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ABSTRACT. We have investigated in the present study the interaction between G-actin and various types
of liposomes, zwitterionic, positively charged, and negatively charged. To investigate at the molecular
level the conformation of actin in the presence of lipids, we have selectively attached a fluorinated probe,
3-bromo-1,1,1-trifluoropropanone, to the actin cysteine residues 10, 285, and 374 and used high-resolution
19 nuclear magnetic resonance spectroscopy to investigate the probe resonances. The results indicate a
change in the mobility of thé°F labels when G-actin is in the presence of positively charged liposomes
made of DMPC and stearylamine and in the presence of DMPG, a negatively charged lipid. No
conformational change was observed in the actin molecule in the presence of neutral liposomes. Electron
micrographs of these systems reveal the formation of paracrystalline arrays of actin filaments at the surface
of the positively charged liposomes, while no evidence of actin polymerization or paracrystallization was
observed in the presence of DMPG. The interaction between actin and the lipid polar headgroup has also
been investigated using solid-state phosphorus and deuterium NMR. The results indicate no evidence of
interaction between actin and zwitterionic liposomes but show an interaction between the positively charged
liposomes and a negative charge on the actin molecules. Interestingly, the negatively charged liposomes
interact with a positive charge, which is most likely associated with the three residues (His-Arg-Lys)
preceding the cysteine 374 residue in the protein.

Actin is a ubiquitous cytoskeletal protein which is involved hisactophilin 4). Alternatively, the attachment has been pro-
in cell motility and morphogenesis. At low ionic strength, posed to occur via a multi-protein network involving spectrin/
actin is a~43 kD monomer named G-actin because of its fodrin (5), protein 4.1 6), a-actinin (7), vinculin (8), and
globular shape. As the ionic strength is increased to the talin (9).
physiological level, G-actin polymerizes into thin filaments
called F-actin. During the polymerization process, the ATP
molecule bound to actin is hydrolyzed to ABR).

Numerous studies have focused on elucidating the exact
nature of the actin/membrane interaction. Most evidence
supports the idea that actin interacts with membranes via
other proteins. That is, actin filaments are believed to be
anchored to the membrane through actin-binding proteins.
Most likely candidates include integral membrane proteins
such as ponticulin iDictyostelium(2), myosin | @), and

However, our group has shown that actin can also interact
directly with lipids without the need of an intermediate linker
protein (LO—14) using an in vitro system composed of pure
lipids and purified actin12). Electron microscopy and dif-
ferential scanning calorimetry (DSC) analysis have shown
changes in actin conformation upon interaction with mem-
brane lipids £3). The interaction has been shown to occur
with positively charged lipids or zwitterionic lipids in the
presence of millimolar concentrations of divalent cations
which may be either calcium or magnesium. Therefore, the
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In the present study, we have us€B nuclear magnetic
resonance spectroscopy, in conjunction itk labeling, to

Bouchard et al.

Zwitterionic and negatively charged liposomes were made
of dimyristoylphosphatidylcholine (DMPC) and dimyris-

study at a molecular level the effect of different types of toylphosphatidylglycerol (DMPG), respectively, whereas
liposomes, zwitterionic or charged, on the environment of positively charged liposomes were prepared from a mixture
the cysteine residues 10, 285, and 374 of G-actiR.NMR of DMPC and stearylamine (9:1 molar ratio). For thé

has proven to be a useful probe to study the conformation NMR experiments, the negatively charged liposomes were
and mobility of proteins 18, 19, 21, 22 It offers the prepared by mixing deuterated DMRIzin a 1:1 molar ratio
advantages of high sensitivity, a wide chemical shift range, with DMPG. The presence of deuterated DMPC was
and 100% natural abundance. Moreover, sitfeis not necessary as a probe for the molecular voltmeter effect. The
naturally occurring in proteins, there is no background same system (DMPC:DMPG, 1:1 molar ratio) was also used

resonance, which therefore simplifies the interpretation of for the 3'P NMR experiments.

the spectra.

Since actin is most likely to interact with the lipid head-
group, we have also investigated the interaction usify
and?H solid-state NMR. 3P NMR is a valuable tool to

The lipid systems were codissolved in chloroform to en-
sure a homogeneous mixture. The organic solvent was evap-
orated with a nitrogen stream, followed by high vacuum
overnight to ensure complete evaporation of the solvent. All

investigate the phase of the different systems studied. Onliposome samples were directly hydrated with the G-actin

the other hand?H NMR of the phosphatidylcholine head-

solution. G-actin and liposomes were mixed at a 1:3 protein/

group has been widely used to examine electrostatic interac-lipid weight percent final concentration. The pH of all

tions between charged species and a membrane sugface (

actin—liposome mixtures was adjusted to 8.0. Actin and

30). The bilayer surface charges induce a conformational liposomes were allowed to interact together fch atroom
change in the headgroup of certain phospholipids, and intemperature prior to the NMR measurements.

phosphatidylcholine the P-N* dipole of the choline head-

1%F NMR spectroscopy.The %F NMR spectra were

group appears to realign under the influence of a surfacerecorded on a Bruker AC-F 300 NMR spectrometer (Bruker

electrical field. If the headgroup is specifically deuterated,
the conformational change alters the measdtédjuadru-
polar splittings in theH NMR spectra. More specifically,

Spectrospin, Milton, ON) operating at a frequency of 282.23
MHz for *°F. A 90° pulse width of 8.Qus was used with a
repetition time of 1.1 s, of which 0.7 s was a preacquisition

it has been shown that counterdirectional changes in thedelay. The spectral width was set to 10 kHz, and 8K data

magnitudes of ther and 8 deuteron quadrupolar splittings

points were recorded for each free induction decay. Chemi-

occur in response to changes in membrane surface chargeal shifts were referenced relative to external trifluoroacetic
density. In this respect, phosphatidylcholine is said to behaveacid (TFA) at 0 ppm. Negative upfield shifts from TFA were

like a “molecular voltmeter” 24—30). This probe should

obtained for BTFP-G-actin. Samples were placed in 5 mm

therefore be very sensitive to the interaction between the NMR tubes, and the spectra were recorded at room temper-

negatively charged actin molecule and the lipid headgroup.

MATERIALS AND METHODS

Materials. Dimyristoylphosphatidylcholine (DMPC),
dimyristoylphosphatidylglycerol (DMPG), and DMPC deu-
terated on the headgroup (DMRIz} were purchased from
Avanti Polar Lipids (Alabaster, AL) and used without any
purification. Stearylamine was purchased from Sigma
Chemical Co. (St. Louis, MO) and used without any puri-
fication. The following nomenclature is used to indicate deu-
teron positions in the phosphocholine headgroup:

(0]
R—O—P—-0O-CHy—CH,—N*(CH3)3
o o P
3-Bromo-1,1,1-trifluoropropanone (BTFP) was purchased
from Aldrich Chemical Co. (Milwaukee, WI), and the salts

used in the preparation of the buffer were of analytical grade.

Sample Preparation.Actin was extracted from rabbit

ature (24 °C).
acquired.

3P NMR SpectroscopyThe3!P spectra were acquired at
121.5 MHz on a Bruker ASX-300 (Bruker Spectrospin)
operating at &H frequency of 300.00 MHz. Experiments
were carried out with a broad-bafid/dual frequency 4 mm
probe-head under conditions of proton decoupling. The free
induction decays (2K data points) were recorded with a spin-
echo sequence ita 4 srepetition time, a 90pulse length
of 5 us, and an echo spacing of 338. Between 6000 and
12000 decays were acquired for each spectrum. The
temperature was controlled to withi#0.5 °C, and the
chemical shifts expressed in parts per millions (ppm) were
referenced relative to the signal of phosphoric acid at 0 ppm.
A line broadening of 300 Hz was applied to all spectra.

H NMR Spectroscopy The 2H NMR spectra were
recorded on a Bruker ASX-300 spectrometer (Bruker Spec-
trospin) operating at &H frequency of 46.05 MHz. The
spectra were recorded with a 10 mm static probe-head using
a quadrupolar echo sequen@®S8)(with a delay of 16us
between pulses and a recycle delay of 500 ms. Th@aBe

For each spectrum 30000 scans were

muscle acetonic powder by the method of Spudich and Wattslength was s, and the sweep width was set to 100 kHz

(31), modified by Nonomura et al3@). Actin was obtained

in the monomeric form and dissolved in a low ionic strength
buffer (G buffer) made of 2 mM Tris-HCI, 0.2 mM ATP,
0.2 mM CaC}, 0.5 mM S-mercaptoethanol, and 0.01%
sodium azide, pH 8.0. Actin polymerization was induced
by 2 mM MgCL. Labeling of G-actin with 3-bromo-1,1,1-
trifluoropropanone (BTFP) was achieved following the
method of Brauer and Syke&§).

Between 10 000 and 26 000 scans were acquired for each
spectrum. A 200 Hz line broadening was applied to all
spectra. To measure precisely the quadrupolar splittings
associated with each deuteron in fiespectra, the spectra
that have an axially symmetric line shape were converted
into ones that have the characteristics df 8fented samples
using the dePaking techniqud4, 39, resulting in better
resolved spectra.
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in F-actin. This could be due to a nonisotropic mobility of
the F-actin filament or to an immobilization of cysteine 374
as a result of the interaction between actin monom#&gs (
19). If this second hypothesis is true and considering the
fact that labeling of cysteine 374 did not inhibit actin
polymerization, this residue is most likely located not directly
at the binding site, but rather close to 18, 19, 36, 3Y.

Our results are also in agreement with a reéenand*°F
NMR study indicating that the amino acids-22 are in a
highly mobile state in Mg-F-actin 2). In addition, the
%F NMR spectrum of actin specifically labeled at cysteine
374 obtained by Heintz et a®) indicates that the full line
width at half-height Avy, is 19 Hz for Mg-G-actin,
corresponding to a transverse relaxation time of 16.7 ms at
283 K. After polymerization, the line widtAvy,; is 520+
40 Hz, corresponding to a transverse relaxation time of 0.6
ms. This indicates a strong decrease of the mobility of
cysteine 374 upon polymerizatio23).

Electron Microscopy The samples, prepared as indicated _Interaction between G-Actin and Zwitterionic Liposgmes.
above, were incubated ffd h atroom temperature. The Figure 2 shows thé% NMR spectra of labeled G-actin in
actin—liposome mixtures were then diluted in G buffer in the presence of different types of liposomes. When G-actin
order to get an actin concentration of 0.05 mg/mL. One drop IS in the presence of zwitterionic liposomes made of pure
of this suspension was put onto a Formvar-Carbon coatedPMPC (Figure 2A), the resonances of the labels attached to

grid and negatively stained with 1% uranyl acetate in water. the three cysteines remain unaffected. Therefore, the
interaction of labeled G-actin with zwitterionic liposomes

does not change the environment of the three cysteine
residues, suggesting that there is no interaction with actin.
This is in agreement with the results of St-Onge and
E‘Gicquaud indicating that there is no interaction between

the polymerized form (F-actin). We have also investigated G-actin and zwitterionic liposomes in the absence of divalent

the interaction between G-actin and three different types of cations {1, 12.

liposomes, zwitterionic, positively charged, and negatively ~ We have also usedP and’H NMR to study the effect of
charged. The complexes have been investigated both fromactin on the conformation and order of the lipid headgroup.
the labeled actin point of view, usif8= NMR spectroscopy, ~ Figure 3A shows thé!P NMR spectra at 30C of DMPC

and from the lipid headgroup point of view, usi# and in f[he absence and presence of _G-actln. These spectra
2H solid-state NMR spectroscopy. In addition, electron indicate that a lamellar phase is obtained, both in the absence

micrographs have been recorded for the complexes betweerfnd in the presence of actin. Figure 4A showstH&MR

B) F-actin

A) G-actin
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Ficure 1: 19F NMR spectra at 24C of native fluorinated (A)
G-actin and (B) F-actin.

RESULTS AND DISCUSSION

In the present study, we have first investigatedByNMR
spectroscopy the cysteine residues 10, 285, and 374 of pur
1%F-labeled actin in the monomeric form (G-actin) and in

actin and charged liposomes.

%F NMR Spectroscopy of G- and F-Actirigure 1 shows
the ®F NMR spectra of native fluorinated G- and F-actin at
room temperature. THEF NMR spectrum of pure BTFP

spectra at 30C of the headgroup deuterated DMPC (DMPC-
ds) at the o and 3 positions, in the absence and in the
presence of G-actin. Previous experimers6, (39 have
shown that the larger and the smaller quadrupolar splittings

G-actin (Figure 1A) reveals broad resonances from the three@'e respectively attributed to teeCD, andf-CD, methylene
labeled cysteine residues 10, 285, and 3/} (9. These  ©Of the choline moiety. In such cases, counterdirectional
results are in full agreement with those obtained by Brauer changes in the magnitudes of the and  deuteron
and Sykes18). The two sharp resonances-&3.0 and—9.4 quadrupqlar splittings have been observeq in response to
ppm can be assigned to tA¥ label attached to cysteines changes in membrane surface-charge density. The presence
374 and 285, respectively. The somewhat broader and les<f @ negative charge at the membrane surface has been shown
intense resonance at9.3 ppm is assigned to the label !0 increase thex deuteron splitting and to decrease fhe
attached to cysteine 10. Free labels were removed com-deuteron splltt!ng, while the presence of a positive charge
pletely by extensive dialysis. When G-actin is polymerized has the opposite effect.
to F-actin in the presence of 2 mM Mg£the resonance at The quadrupolar splittings for the two methylene groups
—9.0 ppm, associated to cysteine 374, broadened to an extenaire given in Table 1. In addition, Figure 5 shows the
that it could no longer be observed (Figure 1B). In contrast, variation of the quadrupolar splittings for the and g
the resonances of both labels attached to cysteine residuedleuterons as a function of temperature. The addition of actin
10 and 285 are not appreciably modified following polym- to pure DMPCeél, bilayers does not result in any change of
erization, as was observed by Brauer and SyE&. ( either thea or § deuteron splittings, within experimental
Therefore, the results demonstrate that cysteines 10 ancerror. This indicates that there is no interaction between the
285 are not significantly affected by actin polymerization, negatively charged actin molecule and the DMPC headgroup.
while cysteine 374 is greatly affected. The increase in the These results are in agreement with those previously obtained
effective correlation time of the label attached to cysteine by electron microscopy and differential scanning calorimetry
374 is most likely due to a severe reduction of its mobility (13) and with the fact that thé’F NMR spectrum of
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A) DMPC + G-actin B) DMPC + stearylamine + G-actin C) DMPG + G-actin
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FiIGURE 2: 19F NMR spectra at 24C of labeled G-actin in the presence of (A) DMPC, (B) DMP&earylamine (9:1 molar ratio), and (C)

DMPG.
A J\/k 15 05 o J\ /k\
Chemical shift (ppm) Chemical shift (ppm) Quadrupolar splitting (kHz) Quadrupolar splitting (kHz)

FiGURe 3: 3P NMR spectra at 30C of (A) pure DMPC, (B) FIGURE 4: 2H NMR spectra at 30°C of headgroup deuterated
DMPC-stearylamine (9:1 molar ratio), and (C) DMPOMPG DMPC at thea and 3 positions in the absence (left) and in the
(1:1 molar ratio) in the absence (left) and in the presence (right) of presence (right) of G-actin for (A) pure DMPG; (B) DMPC-
G-actin. ds—stearylamine (9:1 molar ratio), and (C) DMRiz—DMPG (1:1

. i e molar ratio). The inset in Figure 4C (left) is the center part of the
fluorinated G-actin is not modified in the presence of DMPC spectrum between 1.5 and1.5 kHz, plotted with no line

Iiposome;. . ) broadening in order to clearly distinguish the small quadrupolar
Interaction between G-Actin and Posily Charged splitting due to the3 deuterons.

Liposomes Figure 2B shows that in the presence of

positively charged liposomes, significant changes are ob- anionic actin and positive stearylamine. This interaction may
served in théF NMR spectra of fluorinated G-actin. More concentrate the monomers at the surface of the liposomes,
specifically, the'®F resonances associated with the three inducing a complete reorganization of the conformation of
alkylated cysteine residues almost disappear, and only a wealactin in which the labels attached to the cysteines are then
signal can be observed arourn®.3 and—9.4 ppm. The in an environment that reduces their mobility. These re-
loss of intensity in the resonances of the labeled G-actin in sults are in agreement with those obtained by Gicquaud
the presence of positively charged liposomes can be ex-and Laliberte(39), who have demonstrated by electronic
plained by the strong electrostatic interactions between themicroscopy that when G-actin is in the presence of posi-
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Table 1: Quadrupolar Splittings (in kHz) for Headgroup Deuterated DMPi@-the Systems DMPC, DMPEStearylamine (9:1 Molar Ratio),
and DMPC-DMPG (1:1 Molar Ratio) in the Absence and Presence of Actin

T(°C) DMPC DMPC+ actin DMPG-SA DMPC—SA + actin DMPG-DMPG DMPC-DMPG + actin
a Deuterons
25 6.10 6.15 4.18 7.15 10.62 10.23
30 6.26 6.20 3.49 7.28 10.38 9.81
35 6.30 6.23 3.52 7.08 10.33 9.62
40 6.13 6.25 3.47 6.91 10.35 9.38
S Deuterons
25 6.10 6.15 6.62 2.78 1.00 1.88
30 5.69 5.76 6.67 2.66 0.93 1.54
35 5.25 5.34 6.32 2.66 0.73 1.12
40 4,91 5.00 6.01 2.66 0.59 0.83
11.0 the sites of the cysteine residues 10, 285, and 374 in the
a-CD, T - —a y .
10.0 ‘\_\‘\‘ presence of DMPEstearylamine.
F 901 We have also investigated the interaction between G-actin
< 80 and positively charged liposomes usifi and?H NMR
£ 70 -— . solid-state NMR spectroscopy. Figure 3B shows e
& N NMR spectra obtained for the DMP&tearylamine system,
2 o— —_— . ! y Y
§ 6.0 both in the absence and in the presence of actin. These
g 501 results show in both cases the presence of a small isotropic
2 40 eak superimposed to a lamellar phase spectrum. The
& 40 D\= _ . p P P P p

isotropic peak could be due to the formation of a small
20 number of rapidly tumbling vesicles, but the large proportion

' ' ' ' 40 45 of lamellar phase spectra indicates that the presence of 10%
stearylamine does not perturb significantly the lamellar
structure of the DMPC bilayers. Neither is this lamellar
70 B-CD, phase significantly affected by the presence of actin.

6.0 }——_B\B\a Figure 4B shows theH solid-state NMR spectra of
\\ DMPC-d,—stearylamine (9:1 molar ratio) in the absence and

50 1 presence of actin. The isotropic peaks observed in the center
4.0 of these spectra are most likely due to a combination of
residual’H in the G buffer and to the presence of a small
-— - number of rapidly tumbling vesicles, as indicated by e
2.0 1 NMR spectra. Upon addition of stearylamine, a positively
NJ \\1 charged surfactant, the splitting that has been attributed to
’ e e —— the a-CD, group in pure DMPQi, increases while the

- - - - splitting attributed to theS-CD, group decreases. This
L % 30 38 40 45 behavior is unexpected for the addition of a positively
Temperature (°C) charged molecule close to the DMPC headgroup, which has

Ficure 5: Quadrupolar splittings as a function of temperature for been shown to result in a decrease ofdhgeuteron splitting
thea andf3 deuterons of DMPQ, in the absence (open symbols)  with a concomitant increase of tifedeuteron splitting40).

3.0

3.0

Quadrupolar splitting (kHz)

0.0

and presence (filled symbols) of G-actin for pure DMBC(@®), : ; o ;
DMPC-d;—stearylamine (9:1 molar ratioy), and DMPCéd,— |—rl10W€ver, i Wef?go?me thel smaller Sdl?}lé:ttglg Observeg n
DMPG (1:1 molar ratio) 4). the presence o o stearylamine to L, group an

the larger splitting to the3-CD, group, thea splitting

tively charged liposomes made of phosphatidylcholine and decreases from 6.26 to 3.49 kHz and fheplitting increases
stearylamine, the conformation of actin is modified. In fact, from 5.69 to 6.67 kHz in the presence of stearylamine at 30
it was shown that the interaction of G-actin with posi- C- These changes are mthe d|r9ct|on expected for cationic
tively charged liposomes induces polymerization of the Surface charges, and their magnitudes are as wWe)l (
protein. The addition of G-actin to the positively charged DMPC-

Examination of the preparation by electron microscopy ds,—stearylamine liposomes results in an increase ofothe
(Figure 6A) shows that G-actin organizes with the DMPC  deuteron splitting with a concomitant decrease of the
stearylamine mixture in aggregates which are several mi- deuteron splitting (Figure 5 and Table 1). At 30, thea
crometers in size. Figure 6A illustrates one of these splitting increases from 3.49 to 7.28 kHz in the presence of
aggregates. One can see that it is made of densely packeactin while thes splitting decreases from 6.67 to 2.66 kHz
parallel actin filaments. It is clear from this observation that with the protein. This behavior is consistent with the
the DMPC-stearylamine mixture induces the polymerization interaction of the DMPECstearylamine bilayers with a
of actin since actin in G buffer is not normally polymerized. negative charge at the surface and is in agreement with the
These results are in agreement with tPfe NMR spectrum  °F NMR and electron microscopy results, indicating a
of this system shown in Figure 2B, which indicates a polymerization of the negatively charged actin molecules at
complete immobilization of the actin molecules, at least at the surface of the positively charged liposomes.
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Ficure 6: Electron micrographs of negatively stained mixtures of actin and (A) DM&€rarylamine (9:1 molar ratio) and (B) DMPG
after 1 h of incubation. Bar= 0.5 um.

Interaction between G-Actin and Negatly Charged interacting residues would then rigidify the environment of
Liposomes Figure 2C presents tHdF NMR spectrum of  the label, which would explain the complete broadening of
labeled G-actin in the presence of negatively charged DMPG the resonance of cysteine 374 in the presence of DMPG.
liposomes. This spectrum indicates that when G-actin isin ~ We have also investigated the interaction between G-actin
the presence of negatively charged liposomes, the peakand negatively charged liposomes made of DMBBPG
associated with the label attached to cysteine 374 is not(1:1 molar ratio) using’P and?H NMR solid-state NMR
observed and the two remaining resonances are not signifi-spectroscopy. The presence of deuterated DMPC was
cantly affected. This behavior is very similar to that obtained necessary in théH NMR experiments as a probe for the
for pure polymerized F-actin. This therefore suggests an molecular voltmeter effect. The assumption is made,
interaction between the actin molecule and the negatively however, that the interaction of actin with the DMPG
charged liposomes, which could be associated with actin molecules would affect the DMPC headgroup enough to give
polymerization. rise to a change in théHd guadrupolar splittings.

However, examination of the preparation by electron  The3P NMR spectrum obtained for the DMPOMPG
microscopy shows lipid vesicles and micelles of various sizes system in the absence of actin (Figure 3C, left) is typical of
and morphologies (Figure 6B). It is clear from this figure alamellar phase, and only a small isotropic peak is detected
that actin is not polymerized but appears as monomersin the system. Forthe DMPEDMPG—actin system (Figure
uniformly distributed in the preparation. However, itis not 3C, right), the results show the presence of a large isotropic
possible to conclude from this picture that there is an peak in the®'P spectrum, which accounts for about 45% of
interaction between actin and DMPG, but one cannot excludethe total spectrum. These results are in agreement with those
that this interaction exists since if this interaction does not obtained by electron microscopy, which suggest the forma-
result in a polymerization or a paracrystallization of the actin tion of vesicles of various sizes and morphologies for the
molecules, it will be difficult to see on the electron DMPC—DMPG system in the presence of actin.
micrographs. Figure 4C shows theéH solid-state NMR spectra of

Since actin is an anionic protein, its interaction with DMPC-d,—DMPG (1:1 molar ratio) in the absence (left) and
negatively charged liposomes is somewhat surprising. How- the presence (right) of actin. The small quadrupolar splitting,
ever, it is interesting to note that the three residues precedingassociated with thg-CD, group, is difficult to observe in
cysteine 374 (His-Arg-Lys) are basic residues. The interac- the spectra plotted with a 200 Hz line broadening, but is
tion of G-actin with DMPG could therefore be the result of easily seen in the spectra with no line broadening, as shown
an electrostatic interaction between these residues andon the inset in Figure 4C. This inset also clearly indicates
DMPG. The close proximity of the fluorinated probe to the that the center peak in the spectrum is due to both an isotropic
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peak and a powder pattern with a very small quadrupolar
splitting. Since the’P NMR spectrum of this system is
typical of a lamellar phase, the central peak obtained in the
2H NMR spectrum is due mostly to residiad in the buffer.
The addition of DMPG to DMPQ}, bilayers results in a
large increase of the deuterons and in a large decrease of
the 5 deuterons (Figure 5 and Table 1). This behavior is
consistent with the addition of a negative charge close to
the DMPC headgroupQ).

The addition of G-actin to the DMP@,—DMPG system
has the opposite effect (Figure 4C, right). It results in a small
decrease of thex deuteron splitting with a concomitant
increase of thgg deuteron splitting (Figure 5 and Table 1).
At 30 °C, thea splitting decreases from 10.38 to 9.81 kHz
in the presence of actin while tifesplitting increases from
0.93 to 1.54 kHz with the protein. As mentioned above,
this behavior is characteristic of the proximity of a positive
charge close to the DMPC headgroup. This result is in
agreement with an interaction of the actin molecule with the
three positive charges (His-Arg-Lys) located just before the
cysteine residue 374 in the protein, as suggested by the strong
broadening of the cysteine 374 resonance observed in the
19 NMR spectrum of the actinDMPG complex. However,
since a heterogeneous vesicle population is observed for this
system, by both electron microscopy afi® solid-state
NMR, the 2H NMR results could also suggest that actin
preferentially segregates a population of DMPG into small
vesicles, leaving the DMPC large vesicles partially depleted
of DMPG and displaying the observed splittings.

CONCLUSION

The results of the present study strongly indicate that the
monomeric actin molecule is interacting with both positively
and negatively charged liposomes, while there is no evidence
of interaction with zwitterionic liposomes. More specifically,
the ®F NMR spectroscopy results indicate that the mobility
of cysteines 10, 285, and 374 is significantly decreased when
actin is in the presence of positively charged liposomes. This
result is confirmed by electron microscopy, indicating the
formation of actin filaments at the surface of the liposomes.
On the other hand, théF, 3'P, and?H NMR results indicate
an interaction between actin and negatively charged lipo-
somes. This result, somewhat surprising, could be explained
by an interaction between the three positively charged
residues (His-Arg-Lys) preceding cysteine 374 in the actin
primary sequence. Since natural membranes contain a large
proportion of negatively charged lipids, the demonstration
of an interaction between actin and negatively charged lipids
could bring some insights on the interaction between actin
and membranes in vivo.
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