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ABSTRACT: Finding the combinations of key amino acids involved in the interaction network underlying
the interfacial features of membrane proteins would contribute to a better understanding of their sequence-
structure-function relationships and the role of anionic phospholipids. To further address these questions,
we performed mutational analysis associated with NMR experiments on synthetic fragments of the single-
spanning membrane protein PMP1 that exhibit binding specificity for phosphatidylserine (PS). The aromatic
and glutamine residues of the helix part of the PMP1 cytoplasmic domain were mutated.1H NMR
experiments were carried out using perdeuterated DPC micelles as a membrane-like environment, in the
absence and presence of small amounts of either POPC or POPS lipids. From intermolecular NOEs and
chemical shift data, specific and nonspecific aspects of peptide-phospholipid interactions were
distinguished. The major finding of our study is to reveal the concerted influence of a tryptophan and a
glutamine residue on the interfacial conformation and lipid binding specificity of the PMP1 cytoplasmic
domain.

Understanding the molecular basis governing the lipid-
membrane protein interactions requires structural details at
atomic resolution. With regard to intrinsic proteins, available
data are rather scarce (1-5). In particular, little is known
about the interaction networks conferring binding specificity
for anionic phospholipids, apart from the obvious implication
of basic side chains. Such a specificity directly concerns the
membrane interface, an environment that may promote
conformational characteristics and positioning of extra- and
transmembrane domains of intrinsic proteins. One can thus
wonder about the possible concerted implication of key
amino acids in these interfacial features. Recent results
obtained in our laboratory led us to consider fragments of
the single-spanning membrane protein PMP1 as convenient
candidates for exploring the molecular mechanisms underly-
ing the overall lipid-peptide interaction network.

PMP1 is a small membrane protein functioning as a
regulatory subunit of the yeast H+-ATPase (6, 7). Its
C-terminal cytoplasmic domain, corresponding to bold
residues in the sequence given below, is highly positively
charged:

L1-P-G-G-V5-I-L-V-F-I 10-L-V-G-L-A 15-C-I-A-I-I 20-A-T-I-I-
Y25-R-K-W-Q-A 30-R-Q-R-G-L35-Q-R-F38

1H NMR1 experiments have shown that the PMP1 A18-
F38 fragment, solubilized in perdeuterated DPC-d38 micelles,
adopts a single-helix conformation extending from the
N-terminus up to Q32 (8). The N-terminal helix thus includes
the truncated hydrophobic A18-I24 segment and a part of
the charged cytoplasmic domain, Y25-Q32. The C-terminal
extremity, R33-F38, folds back toward the micelle interior
(9). As a result, the PMP1 fragment exhibits a ringlike
interfacial distribution of five basic side chains and has been
shown by2H NMR to specifically bind POPS when inserted
in mixed POPC/POPS bilayers (10). In summary, PMP1
provides an exemplary short sequence that exhibits identified
conformational and lipid binding features. Mutational analy-
sis associated with NMR experiments should provide relevant
insight into the combination of key amino acids that encodes
these properties.

With this view, we report here on the1H NMR studies of
the PMP1 G13-F38 fragment and four mutants. The choice
of the G13-F38 peptide (70% of the whole PMP1 sequence),
instead of the shorter fragment (A18-F38) previously
studied, was made to strengthen the stability of the N-
terminal helix and the stability of the lipid-peptide com-
plexes. Satisfactorily, the chemical synthesis of the G13-
F38 fragments provides the yield and degree of purity
required for NMR experiments. The mutational analysis
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concerns the aromatic and glutamine residues of the helix
part of the cytoplasmic domain, i.e., Y25, W28, Q29, and
Q32. This choice was made for the following reasons.

The influence of Trp and Tyr residues on the interfacial
positioning of membrane proteins has been clearly estab-
lished (11-13) and, in the case of PMP1, assigned to those
of the amphiphilic helix motif, Y25-R-K-W28 (8). In the
context evoked above, we first investigated the extent to
which Y25 and W28 substitutions affect both the confor-
mational features of the PMP1 fragment (G13-F38) and its
lipid binding specificity for POPS. We then focused on the
influence of Q29 and Q32 because (i) they are spatially close
to Y25 and W28, respectively, in a helix structure and (ii)
from preliminary docking simulations their side chains, acting
as both H-bond donor and acceptor groups, are predicted to
markedly contribute with the basic residues to the PMP1-
POPS interaction network. Hence, the PMP1 fragment
(G13-F38) and its four mutants (Y25L, W28L, Q29S, and
Q32S) were synthesized. Their conformational and lipid
binding properties were investigated using1H NMR.

Standard two-dimensional1H NMR experiments were
performed using perdeuterated DPC micelles as a membrane-
like environment, in the absence and presence of small
amounts of protonated POPC and POPS lipids. The relevance
of DPC micelles for studying structural and lipid binding
properties of membrane protein fragments or domains,
initially used by Lauterwein et al. (14), has been further
assessed by numerous works (for an extensive review, see
ref 15) and in particular by several recent studies (16-20).
The choice of POPC/POPS lipids results from our previous
2H NMR study already mentioned (10) and from the presence
of an sn-2 double bond that provides1H NMR signals
probing the middle position of the oleoyl chain (21). The
lipid binding properties of the PMP1 fragments were studied
by analyzing the peptide-lipid intermolecular NOEs and the
chemical shift effects observed on both the peptide and lipid
proton signals.

MATERIALS AND METHODS

Peptide Synthesis and Purification. Peptides were synthe-
sized by using continuous-flow Fmoc/tBu chemistry (22-
24) on an Applied Biosystems (Foster City, CA) Pioneer
peptide synthesizer. All chemical reagents were purchased
from Applied Biosystems. HATU and DIPEA were used as
coupling reagents. All peptides were blocked at the N-
terminus with an acetyl group and at the C-terminus with
an amide. The Cys16 residue was substituted with a serine
to avoid oligomerization effects. The synthesis were per-
formed using 0.1 mmol of Fmoc-PAL-PEG-PS resin. Step-
wise elongation of the peptide chain was accomplished using
the extended double-coupling protocol. N-Terminal acety-
lation was achieved on the peptide resin at the end of the
synthesis with acetic anhydride (yields,>99%). An 83.5:
2.5:2.5:4:5:2.5 (v/v) TFA/TIS/thioanisole/water/phenol/EDT
mixture was used for cleavage. After removal from the resin
and deprotection, the cleavage product was precipitated in
cold diethyl ether, filtered, dissolved with aqueous TFA
buffer, and lyophilized (residues 13-38, 198 mg, 76% yield;
W28L, 172 mg, 57% yield; Y25L, 158 mg, 52% yield; Q29S,
182 mg, 60% yield; Q32S, 120 mg, 40% yield). Crude
peptides were directly purified by reverse-phase MPLC on

a HD-SIL 15-25 µm C18 100 Å preparative column, using
a 35 to 82% linear gradient of acetonitrile in 0.08% aqueous
TFA (pH 2) for 60 min at a flow rate of 25 mL/min. The
purity (>99%) of the peptides was verified on a nucleosil 5
µm C18 300 Å analytical column, using a 40 to 60% linear
gradient of acetonitrile in 0.08% aqueous TFA (pH 2) for
20 min at a flow rate of 1 mL/min (residues 13-38, 61 mg,
31% yield; W28L, 44 mg, 26% yield; Y25L, 58 mg, 37%
yield; Q29S, 35 mg, 19% yield; Q32S, 26 mg, 22% yield).
The peptides were characterized by using positive ion
electrospray ionization mass spectrometry [residues 13-38,
3071.56( 0.14 (expected, 3071.70); W28L, 2998.18( 0.76
(expected, 2998.64); Y25L, 3021.78( 0.22 (expected,
3021.68); Q29S, 3030.01( 0.45 (expected, 3030.64); Q32S,
3030.32( 0.26 (expected, 3030.64)].

NMR Experiments.Samples were prepared using 3 mM
PMP1 fragments solubilized in 90:10 H2O/D2O solutions
containing 120 mM DPC-d38 micelles (CIL). The pH value
was adjusted to 5.1H NMR experiments were carried out
on 600 and 500 DRX Bruker spectrometers. For the
conformational studies, TOCSY and NOESY spectra were
recorded at 35°C with mixing times of 80 and 100-250
ms, respectively. To investigate the peptide-lipid interac-
tions, 12 mM POPS or POPC (Avanti Polar Lipids,
Alabaster, AL) was added to the peptide samples in D2O
solutions at pH 5 and 25°C. Lipid-peptide intermolecular
cross-peaks were identified by comparing NOESY spectra
in the absence and presence of lipids. Mixing times (tM) of
100, 300, and 500 ms were used. It is interesting to note
that the plateau of the intermolecular NOE buildup curves
reaches atM value of 500 ms for D2O solutions but a value
of only 150 ms for H2O solutions. This difference highlights
the influence of the interfacial water molecules on the
intermolecular spin diffusion effects. Reference NMR spectra
of either POPC or POPS solubilized in DPC micelles in the
absence of peptide were recorded. The lipid proton assign-
ment was straightforward and found to be consistent with
the published data (21, 25).

RESULTS

In a first step, the conformations of the PMP1 fragment
(G13-F38) and of its four mutants (Y25L, W28L, Q29S,
and Q32S) solubilized in perdeuterated DPC micelles were
investigated from NOE and chemical shift data.

Conformation of the PMP1 Fragment and Its Mutants in
DPC Micelles.Figure 1A summarizes the sequential and
medium-range NOEs involving the backbone protons of the
G13-F38 peptide. The intense NH-NH (i, i + 1) NOEs
associated with a continuous network of CRH-NH (i, i +
3) and (i, i + 4) contacts indicate the formation of a unique
helix from the N-terminus up to Q32. The secondary structure
of the G13-F38 peptide is thus in agreement with that
previously observed for the shorter fragment, A18-F38 (8).
Moreover, the∆δHR profile of the G13-F38 peptide (data
not shown) remarkably fits that of the A18-F38 peptide in
the C-terminus region extending from Q32 up to F38, which
indicates that the average conformation of the cytoplasmic
loop is also conserved. As a matter of fact, the major effect
of lengthening the peptide sequence from A18-F38 up to
G13-F38 is to double the number of residual NH signals
observed in a D2O solution after 1 day, i.e., to significantly
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improve the helix stability. The residual NH signals arise
from the eight consecutive residues of the I20-K27 segment
(Figure 1A).

The NOE networks obtained for the mutants (Figure 1B-
E) are roughly close to that of the wild-type (WT) fragment,
i.e., characteristic of a unique N-terminal helix. However,
significant differences have to be emphasized. First, W28L
(Figure 1C) exhibits two additionalRN (i, i + 3) NOEs
involving residues beyond Q32, i.e., A30-R33 and Q32-
L35. The effect of the W28 mutation is thus to propagate
the helix C-terminus from Q32 up to L35. The NOE data
are consistent with the results of the H-D exchange

experiment indicating that the W28L mutation extends the
sequence segment spanning the protected residues from I20-
K27 (Figure 1A) up to I19-Q29 (Figure 1C). In the case of
Y25L (Figure 1B), the same increase in the number of
residual NH signals is observed but the A30-R33 and Q32-
L35 NOEs are ambiguous.

Another point to be emphasized is that the Q29S mutation
induces a decrease in the number of (i, i + 3) NOEs and of
residual NH signals (Figure 1D). This effect can be explained
by the less favorable helix propensity of Ser residues as
compared to Gln residues (26). In the case of Q32S (Figure
1E), as judged by the number of residual NH signals, the

FIGURE 1: Sequential and medium-range NOEs involving the backbone protons of the G13-F38 WT peptide (A) and its four mutants
(B-E), solubilized in the presence of perdeuterated DPC micelles at 35°C and pH 5.0. The bar thickness refers to the NOE intensity
(strong, medium, or weak); a gray bar corresponds to an ambiguous NOE. The white symbol (H/D exch) indicates the residue whose NH
signal is still detected after 24 h in D2O solution.
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mutational effect is attenuated when compared to that
induced by the Q29S mutation. Q32 indeed corresponds to
the helix C-terminus, while Q29 is located within the helix.

We have then analyzed the HR proton chemical shift
differences (∆δHR) observed between the WT peptide and
each of its mutants (Figure 2, black symbols). The Q32S
peptide (Figure 2D) exhibits very weak∆δHR values, which
confirms that its secondary structure is quite close to that of
the WT peptide. With regard to Q29S (Figure 2C),δHR
differences of>0.1 ppm are observed for R26 and Q32,
respectively located at thei - 3 and i + 3 positions with
respect to Q29. This is in agreement with a local perturbation
of the helix as seen by the NOE and H-D exchange data.
In the case of the Y25L and W28L peptides (Figure 2A,B),
the ∆δHR values are markedly much larger and affect the
I24-G34 region. Taking into account the secondary structure
analysis derived from the NOE and H-D exchange data,
we may consider that theseδHR differences mainly reflect
the loss of ring current effects. No significantδHR variation
is observed in the neighboring G13-I23 and L35-F38
segments.

With regard to the side chain protons (Figure 2, white
symbols), the most dramatic chemical shift variations concern
the NH2 signals of Q29 and Q32, upon the Y25L and W28L
mutations, respectively. The large∆δ values that are
observed (∼0.6 ppm) account for the marked side chain to

side chain stacking that characterizes the Y25-Q29 and
W28-Q32 couples in the WT helix. In the case of the W28-
Q32 interaction, the intense NOE observed between the
aromatic NH proton of W28 and the NH2 protons of Q32
(data not shown) strongly suggests the existence of an
H-bond between the corresponding imino and amide groups.

In a second step, small amounts of either protonated POPC
or POPS were cosolubilized with the PMP1 fragments in
perdeuterated DPC micelles. The lipid binding properties of
the peptides were studied by analyzing the intermolecular
NOEs and the chemical shift effects observed on both the
peptide and lipid proton signals.

Lipid-PMP1 Fragment Interactions As Seen by Intermo-
lecular NOE Analysis.For the sake of clarity, we briefly
describe the set of POPS and POPC resonances before
analyzing the intermolecular lipid-peptide NOEs. Figure 3
shows the spectrum of POPS (12 mM) diluted in DPC
micelles (120 mM). With regard to the chain protons, it
should be noted that thesn-2 and sn-1 C2 positions give
rise to discernible signals (2.38 and 2.28 ppm, respectively).
Upfield are located the resonances of thesn-2 C8/C11
methylene protons (2 ppm) flanking the double bond, that
of thesn-1/sn-2C3 protons (1.58 ppm), the broad resonance
of the magnetically undifferentiated methylene protons of
the acyl chains (1.25 ppm), and, last, the methyl proton signal
(0.8 ppm). Thesn-2C9/C10 CH proton signal overlaps that
of the glycerol B proton at 5.3 ppm. The spectrum of POPC
in DPC micelles is similar to that of POPS apart from the
differences specific to the headgroup structures.

Either POPC or POPS was then cosolubilized with the
PMP1 fragments in perdeuterated DPC micelles. The phos-
pholipid concentration was still 12 mM, which corresponds
to a lipid to peptide concentration ratio of∼4. Within the
overcrowded aliphatic region of the corresponding NOESY
spectrum, detection of unambiguous intermolecular cross-
peaks is severely restricted. Fortunately, in the case of PMP1
peptides, NOEs between the peptide ring protons and the

FIGURE 2: Differences in chemical shift,∆δH ) δH (M) - δH
(WT), observed between the mutated peptides (Y25L, W28L, Q29S,
or Q32S) and the wild type (WT), for each residue of the G13-
F38 sequence. The black symbols correspond to the HR chemical
shift variation (∆δHR); the white symbols correspond to the largest
∆δ value obtained by comparing the chemical shifts of side chain
protons (∆δHsc) for a given residue.

FIGURE 3: 1H NMR spectrum of POPS (12 mM) solubilized in
DPC micelles (120 mM) at pH 5 and 25°C (top trace); the proton
numbering of POPS is at the bottom.
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lipid chain protons can be clearly observed from spectra of
samples in D2O solutions. Figure 4 compares the spectrum
region containing the NOE cross-peaks between aromatic
and aliphatic protons, obtained in the absence (left panel)
and presence (right panel) of POPS. The intermolecular
NOEs involving the POPS chain protons were thus readily
assigned. As far as the glycerophosphoserine protons are
concerned, only a few weak intermolecular cross-peaks could
be detected, and we did not consider the headgroup region
in our NOE analysis. As shown below, the chemical shift
data compensate for this lack of information.

Nevertheless, as judged by their number and selectivity,
the intermolecular1H-1H NOEs arising from the Y25, W28,
and F38 signals constitute a relevant data set for satisfactorily
probing the location of the PMP1 cytoplasmic domain with
respect to the lipids. In particular, Figure 4 shows that (i)
for W28 the number and intensity of intermolecular cross-
peaks are dramatically larger for H7 than for H4, the former
proton being located on the same side of the Trp ring as the
NH proton; (ii) the W28 H7 proton contacts both thesn-1
and sn-2 C2 protons while the Y25 high-field signal
corresponding to the ring H3/H5 protons is only correlated
to thesn-2C2 one; and (iii) the F38 protons exhibit NOEs
with the POPS C8/C11 protons, close to thesn-2 double
bond, which indicates that the F38 ring is deeply buried in
the hydrophobic milieu; this result is in agreement with a
folding back of the PMP1 C-terminus already observed for
the A18-F38 fragment using paramagnetic probes (9).

In the presence of POPC (data not shown), we observed
an intermolecular NOE network close to that obtained with
POPS, as far as the cross-peaks involving Y25 and W28 are

concerned. In contrast, the intensity of NOEs arising from
F38 was found to be markedly decreased. This difference
may account for a specific stabilizing effect exerted by the
POPS headgroups on the positioning of the peptide C-
terminal region with respect to the lipid chains. We have
then analyzed the mutation effects on the intermolecular
lipid-peptide NOE network. In the presence of POPC, no
significant difference was observed when the WT peptide
was replaced with any of the four mutants, i.e., Y25L, W28L,
Q29S, or Q32S. In the case of POPS, while the Y25L and
Q29S mutations have still no effect, the W28L and Q32S
mutations markedly decrease the intensity of the NOEs
involving F38. Therefore, the W28L and Q32S mutations
tend to abolish the specific stabilizing effect exerted by the
POPS polar heads.

Lipid-PMP1 Fragment Interactions As Seen by the
Chemical Shift Variations of the Peptide Protons.Upon
addition of either POPS or POPC, several peptide resonances
undergo a detectable shift, which provides complementary
insight into the lipid-peptide interaction network. Most of
these shifts concern the polar side chains of the PMP1
cytoplasmic domain. Figure 5A displays, for a given side
chain, the largest chemical shift variation (∆δHsc) obtained
for the WT PMP1 fragment upon addition of POPS (black
bars) and POPC (white bars). For both lipids,∆δHsc values
of >0.02 ppm are observed for R26, R31, and R37. However,
the variation observed for R31 in the presence of POPS is 2
times larger than that obtained with POPC. Furthermore, the
sign and amplitude of the Q32δHsc variation appear to be
specific to the POPS effect.

FIGURE 4: Part of a NOESY spectrum (500 ms mixing time) of the G13-F38 peptide (3 mM) solubilized in the presence of DPC micelles
(120 mM) in a D2O buffer at pH 5 and 25°C, recorded in the absence (left) and presence (right) of POPS (12 mM).
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Analysis of the chemical shift data of the mutants in the
presence of either POPS or POPC does not provide any
significant supplementary information, except for W28L.
Figure 5B shows that, with the W28L mutation, the∆δHsc
value of R31 becomes null in the presence of either POPC
or POPS and that of Q32 in the presence of POPS is inverted
and severely reduced. Therefore, as in the case of the NOE
data, the W28L mutation tends to abolish the chemical shift
effects distinguishing POPC and POPS in the presence of
the WT peptide.

Lipid-PMP1 Fragment Interactions As Seen by the
Chemical Shift Variations of the Lipid Protons.The upper
trace of Figure 6 shows the low-field region of the NMR
spectra of POPS (left panel) and POPC (right panel) in the
absence of peptide. The displayed region contains most of
the signals of the glycerol and polar headgroup protons and
that of thesn-2C9/C10 CH protons overlapping the glycerol
B one at 5.3 ppm. The lower traces show the same spectrum
region in the presence of the WT peptide and its four mutants.

Whereas addition of either the WT peptide or its mutants
does not affect the POPC signals, significant variations are
observed in the POPS spectrum. These changes are thus
specific to the polar head structure. First, addition of the WT
peptide induces a high-field shift of one of the signals
forming the unresolved peak located at 5.3 ppm. The shifted
resonance exhibits an intense cross-peak with the C8/C11
signal (located at 2 ppm) and therefore corresponds to the
C9/C10 protons (Figure 6). This result can be related to the
intermolecular NOE analysis showing that the main differ-
ence observed when passing from POPS to POPC is the
intensity loss of the acyl chain-F38 ring contacts. We may
thus assign the shift of the C9/C10 signal specifically
observed in the presence of POPS to a F38 ring current effect.
As previously mentioned, the POPS headgroups most prob-
ably stabilize the positioning of the peptide C-terminal region
with respect to the lipid chains. The second characteristic
POPS shifts observed upon addition of the WT peptide

concern the resonances of the serine CHâ proton and of the
glycerol C protons (Figure 6). To a lesser extent, the serine
CH2R signal (only detectable in two-dimensional spectra) is
also shifted in the presence of the WT peptide. Besides, the
glycerol C resonance corresponds to the methylene protons
closest to the phosphate group (Figure 3). These perturbations
thus directly reflect the specific involvement of the POPS
headgroups in the peptide-lipid interactions.

In the presence of the Q29S mutant, all the specific shifts
are still observed (Figure 6). In contrast, with the Y25L and
Q32S mutations, the serineâ resonance recovers its value
initially observed in the absence of peptide while, in parallel,
the C and C9/C10 protons undergo a shift smaller than that
induced by the WT peptide. Last, the W28L mutation
(bottom trace in Figure 6) almost fully abolishes the specific
shifts of the POPS protons, observed in the presence of the
WT peptide.

DISCUSSION

The lipid species used in this study share a common
structural motif comprising the acyl chains, the glycerol
backbone, and the phosphate group. They only differ in their
polar head, either a choline or a serine group. This obvious
observation emphasizes a general result of our study that
will guide the discussion: when the PMP1 fragment is diluted
in micelles with small amounts of either POPC or POPS,

FIGURE 5: Largest1H chemical shift variation (∆δHsc) observed
for each of the polar side chains of the PMP1 cytoplasmic domains
upon addition of POPS (black bars) and POPC (white bars): (A)
WT and (B) W28L peptide. The experimental conditions are those
given in the legend of Figure 4.

FIGURE 6: Low-field part of the1H NMR spectra of POPS (left)
and POPC (right) solubilized in DPC in the absence (top trace)
and presence of the WT peptide and its four mutants. The
experimental conditions are those given in the legend of Figure 4.
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the NMR data which probe the lipid binding interactions
reflect both specific and common features.

The specificity for the PS species is revealed by the
following results. (i) The serine resonances but not those of
the choline group are sensitive to the presence of the PMP1
fragments. (ii) The serine response is reciprocated by a
specific change in the Q32 signals. (iii) The implication of
Q32 in the PMP1-POPS interaction network is confirmed
by the Q32S mutation that removes the POPS headgroup
response. Besides, the specific shift of the POPSsn-2C9/
C10 proton resonance associated with the presence of intense
acyl chain-F38 ring NOEs indicates that the POPS head-
groups stabilize the positioning of the peptide C-terminal
region with respect to the lipid chains. A second set of NMR
data highlights lipid-peptide interactions common to both
POPS and POPC: (i) the chemical shifts of the arginine side
chains, although the presence of POPS generally induces
effects markedly greater than those obtained for POPC,
especially in the case of R31; and (ii) the acyl chain-Y25
ring NOEs and the acyl chain-W28 ring NOEs.

The W28L mutation markedly affects both specific and
nonspecific aspects of the lipid binding properties of the
PMP1 fragment. The specificity for POPS is markedly
perturbed as judged by the POPS headgroup and Q32 side
chain resonances that tend to recover their initial chemical
shifts. The loss of specificity is also reflected by the absence
of the POPSsn-2 C9/C10 shift associated with a marked
decrease in the magnitudes of the intermolecular NOEs
involving F38. The nonspecific perturbing aspect of the
W28L mutation is probed by the absence of the R31
characteristic shift upon addition of either POPC or POPS.

The effects of the W28L mutation on the lipid binding
properties can be readily related to concomitant conforma-
tional perturbations: (i) the Q32 side chain that directly
contributes to the specificity for POPS, loses its H-bond
partner, the indole NH of W28, and (ii) the helix C-terminus
residue becomes L35 instead of Q32. Conversely, in the case
of the WT peptide, W28 ensures the adequate interfacial
conformation of the cytoplasmic domain and its interaction
with Q32 induces the appropriate positioning of the glutamine
amide group for an optimized interaction with the POPS
serine group as proposed in Figure 7A. Besides, R31 appears
to be the most suitable candidate for interacting with the
POPS phosphate group, which completes the lipid-peptide
electrostatic interaction network. The major result of our
study is therefore to reveal the concerted influence of a
tryptophan, W28, and a glutamine residue, Q32, on the
interfacial conformation and lipid binding specificity of the
PMP1 cytoplasmic domain.

The mutation of the other aromatic residue of the helix,
Y25L, affects the binding of POPS as judged by the variation
of the PS headgroup chemical shifts. However, the charac-
teristic shift of the POPSsn-2 C9/C10 resonance is still
observed as well as those of R31 and Q32. As shown by
our conformational data, Y25 is implied in the interfacial
location of the WT PMP1 cytoplasmic domain through the
Y25-R-K-W28 amphiphilic motif, and therefore, its mutation
partially destabilizes the interaction network, ensuring the
lipid binding specificity. Last, the Q29S mutation does not
exert any direct influence on the lipid binding properties of
the PMP1 fragment.

We then used the constraints derived from the intermo-
lecular NOEs involving Y25 and W28 to map the hydro-
phobic contacts between the lipid acyl chains and the peptide
helix core. A simple docking procedure between one POPS
molecule and the G13-Q32 helix shows that the POPSsn-2
oleoyl chain partly lies in a groove formed on one side of
the helix. This groove results from the marked inhomoge-
neous distribution of the hydrophobic surface area around
the I17-Y25 helix segment as illustrated in Figure 7B: one
side contains the Y25 aromatic residue and three short side
chain residues, i.e., A18, A21, and T22, while the opposite
side exposes five long andâ-branched hydrophobic side
chains, i.e., I17, I19, I20, I23, and I24. As a result, the I17-
Y25 segment of the helix rod exhibits a marked concavity
into which a part of the POPSsn-2 oleyl chain inserts.
Besides, our solid-state2H NMR study of PMP1 fragments
in mixed POPS/POPC bilayers (10) showed that each peptide
selectively binds to eight POPS molecules. We may therefore
assign a specific role to one of the POPS molecules: itssn-2
chain inserts into the groove drawn along one side of the
PMP1 helix, while its serine group directly interacts with
the Q32 side chain and its phosphate group with R31. The
appropriate interfacial positioning of the Q32 amide group
is ensured by the W28-Q32 interaction. The resulting
POPS-PMP1 association constitutes a stabilized framework
for binding other POPS molecules. The binding of anionic
phospholipids around this framework is of course favored
by the ringlike interfacial distribution of the five basic side
chains and the ability of one arginine residue to form salt
bridges with two phosphoserine groups. Interestingly, from
a recent crystallographic structure of the factor V C2 domain
(27), it has been suggested that a glutamine residue (Q48)
would play a prominent role in the PS binding specificity of
this C2 domain.
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