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The regulation of binding of G-actin to cytoplasmic domains
of cell surface receptors is a common mechanism to control
diverse biological processes. Tomodel the regulation of G-actin
binding to a cell surface receptor we used the cell-cell adhesion
molecule carcinoembryonic antigen-related cell adhesion mol-
ecule 1 (CEACAM1-S) in which G-actin binds to its short cyto-
plasmic domain (12 amino acids; Chen, C. J., Kirshner, J., Sher-
man, M. A., Hu, W., Nguyen, T., and Shively, J. E. (2007) J. Biol.
Chem. 282, 5749–5760). A liposome model system demon-
strates that G-actin binds to the cytosolic domain peptide of
CEACAM1-S in the presence of negatively charged palmitoyl-
oleoyl phosphatidylserine (POPS) liposomes and Ca2�. In con-
trast, no binding of G-actin was observed in palmitoyl-oleoyl
phosphatidylcholine (POPC) liposomes orwhen a key residue in
the peptide, Phe-454, is replaced with Ala. Molecular Dynamics
simulations on CEACAM1-S in an asymmetric phospholipid
bilayer showmigration of Ca2� ions to the lipid leaflet contain-
ing POPS and reveal two conformations for Phe-454 explaining
the reversible availability of this residue for G-actin binding.
NMR transverse relaxation optimized spectroscopic analysis of
13C-labeled Phe-454 CEACAM1-S peptide in liposomes plus
actin further confirmed the existence of twopeptide conformers
and the Ca2� dependence of actin binding. These findings
explain how a receptor with a short cytoplasmic domain can
recruit a cytosolic protein in a phospholipid and Ca2�-specific
manner. In addition, this model system provides a powerful
approach that can be applied to study other membrane protein
interactions with their cytosolic targets.

Monomeric G-actin is recruited to the plasma membrane in
response to a variety of cell receptor activation signals (1–4).
Although much is known about subsequent steps, including
actin polymerization, branching, and participation in functions
such as cell motility, less is known about the regulation of the
initial G-actin recruitment event. Among the many cell surface
receptors that bindG-actinwhen activated, the so-called “short

form” of CEACAM13 stands out as a rather simple example in
that it is a single-pass transmembrane protein with a cytoplas-
mic domain of only 12 amino acids. When a single amino acid
phenylalanine 454 in the cytoplasmic domain is mutated to ala-
nine (F454A), it no longer binds G-actin in in vitro assays, and
when transfected intoMCF7 cells that form a lumen with wild-
type CEACAM1-S, it no longer forms a lumen in three-dimen-
sional culture (5). Intrigued by the ability of such a short stretch
of amino acids to convey G-actin binding in response to the
homotypic cell-cell interaction function of CEACAM1, we
speculated that the adjacentmembrane environment and Ca2�

signaling may play a role in regulating the binding, otherwise
binding would be constitutive and irreversible. Given the close
proximity of the cytoplasmic domain of CEACAM1 to the lipid
bilayer and the inherent asymmetry of the lipid bilayer with
respect to charge, we propose that negatively charged phospho-
lipids would attract Ca2� in response to cell-cell interactions
because Ca2� signaling almost always accompanies cell-cell
interactions (6, 7). Furthermore, Ca2� recruited to the nega-
tively charged inner leaflet of the plasma membrane would
effectively promote the interaction of the cytoplasmic domain
of CEACAM1 with G-actin. To test this hypothesis, we gener-
ated an in vitro model of the peptide-actin interaction in the
context of negatively charged liposomes in the presence or
absence of Ca2� and analyzed their interactions by a combina-
tion of fluorescent bead analysis, NMR TROSY experiment,
molecular dynamics (MD) simulation, and surface plasmon
resonance analysis.

EXPERIMENTAL PROCEDURES

Preparation of Liposome-coatedGlass Beads—Palmitoyl-ole-
oyl phosphatidylserine (POPS) and palmitoyl-oleoyl phos-
phatidylcholine (POPC) powders (Avanti Polar Lipids) were
stored in chloroform at 25mg/ml. Five�l of stock phospholipid
solution in a glass tube was vaporized under argon gas to from a
thin and even membrane on the glass tube. Phospholipid was
dissolved in 100�l of PBS, vortexed, and subjected to extrusion
through a 200-nm membrane 11–13 times (Avanti Polar
Lipids).
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Glass microspheres (4.5 �m; Bangs Laboratories, Inc.) were
cleaned in “piranha solution” (30% H2O2 and concentrated
H2SO4 1/4 (v/v) for 3 min at 80 °C, use extreme caution!) fol-
lowed by extensive washing with water on a clean sintered glass
funnel. Clean glass beads were diluted in water (108 beads/�l)
and stored at 4 °C. One to 2 �l of suspended glass beads were
incubated with 100 �l of liposome at 37 °C for 2 h. Liposome-
coated glass beads were centrifuged at 4000 rpm for 1 min and
washed three timeswith PBS to remove unboundphospholipid.
Glass bead-supported phospholipid membranes were incu-
bated with MUA (mercaptoundecanoic acid)-CEACAM1-S
peptide (0.2 mg/ml) for 1 h at 37 °C and collected by centrifu-
gation. Peptide-liposome-coated glass beads further incubated
with 1% BSA in PBS for 1 h and washed three times using 1%
BSA/PBS.G-actin (100�g/ml) or rhodamine-actin (100�g/ml)
in the presence or absence of 1 mM CaCl2 was incubated with
glass beads for 1 h. In the last step, FITC-conjugated anti-actin
antibody was incubated with glass beads. Flow cytometry was
used to detect the florescence of rhodamine-actin or FITC-
conjugated anti-actin antibody on a BD FACS caliber. Single
beads were selected for analysis based on forward and side scat-
ter analysis (�80%).
Surface Plasmon Resonance Assay—Surface plasmon reso-

nance assays were performed on a Biacore T100 (BIAcoreAB)
instrument. Liposome or liposome-containing CEACAM1-S
MUA-peptide was prepared using the same method as above.
The HPA sensor chip (GE Healthcare) was washed with 40 mM

�-octylglucoside at a flow rate of 5�l/min for 5min. Liposomes
composed of POPS (2 mg/ml) containing CEACAM1-S MUA-
peptide (0.2 mg/ml) in PBS were injected at flow rate of 1
�l/min. Unbound lipid was washed by increasing the flow rate.
One percent BSA in PBS was injected to block the sensor chip
surface. Actin (0.2 mg/ml) was injected plus or minus 1 mM

CaCl2 at a flow rate of 20 �l/min. 0.5 M EDTA (10 �l) was used
to regenerate the HPA sensor chip surface. Liposomes without
CEACAM1-S MUA-peptide were immobilized to HPA sensor
chip and used as a blank.
MD System Preparation—A molecular model of the trans-

membrane and cytoplasmic domain of CEACAM1-S derived
previously using homology modeling methods was used in this
study (5). The F454A mutant peptide was generated by using
the side chain coordinates of the C� of Ala-454 in place of Phe-
454. The CEACAM1-S peptide was placed in a simulation box
with preequilibrated POPS lipids (courtesy of Peter Tieleman).
The center of the peptide and the lipid bilayer were aligned, and
the peptide was oriented with its first principal axis perpendic-
ular to the lipid bilayer. To create five different starting confor-
mations the peptide was rotated around its first principal axis
by 0, 45, 90, 180, and 270°, respectively.
To pack the lipid around the peptide we used the inflategro

package inGROMACS (8). First, the lipid bilayer was expanded
by a factor of 4, and lipid molecules within 14 Å of the peptide
were removed to avoid clashes between lipid and peptide
atoms. To generate an asymmetric lipid bilayer, the POPS lipids
of the outer leaflet and 50%of the POPS in the inner leaflet were
converted into POPC. Lipids were iteratively packed around
the CEACAM1-S peptide by shrinking the bilayer area by 5%
using the inflategro package in GROMACS, with steepest

descent energy minimization, using position restraints to pre-
vent the peptide from moving, performed after every iteration.
This procedure was repeated until an area per lipid close to the
experimental value of 65.8 A2 (9) was reached.
Single-point charge water molecules (10) were added on

both sides of the lipid bilayer, and an appropriate number of
sodium ions were added in the water to neutralize the sys-
tem. For each of the five conformations we also generated a
system with 2 additional Ca2� ions that were neutralized by
4 Cl� ions. All ions were added by displacing random water
molecules using the genion command in GROMACS. The final
systems were minimized by steepest descent energy minimiza-
tion with a maximum force of 1000 kJ/mol per nm as conver-
gence criterion.
MD Simulation Parameters—MD simulations on

CEACAM1-S in a lipid bilayer consisting of POPS and POPC
were performed using GROMACS 4.0.5 (11) and the GRO-
MOS96 53a6 forcefield (12) extended with Berger lipid param-
eters (13). Short range nonbonded interactions were truncated
at 1.2 nm,with the neighbor list updated every 10 fs. To account
for the cutoff in the van der Waals interactions, long range
dispersion correctionwas applied to energy andpressure terms.
Long range electrostaticswere calculated using the smoothpar-
ticle mesh Ewald method (14). Bonds were constrained using
the LINCS algorithm (15) to allow for a time step of 2 fs. For
continuity, periodic boundary conditions were applied in every
dimension.
MD simulations were performed on five starting conforma-

tions of CEACAM1-S in lipid without Ca2� ions and five con-
formations of CEACAM1-S in lipid with Ca2� ions. Each sys-
tem was equilibrated by performing 100 ps of MD at 310 K
using a NVT ensemble followed by 5 ns of MD under NPT
conditions with a pressure of 1 bar. The velocity-rescaling ther-
mostat (16) was used for temperature coupling during the
equilibration and a Parrinello-Rahman barostat (17, 18) for
pressure coupling. The CEACAM1 peptide was kept in place
during these equilibration steps using position restraints of
1000 kJ/mol per nm2.

After the systems were equilibrated at the correct tempera-
ture and pressure, MD simulations of 100 ns were performed
for each of the 10 conformations, using a NVT ensemble with a
Nosé-Hoover thermostat (19). Simulations on the F454A
mutant were performed over 40–100 ns for a total of �600 ns.
Data were not collected for the first 5 ns of each simulation.
K-Means Clustering Analysis—The interatomic distances

between the C�, C�, and C� atoms of the CEACAM1-S peptide
were extracted every 10 ps from theMD trajectories. The first 5
ns of each trajectory was left out to avoid not well equilibrated
conformations. The distances of all simulations were combined
into one distance matrix for clustering analysis, leading to a
total of 9510 sampled conformations with each conformation
expressed as 4950 interatomic distances. The distance matrix
was grouped into two clusters using a K-Means clustering algo-
rithm. The process was repeated 10 times to verify that the
clusters were reproducible; grouping into three clusters was
attempted but was not reproducible.
Preparation of Samples for NMR—Fmoc (N-(9-fluorenyl)-

methoxycarbonyl)-Phe-OH-13C9, 15N 98 atom % 13C, 98 atom
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% 15N was purchased from ISOTEC. C18 Sep-Pak cartridges
were purchased from Waters (Ireland). POPS (porcine brain)
and POPC (chicken egg) were purchased from Avanti Polar
Lipids. Nonmuscle actin (99% pure) was purchased from
Cytoskeleton.
To remove the residual TFA from the synthesized peptide, a

C18 cartridge was conditioned using 70% acetonitrile solution
followed by 1% acetic acid wash. After the peptide solution was
loaded onto the cartridge, the column was washed using 1%
acetic acid, then eluted with 70% acetonitrile-water. Samples
were lyophilized and stored at �80 °C. The peptide concentra-
tionwas determinedusing anNMRmethod (20). Bulk solutions
of POPS and POPCwere prepared by dissolving 100mg of each
lipid in 4 ml of chloroform, flushed with argon, and stored at
�20 °C.
For POPS or POPC liposomes, 288 or 268 �l of bulk solution

was transferred to a 1.5-ml polypropylene tube, and the solvent
was evaporated under argon and further dried overnight under
vacuum. To the dry lipid film, 400�l of 50mMphosphate buffer
(90% D2O, pH 7.0) and 1.5 �l of 166 mM EDTA solution were
added, vortexed, and sonicated for 30 min or until the lipid
solution became transparent. The 400-�l liposome solution
was then mixed with 100 �l of 0.5 mM MUA-13C, 15N-Phe-
CEACAM1-Speptide in 50mMphosphate buffer (90%D2O, pH
7.0), and 1mM tris (2-carboxyethyl)phosphine. The sample was
then transferred to the NMR tube and flushed with argon gas.
For the study of the complex with actin, 460 �l of the MUA-
CEACAM1-S peptide-liposome solution was added to 2 mg of
actin powder. After vigorous vortexing, the solution was trans-
ferred to an argon-flushed Shigemi NMR tube. For the sample
in the presence of Ca2�, the Ca2� was added after the addition
of actin at a final Ca2� concentration of 5 mM. For the mixed
POPS/POPC liposome system, 144 �l of POPS and 134 �l of
POPC were taken from the bulk POPS and POPC solution,
respectively, and the two lipids were mixed well before evapo-
rating the solvent.
NMR Experiments—We used 13C-labeled Phe in the

CEACAM1-S peptide as a probe because the chemical shifts of
the aromatic ring are well separated from signals of the lipid.
Because the CEACAM1-S peptide is inserted into the liposome
through the MUA-aliphatic group, there is significant line
broadening of the NMR signal from 13C-labeled Phe aromatic
ring. For 0.1 mM concentration of peptide, the peptide signal is
very weak from constant-time 13C-1H heteronuclear single-
quantum coherence experiment (21).Much better signal inten-
sity (�2-fold) was obtained from the aromatic ring using con-
stant time TROSY experiment (22). The experiments were
carried out at 35 °C on a 600-MHzBruker instrument equipped
with a cryoprobe. The constant time duration, spectrumwidth,
and total number of free induction decays for the 13C dimen-
sion are 17.6ms, 4 ppm, and 20, respectively. For the 1H dimen-
sion, the total number of points and spectrum width are 2048
and 14 ppm, respectively. The recycle delay is 1.2 s. The exper-
imental time is about 18 h with the number of scans ranging
from 2200 to 2560. The TROSY data were processed using the
NMRPipe software (23) and analyzed using the NMRView pro-
gram (24).

RESULTS

Lipid Bilayer Model System—CEACAM1 has two cy-
toplasmic domain isoforms, of which the short isoform
(CEACAM1-S) is sufficient to induce lumen formation when
expressed in the breast cancer cell line MCF7 and grown in
three-dimensional culture (Fig. 1A). When CEACAM1-S is
expressed in cells that undergo cell-cell contact, CEACAM1-S

FIGURE 1. CEACAM1-S induces lumen formation and migrates to cell-cell
contacts. A, expression of wild-type CEACAM1-S induces 97% lumen forma-
tion in transfected MCF7 cells grown in three-dimensional culture (300 acini
counted; representative acini shown in a), whereas the cytoplasmic domain
mutant F454A suppressed lumen formation by �90% (16% lumen formation,
300 acini counted; representative acini shown in b). The data are taken from
Chen et al. (5) with permission. B, HeLa cells transfected with a CEACAM1-S-
GFP fusion protein (5) showing accumulation of CEACAM1-S (green, a) and
F-actin (red, b) at the cell surface of single cells making initial cell-cell contacts
with almost complete redistribution of their CEACAM1-S between the cells (c)
when cell-cell contact is complete.
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migrates to the cell-cell contact region along with F-actin (Fig.
1B). Although we have shown that the initial interaction of the
short cytoplasmic domain is with G-actin (5), the small size of
this domain and its close proximity to the inner leaflet of the
plasma membrane prompted us to investigate the role of the
microenvironment in its interaction with G-actin in a model
system. The model comprises a phospholipid bilayer coated
onto 4.5-�mglass beads into which is inserted anMUA version
of the 12-amino cytoplasmic domain of CEACAM1-S (Fig. 2,A
and B). The MUA-peptide spontaneously inserts into the lipid
bilayer in a saturable manner that can be quantitated by fluo-
rescently tagged anti-peptide antibodies using flow cytomtery
(Fig. 2C). The liposome-glass bead displayed peptide is then
incubated with either G-actin (detected by anti-actin antibody

plus fluorescent-tagged secondary antibody) or rhodamine-ac-
tin in the presence or absence of Ca2�. Two phospholipid envi-
ronments were analyzed: POPS, an abundant negatively
charged phospholipid on the inner leaflet of the plasma mem-
brane, and POPC, the most abundant neutral phospholipid on
the outer leaflet. As shown on Fig. 3A, G-actin binds to the
peptide only in POPSwith Ca2�, but not in POPCwith or with-
out Ca2� (Fig. 3B). To test the validity of this model system
further, we repeated the experiment with twomutated versions
of the peptide, the F454A mutation, which abrogates in vitro
binding toG-actin and in vivo lumen formation, and the K456A
mutation, which enhances G-actin binding (5). Consistent with
the previous studies, the F454Amutation abrogated actin bind-
ing (Fig. 4A), and the K456A mutation enhanced actin binding
(Fig. 4B). These results not only confirm our previous findings
but also suggest that both the lipid and Ca2� environment
enable the interaction, thus providing a context for the regula-
tion of the interaction. They also show that these liposomes can
be used to query the interaction of a transmembrane protein
interacting with intracellular proteins.
MD Simulations—To investigate any direct effect Ca2� ions

may have on the conformation of the CEACAM1-S peptide in
its native lipid environment we performed a total of 1 �s ofMD
simulations on CEACAM1-S embedded in an asymmetric lipid
bilayer. To reduce bias caused by the choice of an initial con-
formation we have initiated simulations from five unique start-

FIGURE 2. Generation of lipid-embedded cytoplasmic domain of
CEACAM1-S. The cytoplasmic domain of CEACAM1-S has 12 amino acids that
when synthesized with an N-acyl-MUA (A) spontaneously inserts into 4.5-�m
glass beads coated with POPS or POPC liposomes used in actin binding exper-
iments (B) and can be quantitated with fluorescent-tagged anti-peptide anti-
bodies (mean fluorescence intensity versus concentration of peptide, C).

FIGURE 3. G-actin binds to CEACAM1-S peptide in POPS liposome coated
glass beads in a Ca2�-specific manner. A, POPS liposome-coated 4.5-�m
glass beads � N-acyl-MUA-wild-type peptide � rhodamine G-actin (or �
G-actin and � anti-G-actin antibody) � 1 mM Ca2� in PBS plus 1% BSA were
analyzed by FACS (see right panel for details). Significant actin binding is only
seen for the fully reconstituted system. B, same experiment as in A except
POPC liposome-coated glass beads were used. There was no significant actin
binding even for the fully reconstituted system.
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ing conformations. Each initial conformationwas simulated for
100 nswith andwithout the addition of 2 Ca2� ions (simulation
box size, 7 � 7 � 10 nm). During all five of theMD simulations
with Ca2� we observed a migration of Ca2� ions to the POPS
lipid head groups, where they may mediate the interaction
between CEACAM1-S and actin. K-Means clustering of the
CEACAM1-S conformation over all MD trajectories revealed
two distinct conformational clusters (supplemental Fig. S1).
The conformations in the distinct clusters differ in the orienta-
tion of the cytoplasmic domain from Phe-454 onward with
respect to the transmembrane domain (supplemental Fig. S1).
The structure of the cytoplasmic and transmembrane domains
by themselves is invariant between the clusters, thus suggesting
that Phe-454 and its surrounding residues may serve as a hinge
around which a conformational change occurs. The two differ-
ent clusters exhibit differences in the orientation of Phe-454
(Fig. 5,A–C). In one conformation Phe-454 is pointing outward
into the solvent, whereas in the other conformation Phe-454 is
parallel to the lipid bilayer and buried by the surrounding lipid
molecules. In the conformationswhere Phe-454 is buried by the
surrounding lipids we observed a cation-� interaction (25)
between Phe-454 and Lys-456 (Fig. 6). This interaction is espe-
cially favored when Phe-454 is buried in the lipid bilayer. In the
solvent-exposed conformations the dehydration of the amine
ion of Lys-456 causes the cation-� interaction to be unfavorable
and hence broken (26). The observed cation-� interaction
between Phe-454 and Lys-456 may be one of the mechanisms
bywhich Lys-456 inhibits actin binding. As expected, themuta-
tion K456A relieves this inhibition (Fig. 4B). Simulations were
also performed for the F454A mutant embedded in the lipid

bilayer. The peptide conformations from these simulations
clustered into a single conformation resembling the conforma-
tion of Phe-454 that points into solvent (supplemental Fig. S2).
This shows that Phe-454 is required forCEACAM1-S to exist in
two different conformations.
Individual simulations show no transitions from one confor-

mational cluster to the other cluster (supplemental Fig. S1), and
therefore it is speculative to discern whether addition of Ca2�

causes one cluster to be favored over the other. NMR TROSY
experiments were conducted to assess which of the two confor-
mations is favored for actin binding and whether Ca2� ions
have an effect on the balance between the two conformations.
NMR Analysis of Peptide-Liposomes—The conformation of

Phe-454 in a POPS liposome environmentwas assessed directly
by synthesis of the N-acyl-MUA peptide with 13C-labeled Phe
and analysis by NMR TROSY. This approach allowed a clean
separation of the aromatic signals of Phe-454 from the abun-
dant phospholipid signals and had sufficient sensitivity to allow
quantitation of peak volumes despite the peak broadening due
to insertion of the peptide in liposomes. Two different environ-
ments (further supported in supplemental Fig. S3) were
observed for Phe-454. Each environment has a distinct set of
two cross-peaks (Fig. 5, D–F). Although three expected peaks
were observed from free peptide in the absence of liposome
(data not shown), it is clear that the lipid environment perturbs
the pattern of cross-peaks, increasing the signal line width sig-
nificantly, reducing the number of cross-peaks from three to
two (for possible explanations, see supplemental NMR Discus-
sion). The addition of actin caused a decrease in the overall
intensity of the peaks aswell as a change in the ratio between the
peaks (Fig. 5E and Table 1). The decrease in peak intensity can
be interpreted as binding of actin to one of the conformers
which, due to an increase in molecular size, causes increased
line broadening so that the signal becomes NMR invisible, the
so-called “dark” state (27). The shift in ratio between the two
conformations could indicate that one conformation is pre-
ferred by actin. When Ca2� is added, the total peak intensities
are further decreased by 44% (Fig. 5F and Table 1), and the shift
in ratios is increased, emphasizing a role for Ca2� in enhancing
the binding of CEACAM1-S to actin.
The results of the NMR TROSY study not only support our

hypothesis that the phospholipid and Ca2� affect the interac-
tion of the CEACAM1-S peptide with actin, but they also sug-
gest that two major conformers of Phe-454 exist in this envi-
ronment, supporting the findings from the MD simulation
study. Further NMR TROSY experiments were conducted to
determine the effect of different phospholipids in the liposomes
on the Phe-454 interaction with actin in the presence or
absence of Ca2� (supplemental Figs. S3 and S4). In the POPC
liposome environment, three conformers were observed, and
although some peak intensities decreased with the addition of
actin, therewas no significant change in total peak volumeupon
the addition of Ca2� (if anything, it decreased the interaction).
This result agrees with the prediction that POPCdoes not favor
the peptide-actin interaction in the presence of Ca2�. In the
mixed POPC/POPS liposome environment, the results are
essentially between the pure POPS and pure POPC environ-
ment (supplemental Table S1). The total peak volume is

FIGURE 4. G-actin does not bind F454A mutant and binds more strongly
to K456A mutant of CEACAM1-S. A, same experiment as in Fig. 3A except
F454A mutated peptide was used. B, Same experiment as in A except K456A
mutated peptide was used.
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decreased by 15% upon the addition of Ca2� to the complex of
actin and peptide.
To address whether Ca2� affects the interaction between

G-actin and CEACAM1-S peptide by perturbation of the equi-

librium between two conformations of Phe-454, we carried out
an NMR experiment on free peptide in the POPS environment
with different concentrations of Ca2� in the absence of actin.
We found that [Ca2�] per se does not affect the equilibrium

FIGURE 5. Two major conformer ensembles predicted by MD on the CEACAM1-S peptide in an asymmetric POPS/POPC lipid bilayer and two confor-
mations of Phe-454 in CEACAM1-S peptide inserted into POPS liposomes in the presence of actin and Ca2� observed by NMR. A–C, MD simulations
reveal two conformations that represent different environments for Phe-454. A, in one conformational ensemble Phe-454 is exposed to solvent surrounding
the lipid bilayer. B, the other ensemble has Phe-454 buried in the surrounding lipid head groups. C, representative (nearest to mean) conformations are shown
for both ensembles aligned and with Phe-454 in a stick representation. D–F, 13C-labeled Phe-454 N-acyl-MUA-peptide (0.1 mM) in POPS (18 mM) liposomes gives
two sets of cross-peaks, C1-a and C1-b, corresponding to conformation 1, and C2-a and C2-b corresponding to conformation 2 (total percentages of each
conformation indicated) as analyzed by two-dimensional NMR TROSY (D). The total percent of conformation 2 increases with the addition of actin (E) and
Ca2� (F).
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between the two conformers (supplemental Fig. S5 and supple-
mental Table S2). Thus, most likely, Ca2� is first recruited to
the negatively charged phospholipid, which in turn, enhances
the peptide-G-actin interaction. In other work, although G-ac-
tin has been shown to interact directly with negatively charged
liposomes (28), the additional effect of inserted peptides has not
been studied.
The NMR analysis also indicates that pH affects the equilib-

rium of the two observed conformations of the peptide embed-
ded in the lipid (supplemental Fig. S3,A andB). BecauseCa2� is
a better studied signal transducer at the plasma membrane
compared with pH, the effects of pH were not studied further.
Analysis by Surface Plasmon Resonance—A third approach

to assess the peptide-G-actin interaction in a phospholipid
environment is the use of surface plasmon resonance where a
phospholipid bilayer can be monolayered onto a hydrophobic
chip (29). In this approach, a lipid monolayer of POPS was
applied to an existing hydrophobic substrate, N-acyl-MUA-
peptide was inserted into the upper phospholipid layer, and the
subsequent binding of actin was monitored in the presence or
absence of Ca2�. The results demonstrate that N-acyl-MUA
peptide binds in a saturable manner to the POPS phospholipid

monolayer and that actin binding requires Ca2� (supplemental
Fig. S6).

DISCUSSION

Three completely different experimental approaches, to-
gether with MD simulations, demonstrate a requirement for
negatively charged phospholipid POPS and Ca2� in the regula-
tion of the binding of G-actin to the cytoplasmic domain pep-
tide of CEACAM1-S. In the first approach, POPS or POPC
liposomes mimicking the inner or outer leaflet of the plasma
membrane, respectively, were coated onto 4.5-�m glass beads,
N-acyl-MUA-peptide was inserted into the outer leaflet, and
the binding of actin was monitored in the presence or absence
of Ca2�. This approach has the advantage that it creates a cell-
sized lipid surface that allows specification of interacting com-
ponents present at either the inside or outside of the cell mem-
brane and measurement of interactions by flow cytometry
using fluorescent labeling of components of interest. This
approach validated our earlier finding that Phe-454 plays an
essential role in actin binding (5). A disadvantage of the
approach is that it provides no direct evidence of the molecular
state of the inserted peptide. To assess this information, we

FIGURE 6. Cation-� interaction observed between Phe-454 and Lys-456 only when Phe-454 is in the lipid head groups. The distributions of C�–C�

distances between Phe-454 and Lys-456 sampled during MD are shown. A, when Phe-454 is solvent-exposed (blue conformation) there is only one peak in the
distribution observed at �9.5 Å, indicating that there is no interaction between Phe-454 and Lys-456. B, when Phe-454 is in the lipid head groups (red
conformation) an additional peak in the distribution is observed at �5.2 Å, indicating an interaction between Phe-454 and Lys-456.

TABLE 1
NMR peak volumes of 13C-Phe-CEACAM1-S peptide in POPS liposome
All peak volumes are corrected against factors of number of scans and the dilution due to addition of Ca2� to the system.

Peaka Vpep
b Vpep_act

c (Vpep_act � Vpep)/Vpep Vpep_act_Ca2�
d (Vpep_act_Ca2� � Vpep)/Vpep

C1-a 1,006 684 �32% 396 �61%
C1-b 2,408 1,732 �28% 857 �64%
C2-a 147 301 105% 236 61%
C2-b 153 326 113% 223 46%
Total 3,714 3,043 �18% 1,712 �54%

a Peak symbols (C1-a/b and C2-a/b) are shown in Fig. 5.
b Vpep is the peak volume measured from the free CEACAM1-S peptide in the liposome.
c Vpep_act is the peak volume measured from the complex of CEACAM1-S and actin.
d Vpep_act_Ca2� is the peak volume measured from the complex of CEACAM1-S and actin in the presence of 5 mM Ca2�.
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performed NMR analysis on the 13C-labeled peptide (at the
residue of interest) inserted into liposomes under a variety of
conditions. This approach demonstrated that Ca2� played a
major role in the peptide-actin interaction and not in the pep-
tide-phospholipid interaction. An advantage of this approach is
the use of liposomes that more accurately reflect the lipid envi-
ronment in the cell as opposed to the conventional use of pep-
tides embedded in micelles.
In our model system 1 mM Ca2� was required to effect actin

binding. Although the global concentration of Ca2� in the cyto-
plasm during signaling peaks at about 1.4 �M, the local concen-
tration of Ca2� in themicroenvironment around the cytoplasm
adjacent to the cell membrane would be in themillimolar range
due to the effect of calcium ion channel proteins and/or cal-
cium transporters that produce a spike in the local Ca2� con-
centration. Because our liposomes lack the presence of these
Ca2� transporters, amillimolar bulk concentration ofCa2�was
used to mimic the local environment in the cell. The difference
between local and global concentrations of Ca2� can be visual-
ized in our molecular simulations shown in Fig. 5, A–C, where
we have added only two Ca2� ions to the lipid bilayer-cytosol
box (7� 7� 10 nm). This leads to a local Ca2� concentration of
about 8mM. If we simulated the physiological global concentra-
tion of Ca2� inside activated cells we would either have to use a
box 103 times larger or assume 10�3 Ca2� ions in our box,
assumptions that are illogical. We believe that these consider-
ations justify our use of 1 mM Ca2� in our experiments.
A potential disadvantage of the NMR method is that the

overall molecular size (including the lipid bilayer) of the system
is quite large, and thus a millimolar sample concentration is
needed to compensate for the increased line width of NMR
peaks. Thus, we employed a third approach, namely the use of
surface plasmon resonance that has the advantage of allowing
kinetic measurements of the binding of various components to
each other at lower concentrations. This method also con-
firmed Ca2� and lipid specific requirements for G-actin bind-
ing to lipid-embedded CEACAM1-S peptide. However, this
method suffers from the lack of structural information. Thus,
we performed MD simulations to gain access to changes in the
entire peptide embedded in the lipid bilayer at the atomic level.
This approach allowed us to provide a theoretical basis for our
findings and to make predictions that could be validated by
further experiments. A combination of MD simulations and
NMR experiments reveal two reversible conformational states
of Phe-454. The population of these states is not affected by
varying the Ca2� concentration but does change on actin bind-
ing. MD simulations predict that in one conformation Phe-454
is solvent-exposed whereas in the other conformation Phe-454
is buried in the lipid head groups. Furthermore, MD simula-
tions show that the conformation with Phe-454 buried in the
lipid head groups may be stabilized by a cation-� interaction
(25, 30) of Lys-456with Phe-454. This predicted cation-� inter-
action, and its role in conformational selection, could explain
why mutation of Lys-456 affects actin binding in a positive
manner. Finally, we performed MD simulations for the F454A
mutant peptide and found that Ala-454 was unable to adopt
two confirmations in the lipid bilayer, strengthening our use of

MD as a method to examine the structural constraints of the
model system.
Our findings help explain why many receptor cytoplasmic

domain peptides, especially those as short as the CEACAM1-S
peptide, may have highly specific and tunable interactions with
components of the cytosol. Previously, receptor aggregation
was proposed as a major mechanism for activation of cytoplas-
mic domains in downstream signaling (31, 32). However, this
mechanism is inadequate to account for the cooperative effect
of the local phospholipid environment and Ca2� signaling. In
terms of the downstream interacting protein G-actin, it has
been shown previously that it is attracted to negatively charged
phospholipids (28), but this interaction alone is insufficient to
confer membrane site specificity or temporal control by Ca2�

signals. Indeed, for actin to polymerize at the right location and
time at the membrane, it must find a suitable binding partner
that responds to rapid signals from both the outside (say recep-
tor clustering) and inside (say Ca2� signaling). CEACAM1-S
provides the outside activation step by receptor clustering
during its cell-cell interactions (31) and the inside activation
step via Ca2�-generated interactions at Phe-454 in the nega-
tively charged phospholipid environment. In the case of
CEACAM1-S, the source of the intracellular Ca2� is likely from
other receptors that become activated during cell-cell interac-
tions, including G protein-coupled receptors (33, 34). In this
respect, both CEACAM1 (35–37) and G protein-coupled
receptors (38) reside within the same lipidmicroenvironments,
emphasizing their local ability to coordinate signals. Finally, for
actin to polymerize, it must be correctly oriented to form
the characteristic double helix of F-actin. In the case of
CEACAM1-S, the polymerization would occur directly adja-
cent to the phospholipid bilayer, exactly the situation seen for
the formation of cortical actin. Thus, it is likely that cortical
actin formation is dynamic, responding to cell-cell interactions
that allow local changes in the distribution of receptors at the
cell surface (for an example of the redistribution of
CEACAM1-S and actin during cell-cell adhesion, see Fig. 1).
In summary, these findings explain how receptors with short

cytoplasmic tails can recruit cytosolic proteins in a phospholip-
id- and calcium-specificmanner. In addition, thesemodels pro-
vide a powerful approach that can be applied to other mem-
brane protein interactions.
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