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Abstract

A mutant of bacteriophage M 13 was prepared in which a cysteine residue was introduced at position 25 of the major coat
protein. The mutant coat protein was spin-labeled with a nitroxide derivative of maleimide and incorporated at different
lipid-to-protein (L /P) ratios in DOPC or DOPG. The rotational dynamics of the reconstituted mutant coat protein was
studied using EPR and saturation transfer (ST) EPR techniques. The spectra are indicative for an anisotropic motion of the
maleimide spin label with a high order parameter (S= 0.94). This is interpreted as a wobbling motion of the spin label with
a correlation time of about 10~° to 10~° s within a cone, and a rotation of the spin label about its long molecular axis with
acorrelation time of about 10~ s. The wobbling motion is found to correspond generally to the overall rotational motion of
a coat protein monomer about the normal to the bilayer. This motion is found to be sensitive to the temperature and L /P
ratio. The high value of the order parameter implies that the spin label experiences a strong squeezing effect by its local
environment, that reduces the amplitude of the wobbling motion. This squeezing effect is suggested to arise from a turn
structure in the coat protein from Gly23 to Glu20. © 1997 Elsevier Science B.V.
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1. Introduction

Abbreviations: CCMV, cowpea chlorotic mottle virus; CD, The infection of Escherichia coli with the bacte-

circular dichroism; DOPC, 1,2-dioleoyl-sn-glycero-3-phos-
phocholing; DOPG, 1,2-dioleoyl-sn-glycero-3-phosphoglyceral;
DTNB, 5,5"-dithio-bis(2-nitrobenzoic acid); EPR, electron para-
magnetic resonance; HPSEC, high-performance size exclusion
chromatography; L /P, lipid to protein molar ratio; NMR, nuclear
magnetic resonance; SDS, sodium dodecylsulfate; ST-EPR, satu-
ration transfer electron paramagnetic resonance
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riophage M13 results in the entry of viral DNA into
the cytoplasm and storage of the major coat protein
in the cytoplasmic membrane. Newly synthesized
coat proteins in the cytoplasm are inserted into the
cytoplasmic membrane and stored as integral mem-
brane proteins [1-4]. The amino acid sequence of the
major coat protein is made up of a central hydropho-
bic region enclosed by an amphipathic N-terminus
and a basic C-terminus. The hydrophobic region is
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thought to form the membrane spanning part of the
protein when it is stored in the bacterial membrane.
In lipid model systems the coat protein can adopt two
different conformations that have quite a different
aggregation behavior (for reviews see Refs. [5,6]).
M13 coat protein in a predominant a-helix conforma:
tion can form reversible smal aggregates (a-
oligomeric protein) and is assumed to be the biologi-
cal active form in the infection and assembly pro-
cesses [6,7]. The B-polymeric form is considered to
be an artificial state that occurs in reconstituted
lipid-protein systems. The present paper will deal
with the «-oligomeric form of the major coat protein.

The secondary structure of micdlar-bound M13
coat protein has been determined from high-resolu-
tion two-dimensional NMR studies [8—11]. From this
work it follows that micellar-bound M13 coat protein
consists of two a-helical segments (between Pro6
and Glu20 and between Tyr24 and Ser50) linked by a
short region of uncertain conformation [9-11]. The
longer hydrophobic C-terminal helix seems to be
very stable and is proposed to traverse the micelle.
The other helix is more structurally labile and is
proposed to reside on the outside of the micelle.
However, its position relative to the micellar surface
is not expected to be fixed. There is probably signifi-
cant motion, most likely via a hinge region around
I1e22 [10]. For membrane-embedded M13 coat pro-
tein it is well established that the hydrophobic helix
of M13 coat protein is oriented preferentially parallel
to the membrane normal [12]. It may be possible that
the N-terminal helix, which has an amphipathic na-
ture, is associated parallel to the plane of the bilayer
[9]. However, spectroscopic experiments carried out
on reconstituted phospholipid systems have not given
information about steric effects of N-termini at in-
creasing coat protein concentrations [5,13-15].
Therefore the orientation of the N-terminal part of
reconstituted M13 coat protein with respect to the
bilayer surface is still a matter of debate.

M13 coat protein does not contain a suitable site
for specific labeling the molecule for biophysical
studies in a membranous environment. Previoudly the
single Met28 that is located in the hydrophobic re-
gion of the protein has been used to spin label the
coat protein with a nitroxide derivative of iodoacet-
amide. Both conventional and saturation transfer (ST)
EPR studies were performed to investigate the rota-

tional motions of the protein over a large dynamic
range [16]. These results were interpreted in terms of
two correlation times representing a long axis rota-
tional diffusion of the protein, and a wobbling motion
of the protein within the lipid bilayer. However, the
spectra contained a relatively large contribution of
non-specific labeling that was limiting the informa
tion arising from ST-EPR.

Following the approach of site-directed spin label-
ing [17], site-directed mutagenesis is employed in the
present study to probe the hydrophobic environment
of the M13 coat protein when reconstituted in phos-
pholipid model membranes. This is carried out by
replacing Ala25 for a cysteine residue, and using a
highly specific maleimide spin label for EPR re-
search. The position of the spin label is expected to
be close to the border of the membrane in the direct
vicinity of the aromatic amino acid residues Tyr21,
Tyr24, and Trp26. The aromatic side chains of the
amino acids Tyr21, Tyr24, and Trp26 that are buried
in the hydrophobic region of the membrane, close to
the membrane/water interface, may provide a strong
membrane anchoring. This could be a common prop-
erty of membrane proteins, since aromatic amino acid
residues are often found at the membrane/water
interface [18-21]. Spin label EPR of mutant coat
protein A25C may provide information about the
local environment and dynamics of the coat protein,
including the orientation of the N-terminal domain.
Both conventional and ST-EPR will be used to cover
a wide range of molecular motions. Conventional
EPR observes molecular motions with rotational cor-
relation times 7, from 10~ to 10~' s; ST-EPR
extends this range in the slow motion region for
values of T, upto 10 % s.

2. Materials and methods

2.1. Chemicals

The phospholipids DOPC and DOPG were ob-
tained from Avanti Polar lipids (Birmingham, AL,
USA). DTNB was obtained from Sigma. The spin
label 3-maleimido proxyl was obtained from Aldrich
Chemical Co.
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2.2. Mutagenesis

Oligonucleotide-directed mutagenesis according to
the Kunkel method [22] was performed to introduce a
cysteine residue at position 25 into the mgor coat
protein of bacteriophage M13 (A25C). In addition to
this mutation, the produced mutant has an additional
mutation at position 27: A27S.

2.3. Spin-labeling of mutant M13 coat protein

Bacteriophages M13 (wild type) and mutant M13
(A25C/A27S) were grown and purified as described
before [23]. The cholate-isolated coat protein of M13
was prepared by a modification of the procedure of
Makino et al. [24]. Typicaly 4 ml of bacteriophage
solution (concentration 17 mg,/ml) was mixed with 8
ml of 100 mM sodium cholate, 150 mM NaCl, 0.2
mM EDTA, 10 mM Tris-HCI, pH 7.0, and a few
drops of chloroform. The suspension was incubated
a 37°C with occasional mixing until a clear non-
opalescent solution was obtained. Wild type as well
as mutant type of coat protein were spin-labeled with
3-maleimido proxyl. The spin label was directly added
ina2:1 molar ratio of spin label with respect to the
protein. The reaction was alowed to proceed for 15
min at room temperature under continuous stirring
and stopped by adding excess B-mercaptoethanol.
The mixture of disrupted phage and spin label was
then applied to a Sephacryl S-300 column and eluted
with 10 mM sodium cholate, 150 mM NaCl, 10 mM
Tris-HCI, and 0.2 mM EDTA pH 8.0 to separate the
viral DNA, and free spin label from the maor coat
protein. Fractions with absorbance ratio A ,g,/A 54
greater than 1.4 were collected.

2.4. Lipid-protein reconstitution

From the desired amount of lipid solution, chloro-
form was evaporated with nitrogen gas and subse-
quently dried under vacuum for at least 2 h. The
phospholipids (DOPC or DOPG) were solubilized in
a 50 mM sodium cholate, 150 mM NaCl, 10 mM
Tris-HCI, and 0.2 mM EDTA adjusted to pH 8.0 by
brief sonication with a Branson Sonifier B15 for 1
min. To this solution the desired amount of spin-
labeled protein was added, to obtain L /P ratios in the
range from 2 to 400. Reconstitution was achieved by

removal of sodium cholate by extensive dialyses at
room temperature against a 100-fold excess buffer
(150 mM NaCl, 10 mM Tris-HCI, 0.2 mM EDTA,
pH 8.0) for a total of 48 h changing the buffer every
12 h. After recongtitution, the samples were concen-
trated for EPR purposes as described by Sanders et
al. [13]. The aggregation and conformational state of
the coat protein was checked using HPSEC [23]. The
L /P ratios and homogeneity in L /P ratios were
determined after sample preparation as described pre-
viously [23].

2.5. Conventional EPR

Samples containing spin-labeled mutant M 13 coat
protein, reconstituted in multilamellar vesicles, were
contained in 100 wl glass capillaries, which were
accommodated within standard 4 mm diameter quartz
EPR tubes. Samples of 5 mm in length were used.
EPR measurements were performed on a Bruker ESP
300E EPR spectrometer equipped with 4103 TM
microwave cavity and a liquid nitrogen temperature
regulation. The EPR settings were: modulation ampli-
tude of 0.05 mT, field centre at 3.48 T with a scan
range of 10 mT, and a microwave frequency of 9.8
GHz. The field modulation was 100 kHz, and the
scan time was 4 min. The microwave power was 12
mW. The in-phase absorption EPR spectra were ac-
cumulated for four scans.

2.6. Saturation transfer EPR

To record ST-EPR spectra of spin-labeled mutant
M13 coat protein, 100 wl glass capillaries were filled
to exactly 5 mm (5 pl) of sample. Absorption ST-EPR
spectra were recorded in the second harmonic in
quadrature (90° out-of-phase). Phase setting was
achieved using the self-null method [25,26]. The
modulation amplitude was 0.5 mT and the modula-
tion frequency was 50 kHz. The glass capillary was
fixed in the centre of the cavity. The microwave
power was set at 32 mW, adjusted for each sample at
each temperature as suggested in a standardized pro-
tocol [27]. To obtain effective rotational correlation
times from the diagnostic line height ratios, reference
spectra were measured under the same experimental
conditions as described above, using maleimide spin-
labeled hemoglobin in glycerol-water solutions [28].
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2.7. Molecular modeling

For molecular modeling of the spin label attached
to mutant M13 coat protein (A25C) the computer
programme Insight 1l (Biosym Technologies, San
Diego, CA, USA) was used. The modeling was car-
ried out using the standard parameter sets and com-
mands of the programme. First the primary structure
of the coat protein mutant was generated. The
maleimide spin label was generated and attached to
the cysteine. For the extended structure an «-helix
was constructed from amino acid 1-50. In the case of
the L-shaped structure, an «-helix was constructed
from amino acid 1-19 and 24-50, and a B-turn of
type B2 [29] from amino acid 20-23.

3. Reaults
3.1. Protein studies

Oligonucleotide-mediated mutagenesis of the ma-
jor coat protein of bacteriophage M13 resulted in a
viable mutant containing a single cysteine residue at
position 25 and an additional replacement of alanine
for serine at position 27 (A25C/A27S). The amino
acid sequence of the mgjor coat protein of the viable
phage mutant was confirmed by automated DNA
sequencing. An additional check carried out with the
DTNB reaction confirmed the insertion of only one
cysteine residue per protein monomer. Although the
yield of the mutant phage is lower as compared to
that of wild type phage (50 and 150 mg/I, respec-
tively), the presence of phage particles ensures proper
functioning of the mutated coat protein in al pro-
cesses involved in the bacteriophage life cycle, in-
cluding the membrane-bound state.

The mutant coat protein reconstituted in DOPC
vesicles was compared with the wild type M13 coat
protein with respect to its conformation, and aggrega:
tion properties. SDS-HPSEC elution profiles demon-
strated the presence of the coat protein in amonomeric
state. This is indicative for an a-oligomeric state of
the protein [23]. The mutated M13 coat protein
showed an additional fraction (less than 5% of total
protein) with a molecular weight twice that of
monomeric coat protein. We have ignored the pres-
ence of these unlabeled coat protein dimers in our

further analyses. No spin labeling of wild type coat
protein could be observed, which shows that labeling
of the maleimide spin label specifically occurs at the
introduced cysteine group. After the EPR experi-
ments the samples were again checked for aggrega
tion. No changes could be detected, showing that the
a-oligomeric state of the protein in the model mem-
brane systems was stable at all L /P ratios used.

3.2. Conventional EPR

In Fig. 1 the effect of the L/P ratio on the
conventional EPR spectra of spin-labeled mutant M 13
coat protein incorporated in DOPC vesicles is shown.
The line shape of the EPR spectra at high L /P ratios
(L /P> 35) suggests that the spin label undergoes a
relatively fast anisotropic motion about the principa
z-axis of the nitroxide g-factor and hyperfine tensors
of the maleimide spin label. This is similar as has
been observed and computer simulated for spin-
labeled fatty acid spin labels incorporated in lipid
bilayers [30]. The outer hyperfine splitting 2A , is
around 6.3 mT, which is close to the rigid limit value
(2A,,=6.7 mT), indicating a high order parameter
(S=0.94) of the spin label.

At L /P ratios below 35, thereis an increasein line
broadening and loss of spectral detail. The spectrum
becomes similar to that of an isotropic powder EPR
spectrum, suggesting that all motion has slowed down
beyond the limit of motional sensitivity of conven-

N

L 1
20mT

Fig. 1. Conventional EPR spectra of maleimide spin-labeled
mutant M13 coat protein (A25C/A27S) in DOPC vesicles at
different L /P ratios at a temperature of 25°C.
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tional EPR (7, =~ 10~ % ). Thisisillustrated in Fig. 2,
were the effect of the L /P ratio on the outer hyper-
fine splitting 2A ,,, and the linewidths of the low-field
(A,) and high-field (A},) lines is presented. As can
be seen, a drastic decrease of the outer hyperfine
splitting 2A ,, can be observed at L /P ratios below
35, indicating a strong inhibition of the molecular
mobility of the spin label. This effect is also reflected
by the linewidths. At L /P 2 there is a very high
protein concentration, and it can not be excluded that
part of the line broadening is due to spin-spin interac-
tion.

Upon reconstitution of the spin-labeled mutant coat
protein into negatively charged DOPG at L /P ratios
above 20, there are only minor differencesin the EPR
line shape as compared to DOPC (data not shown).
This indicates that the motional properties of the
reconstituted protein are not dependent on the charge
of the phospholipid headgroups.

A 6.7
6.6
6.5
2A,, (mT)
6.4
6.3 —————— o
6.2 T T T
0 100 200 300
L/P
1.0 A
—- Ay
0.8 1
A (mT)
0.6 1
0.4 A —M

0 100 200 300

P

Fig. 2. Outer hyperfine splitting 2A,, (A), and half-widths at
half-height (B) of the low-field A, and high-field A, lines in
conventional EPR spectra of maleimide spin-labeled M13 coat
protein as a function of the L /P ratio.
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Fig. 3. ST-EPR spectra of maleimide spin labeled mutant M13
coat protein (A25C/A27S) reconstituted in DOPC vesicles at
different L /P ratios at a temperature of 20°C.

3.3. ST-EPR

ST-EPR is an excellent method to further study the
motional anisotropy and dynamics of the spin-labeled
mutant coat protein embedded in phospholipid bilay-
ers. The ST-EPR spectra of maleimide spin-labeled
mutant coat protein reconstituted in DOPC vesicles at
different L /P ratios are shown in Fig. 3. To analyze
the motional characteristics from these spectra, we
follow the approach that has been carried out for
spin-labeled lipids [31] and spin-labeled CCMV [32].
This method is based on the three diagnostic line-
height ratiosL” /L, C' /C, and H” /H of the low-field,
centre, and high-field part of the ST-EPR spectrum
[25]. Anisotropic motion of the maleimide spin label
about its principal z-axis, as deduced from Fig. 1,
modulates only the anisotropy of the g-factor and
hyperfine tensors in the principal x-y plane, leaving
the other tensor components unaffected. Therefore
this motion gives rise to saturation transfer in the
central part of the ST-EPR spectrum, only affecting
C’/C. In contrast, motion of the spin label z-axis
itself causes saturation transfer throughout the whole
spectrum. Thus C' /C yields an estimate for the mo-
tion about the principal z-axis (1), which approxi-
mately coincides with the long spin label axis. The
ratios L” /L and H” /H give the correlation time for a
wobbling motion of the principal z-axis itself (7 )
[32]. The relation between isotropic rotational correla
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tion times and the lineheight ratios is carried out with
ST-EPR spectra obtained from maleimide spin-labeled
hemoglobin [28,32], measured under the same experi-
mental conditions.

The result of this analysis is presented in Fig. 4.
The L"/L ratio (Fig. 4A) represents the wobbling
motion with a correlation time 7, which varies
from about 1 X 107° to 6 X 10~ s for temperatures
between 10 and 30°C at L /P 65. The C'/C ratio
(Fig. 4B) gives the motion around the long spin label
axis with a correlation time T which varies from
about 1.4x 107 to 5x 108 sa L/P 65 in the
same temperature range. The line height ratio as
obtained from the H”/H ratio gives a correlation
time in the order of 10~° s. Under our conditions of
ST-EPR spectroscopy of maleimide spin-labeled
hemoglobin, the ratio H” /H in the calibration set has
alow sensitivity for motion, i.e. it is ailmost indepen-
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Fig. 4. Correlation times of maleimide spin labeled M13 coat
protein as determined from the lineheight ratios in the low field
region L” /L ratio (A) and the central region C'/C (B) in the
ST-EPR spectrum. The symbols represent temperatures of 10
(#),20 (m), and 30°C (a).

dent of the rotational correlation time. Therefore this
ratio is not further used in our analysis.

As can be seen in Fig. 4A, 7, strongly increases
at decreasing L /P ratios for L /P ratios below 15;
this effect is much smaller for 7, (Fig. 4B). For L /P
ratios between 15 and 65 7 is amost constant,
whereas 7, dtill has a tendency to decrease. An
increase in temperature decreases 7, and 7, , how-
ever this effect is 6 times as strong for v, as
compared to .

4. Discussion

Site-directed EPR spin labeling is used in this
paper to probe the local molecular motions of M13
coat protein reconstituted into phospholipids. Since
wild type M13 coat protein contains no cysteine
residue, a cysteine residue is introduced in the hy-
drophobic region of the protein at position 25 (A25C),
close to the aromatic amino acid residues Tyr21,
Tyr24, Trp26, and the hinge region around 11€22. The
mutant coat protein has an additional mutation in the
protein at position 27: A27S, which is probably a
compensating effect. Recently, the same strategy was
followed by Khan et al. [33]. These authors employed
a randomized mutagenesis procedure to generate the
M13 mutant Y24C-V31A, which was used to study
the intact virion, and the coat protein dissolved in
SDS micelles using spin label EPR. Although the
yield of the A25C/A27S mutant of M13 bacterio-
phage is about a factor of 3 lower than the yield of
wild type M13 bacteriophage, it indicates that the
properties of the coat protein are not largely affected
by the mutations. Spin labeling of the mutant coat
protein with 3-maleimido proxyl is found to be highly
specific for the cysteine group.

The EPR (Fig. 1) and ST-EPR (Fig. 3) spectra of
spin-labeled mutant coat protein incorporated in
phospholipids at high L /P ratios (L/P> 35) are
indicative for an anisotropic motion of the maleimide
spin label about the principal z-axis of the nitroxide
g-factor and hyperfine tensors with a high order
parameter (S=0.94). As has been discussed previ-
oudly for the analysis of EPR and ST-EPR spectra of
maleimide spin-labeled coat protein of the plant virus
CCMV, such an anisotropic motion arises from a
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local motion of the maleimide spin label about its
z-axis, which is aimost paralel to the long axis of the
spin label [32,34]. In addition, there is an anisotropic
rotational motion of the coat protein about the normal
to the membrane. This motional model is shown in
Fig. 5, which is an adaptation of the model proposed
for maleimide spin-labeled CCMV coat protein
[32,34]. The main reason for the anisotropic z-axis
rotation (described with correlation time 7 ) is aloca
effect, arising from the covalent binding of the
maleimide moiety to the cysteine side chain. There-
fore, this anisotropic rotation is in first instance inde-
pendent of the location of the cysteine residue in the
protein, the type of protein, the secondary structure,
and side chains of neighbouring amino acid residues.
However, these factors will affect the ‘swing-out’
amplitude and correlation time = | of the spin label.

In the model in Fig. 5, it can be seen that as the
protein reorientates about the membrane normal, this
motion will affect = (the arrow shown with 7 | is
perpendicular to the normal n). Also a wobbling
motion of the coat protein will influence T, , how-

é
/ e
" Y ©

-

Fig. 5. Schematic model of the motion of the maleimide spin
label attached to the cysteine of the M13 coat protein mutant
(A25C/A27S) in a lipid bilayer. It is assumed that the local
spin-label motion is within a conical cleft at the surface of the
coat protein. The local anisotropic spin label motion is described
by the motion about the principal z-axis () of the spin label and
a wobbling motion of the principal z-axis itself (7). The top
angle of the cone is about 23° (not to scale) as calculated from
the order parameter (S= 0.94) of the spin label. The transmem-
brane protein part is paralel to the normal n to the lipid bilayer.
The correlation time 7, for the wobbling motion is affected by
the rotational motion of the coat protein about the normal. It
should be noted that the maleimide spin label has only a rota-
tional freedom about the S-C and N-C bonds, which gives rise to
a strong motional anisotropy.

ever, for simplicity our model does not include such a
protein wobble, since thisis considered to be a minor
effect. Therefore the overall protein reorientation
about the normal mainly affects 7 , . It follows from
the high value of the order parameter (S= 0.94) that
the amplitude of the local wobbling spin label maotion
is small, and in fact the contribution of the local
motion t0 7, (7, ) IS negligible, since it is
almost ‘rigid’, .. T | joca) > T | (membrane normany)- 1 HUS
T | (membrane normaly [@KES over al the motional effects.

Thus the basic idea of the motional model in Fig. 5
is that the wobbling motion of the principal z-axis
with a correlation time =, , mainly arises from the
anisotropic motion of the coat protein about the
membrane normal. Therefore, based on the results in
Fig. 4 we interpret the spectra as a wobbling motion
with a correlation time 7, of about 107° to 107° s
and arelatively fast motion of the spin label about its
long molecular axis (principal z-axis), with a correla-
tion time 7 of about 107" s.

Since the wobbling motion describes the rotational
motion of M13 coat protein about the bilayer normal,
this allows us to make an estimate of T, . Based on
an approximately cylindrical conformation of the
transmembrane protein part [16], 7, can be de-
scribed by

TL=1/(3DRsin29), (1)
where 6 is the angle between the nitroxide z-axis and
the protein rotation axis, which is about 90° (see Fig.
5), and Dy, is the rotational diffusion coefficient of

M13 coat protein around its own axis, which is given
by [35]
Dg = KT /4mna?h. (2)
The height and radius of the cylinder are h = 3.5 nm
and a= 0.5 nm, respectively [16], k is Boltzmann's
constant, T the absolute temperature. Taking m = 0.37
Pa- s for the membrane viscosity of 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) just above the
gel to liquid crystalline phase transition temperature
[35], this gives an estimate for 7, of 3.4 x 10’ s at
20°C. It may be expected that the membrane viscosity
of DOPC (which has a liquid crystalline phase transi-
tion temperature of —16°C [36]) at this temperature
is lower, so the calculated value of T, is an upper
estimate.

The calculated value of 7, (3.4 X 10~ " sat 20°C),
using Eq. (1) and Eq. (2), is afactor of 10 smaller as
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compared to the value of 3.5 X 10~ ° s obtained from
Fig. 4A at L /P 65 and a temperature of 20°C. Also
the increase of =, with decreasing temperature from
30 to 10°C is not well described by Eq. (1) and Eq.
(2). In Fig. 4A it can be seen that at L /P 65 the
increase is a factor of 16. The model predictsthat T |
is proportional to v /T (see Eq. (1) and Eg. (2)), and
it is unlikely that this factor will account for this
effect. This indicates that Eq. (1) and Eqg. (2) do not
well describe the actual rotational motion of the
protein in the bilayer.

One explanation could be that the protein in the
bilayer increases the loca viscosity m in Eg. (2). An
indication for this effect is the continuous increase of
T, a all temperatures with increasing protein con-
centrations in the bilayer systems, i.e. by decreasing
L/P ratio. At L/P ratios below 15, 7, strongly
increases (see Fig. 4A), and the EPR spectra show a
steep increase in line broadening and increase of
outer hyperfine splitting 2A ,, (see Fig. 2). AtanL /P
ratio of 12, the protein is covered by only one
phospholipid layer, and this reduction in protein mo-
tion could indicate direct protein-protein interactions.
This effect has also been observed with fatty acid
spin labels [15]. Another possibility is that the protein
is able to aggregate and form reversible protein com-
plexes by hydrophobic interaction. By this effect, the
volume factor a*h in Eq. (2) will increase, giving
rise to an increase of T | .

Alternatively it is conceivable that the N-terminal
part does not extend outside the bilayer with an
orientation perpendicular to the lipid bilayer surface,
but makes an angle with the bilayer normal. It could
even be in an orientation paralel to the membrane
surface, as has been suggested for fd coat protein [9].
Such an orientation of the N-terminal region would
increase the apparent diameter of the membrane-
bound coat protein by roughly a factor of 3 and

increase 7, by a factor of about 10. Taking into
account a bent protein configuration, it could be
possible that the N-terminal part of the M13 coat
protein changes from a more extended structure at
high temperature to a more tilted structure at lower
temperature. This would increase the apparent diame-
ter of the coat protein in Eq. (2), thereby progres-
sively increasing T, . This could explain the failure
of Eg. (1) and Eq. (2) to describe the temperature
dependence of | .

Apart from this, it should be mentioned that in the
analysis of the ST-EPR spectra, a reference set of
isotropic rotating spin labelsis used for an anisotropic
motion. This could give rise to a systematic error in
the experimental value of =, . Anindication for such
asystematic error is found in the value of T, derived
from H” /H, which is about 1075 s, which is for most
of the cases larger than the value found from the ratio
L” /L. Also from the spread of the data points in Fig.
4, it can be seen that there are relatively large errors
involved in the experimental determination of T | .

In Fig. 4B it can be seen that the effect of tempera-
ture and L /P ratio on the motion of the spin label
about the principal z-axis (7)) is much smaler as
compared to T, . The indicates that this motion is
relatively independent of the local spin label environ-
ment, given by the phospholipids and other protein
molecules. Thus the lipids and proteins in the bilayer
do not restrain this motional freedom of the spin
label.

Another possible explanation of the EPR results
would be that the spin label z-axisis aigned parallel
to the membrane normal, with the protein rotating
about the normal. We can exclude this possibility for
the following reasons.

(2) If the spin label z-axis would be oriented along
the membrane normal, this would require a very rigid
attachment of the spin label via the cysteine side

Fig. 6. Molecular models of maleimide spin-labeled mutant M 13 coat protein (A25C/A27S). Side view (top left) and view from bottom
(bottom left) of the amino acid region from Alal6 (top) to Gly34 (bottom) in an assumed «-helical conformation. Side view (top right)
and view from bottom (bottom right) of the amino acid region from Asn12 (top) to Gly34 (bottom) with a B-turn structure from Gly23 to
Glu20; the remaining protein part isin an a-helical conformation. The maleimide spin label is shown in balls and sticks. Plots were made
with MOLSCRIPT [42]. The modeling was carried out using the standard parameter set of the computer programme Insight I (Biosym
Technologies, San Diego, CA, USA) and standard commands were used. For the extended structure an a-helix was constructed from
amino acid 1-50. In the case of the L-shaped structure, an a-helix was constructed from amino acid 1-19 and 24-50, and a 1,4 B-turn

structure of type B2 [29] from amino acid 20-23.
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chain to the protein backbone (no local motion).
However, for CCMV coat protein it has been found
that such an anisotropic motion is possible [32,34],
whereas molecular modeling of spin-labeled M13
coat protein shows a relatively high local flexibility
(see discussion in relation to Fig. 6). In fact, quite
different EPR spectra indicative for much more mo-
tion are recorded for other M13 coat protein mutants
in phospholipid systems [37].

(2) If the spin label z-axis would be aligned
paralel to the membrane normal, al motional effects
would come from the anisotropic motion of the coat
protein molecule about the protein long axis (7 ), and
a protein wobble (7). From Fig. 4 we then obtain
T,~107°-10"° sand = 10~ " s. Now, using Eq.
(1), and redizing that to a good approximation 6 =
23/2=11.5° and that Eg. (1) now describes the
protein long axis motion given by 7, 7, turns out to
be3.4x 1077 /sin*0 = 85X 107 ° sat 20°C. Thisis
about a factor 100 too slow as found experimentally.
All the other factors that are discussed in relation to
Eqg. (1) increase this factor even more. Therefore, this
analysis shows that 7 is too small to describe the
overall anisotropic protein motion, and thus must be
related to a local spin label motion.

From the estimated order parameter (0.94) it can
be calculated that the total cone angle is about 23°.
This angle is much smaller than the value found for
maleimide spin-labeled coat protein of CCMV (=
80°) [32]. This indicates that the spin label experi-
ences a strong sgqueezing effect by its local environ-
ment, that effectively reduces the amplitude of the
wobbling motion.

To get an insight in the environment of the spin
label attached to mutant M13 coat protein (A25C),
we have built a molecular model of maleimide spin-
labeled coat protein using the standard parameter set
and commands of the computer programme Insight
I1. One possibility is the assumption of an «-helical
protein conformation around amino acid position 25,
as found from NMR experiments [9,10]. The aro-
matic amino acid residues Trp26 and Tyr24 are lo-
cated in the direct vicinity of the spin label. To see
whether the spin label can be stacked between these
two aromatic residues, the distances between the spin
label and these residues were evaluated. For the
protein in an a-helica conformation, it can be ob-
served that the spin label is sticking out of the protein

backbone in the hydrophobic lipid region with its
long axis oriented almost perpendicular to the protein
backbone. This is illustrated in Fig. 6 (Ieft side),
showing a side and bottom view of the relevant part
of the coat protein. The minimum distance of the
maleimide ring of the spin label to Trp26 is around
0.5 nm, but the distance with respect to the nitroxide
ring is much larger. The minimum distance of the
label with respect to Tyr24 is larger than 0.5 nm. The
same is true for all other amino acid residues. There-
fore stacking of the spin label by Tyr24, and Trp26 is
not likely. The spin label is sticking out quite far
from the protein backbone and is expected to have a
relatively large amplitude for the wobbling motions.
This is not consistent with the high order parameter
(S=0.94).

In principle, it should be possible to quantitate the
wobbling motion of the spin label from the molecular
model in terms of a cone angle, and compare this
with the results obtained from the order parameter.
However, the model provided by the computer pro-
gramme Insight Il is too limited and does not alow
to get such a result. More advanced models, such as
molecular dynamics are not yet available for the time
scales of motion in our system.

FT-IR spectroscopy on M13 coat protein reconsti-
tuted in phospholipid systems suggests a large amount
of turn structure (46%). This turn structure is pro-
posed to resemble a discontinuous a-helix, which is
located mainly in the C- and N-terminal regions of
the coat protein [38]. There is strong evidence that,
when going from the inner part of the membrane to
the N-terminal part, Tyr24 is the last amino acid
residue of the transmembrane «-helix [8—10,39,40].
Taking into account that glycine often acts as an
a-helix breaker, a turn structure could start from
Gly23. Fig. 6 (right side) show a side view and
bottom view of a molecular model of the spin-labeled
mutant coat protein containing a 1,4 B-turn structure
of type B2 [29] from Gly23 to Glu20, whereas the
remaining part of the protein is in an «-helical con-
formation. The B-turn represents the third most im-
portant structural element of peptides and proteins. In
this conformation the distance between the C=0
group and the N-H group of Glu20 and Gly23 is
close enough to form a hydrogen bond. By this
effect, the spin label is clearly squeezed by the
L-shaped backbone of the protein, giving a reduction
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of the motional amplitude for the wobbling motion.
For example, the distance of the spin label to the
backbone around Glu20 is at some points less than
0.5 nm. Furthermore, it should be noted that the
maleimide spin label has only a rotational freedom
about the S-C and N-C bonds, giving a relatively
small internal flexibility, which gives rise to a strong
motional anisotropy.

In discussing the experimental and theoretical val-
uesof 7, , it was also found that Eq. (1) and Eq. (2)
do not well describe the rotational motion of the coat
protein mutant in the bilayer, and that this could be
due to atilted orientation of the N-terminal part. This
is consistent with the interpretation of the motional
amplitude, leading to a turn structure from Gly23 to
Glu20. The location of this turn structure is in good
agreement with the proposed hinge region around
1122 [10]. Furthermore, is conceivable that 11€22 isin
the central part of a turn, sticking out its bulky side
chain. This makes it very unlikely that 11€22 is a
starting amino acid residue for a turn in the region
from Thrl9 to I1€22. In the region from Glu20 to
Gly23, aso other 1,4 turn structures have been inves-
tigated. However, only in the case of a 14
hydrogen-bonded turn structure, the distance of the
maleimide spin label to the protein backbone is close
enough for a squeezing effect.

In conclusion, modeling shows that in an extended
protein conformation the spin label has a relatively
large amplitude of motion. Thisis not consistent with
the high order parameter (S=0.94). Also it shows
that aromatic side chains close to the spin label can
not affect the amplitude of motion. The only way to
get a reduction of the motional amplitude is by
invoking a bent structure with a turn from Glu20 to
Gly23. In this case, the spin label at position 25 can
be sgueezed between the N-terminal and the trans-
membrane protein parts. For turn structures, infrared
frequencies different from those of «-helices are
found, depending on the dihedral angles of the turn
[41]. It is therefore conceivable that the 1,4
hydrogen-bonded B-turn structure proposed for M13
coat protein is responsible for the specific low-
frequency band around 1635 cm™! in the FT-IR
spectra of lipid-bound M 13 coat protein that has been
assigned to hydrogen-bonded turn [38].
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