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Deuterium nuclear magnetic resonance investigation of bacteriophage
M13 coat protein in dimyristoylphosphatidyicholine liposomes
using palmitic acid as a probe
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The effect of incorperation of various amounts of M13 bacteriophage ceat protein on the bilayer order and
acy! chain motion in dimyrisioyiphosphatidylcholine (DMPC) liposomes has been investigated using
deuterium NMR of specifically deuterated palmitic acid as « bilayer probe, phosphorus NMR and additional
spin-labe! electron spin resonance (ESR). The secondary structure of the M13 coat protein in these bilayers
was determined from circular dichroism spectra. Phosphorus NMR spectra of the mixed liposomes are
characteristic for DMPC organi.ed in bilayers, also after incorporation of various levels of M13 protein.
Circalar dichroism specira of the coat protein indicate that the protein cenformation is predominantly a
B-structure (more than 75%). Various incorporation levels of M13 coat protein do not affect the order of the
deuteriuni-labelled positions along the acyl chain at the carbon-2, 9 and 16 pesitions. In contrast, the
spin-spin relaxation times decrease at higher protein levels, especiailly at the carbon-i6 position. The
spin-label ESR spectra of the same system using 14-doxylstearic acid as a label show 2 second, motionally
restricted component, that is not observed by deuterium NMR. The NMR and ESR results are consistent
with a model in which the fatty acid molecules are in « fast two-site exchange (at a rate of approx. 107 Hz)
between the sites in the bulk of the lipid bilayer and the motionally restricted sites on the coat protein.

T —— Introduction
* Present addiess: Iioninklike Shetl-Laboratorium (Shell Re-

search B.V.:, Amsterdam, The Netheriands.
Abbreviations: DMPC, 1,2-dimyristoyl-sa-glycero-Z-phos-
phocholine; 14-SASL, 14-(4.4-dimethyloxazolidine-N-oxyl)-
stearic acid; Li(/P ratio, phosphatidylcholine to coat protein

.

In model membranes of well-defined mixed
lipids, proteins have been reconstituted to relate

molar ratio; T, spin-spin relaxation time determined from the
decay of the quadrupolar echo; T, spin-spin relaxation time
of free palmitic acid in the bulk of the lipid bilayer: T,
spin-spin relaxation time of motionally restricted palmiti~ acid;
4p, quadrupolar splitting; 7,, delay between 90° puises of
quadrupolar echo sequence; ESR, electron spin resonance;
CD, circular dichroism.
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lipid-protein interactions to protein functioning,
thereby obtaining an insight in the properties of
integral membrane proteins. In magnetic reso-
nance studies, the order and motions of the fatty
acyl chains of phospholipids have been char-
acterized extensively in presence of a variety of
proteins. The results have been summarized and
evaluated in a number of. recent reviews [1-6).
The objective of our work is to study the infec-
tion mechanism of non-enveloped viruses, like
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bacteriophage M13 and plant viruses, on a molec-
ular level [7]. In comparison with plant viruses, of
which the coat proteins do not behave as integral
membrane proteins during infection [8], a more
suitable system to study the interaction of viral
coat proteins with membranes is the M13-
Escherichia coli system. As an initial step towards
a model for M13 penetration into the host cell, we
have reconstituted its major coat protein (i.e., the
gene-8 product) in model membranes [9-12]. In
vivo M13 enters the E. coli host c2ll by leaving the
coat proteins in the cytoplasmic membrane [13].
The M13 coat protein (M, 5240) consists of 50
amino acid residues: a basic C-terminus, a hydro-
phobic central core of 19 amino acid residues and
an acidic N-terminus [14,15]. It has been shown
that, apart from the parental coat proteins, also
newly synthesized progeny coat proteins are stored
in the membrane {16].

Recently, the effect of palmitic acid on mem-
brane structure has been investigated by *H-NMR,
snowing that palmitic acid is an accurate reporter
molecule in membranes [17]. Previous spin-label
electron spin resonance (ESR) work on M13 coat
protein incorporated into mixed lipid bilayers in-
dicated a high specificity of the coat protein for
free fatty acid molecules [11). For this reason, in
the present study a mixed tipid system, consist-
ing of neutral dimyristoylphosphatidylcholine
(DMPC) and perdeuterated (unspecific: U)
((U?H,,}) or specifically deuterated ([2,2-2H, -,
[9,9-2H,}- or [16,16,16-2H;]-) palmitic acid has
been used with various incorporation levels of
M13 coat protein. The effect of the coat protein
on membrane structure and motion is investigated
with 2H-NMR of three labels and additional
spin-label ESR of stearic acid labelled at the
carbon-14 position of the acyl chain and ¥ P-NMR.
Circular dichroism (CD) spectra were taken of the
M13 coat protein in these bilayers to determine
the secondary siructure.

Preliminary results of this work were presented
at the meeting Biological Membranes and Other
Liquid Crystals, Southampton, U.K. in September
198s.

Material and Methods

Materials. DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine, 99% purity) and palmitic acid

(99% purity) were obtained from Sigma and used
without further purification. [U-?Hj)- (99.1
atom% *H), [2,2-2H,]- (98.8 atom% 2H), [9,9-
24, - (99.3 atom% 2H), and [16,16,16-*H, ]paimit-
ic acid (9% atom% 2H) were obtained from MSD
isotopes, Montreal. 14-Doxylstearic acid (14-
SASL) was prepared as described [18].

M13 bacteriophage was purified as described
[19]). The major (gene-8 product) coat protein of
M13 was isolated by the methoJ of Knippers and
Hoffmann-Berling {20].

Sample preparation. Samples for CD measure-
ments were prepared by cholate dialysis, as de-
scribed [21], with a few modifications. For each
DMPC /palmitic acid ratio, 1 mg M13 coat pro-
tein and a total amount of 16 mg DMPC and
palmitic acid were suspended in 1.0 ml of 8.0 M
urea/50 mM Tris-HCl/2% (w/w) sodium
cholate/0.1 mM EDTA/20 mM ammonium
sulphate buffer (pH 8.0). A clear, homogeneous
suspension was obtained by vortexing and heating
the sample to 55°C. Subsequently, the suspension
was dialysed at 4° C against a 50-fold excess of 10
mM Tris-HC1/0.2 mM EDTA/10% (v/v)
methanol buffer (pH 8.0) for a total of 48 h with
changes at 12, 24 and 36 h. In the last step, no
methano! was added to the buffer. This results in
dispersions of unilamellar vesicles [21}.

Samples for ESR were prepared as above, with
smail modifications. Typically, 32 mg DMFC, 8
mg palmitic acid and 0.36 mg 14-SASL was sus-
pended in urea/cholate buffer (pH 8.0). Thus, the
spin label amounted to 1.8 mol% of the total lipid.
Coat protein was added and dissolved by vortex-
ing and incubation at 55°C until a clear solution
was obtained. Incorporation of the coat protein
and sample homogeneity were checked by sucrose
gradient centrifugation. Samples were con-
centrated by freeze-drying and redissolved in 0.15
ml H,0. To obtain homogeneous samples of mul-
tilamellar bilayers, the samples were vortexed and
heated through the phase transition several times.
Before the ESR measurements, aliquots of the
samples were taken to determine the protein {22]
and phosphatidylcholine content [23], yielding the
phosphatidylcholine to coat protein molar ratio
(L/P ratio) of the samples. Before measurement,
the samples were transferred into 0.05 ml glass
capillaries.



Samples for H- and 3'P-NMR were prepared
as described above, with the following modifica-
tions. Typically, 177.2 mg DMPC, 50 mg deu-
terated palmitic acid and 0, 22.7, 49.9 or 127.8 mg
M13 coat protein were suspended in 10, 20 or 40
ml urea/cholate buffer (pH 8.0), respectively.
After dialysis and removal of the solvent by
freeze-drying, 10 mM of Tris-HCI buffer (pH 8.0)
prepared from deuterium oxide-depleted water was
added to the solid mixture at a ratio of 2:1
(w/w). Before measurement, the L/P ratio and
homogeneity of the samples were determined as
described above.

Determination of DMPC to palmitic acid ratio.
The DMPC to palmitic acid ratio was determined
by gas chromatography. After 2H-NMR measure-
ment, the samples were freeze-dryed. Typically, 15
mg of the powder was dissolved in 0.5 ml of 2 M
sodium methanolate/methanol (o re-esterify the
myristic acid chains of DMPC. Next, 1 ml of 2 M
sulphuric acid/methanol was added to the solu-
tion to also esterify the palmitic acid. The esters
were extracted into hexane for gas chromaiogra-
phy. After separation of hexane from the aqueous
fraction, sodium sulphate (anhydrous) was added
to remove residual water in the hexane scivent.

Spectrosceny. CD spectra were recorded at room
temperature on a Jobin-Ivon Auto-Dichrograph
Mark V in the wavelength range 250-190 nm, A
sample cell of 1-mm path length was used. Spectra
are average of four scans taken from the same
sample. To determine the secondary structure, the
CD spectra were fitted to reference spectra of
Greenfield and Fasman [24] by a least-squares fit
procedure using spectral points in the 250-190 nm
range with 5-nm steps.

3 p_.NMR spectra of DMPC/palmitic acid sys-
tems were obtained with a Bruk=r CXP300 Four-
ier Transform spectrometer at a frequency of
121.48 MHz. For the spectra, an exponential muf-
tiplication equivalent to a Lorentzian line broad-
ening of 50 Hz in the frequency domain was
applied. All spectra were recorded in the presence
of broad-band proton decoupling (20 W /12 dB)
using a 16 ps 45° pulse with a repetition rate of 1
s and a spectral width of 50000 Hz.

ESR spectra were recorded as described {11].

2H-NMR spectra were recorded at 46.06 MHz
with a Bruker C¥P300 Fourier Transform spec-
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trometer. All spectra were recorded with the center
of the spectrum on resonance using the guadrupo-
lar echo sequence [25). For measurements of the
[16,16,16-2H, ]palmitic acid samples, two 180°
pulses wete inserted at 1 =1,/2 and 3+,/2 to also
refocus possible dephasing from dipolar interac-
tions [26]). Quadrature detection was used and
both signals from the in-phase and out-of-phase
channel were taken for Fourier transformation.
The temperature of the sample was regulated by a
Bruker variable temperature unit B-VT 1000. For
temperatures below room temperature, nitrogen
gas, evaporated from a Dewar containing liquid
nitrogen, was ‘used for temperature regulation.
Measurements were started at low temperature,
and after each temperature increase, the samples
were allowed to equilibrate for at least 0.5 h,
Spin-spin relaxation times, T,,, were de-
termined by varying the delay time, 7,, between
the 90° pulses of the quadrupolar echo. Typically,
a range of 40-1000 ps was covered by 20 measure-
ments, with the exception of the [16,16,16-
2H, Ipalmitic acid samples, for which a range of
40-5000 ps was taken. Each measurement was the
result of 2500-8000 free induction decays. The
top of the quadrupolar echo signal was measured
at each =, value and plotted as a function of 27,.

Results

Characterization of the lipid-protein system

M13 coat protein incorporates completely in a
mixed DMPC/palmitic acid system containing
20% (w/w) initially added palmitic acid. Stable,
unaggrepaced vesicles are formed after cholate di-
alysis, and they are homogeneous, as determined
from sucrose gradient centrifugation.

The initially added amounts of coat protein
and DMPC do not piovide an accurate number
for the L/P ratio in the vesicles after cholaie
dialysis. Therefore, after dialysis, DMPC samples
were taken to determine the final L/P ratio. The
DMPC and coat protein initiully added had L /P
ratios of 60, 30 and 15. Dialysis decreases the
ratios to 39, 20 and 9, respectively. These values
are reproducible within 10%.

By gas chromatography, the myristic to palmitic
acid molar ratio in the 2H-NMR samples was
found to be 2.1 + 0.2 for all samples in the range
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from 0 to 36% (w/w) coat protein. This indicaies
that the initial weight percentage (20% (w/w)) of
palmitic acid has increased to 27% (w/w).

Analysis of CD spectra of M13 coat protein
incorporated in stable DMPC/palmitic acid
(73/27 (w/w)) small unilamellar vesicles in solu-
tion yielded the fcllowing secondary structure: no
a-helix, 92% S-structure, 8% other structure at an
L/P ratio of 56 and no a-helix, 75% B-structure,
25% other structure at an L/P ratio of 1.5. In
between these L/P ratios, intermediate amounts
of secondary structure were found.

31p_NMR spectra in the gel and in the liquid-
crystalline phase of the phosphatidylchcline mole-
cules in the DMPC /palmitic acid (73/27 (w/w))
system with (L/P ratio, 9) and without coat pro-
tein are powder-like spectra with a low field
shoulder and a high field peak, characteristic for
DMPC organized in bilayers (data not shown). In
the gel phase (0°C), the spectra are broad with a
chemical shift anisotropy parameter of —66 ppm.
In the liquid-crystalline phase (45°C), the chem-
ical shift anisotropy parameter is —43 ppm. No
difference in the chemical shift anisotropy of the
sample with or without coat protein is observed.
Also, in none of the spectra is any intensity seen
(1) at the isotropic peak position that could arise
from the presence of rapidly tumbling phosphati-
dylcholine molecules {27}, or (2) from an inverted
powder pattern caused by H,, phase lipids [28].
The phase transition, which is visible in a temper-
ature-dependent series as a decrease in the chem-
ical shift anisotropy parameter [1], ranges from 29
to 38°C in both samples.

ESR spectra of 14-SASL spin label in
DMPC /palmitic acid (73/27 (w/w)) systems with
M13 coat protein were recorded at various L/P
ratios. The spectra were taken at 45°C, which is
well (7C°) above the phase transition, as observed
by P-NMR and 2H-NMR. (Fig. 3, discussed
below). Apart from a motionally averaged sharp
three-line spectrum, typical for liquid-crystalline
phase lipid, the samples with M13 coat protein
has a second, broader component with strongly
restricted motion on the ESR time scale. The
intensities of these components, determined by a
previously described analysis {11], were found to
be 0, 10, 19 and 36% of the total spin-label inten-
sity at L/P ratios of e, 39, 20 and 9, respectively.

50 25 0 25 5S0kHz
Fig. 1. 4606 MHz 2H-NMR spectra of a DMPC/[9.9-
2H, Jpalmitic acid system (73/27 (w/w)) at 45°C without (a)
and with coat protein at an L/P ratio of 39 (b), 20 (c) and 9
(d). The number of scans was 40000 (a) or 16000 (b-d) with a
relaxation delay of 333 ms, a 7, of 40 ps, a 90° pulse length of
5.8 es and an artificial line broadening of 100 Hz.

?H-NMR spectra

2H-NMR spectra of [9,9-2H,]palmitic acid/
DMPC (27,72 (w/w)) in the liquid-crystalline
phase (45°C) with M13 coat protein at various
L/P ratios are shown in Fig. 1. Typical powder
line shapes [3,29] are observed with quadrupolar
splittings, 4w, of 28, 28, 28 and 26 kHz for L/P
ratios of oo, 39, 20 and 9, respectively (Fig. 1). For
samples with a low coat protein content (L/P
ratio > 20), Ay, is the same as for the reference
samplc. However, due to the coat protein, the
spectra are broadened. The phase transition is
visible in a temperature-dependent series as dou-
ble component spectra from 29-38°C for the
reference sample, which is not changed by the
presence of coat protein in the range of L /P ratios
examined. The 2H-NMR spectrum of the refer-
ence sample has an isotropic peak of small inten-
sity (Fig. 1a) that increases with increasing coat
protein content (3, 5 and 20% of total intensity in
Fig. 1b,c,d, respectively). The same effect is also
observed in the spectra of palmitic acid labelled at
the other positions (Fig. 2).

2H-NMR spectra of [U-*Hy, -, 12,2-*H, |-, [9.9-
2H,} and [16,16,16-*H,]-palmitic acid in
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Fig. 2. 46.06 MHz *H-NMR spectra cf a [U-2Hj ) (ae),
[22-2H,)- (b0, [9.9%H,)- (cg) and [16,16,16-2H ] (dh)
palmitic acid/DMPC (27/73 (w/w)) systrm without (a-d)
and with (e-h) M13 coat protein at an L /P ratio of 39 in the
liquid-crystalline phase. The number of scans and the tempera-
ture were 2500 and 41° C (a), 25000 and 45° C (b), 40000 and
45°C (c), 20000 and 41°C (d), 2000 and 41°C (e), 25000 sd
A5°C (£}, 16009 and 45°C (g) and MO0 and 41°C (h). Ia all
cases, a relaxation delay of 333 ms, a 7, of 40 ps, a 90° pulse

length of 5.8 us and a line broadening of 100 Hz was applicd.

DMPC /palmitic acid (73 /27 (w/w)) systems with
(L/P ratio, 39) and without coat protein in the
liquid-crystalline phase are shown in Fig. 2. The
spectrum of perdenterated palmitic acid (Fig. 2a)
consists of several overlapping powder patterns of
nine resolved quadrupolar splittings of 29, 27, 25,
24, 27,19, 15 and 11 kHz of deuterated sites along
the acyl chain and 2.7 kHz of the terminal C*H,
site. The sample with M13 coat protein gives
ideniical values (Fig. 2e). However, all peaks in
this spectrum are broadened due to the presence
of M13 coat protein.

The 2H-NMR spectra of samples with palmitic
acid selectively labelled at the C-2 or C-9 position
result in sharp single powder pattern spectra with
Ay, of 28 kHz (Fig. 2b,c). Again, a distinct line
broadening is observed in samples with coat pro-
tein (Fig. 2f,g).
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2H-NMR spectra of samples with palmitic acid
labelled at the C-16 display a powder spectrum
with a 4y, of 12 kHz in the gel phase (0°C) and
of 2.7 kHz in the liquid-crystalline phase (Fig. 2d).
This is in agreement with the values found for the
terininal group of perdeuterated palmitic acid. In
Fig, 3a, the guadrupolar splitting from this sample
is piotted as a functicn of temperature. Due to its
high mobility, the terminal C2H, site also gives
sharp powder spectra in the gel phase. This prop-
erty is used to determine the amount of gel phase
lipid by means of the integrated intenstties [17] as
a function of temperature (Fig. 3b). The phase
transition region is scen from 29 to 38°C as
double component spectra. From 29 to 35°C, 4y,
of the flnid component remains constant at 3.2
kHz and decreases above 35°C with increasing
temperature for both samples, with an? without
coat proteia (Fig. 3b).

Quadrupolar echo decay measurements
Quadrupolar echoes of samples with [2.2-2H, }-,
[9.9-2H,]- and [16,i6,16-*H j-palmitic acid,/

Bvg (kK2
8
LI N a
w.z\\-s\
[1616,%6 - *Hj] pal
e |L/Pzeo
5] ° L/P=3I
&-‘-ha.s'“
gel phase {%)
100-8———c—0—ngm b
504
T T2 T3 w0
T(eC)

Fig. 3. (a) Quadrupolar splittings, 4#,, as a function of tem-
perature from *H-NMR spectra of a DMPC/[16,16,i6-
2H,)palmitic acid (73/27 (w,/W)} »33tem without (solid line)
and with (dashed line) M13 coat protein (L/P ratio. 39). (b)
The gel phase percentage, as determined from the intensity
distribution in the double.component *H-NMR spectra,
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TABLE 1

SPIN-SPIN RELAXATION TIMES ALONG THE ACYL
CHAIN IN MIXED BILAYERS WITH M13 COAT PRO-
TEIN AT 45°C

The coat protein was incorporated at an L/P ratic of 39.
Typical error in T,, and T, is 5%.

Label position Te Ty T °
at the (M13) (ref.) (calc.)
acyl chain (us) (1) (ps)
Cc-2 540 620 320
C9 430 480 220
C-16 3500 5400 880

® For the calculation of Ty, from Eqn. 1, the specifically
deuterated palmitic acid (27% (w/w) in DMPC bilayers) is
assumed to undergo a fast two-site exchange between the
sites in the bulk of the hpid bilayer and the motionally
restricted sites (10% as seen by ETR).

DMPC (27/73 (w/w)) systems with (L/P ratio,
39) and without M13 coat protein were measured
in the liquid-crystalline phase (45°C) as a func-
tion of twice the spacing between the 90° pulses
of the quadrupolar echo sequence, 27,. The decays
are monoexponential [26], characterized by one
spin-spin relaxation time, T,. The T,, values ob-
tained in this way are listed in Table 1. For other
L /P ratios, the T,, measurement becomes inaccu-
rate, because of the appearance of the isotropic
peak in the spectra (see Fig, 1).

Discussion

M13 coat protein secondary structure

The dominant conformation of the M13 coat
protein in the mixed DMPC/palmitic acid system
is a B-structure (75-92% for L/P ratios from 1.5
to 56) as determined from the CD spectra. A
B-structure for an integral membrane protein is
remarkable, since many proteins are known to
span the membrane by an a-helix [5,6). However,
a fB-structure conformation of fd coat protein
(which differs from M13 coat protein in only one
amino acid residue) has been observed before in a
model inembrane [10,30-32), even though the M13
and fd coat protein are known to be entirely in an
a-helix conformation in the virus [33,34]. This has
been explained in terms of a major conforma-
tional change during the membrane-bound assem-

bly of the bacteriophage [30). From time-resolved
tryptophan fluorescehice anisotropy measurements
[10] and deuterium NMR measurements of the
exchangeable sites at the coat protein backbone
[12] in similar mixed bilayers, protein aggregations
was concluded. In analogy, in mixed DMPC/
palmitic acid bilayers, the coat protein is probably
also aggregated. Within the aggregate, the posi-
tively charged C-terminus and the negatively
charged N-terminus [13,14] can very well cross-link
to form antiparallel B-sheet structures, whereas
the central core forms strong hydrophobic con-
tacts. Also, a U-shaped conformation of the pro-
tein unit, which has been considered before [32],
can be present in the protein aggregates. It is not
clear whether the S-structure is the protein confor-
mation in vivo in the E. coli merabrane, although
a model for M13 coat protein assembly has been
proposed [35], which includes a U-shaped procoat,
in which the mature coat protein domain could
well form an antiparalle! 8-structure conformation
with its N-terminal leader sequence.

Lipid organization

The lipid organization in DMPC/palmitic acid
(73/27 (w/w)) systems with and without M13
coat protein can be summarized as follows:

(1) Reference lipid system (L/P=oc). The
spectra obtained in the liquid-crystalline phase by
3p_NMR from the phospholipids (data not shown)
and by 2NMR from the labelled palmitic acid
(Figs. 1a, 2a-d), show powder patterns that are
characteristic for phospholipid and palmitic acid
organized in a bilayer in the liquid-crystalline
phase. The narrow isotropic peak is assigned to
small amounts of palmitic acid that rotate freely
in solution. Another indication for a bilayer struc-
ture is the phase behaviour of the system. The
phase transition region, observed by 3!P-NMR
(data not shown) and 2H-NMR (Fig. 3), for the
mixed reference bilayers is broadened to a range
of 9°C and shifted upward as compared io the
phase transition of pure DMPC (24°C). Both
effects are caused by palmitic acid (27% (w/w)),
as reported before for phospholipid bilayers con-
taining free fatty acids [36}. Free fatty acids are
assumed to fill the voids that exist between the
phospholipids. The voids arise from crowding of
the headgroups, that have a larger excluded area



in the bilayer plane than the lipid acyl chains
[37-39]. As a consequence, the phase transition is
shifted upwards, consistent with previous results
7.

(2) DMPC /palmitic acid mixtures with a high
amount of coat protein (L/P < 9). The *H-NMR
spectrum of Fig, 1d displays a broad isotopic peak
contributing 20% to the total spectral intensity.
This shows that the major part (80%), but not all
palmitic acid, is organized in a bilayer-type
organization. Clearly, at this protein content and
higher, part of the palmitic acid (20%) no longer
reflects the acyl chain behaviour of the phos-
phatidylcholine molecules in the bilayer.

A similar 2H-NMR spectrum has been reported
for a system consisting of a very high amount
(67% (w/w}) of il voat protein in DMPC labeiled
at the terininal C-14 atom position of the sn-2
chain [40]. Since f1 coat protein has an amino acid
sequence almost identical to M13 coat protein, it
may be concluded from these results that at ex-
tremely high protein contents, some of the coat
protein molecules are no longe:r incorporated in
stable vesicles in solution, but appear in precipi-
tated phospholipids in a non-bilayer type of aggre-
gation.

(3) DMPC/palmitic acid systems with inter-
mediate levels of coat protein (L /P = 20 and 39).
2H-NMR spectra (Fig. 1b and c) show that more
than 95% of the palmitic acid is in a bilayer
structure.

Order and dynamics of the palmitic acid

Previous spin-label ESR experiments have
shown that incorporation of M13 coat protein into
phosphatidyicholine bilayers with negatively
charged phespholipids resulis in a second, motion-
ally restricted component [9,11]. Additionia! spin-
label ESR spectra from DMPC/palmitic acid
(73/27 (w/w)) systems probed with the 14-SASL
spin label have been carried out here, enabling
direct comparison with the 2H-NMR spectra.
These experiments show that the coat protein also
interacts preferentially with 14-SASL in the
DMPC/palmitic acid bilayers. The intensity of
the moiionally restricted component is propor-
tional to the protein content, in agrecement with
the previous results [11). The 14-SASL spin label
results can be compared with the 2H-NMR spec-
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tra of Figs. 1 and 2. Since in the ESR spectra two
distinet sites, i.e., of a motionally restricted and of
a fluid component, are seen, these sites are in slow
exchange on the ESR time scale (slower than 10~°
5). The motionally restricted component is weli-re-
solved from the fluid component, similar to previ-
ously reported observations for 14-doxyl-
dimyristoylphosphatic acid spin label (14-PASL)
in mixed DMPC /dimyristoylphosphatidylglycerol
(80,20 (w/w)) bilayers [11}. Therefore, the fatty
acid spin label in the mixed DMPC/palmitic acid
is likely to exchange at approximately the same
rate, i.e., 107 s~! [11]. As a consequence, no sec-
ond component is seen in the present 2H-NMR
spectra of deuterated palmitic acid, i.e., the two
sites, seen in the spin-label ESR spectra, are in
fast exchange with respect to the 2H-NMR time
scale (1073 s).

The present *H-NMR experiments indicate that
M13 coat protein does not affect the order at the
C-2, C-9 and C-16 position in the liquid-crystal-
line phase, as reflected by the quadrupolar split-
ting (Fig. 2). Howeves, the presence of coat pro-
tein increases the line width of the spectra (Figs. 1
and 2). In the liquid-crystalline phase, the bilayer
order decreases gradually along the acyl chain [3],
which is clearly seen in the 2H-NMR spectra of
perdeuterated palmitic acid as a series of decreas-
ing quadrupolar splittings. The smallest otiginates
from the terminal C2H, site. The order along the
acyl chain, seen as individual splittings in the
spectra from the perdeuterated sample, is not af-
fected by M13 coat protein (Fig. 2a and ¢). This
agrees with the result obtained from samples with
C-2-, C9- and C-16-labelled acyl chains (Fig.
2b-h).

From Table 1, it can be seen that in the liquid-
crystalline phase, the coat protein decreases T, at
all three sites along the fatty acid acyl chain. To
analyse these data, a model is assumed in which
the free fatty acid molecules are in fast two-site
exchange (at a rate of 107 5%, as concluded above)
between the sites in the bulk of the lipid bilayer
and the motionally restricted sites (see also Refs.
41-43). The observed 7., is then the weighted
average of the spin-spin relaxation times of free
palmitic acid in the bulk of the lipid bilayer (T5;)
and at the motionally restricted sites (T3y,).

Y Too=f/ Ty +(1- 1)/ Tue )
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where f is the fraction of motionally restricted
fatty acid, as seen by ESR (which is 0.10 at an
L /P ratio of 39). In Eqn. 1 line broadening due to
exchange of the probe lipid between the bulk and
the coat protein-associated site is neglected, since
the exchange is at a rate of approx. 107 Hz (see
also the appendix of Ref. 41). The calculated
values for T, are given in Table L For the C-2
and C-9 positions, the T, values are a factor of 2
smaller than T, of the reference sample. At the
C-16 position, the difference is a factor of 6 (Table
I).

Assuming that the contribution of the fast mo-
tions in such multilamellar vesicle bilayers
dominates the T, of the deuterons along the acyl
chain, the limit of fast motion [3,44] applies and
the observed decrease of T,, values corresponds
directly to a decrease in mobility. From this, it
follows that the motion of the palmitic acid is
restricted by the presence of the coat protein in
the bilayer at all positions along the acyl chain,
but selectively more at the terminal position.
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