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ABSTRACT: The cell surface receptor for bacteriophage Lambda is LamB (maltoporin). Responsible for
phage binding to LamB is the C-terminal part, gpJ, of phage tail protein J. To study the interaction between
LamB and gpJ, a chimera protein composed of maltose binding protein (MBP or MalE) connected to the
C-terminal part of J (gpJ, amino acids 684-1131) of phage tail protein J of bacteriophage Lambda was
expressed inEscherichia coliand purified to homogeneity. The interaction of the MBP-gpJ chimera
protein with reconstituted LamB and its mutants LamB Y118G and the loop deletion mutant LamB
∆4+∆6+∆9v was studied using planar lipid bilayer membranes on a single-channel and multichannel
level. Titration with the MBP-gpJ chimera blocked completely the ion current through reconstituted
LamB when it was added to the cis side, the extracellular side of LamB with a half-saturation constant
of ∼6 nM in 1 M KCl. Control experiments with LamB∆4+∆6+∆9v from which all major external
loops had been removed showed similar blocking, whereas MBP alone caused no visible effect. Direct
conductance measurement with His6-gpJ that contained a hexahistidyl tag (His6 tag) at the N-terminal
end of the protein for easy purification revealed no blocking of the ion current, requiring other measurements
for the binding constant. However, when maltoporin was preincubated with His-gpJ, MBP-gpJ could
not block the channel, which indicated that also His6-gpJ bound to the channel. High-molecular mass
bands on SDS-PAGE and Western blots, confirming the planar lipid bilayer experiment results, also
demonstrated stable complex formation between His6-gpJ and LamB or LamB mutants. The results
revealed that phage Lambda binding includes not only the extracellular loops.

Two membranes surround Gram-negative bacteria (1). The
outer membrane has an unusual lipid composition and a
relatively simple protein pattern. The outer monolayer
contains lipopolysaccharide (LPS) as its major or exclusive
(in enteric bacteria) lipid, while the inner leaflet contains
phospholipids [mostly phosphatidylethanolamine and small
amounts of phosphatidylglycerol and cardiolipin (2)]. The
outer membrane represents a very tight structure, which
makes the Gram-negative bacteria resistant to host defense
factors such as lysozyme and different leukocyte proteins
(3). Furthermore, in enteric bacteria living in the intestinal
tract of various organisms, the outer membrane represents a
very effective barrier which protects the bacterial cells from
the action of bile acid detergents and the degradation by

digestive enzymes (4). Components of the outer membrane
may serve as receptors for bacteriophages (5, 6). Bacterioph-
ages are viruses that attack bacteria and lyse sensitive
bacterial cells (7-9). Although the different steps of infection
with phages have been known for some time, the molecular
mechanisms underlying infection of bacterial cells with
phages remain unknown for the majority of them.

The first step of infection is always the binding of the
phages to the host cell (10, 11). Many of the proteins of the
cell surface, including cell surface receptors, general diffusion
porins, or substrate-specific channels and LPS, may act as
receptors for phages (12, 13). Porins and receptors form
according to three-dimensional crystallographyâ-barrel
cylinders with varying numbers ofâ-sheets; the general
diffusion porins have 16, the specific porins 18, and the
receptors 22â-sheets (14-20). The interaction of phages
with outer membrane proteins has been extensively studied
in vitro for two systems: LamB ofEscherichia colias a
receptor for phage Lambda (21, 22) and FhuA ofE. coli as
a receptor for phage T5 (23, 24). LamB is a trimeric protein
of the outer membrane of Gram-negative bacteria and is part
of the maltose uptake system (themal-system) inE. coli and
other members of family Enterobacteriaceae (25-30). The
18 â-sheets of LamB are connected at the periplasmic side
by short turns and at the cell surface-exposed side by long
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loops. Loop L3 stabilizes theâ-barrel cylinder of the LamB
monomers and restricts its size to∼5 Å × ∼7 Å. The
carbohydrate-binding site inside the channel, called the
“greasy slide”, is composed of six aromatic amino acids that
line the channel lumen from the extracellular to the peri-
plasmic opening (16, 17). Some residues of the surface-
exposed loops are involved in the transport of carbohydrates
through the channel (31) but are also involved in bacterioph-
age Lambda binding (21). Structural data in combination with
data obtained from LamB point mutations suggest that
surface-exposed loops L4, L6, and L9 may be involved in
binding of bacteriophage Lambda to LamB (31-35).

Bacteriophage Lambda has been studied well in the past
(36-38). It is applied in molecular biology as a vehicle for
gene transfer and could be used for the potential treatment
of bacterial infections (39-42). Despite the broad interest,
the precise mechanism of host cell infection is not under-
stood. After the binding of the bacteriophage Lambda to the
surface of the host cell, a yet unknown process triggers the
injection of the viral DNA across both bacterial membranes
(43). Two different states are involved in the formation of
the complex between the bacteriophage Lambda and the
LamB protein before and after ejection of the DNA,
suggesting a conformational change of some viral proteins
allowing the release of the DNA (44). Recently, phage tail
protein J has been shown to bind bacteriophage Lambda to
LamB (22). Interestingly, only the presence of LamB is
required for the binding step and the transport of the viral
DNA across the outer membrane (44, 45). The investigation
of the interaction between LamB and protein J is necessary
to improve our understanding of the infection mechanism
of the host cell with the phage. Protein J has recently been
cloned and partially purified after solubilization of inclusion
bodies (22). Only the C-terminal extremity of protein J
named gpJ seems to be necessary for the interaction with
LamB (46). Indeed, fusion proteins carrying between 20 and
40% of the C-terminal part of protein J with the maltose
binding protein (MBP-gpJ1 proteins) are produced as soluble
forms and bind to LamB on the surface ofE. coli cells (46).
In this paper, the in vitro interaction between the 40%
C-terminal fragment of protein J (gpJ, amino acids 684-
1131) and LamB was investigated using lipid bilayer
experiments. Single-channel and multichannel experiments
were performed with MBP-gpJ and with the His6-gpJ
fragment without the MBP part produced with a His6 tag.
The relevance of the external LamB loops was investigated
using loop deletion mutant LamB∆4+∆6+∆9v. SDS-
PAGE and Western Blots confirmed the formation of stable
complexes between LamB and MBP-gpJ and between
LamB and His6-gpJ.

MATERIALS AND METHODS

Isolation and Purification of LamB from Shigella sonnei,
Wild-Type (WT) LamB of E. coli, and the LamB Mutants
Y118G and∆4+∆6+∆9V. WT LamB was isolated from
TOP 10F′ (Invitrogen) cells and LamB fromS. sonneifrom

the pop154 strain (43). The LamB-negative strain pop6510
(thr leu thi metA lacY dex5 tonA supE recA srl::Tn10) was
the recipient for the pAC1-derived plasmid, which encodes
the triple loop deletion mutant LamB∆4+∆6+∆9v (47).
The LamB-negative strain BL21(DE3)Omp8- was the
recipient for the pAM117 modified plasmid, which encodes
the mutant LamB Y118G, as described previously (48).
Media and chemicals were described previously (49). The
E. coli strains containing different plasmids were grown
overnight at 37°C (47). The cell cultures were harvested
and passed three times through a French pressure cell at 10
MPa. Unbroken cells were removed by centrifugation. The
cell envelopes were pelleted in an ultracentrifuge (Beckman
Omega XL90) by centrifugation at 48 000 rpm for 60 min.
The SDS-soluble material was removed from the envelopes
by a SDS wash. The murein and associated proteins were
suspended in a buffer containing 10 mM Tris-HCl (pH 7.5),
5 mM EDTA, 2 mM PMSF, and 2% (v/v) Triton X-100 to
remove most of the proteins from the murein. The superna-
tant of a subsequent centrifugation step was applied to a
starch column (amylose-Sepharose, New England Biolabs).
The column was washed first with a buffer containing 20
mM Tris-HCl (pH 7.4), 200 mM NaCl, and 1% Triton X-100
to remove all unbound proteins. The column was eluted with
the same buffer supplemented with 10% maltose to remove
the bound LamB proteins from the column. Some of the
fractions contained pure LamB protein or mutant LamB
proteins in their trimeric form.

Expression and Purification of the MBP-gpJ Protein.
Expression and purification of MBP-gpJ (MBP attached to
amino acids 684-1132 of Lambda phage tail protein J) were
performed as described previously (46). E. coli JM 501 cells
were transformed with a pMal-c2X plasmid (New England
Biolabs). Cells were grown in 200 mL of LB (Luria-Bertani)
medium, which contained 1% glucose and 100µg/mL
ampicillin. When the OD600 reached 0.5, MBP-gpJ was
induced with 0.3 mM IPTG and the cells were grown until
the end of the exponential phase. Cells were washed twice
with 200 mM NaCl and 20 mM Tris-HCl (pH 7.4) and
resuspended in the same buffer supplemented with protease
inhibitors (protease inhibitor cocktail P 8465, Sigma). Cells
were disrupted (three times, 10 MPa) with the French
pressure cell. After centrifugation (9000g for 30 min at 4
°C), the supernatant was applied to a starch column (amylose-
Sepharose, New England Biolabs) and washed with the same
buffer. Elution was performed with the same buffer supple-
mented with 10 mM maltose. The different fractions that
eluted from the amylose column were highly enriched in
MBP-gpJ (see Figure 1A). However, they contained im-
purities, probably degradation products of this protein. For
further purification, MBP-gpJ was subjected to preparative
SDS-PAGE. The band corresponding to MBP-gpJ (ap-
parent molecular mass of 97 kDa) was cut out of the gel
and was eluted overnight with a buffer containing 200 mM
NaCl and 20 mM Tris-HCl (pH 8) in the cold. Purified
MBP-gpJ remained active for∼2 weeks when it was stored
at 4 °C or longer when it was frozen to-20 °C.

Construction of a Plasmid Encoding His6-gpJ_(684-
1132).The gpJ gene, encoding 40% of the C-terminal end
of the J protein of the bacteriophage Lambda (amino acids
684-1132, called gpJ), was cut out from theMalE-gpJgene
(46) by using anEcoRI-HindIII digestion in tango buffer

1 Abbreviations: LamB, maltoporin ofE. coli; MBP, maltose binding
protein (MalE) ofE. coli; gpJ, C-terminal portion of J, the tail fiber
protein of phage; MBP-gpJ, chimera protein consisting of MBP and
gpJ (amino acids 684-1131 of J protein); His-gpJ, hexahistidyl gpJ
protein;G, conductance (i.e., current divided by voltage).
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(Fermentas). The isolated fragment was inserted in a pBAD/
His B multiple cloning site (Invitrogen Life Technologies)
digested with the same restriction enzymes. gpJwas inserted
between theEcoRI andHindIII digestion sites. Chemocom-
petent bacteria TOP 10F′ (Invitrogen) were transformed by
the constructed plasmid encoding His6-gpJ. Positive clones
were selected on LB agar containing 100µg/mL ampicillin.
Sequencing of the newly obtained gene confirmed the DNA
sequence ofgpJ and revealed its coding for six additional
histidines at its N-terminal end with the amino acid sequence
MGGSHHHHHH GMASMTGGQQMGRDLYDDDDKD-
PSSRSAAGTIWEF.

Expression and Purification of the His-gpJ Protein.
Expression of the His6-gpJ protein was performed as
described by the manufacturer (Invitrogen life technologie
pBAD/His B instruction manual version F). Cells were grown
in 500 mL of LB medium supplemented with 100µg/mL
ampicillin at 37°C. Induction with 0.2% arabinose (Roth)
was performed when the OD600 equaled≈0.4. Three hours
after induction, cells were harvested by centrifugation (6000g
for 15 min at 4°C) and washed once in 100 mM NaCl and
20 mM Tris-HCl (pH 7.5). Cells were resuspended in the
same buffer supplemented with protease inhibitors (protease
inhibitor cocktail P8465, Sigma) and disrupted (three times,
10 MPa) with the French pressure cell. His6-gpJ fusion
protein was obtained as inclusion bodies attached to the cell
envelope fraction as in the previous study, which means that
the protein had to be renatured (22). For this, the pellet was
solubilized in a buffer containing 200 mM NaCl, 8 M urea,
and 20 mM Tris-HCl (pH 8). The supernatant of the
subsequent centrifugation (6000g for 15 min at 4°C) was
incubated with Ni-NTA agarose (Qiagen) and was equili-
brated with the same buffer overnight at 4°C. The agarose
was washed 10 times in 200 mM NaCl and 20 mM Tris-
HCl (pH 8), supplemented with 20 mM imidazole (Roth) to
completely remove the urea. For the elution of His6-gpJ
protein, the imidazole concentration was increased to 300
mM. The eluted protein was dialyzed against 200 mM NaCl
and 20 mM Tris-HCl (pH 8) to remove imidazole, which
interferes with the OD280 measurements for estimation of the
protein concentration. His6-gpJ was active for∼2 weeks
when it was stored at 4°C and longer if it was kept frozen
at -20 °C. Its stability under these conditions was ap-
proximately the same as that of the MBP-gpJ protein.

Immunodetection.After SDS-PAGE, proteins were trans-
ferred to a nitrocellulose membrane (Schleicher & Schuell,

Protran) in Towbin buffer [25 mM Tris-HCl (pH 8.3), 152
mM glycine, and 20% methanol] for 45 min at 100 V and
350 mA (constant). The membrane was blocked with 5%
nonfat dried milk powder in TBS-T buffer [20 mM Tris-
HCl (pH 7.6), 140 mM NaCl, and 1% Tween 20]. Two kinds
of immunodetection were performed: a detection using an
anti-His6 tag (a mouse Ig from Amersham Bioscience) and
a detection using anti-MBP (an anti-MBP rabbit serum from
New England Biolabs) as antibodies. The membrane was
first incubated with the primary antibody in TBS-T (1/3000
dilution) and afterward with the secondary antibody (an anti-
mouse or anti-rabbit immunoglobulin linked to horseradish
peroxidase, both obtained from Amersham Bioscience) in
TBS-T (1/3000 dilution) for 1 h at room temperature.
Immunodetection was performed using the ECL Western
Blotting Detection Reagents and Hyperfilm (Amersham
Biosciences).

Bilayer Experiments.Black lipid bilayer membranes were
formed from a 1% solution of diphytanoylphosphatidylcho-
line (Avanti Polar Lipids, Alabaster, AL) inn-decane as
described previously (50). This instrumentation consisted of
a Teflon chamber with two aqueous compartments filled with
electrolyte (1 M KCl). The compartments are connected via
a small circular hole with a surface area of∼0.4 mm2. The
current was measured with a pair of Ag/AgCl electrodes with
salt bridges connected in series with a voltage source and a
current amplifier (Keithley 427 with a four-pole filter or a
homemade current to voltage converter containing a Burr
Brown operational amplifier with a three-pole filter). The
amplified signal was monitored with a strip chart recorder
to measure the membrane current. LamB was added from a
concentrated stock solution to one side of the black lipid
membranes (the cis side). Its reconstitution was observed
by a stepwise increase in the membrane current. The
temperature was kept at 20°C and the membrane potential
at 20 mV throughout.

In recent publications, the properties of specific channels
have been studied in detail (51-55). Briefly, in a simple
model, the stability constant for binding of the substrate to
the binding site at the channel is determined by the relation
K ) k1/k-1. Furthermore, we assume that only one ligand
molecule can bind to the binding site at a given time (51).
The specific channel (given by P) is open when no ligand L
is bound and closed when it is occupied to form the non- or
low-conducting ligand-channel complex (PL):

FIGURE 1: SDS-PAGE (10%) of the purification steps of MBP-gpJ. (A) In lane 1, 5µL of total cell extract of inducedE. coli cells was
solubilized at 100°C for 5 min in sample buffer. In lane 2, 5µL of total cell extract of noninducedE. coli cells was solubilized at 100°C
for 5 min in sample buffer. The arrow shows the position of MBP-gpJ. In lanes 3-7 are the protein contents of different fractions of the
amylose-Sepharose column after elution with buffer supplemented with maltose; 15µL of the fractions were solubilized at 100°C for 5
min in sample buffer. The gel was stained with Coomassie brilliant blue. (B) Western blot of MBP-gpJ and MBP (lanes A and B, respectively).
The proteins were run on a 10% SDS-PAGE and blotted onto a nitrocellulose membrane. Rabbit antibodies against MBP were used in a
1/3000 dilution.
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The probability for an occupied binding site isp and,
subsequently, 1- p for a free site given by

The occupancy of the binding site is measured by the
conductanceG(c) ) Im/Vm, which is a function of the ligand
concentration,c:

whereGmax is the membrane conductance before the start of
the addition of the ligand to the aqueous phase. Equation 4
may also be written as

which means that the titration curves can be analyzed using
the fit of eq 3 or by Lineweaver-Burke plots as shown in
previous publications (51, 54, 55). The half-saturation con-
stant,KS, is given by the inverse stability constant 1/K. The
above-mentioned formalism is valid not only for the carbo-
hydrate-induced block of LamB (51) but also for the clogging
of the LamB channels by MBP-gpJ investigated here.

RESULTS

Purification of LamB and LamB Mutants.WT LamB of
E. coli, LamB from S. sonnei, and the LamB mutants
∆4+∆6+∆9v and Y118G were obtained as described in
Materials and Methods. The purity of the protein samples
was checked by SDS-PAGE (data not shown). The trimers
of the different proteins (with the exception of the LamB
mutant ∆4+∆6+∆9v) had apparent molecular masses of
∼80 kDa and the monomers (after heating)∼45 kDa. The
molecular mass of LamB mutant∆4+∆6+∆9v was some-
what smaller for the monomers (∼40 kDa) and the trimers
(∼66 kDa) caused by the deletion of major surface-exposed
loops L4 and L6 and a major part of loop L9 (47).

Purification of the MBP-gpJ Protein and His6-gpJ.The
MBP-gpJ protein was purified by affinity chromatography
across an amylose-Sepharose column. After elution, the
protein with an apparent molecular mass close to 97 kDa on
SDS-PAGE (see Figure 1A) was not completely pure as
described previously (46). Final purification was achieved
by preparative SDS-PAGE. However, Western blots of the
purified protein suggested that the protein still contained
some minor contaminant protein that bound also the anti-
MBP antibodies (see Figure 1B). The contaminant protein
may be due to some intrinsic instability of the protein or its
degradation by protease action, which could not be blocked
by addition of protease inhibitors. Both MBP-gpJ prepara-
tions (eluted from the amylose column or obtained by
preparative SDS-PAGE) interacted with LamB in the lipid
bilayer experiments, indicating that there was no basic
difference between the two MBP-gpJ preparations (see
below). However, most experiments were performed using
MBP-gpJ purified via preparative SDS-PAGE because of

its higher purity. Attempts to release the gpJ part from the
MBP-gpJ fusion protein by using protease factor Xa were
unsuccessful. Therefore,gpJ was cloned in an expression
vector that also encoded a hexahistidyl tag for easy protein
purification at the N-terminal end of gpJ. The His6-gpJ
protein was found after induction in inclusion bodies. This
means that its purification had to be performed under
denaturing conditions using Ni-NTA agarose. After puri-
fication and renaturation, a pure and soluble protein with a
molecular mass of∼50 kDa was obtained (see Figure 2).

Effect of MBP-gpJ on the LamB Protein at the Single-
Channel LeVel. Single-channel experiments were performed
to investigate the interaction of MBP-gpJ with LamB in
detail. LamB was added in a very small concentration
(∼10-12 M) to the cis side of a black membrane formed of
diphytanoylphosphatidylcholine andn-decane. After recon-
stitution of a few channels in the membrane, MBP-gpJ was
added to the trans side of the membrane. Only in rare cases
(∼10% of the experiments) was it possible to detect closure
of single LamB channels by interaction with MBP-gpJ (data
not shown). This is presumably caused by an∼80-90%
preferential orientation of reconstituted LamB. The surface-
exposed parts of the trimers responsible for the interaction
between LamB and gpJ are mainly localized on the cis side
of the membrane (56).

Subsequently, MBP-gpJ was also added to the cis side
of the membranes, resulting in a rapid decrease in the LamB-
mediated conductance. Figure 3A shows an experiment of
this type. After the insertion of one LamB trimer into the
membrane, MBP-gpJ was added to the cis compartment of
the cell at a concentration of 100 nM. The interaction
between both proteins resulted in a complete block of the
ionic current through WT LamB. Only some occasional
flickers of the channels were observed, indicating that the
lifetime of the open state was very small. In another series
of experiments, LamB and MBP-gpJ were mixed at approx-
imately equal concentrations (100 nM). Then the mixture
was added to the cis side of the cell at a concentration suf-

P + L {\}
k1c

k-1
PL (1)

1 - p ) 1
1 + Kc

(2)

G(c) ) Gmax
1

Kc + 1
(3)

Gmax - G(c)

Gmax
) Kc

Kc + 1
(4)

FIGURE 2: SDS-PAGE (10%) of the purification steps of His6-
gpJ. (A) In lane 1, 20µL of solubilized inclusion bodies [in 8 M
urea and 20 mM Tris-HCl (pH 8)] was dissolved at 100°C in 10
µL of sample buffer. In lanes 2-5, supernatants of subsequent
washing steps with 100 mM NaCl, 20 mM Tris-HCl (pH 8), and
20µL of the solutions were dissolved at 100°C in 10µL of sample
buffer. In lane 6, for the supernatant of the elution step using 100
mM NaCl and 20 mM Tris-HCl (pH 8) supplemented with 300
mM imidazole, 20µL of the solution was dissolved at 100°C in
10 µL of sample buffer. In lane 7, 3µg of pure His6-gpJ obtained
by preparative SDS-PAGE was solubilized in 10µL of sample
buffer. The gel was stained with Coomassie brilliant blue. (B)
Western blot using antibodies against His-gpJ. Cells expressing
His6-gpJ were disrupted and centrifuged: lane 1, analysis of the
supernatant; lane 2, analysis of the pellet; and lane 3, analysis of
His6-gpJ purified by gel elution. The proteins were run on a 10%
SDS-PAGE and blotted onto a nitrocellulose membrane. Mouse
antibodies against the hexahistidyl tag were used at a dilution of
1/3000.
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ficiently high to result in the reconstitution of more that 1000
channels in the absence of MBP-gpJ. In contrast, Figure
3B demonstrates that only a small number of channels
formed under these conditions because the reconstitution was
rare for the LamB-MBP-gpJ complex or due to a block of
most of the LamB channels. The channels that could
electrically be detected under these conditions showed the
same open and closing kinetics observed by the block of

LamB by MBP-gpJ. It is noteworthy that the small amount
of SDS eluted together with MBP-gpJ from preparative gels
did not interfere with the results described above. Control
experiments with SDS alone added to the same concentration
as with MBP-gpJ did not interfere with the LamB-mediated
conductance. Furthermore, the addition of 0.01% SDS to the
aqueous phase did not interfere with binding of MBP-gpJ
to LamB.

FIGURE 3: Effect of MBP-gpJ on LamB and LamB mutant Y118G measured at the single-channel level. (A) MBP-gpJ was added at a
concentration of 100 nM to the cis side of a membrane (arrow) after the reconstitution of one wild-type LamB channel. The channel
displayed an open substate (open) and gated to a closed level (closed). Zero (0) represents the zero current level. Note that the channel
opened for only a short time. (B) LamB and MBP-gpJ were mixed at equal concentrations. The mixture was added at a concentration of
∼100 nM to the cis side of a black membrane∼15 min before the recording started. Note that under these conditions only a small number
of rapid switching channels was observed. (C) MBP-gpJ was added at a concentration of 100 nM to the cis side of a membrane (arrow)
after the reconstitution of five Y118G mutant LamB channels. The channels close and show rapid flickering. The membranes were formed
from diphytanoylphosphatidylcholine andn-decane. The aqueous phase contained 1 M KCl and∼10-14 M LamB or LamB Y118G mutant.
The applied voltage was 20 mV at the cis side, andT ) 20 °C.
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Y118G is a LamB mutant in which tyrosine 118 localized
in the central constriction of the channel was replaced with
glycine (48). This mutant has a single-channel conductance
of ∼900 pS in 1 M KCl compared to a value of 150 pS for
WT LamB, allowing the study of channel blocking in more
detail. For example, in Figure 3C after the reconstitution of
five LamB Y118G mutant channels, 100 nM MBP-gpJ was
added to the cis side. The interaction between LamB Y118G
and MBP-gpJ also resulted in a complete block of the
channels. The kinetics of channel closure was approximately
the same as that measured above for WT LamB. The
interaction between LamB ofS. sonneiand MBP-gpJ was
very similar to that exhibited by LamB ofE. coli (data not
shown). The results of Figure 3C and similar experiments
demonstrated that the binding of MBP-gpJ to LamB resulted
in a complete block of the trimers in a single step despite
the fact that a trimer contains three individual channels that
can be blocked independently of one another with carbohy-
drates (51, 52, 57). This means that the channels switched
between a fully open and a fully closed state, caused by the
binding of the MBP-gpJ protein (see Figure 3). However,
the closed channels also exhibited some flickers as seen in
Figure 3. Preliminary studies of the MBP-gpJ-mediated
block of the LamB channels support this view. Fast Fourier
transformation of the current noise demonstrated that the
power density spectra were controlled by a Lorentzian
function, indicating that a chemical reaction is involved in
the binding process (E. Berkane, F. Orlik, M. Winterhalter,
and R. Benz, unpublished results). Power density spectra of
the noise of open channels can be described by a 1/f function
(52, 58, 59). The experiments shown in Figure 3 demon-
strated that MBP-gpJ blocks the LamB channel but did not
induce channels by its own into the lipid bilayers because
only a decrease in membrane conductance was observed (no
increase). The latter would have been expected for the
homology of protein J with proteins pb2 and p33 of phages
T5 and T1, respectively. At least pb2 has been demonstrated
to be a channel-forming component (60). However, control
experiments with MBP-gpJ alone or with His6-gpJ alone
(see below) did not provide any indication that both proteins
could be channel formers in lipid bilayer experiments.

EValuation of the Stability Constant for Binding of MBP-
gpJ to LamB.Titration measurements were performed with

membranes that contained many LamB channels (aqueous
concentration of LamB of∼100 nM) to quantify the binding
of MBP-gpJ to LamB. Figure 4 shows such an experiment.
LamB was added to the cis side of a membrane. When the
reconstitution of channels reached an equilibrium, MBP-
gpJ was added at increasing concentrations to the trans side
and the cis side of the membrane. MBP-gpJ was first added
only to the trans side of the membrane at concentrations of
7 and 42 nM (left side arrows in Figure 4). This resulted in
an only insignificant decrease in the membrane conductance.
The decrease was in this and similar experiments at max-
imum∼15%, corresponding to a minor fraction of channels,
which exposed their cell surface side to the trans side (56).
Then MBP-gpJ was added to the cis side while the mixture
was being stirred to allow equilibration (right side arrows, 7
and 42 nM MBP-gpJ). The LamB-induced conductance
decreased in a dose-dependent manner. The titration experi-
ment of Figure 4 and similar measurements were analyzed
as previously performed with the carbohydrate binding
channels of Gram-negative bacteria (51, 61) using a fit of
the data using eq 3 or Lineweaver-Burke plots (eq 4).

Figure 5 shows the fit of the data of Figure 4 and similar
experiments using eq 3 (0ands). The stability constant for
binding of MBP-gpJ to LamB was∼8 × 107 M-1. The
half-saturation constant,KS, is given by the inverse binding
constant, 1/K, and was∼13 nM. Unfortunately, the fit of
the titration data of Figure 4 and similar experiments using
eq 3 was not satisfactory as the solid line in Figure 5
indicated. This could be explained either by the assumption
that the LamB channels did not close completely when
MBP-gpJ was bound, which is in contrast to the results of
Figure 3, or by the assumption that some channels did not
react to MBP-gpJ (see the Discussion). To account for this,
we modified eq 4 accordingly:

where G∞ is the conductance at very high MBP-gpJ
concentrations, i.e., the fraction of the conductance that did
not seem to be blocked by MBP-gpJ. Figure 5 also shows
the fit of the titration data using eq 5 (b and- - -). It was
much better and yielded a stability constant,K, of ∼1.7 ×

FIGURE 4: Titration of LamB-mediated conductance with MBP-gpJ. LamB was added to the cis side of a black diphytanoylphosphati-
dylcholine/n-decane membrane at a concentration of 10-12 M. The experiment started when∼150 channels were reconstituted in the membrane.
Increasing concentrations of MBP-gpJ were added first to the trans side (arrows) and then to the cis side of the cell (arrows). The aqueous
phase contained 1 M KCl and∼10-12 M LamB. The applied voltage was 20 mV at the cis side, andT ) 20 °C.

Gmax - G(c)

Gmax - G∞
) Kc

Kc + 1
(5)
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108 M-1 (KS ) 5.8 nM) for several titration experiments of
the same type. On average, 85( 3% of the total conductance
was blocked by MBP-gpJ.

Similar experiments were performed with LamB ofS.
sonneiand LamB mutant Y118G. These experiments yielded
very similar stability constants for binding of MBP-gpJ to
LamB (data not shown).

To investigate the effect of ionic strength on binding of
MBP-gpJ to LamB, the salt concentration was varied. Most
titration experiments were performed in 1 M KCl but some
also in 0.1 M KCl. The stability constant was in these
experiments approximately the same, indicating that the ionic
strength had a minor influence if any on the interaction
between MBP-gpJ and LamB.

The experiments described above suggest a high-affinity
binding of MBP-gpJ to LamB. In a previous study, it has
been suggested that MBP modulates LamB function in a
voltage-dependent manner in reconstitution experiments with
lipid bilayer membranes (62). The MBP-mediated effect of
MBP on LamB was absent in other in vivo and in vitro
studies (28, 63). In agreement with these studies, our control
experiments did not show any significant effect of MBP on

LamB-mediated membrane conductance at concentrations up
to 135 nM (see Figure 6). This result suggests that the gpJ
part of the chimera protein is responsible for the MBP-
gpJ-promoted block of the LamB channels.

Effect of Mg2+ and EDTA on the Complex between LamB
and MBP-gpJ.EDTA prevents the formation of the complex
between the bacteriophage Lambda and LamB, whereas
Mg2+ increases the affinity of the phage for its receptor (64).
Reconstitution experiments were performed to study the
effect of both compounds on the interaction of MBP-gpJ
with LamB. After reconstitution of a few channels into the
membrane, the decrease in the LamB-mediated conductance
was still possible when small amounts of MBP-gpJ were
added to the cis side of the membrane. A final EDTA
concentration as high as 20 mM did not change this result,
indicating that EDTA did not prevent complex formation in
vitro. Similarly, experiments performed in the presence of
Mg2+ (final concentration from 5 to 20 mM) did not show
any significant effect on the binding of MBP-gpJ to LamB.

FIGURE 5: Fit of the results of the titration experiment shown in
Figure 4 and of similar experiments with eq 5 (0 ands) or eq 6
(b and- - -). The fit of the data using eq 4 yielded the following
parameters:KS ) 21 ( 1.9 nM. The fit using eq 5 yielded the
following ones: KS ) 6.2 ( 0.08 nM, G∞ ) 85% of Gmax. For
further explanations, see the text. This figure represents the results
of three experiments performed in 1 M KCl. The applied voltage
was 20 mV at the cis side, andT ) 20 °C.

FIGURE 6: Effect of MBP on LamB-mediated membrane conduc-
tance. LamB was added to the cis side of a black diphytanoylphos-
phatidylcholine/n-decane membrane at a concentration of 10-12 M.
The experiment started when∼2000 channels were reconstituted
in the membrane. Increasing concentrations of MBP were added
to the cis side of the membrane (arrows). The aqueous phase
contained 1 M KCl. The applied voltage was 20 mV at the cis
side, andT ) 20 °C. Note that the addition of MBP led to an only
insignificant decay in membrane conductance.

FIGURE 7: Effect of MBP-gpJ on the conductance mediated by
LamB mutant∆4+∆6+∆9v. The mutant was added to the cis side
of a black diphytanoylphosphatidylcholine/n-decane membrane at
a concentration of 10-12 M. When∼260 channels were reconstituted
in the membrane, MBP-gpJ was added to the cis side of the
membrane at a concentration of 100 nM (arrow). The aqueous phase
contained 1 M KCl. The applied voltage was 20 mV at the cis
side, andT ) 20 °C.

FIGURE 8: Effect of His6-gpJ on LamB mutant Y118G measured
on the single-channel level. His6-gpJ was added at a concentration
of 50 µM to the cis side of a diphytanoylphosphatidylcholine/n-
decane membrane (arrow) after the reconstitution of nine Y118G
mutant LamB channels. The aqueous phase contained 1 M KCl.
The applied voltage was 20 mV at the cis side, andT ) 20 °C.
Note that the reconstitution of further channels stopped shortly after
the addition of His6-gpJ and that the open channels show rapid
flickering.
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These results indicated that the presence of Mg2+ ions is
not required for the formation of the complex between LamB
and the MBP-gpJ protein.

Binding of MBP-gpJ to LamB∆4+∆6+∆9V. Effects of
mutations of LamB performed in the past suggested that
amino acids localized on outer loops L4, L6, and L9 are
involved in the infection ofE. coli cells with bacteriophage
Lambda (31-35, 65). In vivo, this mutant does not serve as
a receptor for bacteriophage Lambda (47). To investigate if
these surface-exposed loops are involved in the binding of
MBP-gpJ to LamB, we reconstituted LamB∆4+∆6+∆9v.
Channels formed by this mutant were rather unstable,
resulting in a slow decrease following the initial rapid
reconstitution of channels. This means that precise informa-
tion about the stability constant for binding of MBP-gpJ to
this mutant was not available. However, it was possible to
demonstrate that MBP-gpJ could still block ion transport
through LamB∆4+∆6+∆9v. Figure 7 shows an experiment
in which 100 nM MBP-gpJ was added to the cis side of a
membrane containing∼260 LamB∆4+∆6+∆9v channels.
The addition resulted in a significant and rapid decrease in
the conductance of LamB (see Figure 7). However, the
addition of 100 nM MBP-gpJ did not result in a complete
block of the LamB-mediated conductance as compared to
that of WT LamB. This result suggests that the interaction
of the MBP-gpJ protein with LamB is not localized within
surface loops L4 and L6 and part of loop L9 alone.

Effect of His6-gpJ on LamB Conductance and MBP-
gpJ Binding.Experiments were also performed with His6-
gpJ to separate the effect of the protein J fragment (amino
acids 684-1132) from that of MBP-gpJ on the LamB-
mediated membrane conductance. Figure 8 shows such a
measurement. His6-gpJ (100 nM) was added to the cis side
of a lipid bilayer membrane after reconstitution of nine LamB
channels (arrow in Figure 8). Interestingly, unlike that
observed in the experiments with MBP-gpJ, no decrease
in LamB-mediated conductance occurred. On the other hand,
it was not possible to detect any further increase in
conductance, which means reconstitution of channels is
inhibited after addition of His6-gpJ to the cis side of the
membrane. Furthermore, some increase in the level of
channel flickering was observed (see Figure 8). This result
indicated that interaction may exist between LamB and His6-
gpJ, but it did not lead to channel closure. These observations
suggest that His6-gpJ is not a channel-forming component;
otherwise, its addition should have resulted in an increase
in conductance (see below and the Discussion).

More direct proof of the interaction of His6-gpJ with
LamB was achieved in the experiment shown in Figure 9.
His6-gpJ was first added at a concentration of 100 nM (left
side arrow in Figure 9) to the cis side of a membrane
containing many LamB channels while the mixture was being
stirred to allow equilibration. No channel closure or channel
opening was observed as described above. Approximately
40 min after the addition of His6-gpJ, MBP-gpJ was added
to the same side of the membrane in concentrations increas-
ing from 5 to 155 nM that are sufficient for channel closure
(arrows in Figure 9). MBP-gpJ had an only small effect on
the LamB-mediated membrane conductance. Only an insig-
nificant decrease was observed at the very high MBP-gpJ
concentrations of 55 and 155 nM, which without His6-gpJ
lead to the almost complete block of LamB channels. This
result, observed in several independent experiments, con-
firmed the binding of His6-gpJ to LamB, which prevented
the binding of the MBP-gpJ protein and subsequent channel
block.

Effect of the Complex between LamB and His6-gpJ on
Maltopentaose Transport.The results presented above
indicate that His6-gpJ binds to LamB. Ion flux seems still
to be possible when His6-gpJ is bound to LamB. In
additional experiments, we investigated if the transport of
carbohydrates through LamB was still possible when His6-
gpJ was bound. For this, LamB was reconstituted in lipid
bilayer membranes. When the rate of incorporation had
slowed considerably, His6-gpJ was added to the cis side of
the membrane while the mixture was being stirred to allow
equilibration. After some period of incubation, a titration
experiment was performed in which increasing amounts of
maltopentaose were added only to the cis side of the
membrane because maltopentaose binding should be influ-
enced only from the cis side where His6-gpJ is bound. Table
1 shows the results. The stability constant for maltopentaose
binding was∼630 M-1 (corresponding to a half-saturation
constant of 1.6 mM) for LamB mutant Y118G. Control
experiments were also performed with LamB mutant Y118G
alone to allow a meaningful comparison of the results. For
the addition of maltopentaose to the cis side of the Y118G
mutant, a binding constant of 770 M-1 (half-saturation
constant of 1.3 mM) was obtained. This means that the
binding of maltopentaose was not significantly modified,
indicating that the binding of His6-gpJ did not hinder the
access of carbohydrates to the channels.

Detection of the Complexes among LamB, LamB
∆4+∆6+∆9V, and His6-gpJ by SDS-PAGE and Western

FIGURE 9: Effect of His6-gpJ on the titration of LamB-mediated conductance with MBP-gpJ. LamB was added to the cis side of a black
diphytanoylphosphatidylcholine/n-decane membrane at a concentration of 10-12 M. The experiment started when∼250 LamB channels
were reconstituted in the membrane. First, His6-gpJ was added to the cis side of the membrane at a concentration of 100 nM while the
mixture was being stirred to allow equilibration (left side arrow). Approximately 30 min later, MBP-gpJ was added to the cis side at
concentrations increasing from 5 to 155 nM (arrows). The aqueous phase contained 1 M KCl. The applied voltage was 20 mV at the cis
side, andT ) 20 °C. Note that the addition of His6-gpJ prevented the block of the LamB channels by MBP-gpJ.
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Blotting.To demonstrate the possible formation of a complex
of LamB, LamB ∆4+∆6+∆9v, and His6-gpJ, trimers of
WT Lamb, and mixtures of both, we performed SDS-PAGE
with the single components and possible complexes (see
Figure 10A, lanes 1-3). Lane 1 shows the pure His6-gpJ
(apparent molecular mass of 55 kDa). Lane 2 corresponds
to the pure LamB trimers (75 kDa). Surprisingly, lane 3
exhibited three bands when LamB and His6-gpJ were mixed
together at approximately equal amounts. Two bands could
easily be identified because they corresponded to LamB
trimers and His6-gpJ. The third band of lane 3 had an
apparent molecular mass of∼100 kDa and corresponded to
the LamB-His6-gpJ complex. Additional experiments with
His6-gpJ and LamB mutant∆4+∆6+∆9v revealed that
these proteins formed also a complex (Figure 10B, lane 4).
Furthermore, the complex was absent when both LamB
mutant∆4+∆6+∆9v and His6-gpJ were first mixed at 30
°C and then boiled (Figure 10B, lane 5). This result suggests
that complexes formed only when LamB was in its trimeric
form. Boiling of His6-gpJ did not inhibit complex formation
(see below).

Formation of a complex between LamB trimers and His6-
gpJ was confirmed by Western blots with antibodies against
the His6 tag. Figure 11 demonstrates that His6-gpJ (lane 1)
could be visualized using these antibodies but not WT LamB
(lane 2) or the LamB∆4+∆6+∆9v mutant (lane 3). Lane 4
shows that the antibody detected the LamB-His6-gpJ
complex. The complex was absent when both proteins were
boiled (lane 5). Similarly, the antibody was able to visualize
the complex between LamB∆4+∆6+∆9v and His6-gpJ
(lane 6), but not when the proteins were boiled (lane 7).
Essential for complex formation was the native form of
LamB, i.e., the trimers. When His6-gpJ was boiled but not
LamB, the complexes could be detected (see Figure 11, lane
8), but they were absent when LamB was boiled but not
His6-gpJ (lane 9). Similar results were obtained for LamB
of S. sonnei(data not shown). Taken together, the results
represent additional proof for the interaction of WT LamB
and LamB∆4+∆6+∆9v with His6-gpJ.

DISCUSSION

MBP-gpJ and His6-gpJ Exhibit a High Binding Affinity
for LamB.The C-terminal part (amino acids 684-1131) of
the J protein from the tail of phage Lambda called gpJ is
sufficient for binding to LamB (22). MBP (MalE) is a
periplasmic protein, which binds carbohydrates with high
affinity. Its presence confers the periplasmic space to a sink
for carbohydrates and allows their vectorial transport across
the outer membrane (66). Furthermore, MBP is involved in
the transport of maltose and maltooligosaccharides across
the bacterial inner membrane where it interacts with the
MalF-MalG-MalK2 complex (29). Earlier investigations
had shown that MBP may interfere with the properties of
LamB (62). However, control experiments performed here
and elsewhere demonstrated that MBP is not able to modify
the properties of LamB in vivo and in vitro (28, 63).
Furthermore, no binding of MBP to the periplasmic side of
LamB was found in vivo by electronic microscopy ofE. coli
cells using an anti-MBP antibody and in vitro by immuno-
detection (46). The binding of MBP-gpJ to LamB has

Table 1: Stability Constants for Binding of Maltopentaose to the
LamB Y118G Mutant in Presence or Absence of the His6-gpJ
Proteina

control (without His6-gpJ) with 100 nM His6-gpJ

K (M-1) 770( 100 630( 200
KS (mM) 1.3( 0.2 1.6( 0.5

a The membranes were formed from diphytanoylphosphatidylcholine
andn-decane. The aqueous phase contained 1 M KCl and∼500 ng/
mL LamB Y118G mutant added to the cis side of the membrane only.
K was derived from titration experiments similar to those described
previously (28) with the exception that maltopentaose was added to
only the cis side of the membrane. For the experiment with His6-gpJ,
100 nM His6-gpJ was added first to the cis side of the membrane
after the end of the reconstitution of LamB Y118G channels in the
membrane, and then the titration with increasing maltopentaose
concentrations was performed. The data represent means( the standard
deviation of at least three individual titration experiments. The applied
voltage was 20 mV at the cis side, andT ) 20 °C.

FIGURE 10: SDS-PAGE (10%) of complexes between wild-type
LamB or mutant LamB∆4+∆6+∆9v with His6-gpJ. The gels
were stained with Coomassie brilliant blue. (A) Lane 1: 5µg of
purified His6-gpJ solubilized at 30°C for 5 min in 5µL of sample
buffer. Lane 2: 5µg of purified wild-type LamB solubilized at 30
°C for 5 min in 5µL of sample buffer. Lane 3: 5µg of purified
wild-type LamB mixed with 5µg of purified His6-gpJ solubilized
at 30°C for 5 min in 5µL of sample buffer. (B) Lane 1: 5µg of
purified His6-gpJ solubilized at 30°C for 5 min in 5µL of sample
buffer. Lane 2: 3µg of purified LamB∆4+∆6+∆9v solubilized
at 30 °C for 5 min in 5 µL of sample buffer. Lane 3: 3µg of
purified LamB∆4+∆6+∆9v solubilized at 100°C for 5 min in 5
µL of sample buffer. Lane 4: 3µg of purified LamB∆4+∆6+∆9v
mixed with 5µg of purified His6-gpJ solubilized at 30°C for 5
min in 5 µL of sample buffer. Lane 5: 3µg of purified LamB
∆4+∆6+∆9v and 5µg of purified His6-gpJ solubilized at 100
°C for 5 min in 5µL of sample buffer.

FIGURE 11: Western blot to detect complexes of LamB and LamB
mutant∆4+∆6+∆9v with His6-gpJ. The proteins were run on a
10% SDS-PAGE gel and blotted onto a nitrocellulose membrane.
Mouse antibodies against the hexahistidyl tag were used at a dilution
of 1/3000. Lane 1: His-gpJ, solubilized at 30°C. Lane 2: wild-
typeLamBsolubilizedat30°C.Lane3: LamBmutant∆4+∆6+∆9v,
solubilized at 30°C. Lane 4: wild-type LamB mixed with His6-
gpJ solubilized at 30°C. Lane 5: wild-type LamB mixed with
His6-gpJ at 30°C and then boiled at 100°C. Lane 6: LamB
∆4+∆6+∆9v mixed with His-gpJ and solubilized at 30°C. Lane
7: LamB mutant∆4+∆6+∆9v mixed with His-gpJ at 30°C and
then boiled at 100°C. Lane 8: LamB solubilized at 30°C mixed
with His6-gpJ solubilized at 100°C. Lane 9: wild-type LamB
solubilized at 100°C mixed with His-gpJ, solubilized at 30°C.
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nothing to do with a direct interaction between LamB and
MBP because there is no evidence of binding of the MBP
protein to the periplasmic side of LamB. This means that
the binding of MBP-gpJ to LamB is definitely caused by
the gpJ moiety of the chimera protein.

His6-gpJ also has a high affinity for LamB. First, the
interaction of LamB with His6-gpJ seemed to block channel
reconstitution, probably because binding of a large hydro-
philic moiety to LamB hinders its reconstitution. Second,
we demonstrated that preincubation of reconstituted LamB
with His6-gpJ did not allow MBP-gpJ-mediated channel
block. Only at a very high MBP-gpJ concentration (higher
than that of His6-gpJ) was some decrease in LamB-mediated
membrane conductance observed, an indication of some
competition between His6-gpJ and MBP-gpJ for the
binding site at the cis side of the LamB channel. Finally,
SDS-PAGE of the LamB-MBP-gpJ complex as well as
with LamB-His6-gpJ mixtures demonstrates the formation
of oligomers on the gels, which were also detected by
antibodies against MBP and the His6 tag in Western blots.
The complexes were not sensitive for the heating of His6-
gpJ, but they were absent when the LamB trimers were
heated and dissociated. The formation of LamB-MBP-gpJ
complexes and of those between His6-gpJ and LamB
indicates that the stability constant for complex formation
was very high. It is noteworthy that the complexes withstand
migration for ∼2 h in the electric field during the run of
SDS-PAGE.

MBP-gpJ and His6-gpJ Bind to the Surface-Exposed
Side of the LamB Channel.The experimental data reveal a
clearly asymmetric effect of the MBP-gpJ protein on LamB-
mediated membrane conductance. MBP-gpJ added to the
cis side of the membrane caused a dramatic decrease in
conductance. MBP-gpJ added to the trans side resulted in
an only negligible decrease. This result suggested that MBP-
gpJ bound preferentially to the side of LamB, which is
exposed to the cis side. The orientation of LamB in
reconstitution experiments using planar lipid bilayers was a
matter of debate. Experiments with phage Lambda and
single-channel analysis of carbohydrate transport suggested
that the cell surface-exposed side points to the trans side, as
it is the in vivo situation (57, 67). On the other hand, studies
with loop deletion mutants, the interaction of phage Lambda
with LamB, the effect of low pH on channel closure, and
the use of asymmetric substrates suggested that the surface-
exposed side of LamB (i.e., the loops) is localized on the
cis side of the membrane (47, 56, 57, 68). The latter
orientation appears to be more likely when the high energy
that is needed to move the long surface-exposed (and
hydrophilic) loops through the hydrocarbon core of the lipid
bilayer membrane during reconstitution is considered. The
binding of MBP-gpJ to the cell surface-exposed part of
LamB agrees very well with such an orientation because it
is known that MBP-gpJ binds to the surface of theE. coli
cells (22, 46). Similarly, His6-gpJ also binds to the cis side
of the reconstituted LamB channels, where amino acids of
several surface-exposed loops are involved in phage binding
(31, 33-35, 47, 69, 70). Taken together, the C-terminal
fragment of the J protein from the phage tail interacts with
the surface-exposed side of LamB.

MBP-gpJ and His6-gpJ Are Not Channel-Forming
Components.Phage T1 has two genes (orf26 and orf33)

specifying proteins with homology to tail fibers (71). Protein
p33 of phage T1 and protein J of phage Lambda share some
sequence similarity (i.e.,∼25% amino acid identity). Simi-
larly, pb2 of phage T5 shares∼12% sequence identity with
protein J and p33. This could mean that MBP-gpJ and
His6-gpJ are channel formers because it has been demon-
strated that pb2 is a channel-forming component (60).
However, strikingly, there is not much homology between
the C-terminal portions of the two proteins: from residues
888 of J and 897 of p33 (J is 1132 residues in length and
p33 is 1172). On the other hand, we have provided strong
evidence that the 100 C-terminal residues of J are critical
for the recognition of and adsorption to LamB (22, 46).
Single-amino acids substitutions in the last C-terminal
residues of J were sufficient to abolish LamB recognition
(46). Moreover, we have shown that such mutations could
be suppressed by mutations in surface loops of LamB (70).
It is thus most likely that J is the only phage protein
responsible for LamB recognition and binding. Recognition
of surface receptors and binding in the case of the T1 and
T5 phages are different compared to those of phage Lambda.
Phage T5 possesses two types of tail fibers, three L-shaped
(LTF) and one central, straight tail fiber (STF) (72, 73).
Binding of T5 to FhuA is mediated by tail protein pb5 which
is not located at the tip of the tail fiber. The STF, formed by
approximately six copies of tail protein pb2, does not mediate
binding to FhuA but is involved in the penetration of T5
DNA through theE. coli cell envelope [as suggested by the
pore forming activity of pb2 (60)]. Furthermore, the interac-
tion between phage Lambda and LamB is presumably
completely different because of the structures of the recep-
tors. LamB is a trimeric protein (16, 17), while FhuA, BtuB,
and other TonB-dependent OM transporters are monomeric
proteins (19, 20). These proteins are very similar in basic
structure; their membrane-spanning portion consists of a
barrel with 22 antiparallel amphipathicâ-strands, and the
pore of the barrel is occluded by insertion of a conserved
N-terminal globular domain (the cork), which opens when
FhuA interacts with the phage tail (74). Considering the
structural differences between the outer membrane transport-
ers and LamB and between phage Lambda and the T1 and
T5 phages and considering the experimental observations of
this study, it is rather unlikely that MBP-gpJ or His6-gpJ
is a channel-forming component.

The Binding of MBP-gpJ to LamB but Not That of His6-
gpJ Blocks the Channel for Passage of Ions.Titration of
LamB-mediated conductance led to a complete block of the
channel for ion flux in single-channel experiments. Surpris-
ingly, channel block by MBP-gpJ occurred in a single step
despite the fact that the conductance of a single LamB
channel is that of a trimer. Carbohydrates block the con-
ductance of a LamB channel in three individual steps (57).
This could mean that the gpJ part of MBP-gpJ (molecular
mass of∼97 kDa) binds to a single channel but that the
MBP part is bulky enough to cause channel closure of all
three channels in a trimer. The binding of gpJ to the trimer
and not to a monomer appears to be more likely because
MBP-gpJ-mediated closing of LamB is a single-hit process
(see below). His6-gpJ alone (molecular mass of∼50 kDa)
is presumably not bulky enough to block the three channels
in a LamB trimer. It is also possible that His6-gpJ has a
more superficial association with the LamB loops than does
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MBP-gpJ. SDS-PAGE and Western blots of LamB-
MBP-gpJ and LamB-His6-gpJ complexes provide an
additional indication of such a possibility because MBP-
gpJ bound to only the LamB trimers and not to the
monomers. Furthermore, SDS-PAGE and Western blots
demonstrate that only one MBP-gpJ or one His6-gpJ binds
to the LamB trimers.

The binding place for gpJ is presumably the central part
of the trimer. Such an arrangement for the LamB-gpJ
complex could also explain why His6-gpJ obviously binds
to LamB but why binding does not result in channel closure
for the flux of ions because the diameter of His6-gpJ is not
sufficient for the complete block of LamB trimers for ion
conduction. This cannot be understood if three His6-gpJ
molecules (molecular mass of∼50 kDa each) bind to the
external surface of the LamB trimers. It is noteworthy that
the LamB-His6-gpJ complex did not show any interference
with maltopentaose binding, a molecule that is larger than
potassium or chloride ions. This was shown by titration
experiments with maltopentaose added to the cis side of
reconstituted LamB mutant Y118G channels treated before
with 100 nM His-gpJ. Taken together, it seems likely that
the complex between LamB and MBP-gpJ or His6-gpJ is
a 1/1 complex. The results presented here for the interaction
of His6-gpJ with LamB agree with binding of the entire
Lambda phage to LamB reconstituted in bilayer experiments,
which did not modify the conductance of LamB (69).

The Half-Saturation Constant for Binding of MBP-gpJ
and His6-gpJ to LamB Is in the Nanomolar Range.The
titration experiments of LamB-mediated membrane conduc-
tance with MBP-gpJ allowed calculation of the stability
constant for binding to LamB using a simple model (28).
The single problem for the use of the model was that the
LamB-mediated conductance was not completely shut down
in the titration experiments. Closure of all channels reached
on average only∼85% of the open channel conductance.
This problem was taken into account using eq 5, which
resulted in a small change in the stability constant. The reason
the LamB channels did not completely close in the multi-
channel experiments is presumably related to the orientation
of the reconstituted LamB channels. In previous papers, we
could demonstrate that the cell surface-exposed side (i.e.,
the loops) of reconstituted LamB channels is oriented by 80-
90% to the cis side of the membrane (47, 56). This means
that∼10-20% of the LamB channels do not respond to the
addition of MMB-gpJ to the cis side of the membrane as
they have an opposite orientation with the receptor side
exposed to the trans side of the membrane. The incomplete
closure of LamB in the titration experiments has definitely
nothing to do with impurities in the protein samples. The
use of the starch column for affinity purification of the
different LamB and LamB mutant proteins provided pure
proteins without any indication of contaminants. Binding of
phage Lambda to the cell surfaces can be influenced by the
ionic strength and the concentration of the Mg2+ ions (64,
75). Interestingly, this parameter had no effect on the
complex between LamB and MBP-gpJ, which suggests that
additional interactions are also involved in binding of phage
Lambda to theE. coli cells. In particular, it is possible that
Mg2+ stabilizes complex formation in the presence of LPS
that is not present in the lipid bilayer experiments.

The evidence for binding of His6-gpJ to LamB in a
concentration range similar to that for MBP-gpJ is more
indirect because no channel closure could be observed.
Nevertheless, it is obvious from the experiments in which
LamB channels were preincubated with His6-gpJ and an
only insignificant effect of MBP-gpJ was observed that the
half-saturation constant of His6-gpJ binding is also in the
nanomolar range. When the results of Figure 9 and of similar
experiments are considered, it seems to be possible that the
binding of His6-gpJ to LamB has a half-saturation constant
even smaller than that of MBP-gpJ. The degree of channel
block at 155 nM MBP-gpJ was still less than 50% of the
total number of channels, which means that 100 nM His6-
gpJ occupies more than 50% of the LamB channels, which
suggests indeed a lower half-saturation constant for binding
of His6-gpJ to LamB than for MBP-gpJ binding.

Amino Acids of External Loops L4 and L6 and Part of
Loop L9 Are Not Alone Responsible for gpJ Binding.
Formation of a complex was also possible between the LamB
∆4+∆6+∆9v mutant and MBP-gpJ or His-gpJ. This was
shown by SDS-PAGE, Western blots, and bilayer experi-
ments in which MBP-gpJ blocked ion conductance through
the LamB ∆4+∆6+∆9v mutant. This result is in some
contrast to the results of in vivo experiments in which loops
L4, L6, and L9 are necessary for in vivo binding of phage
Lambda to LamB. Their deletion should influence binding
of MBP-gpJ and His6-gpJ to LamB. However, we showed
in a previous publication (47) that loops L4, L6, and L9 are
not involved in the in vitro transport of carbohydrates through
LamB. This contradicts in vivo transport of carbohydrates
through the LamB loop deletion mutants, where the rate of
transport is decreased (47). This was explained by the
assumption that LPS blocks partially the LamB channels
when the major surface-exposed loops are removed; i.e., the
O antigen side chains hinder access of carbohydrates to the
mutant channels. This also means that LPS side chains could
also block in such a case access of the phage tail to LamB
loop deletion channels, which could explain the difference
between the in vivo and in vitro experiments.

The binding of MBP-gpJ and His6-gpJ to the loop
deletion mutant also offers other interesting insight into the
interaction between gpJ and LamB. Amino acids of the
LamB protein involved in binding of the bacteriophage
Lambda have been investigated for many years by site-
directed mutagenesis. These experiments resulted in phage
resistant mutants with a variable efficiency, called class I
mutants. The mutations on the LamB gene that allow this
phenotype are located on outer loops L1, L4, L6, and L9.
Class I mutants block growth of WT Lambda host range
(λh+). Extended host range phage mutants (λh) can also bind
to class I LamB proteins and infect the cells. Two-step
extended host range mutants (λhh*) can also bind to class II
LamB and restore its infection activity. All these amino acids
involved in class I and class II LamB mutants are localized
on outer loops L4, L6, and L9 (31-35, 47, 70, 76). However,
the identified amino acids on the surface-exposed loops are
not alone essential for the binding of the gpJ protein, although
they are essential for the infection of the cells with bacte-
riophage Lambda. This means that the other amino acids
forming the binding site for gpJ may be localized somewhere
on the surface of its barrel structure, possibly in the center
of the LamB trimers.
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