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Abstract

During infection the major coat protein of the filamentous bacteriophage M13 is in the cytoplasmic membrane of the host
Escherichia coli. This study focuses on the configurational properties of the N-terminal part of the coat protein in the
membrane-bound state. For this purpose X-Cys substitutions are generated at coat protein positions 3, 7, 9, 10, 11, 12, 13,
14, 15, 17, 19, 21, 22, 23 and 24, covering the N-terminal protein part. All coat protein mutants used are successfully
produced in mg quantities by overexpression in E. coli. Mutant coat proteins are labeled and reconstituted into mixed
bilayers of phospholipids. Information about the polarity of the local environment around the labeled sites is deduced from
the wavelength of maximum emission using AEDANS attached to the SH groups of the cysteines as a fluorescent probe.
Additional information is obtained by determining the accessibility of the fluorescence quenchers acrylamide and 5-doxyl
stearic acid. By employing uniform coat protein surroundings provided by TFE and SDS, local effects of the backbone of the
coat proteins or polarity of the residues could be excluded. Our data suggest that at a lipid to protein ratio around 100, the N-
terminal arm of the protein gradually enters the membrane from residue 3 towards residue 19. The hinge region (residues 17^
24), connecting the helical parts of the coat protein, is found to be more embedded in the membrane. Substitution of one or
more of the membrane-anchoring amino acid residues lysine 8, phenylalanine 11 and leucine 14, results in a rearrangement of
the N-terminal protein part into a more extended conformation. The N-terminal arm can also be forced in this conformation
by allowing less space per coat protein at the membrane surface by decreasing the lipid to protein ratio. The influence of the
phospholipid headgroup composition on the rearrangement of the N-terminal part of the protein is found to be negligible
within the range thought to be relevant in vivo. From our experiments we conclude that membrane-anchoring and space-
limiting effects are key factors for the structural rearrangement of the N-terminal protein part of the coat protein in the
membrane. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the ¢lamentous bacteriophage M13 a large
number of copies of the major coat protein forms a
cylindrical coat around the circular, single-stranded
DNA genome. During infection, the major coat pro-
tein (the product of gene VIII) is involved in various
environmental and structural rearrangements. First
there are the processes of phage disassembly and
subsequent deposition of the coat protein into the
Escherichia coli inner membrane. These processes
are followed by the biosynthesis of the procoat, the
membrane insertion and subsequent removal of the
signal sequence by the host cell leader peptidase. Fi-
nally the protein takes part in the complex process of
cooperative assembly and phage-extrusion [1^4]. To
accomplish all these di¡erent functions of the coat
protein, the primary sequence must be such to enable
su¤cient functioning in all processes, which of
course not necessarily imply optimal functioning
with respect to one speci¢c aspect. In this sense, a
proper functioning of the coat protein will generally
be achieved by adapting its secondary and tertiary
structure.

Much is known about the aggregational behavior
and overall secondary structure of the coat protein
embedded in phospholipid bilayers [5^8]. The pri-
mary and secondary structure of the coat protein
are depicted in Fig. 1. New insights about the con-
formation mainly originate from experiments per-
formed on the coat protein solubilized in detergents
as membrane-mimicking systems. Detailed secondary
structure determination as performed on the coat
protein solubilized in sodium dodecyl sulfate (SDS)

or dodecyl phosphatidylcholine micelles clearly
shows an K-helix ranging from residues 25 up to 45
[9,10]. This ¢nding is in agreement with the result
of a cysteine-scanning study on the putative trans-
membrane domain performed on the coat protein
reconstituted in phospholipid bilayers [11,12], and
appeared to be shifted from the predicted transmem-
brane domain [13,14]. In the N-terminal part of the
coat protein a short amphipathic K-helical structure
(residues 7^16) has been established, with residues
demonstrating considerable motion on the nanosec-
ond and picosecond time scales. Furthermore, a
motion of the amphipathic helical arm with respect
to the transmembrane helix has been proposed
[15]. The hinge region, connecting the two helices,
exhibits K-helical, turn-like features as well as addi-
tional £exibility of its residues [9,10].

Between the amphipathic N-terminal helix and the
transmembrane helix of the membrane-bound coat
protein an angle of approximately 90³ is found [16^
18]. This L-shape implies that the N-terminal helix
lies in the plane of the membrane. However, when
the coat protein is part of the M13 phage particle, it
is arranged in one continuous, slightly bent helix
[19,20]. No information is available about what fac-
tors direct the rearrangement of the two helices in the
viral and membrane-bound states of the coat protein,
as will take place during the phage assembly process.
However, an extended N-terminal protein part could
well be a structural and functional intermediate of
the membrane-bound coat protein in various stages
of the viral replication process.

In the present study we follow a site-speci¢c prob-
ing approach for the N-terminal part, similar as has

Fig. 1. The primary and secondary structure of the mature part of the major coat protein of bacteriophage M13. The amphipathic K-
helix and the transmembrane K-helix are underlined. The part of the protein connecting the two helical domains is called the hinge re-
gion.
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been carried out for the C-terminal part of the M13
major coat protein [11], and recently for the Pf3 ma-
jor coat protein [21]. The cysteine-scanning method is
a suitable technique to obtain information about the
local polarity of the probe, which can be related to
the membrane-embedment of the protein. The meth-
od has been described for various membrane proteins
[12,22^24]. We prepared a number of coat protein
mutants containing unique cysteine residues at spe-
ci¢c positions along the N-terminal amino acid se-
quence. The cysteine residues were speci¢cally la-
beled with the £uorescent environmental probe N-
(iodoacetylaminoethyl)-5-naphthylamine-1-sulfonic
acid (AEDANS). The £uorescence properties and
accessibilities towards various quencher molecules
are reported to be dependent on polarity as well as
steric e¡ects [25,26]. By employing uniform coat pro-
tein surroundings provided by an organic solvent
(TFE) or a micellar system (SDS), local e¡ects of
the backbone of the coat proteins or polarity of the
residues could be excluded. Based on a ¢xed labeling
position, additional substitutions of various N-termi-
nal amino acid residues in double protein mutants
elucidate the importance of these residues in a¡ecting
the association of the N-terminal protein arm to the
membrane. Phospholipid composition and lipid to
protein ratio are further tested as possibly involved
in the membrane-binding behavior of this protein
domain.

2. Materials and methods

2.1. Cloning procedures

Both the mature coat protein part of bacterio-
phage M13 gene VIII (without the leader sequence)
and the complete bacteriophage M13 gene VIII (in-
cluding the leader sequence) were obtained by the
polymerase chain reaction (PCR) using M13 mp18
RF DNA as template and primers based on the se-
quence as determined by Van Wezenbeek [27]. Oli-
gonucleotide primers (Amersham Pharmacia Bio-
tech) were designed to add a NdeI restriction site
upstream of the start codon (5P-GGGCATATG-
GCTGAGGGTGACGAT for the mature coat pro-
tein part of the gene, and 5P-GGGCATATGAAA-
AAGTCTTTAGTCCT for the complete gene VIII)

and a BamHI restriction site downstream of the stop
codon (5P-CCCGGATCCTCAGCTTGCTTTCGA-
GG for both reactions). The PCR ampli¢ed frag-
ments were puri¢ed by polyacrylamide gel electro-
phoresis. After digestion with NdeI and BamHI
they were cloned into the respective sites of a pT7-
7 expression vector [28]. E. coli strain DH5KFP was
used for the cloning vector.

2.2. Preparation of cysteine-containing major coat
protein mutants

The QuikChange site directed mutagenesis proce-
dure (Stratagene) was used to introduce unique cys-
teine residues at various positions along the primary
structure of the major coat protein. The procedure
was also used for other modi¢cations of the coat
protein. For each modi¢cation two complementary
synthetic oligonucleotide primers (Amersham Phar-
macia Biotech) were designed, and used together
with the double stranded pT7-7 expression vector
(containing the cloned M13 gene VIII) as a template.
Following temperature cycling and the selection for
mutated DNA by DpnI digestion, the expression vec-
tors were transformed into supercompetent cells of
E. coli XL1-Blue. Plasmid DNA was isolated using
the Wizard DNA puri¢cation system (Promega) and
used for transformation into competent cells of E.
coli BL21 (DE3) [29]. Transformed cells were incu-
bated in LB medium (1% (w/v) select peptone, 0.5%
(w/v) yeast extract, 1% (w/v) NaCl) to allow expres-
sion of ampicillin resistance, and grown overnight on
LB-agar in the presence of 0.01% (w/v) ampicillin
(Boehringer). Plasmid DNA, isolated from a liquid
culture as mentioned before, was used for automated
DNA sequencing. Ready-to-use inoculates were pre-
pared in the presence of glycerol (22% w/w, ¢nal
concentration) and stored at 370³C.

2.3. Expression of modi¢ed M13 gene VIII and
identi¢cation of the gene product

Cells of E. coli BL21 (DE3) containing pT7-7
(gene VIII mutant) were grown at 37³C in LB me-
dium supplemented with 0.2% (w/v) glucose and
0.01% (w/v) ampicillin. The optical density at 600
nm of the culture was monitored and at an
OD600 nm of about 0.6 the expression of the target
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gene was induced by adding IPTG up to 0.15 mM
¢nal concentration. Aliquots (25 Wl) were taken be-
fore induction and after di¡erent times of incubation
after induction, and checked for the presence of the
gene product using Tricine SDS^polyacrylamide gel
electrophoresis, as described [30]. Western blotting
[31] and immunodetection were performed using
anti-rabbit IgG conjugated with alkaline phospha-
tase (Boehringer). Primary antibodies against the
major coat protein of bacteriophage M13 were raised
in female New Zealand White rabbits using highly
puri¢ed biosynthetic major coat protein as obtained
from the phenol extraction procedure described pre-
viously [32]. The serum exclusively reacted with the
major coat protein applied to the gel and not with
proteins of host E. coli BL21 (DE3).

2.4. Expression, labeling and puri¢cation of modi¢ed
M13 major coat proteins

E. coli BL21 (DE3) containing the respective pT7-
7 plasmids were grown in 8-l cultures as described
before. Cells were harvested by centrifugation (10
min at 7000Ug) within 45^90 min after induction.
The cells were resuspended in TBS/DTT (Tris-bu¡-
ered saline/dithiothreitol) bu¡er (25 mM Tris^HCl
(pH 7.5), 137 mM NaCl, 2.7 mM KCl, 1 mM
DTT) and stored at 320³C. The total membrane
fraction was isolated after cell lysis by sonication
(Branson B15 soni¢er, 5 min, 90 W output, 50%
pulse, on ice) and subsequent centrifugation (30
min 45 000Ug at 4³C). The pelleted membrane frac-
tion was resuspended in TBS/DTT bu¡er by brief
sonication. Amounts of cellular material out of 2 l
cell culture were used for further treatment. Prior to
reverse-phase chromatography (RPC) the major coat
protein was extracted from the total membrane frac-
tion. Equal volumes of resuspended total membrane
fraction and tri£uoroethanol (TFE) were thoroughly
mixed for 1 min and non-extractable material was
removed by centrifugation (5 min 10 000Ug). The
clear membrane extract in the supernatant was im-
mediately applied on a Source 15RPC HR10/10 col-
umn (Amersham Pharmacia Biotech), and eluted
with water (£ow 1.0 ml/min) using a Pharmacia-
LKB Ultrochrom GTi Bioseparation system. After
elution of all non-binding material (as monitored at
280 nm) the major coat protein was eluted using a

steep linear gradient of mixtures of solvent A: pure
water and solvent B: isopropanol/0.2% (v/v) triethyl-
amine (TEA). Starting at 0% (v/v), solvent B in-
creased with a rate of 5%/min up to 100%, and de-
creased with a rate of 10%/min back to 0% of solvent
B. Fractions were collected and analyzed by Tricine
SDS^PAGE. For the purpose of labeling with IAE-
DANS (purchased from Molecular Probes), the frac-
tions containing the major coat protein were pooled
and mixed with TFE to achieve optimal accessibility
conditions. After the pH was adjusted to approx. 8
by addition of a small amount of TEA, an estimated
small molar excess of IAEDANS was added and the
mixture was stirred in the dark at room temperature
for 3 h. The reaction was stopped by addition of an
excess of L-mercaptoethanol. Solid sodium cholate
(Sigma) was added up to 500 mM and dissolved
completely before the reaction mixture was applied
on a preparative HiLoad Superdex 75 prepgrade col-
umn (2.6U60.0 cm) (Amersham Pharmacia Biotech).
This column was eluted with 50 mM sodium cholate,
10 mM Tris^HCl (pH 8.0), 0.2 mM EDTA, 150 mM
NaCl at a £ow of 2 ml/min to separate the labeled
coat protein from accompanying proteins and excess
unbound AEDANS. Fractions containing the AE-
DANS-labeled coat protein, as monitored by a linear
£uorescence detector (excitation wavelength set at
340 nm, emission wavelength set at 480 nm) were
pooled and concentrated using ultra¢ltration over
an Amicon YM3 membrane. The AEDANS-labeled
coat protein fractions were checked for purity and
protein content by Tricine SDS^PAGE. Wild-type
major coat protein as well as mutant coat proteins
with a cysteine at positions 25 and 46 were obtained,
labeled with IAEDANS and puri¢ed as described
before [11].

2.5. Reconstitution of the AEDANS-labeled coat
protein into phospholipid bilayers

Unless stated otherwise, reconstitution of the la-
beled coat protein mutants into dioleoyl phosphati-
dylcholine (DOPC) and dioleoyl phosphatidylglycer-
ol (DOPG) vesicles (both lipids obtained from
Sigma) in a 80/20% (mol/mol) ratio was performed
in the dark using the cholate-dialysis procedure as
described earlier [32]. The ¢nal molar lipid to protein
ratio was 100. The resulting proteoliposomes in 10
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mM Tris^HCl (pH 8.0), 0.2 mM EDTA, 150 mM
NaCl were directly used for £uorescence and circular
dichroism measurements.

2.6. Circular dichroism measurements

Circular dichroism spectra were recorded from 200
to 260 nm on a JASCO 715 spectrometer at room
temperature, using a 1-mm path length cell, 1 nm
bandwidth, 0.1 nm resolution and 1 s response
time. Spectra were corrected for the background
and protein content.

2.7. Steady-state £uorescence measurements

The £uorescence properties of the AEDANS-la-
beled major coat protein, reconstituted into DOPC/
DOPG bilayers, were recorded at room temperature
on a Perkin^Elmer LS-5 luminescence spectropho-
tometer. The excitation wavelength was 340 nm
and emission scans were recorded from 470 to 530
nm. Excitation and emission slits were set at 5 nm.
The concentration of labeled coat protein was kept
constant at 2.5 or 5 WM and is mentioned in the
tables and ¢gure legends. The optical density at the
excitation wavelength never exceeded 0.1. Fluores-
cence intensities were corrected for background by
subtracting the spectrum of unlabeled wild-type ma-
jor coat protein, reconstituted into the same phos-
pholipid bilayers, and recorded under the same con-
ditions. Due to a di¡erent instrumental set-up of the
luminescence spectrophotometer the wavelength of
maximum emission intensity showed an 8 nm red
shift as compared to the results reported earlier
[11]. To enable comparison two major coat protein
mutants, labeled to a unique cysteine at positions 25
and 46, were included in all experiments. The varia-
tions of the measured wavelengths of maximum
emission are always found to be within 1 nm.

Steady-state quenching studies were performed by
addition of various amounts of a 2.67 M acrylamide
solution (Merck, electrophoresis quality) to a ¢nal
concentration of 242 mM. Alternatively 5-doxyl stea-
ric acid (Aldrich Chemical Co.) was added from a
12.5 mM solution to a ¢xed ¢nal overall concentra-
tion of 0.2 mM. Emission spectra were recorded
1 min after each addition and the stable £uorescence

intensities were corrected for background and dilu-
tion. Variations of the calculated Ksv and F0/F values
are usually within 5%.

3. Results

3.1. Expression of the target gene and identi¢cation of
the gene product

Since no coat protein mutants containing a cys-
teine residue in the N-terminal protein part could
be generated resulting in the appearance of viable
bacteriophages, as has been employed earlier [11],
we have cloned the coat protein gene into the pT7-
7 expression vector. As a consequence, the control
for proper functioning of the coat protein by phage
viability is lacking. Moreover, the target protein now
needs to be puri¢ed from the host cell, requiring
excessive and complicated puri¢cation protocols.
The expression of the target gene results in a reduced
cell growth and even a decrease in optical density of
the cell culture after prolonged times. As the synthe-
sis of the gene product is accompanied by membrane
insertion, high amounts of the coat protein appear to
be toxic and will ¢nally result in cell lysis. Attempts
were made to direct the synthesized coat protein into
the cell cytoplasm by removal of the leader sequence
of the coat protein (the ¢rst 23 amino acids coded by
gene VIII). However, no mature coat protein could
be detected, even not by employing immunodetec-
tion. Therefore, it is essential to apply the complete
gene VIII (including the leader sequence) for coat
protein synthesis. Also, fusion to a water-soluble
protein appeared not to be an alternative as was
demonstrated for the closely related M13 minor
coat proteins, which were still found preferentially
present in the E. coli inner membrane [33].

Neither decreasing the growth temperature nor
lowering the level of expression (by lowering the ¢nal
IPTG concentration) did result in a higher yield. To
obtain appropriate amounts of coat protein, large
volumes of growing culture were required. Moreover,
cell growth is only allowed for quite a short time
(within 45^90 min) after the induction of coat pro-
tein synthesis. In the case of prolonged growing times
after induction of the target gene expression, an ad-
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ditional small band of a larger protein is detected by
the Tricine SDS^PAGE and subsequent immunode-
tection. This band is identi¢ed to contain M13 pro-
coat based on recognition by the antiserum, which is
raised against the mature part of the gene VIII prod-
uct. The protein also migrated identically on gel as
compared to the procoat mutant (gene VIII S-3F),
which was characterized by a strongly decreased pro-
cessing rate by leader peptidase [34]. The appearance
of the procoat after prolonged incubation times is
indicative for defects in the processing by leader pep-
tidase, because the cell integrity or functioning is
distorted.

To localize the coat protein after expression, cells
were fractionated according to Russel and Kazmierc-
zak [35] and subjected to gel electrophoresis. The
coat protein is predominantly found in the fraction
containing the inner or cytoplasmic membranes (data
not shown).

X-Cys substitutions are generated at coat protein
positions 3, 7, 9, 10, 11, 12, 13, 14, 15, 17, 19, 21, 22,
23, and 24, covering the entire N-terminal part of the
M13 major coat protein (see Fig. 1). All coat protein
mutants, in which an amino acid residue has been
substituted for a cysteine residue, are obtained in
amounts comparable to that of wild-type coat pro-
tein, i.e., mg quantities. However, severe additional
modi¢cations (Table 1) occasionally resulted in lower
amounts of coat protein.

3.2. Puri¢cation and labeling of the coat protein
mutants

A combined protein labeling and puri¢cation pro-
tocol was developed. Organic solvents are applied to
enable RPC and to serve optimal labeling conditions.
After achieving a major puri¢cation e¡ect by RPC,
care has to be taken in proper solubilizing the coat
protein by detergents. After harvesting the cells by
centrifugation and the preparation of the membrane
fraction, almost all mature coat protein (but not the
unprocessed procoat; data not shown) is successfully
extracted using the organic solvent TFE and subse-
quently puri¢ed on a Source 15RPC HR10/10
column. The pooled major coat protein containing
fractions are diluted with TFE to prevent protein^
protein interactions, and to achieve an optimal
accessibility of the cysteines thiol group for the
£uorescent probe AEDANS to be attached. The
AEDANS-labeled coat protein is further puri¢ed
from other cellular impurities and excess free label,
using high performance size exclusion chromatogra-
phy (HPSEC). For this purpose, it is essential to add
a huge excess of the detergent sodium cholate to get
an appropriate solubilization of the coat protein. The
¢nal isolates of labeled coat protein are applied to
Tricine SDS^PAGE to check the purity and the yield
of coat protein. Typically 0.5^1 mg of labeled mutant
coat protein is obtained per liter cell culture. The

Table 1
Quencher e¤ciencies and environmental polarity of various AEDANS-labeled M13 major coat protein A7C-derived double mutants
in DOPC/DOPG membranes

M13 coat protein mutant Emission maximum Ksv

(nm)a
Quenching by acrylamide
(M31)a

Quenching by 5-doxyl stearic
acid F/F0

A7C 495 2.99 0.54
A7C/K8A 499 3.85 0.63
A7C/A10I 492 2.62 0.48
A7C/F11A 502 5.18 0.71
A7C/L14A 502 5.37 0.81
A7C/F11A/L14A 505 5.98 0.83
A7C/L14D 502 5.07 0.70

Wavelengths of maximum emission and accessibilities to the hydrophilic quencher acrylamide and hydrophobic quencher 5-doxyl stea-
ric acid are determined on AEDANS, attached to various M13 coat protein mutants at cysteine position 7. The coat protein at a ¢nal
concentration of 2.5 WM is reconstituted into DOPC/DOPG at L/P 100. The concentrations of the quencher molecules are given in
Section 2.
aEmission maxima and quenching e¤ciencies of these double mutants when brought in a homogeneous environment provided by TFE
were equal and constant at 498 nm and F/F0 = 1.25, respectively.
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purity is found to exceed at least 95%, as is judged
from stained protein bands on gel. Circular dichro-
ism spectra of mutant protein, containing the muta-
tion L14A or A10I, reconstituted into phospholipid,
were found to be identical to that of reconstituted
wild-type coat protein (data not shown).

3.3. Environmental polarity probing approach in a
uniform protein surrounding

The spectral properties of AEDANS provide local
environmental information concerning the extent of
membrane penetration [11,25,36]. To check whether
also the protein itself a¡ects the £uorescence results,
the coat protein was brought into a homogeneous
environment. For these experiments we used 85%
(v/v) TFE in water, and the strong cationic detergent
SDS. The wavelengths of maximum emission of the
attached AEDANS probes at the di¡erent N-termi-
nal positions and the transmembrane boundary posi-
tions (25 and 46) are given in Fig. 2A. The wave-
lengths of maximum emission of the coat protein
mutants dissolved in 85% (v/v) TFE in water are al-
most constant at a value of 498 nm, with only small
variations (within 3 nm) at position 3 and position
25: 501 and 495 nm, respectively. It should be noted
that the wavelength of maximum emission of un-
bound AEDANS (represented as amino acid residue
number 0) is also 498 nm. Similar results are ob-
tained in SDS, showing a higher average wavelength
of maximum emission at 508 nm, and again small
variations within 4 nm. The wavelength of maximum
emission of the unbound AEDANS solubilized by
SDS is slightly higher at 513 nm (see Fig. 2A; un-
bound AEDANS is represented again on position 0).

Since it is known that the accessibility of a £uo-
rophore to a quencher depends upon the polarity
and steric e¡ects [26,37,38], the quenching e¤ciency
can also provide information about the local sur-
rounding. The reduced £uorescence intensities, due
to the presence of the quencher molecule acrylamide
(125 mM ¢nal concentration), as a function of the
di¡erent AEDANS attachment sites on the coat pro-
tein, are given in Fig. 2B. Although the quenching
e¤ciency in SDS is twice as much as that found in
TFE, only small di¡erences in quenching e¤ciency
between the various coat protein mutants are found
in TFE and SDS. Moreover, the wavelengths of

maximum emission of the AEDANS probes attached
to the di¡erent positions along the coat proteins pri-
mary structure hardly shift upon addition of the hy-
drophilic quencher acrylamide (data not shown), in-
dicating again a homogeneous environment. These
experiments underline the uniformity of the local en-
vironment of the N-terminal part of the coat protein
provided by these two media, and greatly reduces the
local environmental in£uence of the coat protein it-
self. Therefore, the local amino acid e¡ect on the
optical properties of the probe can be neglected in
the following experiments, where the environment is
imposed by a phospholipid bilayer.

Fig. 2. Wavelengths of maximum emission (A) and acrylamide
quenching e¤ciency pro¢les (B) of AEDANS attached at di¡er-
ent positions along the primary structure the N-terminal part of
the M13 coat protein when solubilized in 85% (v/v) TFE in
water (solid line) and when solubilized in SDS at 50 mM ¢nal
concentration (dashed line). The coat protein concentration was
kept constant at 5 WM. The values at position 0 represent un-
bound AEDANS. The quenching e¤ciency is expressed as F0/F
after addition of acrylamide at a concentration of 125 mM.
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3.4. Localization of the N-terminal part of
membrane-bound coat protein

Fig. 3A shows the wavelengths of maximum emis-
sion of the AEDANS probes, attached to di¡erent
positions in the N-terminal part of membrane-bound
coat proteins (residues 3^24), as well as to the pre-
viously established transmembrane and C-terminal
positions 25^50 [11]. The coat protein is reconsti-
tuted into DOPC/DOPG 80%/20% (mol/mol) bi-
layers at L/P 100. Apart from positions 3, 11, 13
and 14, the probes attached to the N-terminal arm

show wavelengths of maximum emission varying be-
tween 494 and 496 nm, which is higher as compared
to the wavelength of maximum emission of AE-
DANS attached to the transmembrane boundary po-
sitions 25 and 46. In the case of position 3 (the out-
ermost N-terminal position measured and not part of
the amphipathic helix) a much higher wavelength
(507 nm) is found, which is quite close to the value
found for unbound AEDANS in aqueous bu¡er (512
nm). Also, the AEDANS attached to the cysteines at
positions 11 (phenylalanine replacement) and 14 (leu-
cine replacement) show remarkable high wavelengths
of maximum emission of 502 and 499 nm, respec-
tively. These latter wavelengths are about 6 nm high-
er than the average wavelength of maximum emis-
sion of the neighboring amino acid residues. Going
from positions 17 to 25 (representing the hinge re-
gion, connecting the N-terminal and transmembrane
helices), a gradual decrease of wavelength of maxi-
mum emission from 494 to 485 nm is observed. In
the case of positions 23 and 24 slightly higher wave-
lengths are observed. Overall, these wavelengths are
well below the average wavelengths of maximum
emission of the N-terminal arm of the major coat
protein.

For the quenching experiments both a polar but
uncharged quencher molecule (acrylamide) and a hy-
drophobic quencher molecule (5-doxyl stearic acid)
are used. The quenching results are shown in Fig.
3B as a function of di¡erent AEDANS attachment
sites on the N-terminal part of the coat protein. The
quenching e¤ciency is expressed di¡erently for the
two quenchers. In the case of acrylamide the Stern^
Volmer constant Ksv is given, as calculated from a
series of concentration-dependent experiments. How-
ever, in the case of the hydrophobic and, thus, mem-
brane-associated quencher 5-doxyl stearic acid, the
actual concentrations are unknown due to accumu-
lation of the fatty acid in the small partial volume
occupied by the bilayers interior. Therefore, F/F0 at a
constant overall quencher concentration is used in-
stead. As observed before [11], the wavelengths of
maximum emission showed again a small blue and
red shift upon addition of acrylamide and 5-doxyl
stearic acid, respectively.

The quenching e¤ciencies of acrylamide found for
the N-terminal part of the protein are higher as com-
pared to those found for the transmembrane bound-

Fig. 3. Wavelengths of maximum emission of AEDANS at-
tached to di¡erent positions along the primary structure the N-
terminal part of the M13 coat protein (solid line, closed sym-
bols) after reconstitution into DOPC/DOPG at L/P 100 (A).
The values for the positions 25^50 (dashed line, open symbols)
were adapted from a previous study [11]. Quenching e¤ciency
pro¢les after addition of acrylamide (solid line, values expressed
as Ksv (M31)) and 5-doxyl stearic acid (dashed line, values ex-
pressed as F0/F) are shown in B. The coat protein concentra-
tion was kept constant at 5 WM.
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ary positions 25 and 46. Another striking feature is
the gradual decrease in quenching e¤ciency going
from the N-terminus towards the transmembrane
boundary position 25. Clearly the more N-terminal
positions are better accessible to acrylamide than
those closer to position 25. Similarly, as observed
for the exceptional high wavelengths of maximum
emission (Fig. 3A), the quenching e¤ciency of acryl-
amide on AEDANS attached to positions 3, 11, and
14 is also remarkably high.

The quenching results of the hydrophobic mem-
brane-embedded 5-doxyl stearic acid are opposite
to that of acrylamide, and a remarkable mirror re-
semblance is found (Fig. 3B). In this case, the lowest
quenching e¤ciencies are obtained for the outermost
N-terminal positions, and again a gradual but now
increasing quenching e¤ciency is observed towards
the transmembrane boundary position 25.

3.5. In£uence of membrane-anchoring residues

Based on the typical results obtained for the coat
protein labeled at position 11 (phenylalanine replace-
ment) and position 14 (leucine replacement), these
two amino acids are the subject of a further study.
In addition the in£uence of lysine at position 8 is
also examined, as lysine residues are reported to be
involved in membrane anchoring as well [11,12,39].
To monitor the con¢guration of the N-terminal arm,
the A7C coat protein mutant is selected. This label-
ing position is quite far away from the putative hinge
between the two helical parts of the coat protein, and
therefore highly sensitive for monitoring any change
in protein con¢guration. Table 1 shows the £uores-
cence properties of the AEDANS labeled A7C-de-
rived double mutants, after reconstitution into
DOPC/DOPG 80%/20% (mol/mol) at L/P 100. Com-
pared to the single A7C coat protein mutant, the
additional substitutions K8A, F11A, and L14A re-
sult in higher wavelengths of maximum emission,
indicative for an increased polar environment. An
enhanced quenching e¤ciency of the polar quencher
acrylamide, and a lower quenching e¤ciency of the
hydrophobic quencher 5-doxyl stearic acid support
this observation. Removal of both two hydrophobic
residues phenylalanine 11 and leucine 14 results in a
high emission maximum (505 nm) and a Ksv value
for the hydrophilic quencher acrylamide of almost

6 M31. No enhanced e¡ect was observed when the
hydrophobic leucine at position 14 was replaced for
the negatively charged aspartic acid (i.e., A7C/
L14D). In contrast, the addition of an extra hydro-
phobic amino acid (A7C/A10I) results in a somewhat
lower wavelength of maximum emission and con-
comitant quenching features.

3.6. In£uence of lipid to protein ratio

The £uorescence properties of the AEDANS la-
beled A7C mutant, reconstituted into DOPC/
DOPG 80%/20% (mol/mol) at di¡erent L/P ratios,
are shown in Fig. 4. Both the wavelength of maxi-
mum emission and accessibility to the hydrophilic
quencher acrylamide show maximal values around

Fig. 4. Wavelengths of maximum emission (A) and acrylamide
quenching pro¢le (B) of AEDANS attached to the cysteine of
M13 coat protein mutant A7C (closed circles ; solid line) and of
AEDANS-labeled M13 coat protein mutant A7C, which is ten-
fold diluted with unlabeled wild-type coat protein (open
squares; dotted line), reconstituted into DOPC/DOPG at di¡er-
ent L/P ratios. The coat protein concentration was kept con-
stant at 2.5 WM.
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L/P 30. At L/P ratios below 30 a blue shift of the
wavelength of maximum emission is observed. This
blue shift is apparently a result of probe^probe in-
teraction, since it appeared to be absent when the
concentration of labeled coat protein was diluted
tenfold with unlabeled wild-type coat protein (Fig.
4A). At L/P ratios below 20 lower quenching e¤cien-
cies are observed (Fig. 4B). These lower quencher
accessibilities are probably due to steric hindrance
at reduced protein^protein distances. The major
coat protein was found to be predominantly mono-
meric as judged from SDS^PAGE and no higher
order oligomers could be detected. At L/P ratios
around L/P 20 to 35, the red-shifted wavelength of
maximum emission and an increased accessibility for
acrylamide both indicate a more polar environment
around the N-terminal protein part.

3.7. In£uence of phospholipid headgroup

The £uorescence properties of AEDANS-labeled
A7C coat protein mutant in di¡erent phospholipid
systems are listed in Table 2. In the case of the
pure zwitterionic DOPC an emission maximum of
about 498 nm is observed. Addition of negatively
charged DOPG up to 20% results in a small red shift,
whereas in pure negatively charged DOPG a wave-
length of maximum emission of 504 nm is obtained.
In analogy to previous observations, the accessibil-
ities observed for the hydrophilic acrylamide are low-
er in the case of a lower wavelength of maximum
emission and higher in the case of a higher wave-
length of maximum emission. Again, this e¡ect is

reversed using the hydrophobic quencher 5-doxyl
stearic acid. In the case of PE-containing mixtures,
however, both the wavelength of maximum emission
and quenching e¤ciencies are slightly a¡ected.

4. Discussion

4.1. Coat protein mutant approach

In this paper we describe a new method to produce
mutants of the major coat protein of bacteriophage
M13. All overexpressed coat protein mutants are suc-
cessfully inserted into the cytoplasmic membrane as
they are subsequently processed by E. coli leader
peptidase. This justi¢es a study of the membrane-
bound state of these coat protein mutants. This ap-
proach opens unlimited possibilities to study the
properties of the membrane-bound protein by site-
speci¢c labeling. It is now possible to study the role
of individual amino acids residues throughout the
whole primary sequence of the protein. In the present
work, we focus on the N-terminal part of the pro-
tein. By employing £uorescence spectroscopy of AE-
DANS-labeled single and double mutants detailed
information can be obtained about the N-terminal
protein part. The double mutant approach (Table
1) comprises the monitoring of the N-terminal arm
at a ¢xed position as a function of various supple-
mental X-Ala substitutions. This approach reduces a
possible disturbing e¡ect of site-speci¢c labeling on
our results. With the current state-of-the-art of muta-
genesis and puri¢cation of small membrane-proteins,

Table 2
Quencher e¤ciencies and environmental polarity of the AEDANS-labeled A7C coat protein mutant in di¡erent phospholipid systems

Phospholipid composition Emission maximum Ksv

(nm)
Quenching by acrylamide
(M31)

Quenching by 5-doxyl stearic
acid F/F0

DOPC (100%) 498 3.17 0.63
DOPC/DOPG (80%/20%) 499 3.60 0.67
DOPG (100%) 504 5.03 0.81
DOPE/DOPC (70%/30%) 500 3.61 0.66
DOPE/DOPG (70%/30%) 500 3.83 0.68
DOPE/DOPG/CL (70%/20%/10%) 500 3.83 0.67

Wavelengths of maximum emission and accessibilities to the hydrophilic quencher acrylamide and hydrophobic quencher 5-doxyl stea-
ric acid are determined on AEDANS attached to the cysteine of M13 coat protein mutant A7C. The coat protein is reconstituted at a
¢nal concentration of 2.5 WM into DOPC/DOPG at a ¢xed L/P ratio of 40. The concentrations of the quencher molecules are men-
tioned in Section 2.
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a wealth of additional biophysical results may be
expected in the coming years.

4.2. Fluorescence analysis

From the £uorescence experiments a clear ten-
dency is observed: A higher value of the wavelength
of maximum emission is always concomitant with an
enhanced quenching e¤ciency of the hydrophilic ac-
rylamide, and a lower quenching e¤ciency of the
hydrophobic quencher 5-doxyl stearic acid. This ob-
servation indicates that environmental polarity as
observed by the wavelength of maximum emission
is related to accessibility as monitored predominantly
by quenching. In addition, from Fig. 2 it follows that
there is hardly any e¡ect of the neighboring amino
acid residues. Therefore we interpret this tendency as
moving the labeled site away from the membrane
surface. Because the £uorescent label as well as the
N-terminal protein part may exhibit local motions,
the £uorescence results will always show the average
of an ensemble of conformations.

4.3. Membrane assembly of M13 coat protein

Compared to the previously established locations
of the transmembrane helix boundary positions 25
and 46 [11], the amphipathic N-terminal arm is lo-
cated in a more polar environment. Based on the
£uorescence results in Fig. 3, the N-terminal arm is
embedded along the membrane surface. This L-
shaped con¢guration is in agreement with other stud-
ies on the M13 coat protein [16^18].

In detail, the data show a gradual decrease in
wavelength and concomitant quenching e¤ciency
going from residue 3 towards residue 19. These
data can be interpreted in a structural way as a grad-
ual entry into the membrane. Apart from the results
obtained for the labeled mutant coat proteins F11C
and L14C, which will be explained in the next sec-
tion, it is clear that the most N-terminal labeled po-
sition 3 within the acidic amino acid block (Glu2,
Asp4, Asp5) is farthest outside the net negatively-
charged DOPC/DOPG membrane. This is related
to the high polarity and membrane-repelling electro-
static properties of this domain, as well as to the
observed high mobility features [40]. In contrast,
the amino acid residues at positions 19^24, £anking

the other side of the N-terminal arm and comprising
the hinge region, are more buried into the mem-
brane. The combination of these two e¡ects results
in a slight apparent tilt of the N-terminal arm with
respect to the membrane surface.

In agreement with this view, a more dynamic in-
terpretation can be used to explain the gradual
changes in wavelength of maximum emission and
quenching e¤ciencies. As the N-terminal arm of
the coat protein is only loosely associated to the
membrane surface (see the sections below), the N-
terminal arm will be movable, and the most N-ter-
minal positions will apparently show the lowest
probability to assume a location close to the mem-
brane surface.

4.4. Rearrangement of the N-terminal arm of the coat
protein

The £uorescence results obtained for the labeled
mutant coat proteins F11C and L14C indicate a lo-
cation of the AEDANS probe relatively far from the
membrane surface (see Fig. 3). This e¡ect may be
related to the substitution of the hydrophobic amino
acids phenylalanine and leucine, respectively, by a
labeled cysteine. This substitution probably a¡ects
the membrane-anchoring properties of the N-termi-
nal protein arm. To investigate this e¡ect more
closely, double mutants were prepared based on the
A7C mutant. An additional hydrophobic residue on
position 10 (A7C/A10I) results in a somewhat de-
creased polarity surrounding the AEDANS at posi-
tion 7 (see Table 1). This suggests that the N-termi-
nal arm becomes closer to the membrane surface
when it contains more hydrophobic amino acid res-
idues. In contrast, substitution of the hydrophobic
amino acid residues phenylalanine and leucine by
alanine results in a substantially increased polarity
(see Table 1). Similar e¡ects are observed in the
case of substitution of lysine by alanine, and by re-
placement of the hydrophobic leucine by the nega-
tively charged aspartic acid. This means that, on
average, the N-terminal arm probed at position 7 is
located more outside the membrane. This indicates a
loss of membrane-anchoring capacity and a rear-
rangement of the N-terminal protein part with re-
spect to the membrane surface. From these experi-
ments it follows that by slight modi¢cations in the
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polar-hydrophobic balance of the amphipathic N-ter-
minal protein part, the L-shaped con¢guration can
easily change into a more extended one, perpendicu-
lar to the membrane surface.

4.5. Phospholipid composition

Other factors that could a¡ect the con¢guration of
the N-terminal part of the protein may be related to
the phospholipid composition of the membranes as
well as the lipid to protein ratio. The phospholipid
composition of the inner membrane of E. coli is
about 70% phosphatidylethanolamine (PE), 25%
phosphatidylglycerol (PG), and 5% cardiolipin [41,
42]. During the normal development of the bac-
teriophage M13 infection process, the phospholipid
composition of the inner membrane is little a¡ected
in favor of the charged phospholipids PG and espe-
cially CL [43^45]. It has been shown that accumula-
tion of high amounts of the major coat protein in the
inner membrane result in signi¢cantly increased lev-
els of CL and PG, and a compensating decline in PE
[41,43,45]. This strongly suggests a role of CL and
PG in conserving the functional state of the mem-
brane-bound coat protein. The e¡ect of the compo-
sition of the model membranes used in our experi-
ments is shown in Table 2. From this table it is clear
that the in£uence of the phospholipid headgroup
composition on the £uorescence results is small.
This result indicates that within the range thought
to be relevant in vivo, the membrane composition
can be excluded as a direct factor in the structural
rearrangement of the N-terminal arm.

4.6. Space-limiting e¡ects

Local accumulation of major coat proteins possi-
bly may create a lack of space at the membrane sur-
face. It can easily be imagined that the N-terminal
part of the protein partially embedded in the phos-
pholipid headgroup region will occupy more space in
the membrane as compared to an extended con¢gu-
ration. Experimentally, the position of the N-termi-
nal protein part can be forced to adapt just by vary-
ing the lipid to protein ratio. As shown in Fig. 4, a
more polar environment and increased quenching ef-
¢ciency of acrylamide can be seen around L/P 20^35.
This e¡ect can be explained by assuming that the N-

terminal arm moves away from the membrane sur-
face. From these results we conclude that e¡ects re-
lated to membrane-anchoring and space-limiting ef-
fects are key factors for the structural rearrangement
of the N-terminal arm of the membrane-bound ma-
jor coat protein.

4.7. Conclusions

In previous structural views of the membrane-
bound state of the M13 coat protein, the protein is
in an L-shape in which the N-terminal arm is em-
bedded along the membrane surface [16^18]. In the
present work, it is demonstrated that the N-terminal
arm can exist in an L-shape as well as in a more
extended I-shape. The N-terminal arm of the mem-
brane-associated coat protein is not just ¢rmly ¢xed
to the membrane and can move o¡ the membrane
surface and into solution. Apparently, there is no
tight association of the N-terminal arm to the mem-
brane surface. This structural modulation may have
consequences for the protein in its role in the assem-
bly process of the phage. During assembly the pro-
teins must come together in the membrane. This re-
quires a close approach of the transmembrane
domains of the coat protein, which may be hindered
by steric e¡ects of the protein in the L-shape. How-
ever, as the N-terminal arm of the membrane-bound
protein is loosely associated to the membrane, it can
easily adapt to a more extended I-shape. In this state,
the protein also has the proper con¢guration to form
the viral coat, enabling fast and e¤cient phage as-
sembly.
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