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ABSTRACT The regulation of T-cell-mediated immune responses depends on the phosphorylation of immunoreceptor tyro-
sine-based activation motifs (ITAMs) on T-cell receptors. Although many details of the signaling cascades are well understood,
the initial mechanism and regulation of ITAM phosphorylation remains unknown. We used molecular dynamics simulations to
study the influence of different compositions of lipid bilayers on the membrane association of the CD3e cytoplasmic tails of
the T-cell receptors. Our results show that binding of CD3¢ to membranes is modulated by both the presence of negatively
charged lipids and the lipid order of the membrane. Free-energy calculations reveal that the protein-membrane interaction is
favored by the presence of nearby basic residues and the ITAM tyrosines. Phosphorylation minimizes membrane association,
rendering the ITAM motif more accessible to binding partners. In systems mimicking biological membranes, the CD3e chain
localization is modulated by different facilitator lipids (e.g., gangliosides or phosphoinositols), revealing a plausible regulatory

effect on activation through the regulation of lipid composition in cell membranes.

INTRODUCTION

The T-cell receptor (TCR) recognizes both self and foreign
peptides embedded in the peptide-binding groove of major
histocompatibility complex (MHC) molecules (1). TCR
recognition of the peptide-MHC complex is an essential
step in initiating the host adaptive immune response.
Although the « and @ subunits of the TCR are essential
for peptide/MHC recognition, intracellular signaling events
are mediated by paired invariant subunits (CD3 {Z, CD3 ve,
and CD3 de) (2,3). Each of these chains contains one (CD3
v, 0, and €) or three copies (CD3 &) of a well-conserved
signaling domain, the immunoreceptor tyrosine-based acti-
vation motif (ITAM) (4,5). Upon TCR engagement with
peptide/MHC, the two canonical tyrosines located within
the ITAMs are phosphorylated by Src-family protein tyro-
sine kinases (PTKs), specifically Lck and Fyn. In the
biphosphorylated state, the ITAM recruits the tandem SH2
domains of ZAP-70 tyrosine kinase (6).

Structurally, ITAM-containing chains belong to a family
of proteins called intrinsically disordered proteins (IDPs)
(7,8), which have polypeptide stretches that lack a well-
defined three-dimensional conformation under physiological
conditions. Several studies have shown that the cytoplasmic
domains of at least some ITAM chains are not suspended in
the cytosol, but rather are bound to the inner leaflet of the
plasma membrane (3-5,9). Using fluorescence spectroscopy,
Xu et al. (10) showed that membrane binding of the murine
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CD3e cytoplasmic domain is mediated primarily by clusters
of basic residues and is dramatically affected by the nature
of the surrounding lipids. In general, membrane binding of
ITAMs is much more favorable to anionic lipids, including
phosphatidylserine (PS), phosphatidilglycerol (PG), and
phosphatidylinositol (PI) species, such as phosphatidylinosi-
tol 4,5-bisphosphate (PIP2) (2). NMR data (3,10) also indi-
cate that this binding mode is dynamic, with a clear shift
during TCR triggering in the equilibrium from the lipid-
bound to the lipid-unbound state, rendering the ITAM tyro-
sines accessible.

Here, we investigated the molecular mechanism respon-
sible for the association of the disordered ITAM-bearing
cytoplasmic tail of human CD3e to lipid bilayers of differing
compositions. We apply molecular dynamics simulations at
two levels of resolution: all-atom (AA) simulations allow us
to obtain a detailed description of the binding process, and a
coarse-grained (CG) model provides insight into the ther-
modynamics at longer timescales. Through these combined
approaches, we show that interactions of the CD3e peptide
with membranes are markedly influenced by charge and
by lipid packing state. To our knowledge, this work provides
new insight into the potential influence of ordered lipid cell
membrane domains (e.g., rafts) on cell signaling.

MATERIALS AND METHODS

System setup

Membrane simulations of CD3e interactions were conducted at both AA
and CG levels of resolution. Three independent membranes were built using
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negatively charged palmitoyloleoyl PG (POPG), unsaturated palmitoylo-
leoyl PC (POPC), and saturated dipalmitoyl PC (DPPC) lipids (Fig. S1 in
the Supporting Material). Each membrane consisted of 150 lipids per leaflet
and was solvated with 20,000 water molecules. POPG charges were neutral-
ized by an equal amount of sodium ions. One single CD3e chain was added
in close contact to the surface of the membranes and equilibrated before
production time. The initial coordinates of the CD3e were taken from the
NMR structure of the mouse CD3e cytoplasmic tail (10). Nonconserved
residues were manually mutated to resemble the human T-cell surface
glycoprotein CD3e chain precursor (NCBI reference sequence NP-
000724.1). The resulting sequence of the cytoplasmic tail peptide consid-
ered in this study is WSKNRKAKAKPVTRGAGAGGRQRGQNKERPP
PVPNPDYEPIRKGQRDLYSGLNQRRI, with or without phosphorylation
of the two tyrosines.

The coarse-grained systems were similarly built consisting of the same
amount of lipids, water molecules, and CD3e chain. For the potential of
mean force (PMF) calculation, however, the equilibrated configuration of
the AA POPG simulation was transformed into CG beads using a center-
of-mass approach (11). Posteriorly, a water slab was added in the z direction
to allow further elongation of the peptide during the free-energy calcula-
tion. POPG lipids were exchanged by either POPC or DPPC for the
different calculations. The transmembrane region of the CD3e was simu-
lated with the builder tool of the chimera molecular viewer (12) using as
a template the sequence of human CD3e. The helix was posteriorly inserted
and equilibrated in a POPG membrane. The equilibrated configuration was
transformed into CG beads and attached to the cytoplasmic tail. In a similar
way, the extracellular domain (PDB 1SY6) was attached to the transmem-
brane region and equilibrated. Finally, we preequilibrated bilayers
composed of different lipid species to study the preferential solvation and
colocalization of the CD3e chain. Lipids were randomly inserted in the
bilayer and fully solvated with CG water beads. Details of the bilayer build-
ing and the system setup can be found in the Supporting Materials and
Methods.

Computational details

Simulations were performed using the GROMACS 4.5 molecular dynamics
package (13). The lipids and proteins were modeled based on the parame-
ters set for aliphatic chains, which are part of the GROMOS 54a7 force field
(14). The SPC water model was used to model the solvent (15). Tempera-
ture was maintained at 300 K by weak coupling of the solvent and solute
separately to a Berendsen heat bath (16), with a relaxation time of 1.0 ps.
The pressure of the systems also was controlled by weak coupling with a
relaxation time of 1.0 ps. Parameters for the CG lipids, glycolipids, and
CD3e chain were taken from the MARTINI model (17,18). The polarizable
water model (19) was used in combination with the rest of the parameters.
More details of the computation can be found in the Supporting Materials
and Methods, including a complete description of the PMF approach.

In the initial set of simulations, we directly probed the interaction of a
single human cytoplasmic CD3e epsilon (PubMed access NP_000724.1)
chain with three different lipid bilayers, using a united-atom force field
(GROMOS 54A7) (14). Here, we considered only a single lipid species
(POPG, POPC, or DPPC) and did not mix different lipids. In this case, bi-
layers were easily equilibrated during the timescale of our simulations. As
an example, Fig. S2 shows the area per lipid dependency during 500-ns sim-
ulations. In the second part of our study, we used CG simulations to address
the membrane that mimics a biological membrane by considering mixtures
of different lipids. Lipid mixtures of similar composition have previously
been considered using the MARTINI CG force field, and these mixtures
have shown convergence (20). Regardless, we demonstrate this conver-
gence using CG simulations, (Figs. S3 and S4). AA and CG simulations
of pure lipid bilayers of POPG, DPPC, and POPC and CG simulations of
disordered domains were performed at 300 K. The lipid mixtures contain-
ing both ordered and disordered domains were simulated at 298 K. The
MARTINI CG force field (18) employed in our simulations has been largely
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applied to the study of lipid phases and lipid transition temperatures (21—
23). With this force field, the liquid ordered-liquid disordered (L,-Lg) tran-
sition temperature for the DPPC/cholesterol mixture was determined to be
around 310 K. Therefore, a good choice to fully represent the main physical
properties of the L, and Ly domains is 298 K, as has been reported else-
where (20).

RESULTS

Binding of CD3¢ cytoplasmic tail to a model
membrane

First, we sought a detailed mechanistic description of the
binding of the human CD3e cytoplasmic tail (lacking both
extracellular and transmembrane regions) to membranes
uniformly composed of POPG. At the initiation of the MD
simulation, the cytoplasmic tail of the CD3e chain was
placed close to the water-membrane interface. The equili-
brated configuration of the CD3e chain upon binding to a
POPG bilayer is depicted in Fig. 1 B. During 500 ns of simu-
lation, the CD3e chain was observed to spontaneously
interact deeply with the POPG bilayer. The peptide rapidly
adopted a buried configuration, where all the basic residues
(arginines and lysines) were found to form hydrogen bonds
with the negatively charged regions of the membrane, espe-
cially the phosphate groups. Notably, the two tyrosine resi-
dues present in the ITAM motif (Fig. | A, green) were found
in close interaction with the glycerol moiety and the
aliphatic chains of POPG. The interaction, however, did
not affect the morphology of the POPG membrane; the
area per lipid and the membrane thickness were comparable
to those in a control simulation without the CD3e chain
(data not shown). These findings suggest that the area be-
tween the lipid headgroups allowed the basic arginines
and the hydrophobic tyrosines to deeply interact with the
phosphate groups and the aliphatic chains, respectively.
The featured bound configuration is also depicted in the
calculated electron-density profile from the trajectory
(Fig. 1 B). Clearly, the polypeptide is colocalized close to
the phosphate groups (orange line) and the glycerol moi-
eties (red line) of the membrane. The tyrosines of the two
ITAM regions, however, are found close to the region of
the aliphatic tails (green line). We set up two independent
simulations of 500 ns each under the same conditions,
obtaining similar results for both cases. Despite our limited
timescale, our results are consistent with experimental
findings (3,10), showing not only the specific interactions
but also the configuration of the CD3e upon binding
(Fig. S5).

Binding of CD3¢ cytoplasmic tail is affected by the
nature of the lipids

We also studied the differential binding of the cytoplasmic
tail of the CD3e chain after modifying the nature of the
lipids present in the membrane. After substituting POPG
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FIGURE 1 Mode of binding of the cytoplasmic tail of CD3e to different
lipid model membranes at AA resolution. The extracellular, transmem-
brane, and cytoplasmic regions of CD3e as found in the UniProtKB
database are depicted at the top of the figure. (A) Representation of the sec-
ondary structure of the cytoplasmic domain of CD3e, showing the two
ITAM tyrosines (green spheres). The ITAM and BRS regions are shown
in red and blue, respectively. (B—D) The protein can adopt different config-
urations upon binding. The most stable conformer is largely favored by
charged interactions between the basic residues (stick representation) of
the protein and the negative headgroups of the POPG lipid (B). Extra stabi-
lization is provided by the internalization of ITAM tyrosines into the hydro-
phobic core of the membrane. Replacing POPG by a zwitterionic lipid
(POPC) renders the protein in a more solvent-exposed configuration (C).
However, the tight packing of more ordered lipids (DPPC) dramatically af-
fects the binding process (D). The latter is illustrated by the localization of
the protein in the bulk water at the end of the simulation. Background elec-
tron-density profiles provide a clear structural description of the protein
(cyan) and its interaction with the membrane (lipid headgroups (orange),
the glycerol moiety (red), and the hydrophobic aliphatic tails (brown)). Sol-
vent accessibility and localization of the ITAM residues are represented by
the blue and green lines, respectively. Total density of the bilayers is repre-
sented by solid black lines. To see this figure in color, go online.

with a bilayer of zwitterionic, unsaturated POPC, the CD3e
chain was also observed to interact with lipids. However,
now the key tyrosines were unable to deeply penetrate the
bilayer. Furthermore, most of the basic arginines were found
to interact with the surrounding water molecules. Although
not fully buried, the peptide remained along the interface,
and some interactions with phosphate groups of POPC
were observed during the simulation (Fig. 1 C). Notice
here that the electron-density profile suggests that POPG
and POPC share morphological similarities. However, the
localization of the peptide suggests that the positive amine
groups present in the choline head of POPC pose a high pen-
alty for interaction with the peptide.
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The POPG and POPC bilayers represented Ly mem-
branes, based on their unsaturated fatty acid moieties. In
the next set of simulations, the CD3e¢ cytoplasmic tail was
placed next to a more ordered lipid, fully saturated DPPC.
The CD3e chain was rapidly expelled from the water-lipid
interface. In contrast to the bound conformation observed
in both POPG and POPC bilayers, in DPPC, the peptide
was preferentially located in the water bulk subphase in
most simulations (Fig. 1 D). Note that the temperature of
our simulations (300 K) was below the melting temperature
of the DPPC lipids in these simulations, which results in a
gel-like conformation. Although it may represent a stringent
condition, it is apparent that the tight packing of ordered
lipids does not allow the phosphate groups to be fully
exposed to the surface and renders the lipid interactions
with the arginines of the CD3e chain highly unfavorable.
Also, the same preferences in membrane association were
observed with unbiased CG simulations of the three inde-
pendent systems (POPG, POPC, and DPPC). The cyto-
plasmic tail was placed at 10 nm from the normal to a
fully solvated lipid bilayer and 10 independent simulations
of 10 us were carried out with each of the bilayers. In all
10 simulations, the CD3e cytoplasmic tail associates with
POPG. In contrast, the association with POPC membrane
was seen only 30% of the time, and no association with
DPPC membrane was observed.

Thermodynamics of the CD3¢ cytoplasmic tail
binding to model membranes

To better understand the molecular driving forces during the
binding process, we quantified the energetics of the interac-
tion between the CD3e tail and the different lipid compo-
nents. Although our AA simulations clearly indicated a
difference in the CD3e binding mode for different lipids,
use of this approach to follow the entire binding-unbinding
process would be computationally costly, requiring much
longer times and involving large free-energy barriers.
Instead, we considered a CG model based on the last version
of the polarizable MARTINI force field (18). Our initial CG
setup is based on the last configuration of the AA CD3e
chain interacting with the POPG bilayer.

Coordinates were transformed into pseudo-CG positions,
and the system was reequilibrated (see Materials and
Methods). Fig. 2 summarizes the results of a PMF calcula-
tion (see Supporting Material), that directly quantifies the
preferential binding of the CD3e chain between POPG,
POPC, and DPPC. We slowly dragged the cytoplasmic tail
from the C-terminus toward the water bulk subphase to
avoid the generation of large forces during the pulling and
to account for the contribution of every single residue to
the detachment (see Supporting Material). As clearly de-
picted, the presence of POPG lipids renders an energy bar-
rier AGgeq = ~125 kJ mol " during the initial steps of the
CD3e¢ pulling. Interestingly, the maximum is found when
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FIGURE 2 PMF for detachment of the cytoplasmic tail of CD3e from
POPG (crosses), POPC (squares), and DPPC (circles) model membranes.
Using an umbrella sampling method, the C-terminus of CD3e was slowly
pulled out of the different membranes. The PMF for detachment of the acti-
vated CD3e chain (phosphorylated ITAM tyrosines) was also probed (trian-
gles). The order parameter represents the distance between the centers of
mass of the bilayers and the C-terminus of the protein. Initially placed in
close contact to the bilayer (A), the protein was steadily pulled from the
bilayer. A high activation energy (AGge = ~125 kJ mol—1) is noticeable
for detachment from the negatively charged POPG bilayer, structurally cor-
responding to exposure of several basic residues and one tyrosine of the
ITAM region (B). As the order parameter increases, the free energy is low-
ered by detachment of the second ITAM tyrosine and consecutive basic res-
idues close to the BRS (C). The peak in the energy (B) drops by ~20 kJ
mol~! when the ITAM tyrosines are phosphorylated, presumably by their
repulsion with the negatively charged lipids of a pure POPG bilayer.
Detachment from either a POPC or DPPC bilayer does not pose any notice-
able energetic barrier. To see this figure in color, go online.

the C-terminus of the peptide protrudes ~2 nm from the
membrane center. A close-up of the process (Fig. 2 B) shows
that detachment of the residues located within the ITAM
(Fig. 1 A) is responsible for the initial energy barrier
(Fig. 2 B). This configuration is favored by the second tyro-
sine and the basic-rich stretch. However, stretching the pep-
tide even more (~8 nm from the center of the bilayer),
renders the pulling process favorable. This step matches
the detachment of the second tyrosine and the basic residues
located in frame (Fig. 3 C). Overall, detachment of the
ITAM region of the peptide (AGgey) is unfavorable and re-
quires 125 kJ mol " for 9 nm stretching. A different energy
landscape is observed for the interaction with either POPC
or DPPC bilayers. Pulling the peptide out of the membrane
is largely favorable along the chosen reaction coordinate.
In comparing results with three different lipid composi-
tions, the different features found in the energy profiles
for the detachment of the CD3e cytoplasmic chain are
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notable. First, binding is favored by Coulombic interactions;
they pose the initial barrier during the detachment of the
CD3e¢ chain from the POPG bilayer but are not present in
POPC membranes. As observed during the PMF calcula-
tions, the ITAM tyrosines of the CD3e chain represent a
very important anchoring point in the hydrophobic regions
of the membrane. It is important to note that, as shown
with the PMF in Fig. 2 (triangles), the anchoring effect of
tyrosines is diminished when the canonical tyrosines in
the ITAM motif are phosphorylated. In the case of phos-
phorylated tyrosines, the ITAM motif was found to be
exposed to the solvent. Second, although the tyrosines
were able to interact with the hydrophobic region of the
POPC bilayer during the pulling process, they do not over-
come the large repulsion of the choline headgroups during
binding, as observed by the detachment from the POPC
bilayer. Thus, during the binding process, the initial pep-
tide-membrane recognition is favored by the interactions
between the basic residues and the negatively charged
groups of the lipids. Once the peptide is translocated to
the interface, the hydrophobic unphosphorylated tyrosines
in the ITAM motif become responsible for the anchoring
and overall stability.

We further quantified the binding affinity of the CD3e
cytoplasmic tail for the POPG membrane using the CG
force field. In these PMF calculations, the entire CD3e
cytoplasmic tail was pulled from its center of mass from
its membrane-associated position (see Supporting Material).
The affinity constant (standardized at 1 M) to a pure POPG
bilayer was then computed as (24):

Ka = WNA/riveexp[—AG(r)/RT]dr,

where N4 is Avogadro’s number and AG is the calculated
membrane-protein PMF as a function of distance r between
the center of mass of the protein and the POPG lipid mem-
brane. 1, is the average total membrane area. These calcu-
lations provided a K, of 5 x 10° M_l, confirming that the
binding is clearly enhanced by the presence of negatively
charged lipids.

Influence of the transmembrane region of CD3¢
on binding of its tail to model membranes

Next, we studied the effect of adding the transmembrane he-
lical region to the cytoplasmic CD3e tail that we have charac-
terized so far. As shown in Fig. 3, the final configurations of
the CD3e chain attached to the transmembrane region did
not differ from the untethered cytoplasmic chain. After
simulations on an effective timescale of 40 us, the structures
of the cytoplasmic regions preserved the basic features
observed in our previous simulations: deep attachment
of the CD3e cytoplasmic region to the POPG bilayers
(Fig. 3 A), with the key tyrosines deeply embedded in the
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FIGURE 3 Influence of the transmembrane region of CD3e on binding to model membranes. The helical transmembrane region (purple) was attached to
the cytoplasmic CD3e tail (light gray) and posteriorly inserted into a bilayer lipid (transparent surface). (A) Representation of the uncleaved CD3e after 40 us
effective CG simulation time interacting with a POPG bilayer. The cytoplasmic region resembles the typical configuration obtained at the AA level. Notice
the structural localization of the ITAM tyrosines (van der Waals spheres representation) and their interaction with the membrane aliphatic tails. (B) Config-
uration of the uncleaved CD3 chain inserted into a DPPC bilayer, clearly showing the spontaneous detachment of the cytoplasmic tail. (C and D) Snapshots of
an equilibrated structure of the CD3e chain (transmembrane and cytoplasmic regions) in contact with a pure POPG bilayer (yellow). (C) The nonphosphory-
lated tyrosines (green spheres) located in the ITAM region were found to be embedded in the bilayer. (D) In contrast, the phosphorylated tyrosines were found
to be exposed to bulk water (water spheres are omitted from the picture for better depiction). Phosphate groups are in orange. (E) PMFs for detachment of the
CD3e ITAM region from POPG (crosses), POPC (squares), and DPPC (circles) bilayers. Pulling reaction coordinates as in Fig. 2. A noticeable energy barrier
is shown for detachment from either a POPG (AGgeq= 70 kJ mol ") or a POPC (AG e = 25 kJ mol™}) bilayer. However the process is fully favorable for a

DPPC membrane. To see this figure in color, go online.

bilayer. The electron-density profile depicted in Fig. 3 B
shows that the cytoplasmic regions remain in the bulk water
in the case of DPPC bilayers. The two tyrosines are out of the
membrane interface and highly solvated. We carried out
additional simulations with phosphorylated ITAM tyrosines
to ensure that the observed burial effects are only applicable
to the nonactivated ITAM motifs. These simulations show
that phosphorylation prevents the ITAM tyrosines from being
fully embedded in a pure POPG bilayer. We show the differ-
ences between the equilibrated structures for both the non-
phosphorylated and the phosphorylated chains in Fig. 3, C
and D. As can be observed, the basic residue stretch (BRS)
region extensively interacts with the bilayer in both cases.
However, the nonphosphorylated tyrosines are able to deeply
interact with the hydrophobic tails of the bilayer, whereas
the phosphorylated tyrosines avoid this interaction and are
exposed to the solvent.

Also, we calculated the energy profile for detachment
from the three different lipid membranes, as done for the un-
tethered CD3e cytoplasmic tail. Although in general the en-
ergies show the same trend for the tethered cytoplasmic tail,
the magnitudes clearly differ from those for the untethered
CD3e chain, especially in the case of detachment from the
POPG bilayer. The tethered CD3e chain renders an energy
barrier of ~70 kJ mol ™" (Fig. 3 E). Note that this represents

a drop of ~65 kJ mol~' when compared to the untethered
CD3e¢ chain (Fig. 2). Furthermore, and contrary to the
results obtained for the cleaved peptide, detachment of
the CD3e chain is unfavorable in the POPC bilayer by
~20 kJ mol .

A more detailed inspection of the configurations from
the simulations revealed that the membrane thickness was
affected upon insertion of the transmembrane region
(Fig. S6). As depicted by the electron-density profile, the
membrane thickness was decreased by nearly 0.5 nm. Alto-
gether, the peaks representing the positions of the head-
groups, glycerol, aliphatic tails, and protein are shifted,
and clearly indicate a more disordered state. Apparently,
as revealed by the PMFs, a decrease in the thickness of
bilayers can antagonize the binding process. On the one
hand, the thickness in POPG increases the accessibility to
the water molecules and sodium ions, which drastically af-
fects the solvation shell around the phosphate groups and the
basic residues of the peptide (electron density provided in
Fig. S6). As a result, the interactions between the lipids
and the peptide are diminished. On the other hand, the in-
crease in area per lipid expansion in POPC not only in-
creases the solvation accessibility but also allows the
peptide to bypass the screening of the amine groups in
the headgroup. Furthermore, the presence of closer water
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molecules provides a shield around the positive regions of
the lipids.

Localization of the entire CD3¢ chain in the L4
domains of biological membranes

To this point, our simulations were restricted to a lipid model
membrane composed of a single lipid species and partial
constructs of CD3e. To extend our investigation to a more
biologically relevant system, we studied the preferential
partitioning of the whole CD3e protein (composed of extra-
cellular, transmembrane, and cytoplasmic domains) in bila-
yers composed of mixed lipids. First, we looked at the
preferential interactions in a polydispersed bilayer composed
of POPC, POPG, palmitoyloleoyl phosphatidylethanolamine
(POPE), palmitoyloleoyl phosphatidylserine, and PI. The
mixture should resemble the properties of an L4 state, and
the lipids present have been previously reported to interact
with the CD3e chain (4,25). Starting from a random configu-
ration, the protein is rapidly solvated by the different lipid
species. Furthermore the ITAM located in the cytoplasmic
tail is locally embedded and associated with the lipids of
the bilayer. As the simulation proceeds, PI lipids cluster
closely near the BRS of the cytoplasmic tail (shown in
Fig. S7 for a simulation of 5 us). We further quantified the de-
gree of interaction by calculating the protein preferential par-
titioning (Table S1) and lipid radial distribution function. The
calculations revealed that interactions with POPC and POPE
are least favored, whereas PI represents ~50% of the total sol-
vation, even above the negatively charged POPG, which
accounted for ~30% of the solvation. This is consistent
with experimental data for the critical roles of the phosphoi-
nositides in cell signaling (26) and suggests that favored re-
ceptor-lipid associations are likely not restricted to simple
mutual charge interaction. It follows that decoration of the
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inositol headgroup with phosphates at the 3, 4, and 5 posi-
tions may alter BRS-lipid binding.

Localization of the entire CD3¢ chain in the mixed
ordered and disordered domains of biological
membranes

Finally, we examined the potential for preferential partition-
ing of the CD3e chain when incorporated into membranes
composed of a mix of L,-Ly membrane domains (Fig. 4).
We found that even when simulations were initialized
with well-mixed DPPC, cholesterol (Chol), diundecanoyl
PC (DUPC), and POPG (4:3:2:1 molar ratio), L, and L4 do-
mains can spontaneously form (Fig. S8) and can coexist at a
longer timescale. Characterization of these domains re-
vealed that the L, membrane domain is mainly composed
of the fully saturated DPPC lipid and Chol, whereas the
L4 domain is enriched in the doubly saturated DUPC lipid
and the negatively charged POPG lipid. Furthermore, this
domain has reduced Chol content. Fig. 4 A illustrates the
case where the protein was initially placed in the L, domain
(green). Over a duration of 5-10 us, the protein localizes in
the L,-L4 boundary region. A close-up of the last frame re-
veals that the transmembrane helix is enriched in POPG
lipids (orange), closely interacting with the BRS stretch.
We observed a similar behavior after starting the simulation
with the protein colocalized in the Ly domain (data not
shown). These results suggest a clear preferential associa-
tion within the boundary of the two domains regardless of
the initial condition. In addition, we considered an entire
CD3e¢ chain containing phosphorylated ITAM tyrosines in
a membrane mimic composed of a mix of L, and L4 do-
mains (Fig. S9). We do not observe any difference in the
localization of the cytoplasmic chains, specifically the local-
ization of the phosphorylated tyrosines.

FIGURE 4 Preferential sorting of the entire CD3e chain in mixed ordered and disordered domains of biological membranes. The whole CD3e chain
(magenta), consisting of extracellular, transmembrane, and cytoplasmic domains, was inserted into a preequilibrated L,-L4 membrane patch composed
of DPPC (green), cholesterol (Chol) (white), DUPC (red), and POPG (orange) in a 4:3:2:1 molar ratio. (A) Although CD3e is initially placed in the L,
domain, it localizes in the L,-L4 boundary domain of the membrane patch at the end of the 10 us CG simulation (40 us effective time). (Inset) The protein
is highly solvated in the negatively charged POPG lipid (orange). (B) However, interaction with the ganglioside GM1 (light green) prevents diffusion of the
protein toward the L4 domain. (C and D) The CD3e protein was also inserted into a randomly distributed lipid membrane patch and simulated for 10 us. At the
end of the simulation, and similar to previous simulations, the protein is seen to reside in the L,-Lq4 region (C) or in close contact with a GM1 nanocluster

(inset) (D). To see this figure in color, go online.
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We next probed the chemical equilibrium in the bilayer of
the protein by introducing additional complexity. The fully
saturated ganglioside GM1 was added to the external leaflet
of the membrane at 1% of the total membrane composition.
After placing the protein in the L, domain (Fig. 4 B), con-
trary to the previous results, the protein remained mainly
associated with L, lipids (DPPC and GM1). Interestingly,
the extracellular domain of the chain makes very specific in-
teractions with the gangliosides that are observed on the
timescale of our simulations. A full description of the resi-
due interactions with GMI1 is provided in Fig. S10.
Although it is unclear whether these associations would be
favored when CD3e¢ is complexed with other chains of the
TCR complex, it is of interest that the result is the opposite
of what was found before adding GM1 to the membrane. It
suggests that the extracellular domain association of mem-
brane proteins can improve association within the L,
domain. To avoid any bias resulting from the initial system
conditions and the limited domain size, we also carried out
different sets of simulations where the protein was inserted
in a larger and nonequilibrated membrane with a random
lipid mix. As seen in Fig. 4 C, after 10 us of equilibration
the lipids were clearly segregated into independent L, and
L4 domains. Furthermore, and in line with our previous
setup, the protein was found within the boundary of the
two domains (enclosed in circle). Also similar to previous
simulations, the protein was closely associated with a
GMI nanocluster (Fig. 4 D). It is very likely that the time-
scales of simulations considered in this study are not
adequate to observe the CD3e fully embedded in the L,
domain. Taken together, our results show that CD3e, when
incorporated as a monomer in a lipid bilayer, preferentially
localizes within the boundary between the L, and L4 do-
mains. Addition of the ganglioside GM1 shifts the protein’s
preferential equilibrium toward the L, domain. The latter,
however, may require longer timescales and larger energetic
barriers to overcome.

DISCUSSION

A key molecular process in adaptive immunity is the recog-
nition of the MHC-peptide complex by the TCR. T-cells sur-
vey the surface of antigen-presenting cells, such as dendritic
cells, for engagement with the peptide-bound MHC com-
plex (pMHC). When the receptor on the surface of the T-
cell interacts with pMHC, it triggers intracellular signaling
that leads to specific effector functions such as cytokine pro-
duction and T-cell proliferation. A central question about T-
cell triggering has been how the TCR-pMHC engagement
gets transmitted to the intracellular signaling (ITAM) motifs
in the CD3 subunits. Models related to receptor clustering
and protein conformational changes have been put forth
(27-32). However, the affinity between TCR and pMHC is
weak, and the engagement lacks significant conformational
changes. Therefore, T-cell triggering may not be a simple
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process of protein-protein interaction, and it is likely
that membrane-mediated mechanisms are involved. Even
though numerous models of T-cell triggering have been pro-
posed, only a few of these models have suggested a role for
membrane in T-cell activation. Unfortunately, little is known
about the initial intracellular activation of TCR-pMHC at
the molecular level, and this lack of information has limited
the efforts to deduce the mechanistic details.

In this study, we have probed the molecular aspects of the
interaction between the membrane and a signaling subunit of
the TCR with the intention of shedding some light on the po-
tential role of the membrane in the early events that follow the
engagement of TCR-pMHC. Signaling is initiated by phos-
phorylation of the canonical tyrosines in the ITAM motif in
the cytoplasmic tails of the CD3 and { subunits. Next, other
relevant proteins bind to those phosphorylated sites and prop-
agate signaling (Fig. 5 A). We considered one of those sub-
units containing the signaling ITAM motif, CD3e. First, we
elucidated the molecular aspects of association of the cyto-
plasmic tail of CD3e with the membrane. Second, we identi-
fied specific interactions with membrane components that are
responsible for the association. It is likely that the initial acti-
vation involves localization into specific domains in the
membrane. Past studies showed that lipid-raft regions were
likely at the interface between antigen-presenting cells and
T-cells (33,34), and TCRs and Lck may also thus localize
in this region. Then, the question is, what mechanism drives
these molecules to localize in lipid-raft regions, and how does
their presence influence intracellular signaling? With such
questions in mind, we looked at the localization of CD3e¢ in
a biological membrane mimic containing ordered and disor-
dered domains.

First, we elucidated the mechanism for the modes of bind-
ing to model membranes at atomistic resolution. Our unbi-
ased and biased simulations suggest that the CD3e tail
preferentially binds to negatively charged PG-like lipids.
In addition, binding is improved by the presence of the ca-
nonical ITAM tyrosines. These tyrosines are embedded in
the bilayer upon binding and provide additional stabilization
to the bound CD3e tail. In contrast, zwitterionic lipids (e.g.,
PC lipids) provide a less favorable environment for binding
as a result of two cooperative mechanisms: 1) the external
shell of local positive charges (choline groups); and 2) the
tight lipid packing in more ordered lipids such as DPPC.
This tight packing shields the negative phosphate groups
and reduces the available space between the headgroups.
As a result, the basic residues are not able to reach the sur-
face of the bilayer, and the hydrophobic residues do not
interact deeply in the bilayer. However, the substantial
adherence to negatively charged lipids helps to overcome
the above two unfavorable aspects of binding. Thus,
although our study was restricted to certain lipids, our
results provide a generic mechanism that may be appli-
cable to other ITAM-containing motifs proximal to cell
membranes.
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FIGURE 5 A schematic description of the proposed model for initial activation of the TCR. (A) During formation of the immunological synapsis, an MHC
molecule reports an antigenic peptide to the TCR. Intracellular signaling is initiated by phosphorylation of the ITAM motifs by Lck. Subsequent downstream
signaling involving LAT is initiated by Zap70, which binds to the CD3{ chain after phosphorylation of the ITAM motifs. (B) A schematic diagram capturing
the proposed mechanism in which the nature of lipid composition drives the initial activation. In the basal state (upper), CD3e is localized in disordered
regions (POPG, POPE, POPS, and PI). During this state, the ITAM motifs are buried in the membrane. The immunological synapsis associated with
TCR-MHC complex formation causes rearrangement of membrane components, leading to changes in membrane state and formation of lipid-raft-like or-
dered domains. This change in lipid composition exposes the ITAM motifs for phosphorylation by kinases (lower). As shown in the scheme, we propose this
mechanism based on the behavior of the CD3e chain in different membrane states as characterized in this study. To see this figure in color, go online.

The differential association of CD3e chain to membranes
is supported by NMR and fluorescence resonance energy
transfer measurements (3,6). Microdialysis-based fluores-
cence resonance energy transfer experiments performed by
Xu et al. (10) showed an approximately eightfold greater
binding preference for pure POPG over pure POPC lipid bi-
layers. Also, Shi et al. (35) demonstrated that when POPG
was replaced by POPC lipids, the binding preference
decreased by approximately ninefold. AA MD simulations
show a similar preference in the electron-density profile in
a qualitative manner. More quantitative agreement is seen
with both biased and unbiased CG simulations. Thermody-
namic calculations from this study suggest that upon
binding, the partial detachment of the CD3e chain from
negatively charged lipid bilayers involves a high energetic
penalty. Considering the different energy profiles for detach-
ment, for the same pulling distance, the CD3e chain exhibits
an order-of-magnitude preference for detachment from pure
POPC lipid bilayers over POPG bilayers, consistent with the
above measurements. The differential affinity for pure lipid
bilayers was further confirmed by unbiased CG simulations.
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We found that association was reduced by 30% for POPC
compared to POPG, whereas association was not seen in
the case of DPPC lipids. Mass-spectrometry-based measure-
ments reported on the partitioning of the CD3e chain using a
molar partition coefficient, K, of 6 x 10’ M~', which is the
proportionality factor between the mole fraction of protein
bound to a phospholipid vesicle membrane and the molar
concentration of protein free in the bulk aqueous phase
(36). Thus, the computed constant of 5 X 10° M~! for affin-
ity to a pure POPG bilayer is in reasonable quantitative
agreement with the above value.

Our simulations captured the mechanistic details respon-
sible for the overall stability of the CD3e cytoplasmic tail in
PG-like lipids, including the key role played by the basic
residues. Interestingly, hydrophobic residues (including
the canonical tyrosines in the ITAM) are important to the
attachment to the cell membrane. At the molecular level,
simulations showed that the secondary structure of the cyto-
plasmic tail is modulated by the interaction with the lipid
bilayer, especially in the case of disordered lipids. The
CD3e tail exhibits stretches of a-helices when interacting
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with negatively charged POPG (Fig. S5, upper) and zwitter-
ioninc POPC (Fig. S5, middle). In contrast, the peptide is
more disordered when interacting with the ordered DPPC
lipid. Xu et al. (10) reported the nuclear Overhauser effect
spectrum of the CD3e chain in close interaction with a
POPG/DHPC lipid mixture. Among all the features re-
ported, the averaged structure exhibits a short stretch of
a-helices. Our results are also supported by the findings of
Duchart et al. (3) in the structure of the TCR ¢ chain. In so-
lution, the cytoplasmic tail was unstructured. However,
upon binding to lipid micelles, the peptide exhibited
changes in the configuration, as is evident by the change
in the chemical shift of the peptide. Here, we also observed
that the conserved ITAM tyrosines are buried and interact-
ing with the hydrophobic region of a negatively charged
membrane, in line with the nuclear Overhauser effect mea-
surements (10).

We find that the entire CD3e chain (containing extracel-
lular, transmembrane, and cytoplasmic domains) discrimi-
nates between different lipids present in biological
membranes and forms sub-nano-complexes. In our simula-
tions, we observed that the CD3e chain preferentially coloc-
alizes with PI lipids in a biorelevant system resembling
an L4 domain, as suggested by DeFord-Watts et al. (2).
Through a phospholipid binding assay, it was shown that
the BRS stretch was strongly attracted to single- and dou-
ble-phosphorylated derivatives. In brief, enzyme-linked
immunosorbent assay plates were coated with different
acidic lipids, and peptides were then added. The specificity
toward Pl is seen even when it is present at a low molar ratio.
In the simulations, the interaction region is spatially located
within the BRS sequence and provides a mechanism for sta-
bilization of the protein in Ly domains. Indeed, it explains
why mutations or deletion of this region impairs TCR acti-
vation and leads to cell death (25). Thus, the CD3¢ chain
shows a degree of specificity for lipid composition, and
that may be critical for modulating the activation of the
ITAM region. Slight changes in the ratio of different lipid
species present in the membrane may serve as a switch dur-
ing the initial steps of TCR activation. Even though a few
studies have shown that detachment of the cytoplasmic
tail from the membrane can be triggered by Ca®" (35), it
is later in the sequence than the initiating ITAM phosphor-
ylation (37). Rather, we suggest that effects induced by
the subsequent rise in cytoplasmic Ca' amplify TCR
signaling by maximally exposing the ITAM motif to binding
partners.

The entire CD3e chain preferentially localizes in the
boundary region between the L, and Ly domains when
incorporated as a monomer. So far, no transmembrane pep-
tides or proteins have been reported to spontaneously parti-
tion into the L, domains in model membranes, irrespective
of the amino acid sequence (38-42). CD3e is not an excep-
tion. In general, the driving force is the enthalpic penalty
associated with the presence of a cylindrical object (the
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transmembrane region) inside the ordered lipid phase (42).
In the case of CD3e, the cost could be even higher, since
the negatively charged lipids are localized in the disordered
region. Moreover, the presence of PI or any phosphorylated
derivatives, which are typically localized in the L4 region,
can intensify the preferential partitioning of CD3e in the
disordered domain. A key finding from this work is that
the preferential localization of the CD3e chain can be modu-
lated by the ganglioside GM1, a marker for L, regions of
membrane. We show that the chemical potential of the
CD3e chain is affected by the addition of GM1, which can
shuttle the CD3e chain into the L, domain by means of spe-
cific interactions with the extracellular domain. A similar
observation has been described in detail for a different
helical peptide (43). In our simulations, upon addition of
GM1, the CD3e¢ chain was shuttled into close contact with
the L,-L4 boundary region.

Based on our findings, we propose a model for preferen-
tial colocalization and modulation of the CD3e chain be-
tween the L, and Ly phases that may contribute to the
underlying mechanisms of activation of the ITAM-contain-
ing disordered chains in different immune receptors (e.g., T-
and B-cell receptors). This model is schematically captured
in Fig. 5 B. In the basal state, the tyrosines of CD3e and
other TCR ITAM sequences are sequestered from phosphor-
ylation due to interaction with negatively charged lipids.
Subsequently, the transduction of the immune signaling
and the active synthesis and metabolism of lipids (e.g., PI
(26)) might influence the tendency for CD3e to collect at
nanoscale L,-Ly boundaries and alter the degree to which
the ITAM stretch is deeply embedded and inaccessible to
kinases for phosphorylation and docking. Our proposed
mechanism relies on changes in the membrane state after
formation of the TCR-MHC complex. Although simulations
of the entire multimeric TCR complex are presently not
feasible, it is intriguing to speculate that the activation of
TCRs and other ITAM-bearing immunoreceptors may lead
to reorganization and relocalization of the different lipid
components and rearrangement of the membrane domains.
It is quite possible that such a change in membrane state
can be driven by an increase in the local high concentration
of TCRs.

Our proposed mechanism for the initial activation of the
TCR and other ITAM-bearing immunoreceptors not only
summarizes our computational results but also is consistent
with the involvement of L, domains during immune
signaling (33,44-46). We observe the shift in localization
of the CD3 chain toward the L,-L4 interface from the Lq4
domain within the timescales of simulations. To fully char-
acterize the localization of the CD3 chain in L, domains,
one needs to consider factors such as protein concentration,
overall behavior of the TCR oligomer, and spatial aspects of
membrane domains, which can influence the chemical po-
tential responsible for localization. In living cells, the differ-
ences between the L, and Ly domains are less pronounced
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due to a more complex lipid composition and protein con-
centration (47) hampering the tight packing of the L,
domain. Our simulations show that if it were a monomer,
CD3e would interact preferentially with GM1. Since mem-
brane domains are indeed dynamic entities, it is highly prob-
able that localized enrichment of GMI may lead to
increased interaction of the CD3e chain in the TCR with
the ordered domain. In fact, a recent study shows that
GM1 is upregulated upon TCR activation in vivo (48),
which may strengthen the driving force for the relocaliza-
tion of the immunoreceptor. If activation of the TCR induces
association with the L, domain, as others have proposed
(44.,45), this would result in exposure of the ITAM motif
in the cytoplasmic tail and concomitant phosphorylation
of tyrosines.

CONCLUSIONS

Here, we suggest a previously unknown molecular mecha-
nism for T-cell activation based on the preferential binding
and localization of the intrinsically disordered cytoplasmic
signaling tail of CD3e. The binding is easily modified by
the presence of different lipid species and by the physical
state of the membrane. Moreover, in a biological mem-
brane with L, and Ly domains, we show that the CD3e
tail has specific binding sites, which are more effectively
associated with glycolipid derivatives, highlighting their
importance in immunoreceptor signaling. CD3e is dually
attracted by ordered lipids (GM1) and lipids from the
disordered region (POPG). It is possible that such an
interaction fractures the line tension, and the membrane
responds by changing the distribution between the two
domains, as shown in the localization of Ras targeting
motifs to domain boundaries (49). The remarkable influ-
ence of a single, low-density transmembrane protein on
the bilayer suggests that proteins are unappreciated drivers
of plasma-membrane functions, likely to influence both
membrane dynamics and overall architecture (50). The
importance of lipid-protein interactions in controlling
signal transduction represents a new frontier. Multiscale
computational approaches such as those shown here will
be needed to fully understand the molecular mechanisms
driving immunoreceptor signaling in the context of biolog-
ical membranes.
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