proheads were applied in lanes 3 and 4.
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FIG 9 Assembly intermediates accumulating in T4 am20E481-infected cells. A gallery of proheads showing connected neck structures. Bar = 100 nm.

terminus of gp20 was essential for phage propagation. It has been
suggested earlier that the N-terminal region of gp20 is exposed in
the proheads but buried in the phage, whereas the C-terminal part
is inside the capsid. This suggested that the N-terminal region of
gp20 contains the membrane binding activity (2). To determine
whether gp20s can normally bind to the membrane surface, we
studied gp20 and gp20s as fusion proteins with GFP and followed
their fluorescence in whole cells (Fig. 3). We have previously used
this method to study the targeting of membrane proteins by the
signal recognition particle (18). The plasmid-derived expression
of gp20-GFP showed a localization at the membrane, which ap-
peared as dots, often with regular spacing. We obtained a similar
result with gp20s-GFP. To verify the membrane localization of
gp20 and gp20s, cell fractionation was performed (Fig. 4) showing
that gp20 and gp20s were found in the pellet fraction containing
membrane proteins such as YidC. Surprisingly, gp40 remained in
the supernatant, suggesting that it is released from gp20 after its
membrane association. Previously, gp40 had been found in mem-
brane vesicles, although preferentially in the outer membrane
(21). Since gp20 lacks a hydrophobic stretch in its sequence, mem-
brane binding might occur by electrostatic interactions with a
membrane protein. Indeed, membrane extraction experiments
showed that its fractionation with the membrane is sensitive to salt
(Fig. 5A). We concluded from these experiments that gp20 is likely
to be peripherally bound to a membrane protein and not directly
to the membrane surface as had been suggested earlier (21).

To test participation of other proteins in the membrane bind-
ing process of gp20, cross-linking with formaldehyde was per-
formed. The cross-linked products were identified by LC-ESI-
MS/MS as trigger factor, DnaK, and GroE (Table 1). Since all these
proteins have a chaperone function, an interaction with gp20
shortly after its synthesis is plausible. Alternatively, the binding to
the chaperones could be due to misfolding of gp20. An interaction
between a chaperone and gp20 does not indicate that this is abso-
lutely necessary; it may be only supportive. For trigger factor, it
was recently proposed that it has a function in assembling protein
complexes (14, 20).
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The integral membrane protein YidC was the only membrane
protein identified as a cross-linking partner of gp20. YidC is ded-
icated to the insertion of newly synthesized membrane proteins
into the lipid bilayer (16, 24). It is anchored with 6 transmem-
brane segments in the membrane and has a positively charged
C-terminal domain. It is conceivable that YidC binds gp20 as it
releases the chaperone gp40, allowing the initiation of the head
assembly process of bacteriophage T4.

The N-terminally truncated gp20s that is synthesized in T4
amE481-infected cells normally binds to the membrane surface, as
suggested by the GFP fusion proteins and by the fractionation
studies with His-gp20s. Both proteins gp20 and gp20s bind to
YidC as determined by several YidC-derived peptides in the cross-
linked complexes. Interestingly, T4 infection by a double mutant
of gp20amE481 and gp23amH]11 allowed the assembly of core
structures at the membrane surface (28). This clearly indicates
that gp20s is still functional to initiate core assembly and therefore
is blocked in a later step in the assembly pathway. Also, proheads
were found in T4 amE481 infections (Fig. 8), consistent with the
idea that shell assembly is not disturbed by gp20s. The proheads
display an angular appearance, with a processed major head pro-
tein gp23 and with a digested core structure most likely resem-
bling prohead II, which have previously been found in T4 cold-
sensitive mutants defective in gene 20 (15) and are similar to the
empty small particles (ESPs) found in am17 infections (5). The
N-terminal portion of gp20 is located on the outer face of the head
(11) that might contact gpl7, the packaging motor (23, 31).
Therefore, binding of gp17 to gp20s might be disturbed, as it lacks
the first 14 residues. Another possibility is that the detached pro-
heads bind to gp13/14 prematurely and thereby prevent DNA
packaging. Taken together, our data suggest that the block in T4
amE481 infections takes place after the assembly of proheads, pre-
sumably at the initiation of the DNA packaging process.

Previously, it has been reported that in T4 amE481 infections
about one-third of the proheads were found free in the cytoplasm
(28). The authors concluded from this that the membrane binding
of these proheads is disturbed. Our data presented here do not
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support this. Rather, membrane binding, processing, and detach-
ment of the proheads from the membrane occur normally in T4
amE481-infected cells. This would also result in a fraction of de-
tached proheads. The assembly block is more likely to occur at the
step of the DNA packaging of the processed prohead, resulting in
the accumulation of proheads in the cytoplasm of the infected
cells. These proheads appear with unusual neck structures (Fig. 9)
that might point to the specific block in the T4 head assembly
pathway that the gp20s mutant causes.
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