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Abstract

N-myristoylation is a process of ubiquitous protein modification, which promotes the interaction of
lipidated proteins on cell surfaces, in conjunction with reversible S-palmitoylation. We report
cooperative lipid-lipid interaction of two acyl chains of proteins, which increases the protein—
membrane interaction and facilitates selective targeting of membranes containing anionic lipids. Lyn
is a member of the Src family kinases distributed on the membrane surface by N-myristoyl and
neighbouring S-palmitoyl chain anchors at the unique N-terminus domain. We prepared N-terminal
short segments of lipidated Lyn to investigate the behaviour of each acyl chain in lipid
composition-dependent membrane interaction by solid-state nuclear magnetic resonance (NMR).
Solid-state 3'P-NMR studies revealed that S-palmitoylation of N-myristoylated Lyn peptides
increased the interaction between peptides and phospholipid head groups, particularly with the
anionic phosphatidylserine-containing bilayers. The solid-state 2H-NMR of Lyn peptides with a
perdeutero N-myristoyl chain indicated an increase (0.6-0.8 A) in the extent of N-myristoyl chain in
the presence of nearby S-palmitoyl chains, probably through the interaction via the acyl chains. The
cooperative hydrocarbon chain interaction of the two acyl chains of Lyn increased membrane
binding by extending the hydrocarbon chains deeper into the membrane interior, thereby promoting
peptide—-membrane surface interaction between the cationic peptide side chains and the anionic lipid
head groups. This lipid-driven mechanism by S-palmitoylation promotes the partition of the lipidated
proteins to the cytoplasmic surface of the cell membranes, and may be involved in recruiting Lyn at

the signalling domains rich in anionic lipids.
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INTRODUCTION

Protein lipidation is a common posttranslational modification in eukaryotes, which regulates
the functions and localization of proteins through membrane interactions and lateral diffusion.! The
N-myristoyl chain in a protein is co-translationally installed at the exposed glycine residue upon
removing the N-terminal methionine.> N-myristoylation is necessary but not sufficient for stable
membrane binding because membrane association of myristoylated amino acids with a partition
coefficient of about 107 is insufficient to evoke biological activities on the membrane.? The unstable
interaction of N-myristoylated proteins can be reinforced for their attachment to the membrane for a
few days by S-palmitoylation of nearby cysteine residues and interaction between the positively
charged amino acids cluster near the N-terminus with anionic membrane lipids.* The reversible
S-palmitoylation cycles, known as the myristoyl-palmitoyl switch,®> regulate the N-myristoylated
proteins during membrane binding and trafficking,® 7 interactions among lipidated proteins,® and
activity of proteins.” In addition, lipid modification of protein therapeutics has the potential to
facilitate targeting, prolong half-life, and decrease immunogenicity.!?

Lyn is an N-myristoylated Src family tyrosine kinase (SFKs) recognized as a drug target !'!
because of its role in leukaemia and solid cancers,'! allergies,'? and viral secretions.!*> Lyn consists of
a tyrosine kinase (SH1) domain at the C-terminus, followed by regulatory SH2 and SH3 domains and
a unique SH4 domain.'* The domain sequences are highly conserved among SFKs except for the
SH4 domain, and SH2 and SH3 domains regulate the kinase activity by interplaying with the active
site of the SH1 domain.!> On the other hand, the unique sequences of the intrinsically disordered
SH4 domain provide properties individual to the SFK members, including Lyn. The N-terminal
glycine residue at the SH4 domain of Lyn undergoes N-myristoylation, and occasional
S-palmitoylation at the neighbouring cysteine facilitates hydrophobic interaction within the

hydrophobic interior of the inner leaflet membranes by increasing the acyl chain anchors. At the
3
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same time, the lysine and arginine stretch in the SH4 domain may promote membrane interaction
through electrostatic binding with anionic lipid head groups, such as phosphatidylserines and
phosphatidylinositides.'® 7 These lipidations can promote protein redistribution in the ordered
domains such as lipid rafts,'> '® and are probably involved in immune signalling through the very
long acyl chain of lactosylceramide domain at the outer leaflet of immune cells.!®- 20

The acyl chain dynamics of lipidated peptides in model membranes has been investigated by
solid-state ZH-NMR. The wobbling of peptide lipid chains was significantly affected by surrounding
membrane lipid structures, such as the carbon number of the acyl chain, the degree of unsaturation,
and the variety of head groups.?'"** Previous 2H-NMR studies on palmitoyl Ras peptides in
membrane bilayers indicated that the motion of the protein palmitoyl chain was similar to that of the
surrounding  dimyristoyl-glycero-phosphocholine.?>> 26 However, for proteins with multiple
lipidations, such as Lyn, the details of the acyl chain-dependent wobbling to increase the protein—
membrane interaction have not been explored so far. Deuterated lipid probes with segment-specific
labelling have been developed to examine lipid-lipid interactions,?” 28 dynamic lipid head group
structure,?® and membrane distributions by solid-state ZH-NMR.3°

Here, we examined membrane interaction of mono- and bis-acylated Lyn-heptapeptides
(M-Lyn and MP-Lyn) (Fig.1) by focusing on the motions of methylene of each acyl chain using
solid-state NMR. Seven amino acids at the N-terminus, including two lipidation sites and two lysine
residues, were selected to acquire solid-state NMR data in two membrane conditions; the unitary
POPC membranes and POPC/POPE/POPS (50:25:25) membranes. Because the intrinsically
disordered SH4 domain connects the N-terminal lipidation segment to the structured domains of
SFKs, we assumed that the short peptide segment could be a good model to examine the interaction
of Lyn with the membranes. Solid-state 3'P-NMR measuring 7’1 relaxation time indicated that the
bis-acyl Lyn peptide (MP-Lyn) significantly restricts the motion of phospholipid head groups
compared with that done by the monoacyl Lyn peptide (M-Lyn), and prefers to bind the POPS/POPE

component of the POPC/POPE/POPS membranes. Solid-state ZH-NMR coupling profiles of the Lyn
4
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peptides having one perdeuterated myristoyl chain (Mg-Lyn and MyP-Lyn) or perdeuterated
palmitoyl chain (MPy4-Lyn) (Fig.1) were collected in the two-membrane systems and analysed by
employing the mean torque model.>! The profiles indicated that S-palmitoylation of the N-acylated
Lyn peptide extended the two acyl chains deeper into the membrane interior and thereby stabilized
membrane binding of the bis-acyl peptide. The extended acyl chains of MP-Lyn in the membrane
leaflet facilitate membrane interaction by increasing the hydrophobic matching within the membrane
interior and promoting the interaction between cationic peptide moieties and the anionic lipid head
groups on the membrane surface. The extended acyl chains of MP-Lyn within the inner leaflet may
be prone to be involved in the leaflet coupling with a long fatty acid chain of the glycosphingolipid

domain at the opposite leaflet relating to transmembrane signalling.
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Mg-Lyn: R4 = dy7-myristoyl, R, = H
MgyP-Lyn: R4 = dy7-myristoyl, R, = palmitoyl
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Fig.1 The structures of the lipidated Lyn peptides (A) and 10',10'-d,-POPC (B).
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RESULTS
The interaction of Lyn peptides with lipid head groups examined by solid-state 3'P-NMR
We measured 3'P-chemical shift anisotropy (CSA) and spin-lattice (7'1) relaxation time of the
phosphates on lipid heads to assess the changes in motion of lipid head groups by phospholipid—
peptide interactions occurring on the membrane surface.’? The Lyn heptapeptides were synthesized
in our laboratory and incorporated into the bilayer membranes.?> The CSA of the static *'P-NMR for
phospholipid membranes is sensitive to the order and orientation of the phosphate head groups and
membrane curvature.

3IP-NMR spectral shapes indicated that the addition of 10 mol% lipidated Lyn peptides did not
largely affect the dynamic lamellar structure in the POPC and POPC/POPE/POPS membranes at
30°C (Fig.2). The POPC/POPE/POPS membrane afforded three sets of 3'P-NMR CSA widths that
were assignable to POPC (43.5 ppm), POPE (35.9 ppm), and POPS (54.5 ppm) (Fig.2D). The CSA
values of all membrane conditions indicated that the lipidated Lyn-peptides did not greatly affect the
head group orientation and order because the addition of Lyn-peptides altered the residual 3'P-CSA
widths to less than a few ppm. On the other hand, the spectra of the POPC/POPE/POPS membranes
were broadened in the presence of the M-Lyn peptide (Fig.2E) and further perturbed with the
MP-Lyn peptide (Fig.2F), but were hardly affected in the POPC membranes (Fig.2B and C). These
differences in signal broadenings suggest that the POPE/POPS component facilitates the interaction
of the Lyn peptides with the membrane, and S-palmitoylation of M-Lyn increases the interaction of

the peptide moiety with the lipid head groups on the membrane surface.
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POPC POPC/POPE/POPS
A) D)
No peptide Mo peptide
44 6 ppm POPC 43.5 ppm

POPE 35.9 ppm
POPS 54.5 ppm

60 40 20 0 -20 40 -60 60 40 20 0 -20 -40 -60
¥P (ppm) ¥P (ppm)
B) E)

10 mol% Mg-Lyn 10 mol% Mg-Lyn
POPC 44 .2 ppm

47.0 ppm POPE 35.9 ppm
POPS 54.2 ppm

60 40 20 0 20 40 60 Go 40 20 0 -20 -40 60

¥P (ppm) 3P (ppm)
C) F)
10 mol% MyP-Lyn 10 mol% MyP-Lyn
POPC 44 8 ppm
46.4 ppm POPE 375 ppm

POPS 55.0 ppm

60 40 20 0 -20 -40 60 60 40 20 0O -20 -40 -60
¥P (ppm) ¥P (ppm)

Fig.2 The effect of lipidated Lyn on solid-state 3'P-NMR spectra

of the POPC (A-C) and

POPC/POPE/POPS (D-F) membranes. A, D: phospholipid membranes without the peptides. B, E:

membranes with 10 mol% Mg-Lyn. C, F: membranes with 10 mol% MyP-Lyn. The black and red

traces are the experimental and theoretical spectra. The spectra were collected at 30°C in static

condition.

31P-relaxation time is sensitive to the interaction of the phospholipid head groups with drugs

and peptides that affect long axis rotation and membrane diffusion of lipids.>3 We observed the

7
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dependence of 3'P T1 relaxation time on the structures of the lipid head groups and acylation of
peptides (Fig.3). Based on the temperature-dependent increase in the 3'P-T'1 relaxation time of the
POPC/POPE/POPS membrane (Fig.S1), the decrease in 7’1 implies a reduced phospholipid rotation
and lateral diffusion caused by the interaction with the Lyn peptides.

In the POPC/POPE/POPS membrane, the 3'P-NMR signal of POPC was observed at —0.7
ppm, while POPE and POPS signals overlapped at —0.1 ppm under magic angle spinning (MAS) at 4
kHz (Fig.3A). As shown in Fig.3C, the T'1 relaxation times of both POPC and POPE/POPS signals in
the POPC/POPE/POPS membrane decreased in the presence of M-Lyn. The decrease was more
significant with MP-Lyn, indicating that S-palmitoylation to form MP-Lyn significantly perturbs the
motion of the phospholipid head groups through peptide—membrane interaction. Furthermore,
POPE/POPS signals from the POPC/POPE/POPS membrane showed a larger decrease in the 71
relaxation time than that of the POPC signal, suggesting that the lipidated Lyn peptide prefers to
interact with the POPE/POPS component. As shown in Fig.3B, the POPC membrane with the
peptides showed small decreases in the 7’1 relaxation times, consistently supporting the preference of
Lyn-peptide for the POPE/POPS component. Therefore, S-palmitoylation of N-myristoylated Lyn
enhances the interplay between peptides and lipid head groups on the membrane surface, particularly
in the POPE/POPE/POPS membrane mimicking a typical lipid composition of the cytosolic leaflet of

the plasma membrane.
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Fig.3 3'P-NMR T1 relaxation times of the POPC and POPC/POPE/POPS membranes with lipidated
Lyn peptides at 30°C. A: Decay of the 3'P-MAS NMR spectra of the POPC/POPE/POPS membrane,
including 10 mol% MP-Lyn. The spectra of each decay time were overlayed. 71 relaxation times of
POPE and POPS could not be distinguished owing to their 3'P-signal overlap. B,C: 3'P T1 relaxation
times of the POPC membrane and the POPC/POPE/POPS membrane with 10 mol% Lyn peptides.
3IP-NMR spectra were collected with 4 kHz MAS conditions at 30°C. — : no peptide. Each value

represents the mean for 2—3 independent experiments with + standard deviation.

The extent of acyl chains of lipidated Lyn examined by 2H NMR

The acyl chain dynamics in the membrane binding of the lipidated peptides was investigated using
solid-state 2H NMR. Solid-state 2H NMR provides the quadrupolar coupling profiles originating
from the wobbling degree of each CD, segment in perdeuterated acyl chains. According to the mean
torque orientational distribution model,?!> 3! these profiles can be translated into parameters to
evaluate acyl chain stretching in the membranes. The solid-state 2H NMR spectra of the three
Lyn-peptides with perdeuterated acyl chains, My-Lyn, M4P-Lyn, and MP4-Lyn (Fig.1), were
collected in the unitary POPC and POPC/POPE/POPS membranes (Fig.4). The acyl chain

parameters, area per chain (A4¢), volumetric thickness (D¢), and acyl chain extent (L¢) (Fig.4H), were
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deduced from the order parameter (Scp).2"> 3! Scp was directly obtained from 2H NMR quadrupolar
coupling profile of the deuterated acyl chains (Fig.5).

All three lipidated Lyn peptides (10 mol% relative to the total lipid) were efficiently
incorporated and dispersed in the POPC bilayers, therefore, showing a typical shape of the Pake
doublets with an axially symmetrical pattern (Fig.4 A-C). The outermost peak of bis-lipidated
MyP-Lyn showed larger quadrupolar coupling width (24.9 kHz) than the mono-lipidated My-Lyn
(20.8 kHz) (Fig.5A). This significant difference indicated that the S-palmitoyl chain decreased the
mean segmental wobbling of the deuterated N-myristoyl chain of MyP-Lyn. Namely, the
S-palmitoylation extended the conformation of N-myristoyl chain of the peptide, resulting in a 2.7 A2
smaller Ac and a 0.8 A longer L¢ than those of My-Lyn (Table 1). As shown in Fig.5B, the deuterated
chains of MyP-Lyn and MP4-Lyn in the POPC membranes showed similar chain extent curves, and
their outermost quadrupolar couplings were similar. The similarities between the N-myristoyl and
S-palmitoyl chains of MP-Lyn led to similar 4¢’s (31.0 and 31.4 A2). In contrast, the two extra
methylene groups increased L¢ of the S-palmitoyl chain (11.7 A) by 0.9 A compared to that of the
N-myristoyl chain (10.8 A). The methyl terminus of S-palmitoyl chain of MP-Lyn penetrated deeper
into the bilayer interior when the carbonyl carbons of the palmitoyl and myristoyl chains were at
close membrane depths.

H-NMR of the three deuterated Lyn peptides in the POPC/POPE/POPS membrane also showed the
typical patterns of membrane-bound lipids (Fig.4D-F). A certain fraction of a broad shoulder in the
Mg-Lyn spectrum (Fig.4G) indicated that a part of My-Lyn in this membrane probably formed rigid
assemblages. The outermost width of My-Lyn (24.3 kHz) dispersed in the POPC/POPE/POPS
membrane (Fig.5C) was 3.5 kHz larger than that in the POPC membrane. This difference
corresponds to a 0.9 A longer Lc (10.9 A) in the POPC/POPE/POPS membrane (Table 1). This
increase implies the change of D¢, corresponding to the surrounding lipid membrane thickness (see
next section). The extension of N-myristoyl chains by S-palmitoylation and the overlayed chain

extent profile of the acyl chains of MP-Lyn were observed in the POPC/POPE/POPS membrane
10
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(Fig.5C,D). MyP-Lyn in the POPC/POPE/POPS membrane showed a slightly extended myristoyl
chain L¢ at 11.4 A, compared to that of Mg-Lyn (10.9 A). The S-palmitoyl chain of MqP-Lyn may
interact with its own N-myristoyl chain, causing similar ordering effects on each other and resulting
in nearly similar A¢c values. The profiles of overlayed chain extents of MyP-Lyn and MPy-Lyn
(Fig.5D) led to an S-palmitoyl chain 1.0 A longer than the N-myristoyl chain (Table 1). Almost
identical orders were noticed in the methylene segments with the same carbon number in each fatty
acyl chain of MP-Lyn. Here, probably in the interaction between the N-myristoyl and S-palmitoyl

chains assisted in embedding the segments with the same carbon number to a close membrane depth.

11
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POPC POPC/POPE/POPS
(A) (D)
Mg-Lyn Mg-Lyn

Fig. 4 ZH NMR spectra of perdeuterated acyl chains of lipidated Lyn-peptides in the POPC (A, B, C)
and POPC/POPE/POPS (50:25:25) membranes (D, E, F). The spectra of My-Lyn (A, D), MyP-Lyn
(B, E), and MPg4-Lyn (C, F) in the membranes were collected at 30°C. G: Overlay of the My-Lyn
spectra in the POPC (red) and POPC/POPE/POPS (black) membranes with wider spectral ranges
shown in A and D. H: The model showing area per deuterated chain (4¢), volumetric thickness (D¢),

and the extent of peptide acyl chains (L¢).3!

12
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Fig.5 The quadrupolar coupling profiles (A, C) and extent (B, D) of the acyl chains of lipidated

Lyn-peptides. A, B: The coupling profiles and chain extents of Mg-Lyn, M¢P-Lyn, and MPg-Lyn in

POPC membranes. C, D: The coupling profiles and chain extents in POPC/POPE/POPS membranes.

Effect of peptides on the acyl chains of surrounding membrane lipids

H NMR spectra of 10’,10"-d,-POPC in each membrane system were collected to examine the effect

of Lyn peptides on the surrounding phospholipids by observing the hydrocarbon chain wobbling at

10’-position (Fig.6). Position-selective deuteration of the acyl chains simplifies the H NMR

13
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spectrum and minimizes the deuterium effect that influences lipid-lipid interaction.’* Assuming that
the 10’ position is close to the maximum Scp value,?® the parameters of the hydrocarbon chains of
POPC, such as A¢ and D¢, were estimated from the Scp values.3!

The addition of M-Lyn to the POPC membranes did not affect the chain wobbling of
surrounding POPCs because the quadrupolar coupling widths of 10’,10’-d,-POPC (18.8 kHz) in the
unitary POPC membrane containing 10 mol% M-Lyn (Fig.6A) was comparable to the widths
without the peptide (Fig.S2). A slight increase in the coupling width of 10’,10"-d,-POPC with 10
mol% MP-Lyn (Fig. 6B) indicated the negligible effect of MP-Lyn. As summarized in Table 1, the
D¢ value of 10',10'-d,-POPC in the POPC membrane was comparable to a reported value (13.5 A)
determined by X-ray scattering.’® In the POPC/POPE/POPS membranes, 10’,10-d>,-POPC with
M-Lyn showed coupling widths 4.1 kHz larger than that in the unitary POPC membranes. This 1.2 A
increase in D¢ value, corresponding to the value of the monolayer, was in agreement with a
difference in the bilayer thickness (dyy) of the POPC (37.5 A) and POPC/POPE/POPS membranes
(40.4 A).37 The bilayer thicknesses were assumed from the molar weighted average of membrane
thicknesses estimated by previous molecular dynamic simulations; POPS (43.2 A) and POPE (43.4
A).37 The partial assembly of M-Lyn forming an assemblage (Fig.4D) did not significantly affect the
membrane bilayer structure, as obvious from the unchanged 2H-spectrum of 10°,10"-d,-POPC
(Fig.6C). The effect of MP-Lyn on the surrounding membrane lipids was also small in this
membrane system (Fig.6D). Overall, the lipidated peptides in 10 mol% concentrations interacting
with the lipid head groups did not significantly disrupt the hydrocarbon chain wobbling of
surrounding lipid membranes. Small effects of the lipidated peptides on the ordering of surrounding

phospholipids were also observed in previous reports using other membrane systems.?? 24

14
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(A) (©)

18.8 kHz 229 kHz

50 25 25 80 50 25 0 50
2H (kHz) H (kHz)

(B) (D)

19.9 kHz 23.5 kHz

50 25 25 50 50 25 0 50
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Fig.6 Solid-state 2H NMR spectra of 10’,10"-d,-POPC in the unitary POPC membranes with M-Lyn

(A) and MP-Lyn (B), and in the POPC/POPE/POPS membranes with M-Lyn (C) and MP-Lyn (D).

POPC in the membranes was substituted with 10’,10"-d,-POPC. All spectra were collected at 30°C.

Table 1. Summary of the lipid chain parameters (Fig.2G) derived from H-NMR quadrupolar

couplings.
peptide
membrane lipid deuterated probe Ac (A2)*! Dc (A)*2 Le (A)*3
(10 mol%)
POPC — 10',10'-d>-POPC 353 12.5
10',10'-d,-POPC 35.6 12.3
M-Lyn
Mg-Lyn 33.7 10.0
10',10'-d>-POPC 34.5 12.7
MP-Lyn MgP-Lyn 31.0 10.8
MP4-Lyn 314 11.7
POPC/POPE/POPS M-Lyn 10',10'-d,-POPC 322 13.7

15
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50 : 25 : 25 Mg-Lyn 31.3 10.9
10',10'-d,-POPC 31.8 13.8

MP-Lyn MyP-Lyn 30.1 11.4

MP,-Lyn 30.6 12.4

*1: obtained from the largest Scp of the perdeuterated chain of Lyn peptides or Scp of 10',10'-d,-POPC. *2: obtained

from Scp of 10',10'-d,-POPC. *3: from Scp values of methylene and terminal methyl groups.

DISCUSSION

The lipidated protein Lyn is a member of the SFKs that localizes in the inner leaflet of the plasma
membrane, particularly at the lipid rafts,'? and is involved in receptor-mediated signal transduction,
known as myristoyl switches.?® The lipid dynamics and binding depth of protein acyl chains are
important for the affinity of lipidated proteins towards the membrane and their lateral diffusion. The
binding depth also relates to the interleaflet lipid—lipid interactions and interdigitation,*® which
mediates the transfer of biological signals from one to the opposite leaflet.!”” Furthermore,
N-myristoylation is also involved in microbial and viral infections by assisting membrane association
of pathogen proteins through lipidation.? N-myristoyltransferase and palmitoyl-acyltransferases are
the potential targets in cancer therapy.*® 4! Therefore, protein lipidation is a potential target in
chemotherapeutics.*? Understanding the mechanisms of protein lipidation-induced increase in
affinity towards the membrane and distribution of lipidated proteins at the appropriate membrane
domains are necessary.

S-palmitoylation of N-myristoylated proteins facilitates their membrane distribution through
the myristoyl-palmitoyl switch.? The bis-acylation probably promotes membrane binding of the Lyn
peptide because the palmitoyl chain, two carbons longer than the myristoyl chain, is better
partitioned into the PC membrane with a stabilization energy of —6.9 kJ/mol.?> We deduce that the
bis-acyl chains of the lipidated peptides increase the membrane affinity by increasing hydrophobic

effect and by chain extension through interplaying each other. The chain interaction extended the
16
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N-myristoyl chain of MP-Lyn by 0.8 A in POPC membranes and by 0.5 A in the inner leaflet
mimicking POPC/POPE/POPS membranes compared to that of M-Lyn (Fig.7, Table 1). These
increases theoretically corresponded to 0.5-1.0 segment per chain converted from gauche to anti
conformation. The high thicknesss of the POPC/POPE/POPS membranes increased the extent of
N-myristoyl and S-palmitoyl chains of MP-Lyn by about 0.6 and 0.7 A, respectively. As shown in
Fig.5B and 5D, the chain extent profiles of N-myristoyl and S-palmitoyl chains of MP-Lyn
completely overlapped from C2 to C14 in both the POPC and POPC/POPE/POPS membranes owing
to myristoyl chain stretching of MP-Lyn. This coincidence suggests that the N-myristoyl chain at the
N-terminal glycine and S-palmitoyl chain at the side chain of Cys are positioned in the same manner

along with the membrane depth (Fig.7).

POPC/POPE/POPS

Fig. 7 Membrane association model of lipidated N-terminus of Lyn, depending on S-palmitoylation
and membrane lipid components. A: M-Lyn in the POPC membrane. B: MP-Lyn in the POPC
membrane. C: MP-Lyn in the POPC/POPE/POPS membrane. The hydrophobic side chain of Ile4

may also be involved in peptide-membrane interaction, like that observed for the Ras peptides.: 26

The N-myristoylated SFKs have several lysine and arginine residues within the N-terminal

17
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20 residues (Lyn involves four lysine moieties). The electrostatic interaction of these cationic amino
acids with the anionic lipid head groups assists the peptide-membrane binding as the myristoyl—
electrostatic switch.2 Here, the 3'P-NMR line widths and 71 relaxation times of the
POPC/POPE/POPS membrane (Figs.2,3) indicate that the anionic head group of POPS interacts with
the Lyn peptide likely using the lysines, and the electrostatic interactions play a certain role to
increase the peptide-membrane interaction (Fig.7C). Furthermore, S-palmitoylation to form MP-Lyn
significantly increased the binding with POPE/POPS component in the POPC/POPE/POPS
membrane (Fig.3). Therefore, S-palmitoylation enhances lipidated protein—-membrane interaction by
increasing hydrophobic and electrostatic interactions. In addition, the SH4 domain of human Lyn has
two potential phosphorylation sites, Serl1, and Ser13.43 44 Phosphorylations of these serine residues
nearby the cationic amino acids may reduce the binding with the anionic membranes known as the
myristoyl—electrostatic switch of SFKs.43

H-NMR of My-Lyn indicates that M-Lyn forms aggregation in the POPC/POPE/POPS
membrane but not in the unitary POPC membrane (Fig.4G, Fig.S4). The aggregation was mostly
composed of My-Lyn without phospholipids, as evident from static 3'P-NMR having no shoulder
(Fig.2). Although N-myristoylation has been believed to improve membrane affinity, the underlying
process may be complex. A similar result was reported for N-myristoylated guanylate
cyclase-activating protein-2.2* By contrast, the peptide bis-lipidation, increasing the hydrophobic
effect, improved bilayer partition and distribution since M4P-Lyn did not show aggregation in the
POPC/POPE/POPS membrane (Fig.4E). These findings imply that the membrane lipid compositions
and degree of lipid modifications are important factors in synergistical action of electrostatic
interaction and hydrophobic effect. The potent homophilic interaction of M-Lyn to form aggregation
in the membrane may also relate to forming membrane domains like the lipidated Ras proteins.*6- 47
H-Ras is distributed at the interface of the liquid-ordered (Lo) and disordered (Ld) domains by the
balance of two palmitoyl chains (Lo preferable) and one farnesyl chain (Ld preferable). The

membrane cholesterol, known to be abundant at the lipid rafts, can increase the lipid chain ordering
18
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in each leaflet by a fast flip-flop process,*® and is thought to increase the order of the inner leaflet of
raft domains.** The cooperative chain extension of the two Lo preferable acyl chains of Lyn and
other SFKs possibly facilitate the distribution at the opposite leaflet of the lipid rafts. The inner
leaflet of the lipid rafts, known to be enriched with anionic lipids,* likely prolongs the distribution of
the SFKs through electrostatic interaction.

Lyn distributes at the cytosolic leaflet of the plasma membranes, which is highly enriched
with unsaturated lipids,>! 2 and therefore highly fluidic and shows fast lipid diffusion.>? In innate
immunity, small lactosylceramide domains in the outer leaflet?® are thought to transmit immune
signaling via Lyn to the inner leaflet.>* Lipidated Lyn at the inner leaflet may form nanoclusters as
Ras proteins do.*® The two saturated lipid chains may facilitate Lyn distribution to the opposite
leaflet of the lactosylceramide domain for receiving transmembrane signal by the stretched acyl
chains through inter-leaflet coupling.*® Therefore, N-myristoylation and consequent S-palmitoylation
of proteins, which trigger and regulate the membrane-binding through the myristoyl switch, are also
assumed to be involved in localising the lipidated protein in the membrane domains enriched with

anionic lipids, which can assist the transmembrane signalling.

Conclusion

Protein N-myristoylation at N-terminal glycine is a major co-translational modification that plays a
fundamental role in membrane targeting and signaling through the so-called myristoyl switch, and is
involved in cancers. Using solid-state NMR, our acyl chain-specific analysis of the heptapeptide
segments of Lyn suggests a mechanistic insight into the S-palmitoylation-driven interaction of
lipidated proteins with membrane lipids. The S-palmitoylation increases the order of the bis-acyl
chain, and thereby facilitates the protein-membrane interplay and distribution of lipidated proteins
into the functional membrane domains enriched in anionic lipids such as PS and phosphatidylinositol
phosphates. The increased concentration of the lipidated proteins at a place for membrane functions

may be involved in stable cell signalling through the membrane domains.
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